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Abstract A facile and cost-effective hydrother-
mal followed by precipitation method is employed to
synthesize visible light-driven ZnS-Ag ternary com-
posites supported on carbon aerogel (CA). Extensive
studies were conducted on the structural, morpho-
logical, and optical properties, confirming the suc-
cessful formation of ternary nanocomposites. The
obtained results evidently demonstrate the successful
loading of ZnS and Ag onto the surface of the CA.
High-resolution transmission electron microscopy
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analysis revealed that ZnS and Ag nanoparticles
(AgNPs) were uniformly distributed on the surface
of the CA with an average diameter of 18 nm. The
biomass-derived CA, containing a hierarchical porous
nano-architecture and an abundant number of -NH,
functional groups on the surface, can greatly pre-
vent the agglomeration, stability and reduce particle
size. Brunauer—-Emmett-Teller analysis results indi-
cated specific surface areas of 4.62 m? g~! for the
CA, 48.50 m? g~! for the CA/ZnS composite, and
62.62 m*> g~! for the CA/ZnS-Ag composite. These
values demonstrate an increase in surface area upon
the incorporation of ZnS and Ag into the CA matrix.
Under visible light irradiation, the synthesized CA/
ZnS-Ag composites displayed remarkably improved
photodegradation efficiency of methylene blue (MB).
Among the tested samples, the CA/ZnS-Ag compos-
ites exhibited the highest percentage of photodegra-
dation efficiency, surpassing ZnS, CA, and CA/ZnS.
The obtained percentages of degradation efficiency
for CA, ZnS, CA/ZnS, and CA/ZnS-Ag compos-
ites were determined as 26.60%, 52.12%, 68.39%,
and 98.64%, respectively. These results highlight the
superior photocatalytic performance of the CA/ZnS-
Ag composites in the degradation of MB under vis-
ible light conditions. The superior efficiency of the
CA/ZnS-Ag composite can be attributed to multiple
factors, including its elevated specific surface area,
inhibition of electron-hole pair recombination, and
enhanced photon absorption within the visible light
spectrum. The CA/ZnS-Ag composites displayed
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consistent efficiency over multiple cycles, confirming
their stable performance, reusability, and enduring

Graphical abstract

durability, thereby showcasing the robust nature of
this composite material.

Keywords Carbon aerogel - CA/ZnS-Ag -
Photocatalysts - Methylene blue - Recycling process

Introduction

The progress of industries and modern civilization
has given rise to inevitable challenges concerning
environmental contamination and energy scarcity
(Fan et al., 2022; Ma et al., 2020). The leather, textile,
paint, pharmaceutical and food processing industries
are the main source of toxic substance release to the
soil and water bodies (Ren et al., 2014). The indus-
tries released unwanted toxic chemicals and heavy
metals to the environment, without any purification
(Liu et al., 2019a, 2019b; Ngullie et al., 2022; Shan-
mugam et al., 2023a, 2023b; Vignesh et al., 2021).
The water treatment is a crucial process designed to
make water safe for various applications, including
drinking, industrial processes, and environmental
protection @@ @(G et al., 2023; Haripriyan et al.,
2022; Krishnan et al., 2023; Thanigaivel et al., 2022).
The typical water treatment process involves several
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stages including coagulation and flocculation, sedi-
mentation, filtration, disinfection, pH adjustment, sof-
tening, advanced oxidation process, adsorption and
photocatalysts (Deng et al., 2023; Liu et al., 2024,
Sivaranjani et al., 2023; Zhu et al., 2022). In recent
years, advanced photocatalytic activity has become
a proper technique with great potential for the deg-
radation of organic dyes and water-spiting reactions
(Aydoghmish et al., 2019; Subbulakshmi et al., 2023).
Mostly, titanium oxide and zinc oxide semiconduc-
tor materials have been used to remove organic dyes
from wastewater (Munusamy et al., 2023). However,
materials have a wide band gap of 3.2 eV and have
to use some limitations. These semiconductor materi-
als used work under the UV light range, and then a
small portion of UV light is only utilized in sunlight
(Liu et al., 2019a, 2019b; Wang et al., 2018). There-
fore, alternative semiconductor materials such as
metal oxide, metal sulfide and carbon nitride operat-
ing under visible light are highly advised in this part
(Raju et al., 2023; Ranjith et al., 2023a, 2023b; Ran-
jith et al., 2023a, 2023b; Shanmugam et al., 2023a,
2023b). Among them, metal sulfides such as Ag,S,
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CuS, CdS, ZnS, PbS and Sb,S; have been exploited to
remove the pollutants (Bharath et al., 2023; Li et al.,
2021; Lu et al., 2018; Parasuraman et al., 2023a,
2023b; Prasad et al., 2020).

