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ARTICLE INFO ABSTRACT

Keywords: This research achieved success by synthesizing innovative nanocomposite composed of zinc oxide
Graphitic carbon nitride (Zn0), graphitic carbon nitride (g-C3N4) and silver oxide (Ag,0) nanomaterials incorporated into
Carrageenan

a carrageenan matrix, thus creating an environmentally friendly and stable support structure. The

Ezzz;?:;?;te synthesis process involved hydrothermal and chemical precipitation methods to create photo-
Visible light catalytic g-C3N4, ZnO, and AgoO nanocomposites. The success is evident through the character-
Photocatalysis ization results, which unveiled distinctive peaks corresponding to Zn-O (590-404 cm™') and

Ag-0 (2072 crn’l) stretching in the Fourier transform infrared (FTIR) and X-ray diffraction (XRD)
analyses, conclusively confirming the successful synthesis of g-C3N4, ZnO, Agy0, and their
respective nanocomposites. Further validation through a scanning electron microscope coupled
with an energy dispersive spectrometer (SEM-EDX) and elemental mapping affirmed the presence
of Zn, O, Ag, C, and N. Additionally, transmission electron microscope (TEM) imaging unveiled
the nanosheet morphology of g-C3Ny, the nanorod structure of ZnO, and the spherical form of
Ag,0 nanomaterials. ZnO and AgyO nanomaterials demonstrated a consistent 10-20 nm size
range. To underscore their ability to harness visible light, the nanomaterials were excited at 380
nm, emitting visible light emission within the 400-450 nm range. The synthesized nano-
composites showcased outstanding adsorption and photocatalytic properties, achieving efficiency
ranging from 80 % to 98 %, attributed to the synergistic interactions between the various com-
ponents. These findings culminate in a confirmation of the research’s success, validating the
exceptional potential of these nanocomposites for various applications.

1. Introduction

The textile industry produces a significant amount of wastewater contaminated with dyes. These dyes can affect the water’s light
penetration, colour, odour, and pH. The chemicals in textile wastewater have been linked to various health challenges, including
allergies, dermatitis, cancer, and genetic mutations. Unfortunately, most dyes are difficult to break down. Thus, they remain in the
environment for long [1-6]. The major challenges associated with dye degradation are the persistence of dyes in wastewater, their
potential environmental and health hazards, and the limited efficiency of conventional treatment methods. Traditional methods of dye

* Corresponding author. Department of Chemical Sciences, Faculty of Science, University of Johannesburg, P.O. Box 17011, Doornfontein,
Johannesburg, 2028, South Africa.
E-mail address: jamesr@uj.ac.za (J. Ramontja).

https://doi.org/10.1016/j.heliyon.2024.e31109

Received 25 January 2024; Received in revised form 2 May 2024; Accepted 9 May 2024

Available online 10 May 2024

2405-8440/© 2024 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:jamesr@uj.ac.za
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e31109
https://doi.org/10.1016/j.heliyon.2024.e31109
https://doi.org/10.1016/j.heliyon.2024.e31109
http://creativecommons.org/licenses/by-nc-nd/4.0/

F.B. Mamba et al. Heliyon 10 (2024) 31109

degradation, such as biological treatment or chemical oxidation, often suffer from limitations such as slow degradation rates,
incomplete removal of dyes, and the generation of harmful by-products. There is a growing need for advanced nanomaterials that can
efficiently degrade a wide range of dye pollutants with improved performance and environmental sustainability. Introducing nano-
composites in dye degradation processes offers several advantages, including increased surface area, enhanced catalytic activity, and
the ability to target specific dye molecules. However, challenges remain in optimizing the design and synthesis of these nano-
composites for maximum efficiency and stability [1,7-9].

Conventional water treatment technologies, including coagulation, flocculation [10-15], electrochemical treatment, adsorption,
and precipitation, also present challenges such as secondary pollution like formed flocs and settled particles. The disposal of formed
sludge can be expensive and less effective for highly dye-concentrated effluent [1,6,10,16]. Photocatalytic degradation presents an
innovative and effective approach for water contaminant removal, operating without chemicals or gases to minimize the risk of
secondary pollution. Moreover, the oxidation capacity of the photocatalytic process is robust enough to break down persistent pol-
lutants into more basic components [17,18].

Despite the excellent treatment performance in ultraviolet (UV) photocatalysis due to its stronger intensity than solar/visible light,
the large band gap of materials (between 3 eV and 5 eV) necessitates UV irradiation for successful electron excitation. However, solar/
visible light photocatalysis is preferred economically and recognized as an environmentally friendly technology for pollutant removal.
UV light can cause harmful effects on living organisms, including skin damage and potential DNA damage [19]. First-generation
photocatalysts contain one conduction band (CB) and one valence band (VB), which is a disadvantage because it limits the range
of electronic transitions and energy levels available for certain processes. Electrons are more likely to fall back into the VB without
producing reactive oxygen species because multiple energy bands are missing. This can restrict the material’s ability to participate in
electronic interactions or reactions efficiently [17].

Photocatalysts can be modified to reduce their broadband gaps. This can be accomplished through metal and non-metal doping or
coupled with carbon-based substances such as graphene carbon nanotubes and graphitic carbon nitride (g-C3sNy4) [18]. The coupling
with g-C3Ny allows the materials to harness a broader range of the solar spectrum and utilize light energy more efficiently. A significant
level of light absorption across a broad spectrum of wavelengths is also present in carbon compounds [20-22]. However, due to a lack
of a high functional recombination rate, pristine g-C3N4 limits the high photocatalytic ability and reusability performance [10,23]. To
this end, researchers have utilized different techniques, such as modification or doping, to improve the performance and tailor the
properties of g-C3N4 [10,24].

g-C3Ny4 can be doped with metal oxides (silver (Ag), titanium dioxide (TiO3), ZnO, Ag>0) to enhance its photocatalytic activity and
expand its applications in environmental remediation and energy conversion processes. Nanocomposites such as g-C3N4/Ag/TiOo, g-
C3N4/rGO/TiO3, g-C3N4/Ag20/Fe304, g-C3N4/Co304/Ag20, and g-C3N4/C-doped with ZnO, g-C3N4/ZnO are reported in the literature
[10,25]. ZnO has been used since it is non-toxic, effective at charge recombination, and highly photosensitive [10,26]. However, ZnO’s
wide band gap (3.3 eV) results in a low light utilization rate [16,26]. A higher photoluminescence (PL) intensity of ZnO indicates
higher recombination and lower light energy utilization. The low separation efficiency of electron and hole pairs under visible light
irradiation makes achieving an acceptable photocatalytic effect difficult, necessitating the preparation of nanocomposites [16,26].

Zhong et al. [25] demonstrated a g-C3N4/ZnO photocatalysis to eradicate methylene blue (MB), Rhodamine B (RhB), Cr (VI) and
eosin, and achieving a photocatalytic rate of 98 % for MB. The excellent performance of the g-C3N4/ZnO photocatalyst was attributed
to the capacity of the g-C3N4 to broaden the spectral range of the single ZnO absorption—also, the ability to increase the specific
surface area of the nanocomposites of interest. As a result, the photocatalytic reaction region and the surface-active sites were
enlarged. Furthermore, in the presence of simulated visible light, photogenerated electrons on the g-C3N4 conduction band migrate to
the ZnO conduction band because it is lower than that of ZnO. Consequently, these phenomena prolong the electron carrier lifetime
and prevent fast electron-hole recombination [25]. Balu et al. [27] focused on the use of a-FeoO3 onto g-CaN4+/ZnO, which resulted in
increased visible light absorption, thus, higher efficiency in e /h™" separation and better electron transfer ability. This led to improved
degradation rates of tartrazine dye under visible light illumination [27].

Another photocatalyst that has been explored is Ag,0. The use of Ag,0 is restricted by its photosensitivity and rapid recombination
of photoinduced electron-hole pairs. However, Ag>0 nanomaterials are effective photocatalysts when incorporated into other nano-
materials due to their low band gap (1.3 eV) and high compatibility as a p-type semiconductor [10,16,28]. For example, Chen et al.
[29] reported an enhanced photodegradation of charged pollutants under visible light in the presence of Ag,0/g-C3N4 obtaining above
80 % photocatalytic activity against positively charged MB and negatively charged methyl orange dyes when exposed to visible light,
but not for uncharged RhB dye [29]. Also, Kulal and Kodialbail [30] reported the incorporation of Ag,O into AgO-TiO;. The
Ag,0/AgO-TiO; nanocomposites effectively degraded Reactive Blue 220 (96 % of 100 ppm in 90 min) and 63 % degradation of methyl
orange in 300 min. Additionally, Rong et al. [31] improved on this by incorporating Ag,O into g-C3N4/ZnO, preparing
8-C3N4/Zn0O-Ag,0 nanocomposite, thereby resulting in a ciprofloxacin degradation rate of 97.4 % as opposed to 69.4 % when utilizing
only the ZnO-Ag>0 nanocomposite [31].

