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atalytic and antibacterial
nanomembranes from a GO-grafted dapsone-
incorporated chitosan/gelatin blend for enhancing
the removal of toxic dyes from wastewater

Hesham Moustafa, *ab Fatehy M. Abdel-Haleem,c Mohamed H. Hemidad

and Heba Isawie

Organic dyes, such as Eriochrome Black T (EBT) and methyl green (MG), are widely used in the textile

industry, leading to their accumulation in the environment. Thus, the present study aimed to synthesise

functional graphene oxide-grafted dapsone (GOgD), which was incorporated into a chitosan/gelatin

(CGe) blend at different dosages (10%, 20%, and 30%) for the preparation of nanomembranes. A series of

techniques and tests, including FT-IR spectroscopy, XRD, Raman spectroscopy, SEM, and mechanical

and antibacterial property analyses, were applied for the characterization of functional GOgD and

nanomembranes. Moreover, ultraviolet and visible light irradiations were used to evaluate the

photocatalytic degradation of the EBT and MG dyes. The data revealed that optimum mechanical

properties were found for CGe–GOgD 20%, with a value of ∼85 MPa, compared with the unfilled blend

(61.35 MPa). However, the CGe–GOgD 30% nanomembrane exhibited the best photocatalytic activity for

the degradation of EBT at pH 5.0 and that of MG at pH 8.0, with degradation efficiencies of 90.8% and

97.9% under visible light and 83% and 90% under UV light, respectively. The kinetics of degradation for

both dyes showed pseudo-first-order kinetics. The mechanism involved the production of the highly

oxidizing species cOH and cO2
− upon light irradiation, which initiated the dye degradation process,

generating CO2 and H2O as the reaction byproducts, with complete degradation until 120 min. The

photocatalyst can be regenerated and reused three times, which decreases the cost of operation. The

final impact on the antibacterial activities of the nanomembranes was also investigated, and the data

revealed their strong antibacterial properties against E. coli and S. aureus with different inhibitory zone

diameters ranging from 21 to 34 mm, as compared with the pristine matrix. In addition to the sustainable

environmental benefits of the prepared CGe–GOgD 30% nanomembrane due to the degradation of

harmful organic dyes, a strong antibacterial activity was observed, highlighting its wider environmental

significance and promising applications in several ecological domains.
1. Introduction

With the growth of rms and the rise of new technologies,
removing toxic dyes, including organic ones, from wastewater is
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an important task to maintain a safe environment for humans
and all biota. High amounts of organic dyes may be present in
wastewater due to the rapid development by urbanization and
industrialization of textiles, paper, leather, paints and food.1–4

Because of the poor biodegradability and toxicity of some of
these dyes, and with continuous industrial development, more
dyes will be released to the environment, contaminating water
and soil, thereby accumulating in water, soil, and living
organisms and leading to pollution, eutrophication, serious
health impacts, and several ecological problems.5,6 Accordingly,
various treatment approaches have been proposed and reported
for the removal of organic dyes to achieve environmental
sustainability, including ltration, adsorption, redox reactions,
coagulation, precipitation, electrochemical treatment, and
photocatalysis.4,7–10 Photocatalytic degradation of organic dyes,
as a wastewater treatment method, is advantageous in terms of
RSC Adv., 2026, 16, 27319–27338 | 27319
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its sustainability, production of minimal and non-toxic by-
products, eco-friendliness, mild operation conditions, energy
economy, and catalyst reusability that lowers the operation
cost.11–15 The use of dopants will enhance the photocatalytic
efficiency and increase the versatility of the methods for the
degradation of more organic dyes.16 Eriochrome Black T (EBT)
andmethyl green (MG) are used as examples of industrial textile
organic dyes in this work because of their harmful impact on
human health and environment, causing cellular toxicity, car-
cinogenicity, mutagenic problems, irritation, allergic reactions,
and organ damage in humans and affecting the aquatic systems
(i.e., sh and algae), ecosystem distribution, soil, and plants in
the environment.17,18

Two-dimensional graphene oxide (2D-GO) nanoplatelets
have a unique honeycomb structure with a large specic surface
area. The 2D-GO sheets possess reactive oxygenated sites,
including carboxylic, hydroxyl, and epoxy groups, which make
them highly electrically conductive materials to be used in
humidity sensors.19,20 Nevertheless, their hydrophilicity forms
a signicant barrier to their compounding in polymer matrices,
thereby restricting their use as a reinforcement for fabricating
nanomembranes for water treatment. Thus, 2D-GO nano-
platelets were graed with hydrophobic dapsone in this study
for enhancing a variety of GO properties, including hydro-
phobic, mechanical, antimicrobial, and photocatalytic proper-
ties. Dapsone (D) is an antibiotic medication of the sulfonamide
family, which was used effectively as an antimicrobial and anti-
inammatory agent for the treatment of different diseases,21,22

such as malaria, actinomycetoma, Pneumocystis jirovecii pneu-
monia in HIV-infected patients, leprosy, and other skin infec-
tions.23,24 Moreover, D has a unique structure, which facilitates
its modication with different polymers (polyvinyl alcohol and
polyvinyl chloride) through the formation of new bonds with
the amine groups, for polymer graing and the formation of
new sustainable composites or membranes.25,26 D was also re-
ported to interact through hydrogen bonding for the modi-
cation of the composite.25 In some cases, D can be utilized in the
decoration of certain nanoparticles to dominate their aggrega-
tions in the polymer matrices.27 Consequently, derivatives of D
and its sustainable composites were applied in different elds
for improving photocatalytic and antimicrobial activities,
wastewater treatment, and active food packaging purposes,
without any harmful effects on humans.21,27,28

Gelatin (Ge) is a biocompatible, natural, water-soluble
biopolymer that can be extracted simply via partial hydrolysis
of collagen.29 Ge has an interesting amino acid sequence,
including hydroxyproline, proline, and glycine, which facilitates
the construction of exible lms; it can be fashioned into other
shapes, such as membranes, hydrogels, bio-aerogels and scaf-
folds.30,31 However, the high hydrophilicity and antimicrobial
inactivity limit its use, especially in water purication applica-
tions. Chitosan (C) is another natural linear polysaccharide
biopolymer that can be synthesized chemically from chitin
through deacetylation; C is characterized by its sustainability,
biocompatibility, non-toxicity, biodegradability, and ability to
form lms.32,33 C is soluble in water at an acidic pH due to the
amino group protonation, which allows its interaction with
27320 | RSC Adv., 2026, 16, 27319–27338
negatively charged species, bacteria or biological pollutants.29 It
was reported that both C and Ge are sustainable water treat-
ment agents and good barrier properties for some gases, such as
CO2 and O2; however, both biopolymers exhibited limited
mechanical and water barrier properties, due to their hydro-
philic nature.29,30 For improving these properties, both Ge and C
are blended, forming a composite lm (CGe) with synergistic
properties from both polymers; different interactions can exist
between C and Ge, such as hydrogen bonding and electrostatic
interactions between the positively charged amino group of C
and the negatively charged carboxylate of Ge under appropriate
pH conditions. The formed CGe blend is advantageous in terms
of improved mechanical strength, water resistance, compati-
bility, environmental friendliness, high adsorption capacity for
pollutants, tunable porosity and exibility.30,33 However, the
CGe blend may still exhibit some problems, which may restrict
its use in environmental water treatment. In real-world appli-
cations, the mechanical properties are still limited by the poor
mechanical and dimensional stability and low physical strength
of the CGe blend, which causes its rupture and deformation,
affecting the durability; this requires replacement of the CGe
blend or its membrane in water treatment systems.34

To overcome these drawbacks and improve the photo-
catalytic and antimicrobial properties, the CGe blend should be
used for wastewater treatment. Different substances were
immobilized in the blend matrix in order to improve the
usability and recovery of the photocatalytic membrane, pre-
venting secondary pollution caused by nanomaterials.35 For
instance, potassium pyroantimonate and genipin were added to
the CGe blend as a double crosslinker, which improved the
contact angle, hydrophobicity, thermal stability, and the
membrane mechanical properties to facilitate its use in waste-
water treatments.36 However, double crosslinking is a complex
process, besides using toxic substances, such as potassium
pyroantimonate, which is the opposing principle of sustain-
ability. Another report included the incorporation of zirconiu-
m(IV) selenophosphate into CGe to form a nanocomposite ion
exchanger.37 Although this method was effective in water
treatment, it included several preparation steps for the nano-
composite ion-exchanger, in addition to the use of harmful
chemicals. Sethi et al.1 reported the loading of CGe hydrogels
with ZnO nanoparticles for the photocatalytic degradation of
Congo red dye. This method resulted in a removal efficiency of
90%, but included several hydrogel preparation steps, and used
maleic anhydride as a crosslinker and ammonium persulfate as
an initiator. Additionally, Queirós et al. reported that.