Particularly, ZnS has been a promising candi-
date for the removal of organic dyes, because of its
toxic-free, easy method of preparation, strong oxida-
tion and high conduction band (—0.9 eV) (Lu et al.,
2018). However, photo corrosion, stability and lower
efficiency of charge separation is a major disadvan-
tage for the single-component system. In order to
avoid these issues, add some foreign reagents into
the ZnS (Prasad et al., 2020). Various types of strat-
egies have been utilized to overcome these circum-
stances. For example, ZnS coupled, doping with one
or more supporting materials (Mao et al., 2015; Sad-
aqat et al., 2021). Especially, carbon-based materi-
als including graphene, carbon nanotubes, fullerene
and carbon aerogel considered greater attention to
enhance photocatalytic efficiency. Bharath and col-
leagues manufacture nanostructured materials con-
sisting of reduced graphene oxide (rGO) supported
Ru-COFe,0,, designed for high-performance pho-
toelectrodes. These materials are employed to effec-
tively convert hazardous Cr(VI) into less harmful
Cr(Il) through the process of anodic oxidation of
phenols (Bharath et al., 2022). Particularly, biowaste-
derived 3D carbon aerogel is a capable candidate for
the preparation of CA/ZnS composites. The biomass-
derived carbon aerogel (CA) have high porous in
nature, non-toxic, high surface area, low density and
ecofriendly, which creates a unique material for the
efficient heterogeneous photocatalysts (Shanmugam
et al., 2019; Zhang et al., 2023a, 2023b).

Furthermore, carbon aerogel shares similar prop-
erties with graphene and carbon nanotube, but its
preparation cost is more economical when com-
pared to graphene and carbon nanotube (Zhang
et al., 2023a, 2023b). Prasad et al. reported the rod-
shaped CdS/carbonaceous aerogel for the efficient
photodegradation of methylene blue (Prasad et al.,
2020). Fan et al. explored the application of chi-
tosan-based aerogel-supported TiO catalysts for the
removal of high concentrations of surfactants. This
study not only offers a theoretical foundation but
also provides technical support for the advancement
of a technology designed to address high-concentra-
tion organic pollutants (Fan et al., 2023). Li et al.
reported the photodegradation of organic dyes using

3D porous aerogel with tungsten oxide nanowires
(Li et al., 2014). Similarly, Jin et al. also investi-
gated TiO,/CA as a photocatalyst for the removal of
organic dyes (Jin et al., 2011). The incorporation of
silver nanoparticles (AgNPs) into ZnS/CA compos-
ites serves several purposes, including increasing
the surface area, alter the band gap and preventing
the recombination of electron—hole pairs. These two
factors primarily contribute to enhancing the pho-
tocatalytic activity (Sacco et al., 2019; Venugopal
et al., 2023). It was reported that noble metals such
as Ag, Au, Pt and Pd could act as efficient co-cat-
alysts and enhance photocatalytic activity (Govart-
hanan et al., 2014; Sacco et al., 2019). Samaneh et
al. reported the ultra-sound-assisted Ag-ZnS/rGO
composites for the photodegradation of TC under
visible light irradiation (Kameli & Mehrizad,
2019). Therefore, based on the above contents, the
present study aims to fabricate Ag-ZnS nanopar-
ticles immobilized onto the surface of biomass-
derived 3-D carbonaceous aerogel to degrade the
MB in an aqueous medium. Particularly, the carbon
aerogel has low density and high porosity materials;
good scoffold material for formation of composite.
The light weight composites partially float on the
surface of wastewater. This helps improve visible
light adsorption. Furthermore, the carbon aerogel
has a larger number of hydroxyl and amine groups;
thus, these functional groups help attract dye mol-
ecules and create more contact between the catalyst
surface and dye molecules. Based on the earlier lit-
erature, there is no reports for the synthesis of CA/
ZnS-Ag composites for the photodegradation of
MB. This process is well suited to large-scale pro-
duction compared to existing chemical processes.