In this research, the incorporation of g-C3Ny4, ZnO and Ag,0O nanomaterials, individually and in combination with the carrageenan
(Carr) matrix, was designed to harness their unique attributes and synergistic effects [32,33]. Several well-justified reasons drove this
approach. Firstly, g-C3Ny4 is known for its exceptional visible light absorption and photocatalytic capabilities, which are crucial for
initiating chemical reactions under mild conditions, thus avoiding the need for strong reagents and high-energy UV light [34]. ZnO and
Ag-0 offer high surface areas and adsorption capacities, making them effective in capturing and retaining pollutants. Incorporating
these nanomaterials into the carrageenan matrix capitalizes on carrageenan’s benefits, including improved stability, easier handling in
water treatment, biocompatibility, structural reinforcement, and antimicrobial activity, ensuring sustainable and safe nanocomposite
materials [32,33].
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The synergistic effect of combining these nanomaterials within the carrageenan matrix was a key hypothesis in this research. The
objective was to design nanocomposites with the dual capability of proficiently adsorbing pollutants through the substantial surface
area afforded by g-C3N4, ZnO and Ag»0O while also demonstrating an ability for their effective degradation under visible light exposure.
This combination is particularly promising for addressing water pollution concerns as it offers a multifaceted approach to water
purification, allowing for both adsorption and photocatalytic degradation of contaminants.

For this study, it was envisaged that the ZnO, Ag,0 and g-C3N4 nanomaterials could be utilized for the removal of dyes from water
to address the challenges associated with the degradation of dyes by developing novel GZA_Carr (g-C3N4/ZnO/Ag,O@carrageen)
nanocomposites. This is because the GZA_Carr was envisaged to possess tailored properties such as increased hydrophilicity and high
surface area. Furthermore, the introduction of pendant functional groups such as sulfates was expected to increase the electron pool of
the nanocomposites for enhanced dye degradation. Individually, the g-C3N4, ZnO and Ag>0 nanomaterials coupled with the carra-
geenan hydrogel are expected to be good adsorbents and/or photocatalysts. That is why when these materials were to be combined
with the g-C3N4 nanosheets, the expectation was that they would create a synergistic effect, thereby enhancing the photocatalytic
activity of the nanocomposite. This synergistic effect was anticipated to substantively increase the efficiency of dye degradation under
visible light irradiation.

Furthermore, one of the limitations of traditional semiconductor photocatalysts such as ZnO is their limited response to visible light
irradiation during photocatalysis. However, to supplement this limitation, the g-C3N4 has a suitable bandgap that allows the nano-
sheets to absorb visible light effectively during photocatalysis. Therefore, incorporating the ZnO and Ag>0 nanoparticles into g-C3Ny,
the resulting nanocomposites were expected to exhibit improved visible light responsiveness, thereby enabling them to degrade dyes
under sunlight or visible light sources efficiently. The resultant nanocomposites cannot only be separated easily from the treated water
but also recycled multiple times without significant loss of photocatalytic activity. This can then reduce the operational costs of their
entire treatment system and eliminate potentially negative environmental impacts.

Above all, ZnO, Ag»0, and g-C3N4 nanomaterials are known to be non-toxic, making the nanocomposites environmentally friendly
compared to some alternative photocatalysts. Additionally, the incorporation of the carrageenan hydrogel was anticipated to enhance
the biocompatibility of the materials to biopolymers and increase their surface area. As such, this was crucial for their water treatment
applications to avoid leaching and secondary pollution and increase their compatibility with biopolymers for possible applications in
water treatment. Consequently, the ZnO-Ag>0@g-C3N4 nanocomposites within the carrageenan hydrogel offered a promising solution
for dye removal in water treatment due to their enhanced photocatalytic activity, visible light responsiveness, high surface area,
recyclability, selective adsorption capability, and environmental friendliness.

2. Experimental
2.1. Chemicals and materials

Melamine (C3HgNg, reagent grade, >99.0 %), sodium hydroxide pellets (NaOH, reagent grade, >98.0 %, anhydrous), hydrochloric
acid (HCl, analytical grade, 32 %), ethanol (CoHgO, analytical grade, >96.0 %) silver nitrate (AgNOs, reagent grade, >99.0 %), zinc
chloride (ZnCl,, reagent grade, >98.0 %), zinc acetate dihydrate, (Zn(CH3COO),-2H50, reagent grade, >98.0 %), k-carrageenan of
food grade were purchased from Sigma Aldrich, South Africa and were used as received.

2.2. Synthesis of nanomaterials

2.2.1. Thermal polymerization of graphitic carbon nitride (g-C3N4)

g-C3N4 nanosheets were prepared based on a procedure described by Yuan et al., Zhang et al. and Yang et al. [35-37]. Melamine
(10.00 g) was heated in a crucible at a 10 °C/min rate in a muffle furnace at 500 °C for 4 h. The resultant yellow product, bulk g-C3N4,
was then allowed to cool to room temperature before being ground into a fine powder. To prepare nanosheets, the bulk of g-C3N4 was
exfoliated using deionized water. This was accomplished by dispersing the bulk g-C3N4 in deionized water (5 mg/mL) and sonicating at
room temperature to produce the nanosheets, as adapted from Yang et al. [37] and Zhang et al. [36]. The bulk g-C3N4 absorbed
deionized water expanded, and the swollen g-C3N4 was then exfoliated into nanosheets during sonication. To extract the g-C3N4
nanosheet product, the suspension was centrifuged at 6000 rpm to settle and separate from the water solvent. The g-C3N4 nanosheet
product was subsequently dried overnight at 70 °C and then ready for characterization and to form nanocomposites.

2.2.2. Synthesis of zinc oxide (ZnO) nanomaterials

The wet chemical method was used to synthesize the ZnO nanomaterials. This reaction involved dissolving ZnCl, (5.00 g) distilled
water (50 mL). To completely dissolve the ZnCly, 3 drops of HCI (32 %) were added to the ZnCl; solution and heated to 80 °C while
stirring. After that, 1.00 mol/L NaOH (40 mL) was gradually added to the solution while it was constantly stirred to produce a white
precipitate of zinc hydroxide (Zn(OH);). The white mixture was then stirred for 2 h to ensure complete Zn(OH), precipitation and kept
at a pH range of 9-11 to avoid agglomeration. The white precipitate was centrifuged and washed with distilled water several times to
dissolve NaCl and remove impurities. The white Zn(OH), nanomaterials were oven-dried overnight at 60 °C. The product was then
calcined at 200 °C, producing the ZnO nanomaterials [25,38,39].

The chemical reaction for ZnO synthesis is illustrated in Equations (1) and (2).

ZnCl y(aq) + 2NaOH(aq) — Zn(OH),(s) + 2NaCl(aq) [1]
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Zn(OH),(s) - ZnO(s) + H,0(1) [2]

2.2.3. Synthesis of g-CsN4/ZnO nanocomposites

The same procedure was used to synthesize the g-C3N4/ZnO (GZ) nanocomposites, but g-CsN4 was added to the ZnCl, solution
before adding 1.00 mol/L NaOH. ZnCly(s) (5.00 g) was dissolved in distilled water (50 mL). To achieve thorough dissolution of the
ZnCly, the solution was heated to 80 °C, and 2 to 3 drops of HCI (32 %) were added. g-C3N4 nanosheets (5.00g) were added to the
solution and agitated to form a homogeneous suspension. Then, 1.00 mol/L NaOH was added to the rest and stirred for 2 h. The
reaction was kept at a pH range of 9-11. The g-C3N4/ZnO nanomaterials that were produced were centrifuged, cleaned with distilled
water, and left to dry at 60 °C overnight in the oven [31].

2.2.4. Synthesis of silver oxide (Ag20) nanoparticles

The chemical precipitation procedure was used to synthesize Ag>0 nanoparticles; this is illustrated in Equation (3). AgNO3 (5.00 g)
was dissolved in distilled water (50.0 mL). Thereafter, the mixture was agitated magnetically for 30 min. Then, a dropwise addition of
aqueous NaOH solution (1.00 mol/L, 40.0 mL) produced a dark brown silver oxide precipitate. Stirring was continued for an additional
30 min to allow a complete reaction. The dark brown silver oxide nanoparticles were recovered after centrifuging and washing
multiple times with distilled water. This was undertaken to dissolve the by-products, such as sodium nitrate. The product was then
washed with ethanol to hasten the drying process of the silver nanoparticles. The produced nanoparticles were left to dry overnight in
an oven set at 60 °C [28].

2AgNOs (aq) + 2NaOH (aq) — Ag0 (s) + 2NaNOs (aq) + H,O [31

2.2.5. Synthesis of g-C3N4/Ag>0 nanocomposites

The nanocomposites of g-C3N4/Ag20 (GA) were synthesized using the same approach as the synthesis of Ag,0. In contrast, g-C3N4
nanosheets were introduced into the AgNOg solution before adding NaOH to the reaction. Distilled water was used to suspend g-C3N4
(5.00 g) and was sonicated for 30 min to ensure homogenous dispensation. After that, AgNO3 (5.00 g) was added, and the suspension
was magnetically agitated for 30 min to allow for complete dissolution. After that, 1.00 mol/L NaOH (40 mL) was added dropwise to
the mixture. The NaOH served as a reducing agent to help adjust the pH of the solution to a basic range, which was required to form
silver oxide nanoparticles. The basic solution stabilized the nanoparticles and prevented them from agglomerating or clumping
together. After adding the aqueous NaOH, a dark brown suspension was produced. The suspension was stirred for 30 min to ensure the
complete reaction. Later, the mixture was centrifuged and washed with distilled water and ethanol and dried at 60 °C overnight; the g-
C3N4/Ag>0 nanocomposites were obtained [31].