In this work, the photocatalytic and antimicrobial properties
of the CGe blend were improved by incorporating sustainable
and environmentally benign substances; D was used for the
graing of GO, and the functional nanocomposite (GOgD) was
incorporated with different dosages in the CGe blend, and used
for the preparation of sustainable nanomembranes, that can be
used several times for the removal of the toxic organic dyes,
including EBT and MG from wastewater, without the need for
harmful chemical use. The synthesis of GOgD and its incorpo-
ration into the CGe blend at different dosages highlighted the
signicance of resource efficiency by using existing materials
© 2026 The Author(s). Published by the Royal Society of Chemistry
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for the preparation of the catalyst, thereby lowering costs. This
research also provides an ecofriendly solution for EBT and MG
removal by photodegradation, boosting long-term performance
and optimizing resource utilization, which conrms the
sustainability concept. Additionally, the CGe–GOgD 30%
nanomembrane was also applied to an industrial real waste-
water sample.
2. Materials and methods
2.1. Materials

The off-white chitosan (C) with $85% DA in the powder phase
of Mw z 413 was offered by Merck, Germany. Gelatin (Ge)
powder was obtained from LANXESS, India. The 2D-GO nano-
layers used as a reinforcing material were synthesized from
Fig. 1 Schematic of the synthesis of the GOgD nanoplatelets and CGe

© 2026 The Author(s). Published by the Royal Society of Chemistry
graphite akes using the Hammers route, as previously re-
ported in the literature.20 Dapsone (D), also known as 4,4-di-
aminodiphenyl sulfone, with a purity of 98%, and used as
a modier, was bought from Alfa Aesar, USA. Merck provided
the cationic and anionic dyes, including Eriochrome Black T
(EBT) and Methyl Green (MG). The MG and EBT were utilized as
examples of organic contaminants in the photocatalytic proce-
dures. A pH meter (3510, Jenway, UK) was used to adjust the pH
with HCl (30%) and NaOH (98%), supplied by El-Motaheda.
Deionized water (DIW) was used during the experiments.

2.2. Synthesis of GOgD nanoplatelets

The surface graing of GO nanolayers with dapsone (D) was
performed using an assisted-tip sonication approach (Fig. 1).
First, 1 g of GO was dispersed in 100 mL DIW in an ultrasonic
nanomembranes.

RSC Adv., 2026, 16, 27319–27338 | 27321
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bath for 30min under ambient conditions. In parallel, 0.5 g of D
was completely dissolved in 100mL of EtOH (99%) and added to
the GO solution. Both solutions were transferred into a round-
bottom ask tted with a condenser, stirred for 3 h at 80–90 °
C, and then cooled to room temperature. Next, the admixture
was subjected to probe-sonication for 20 min at 60% amplitude,
while maintaining it in an ice bath to avoid liquid evaporation.
The obtained GOgD was characterized by FT-IR spectroscopy,
XRD, and Raman spectra to conrm the graing operation
(Fig. 1).
2.3. Fabrication of nanomembranes

The nanomembrane-based CGe blend with variable dosages of
GOgD was prepared using a solvent-casting approach. In brief,
4 g of C was dissolved in 200 mL of acetic acid solution (1%:
1mL of glacial acetic acid diluted to 100mL DIW) under stirring
at room temperature until the C polymer was completely di-
ssolved. This was followed by ltration of the solution to remove
any impurities. Correspondingly, 5 g Ge polymer was dispersed
in 50 mL of DIW under stirring, and the temperature was then
increased to 50 °C for 1 h to obtain a clear solution. Subse-
quently, both biodegradable polymers (CGe) were blended at
a volume proportion (90 : 10) under agitation for 25 min at
ambient temperature, before incorporating with the reinforce-
ment. This proportion was selected as optimal for nano-
membrane fabrication, as described elsewhere.38 To prepare the
nanomembranes, three variable proportions (i.e., 10, 20, and 30
v%) were applied and individually mixed with the CGe blend,
followed by the addition of 3% of PEG as a plasticizer. Aer that,
each mixture was sonicated for 20 min and then kept under
agitation for 30 min to ensure better dispersibility of GOgD in
the CGematrix. At the end, eachmixture was poured into Teon
plates and le for 7 days in a room temperature for liquid
evaporation. Aer drying, the membrane lms were peeled
from Teon plates, followed by further drying in an oven at 40–
50 °C for 3 h. Moreover, the CGe blank was prepared under the
same conditions for comparison. The fabricated nano-
membranes were labelled based on the quantity of GOgD in the
nanomembranes as CGe blank, CGe–GOgD 10%, CGe–GOgD
20%, and CGe–GOgD 30%.
2.4. Characterization of nanoplatelets

2.4.1. XRD and FT-IR spectroscopy analysis. A Bruker-AXS
D8 Ascertain Diffractometer equipped with a monochromator
and a Cu Ka radiation source (35 kV, 30 mA, and l = 1.15418 Å)
was used for X-ray diffraction to study the structure of pure GO,
GOgD, CGe blend, and their loaded nanomembranes with
varying dosages of GOgD nanoplatelets. The data were
measured over a 2q range from 5° to 75° with a step size of 0.05
at a sampling width of 0.011°.39 Additionally, the functional
properties of GO and modied GOgD were investigated using
a PerkinElmer Spectrum100 FT-IR spectrometer in the ATR
mode. The spectral range for GO and GOgD nanoplatelets was
examined from 4000 cm−1 to 400 cm−1 with a resolution of
4 cm−1 and 64 scans.
27322 | RSC Adv., 2026, 16, 27319–27338
2.4.2. Raman spectra. The structural and chemical changes
between the functional properties of pure GO and GOgD
nanoplatelets were investigated using a confocal Raman
microscope (model: Horiba LabRam HR evolution Raman
Spectroscopy, France) equipped with a CapuR laser at a wave-
number of 532 nm.
2.5. Nanomembrane characterizations

2.5.1. SEM analysis. The biocompatibility and dispersion
quality of GOgD nanoplatelets into the CGe matrices were
investigated using a scanning electron microscope (SEM,
QUANTA 3D 200i). The fractured cross-section surfaces were
coated with a thin gold layer before SEM observations to prevent
any electrostatic charging during the visualization. The accel-
eration voltage was 5–10 kV.40

2.5.2. Mechanical testing. An Instron 34SC-5 Universal
Tensile testing machine, UK, with a load cell of 5 kN, was used
to perform the mechanical properties with a crosshead speed of
100 mm min−1, according to ASTM D 882-18. All samples were
conducted under normal conditions at 23 °C ± 2 °C and 50% ±

5% relative humidity. The mean value was taken from ve
parallel trials for each sheet.41

2.5.3. Water contact angle measurements. The hydrophi-
licity of the fabricated nanomembranes was estimated using
a water contact angle (WCA) (Cam-plus Micro, Tantec Inc., US),
in which a view from the side photograph was recorded aer 3
mL of dewdrops of DIW were deposited onto the membrane
surface for 10 seconds. The mean value was taken from at least
three trials for each membrane.