Experimental
Materials

All reagents were of analytical grade and utilized
directly without extra purification. The chitosan
was purchased from Merck, Germany. Silver nitrate
(AgNO3), zinc nitrate hexahydrate (Zn (NOj), (H,0,
sodium sulfide (Na,S) and methylene blue (MB)
were purchased from Research laboratories. Ethanol,
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methanol, and acetone were purchased from Winnex
co. Ltd.

Preparation of CA/ZnS composites

The CA was synthesized according to the earlier
reported synthetic procedure (Shanmugam et al,
2019). During this procedure, 2 g of chitosan was
introduced to 100 mL of deionized water within a
100-ml beaker. The resulting solution underwent
dispersion through an ultrasonication process. Sub-
sequently, the homogeneous mixture was transferred
from the beaker to a 100-mL Teflon-lined autoclave.
The sealed autoclave was subjected to heating at
180 °C for 12 h. Following the autoclave’s cooling
to room temperature, the reaction mixture under-
went filtration and multiple washes with a deionized
water—ethanol mixture to eliminate any remaining
unreacted impurities. The carbonaceous aerogel (CA)
was then acquired through a 36-h freeze-drying pro-
cess utilizing a high-vacuum freeze-drying apparatus
set at —51 °C.

The obtained CA was used as a scaffold candidate
for the CA/ZnS composites. By this method, CA/ZnS
composites were prepared by the precipitation method
(Lu et al., 2018). In a detailed procedure, the 25 mL
of Zn (NO;),-6H,O (5 mM, 1.49 g) solution was dis-
solved in a 100 mL beaker. The required amount of
CA was immersed into the Zn (NO;),-6H,0 solution.
After that, 5 mM of Na,S was added drop by drop.
The whole reaction mixture was transferred into a
stainless-steel autoclave and maintained at 180 °C for
18 h. The resulting reaction mixture was washed with
ethanol and water to remove the soluble impurities.
The CA/ZnS composites were obtained by lyophi-
lized at —51 °C for 36 h.

Preparation of CA/ZnS-Ag composites

The synthesis of CA/ZnS-Ag composites was carried
out using self-assembly and chemical reduction pro-
cedures (Gong et al., 2021). Typically, 0.5 g of CA/
ZnS composites were dispersed into the water and
10 ml of 0.01 mol of AgNOj; solution was added drop
by drop with continuous magnetic stirring. The Ag*
ions were deposited/exploited on the CA/ZnS com-
posites, after then add 0.01 M of NaBH, (10 mL)
drop by drop and stirred continuously at 5 h. The
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resulting CA/ZnS-Ag composite was washed, centri-
fuged with H,O/EtOH mixture, and finally dried at
70 °C overnight.

Photocatalytic study

The comparative photocatalytic activity of the as-
prepared photocatalysts, viz., CA, ZnS, CA/ZnS
and CA/ZnS-Ag were examined by photodegra-
dation of MB dye under the UV-visible illustra-
tion method via a simple photocatalytic setup. In
a typical experiment, 20 mg of photocatalysts was
immersed into 30 mL of simulated organic dye pol-
lutant (20 ppm), stirring for 30 min to achieve the
adsorption—desorption equilibrium. 500 W halogen
lamp was used as a light source for the photodegra-
dation of MB dye. After the adsorption—desorption
equilibrium, the reaction mixture was placed under
light irradiation. During the simulated light irradia-
tion, at a particular time of interval, 3 mL of dye
solution was taken out to remove the catalysts using
centrifugation. The centrifugate was analyzed by a
UV-visible spectrophotometer. The percentage of
degradation efficiency of MB has been calculated
according to Eq. (1) (Mohamed et al., 2018).