2.2.6. Synthesis of g-CsN4/Zn0/Ag20 nanocomposites

The g-C3N4/Zn0O/Ag,0 (GZA) nanocomposites were produced using a hydrothermal process. Distilled water (50 mL) was used to
suspend g-C3N4 (3.00 g) while stirring. Then, AgNOs3 (1.50 g) and zinc acetate (1.50 g) were introduced into the system. The liquid was
agitated for 1 h to dissolve the salts completely; after that, 1.00 mol/L of NaOH was added while stirring. The mixture was then
transferred into a Teflon autoclave and placed in a 120 °C oven for 12 h. The g-C3N4/Zn0O/Ag>0 nanocomposites were then washed
with distilled water and dried at 60 °C in an oven [31].

2.2.7. Synthesis of carrageenan nanocomposites

In a 100 ml round bottom flask, 1.00 g of k-carrageenan (Carr) of food grade was dissolved in 50 mL distilled water at 80 °C. 1.00 g
of the different nanomaterials was added to the reaction mixture to obtain the respective nanomaterial/carrageenan nanocomposite.
The mixture was kept under magnetic stirring for 30 min at 80 °C. The mixture was then placed in an oven at 60 °C for 4 h to evaporate
the water [40]. The prepared nanocomposites were designated as g-C3N4_Carr, ZnO_Carr, GZ_Carr, Ag,O_Carr, GA_Carr, GZA_Carr.

2.3. Photocatalysis and recyclability analysis

A 300 W xenon lamp served as the visible light source to induce the photocatalytic reaction of the photocatalysts. 20 mg of the
prepared photocatalyst were dispersed in 50 mL of dye solutions with a concentration of 20 mg/L at pH 7. The experiment was
conducted in a dark room for 30 min under vigorous stirring to achieve adsorption-desorption stability. During visible light exposure,
samples were withdrawn at regular intervals and centrifuged to remove the photocatalysts. Subsequently, the UV-vis spectra of dyes
were recorded at their maximum absorption wavelength. The efficiency of the photocatalyst was assessed using the formulan = C/Co x
100 %, where C and Co represent the concentrations of the solutions before and after exposure to visible light, respectively.

The recyclability of GZA_Carr was done the same way as the photocatalysis. Since the GZA_Carr nanocomposites showed a higher
degradation rate compared to the other nanocomposites, they were selected and used for recyclability. In this case, the photocatalysts
were washed several times with deionized water, centrifuged, and dried before being reused for photocatalysis [2,41,42].
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2.4. Characterization of nanomaterials and nanocomposites

2.4.1. Fourier transform infrared spectroscopy (FTIR)

Following synthesis, the composition of the produced nanomaterials was confirmed using a Fourier transform infrared) (FTIR)
spectrometer (PerkinElmer, Spectrum 100, Made in Liasntrisant, United Kingdom). The measurement was taken in the 3500-400 cm ™!
range. Before analysis, the samples were ground into a fine powder and mixed with potassium bromide (KBr). The KBr acts as a diluent
or matrix, analyzing the sample as a solid rather than a liquid. It also helps to reduce water absorption and other impurities in the
sample, which can interfere with the analysis.

2.4.2. X-ray diffraction Spectroscopic analysis

X-ray diffraction (XRD) spectrometric analysis was used to measure the crystallinity of the nanomaterials. The powdered samples
were carefully loaded into metal sample holders. The PANalytical XPERT-PRO Diffractometer, manufactured by Panalytical in Mal-
vern, UK, was used to conduct the analysis using CU Ka (A = 1.54) between 26 values 2-90°.

2.4.3. Scanning electron Microscopic analysis

The surface morphology of the modified nanomaterials and nanocomposites was examined using a VEGA3 TESCAN scanning
electron microscope (SEM) manufactured in Brno, Czech Republic. Before characterization, the samples were mounted on a sample
holder on carbon tape. To improve their imaging, the samples were coated with a thin layer of conductive material (carbon). The
coating helps to prevent charging effects and improves image resolution. While imaging, a beam intensity of 12 kV, at HV of 20 kV, and
a secondary electron (SE) detector were used.

2.4.4. Transmission electron Microscopic analysis

The morphology and size of the produced nanocomposites were investigated using transmission electron microscope (TEM)
analysis. The TEM analyses were conducted on a Jeol JEM-2100F transmission electron microscope machine equipped with a LaB6
source from Jeol (Tokyo, Japan) at an acceleration voltage of 200 kV. The synthesized nanomaterials were dropped individually on a
200-mesh Cu-grid coated with a carbon film to prepare the TEM samples. Ethanol was used as a dispersant. The images of the
nanocomposites were captured using a digital charge-coupled device camera connected to the transmission electron microscope.

2.4.5. Ultraviolet-Visible spectrophotometer
The photocatalysis efficiency was measured using the Shimadzu UV-2450 Ultraviolet-Visible spectrophotometer (UV-Vis). The
ultraviolet diffuse reflectance spectroscopy (UV DRS) was conducted using the Evolution Pro, Model 840-340200, UV-Vis
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Fig. 1. (a) FTIR spectrum of synthesized g-C3N4 nanosheets, ZnO, Ag,O and nanocomposites (b) carrageenan and their nanocomposites.
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spectrophotometer containing a Xenon lamp. BaSO4 was used as a reference material to determine the band gap of nanomaterials.

2.4.6. Photoluminescence
The optical properties of the nanomaterials were determined using the Shimadzu RF-6000 fluorescence spectrofluorophotometer in
Kyoto, Japan. The samples were dispersed in distilled water and sonicated for 30 min before analysis.

2.4.7. Zetasizer

The zeta potential of all nanomaterials was determined by the Zetasizer Zen3600, manufactured by Malvern Instruments Limited in
Worcestershire, United Kingdom. The samples were dispersed in water at a 1mg/100 mL concentration. The dispensation was then
sonicated for 30 min to ensure proper dispersion. The pH of the samples was adjusted with NaOH and HCI.

3. Results and discussion
3.1. Chemical composition of nanomaterials

FTIR was used to ascertain the functionality of the nanomaterials and carrageenan and its nanocomposites, as shown in Fig. 1. A
broad peak (3500 cm ™! and 2700 cm™!) denoted the N-H stretching of the g-C3Ny, indicating the successful conversion of melamine
into g-C3N4 nanomaterials [24,43]. On the other hand, the C-N and C=N heterocyclic ring stretching was observed at 1850-1000
cm ™" confirming the successful formation of the g-C3N4. Additionally, the sharp peak observed at 810 cm™! was due to the s-triazine
breathing mode or the heptazine’s out-of-plane collective wagging mode of the N and C atoms [24,35,44,45]. These C-N, C=N
stretches, and triazine units were observed throughout the nanocomposites synthesized after that. This was confirming the successful
preparation of the nanocomposites. Moreover, the vibrational frequencies are unaffected by small changes in the molecule’s envi-
ronment or modification of the g-C3N4 material.

After incorporating Ag,0 nanomaterials onto g-C3N4, a sharp peak at 2072 cm™~ was observed. This peak was attributed to the
Ag-O stretching bond on the GZA nanocomposites and the GZA_Carr nanocomposites thereof. The g-C3Ny4 characteristic peaks are
maintained, as mentioned earlier, demonstrating a minimal disturbance and confirming the coexistence of g-CsN4, Ag20 and ZnO in
the nanocomposites’ matrix. Similarly, the Zn-O stretching vibration was observed at 590-404 cm ™' [45]. The appearance of the Ag-O
and Zn-O functional groups for the GZA nanocomposites indicated that the Ag,O and ZnO were successfully incorporated onto the
surface of g-C3N4 nanosheets [46].

The functionalities of the carrageenan sulfate esters (S—=0—=S, O-SO3) were observed at 1210-1260 cm ! region (due to the S=O of
sulfate esters). The O-SOj3 group is observed at 460-567 cm L. The 1010-1080 cm ! region was ascribed to glycosidic linkage found
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Fig. 2. (a) XRD patterns of Ag>0, ZnO, g-C3N4 and composites, and (b) carrageenan nanocomposites.
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within the carrageenan structure. Consequently, all carrageenan nanocomposites had a particularly strong signal at 803-905 cm ™2,
which was specific to 3,6-anhydrogalactose-2-sulfate and p-galactose-4-sulfate characteristic of carrageenan [47,48]. The FTIR spectra
of the control carrageenan nanocomposites showed similar patterns in the positions of characteristic bands, indicating that carra-
geenan had good miscibility with nanocomposites. However, there was an overlap of the carrageenan and g-C3N4 peaks on the
nanocomposites.