2.5.4. Assessment of photocatalytic performances. The
photocatalytic activity of the prepared nanomembranes (CGe–
GOgD 10%, 20%, and 30%) was evaluated through the degra-
dation of aqueous solutions of MG and EBT, representing
cationic and anionic dyes, respectively. Irradiation was carried
out under two light sources: (i) UV light using a Sylvania UVA
lamp (F40W/2FT/T12/BL368), and (ii) visible light using a 500 W
halogen lamp equipped with a 420 nm cutoff lter to eliminate
UV contributions. The light source was positioned at a xed
distance of 40 cm above the reaction mixture to ensure
consistent irradiation conditions. All experiments were con-
ducted under identical geometric conditions to ensure repro-
ducibility. For each experiment, 0.2 g of nanomembrane was
immersed in 30 mL of dye solution. The photocatalytic degra-
dation performance was systematically investigated by varying
key operational parameters, including irradiation time, solu-
tion pH, and initial dye concentration. The concentration
changes of MG and EBT were monitored using a UV-visible
spectrophotometer. All experiments were conducted at
ambient temperature (25 °C ± 2 °C), and no signicant
temperature increase was observed during irradiation, indi-
cating that the degradation process is primarily attributed to
photocatalytic activity rather than thermal effects. Before the
experiment, the mixture was vigorously stirred for 30 min in the
dark to ascertain the dye's adsorption/desorption equilibrium
amount and attain sufficient distribution uniformity. A known
quantity of the nanomembranes (adsorbent) was combined
© 2026 The Author(s). Published by the Royal Society of Chemistry
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with a 30 mL solution of each color for each experiment. The
batch mode tests were conducted as follows: at room tempera-
ture, 0.2 g of nanomembranes and 30 mL of dye were spun for
180 min at a steady 130 rpm to get the desired concentration. A
1000 ppm stock solution was prepared and diluted for each dye.
Solutions of HCl or NaOH (0.1 M) were used to adjust the pH
between 2 and 10 in order to investigate the pH inuence. The
maximum absorbance (lmax) of MG and EBT dyes was measured
at proper wavelengths, which are 633 and 530 nm, respectively.
Aer each experiment was completed under similar conditions,
the average values were calculated. MG and EBT dyes at 1–
100 mg L−1 were used for kinetics testing, whilst adsorption
isotherm investigations were conducted using 10 mg L−1 of
each dye at 25 °C. A UV-visible spectrophotometer was used to
measure the residual dye concentration. The following formulas
were used to calculate the adsorbent's removal efficacy (R%) and
absorption capacity (Qe), which represented the time interval
between time t (qt) and its stability time qe: V (L) and m (g L−1)
are the volume of the solution containing the dye and the
adsorbent's dosage, respectively, and C0 and Ct are the starting
and stability dosages at time t (mg L−1).

R% ¼ ðC0 � CtÞ
C0

� 100; (1)

Qe ¼ ðC0 � CtÞ � V

m
: (2)

2.5.5. Recyclability and regeneration of the nano-
membranes. Stability is one of the most important prerequisites
for photocatalysis.42,43 The recyclability of the CGe–GOgD 30%
nanomembrane was evaluated using repeated degradation
cycles for MG and EBT dyes. The photocatalyst was cleaned with
ethanol and DI water aer each cycle, dried in an oven for 60
minutes at 50 °C, and then used again for the photo-
degradation of dyes. The same technique was used to evaluate
the regenerated dyes and their adsorption and desorption
cycles. The regeneration efficacy (RE%) was computed using the
following formula. The following formula was used to deter-
mine the regeneration efficacy (RE%), where qde is the amount
of each dye that was desorbed and qad is the amount of each dye
that was adsorbed during the loading procedure.

RE% ¼ qde

qad
� 100: (3)

2.5.6. Application studies using the CGe–GOgD 30%
nanomembrane for a natural contaminated wastewater sample.
The CGe–GOgD 30% nanomembrane was applied to a natural
wastewater sample that was taken from the dye basin of a textile
factory in 10th Ramadan City, Cairo, Egypt. Various samples
were collected at intervals of 10 min up to 120 min to determine
the residual dye concentration. Using a UV/visible spectropho-
tometer (Unicam, model 300, England) and the absorbance
(nm) method, the residual dye concentration was determined in
the solutions. A halogen lamp (500 W, connected via a 420 nm
stalling lter) was used to degrade the wastewater sample under
© 2026 The Author(s). Published by the Royal Society of Chemistry
visible light. The following equation, where Ai and Af represent
the dye solution's initial and nal absorbance, respectively, was
used to assess the dye degradation efficacy. Each treatment was
used twice in this investigation, and each sample's absorbance
was tested three times. The results are averaged in the gures
and tables.

Degradation efficiency ð%Þ ¼ Ai � Af

Ai

� 100: (4)

Calculations for the entire chemical analysis were done, both
before and aer the photocatalytic breakdown. The EC and pH
were measured using electrical conductivity (EC) meters (model
Orion 150 A+). The total organic carbon (TOC) was calculated
using titrimetric analysis. The trace metal ions were estimated
using an Inductively Coupled Argon Plasma (ICP) 6500 Duo
spectrophotometer (Unicom, UK).

2.5.7. Antibacterial assays. The CompactDry™ TCR agar
diffusion disks, which were offered byNissui Pharmaceutical Co.,
Japan, were used as vegetated media for Escherichia coli (E. coli,
G−ve bacteria) and Staphylococcus aureus (S. aureus, G+ve bacteria).
Both bacteria were individually spread on the media using the
agar disk-diffusion method. The nanomembrane specimens
(approximately 10 × 10 × 1.5 mm in size) were dried in a room
temperature under sterilized conditions prior to the experiment
and then placed on top of the media surface seeded with selected
microbes, followed by incubation for 24 h at 37 °C.44,45 The
microbes were cultivated around the sample aer the incubation
time, and the inhibition zone diameter (IZD) was recorded.
3. Results and discussion
3.1. Characterization of graed GogD and its
nanomembranes