% of degradation efficiency = C, — C/Cy x 100 (1)

Characterizations

The XRD pattern of the CA/ZnS-Ag were analyzed
with X-ray diffraction (XRD, Bruker D8 advanced
diffractometry, Japan) with Cu K (1=1.54 A°).
The internal morphologies CA/ZnS-Ag compos-
ites were studied by high-resolution transmission
electron microscopy (HR-TEM, JOEL-JEM-2100,
Japan). Fourier transform infrared spectra (FTIR)
were recorded on a Nicolet iS5 (Thermo Fisher Sci-
entific, Madison, WI, USA). The specific surface
area of the prepared CA, CA/ZnS and CA/ZnS-Ag
were analyzed by Brunauer—-Emmett-Teller (BET)
and was carried out by N, adsorption desorption.
The energy bandgaps of the prepared samples were
performed by utilizing DRS-UV spectrophotometer
SHIMADZU 3600 (SHIMADZU, Kyoto, Japan)
(Scheme 1).
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Scheme 1 Schematic illus-
tration of the synthesis of
CA/ZnS-AgNPs composites
for the photodegradation of
methylene blue

Results and discussion
Characterization of synthesized photocatalysts

To assess the crystallinity of the as-prepared pure
CA, ZnS and CA/ZnS-Ag composites were char-
acterized by X-ray diffraction (XRD) (Fig. la, b).
In Fig. 1a, the XRD pattern of CA, the broad peak
appeared at 20.21° which is attributed to carbon
(002) plane graphite-like structure (JCPDS. NO:
75-1621) (Fatnassi et al., 2022; Prasad et al., 2020).
Further, the XRD spectrum of ZnS shows that the
observed diffraction peaks at 28.61°, 33.20°, 47.61°,
56.41°, 69.55° and 76.81° exhibit corresponding to

.—
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Wreeze drying

[
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HLl °C,36h o

Carbon Aerogel

CA/ZnS/Ag solution
Centrifuged

the crystal lattices (111), (200), (220), (311), (400)
and (331), respectively (JCPDS. No: 05-0566)
(Fig. 1b) (Dixit & Soni, 2014; Lu et al., 2018).
Additionally, similar peaks appeared at CA/ZnS-Ag
composites, thus confirming the formation of CA/
ZnS-Ag composites. Compared with ZnS and CA/
ZnS-Ag composites, the peak intensity of the CA/
ZnS-Ag composites slightly decreased, which is due
to CA and Ag NPs. Further, there is no additional
peaks appearing at CA/ZnS-Ag composites, thus
reveals that AgNPs does not alter the crystallinity
of ZnS. The average crystalline was calculated by
three different major peaks using Scherrer’s equa-
tion. The obtained crystalline values are 27 nm and
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Fig. 1 XRD pattern of the a CA and b ZnS, CA/ZnS-Ag composites
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Fig. 2 FTIR spectrum of the CA, CA/ZnS and CA/ZnS-Ag
composites

15 nm for ZnS and Ag-CA/ZnS composites. The
particle size was decreased in the composites, and
the CA contained a larger number of functional
organic functional groups, thus stabilizing and
reducing the particle size.