An XRD spectroscopy was used to identify the crystal shape of the g-C3N4, ZnO, and Ag20 nanomaterials and the changes
occurring after nanocomposite preparation and carrageenan. This is illustrated in Fig. 2. Characteristic diffraction patterns of g-C3N4
were observed at 20 values of 12° and 27° assigned to 100 and 002 lattice planes, respectively, as reported by Alaghmandfard [24] and

=
lscn

ZnO_Carr GZ_Carr

Fig. 3. SEM and TEM micrographs and SEM-EDX/mapping for a) g-CsN4, ZnO, GZ, GZA and b) carrageenan nanocomposites.
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Paul et al. [49]. This corresponded to the interlayer stacking of the conjugated carbocyclic plane of the tri-s-triazine unit. Ag,O peaks at
32.99°, 38.28°, 55.28°, and 65.98° corresponded to the crystal plane of the cubic Ag>0 [30,50,51]. The hexagonal planar of the pure
ZnO was observed at 31.63°, 34.16°, 47.55°, 56.64°, 63.17°, 67.84°, and 69.07° [28]. The well-defined peaks in Fig. 2a indicated the
high crystallinity of the nanomaterials and nanocomposites as opposed to the peaks in Fig. 2b [52].

In all nanocomposites, the g-C3N4 was represented by the diffraction peaks at about 27°, confirming the incorporation/embedded
onto the g-C3Ny [22,53,54]. New peaks arising from the addition of the ZnO and Ag»0O nanoparticles onto the g-C3N4 were also
observed among the resultant nanocomposites. For example, the GZ, GA, and GZA nanocomposites exhibited peaks with positions
resembling those of the g-C3N4, ZnO, and Ag,0 as determined by XRD analysis. Furthermore, the peaks of the GZ nanocomposites were
observed at 27.57°, 31.72°, 34.50°, 36.26°, 47.71°, 56.54°, 62.72°, 66.24°, 68.00°, 69.01°, and 76.83° whereas the peaks of the GA
nanocomposites were at 27.69°, 32.99°, 38.16°, 44.45°, 55.16°, 64.60°, and 77.58° [2,55].

The GZA structure revealed the presence of Zn, C, N, O, and Ag nanomaterials, as reported in the literature [21,25,31,32]. This
indicated that the lattice structure of the nanomaterials remained unaltered upon combining g-C3N4 with the metal oxides, as shown in
the FTIR analysis. The lattice structure of nanomaterials plays a crucial role in determining their electronic and optical properties,
which in turn influence the photocatalytic activity of the resultant nanocomposites. Therefore, the coexistence of the g-C3Ny4, ZnO, and
Ag,0 within the nanocomposite’s matrices without significant modification of the original lattice structure of the nanomaterials
provided a favourable environment for maintaining and even enhancing their inherent electronic and optical properties, consequently
benefiting the photocatalytic activity of the resultant nanocomposites. Thus, it can be assumed that the -C3Ny4, ZnO, and Ag>0 and
nanocomposites will be able to absorb light [56-58].

The incorporation of nanomaterials and nanocomposites to carrageenan made the resultant nanocomposites slightly amorphous
based on the slight broadening of the XRD peaks. This suggested that the interaction between the carrageenan matrix and the
nanomaterials disrupted the crystalline structure of the nanomaterials, potentially enhancing their dispersibility within the matrix and
favourably influencing their performance in various applications [59,60]. However, the lattice structure of the nanomaterials and
nanocomposites remained the same. This demonstrated that the incorporation of the carrageenan was not interfering with the
properties of the nanocomposites; instead, it enhanced their effectiveness because of the increased surface area.

The XRD data further provided more insights into the nanomaterials’ crystal structure and morphology, enabling a deeper un-
derstanding of their properties and environmental interactions. For instance, ZnO suggested a unique arrangement of atoms in a
hexagonal planar morphology. The shape of the nanomaterials, especially the hexagonal planar morphology, is known to impact the
photocatalytic reactivity properties of the nanoparticles and how the photocatalytic systems interact with other substances within the
aqueous media and enable surface adsorption [55,61]. This implied that the incorporation of the nanocomposites into carrageenan
would enhance the catalytic properties of the nanomaterials.

On the XRD, there was a slight shift toward the left of the XRD peaks on the nanocomposites. The observed shifts in peak positions
indicate that the presence of these materials in the GZA composite or carrageenan nanocomposites influences their crystal structures or
lattice parameters. These shifts may be attributed to strain between the components.

3.2. Morphological properties of nanomaterials (SEM/TEM) and EDX/mapping

The SEM micrographs and the corresponding energy dispersive spectrometry (EDX) results of g-C3Ny, ZnO, GZ, Ag>0, GA, and GZA
are shown in Fig. 3a. The SEM micrographs of g-C3Ny4 Carr, ZnO_Carr, GZ_Carr, Ag>O_Carr, GA_Carr, and GZA_Carr are also illustrated
in Fig. 3b. The SEM revealed that the g-C3N4 had a stacked layer morphology, whereas the metal oxides were granular. The ZnO and
Ag-0 had a granular morphology and powdery texture, whereas the nanocomposites GZ were fluffy, indicating the combination of
nanosheets and nanomaterials. When the 3 nanomaterials (g-C3Ng4, ZnO, Ag,0) were combined, they resulted in the GZA nano-
composites with a stacked layer with granular morphology. The carrageenan nanocomposites had an appearance that looked like the
nanocomposites without carrageenan. However, the slight difference was that the surfaces of the nanocomposites modified with the
carrageenan had a rough surface topology and cement-like texture. Of note, the GZA_Carr appeared to look like the combination of g-
C3N4 Carr, ZnO_Carr and Ag,0_Carr.

SEM-EDX revealed the elements from the nanomaterials, which was consistent with the observations made with the FTIR and XRD
results regarding the composition of the nanomaterials and nanocomposites. C, N, Zn, O, and Ag elements were detected from the g-
C3Ny4, ZnO, and Ag,0 nanomaterials. Similarly, these elements were also observed from the GZ, GA, GZA, and carrageenan nano-
composites, as illustrated in Fig. 3. Once the nanomaterials and nanocomposites were embedded in carrageenan (Fig. 3b), the EDS
spectrum revealed the presence of additional elements, such as carbon (C), sulfur (S) and potassium (k), originating from the carra-
geenan matrix. The SEM mapping complemented the EDX by demonstrating the elemental composition of the as-obtained samples. It
revealed the existence of C and N functionalities in the g-C3Ny, Zn, O for ZnO, Ag, O for Ag,0 and C, N, O, Ag, Zn for GZA, confirming
success in synthesizing nanocomposites. For carrageenan nanocomposites, the S and K elements were observed as a result of the
pendant groups of the biopolymer. The elemental analysis of the g-C3N4 Ag-0 and ZnO nanomaterials demonstrated an even dis-
tribution of the elements of the nanomaterials. The even distribution of the C, N, O, Ag, and Zn on the SEM mapping confirmed an
adequate dispersion of these elements through the surfaces of the nanocomposites [46].

TEM analysis was used to examine the morphology of the g-C3Ny, ZnO, GZ, Ag>0, GA and GZA nanocomposites to complement the
SEM and XRD results. The g-C3N4 nanosheets were observed. As predicted by XRD, the hexagonal structure of ZnO and the spherical
structure of Ag>0 were also observed under TEM. The TEM confirmed the co-existence of g-C3Ny4, ZnO and Ag,0, showing that they
were supported onto the g-C3N4 nanosheets [49,62]. The generated nanomaterials, under 20 nm, exhibited a smaller grain size. This
could lead to an increased surface area-to-volume ratio, implying that the nanomaterial’s catalytic activity will be significantly
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enhanced [29,62]. On the other hand, the carrageenan formed sheets as the nanocomposites were incorporated. The ZnO nanorods
were observed clearly on the GZ_Carr, whereas on the ZnO_Carr and GZA_Carr, only the heads of the nanorods were observed.

3.3. Optical properties of nanomaterials (bandgap & photoluminescence)

The results of the UV-Vis absorption spectra were used to determine the band gap energy of each nanomaterial (Fig. 4) using Tauc’s
equation in Equation (4) for direct band gap material [63-65].
(¢hv)? = k(ho- Eyp) &)

where, ho is the photon energy, Eg is the band gap energy, k is a constant, and « is the absorption constant. Equation (4) can be further
expressed as:

12
(2.303 x A x 1240/2)* =k 40
1-E,

G))

where; A and A are absorbance and wavelength, respectively, obtained from the absorption spectra of the nanomaterials. A plot of
Equation (4) gives an absorption curve whose tangent expresses the energy band gap of the nanomaterials. A straight-line curve was
extrapolated between (ahv) and hv to determine the optical band gap (Fig. 4).

The calculated band gap of g-C3N4, ZnO, GZ, Ag20, GA, and GZA were 2.80 eV, 3.25 eV, 3.00 eV, 1.63 eV, 1.99 eV and 2.73 eV
respectively, as listed in Table 1, and these corresponded to literature values as reported by Sett et al., Hakimi et al., and Paul et al. [45,
66,67]. However, the addition of carrageenan did not alter the band gap of the nanomaterials, as the band gaps remained relatively the
same. For example, the band gap for g-C3N4 Carr, ZnO_Carr, GZ_Carr, Ag,0O_Carr, GA_Carr, and GZA_Carr were 2.79 eV, 3.25 eV, 3.01
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Fig. 4. The energy band gap of different nanomaterials and nanocomposites estimated by the extrapolation of the linear part of (ahv)? versus
hv plots.
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Table 1

The emission wavelength of nanomaterials after 380 nm excitation and the corresponding band gap.
Nanomaterial Emission wavelength (nm) Band gap Nanomaterial Emission wavelength (nm) Band gap
g-C3Ny 430 2.80 g-CsN, Carr 430 2.79
ZnO 455-706 3.25 ZnO_Carr 425, 418-700 3.25
GZ 460 3.00 GZ_Carr 431 3.01
Ag>0 432 1.63 Ag,0_Carr 425 1.60
GA 435 1.99 GA _Carr 436 1.89
GZA 444, 580 2.73 GZA_Carr 433, 557 2.72

eV, 1.60 eV, 1.89 eV, 2.72 eV, respectively. For instance, the band gap for g-CsN4 was 2.80 eV, and g-C3N4.Carr was found to be 2.79
eV. This implied that the electronic properties of g-C3Ny.Carr remained relatively consistent with those of pristine g-C3Ny.