The FT-IR spectroscopy, XRD, and Raman spectra were used to
investigate the chemical structure and crystallinity of graed
GogD compared to pure GO, as displayed in Fig. 2(a–c). The FT-
IR spectra of pure GO typically illustrated the main character-
istic bands at ∼3402 cm−1, 1718 cm−1, and 1065 cm−1, corre-
sponding to –OH stretching, carbonyl (–C]O), and epoxy (–C–
O–C–) groups, respectively, which proved that the GO possessed
strong oxygenated layers.46 Aer graing, a broad band was
observed in the region 3416–3210 cm−1, which was assigned to
the stretching of –OH and –NH groups47 (Fig. 2(a)). It was also
found that a slight shi occurred for carbonyl to a lower wave-
number (1706 cm−1), with the appearance of a strong band at
∼1601 cm−1, which was assigned to the formation of the amide
(–CO–NH–) group in GogD.19,48 Meanwhile, the increase in –C–
O– and –C–N– bands aer the graing process was also
noticed.19 All of them conrmed that the graing of GO by
dapsone (D) had occurred. These data were also supported by
XRD patterns. It can be observed from Fig. 2(b) that a sharp
diffraction peak appeared at 2q z 11.98° (001) for pure GO,
indicating the crystal structure of the material, which conrms
its nanoscale structure. As the graing of GO by D was done,
a large shi in the diffraction peak of the basal plane (d001) to
a lower angle, 2qz 8.21°, was observed with a reduction in peak
RSC Adv., 2026, 16, 27319–27338 | 27323
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Fig. 2 (a) FT-IR spectra, (b) XRD patterns, and (c) Raman spectra of pure GO and the modified GOgD. (d) XRD patterns of the nanomembranes
compared with pure C and Ge.
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intensity compared to pure GO (i.e., 2qz 11.98°). Furthermore,
it was noticed that the d-spacing distance was increased from
7.41 Å in the case of GO to 9.80 Å in the case of GogD, leading to
the swelling of the GO interlayers, which facilitates the polymer
chains to penetrate between the GO nanolayers for getting
exfoliate or intercalate matrices. Similar ndings were reported
elsewhere49 when GO was functionalized with the antitumor
drug methotrexate and folic acid. In addition, more in-depth
information about the changes and functional interactions in
GogD was supported by Raman spectra, as depicted in Fig. 2(c).
It was found that two sharp andmassive bands were observed at
∼1339 cm−1 and ∼1576 cm−1 in the Raman region, corre-
sponding to D (sp3 C atoms) and G (sp2 C atoms) for pure GO,
respectively.19 These bands appeared at the largest intensities
because of the conjugation of the carbon–carbon double bonds
of GO.50 Aer GO graing, a little shi in both D and G bands
was noticed to a higher wavenumber of∼1345.30 cm−1 for the D
band and 1593.70 cm−1 for the G band, compared to pure GO.
Simultaneously, the peak intensities for both bands were also
reduced. All of them were suggesting that strong functional
interactions of GO and dapsone were achieved. This nding
aligned with FT-IR spectra and XRD patterns, as well as with
that published elsewhere,51 in which the slight shi of the G
27324 | RSC Adv., 2026, 16, 27319–27338
band was due to the doping changes of the graphene plane, when
GO was modied by ammonia to obtain GO-NH3. Furthermore,
Fig. 2(d) demonstrates the XRD patterns for the casted nano-
membranes, in which two major diffraction peaks appeared at 2q
z 10.35° and 19.76° for virgin C, suggesting its semi-crystalline
structure. An extensive diffraction peak located at 2q z 22.40°
was noticed for the amorphous structure of virgin Ge. When Ge
was blended with C, the diffraction peak of both polymers was
centered at 2q z 19.13° with a little reduction in the peak inten-
sities of the blend compared to that of virgin C. This comportment
may be attributed to the better miscibility between both polymers
through the interactions of functional sites of the C–Ge blend
matrix. Moreover, upon the integration of variable contents of
GogD into the Cge matrix, the intensities of these peaks were
clearly reduced, particularly up to 20% loading, suggesting that
better nanoller distribution and wettability between the constit-
uents were achieved. This nding was aligned with that obtained
by SEM observations and mechanical testing.
3.2. SEM analysis

SEM micrographs highlighted the miscibility and dispersibility of
the hybrid GO nanoplatelets at varying dosages within the Cge
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM micrographs of the CGe blank and the nanomembranes containing various proportions of the GOgD nanoplatelets under
a magnification of 1500× and additionally under 3000× for the 30% sample.
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blend, as illustrated in Fig. 3. The morphology of the fractured
surface of the Cge blank was quite uniform, without any halos or
cracks, suggesting good compatibility between the two water-
soluble biopolymers. When 10% or 20% GogD was incorporated
into the matrix, a rough surface was noticed, but GogD nano-
platelets appeared to be miscible and more dispersed inside the
matrix, with free voids or halos. This may be due to better nano-
ller–matrix interactions resulting from the penetration of poly-
mer chains between the graed GO layers, which occurred due to
interlayer expansion. This was leading to further functional site
interfacial bonding, which may be driven to the formation of
intercalated or exfoliated structures.19 However, poor dispersion
with a phase-separation (immiscibility) was noticed throughout
the matrix with further addition of GogD at 30%, which may be
due to nanoller aggregation, inducing interfacial debonding
between the components, thereby reducing the tensile strength.
This nding is absolutely consistent with that reported in the
mechanical testing.
3.3. Mechanical testing

Themechanical properties, including tensile strength (T.S.) and
strain at rupture (strain%), of nanomembranes are shown in
Fig. 4, and compared with the unlled blank (Cge). These
properties could play a substantial role in mitigating the pre-
dicted risk associated with the membrane material during the
© 2026 The Author(s). Published by the Royal Society of Chemistry
adsorption process, thereby leading to a prolonged product
shelf-life. The data showed that the unlled membrane (Cge)
had a T.S. of ∼61.35 MPa and a strain of 44.6%. Similar trends
were reported elsewhere.52 For nanomembranes, a signicant
increase in the T.S. properties was observed, and their values
jumped to ∼74.70 MPa and 84.63 MPa with 10% and 20% of
GogD contents, respectively. The best enhancement in T.S.
values was apparently due to the strong chemical interactions
between the constituents, which contribute to the good GogD
distribution and interfacial bonding between the functional
sites of nanoplatelets and Cge matrix.53 Contrarily, upon further
incorporation of GogD into the matrix (i.e., 30%), the T.S. began
to decrease obviously to ∼77.50 MPa, due to the nanoller
aggregates, which created clusters and voids along the Cge
matrix, resulting in the premature rupture of the blend matrix.
In spite of the tensile properties of the CGe–GOgD 30% nano-
membrane being reduced at a higher nanoller proportion (i.e.,
30%), its value was still substantially higher than that for
unlled Cge (i.e., 61.35 MPa). Additionally, the percentage of
strain was also gradually reduced with the increasing GogD
quantity, due to the enhancement of the reinforcing agent
impact. It can be rounded up that the best achievement in
tensile properties was observed for the CGe–GOgD 20%
nanomembrane.
RSC Adv., 2026, 16, 27319–27338 | 27325
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Fig. 4 Tensile properties of unfilled CGe and the nanomembranes with different dosages of GOgD.
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3.4. WCA measurements

To stop liquid from entering the holes, the membrane surface
must have low wettability. As shown in Fig. 5, the results showed
that the nanomembrane's contact angle values decreased as the
ratio of GogD-to-polymer increased from 10% to 30%. For Cge
blank, CGe–GOgD 10%, CGe–GOgD 20%, and CGe–GOgD 30%
nanomembranes, the corresponding values were 76.2° ± 1.5°,
72.4° ± 1.3°, 59.5° ± 1.6°, and 54.5° ± 1.2°, indicating an
increase in the hydrophilicity of the material. It was discovered
that the addition of functional groups involving oxygen results
in a decrease in WCA value and an increase in surface energy,
which improves the wettability. The hydrophilicity of the
membranes was increased by the addition of GO graed with
dapsone (GogD), which caused the contact angle to gradually
decrease from 76.2° ± 1.5° for the pure Cge membrane to 54.5°
Fig. 5 Water contact angle assessment for the CGe blank, CGe–
GOgD 10%, CGe–GOgD 20%, and CGe–GOgD 30% nanomembranes.