Figure 2 represents the detailed structural evo-
Iution of the FTIR spectra of the CA, CA/ZnS and
CA/ZnS-Ag composites. In CA, the typical absorp-
tion peaks appeared at 3447.04, 2890.99, 1635.05,
1155.57 and 1086.74 cm™! corresponding to OH,
—NH,, —-CH,, -C=0, C-C and C-O-C, respectively
(Lu et al., 2018). The larger number of —-OH and
—NH, which helps to prevent the aggregation and
reducd the particles size, noticed in TEM images
(Ren et al., 2014). This peak evidence confirmed the
prepared carbon aerogel contains a larger number of
functional groups, thus supporting/stabilizing the
Ag and ZnS nanoparticles (Patel et al., 2017). The
biomass-derived carbon aerogel, containing an abun-
dant number of -NH, and —OH functional groups
on the surface, can significantly prevent agglomera-
tion, enhance stability and reduce particle size. Thus,
it enhances the surface area of the composites (Ren
et al., 2014). The characteristic peaks of the CA peak
appeared at the CA/ZnS composites, additionally, the
strong band at 644.43 cm™! is due to the Zn—S bond
(Parasuraman et al., 2023a, 2023b). Thus, peak evi-
dence gave the additional confirmation of ZnS nano-
particles strongly bound into the CA. In FTIR spec-
trum of CA/ZnS-Ag composites, the peaks intensity

———

. ]

Frequency [%]
> o

-

"~

; L1

12 4 16 18 20 22
Diameter (nm)

Fig. 3 a—c HRTEM images of the CA/ZnS-Ag composites, d particle size distribution histogram curve of the CA/ZnS-Ag compos-

ites
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of CA functional groups are reduced and slightly
shifted after addition of AgNPs.

Further, the size and morphology of the prepared
CA/ZnS-Ag composites were exploited by TEM anal-
ysis as shown in Fig. 3a—e. As shown in Fig. 3a, b,
the nano-structured ZnS is evenly distributed onto the
surface of three-dimensional CA (Lu et al., 2018; Yan
et al., 2015). Further, in Fig. 3c—d, a very tiny block
dots appear in ZnS and CA composites, thus AgNPs.
Moreover, the Ag and ZnS NPs are evenly distributed
onto the CA. additionally, Fig. 3e, shows that, ZnS
and AgNPs decorated onto the surface of CA layer
and thus improve the surface area and reflect the pho-
tocatalytic activity. To using the HRTEM images to
plot the particle size distribution histogram curve,
it was found that the Ag-ZnS are evenly distributed
onto the CA, the average particle size was around
12—-18 nm (Fig. 3f). The similar results existence with
the XRD results.

The specific surface area is one of the key param-
eter for the catalytic activity. The specific surface
area, pore volume and diameter of the CA, CA/ZnS
and CA/ZnS-Ag were measured by BET-nitrogen
adsorption—desorption isotherm. As shown in Fig. 4
displays the N, adsorption—desorption isotherms with
H,-type hysteresis loop in the range of 0.5-0.8, which
is characteristic of mesoporous structure with inter-
connected pores (according to IUPAC classification)
(Thommes & Cychosz, 2014). The textural proper-
ties of CA, CA/ZnS and CA/ZnS-Ag composites

50

—=—CA
404 o— CA/ZnS
—4— CA/ZnS-Ag

-3 -1

Volume absorbed (cm™g

30

20

T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure (P/Pg)

Fig. 4 Nitrogen adsorption—desorption isotherms of different
prepared CA, CA/ZnS and CA/ZnS-Ag composites

Table 1 Photodegradation efficiency and rate constant of the
prepared samples for MB dye

S.no CA ZnS CA/ZnS CA/ZnS-Ag

Kops 0.0024 0.0053 0.009 0.01795

R? 0.9865 0.9901 0.9745 0.9901

Degradation 26.59 52.11 68.29 98.64
efficiency (%)
(150 min)

Surface area 4.62 - 48.50 62.62
(m’g~")4

Pore volume 0.0065 - 0.045 0.0558
(cm’g™)

Pore diameter (nm) 5.6 - 3.71 3.35

are given in Table 1. The surface area of the pre-
pared CA, CA/ZnS and CA/ZnS-Ag composites are
4.62 m*/g, 48.50 m*g and 62.22 m?/g, respectively.
The CA/ZnS-Ag composites have higher surface area
than CA/ZnS and CA, the AgNPs enhance the sur-
face area of the CA/ZnS, which can favor the adsorp-
tion of reactants and provide more reactive sites, thus
improving the photocatalytic activity. Further, the
pore volume of the prepared samples is 0.0065 cm?/g,
0.045 cm®/g and 0.0558 cm®/g for CA, CA/ZnS and
CA/ZnS-Ag, respectively. Additionally, the pore
diameter of the CA for 5.6 nm, CA/ZnS for 3.71 nm
and CA/ZnS-Ag for 3.35 nm, respectively.