Since the band gap of Ag,O is small, it influences the band gap of nanocomposites, thus reducing all the Ag;0O-based nano-
composites. The reduced band gap implies that the distance between the valence band of electrons and the conduction band was
reduced. A reduced band gap allows nanoparticles to excite electrons within the nanocomposites with minimal energy input, pro-
moting their transition to the conduction band. This lowered energy requirement enhances the nanocomposite’s capacity to facilitate
electron conduction. Consequently, the preparation of these nanocomposites results in an enhancement of their photocatalytic
properties [63-65].

Fig. 5a shows PL emission spectra of pure g-C3Ny4, ZnO, GZ, and GZA observed after the excitation of samples at the visible region at
380 nm at room temperature. Fig. 5b also shows the photoluminescence of carrageenan nanocomposites, which showed lower
emission intensities than those without carrageenan. The pure g-C3N4 sample exhibited an intense fluorescence emission peak at 430
nm. However, the ZnO (455-706 nm), GZ (460), Ag20 (432), GA (435) and GZA (444, 580 nm) showed lower photoluminescence
intensity than the pure g-C3N4. The emission peak intensity of the nanocomposites was drastically reduced as the metal oxide
nanomaterials were combined with g-C3N4 nanosheets [29,31,68].

The pure g-C3N4 sample exhibited a strong fluorescence emission peak at a wavelength of 430 nm. This means that when pure g-
C3N4 was exposed to light, it emitted a significant amount of fluorescence at this specific wavelength, indicating its photoluminescent
behavior. In contrast, when ZnO and Ag,0 were combined with g-C3N4 to form nanocomposites (GZ, GA, GZA), the photoluminescence
intensity decreased. This means that the nanocomposites emitted less fluorescence compared to pure g-C3Nj. It was also suggested that
the electrons and holes do not recombine quickly but are instead available for catalytic reactions [54,69].

The emission peak of GZA nanocomposites has moved to the right at a higher wavelength when compared to pure ZnO and Ag,0,
which implies that the band gap was reduced as the narrow band gap Ag,O was added. In addition, the peak intensity for GZA
decreased, implying that the recombination of the photoexcited electron and a hole may be inhibited, leading to better photocatalytic
performance. When light interacts with nanomaterials, pairs of electrons and holes are produced. These separated charge carriers are
essential for photocatalysis, as they participate in chemical reactions. However, if these electrons and holes recombine quickly, their
potential for driving photocatalytic reactions is wasted. The introduction of g-C3Ny4, ZnO, and Ag,0O into the nanocomposites seems to
inhibit this recombination process. In other words, these materials help keep the electrons and holes separated for longer periods [70,
711.

Therefore, GZA was expected to have a better opportunity to enhance the photocatalytic performance. This was because, during
photocatalysis, the electrons from the valence band of g-C3N4 were transferred into the conduction band through the synergistic system
during excitation. Since the g-C3N4, ZnO, and Ag,0 have different band edge potential levels, the electrons from the g-CsN4 conduction
band are transferred to the conduction band of the ZnO and Ag,0 nanoparticles at varied rates and distances. Then, the holes in the

b)

45000

a) 1750000 —&CN, ——g-CN,_Carr
4 ZnO Ag,0_Carr
1500000 - —_—GZ ——GA_Carr
| ——Ag,0 - ZnO_Carr
1250000 - —GA = ——GZ_Carr
1 - 30000 P
3 oo —GZA —_ T GZA_Carr
o s 3 F
= z s £
Z aom. e .
3 1000000 ~ Z z -
& £ ]
> - £ 2000. c
k3 ]
£ 750000 £ R R R R R
£ 200 as0 500 550 600 50 70 15000 - Wavelength (nm)
= Wavelength (nm)
500000 -
250000
1 o T T T T T 1
0 ——— T 7 T | 400 450 500 550 600 650 700
400 450 500 550 600 650 700

Wavelength (nm)

Wavelength (nm)

Fig. 5. PL spectra for a) g-C3Ny4, ZnO (inset), GZ, Ag>0, GA and GZA (inset) and b) g-C3Ny4.Carr, ZnO_Carr (inset), GZ_ Carr, Ag»0_Carr, GA_ Carr and
GZA_Carr (inset) at 380 nm excitation.
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ZnO and Ag,0 were easily transferred to the valence band gap of g-C3Ny, thereby enabling/facilitating a better transfer of electrons
from the valence band to the conduction band [2,68].

The PL wavelength of carrageenan-based nanocomposites shifted towards the left, leaning toward the UV range. However, the
emission is still in the visible region (400-800 nm). The photocatalysts had an emission peak of more than 400 nm; thus, they can be
used for visible light photocatalysis. So, the photocatalysts with an emission peak of more than 400 nm can be excited by photons with
wavelengths in the visible light range [72,73]. The slight shift in the photoluminescence (PL) wavelength of carrageenan-based
nanocomposites towards the UV range can be attributed to the interaction between carrageenan and the nanomaterials within the
composites. Although not a major shift, this phenomenon indicates subtle changes in the electronic structure and environment of the
nanomaterials when combined with carrageenan. Here’s how carrageenan might be causing this slight shift. Carrageenan is a
biopolymer with unique chemical properties. When it is incorporated into nanocomposites, it can introduce modifications to the
electronic environment around the nanomaterials. This can result in small changes in the energy levels associated with photo-
luminescence processes, leading to a shift in the PL wavelength [72,73].

Photocatalysts with emission peaks in the blue (440-490 nm) and green (490-570 nm) regions of the visible light spectrum are
often more efficient than photocatalysts with emission peaks in the red region. This is because photons with shorter wavelengths have
more energy and can excite more electrons in the photocatalyst. Of note, the ZnO_Carr had two distinct emission peaks. One visible
emission appeared at 425 nm (sharp), and another was a broad peak between 450 and 700 nm with a maximum located at 510 nm due
to oxygen vacancies of ZnO nanomaterial [74-76]. The peak at 425 nm is due to the recombination of the free excitons through an
exciton-exciton collision process [75,76]. The PL intensities of carrageenan-doped nanocomposites were lesser than those of nano-
materials without carrageenan. This demonstrated that doped nanocomposites had an advancement in their optical properties. This is
attributed to the fact that the doped ions offer various electron traps to hinder electron-hole pairs’ recombination [76].

3.4. Zeta potential of nanomaterials and nanocomposites

Photocatalysis takes place on the surface of the nanomaterials, and the surface capacity to adsorb the pollutant and the solution pH
has a significant impact on the photocatalyst’s performance. The charge on the surface of the synthesized nanomaterials and the point
of zero charge (PZC) were determined [77]. From Fig. 6, it was noted that g-C3N4 nanosheets and carrageenan surfaces are charged
negatively at all pH values. This is so because g-C3N4 contains negatively charged functional groups, such as amine (NH) groups [78],
while carrageenan contains ester hydroxyls, sulfates and 3,6-anhydro-p-galactose [47,48]. The PZC of the ZnO, GZ, Ag20, GA, and GZA
nanocomposite were 6.00, 4.67, 2.49, 2.18, and 2.97, respectively. However, the PZC for ZnO_Carr, GZ_Carr, Ag>0_Carr, GA_Carr and
GZA_Carr nanocomposite was 5.84, 4.45, 2.26, 2.13, and 2.82, respectively. Since carrageenan is highly negatively charged at all pHs,
the PZC of the carrageenan nanocomposites shifted towards the left. The nanomaterial’s surface is negatively charged at pH > PZC and
positively charged at pH < PZC. Fig. 6 shows that nanomaterials had more negative charges as the pH increased [30,77,79]. The
change in surface charge is due to protonation and deprotonation; thus, the adsorbent can effectively adsorb the cationic contaminant
when the pH of solutions is greater than PZC and vice versa [79].