27326 | RSC Adv., 2026, 16, 27319–27338
± 1.2° with the increasing GogD loading (30%). The numerous
polar functional groups (i.e., –OH and –NH2) of GogD, which
increase surface affinity toward water, were responsible for this
behavior.
3.5. Photocatalytic performance

3.5.1. Inuence of UV/visible light radiation on the pho-
tocatalytic activity of nanomembranes. Fig. 6(b) illustrates the
photocatalytic degradation of MG and EBT dyes under UV and
visible light radiation using Cge blank, CGe–GOgD 10%, CGe–
GOgD 20%, and CGe–GOgD 30% nanomembranes, without the
need for chemicals, conrming the sustainability and environ-
mental safety of the proposed method. The results showed that
increasing the graing ratio for MG and EBT dyes and irradia-
tion sources signicantly improved the photocatalytic degra-
dation performance. Reasonable photocatalytic degradation
efficiencies of 63.5% for EBT and 65% for MG were demon-
strated by the Cge blank. With the addition of 10% GogD to the
Cge matrix, the degradation efficiency for EBT and MG
increased to 69% and 74% in the case of visible light and to 66%
and 70% in the case of UV light, respectively. When increasing
the GogD content to 20% and 30%, a signicant change in the
degradation efficiencies for EBT and MG was observed. Under
visible light, the CGe–GOgD 20% nanomembrane achieved
higher degradation efficiencies of 84.4% and 87% for EBT and
MG, respectively; under UV light, it demonstrated 77% and
83%. For CGe–GOgD 30%, under visible light, it achieved much
higher removal efficiencies of 90.8% and 97.9% for EBT and
MG, respectively, and 83% and 90% under UV light. Therefore,
the photocatalytic degradation existed in the following order:
CGe–GOgD 30% > CGe–GOgD 20% > CGe–GOgD 10% > Cge
blank, when irradiated with UV or visible light (Fig. 6). Although
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Schematic of the photocatalytic degradation method. (b) Effect of the photocatalytic degradation of the MG and EBT dyes using the
pure CGe, CGe–GOgD 10%, CGe–GOgD 20%, and CGe–GOgD 30% nanomembranes under UV and visible light irradiation at room temperature
using 5mg L−1 of each dye for a contact time of 180min, nanomembrane dose= 7 g L−1, shaking speed= 130 rpm, and pH= 5 for EBT and pH=

8 for MG.
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photocatalytic degradation was also aided by UV irradiation, the
results were consistently less effective than those obtained with
visible light radiation. The natural sensitivity of GO-graed
dapsone to visible light radiation may be the cause of this
higher performance, as it facilitates the removal of responsi-
bilities and outspreads light absorption into the visible area.
However, UV exposure tends to accelerate electron/hole
recombination and may partially disrupt the stability of the
Cge matrix, hence controlling the production of radicals.
Additionally, more reactive oxygen species (cOH and cO2

−) are
produced as a result of the enhanced visible light absorption,
which promotes more efficient dye decomposition. Addition-
ally, due to stronger electrostatic bonds formed among the
cationic MG molecules and the negatively charged GO surface,
which promote adsorption and the ensuing photocatalytic
reactions, the cationic MG dyes demonstrated higher photo-
catalytic degradation efficacies than the anionic EBT dye in
every situation. Because of its p–p* (bonding–antibonding)
transitions, oxygenated groups allow visible light absorption,
and the operational band gap is smaller than that of typical UV
photocatalysts, GO plays a better role in photocatalytic activity
© 2026 The Author(s). Published by the Royal Society of Chemistry
under visible light photocatalysis. Additionally, it functions as
an electron transport, reducing e−/h+ recombination. Because
both GO and D have conjugated structures, the addition of
GogD may affect the photocatalytic behavior under visible light.
Specically, D has sulfone groups (–SO2

−) and aromatic rings,
which are known to show UV absorption linked to p / p

transitions and the associated photophysical reactions.54 When
incorporated into the Cge matrix, these structural elements may
promote photo-induced processes and contribute to light–
matter interactions. Therefore, rather than a direct sensitiza-
tion mechanism, the enhanced photocatalytic activity seen for
the Cge–GogD 30% nanomembrane under visible light can be
attributed to the combined effect of GO and GogD inclusion.
Furthermore, the membrane matrix's polymeric structure
restricts excessive photocatalytic activity when exposed to UV
light, leading to a more regulated degradation behavior. Bhat-
tacharya et al. claimed that p/ p electronic transitions within
the conjugated aromatic structure of dapsone are responsible
for its characteristic absorption maxima at around 261 and
295 nm.55 These features demonstrate that, when incorporated
into the composite system, they can contribute to light–matter
RSC Adv., 2026, 16, 27319–27338 | 27327
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Fig. 7 (a) Effect of pH on the photocatalytic degradation using 5 mg L−1 of each dye. (b) Effect of the MG and EBT dye concentrations on the
nanomembrane photocatalytic degradation performance at 25 °C, with the dye concentration ranging from 1 to 100 mg L−1 at a contact time of
180 min, pH = 5 for EBT and pH = 8 for MG at room temperature, and under visible light exposure using the CGe–GOgD 30% nanomembrane.
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interactions and undergo electronic excitation under UV
irradiation.

3.5.2. Inuence of pH. The initial pH of the solution has
a signicant impact on the photocatalytic degradation of EBT
and MG dyes utilizing the CGe–GOgD 30% nanomembrane
under visible light irradiation (Fig. 7(a)). Due to the excessive
protonation of surface functional groups (–NH2, –OH, and –

COOH) on GogD and the Cge matrix, which inhibits dye
adsorption and lowers the production of reactive oxygen species
under visible light, relatively low degradation efficacies for EBT
and MG dyes were observed in acidic media at a lower pH of 2.
Due to the enhanced electrostatic interaction between EBT as
an anionicmolecule and the positively charged sites of the CGe–
GOgD 30% nanomembrane, the breakdown efficiency of EBT
reached the maximum value at pH 5 (90.7%) as the pH
increased to somewhat acidic values. Additionally, GogD facil-
itated the absorption of visible light and accelerated charge
separation, thereby improving the generation of reactive oxygen
species (cOH and cO2

−) that hasten the breakdown of EBT.
However, the MG showed that the photocatalytic degradation
efficiency increased steadily as the pH increased, peaking at pH
8 (97.9%). The GogD surface becamemore negatively charged in
alkaline environments, which promoted robust electrostatic
attraction with the cationic MG dye molecules. Moreover,
increased OH availability enhanced the production of hydroxyl
radicals (cOH) when exposed to visible light, which boosted the
effective mineralization of MG dye.56,57 The photocatalytic
breakdown rate for EBT and MG dyes showed a modest decline
at pH 10, whichmight be explained by partial shielding of active
patches on the CGe–GOgD 30% membrane surface and exces-
sive hydroxide ions acting as radical scavenging agents. These
results demonstrated the critical role of pH-controlled surface
charge and dye catalyst interactions. Generally speaking, the
CGe–GOgD 30% nanomembrane exhibited excellent visible
light energetic photocatalytic activity, with optimal perfor-
mance occurring at pH 5 for EBT (anionic dye) and pH 8 for MG
(cationic dye). These ndings are consistent with the results of
27328 | RSC Adv., 2026, 16, 27319–27338
other research studies that used membranes based on GO
nanoplatelets for photocatalytic decomposition.40,58 This
behavior is consistent with earlier studies on GO–dapsone
composite membranes, where it was demonstrated that adding
dapsone changed the surface charge properties of graphene
oxide-based systems by protonating and deprotonating amine
groups, which in turn affected pH-dependent electrostatic
interactions and adsorption behavior.59