Figure 5a shows the optical properties of as-
prepared samples, viz., CA, ZnS, CA/ZnS, and CA/
ZnS-Ag composites. The option absorption edge of
the pure ZnS and CA was found to be 342 nm and
334 nm, respectively. The energy band gap of the pre-
pared composites was calculated by Tauc plot using
energy dependency correlation of ahn=(hn—Eg)"*
where a and Eg represent the absorption coefficient
and energy band gap of the synthesized composites
(Fig. 5b), respectively. The estimated energy band-
gap values are 3.3 eV for CA and 3.1 eV for ZnS,
respectively, which is in good agreement with the
earlier literature (Jeyaram et al., 2017). Moreover,
composite materials such as CA/ZnS and CA/ZnS-
Ag exhibited a broader absorption peak at visible
regions in the range of 400-580 nm. This CA and
AgNPs modified the ZnS bandgap and reduced the
electron—hole pair recombination. Further, a posi-
tive synergetic effect occurred on ZnS and CA thus
enlarging photon absorption which lead to excellent
photocatalytic activities (Lu et al., 2018; Xu et al,,

@ Springer



92 Page 8 of 15

Environ Geochem Health (2024) 46:92

o 100
inS (b)
——— CA/ZnS 80 4
— —— CA/ZnS-Ag
=
=, ~ 604
o % CA (3.3¢V)
g ~ ZnS (3.1 V)
z 2 404 CA/ZnS (3.01)
2 3 CA/ZnS-Ag (2.68 V)
= .
204
0 2 2 ’I ",l”
T . T r y 2 7 3
300 400 500 600 7( i 3 :1 5
Wavelength (nm) Energy hv (eV)
— CA
(c) ;
3000000 o
— nd
- ——— CA/ZnS-Ag
=
g
22000000 -
‘®
=
]
=
1000000 +
%A\\_%
0 Ll Ll Ll Ll
40 450 500 550 600
Wavelength (nm)

Fig. 5 a UV—Vis absorption spectrum, b Tacu plot and ¢ PL spectra of CA, ZnS, CA/ZnS and CA/ZnS-Ag composites

2014). The bandgap for the CA/ZnS and CA/ZnS-Ag
composites materials was estimated to be 3.01 and
2.68 eV, respectively. These results reveal that the
energy bandgaps are reduced in the composite materi-
als due to the positive synergetic effect occurring on
Ag, ZnS, and CA (Selvi et al., 2021).

Figure 5c shows the PL spectra of the CA, ZnS,
CA/ZnS, and CA/ZnS-Ag composites with a maxi-
mum emission peak appearing at 454 nm with an
excitation wavelength of 350 nm. In comparison
with CA, ZnS, and CA/ZnS, the CA/ZnS composite
materials had the weakest peak intensity, thus indi-
cating that heterojunction was beneficial for enhanc-
ing the separation efficiency of photogenic carriers
and photocatalytic performance. Furthermore, the

@ Springer

CA/ZnS and CA/ZnS-Ag composites, the Ag-loaded
CA/ZnS had a low peak intensity, which is due to a
metal—-dipole quenching effect (Kim et al., 2014; Park
et al., 2014). The lower intensity peak values of CA/
ZnS-Ag have the highest photocatalytic performance
(Messalti et al., 2021; Wang et al., 2015).