The introduction of g-C3N4 influenced the surface properties of nanocomposites, shifting the PZC to a lower pH value. For example,
the point of zero charge of ZnO moved from pH 6.00 to 4.67 when the g-C3N4 nanosheets were introduced. Similarly, the PZC of Ag,0
is 2.49, and for GA, the PZC shifted lightly to pH 2.18. This is because when g-C3Ny is introduced to form a nanocomposite with ZnO or
Ag»0, it interacts with ZnO or Ag,0 through electrostatic interactions, hydrogen bonding, and van der Waals forces. These interactions
can lead to forming a new surface with different charges and properties compared to the original g-C3Ny4, ZnO, or Ag>0 surface. At pH
values above the PZC, the surfaces of metal oxides are negatively charged due to the adsorption of hydroxide ions (OH") from the
solution and positively charged due to the adsorption of protons (H") from the solution.
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Fig. 6. Zeta potential of g-C3Ny4, ZnO and GZA and carrageenan nanocomposites.
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3.5. Photocatalytic studies for cationic and Anionic dyes

The photocatalytic performance of nanomaterials was assessed under visible light irradiation to remove methylene blue (MB),
methyl violet (MV), methylene green (MG) and Congo red (CR) dyes from the solution. The dye solution was set at 20 ppm, and a 20 mg
catalyst dosage was used. To ensure the solution had reached the adsorption-desorption equilibrium before irradiation, the solution
was left in the dark for 30 min. After that, the visible light was turned on for 180 min, and aliquots were taken out of the solution after
every 30 min. A PVDF syringe filter (0.22 pm) was used to separate the dye solution and nanomaterials. Degradation efficiency was
obtained by the following equation:

Degradation % = %x 100% [6]
0

where C, represents the initial dye concentration, and C; represents the dye concentration after time t [46].

3.5.1. Degradation of Congo red

At the start of the experiment (time = 0), the dye concentration is 100 %. Considering g-C3N4, as time progressed, the dye con-
centration in the solution decreased in the first 30 min, indicating that the dye was being adsorbed. This reduction in dye concentration
is reflected in the decreasing percentages in Fig. 7a. After 30 min of adsorption, 1.87 % was adsorbed by g-C3N4. Similarly, 2.88 %,
5.10 %, 9.12 %, 38.39 %, 20.36 %, 16.77 %, 8.12 %, 12.95 %, 10.89 %, 3.08 %, 27.8 % were adsorbed by ZnO, GZ, Ag»0, GA, GZA, g-
C3Ny_Carr, ZnO_Carr, GZ_Carr, Ag,0O_Carr, GA_Carr, and GZA_Carr.

After 30-60 min, there was a gradual decrease in dye concentration. Still, the rate of degradation seems to be relatively slow with g-
C3N4 compared to GZA_Carr, which had a higher overall degradation rate with a pseudo 1st order and pseudo 2nd order rate constant
of 0.0107 min-!, 0.1446 M 'min ' respectively. The dye concentration remains above 88 % for g-CsN4 even after 60 min of photo-
catalysis. However, after 90 min, there’s a more noticeable drop in dye concentration, down to 80.67 %. This suggested that the
photocatalytic degradation process became more efficient over time until the dye concentration reached 60.44 % at 210 min, indi-
cating that the catalyst remained active for a longer period, leading to enhanced efficiency over time.

GZA and GZA _Carr showed a high adsorption and degradation activity of Congo red, indicating that the preparation of

——G(N
100 ) Dark: Photocatalysis Iér;)
1
a) b)
~@—gCN_Car
804 ~ —e—200_Carr
~—GZ_Gar
—0—Ag,0_Garr
—pGA_Car
3 60 = GA_Carr
o
$ 5
e L
s
40 4
20 4
T T T T T
0 90 120 150 180 210 04
. " Ll L T L\ )
Tme (MK 0 %0 120 150 180 210
Time (Min)
Dark I Photocatalysis
100 4 5 ' —8—gCN, Dark ! Pho lysi —o—“”
| iy 100 ark | Photocatalysis 25
* =Gz
C) —A—Gz d) —y—Ag20
—y—2g0 ——ca
80 —4—Ga
——GA 80 4 —@—GCN_Carr
4G —e—200_Gare
—®—gCN, Carr —.—szan
—ahe—2n0_Carr - Ag20_Carr
60 —&@—GZ_Carr 60 —'_—'—2:;(:"
% ~&—Ag0_Carr X \_Carr
o —+—GA_Carr g
B —><=GZA_Carr S
= 40 40 ~
1
'
1
20 \
20 |
'
'
h T \
] 04 ' .
04 ! i T T T T T T
i . : . : ! y 0 £ 60 9% 120 150 180 210
0 30 60 90 120 150 180 210

Time (Min)
Time (Min)

Fig. 7. Photocatalytic degradation of a) CR, b) MV, ¢) MB, d) MG under visible light by g-C3N4, ZnO, Ag,0, GA, GZ, GZA and carrageenan
nanocomposites photocatalysts.

12



F.B. Mamba et al. Heliyon 10 (2024) 31109

nanocomposites improved the adsorption and photocatalytic efficiency of the nanomaterial. After the entire photocatalysis, g-C3N4,,
Zn0, GZ, Ag20, GA, GZA, g-C3N4_Carr, ZnO_Carr, GZ_Carr, Ag>0_Carr, GA_Carr, and GZA_Carr had 39.56 %, 32.62 %, 59.87 %, 28.65
%, 63.00 %, 83.49 %, 67.3 8 %, 41.62 %, 66.90 %, 40.32 %, 47.10 %, 87.76 %. From these results, it is depicted that the degradation of
CR was improved when nanocomposites were used. Adding Ag»O nanoparticles into the GZ nanocomposite improved the photo-
catalysis of the nanocomposites. For instance, in the GZA nanocomposites, the excited electrons in the CB of ZnO were transported into
the CB of g-C3N4 and then of Ag,0 by visible light. Also, the holes were moved to the VB of ZnO and g-C3N4 from the VB of Ag>0. This
heterogeneous coupling separates charge carriers from junctions, allowing CR to be effectively degraded [68,80,81].

The degradation with GA, GZ, and GZA yielded a greater degradation efficiency, with GZA having a 43.93 % better degradation
than that of g-C3Ny4. Of note, adding carrageenan to form nanocomposites also improved the photocatalysis. The carrageenan, as an
adsorbent, adsorbed the dye, which leads to better adsorption. Carrageenan also helps disperse the nanocomposites and nanoparticles
more uniformly, enhancing their surface area and improving contact with the pollutants, thus leading to increased degradation. In
summary, the preparation of nanocomposites has enhanced the degradation of CR.

3.5.2. Degradation of methyl violet

After adsorption at 30 min, 10.91 % was adsorbed by g-C3N4. Whereas 15.29 %, 34.11 %, 11.03 %, 33.78 %, 14.72 %, 18.53 %,
24.56 %, 40.51 %, 35.73 %, 12.25 %, 70.64 % was adsorbed by ZnO, GZ, Ag20, GA, GZA, g-C3N4_Carr, ZnO_Carr, GZ_Carr, Ag,0_Carr,
GA_Carr, and GZA_Carr as shown in Fig. 8b. After that, photocatalysis resumed as the visible light was illuminated. For g-C3N4, ZnO,
and Ag20, the photocatalysis was gradual until it reached 50.15 %, 55.80 %, and 46.54 % degradation after 210 min. After 210 min,
68.35 %, 53.02 %, 91.48 %, 60.15 %, 77.55 %, 85.29 %, 62.27 %, 67.50 %, 98.93 % of MV are degraded by GZ, GA, GZA, g-C3N4_Carr,
ZnO_Carr, GZ_Carr, Ag20_Carr, GA_Carr, GZA_Carr. The nanomaterials with higher degradation efficiencies are GZA_Carr, at 98.93 %,
and Ag,0, with a low degradation efficiency of 46.54 % at 210 min. After 180 of illumination, around 1.07 % of MV remained in
solution, showing a 98.93 % degradation efficiency of GZA_Carr, which is more efficient than GZA, which had a 91.48 %. This shows
that degradation became more effective amongst nanocomposites.

The GZA nanocomposite achieves better dye degradation than pure nanoparticles, as illustrated in Fig. 7 (b). The dye concentration
dropped from 100 % to 85.28 % during adsorption, showing a 14.72 % adsorption and obtaining a 91.4 efficiency at 210 min. The
addition of Ag,0 accelerates the degradation of the dye. In addition, the g-C3N4 and ZnO conduction bands receive electrons from
Ag-0. Ag,0’s valence band serves as a hole centre, while the conduction bands of g-C3N4 and ZnO work as electron centres. Reactive
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species are created when oxygen and water molecules react with the electrons and holes from g-C3N4 and ZnO and the holes from
Ag»0, leading to dye degradation. The enhanced mobility of charge carriers brought on by Ag;0’s electron trap may have contributed
to the GZA nanocomposite’s improved photocatalytic activity [30].

3.5.3. Degradation of methylene blue

The degradation performance of nanoparticles and nanocomposites on MB is illustrated in Fig. 7 (c). As time progresses, the
concentration of MB decreases as the different photocatalysts facilitate dye degradation. In some cases, the addition of carrageenan
seems to enhance the degradation efficiency of certain photocatalysts (e.g., ZnO_Carr and GZ_Carr), while in other cases, it appears to
hinder the efficiency (e.g., GA_Carr and GZA _Carr). This suggests that carrageenan’s impact on photocatalysis is catalyst-dependent in
MB solution. GA_Carr and GZA_Carr display large fluctuations in degradation efficiency over time. Over longer periods, some pho-
tocatalysts start to plateau in their degradation efficiency but maintain a high photocatalytic efficiency. The nanomaterials with higher
degradation efficiencies are GA, GZA, g-C3Ny4_Carr, GZ_Carr, GA_Carr, and GZA_Carr, at 98.44 %, 98.45 %, 98.42 %, 96.58 %, 98 %,
97.50, 95.82 %, with g-C3N4 and ZnO with lowest degradation efficiency of above 60 % after 210 min.