3.5.3. Effect of dye concentration. Using the CGe–GOgD
30% nanomembrane exposed to visible light, the impact of
initial dye concentration on the photocatalytic degradation of
MG and EBT was examined in (Fig. 7(b)). The device demon-
strated outstanding photocatalytic efficacy at low dye concen-
trations (1–5 mg L−1), attaining degradation efficiencies of over
98% for MG and 91% for EBT. According to the quantity of MG
and EBT dye molecules in the solution, there are enough active
sites and reactive oxygen species available to cause this
behavior. For MG and EBT dyes, a progressive decline in
degradation efficiency was noted as the initial dye concentra-
tion increased from 10 to 30 mg L−1. Increased competition for
adsorption sites on the CGe–GOgD 30% nanomembrane and
improved light screening effects caused by higher dye loadings
restricted photon penetration and reduced the production of
radicals triggered by visible light. Moreover, catalytic sites may
be partially blocked by the buildup of intermediate degradation
products, which would further reduce the degradation effi-
ciency.60 The degradation efficiencies clearly declined at higher
concentrations, ranging from 50 to 100 mg L−1, reaching
roughly 67% for MG and 59% for EBT at 100 mg L−1. Due to its
cationic characteristics, which result in stronger electrostatic
binding with the negatively charged CGe–GOgD 30% nano-
membrane surface and more effective transference of charge
under visible light, facilitated by the D modier, MG consis-
tently demonstrated higher degradation efficiencies than EBT
across the whole concentration range. These results demon-
strated the potential of the CGe–GOgD 30% nanomembrane for
useful wastewater treatment applications under visible light by
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Photocatalytic degradation plots. (b) Effect of contact time on the degradation of the EBT and MG dyes. (c and d) UV-visible spectra. (e
and f) Photocatalysis kinetics as plots of ln(Ct/C0) of the EBT and MG dyes using the CGe–GOgD 30% nanomembrane under visible light irra-
diation, dye concentrations = 10 mg L−1, contact time = 0–180 min, nanomembrane dose = 7 g L−1, and at room temperature.
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showing that it is highly effective at low to moderate dye
concentrations while maintaining the reasonable photo-
catalytic activity even at high pollutant levels. Because of its
superior e−/h+ pair separation rate, the rGo/NiOx/Ag ternary
system demonstrated the highest photoactivity of methylene
blue dye (95%) under simulated sunshine irradiation, which
aligned with that published elsewhere.61 Additionally, Tolkou
et al.62 applied 1.0 g per L GO–Al to 5 mg per L humic acid (HA);
91% of the material was eliminated aer 24 h, but equilibrium
was nearly attained aer 30 min (82% elimination).

3.5.4. Effect of contacting time and estimating adsorption
kinetics. An exposure time study (1–180 min) was carried out
using 10 mg L−1 of EBT and MG dyes at room temperature and
pH values of 5 and 8, respectively. A 60 mL of each dye solution
was used to soak 0.4 g of CGe–GOgD 30% nanomembrane
under visible light. As shown in Fig. 8, the effect of contact time
© 2026 The Author(s). Published by the Royal Society of Chemistry
on the photocatalytic degradation of EBT and MG dyes was
examined for 1 to 180 min. Using the CGe–GOgD 30% nano-
membrane, the EBT and MG dyes showed quick early degra-
dation, which was followed by a steady rate of degradation until
equilibrium was reached at 180 min (Fig. 8(a)). Aer 180 min of
exposure, the efficiency of photocatalytic degradation for EBT
and MG dyes reached 87.6% and 96.2%, respectively, demon-
strating that the breakdown rate increased in proportion to the
longer contact duration. This suggested that the longer the
contact time between the dye and the photocatalyst during the
photocatalytic process under visible light, the more the degra-
dation of the dye. The Ct/C0 vs. time plot of EBT and MG dye
solutions, which had initial concentrations of 10 mg L−1 and
were broken down by the CGe–GOgD 30% membrane under
ideal circumstances, was linked to visible light (Fig. 8(b)).
Before irradiation, the dye's absorption/desorption isotherm
RSC Adv., 2026, 16, 27319–27338 | 27329
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Table 1 Degradation efficiency of the EBT and MG dyes using the CGe–GOgD 30% nanomembrane under visible light irradiation, dye
concentration = 10 mg L−1, contact time = 0–180 min, membrane dose = 7 g L−1, at room temperature and the corresponding pseudo-1st-
order rate constants

Dye type

Degradation efficiency (%)

Rate constant, k (min−1),
of visible light exposure

Dark condition
aer 30 min

Aer 180 min of
light exposure

EBT 6 87.7 0.0111
MG 10 96.2 0.0129
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was measured by magnetically stimulating the solution in the
dark for half an hour. According to Fig. 8(b), the ratio was
smaller in the dark under the same experimental conditions,
indicating that the self-photolysis of MG and EBT dyes can be
disregarded. Additionally, it was evident that the MG and EBT
dye concentrations gradually dropped until they reached equi-
librium aer 180 min. The inclusion of the CGe–GOgD 30%
nanomembrane, which greatly enhanced the catalyst's photo-
activity by reducing e−/h+ pair recombination and enhancing
Fig. 9 (a) Schematic of the photocatalytic procedure using the CGe–GO
the degradation of the EBT dye. (b) Effect of different scavengers on th
irradiation (dye concentrations = 10 mg L−1, contact time = 0–180 min

27330 | RSC Adv., 2026, 16, 27319–27338
light harvesting capabilities, was credited with this exceptional
result. Fig. 8(c and d) show the UV-visible spectra of 10 mg L−1

of MG and EBT dyes obtained at different times during the
photodegradation tests using the CGe–GOgD 30% membrane
under visible light irradiation. As shown in Fig. 8(c and d), the
emission spectra of EBT and MG were recorded over a period of
up to 180 min in the wavelength ranges of 320 to 670 nm and
550 to 700 nm, respectively. According to the plots, the primary
extinction peaks of the EBT and MG dyes were located at 530
gD 30% nanomembrane under visible light irradiation in three stages of
e photodegradation of the EBT dye after 180 min under visible light
, membrane dose = 7 g L−1, and at room temperature).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and 633 nm, respectively, and their intensity decreased with the
reaction time, as a result of redox processes occurring on the
catalyst surface.63 It was discovered that the CGe–GOgD 30%
nanomembrane degraded more rapidly. Additionally, a variety
of factors, including the distinct charge separation, shape, and
crystallinity of the generated products, affected the rate of dye
degradation. Furthermore, a simplied pseudo-rst-order (PFO)
kinetic model based on the Langmuir–Hinshelwood mecha-
nism was used to calculate the observable rate constant of the
dye decomposition procedure. This can be found using the
following formula, in which k is the reaction rate constant in
minutes, t is the degradation time in minutes, and C is the dye
concentration in mg L−1:64

lnCt/C0 = −kt. (5)

Fig. 8(e and f) plot ln(Ct/C0) against radiation time for the
degradation of EBT and MG dyes using all the synthesized
membranes. The apparent rst-order rate constant (k) values
were used to assess the activity of photocatalysts. A catalyst's
performance will increase with a higher value of k. The variance
in k values for each of the MG and EBT dyes is shown in Fig. 8(f).
For EBT and MG dyes, the correlation coefficient values (R2)
were 0.96 and 0.93, respectively (Fig. 8(f)). The CGe–GOgD 30%
nanomembrane had the highest photocatalytic efficiency, and
the best photocatalytic performance was achieved with k values
of 0.0111 and 0.0129 min−1 for EBT and MG, respectively. The
CGe–GOgD 30% nanomembrane had the highest photocatalytic
efficiency, and the best photocatalytic performance was ach-
ieved with k values of 0.0111 and 0.0129 min−1 for EBT and MG,
respectively (Table 1).
Fig. 10 Recyclability of the CGe–GOgD 30% nanomembrane for the pho
pH = 5 for EBT and pH = 8 for MG, contact time = 180 min, dye conce

27332 | RSC Adv., 2026, 16, 27319–27338
3.6. Photocatalytic degradation mechanism

The photocatalytic procedure of the CGe–GOgD 30% nano-
membrane is clearly shown in Fig. 9(a). To boost the photo-
catalytic activity, adsorption may increase the concentration of
EBT dye molecules over the CGe–GOgD 30% nanomembrane,
transporting the dyes closer to the surface of the photocatalytic
membrane that contains the GogD 30% nanomembrane inte-
grated into the Cge matrix (Fig. 9(a(I))). The production of
oxidative species might be initiated by exposing the CGe–GOgD
30% membrane to visible light. Photo-excitation is the process
that generates electrons in the conduction band (e−/CB) and
holes in the valence band (h+/VB), which creates an e−/h+ pair.
Hydroxyl radicals (cOH) are produced when the holes photo-
reduce the water molecules (H2O), whereas superoxide radi-
cals (cO2) are produced when the generated electrons combine
with the dissolved oxygen (O2). Both cOH and cO2

− are highly
oxidizing species (Fig. 9(a(II))). In the end, the EBT dye degra-
dation process starts when the radicals cOH and cO2

− decom-
pose the EBT molecules, generating CO2 and H2O as reaction
byproducts (Fig. 9(a(III))).