Photocatalytic activity

The comparative photocatalytic efficiency of the as-
prepared CA, ZnS, CA/ZnS, and CA/ZnS-Ag com-
posites was examined through the degradation of
methylene blue (MB) under visible light illumination.
In this degradation study, pure ZnS, CA, and ZnS-
AgNPs were used as references for comparison. The
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Fig. 6 a Photocatalytic degradation of MB dye and b Pseudo
first-order kinetic plots of the as-prepared CA, ZnS, CA/ZnS
and CA/ZnS-Ag composites, ¢ degradation efficiency of the

initial concentration of MB was determined through
maximum absorption measurements using UV-Vis
spectroscopy (Fig. 6). The reaction mixture was kept
under visible light irradiation, and in the absence of
catalysts, no changes occurred in the concentration
of MB dye. After the addition of catalysts, the reac-
tion mixture was kept under dark conditions, and the
concentration was measured using UV—-Vis spectros-
copy. The obtained results reveal that there were no
significant concentration changes in MB; only trace
amounts of MB were absorbed onto the surface of
photocatalysts. The concentration of MB dye gradu-
ally decreased under visible light irradiation in the
presence of photocatalysts. Further, the photocatalytic

prepared samples and d Recycling efficiency of the CA/ZnS-
Ag composites for MB degradation

efficiency of the CA and ZnS shows lower degrada-
tion efficiency. Moreover, after addition of CA/ZnS
and CA/ZnS-AgNPs was gradually increased, thus
reveals that CA and AgNPs influenced the photocat-
alytic activity, because of the enhanced visible-light
absorption and suppressed recombination rate in
comparison with pure ZnS. Further, after addition CA
and AgNPs, the specific surface area of the CA/ZnS-
AgNPs has been increased, thus enhanced the photo-
catalytic activity.

In Fig. 6a, the decrease in [MB] is faster and more
predominant in CA/ZnS-Ag composites than in CA,
ZnS, and CA/ZnS. The CA and AgNPs effectively
inhibit the recombination of photo-generated charge
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carriers and increase the absorption of light (Bhunia
& Jana, 2014). Based on the results, the degradation
efficiency was found to be 25.27%, 45.28%, 72.48%,
and 98.64% for CA, ZnS, CA/ZnS, and CA/ZnS-
AgNPs, respectively (Fig. 6¢). Compared with CA,
ZnS, CA/ZnS, and CA/ZnS-Ag composites, the CA/
ZnS-Ag composites achieved a degradation efficiency
of 98.64% within 150 min (Subbulakshmi et al.,
2023; Venugopal et al., 2023). As shown in Fig. 4b,
the plots of the In(C/C,) versus time were liner, which
indicates that the photodegradation of MB went
through pseudo first order reaction. The k,,, and R?
values of degradation of MB as shown in Table 1.
The obtained results reveal that the CA/ZnS-Ag com-
posites exhibit a higher rate constant than CA, ZnS
and CA/ZnS composites. The obtained rate constant
value of CA/ZnS-Ag is 7.26-fold, 3.4-fold, and two-
fold greater than CA, ZnS and CA/ZnS, respectively.
Further, to test the catalysts stability/recycling effi-
ciency of the CA/ZnS-Ag composites was carried
out, the degradation of MB was under UV—-Vis light
irradiation (Fig. 6). The catalysts demonstrate good
stability, and there is no loss of activity observed after
five consecutive cycles. In Table 2, you can find the
listed maximum degradation efficiency values for
MB, and previous experimental results are included
to enhance comprehension.

Tentative mechanism of photocatalysts

Figure 7 illustrates the photocatalytic degradation of
CA/ZnS-Ag, both with and without the introduction
of scavengers. The inclusion of scavengers, namely
IPA, BQ and AgNO;, leads to degradation percentage
of 23%, 29% and 70% for CA/ZnS-Ag, respectively.
Initially, the addition of IPA reduces degradation
from 98.64 to 23% by capturing the holes. Similarly,
with the addition of BQ and AgNO; significantly
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Fig. 7 Photodegradation ability of CA/ZnS-Ag with and with-
out scavenger

diminishes the photocatalytic degradation of the MB
dye, suggesting that BQ captures superoxide radical
anions, whereas AgNO; captures electrons. Catalysts
without any scavengers exhibit enhanced degradation
performance due to the generation of a greater num-
ber of reactive active species under UV light expo-
sure. These active species follow the order contrib-
utes the following order: h*>0,—>e".