The presence of negative charge on the surfaces of g-C3Ny4, ZnO, GZ, GZA, g-C3Ny4_Carr, ZnO_Carr, GZ_Carr, and GZA_Carr accounts
for their high efficiencies. Thus, the positively charged cationic dye MB can be adsorbed on the surface of the highly negatively charged
nanomaterials via a strong electrostatic attraction. The electrostatic interaction enhanced the adsorptive property and, thus, the
degradation efficiencies [82,83]. Due to the low bandgap energy of Ag-O and its ability to absorb visible light, its incorporation in-
fluences the degradation [31,84] since Ag20 acts as an efficient photosensitizer [30].

3.5.4. Degradation of methylene green

The efficiency of visible light MG degradation was confirmed in Fig. 7 (d). The g-C3Ny4, ZnO, GZ, GZA, Carr, g-C3N4_Carr, ZnO_Carr,
GZ_Carr, GZA_Carr degraded 67.50 %, 55.33 %, 67.33 %, 91.49 %, 70.15 %, 68.11 %, 93.22 %, 98.93 % respectively, of MG dye. The
adsorption of MG by g-C3Ny4 doesn’t show a significant change in the amount of dye in the solution during the first 20 min. However,
after 30 min, there is a noticeable drop in the solution’s dye amount from 100 % to 80.33 %. This suggests that 19.67 % of the dye is
adsorbed to g-C3Ny4, and as the visible light was irradicated, the photocatalytic process started, leading to the degradation of MG. The
rapid drop in dye concentration indicates that the reaction rate increased. Over the next 30 min, there is a substantial reduction in the
dye concentration, which drops from 80.33 % to 52.75 %. This indicates that the photocatalytic activity of g-C3Ny is effectively
degrading the MG. After 60 min, the degradation rate seems to slow down during this period, as the dye concentration decreases
gradually from 52.75 % to 45.07 %. The degradation rate continues to slow, with the dye concentration decreasing from 45.07 % to
33.50 % over the 120-210 min period. The data shows that the photocatalyst g-C3Ny4 effectively degrades methylene green over time.
The initial delay in degradation might be due to the time required for the reaction to initiate. The rapid drop in dye concentration
within the first 30 min indicates efficient adsorption activity. At the same time, the gradual decrease in the degradation rate suggests
that factors like efficient photocatalytic activity, reaction kinetics, and catalyst activity play a role.

The nanocomposites with higher degradation efficiencies are GZA GZA_Carr, at 96.50 % and 96.76 %, respectively, with Ag,0O with
a low degradation efficiency of 51.43 % at 210 min. On the other hand, g-C3N4_Carr, GA_Carr, and GZA_Carr showed improved
degradation efficiency compared to their counterparts without carrageenan. The degradation rate is faster in the presence of GZA
nanocomposites, which are more electronegative, hence having a high affinity towards the positively charged dye. In the MG, the ZnO
had a lower degradation efficiency, but its efficiency was increased once combined with Ag;O and g-C3Ny4. This illustrates the
importance of combining nanocomposites to improve their performance by reducing their band gap and electronegativity.

Table 2
Comparison of GZA_Carr and GZA for the various degradation of organic pollutants.
Synthesis Material Dye Dosage of Photocatalysis Time Reference
method photocatalyst Efficiency (%) (min)
Co-precipitation ZnO-Sn0O, Methylene blue, Rhodamine B, 200 mg in 60 mL 76.44, 72.69, 62.43, 60 [85]
method Trypan blue, Orange methylene and  solution in 18 mg/L 77.00 and 92.46
Yellow quinoline dye
Biosynthesis ZnO Congo red 8 mg in 1.5 mg/L dye 87 60 [63]
In-situ HAp/g-C3Ng Methylene blue 50 mg 93.69 100 [41]
precipitation
Hydrothermal CeO,/g-C3Ny4 2-Chlorophenol 50 mg in 30 mL of 20 84 100 [86]
mg/L dye solutions
Hydrothermal g-C3N4/Zn0-Ag,0 Methylene blue 50mgin 100 mLof 30  96.5 120 [2]
mg/L dye solution
Hydrothermal MoS2-SnS,@g-C3N4 Methylene blue 50 mg in 50 mL of 10 86.60 90 [871
mg/L dye solution
Hydrothermal g-C3Ny/ Methylene blue, Congo red, 20 mg in 50 mL in 20 95.81, 87.76, 96.50, 120 This work
ZnO-Ag,0_Carr methylene green, methyl violet mg/L dye 98.93
Hydrothermal g-C3N4/Zn0O-Ag,0 Methylene blue, Congo red, 20 mg in 50 mL in 20 98.42, 83.49, 96.76, 120 This work

methylene green, methyl violet

mg/L dye

91.48
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Table 3

Rate constants and coefficient of determination for photocatalytic degradation of Congo red, methylene violet, methylene blue and methylene green using the synthesized nanomaterials and

nanocomposites.
Dyes Congo Red Methyl Violet Methylene Blue Methylene Green
Nanomaterial Pseudo 1st order Pseudo 2nd order Pseudo 1st order Pseudo 2nd order Pseudo 1st order Pseudo 2nd order Pseudo 1st order Pseudo 2nd order

k R? k R? k R? K R? k R? k R® R? k R?

g-C3Ny 0.0025 0.9956 0.3409 0.9823 0.0033 0.9770 0.2541 0.9932 0.0050 0.9762 0.2060 0.9942 0.0055 0.9633 0.1968 0.9694
ZnO 0.0022 0.9936 0.3658 0.9858 0.0038 0.9873 0.2445 0.9929 0.0051 0.9494 0.1850 0.9909 0.0042 0.9666 0.1286 0.9914
Ag-,0 0.00445 0.9929 0.2226 0.9848 0.0064 0.9642 0.1851 0.9969 0.0098 0.9539 0.1718 0.9910 0.0057 0.9636 0.1908 0.9976
GA 0.0016 0.9830 0.4622 0.9897 0.0029 0.9658 0.3096 0.9940 0.0067 0.9404 0.1831 0.9930 0.0033 0.9654 0.2975 0.9967
GZ 0.0046 0.9854 0.2533 0.9958 0.0038 0.9743 0.2468 0.9920 0.0187 0.9769 0.1273 0.9974 0.0046 0.9385 0.2156 0.9959
GZA 0.0092 0.9929 0.1573 0.9954 0.0116 0.9584 0.1518 0.9919 0.0190 0.9833 0.1328 0.993 0.0149 0.9479 0.1316 0.9946
g-C3Ny_Carr 0.0056 0.9788 0.1904 0.9933 0.0042 0.9820 0.2412 0.9947 0.0167 0.9763 0.1328 0.9959 0.0085 0.9643 0.1599 0.9977
ZnO_Carr 0.0025 0.9965 0.3315 0.9954 0.0077 0.9647 0.1692 0.9839 0.0089 0.9799 0.1695 0.9982 0.0061 0.9565 0.1908 0.9917
Ag,0_Carr 0.0055 0.9920 0.1920 0.9941 0.0106 0.9794 0.1474 0.9896 0.0185 0.9738 0.1247 0.9863 0.0129 0.9869 0.1408 0.9947
GA_Carr 0.0024 0.9783 0.3592 0.9940 0.0049 0.977 0.2335 0.9974 0.0102 0.9850 0.1429 0.9641 0.0056 0.9653 0.2064 0.9817
GZ_Carr 0.0031 0.9837 0.3183 0.9903 0.0058 0.954 0.1859 0.9899 0.0162 0.9690 0.1363 0.9902 0.0052 0.9877 0.2165 0.9971
GZA _Carr 0.0107 0.9885 0.1446 0.9982 0.0199 0.960 0.1291 0.9948 0.0151 0.9752 0.1298 0.9952 0.0175 0.9597 0.2490 0.9933
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3.5.5. Comparative efficiency analysis of photocatalyst nanocomposites for organic pollutant degradation

In Table 2, a comparative analysis of the photocatalysis performance was presented for the prepared g-C3sN4/ZnO/Ag,0_Carra-
geenan photocatalyst with previously reported nanocomposites for the degradation of diverse dyes and organic pollutants. This
comparison sheds light on the efficacy of this study’s synthesized photocatalyst in achieving high degradation efficiencies with
relatively lower quantities compared to existing alternatives. This presented that on the previously reported nanocomposites, a large
amount of the photocatalysts was required to obtain a high degradation efficiency, whereas for GZA_Carr, 20 mg in 50 mL dye solution
was sufficient for a >90 % dye degradation (see Table 3).

The synthesized photocatalyst, GZA_Carr, demonstrated notable superiority in terms of photocatalytic efficiency across a range of
dyes compared to the other reported photocatalysts. The significant advantage lies in the reduced dosage required for effective dye
degradation, highlighting the efficiency of our approach. Therefore, it can be inferred that the incorporation of Carr into the photo-
catalyst formulation enhanced adsorption capacity, thereby promoting increased contact between the pollutant and the nanomaterials,
ultimately leading to enhanced degradation efficiency. The presented results underscore the novelty and efficacy of our synthesized
photocatalyst, showcasing its potential for practical application in wastewater treatment and environmental remediation.