The photocatalytic degradation mechanism of MG and EBT
dyes over the Cge–GogD 30% nanomembrane is proposed
based on the established photocatalytic processes reported in
the literature. Upon irradiation with UV or visible light, the
photocatalyst is expected to absorb photons, leading to the
excitation of electrons (e−) from the valence band (VB) to the
conduction band (CB), thereby generating electron–hole (e−/h+)
pairs. The photogenerated holes (h+) may react with water
molecules or hydroxide ions to produce hydroxyl radicals (cOH),
while the excited electrons (e−) in the CB can reduce dissolved
oxygen to form superoxide radicals (cO2

−). These reactive
tocatalytic degradation of the EBT and MG dyes at room temperature,
ntration = 10 mg L−1, and adsorbent dose = 7 g L−1.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 (a and b) SEM/EDX spectra and (c) FTIR spectra before and after photocatalytic degradation using the CGe–GOgD 30% nanomembrane.
Experimental conditions: 10 mg L−1 of the MG dye was adsorbed at room temperature for a contact time of 180 min and an adsorbent dose of
7 g L−1.
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oxygen species may further undergo a series of reactions,
generating additional oxidative species such as hydrogen
peroxide (H2O2) and hydroxyl radicals.

These highly reactive species (cOH, cO2
−, h+, and e−) are

believed to play a key role in the degradation andmineralization
of MG and EBT dyes into CO2 and H2O. It should be noted that
the proposed mechanism is based on previously reported
studies and established photocatalytic behavior.57

CGe–GOgD 30% + visible light radiation (hnB) / e− + h+, (6)

O2 + e− / cO2
−, (7)

cO2
� þHþ/HO

�

2; (8)

HO
�

2 þ e� þHþ/H2O2; (9)

H2O2 + cO2
− / cOH + H+, (10)

h+ + H2O / H+ + cOH, (11)

h+ + OH− / cOH, (12)
© 2026 The Author(s). Published by the Royal Society of Chemistry
cO2
−, cOH, h+, e− + MG and EBT dyes / degradation products

(CO2 + H2O). (13)

To gain direct insights into the main active species, scav-
enger experiments were conducted utilizing specialized
quenchers such as ethylenediaminetetraacetic acid (EDTA),
isopropanol (IPA), and benzoquinone (BQ) for h+, cOH, and
cO2

−, respectively65 (Fig. 9(b)). To identify the reactive oxygen
species that regulate the catalytic action, the effects of several
scavengers on the photo-degradation of the CGe–GOgD 30%
membrane under visible light irradiation were investigated.
Superoxide radicals (cO2

−) are anticipated to play a major role in
the degradation process due to effective electron transfer from
the conduction band to dissolved oxygen, as demonstrated by
the photocatalytic behavior of the CGe–GOgD 30% nano-
membrane under visible light. While photogenerated holes (h+)
play a very minor but non-negligible role, hydroxyl radicals
(cOH) are probably produced as secondary reactive species
through subsequent reactions and contribute to additional
oxidation of the EBT dye molecules. Thus, the scavenger's
primary order is as follows: cO2

− > cOH > h+.
For the degradation of MG and EBT dyes under visible light,

Table 2 compares the photocatalytic efficiency of the CGe–
RSC Adv., 2026, 16, 27319–27338 | 27333
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Table 3 Characteristics of a real textile wastewater sample before and
after photocatalytic treatment and rejection using the CGe–GOgD
30% nanomembrane

Variables Units

Treatment

R (%)Before Aer

pH — 3.84 5.6 —
EC mS cm−1 22.3 22 1.3
TOC mg L−1 0.504 0.013 97.4
Al3+ 0.04 0.013 67.5
Cr2+ 12.405 4.773 61.5
Cu2+ 0.04 0.022 45
Fe2+ 0.289 0.054 81.3
Mn2+ 0.373 0.192 48.5
Ni2+ 0.009 0.003 66.7
Pb2+ 0.002 0.001 50
Si4+ 89.437 29.104 67.5
Sr2+ 0.422 0.118 72
V5+ 0.282 0.028 90.1
Zn2+ 2.668 1.05 60.6
Color nm 2.508 0.433 82.7
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GOgD 30% nanomembrane with different GO systems reported
in the literature. It was noticed from the table that the CGe–
GOgD 30% nanomembrane had the highest photocatalytic
effectiveness under visible light as compared to other adsor-
bents, regardless of the membrane composition and experi-
mental conditions.

3.6.1. Reusability and regeneration of the CGe–GOgD 30%
membrane. The efficacy of the EBT andMG dyes using the CGe–
GOgD 30% nanomembrane decreased aer three cycles
(Fig. 10). The results showed that the nanomembrane under
visible light irradiation continued to have a higher efficiency
even aer three cycles. The regeneration rates for EBT and MG
dyes using CGe–GOgD 30% were 82.2% and 79%, respectively.
This suggested that the nanomembrane had a high capacity for
reuse, reduced operating costs, was advantageous in industry,
and could treat sewage at least three times using different
anionic and cationic dyes. The remarkable durability of the
Fig. 12 (a) Photocatalytic treatment of an actual textile wastewater samp
visible spectra of the degradation with time.

27334 | RSC Adv., 2026, 16, 27319–27338
produced CGe–GOgD 30% nanomembrane, which allowed it to
separate the membrane without losing weight aer each cycle,
can be used to explain this outcome. The high stability and
repeatability of the synthesized CGe–GOgD 30% nano-
membrane for the photocatalytic degradation of industrial
wastewater were also evident from the reusability studies.
3.7. SEM/EDX examination and FTIR analysis of the CGe–
GOgD 30% nanomembrane before and aer the
photocatalytic degradation of dyes

The SEM/EDX analysis of CGe–GOgD 30% before and aer use
in the photocatalytic degradation of MG dyes (third cycles) is
shown in Fig. 11(a and b). Strong surface connections and
structure modications associated withMG dye degradation are
further supported by SEM and EDX investigations (Fig. 11(a and
b)). Only apparent peaks associated with C, O, N, Al, Si, Cl, and S
were found prior to adsorption; however, following the exposure
of CGe–GOgD 30% to the photocatalytic degradation of MG
dyes, the intensity of these elements increases, and some
signals associated with Ca, Na, and K, as well as partially locked
surface pores, are detected. Surface alteration and contamina-
tion buildup are conrmed by these morphological structure
changes. Dye adsorption and subsequent degradation were
clearly demonstrated by the FTIR spectra of the CGe–GOgD 30%
membrane, which were conrmed both before and aer the
photocatalytic destruction of the MG dye under visible light
(Fig. 11(c)). The CGe–GOgD 30% nanomembrane ingredients'
typical peaks can be seen in the spectrum prior to photocatalytic
degradation. A large absorption band at 3200–3400 cm−1 is
attributed to the O–H and N–H stretching vibrations from
chitosan/gelatin, D, and GO. The amide I and amide II bands of
CGe–GOgD 30% were represented by the bands found at 1650
and 1540 cm−1, while the peaks seen at 1100–1250 cm−1 were
attributed to the stretching vibrations of GO and the polymer
backbone. When MG dyes were present, the noticeable band
intensity changed, and minor peak shis were seen, especially
in the O–H/N–H and aromatic C]C regions at 1500–1600 cm−1.
These changes indicated a strong interaction between the MG
le using CGe–GOgD 30% before and after, with the R% values. (b) UV-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Antibacterial experiments and inhibitory zones of the CGe blank and the nanomembranes with different ratios of GOgD against the E. coli
and S. aureus bacteria.
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dye molecules and the functional sites of the CGe–GOgD 30%
nanomembrane. Moreover, operative photocatalytic degrada-
tion, as opposed to the straightforward physical adsorption, was
shown by the decrease or elimination of distinctive MG-
associated bands. These spectrum shis demonstrated the
connection between surface amine, aromatic, and hydroxyl
groups in the degradation mechanism and validated the func-
tion of GOgD as an active visible light photocatalyst. The
asymmetrical vibrations of the stretching of aliphatic C–H (–
CH2/–CH3) groups generated by the D structure and polymeric
framework were responsible for the absorption band appearing
© 2026 The Author(s). Published by the Royal Society of Chemistry
at 2876 cm−1. Variations in its intensity during photocatalytic
treatment demonstrate surface interactions and structural
alterations that coincide with the degradation of MG dye.
3.8. Using the CGe–GOgD 30% nanomembrane to an
industrial wastewater sample