According to the experimental evidence, Fig. 8
illustrates the suggested photocatalytic mechanism
for the prepared CA/ZnS-Ag composites. The mecha-
nism of wide band gap semiconductors in the pres-
ence of visible light irradiation is comparatively chal-
lenging compared to typical semiconductors, as stated
in the literature (Aruljothi et al., 2023; Kandasamy
et al., 2023). When the CA/ZnS-Ag composites are
exposed to visible light, CA can be stimulated. This
means that the direct excitation of electrons from
the valence band (VB) to the conduction band (CB)
does not occur under VLI. Instead, the formation of

Table 2 Comparisons of photocatalytic performance towards MB with previous reports

Samples Quantity of MB Dosage of photocata- Photocatalytic Degradation References

(mg/L) lysts (mg) duration efficiency
ZnS/rGO 10 20 180 75.02 Palve and Kokil (2019)
ZnS-RGO 32 20 60 98.98 Feng et al. (2013)
ZnS/CA 40 40 180 91.00 Lu et al. (2018)
ZnS-TiO,/RGO 20 20 60 90.00 Qin et al. (2019)
CA/ZnS-Ah 10 10 150 98.64 This study
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Fig. 8 Photodegradation
mechanism of MB by CA/ Y.
ZnS-Ag composites irradi- <

ated by visible light /7

By Product

electron-hole (e™-h+) pairs takes place indirectly in
the presence of a sacrificial agent. The experimental
results indicate that CA and Ag play a crucial role in
enhancing ZnS activity. In fact, the surface of CA acts
as a photosensitizer, which is activated by VLI. Con-
sequently, the released electrons from the CA surface
are injected into the CB of ZnS or trapped by oxygen
molecules, leading to the production of superoxide
anion radicals (°O,7). Alternatively, the positively
charged CA can receive electrons from the CB of
ZnS, resulting in the formation of photo-induced elec-
tron holes. Moreover, the excited Ag electrons under
VLI can be shared through the surface plasmon reso-
nance (SPR) effect with the CB of ZnS, generating
photo-induced electrons. Following these steps, the
photo-induced e™—h+ pairs migrate to the photocata-
lytic surface. Additionally, water molecules (H,0O) are
adsorbed on the photocatalysts, forming hydroxide
anions (OH™), while simultaneously dye molecules
are adsorbed on the surface of the catalysts.

Conclusion

The biomass derived carbon aerogel supported CA/
ZnS-Ag composites were successfully synthesized
by hydrothermal process and low-cost precursors.
The biomass derived carbon aerogel have several sig-
nificant properties and potential applications, making

them an area of interest in scientific research an vari-
ous industries. The carbon aerogel derived compos-
ites improve the properties such as high surface area,
prevention of aggregation, low density, high porosity,
high thermal and electrical conductivity. The as-pre-
pared CA, ZnS, CA/ZnS and CA/ZnS-Ag composites
were confirmed by the various spectroscopic tech-
niques such as XRD, FTIR, TEM, BET and UV-Vis
analysis. The HRTEM results evidenced that, Ag and
ZnS NPs evenly distributed onto the surface of CA,
the average particles size was found to be 12—18 nm.
Compared with CA and ZnS, the composite materials
have a more specific surface area due to the surface
functional group of CA reducing the particle size to
enhance the specific surface area. The CA/ZnS-Ag
composites achieved highest degradation efficiency
(98.64%) within 150 min. Further, CA/ZnS-Ag had
excellent catalytic stability, there is no loss of activ-
ity noticed after five consecutive recycling processes.
The enhanced photocatalytic activity could be attrib-
uted to its large specific surface area, heterojunction
between CA and AgNPs, which effectively prevents
the recombination of photo-induced carriers and
improves the absorption of visible light. Therefore,
biomass derived carbon aerogel supported Ag-ZnS
composites had a high photodegradation property,
chemical stability, recycling property, non-toxicity,
and had broad applications options in environmental
applications.
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