3.5.6. Kinetic studies
The photocatalysis kinetics of dyes were analyzed by pseudo-1st-order and pseudo-2nd-order kinetic models using equations (5)
and (6) [43].

Co_

1 =
TlCt

—kt [71

where Cj represents the initial concentration, C; is the concentration after a specific time, k represents the apparent rate constant of the
photodegradation reaction, and t is time.

t 1 1
¢_1 .1 (8]
qt koq?  q.

Where qe and q; are the adsorption capacity at equilibrium and time t, respectively (mg/g), where k; is the rate constant of pseudo-2nd-
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Fig. 9. Pseudo-2nd-order rate kinetics for photocatalytic degradation of a) Congo red, b) methylene violet, ¢) methylene blue, and d) methylene
green using the synthesized nanomaterials and nanocomposites.
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order.

Figs. 8 and 9 showed the linear relationships between In(C,/Cy) or t/qt and the irradiation time. Also, the rate constants and
degradation efficiencies of CR, MV, MB and MG with different photocatalyst samples of nanocomposites are displayed in Table 2. The
data indicates that the photocatalytic degradation of the dye is occurring over time, and the degradation rate is not the same on all the
nanomaterials. For example, the pseudo-1st-order rate constant (k) values range from 0.00161 to 0.01069 on CR. Due to the higher
pseudo-1st-order rate constant (k) (0.01069) of GZA_Carr, the degradation rate for CR was faster than that observed with the other
photocatalysts, as depicted in Table 2. The GA had the lowest k constant, 0.00161. The Coefficient of Determination (R2) values range
from 0.97827 to 0.99649 for the pseudo-1st-order kinetics model of CR, which suggests that it fits the experimental data relatively well
across all photocatalysts. Overall, the results show that these nanomaterials are effective photocatalysts for degrading all dyes under
pseudo-1st-order kinetics and pseudo-2nd-order kinetics models. The differences in the rate constants could be attributed to the
varying catalytic activities of the different nanomaterials [88,89]. From these rate constants in Tables 2 and it can be observed that MB
has the highest pseudo-1st-order rate constant, and CR has the highest pseudo-2nd-order rate, indicating that it exhibits the fastest
degradation when considering the influence of chemical interactions between dye molecules. The pseudo-2nd-order kinetics model
implies that the interaction between multiple molecules of the dye influences the degradation of these dyes. In this model, the rate of
degradation is proportional to the square of the concentration of the dye. Compared to the pseudo-1lst-order model, the
pseudo-2nd-order model often suggests a more significant role of chemical interactions, such as adsorption and chemical reactions, in
the degradation process [88,89].

3.5.7. Recyclability

Since the GZA_Carr nanocomposites showed a higher degradation rate compared to the other nanocomposites, they were selected
and used for recyclability. The reusability test results of GZA_Carr nanocomposites on methylene blue, Congo red, methylene green and
methyl violet are demonstrated in Fig. 10b. It could be revealed that the as-obtained GZA_Carr nanocomposite had outstanding photo-
degradation stability after five successive recycling across all dyes. For instance, on the first cycle, the degradation efficiency for MB,
CR, MG, and MV were 95.81 % + 1.19, 87.76 % =+ 0.92, 96.50 % + 1.17, and 98.93 % + 1.17 respectively. After the 5 cycles, the
GZA _Carr nanocomposites withstand the rewashing and reached 92.46 % =+ 0.78, 85.15 % =+ 1.14, 93.19 % =+ 1.15, 95.62 % =+ 0.99.
Comparably, the degradation efficiency for MB, CR, MG, and MV for GZA on the 1st cycle were 98.42 % + 1.16, 83.49 % + 1.12, 96.76
% =+ 0.75, 91.48 % =+ 1.24. After 5 recycling the efficiencies were 95.14 % + 0.76, 80.32 % =+ 0.67, 94.65 % + 0. 71, and 87.99 % +
0.77. This showed that the GZA and GZA_Carr performed relatively well after 5 recycling, implying that they can be used for the
removal of dyes multiple times.

The slight decline in photocatalytic performance may be attributed to the attachment of some dye molecules to the photocatalysts,
hence reducing active sites [2,41,86,87]. However, still, these nanocomposites are economical since visible light was utilized which is
affordable over UV sources thus the energy source can be used multiple times with less cost. Thus, it can be concluded that the
nanocomposites can produce the same results through several cycles.

3.5.8. Mechanism of degradation of dyes

The proposed photocatalysis mechanism is illustrated in Fig. 11. The g-C3Ny4 acts as an electron pool, whereas ZnO and Ag,0O make
the nanomaterial visible light suitable g-C3N4, ZnO and Ag20 have band gaps of 2.7 eV, 3.3 eV and 1.3 eV respectively. However, once
the nanocomposite of these nanomaterials is formed, the band gap is reduced as illustrated and discussed in section 3.3. This reduction
in the band gap resulted in the reduction of the recombination rate [10,23,25].
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Fig. 10. Reusability test of a) g-C3N4/ZnO/Ag>0 and b) g-C3N4/Zn0O/Ag,0_Carr on methylene blue, Congo red, methylene green and methyl violet
for five successive recycling runs.
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Fig. 11. Schematic representation of the photocatalytic mechanism of the g-C3N4/Zn0O/Ag>0 (GZA) nanocomposite under visible light irradiation.

During photocatalysis, visible light was exposed to the nanomaterials. So, when the light hits the g-C3N4/ZnO/Ag>0 (GZA),
reactive oxygen species are produced. These reactive oxygen species break down organic pollutants, producing O3 and HoO [25]. In
short, photons excite electrons on the GZA, and the electrons are transferred to the conduction band of g-C3sN4/Zn0O/Ag0 [25,90].

g—C3N,/ZnO/ Ag,0 — g — C3N, /ZnO / AgO (h* +e7) 9

Since the conduction band of g-C3N4 is more negative than ZnO and Ag»,0, the photogenerated electrons of g-C3N4 jump easily to
the CB of ZnO and Ag,0, as demonstrated in Fig. 11. The ZnO conduction band electrons can reduce oxygen (O2) to obtain a highly
active superoxide radical ion (eO3) [25].

ZnO and / Ag0(e”) +dye+ O, —e0; (10

The ¢O3 then decomposes the organic dye into carbon dioxide and water. The hole (h+) in the g-C3N4 valence band oxidizes H,O or
—OH to obtain eOH, which further decomposes organic pollutants into carbon dioxide and water [25,90].

g—CsNy (h*)+H,0 /OH — oOH (11)
«0; / «OH+dyes — CO, + H,0 (12)

3.5.9. Future directions and potential in applications beyond dye degradation

Due to the success of the nanocomposites on the photocatalysis of dyes, it is projected that the nanocomposites can be used in the
degradation of pharmaceuticals and other organic pollutants from water. Moreover, these nanocomposites were used in heavy metal
adsorption because of their electronegativity; hence, they can withdraw positive pollutants onto their surface, and this will be reported
in the future. In membrane technology, nanocomposites were incorporated into biopolymeric membranes to enhance the membranes’
rejection capability and introduce photocatalytic properties.

4. Conclusion

This research has achieved significant success in the synthesis and characterization of innovative nanocomposite systems consisting
of g-C3Ny, ZnO, and Ag»0 nanomaterials embedded within a carrageenan matrix. Highly efficient photocatalytic nanocomposites of g-
C3Ny, ZnO, and Ag,0 were successfully synthesized through a combination of hydrothermal and chemical precipitation methods. The
successful synthesis of the nanocomposites was confirmed by the characteristic peaks corresponding to Zn-O (590-404 cm 1), Ag-O
(2072 cm’l), and triazine units (812 cm 1) as observed from the FTIR spectra. Further validation through SEM-EDX and elemental
mapping affirmed the presence of Zn, O, Ag, C, and N. The TEM imaging exhibited the nanosheet morphology for g-C3N4, nanorod
structure for ZnO, and spherical form for the Ag;0 nanomaterials.

The incorporation of these nanocomposites into the carrageenan matrix resulted in unique sheet-like structures. Notably, the ZnO
and Ag»0 nanomaterials consistently exhibited sizes within the range of 10-20 nm, demonstrating their effectiveness. The ability of
these nanocomposites to harness visible light is evidenced by visible light emission in the 400-450 nm range upon excitation at 380
nm. Dye degradation under visible light, with remarkable efficiency levels ranging from 80 % to 98 %, was observed. For example, g-
C3N4/Zn0O/Ag,0_Carr, which was a novel nanocomposite in this study, had a degradation efficiency of 95.81 %, 87.76 %, 96.50 %,
98.93 % on MB, CR, MG, and MV, respectively. These efficiencies were relatively higher than other composites for the same dye
degradation. This was attributed to the synergistic interactions between the g-C3Ny, ZnO, and Ag,O after the irradiation with visible
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light. These findings highlight the remarkable potential of these nanocomposites for a wide range of applications. Overall, this research
represents a significant advancement in the field of environmentally friendly and stable nanocomposite materials, with promising
prospects for addressing various challenges and opportunities in diverse fields.
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