It was examined how the generated CGe–GOgD 30% nano-
membrane affected the actual wastewater's photocatalytic
activity. There is a noticeable drop in color and elements in
Fig. 12 and Table 3. The CGe–GOgD 30% nanomembrane
improved color removal, which dropped from 2.508 to 0.433 nm
RSC Adv., 2026, 16, 27319–27338 | 27335
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with an 82.7% rejection rate, suggesting a noticeably lower
concentration (Table 3). This displayed the effectiveness of the
CGe–GOgD 30% nanomembrane as a photocatalytic invention.
The ndings showed that the EC (mS cm−1) dropped from 22.3
to 22, and the pH improved from 3.84 to 5.6. With rejection
equal to 97.4%, Table 3 shows that the textile wastewater's TOC
had dropped from 0.504% to 0.013%. Additionally, the CGe–
GOgD 30% nanomembrane had a good removal efficiency for
both organic dyes and several hazardous heavy metals (Table 3).
As seen in Fig. 12(b), the actual wastewater sample likewise
showed photocatalytic deterioration over time. The enhanced
nanomembranes' better purifying water capability allowed for
the production of superior water at a lower cost. They also
showed strong chemical and mechanical strength. Therefore, it
is necessary to develop and construct the CGe–GOgD 30%
nanomembrane, complying with the standards appropriate for
industrial usage, and its performance should be compared to
products that are available on both domestic and foreign
markets. Therefore, its properties ought to be benecial for the
elimination of salts, heavy metal ions, and organic molecules
(dyes) from saline wastewater. A shi from the initial
adsorption-dependent stage to a more effective photocatalytic
decomposition phase is shown by the discernible drop in
absorbance intensity between 30 and 40 min (Fig. 12(b)). Dye
molecules are mainly adsorbed onto the CGe–GOgD 30%
nanomembrane surface during the early irradiation period (up
to 30 min), accompanied by partial degradation, which causes
a steady decrease in absorbance. Aer this time, the system
enters a key activation stage where enough reactive oxygen
species (such cOH and cO2

− radicals) are produced, causing the
dye optical complexes to break down quickly and the absor-
bance to decrease signicantly. This behavior validates the
benecial interaction of adsorption and photocatalysis in
increasing the dye elimination efficiency and corresponds to the
typical two-stage kinetics of photocatalytic systems, where an
induction period is followed by accelerated degradation.
3.9. Antibacterial screening

The antibacterial activity of the unlled blend and the nano-
membranes containing variable GOgD contents was evaluated
to assess the potential of these nanomembranes for eliminating
biological contaminants from wastewater. The experiment was
assessed using two different bacteria, E. coli and S. aureus, at
a contact time of 24 h and at 37 °C (Fig. 13). The gure
demonstrated that the unlled CGe lm had a slight inhibitory
effect on the two selected microbes used in the test. This sug-
gested the biological activity of the CGe matrix.74 With the
incorporation of GOgD into the matrix, clear halos of inhibition
were noticed for all nanomembranes loaded with GOgD of
different diameters ranging from 21 mm to 34 mm, depending
on the type of bacteria and nanomembrane. This improvement
was associated with the presence of active sites in dapsone, such
as amino and sulfonyl (O]S]O), besides the barrier property
of GO, which had a signicant impact on repressing the growth
of a wide spectrum of G−ve and G+ve bacteria.25,75,76 Surprisingly,
the data also showed that the highest antibacterial activity
27336 | RSC Adv., 2026, 16, 27319–27338
versus the two selected microbes was achieved at a higher
dosage of GOgD (i.e. 30%). Thus, the antibacterial mechanism
can be rounded-up as follows: a further increase in the content
of dapsone molecules in the matrix enhanced their ability to
adhere to the bacterial cytoplasm and cell wall, thereby inhib-
iting microbial growth.27,77 Additionally, it has been previously
demonstrated in the literature78,79 that the electrostatic inter-
actions between the functional sites on the nanomembrane and
the anionic groups on bacterial surfaces could lead to the
damage of the cell membrane of the microbes, further
contributing to antibacterial activity. Therefore, GO graing by
D is inuential, and the utilization of CGe–GOgD nano-
membranes is considered to be a promising strategy for the
removal of toxic dyes and biological pollutants fromwastewater.
4. Conclusions

In the current work, green and efficient nanomembranes were
successfully prepared by graing GO using benign dapsone (D)
to improve the properties of CGe nanomembranes. The chem-
ical structure of graed GOgD nanoplatelets was investigated
using the FT-IR spectra, XRD patterns, and Raman spectra.
Three varying dosages of GOgD (10–30%) were utilized to
prepare the nanomembranes by using a solvent-casting proce-
dure. A series of investigations and measurements, including
morphology, mechanical properties, photocatalytic perfor-
mance, and antibacterial activities, were applied to characterize
the CGe nanocomposites. The mechanical outcomes showed
that the best enhancement was achieved for tensile strength at
20%, and was found to be ∼85 MPa compared to the CGe blank
(61.35 MPa). Otherwise, a high GOgD dosage (30%) can lead to
obtaining nanoller aggregations. This was conrmed by SEM
observations. CGe nanomembranes based on GogD showed
strong antibacterial activities against G−ve and G+ve bacteria, as
compared to the blank matrix. Photocatalytic experiments were
conducted using UV and visible light. The obtained data
revealed that the photocatalytic degradation occurred in the
following order: CGe–GOgD 30% > CGe–GOgD 20% > CGe–
GOgD 10% > pure CGe. Under visible light, the CGe–GOgD 30%
nanomembrane achieved higher removal efficiencies of 90.8%
and 97.9% for EBT and MG, respectively, and 83% and 90%
under UV light. The CGe–GOgD 30% nanomembrane exhibited
excellent visible light energetic photocatalytic activity with
optimal performance at pH 5 for EBT and pH 8 for MG. For MG
and EBT dyes, a progressive decline in degradation efficiency
was noted as the initial dye concentration and the contact
duration increased. The results also showed that the CGe–GOgD
30% nanomembrane under visible light continued to have
a higher efficiency even aer three cycles, with regeneration
rates of 82.2% and 79% for EBT and MG dyes, respectively. The
application of the CGe–GOgD 30% nanomembrane to an
industrial wastewater sample resulted in a signicant
improvement in color removal, dropping the absorbance from
2.508 to 0.433 nm and achieving an 82.7% rejection rate. This
innovative integrated system not only eliminates the adverse
environmental impacts associated with textile effluents but also
© 2026 The Author(s). Published by the Royal Society of Chemistry
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supplies ample freshwater for use in industry, agriculture, and
landscaping.
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