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Organic dye pollution, rapidly spreading drug-resistant bacteria, and rising colon cancer incidence are major
global health threats. Materials capable of addressing all three challenges simultaneously remain rare. We syn-
thesized a multiwalled carbon nanotube-cobalt-iron (CNT-Co-Fe) nanocomposite using Murraya koenigii (MK-
curry leaf) extract. Two CNT loadings (2.5 wt% and 5 wt%) were prepared, along with pristine Co— Fe nanopar-

;ﬁifﬁ:fgj i}iasllsactivity ticles. Under visible light, the 5 wt% CNT-Co-Fe degraded methylene blue (MB) achieving 99% degradation in
MTT assay 60 min, with a rate constant of 0.052 min~" which is 2.6 times faster than that of pristine Co—Fe. The same

composite (5 wt% CNT-Co-Fe) fully inhibited enteropathogenic E. coli (EPEC) growth (no colonies recovered; >
99.99%, kill at 100 pg/mL) and decreased HCT 116 colon cancer cell viability dose-dependently. The superior
performance of the 5 wt% composite is attributed to CNT-mediated electron extraction from Co— Fe, which sup-
presses charge recombination and enhances radical generation. This trifunctional, green-synthesized CNT-Co-Fe
nanocomposite offers a promising single-material platform for water treatment, antibacterial therapy, and anti-
cancer applications.

1. Introduction

Water reused in farming, industry, or daily life demands low cost
and effective pollutants or toxic molecules. Green technology has
stepped in as a practical solution, especially as many countries now
place water reuse high on their policy agenda. Unpredictable rainfall,
shortage of freshwater reserves, population growth, and increasing
global temperatures have all put a lot of pressure on natural water sup-
plies [1,2]. At the same time, the synthetic dye industry has grown
enormously since Perkin's accidental mauveine discovery in 1856 [3,4].
These complex dye molecules not only spoil groundwater but also dam-
age soil [3]. Nanocomposites can fully fragment dye complex mole-
cules, unlike traditional adsorbents [5].

Traditional waste-water treatments such as adsorption, coagulation,
and membrane filtration often fail to break down synthetic complex

dyes. Advanced oxidation processes system, particularly photocatalysis,
offer a more complete removal of complex dye molecules [6-9]. Among
all nanotechnology-based solutions, photocatalysis stands out as the
most promising method because it completely degrades complex dye
molecules rather than just transferring them from one place to another
[10-12].

The photocatalysis process works because the catalyst material,
when hit by visible light, creates electron-hole pairs (plasmons) [13,
14]. These plasmons then react with H20 and O2 molecules to produce
highly reactive species (ROS) like hydroxyl and superoxide radicals.
These radicals attack complex organic dye molecules and break them
down into harmless materials (carbon dioxide and water) [2,15].

Despite significant advances in photocatalysis through dye degrada-
tion, the development of a single smart nanomaterial capable of simul-
taneously addressing dye pollutant material, bacterial contamination,
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and cancer cell proliferation remains a formidable challenge [16,17].
While cobalt-iron (Co—Fe) bimetallic nanocomposite have shown
promise results due to their narrow bandgap and magnetic properties,
their industrial and practical applications are severely hindered by two
critical limitations [18,19]: (i) rapid electron-hole recombination
within nanoseconds, which wastes most of the light energy before dye
molecule breakdown can occur [20], and (ii) severe aggregation ten-
dency due to their magnetic nature, which drastically reduces the avail-
able surface area for catalytic reaction [21].

Carbon nanotubes (CNTs) [22] offer a compelling solution to these
challenges. Recent studies have demonstrated that CNTs can serve dual
roles in nanocomposite systems: as electron superhighways that extract
photogenerated electrons and suppress charge recombination, and as
physical spacers that prevent nanoparticle agglomeration [18,22,23].
However, most reported CNT-metal oxide composites rely on harsh
chemical reducing agents and toxic solvents, limiting their environmen-
tal compatibility. Furthermore, studies on multifunctional CNT-based
nanocomposites addressing photocatalysis, antibacterial, and anti-
cancer activities simultaneously are extremely rare [24].

To the best of our knowledge as per the literature, no prior study has
reported on a green-synthesized CNT-decorated Co—Fe nanocompos-
ite as a three-in-one platform for photocatalytic dye degradation, an-
tibacterial therapy, and anticancer treatment. This research gap is what
motivated us to begin our research work [4]. We aimed to develop a
single, eco-friendly smart nanocomposite material that could address
three major global health threats [25] dye pollution, drug-resistant bac-
terial infections, and colon cancer with one composite nanomaterial
[17,19,26].

In this study, we synthesized CNT-Co-Fe nanocomposites at two dif-
ferent CNT loadings (2.5 wt% and 5 wt%) alongside pristine Co—Fe
using a one-pot green synthesis approach with Murraya koenigii (curry
leaf) extract, which serves as a natural reducing and stabilizing agent
[27].We confirmed the structure using UV-vis, FTIR, XRD, and FESEM
[26], and tested it for visible-light-driven dye degradation, antibacter-
ial activity against enteropathogenic E. coli (EPEC), and anticancer ef-
fects on HCT 116 colon cancer cells using the MTT assay [27]. The re-
sults, presented below, show that the 5 wt% CNT-Co-Fe nanocomposite
achieves 99% complex dye breakdown in 60 min under visible light
while also demonstrating potent antibacterial activity and significant
anticancer effects a three-in-one performance that makes it a promising
candidate for real-world industrial applications.

2. Methods and characterizations
2.1. Materials

Co(NO3)2.6H20, Fe(N03)3.9H20, MWCNT, Isopropanol (IPA),
Methylene blue (MB dye), and acetone solvents were purchased as ana-
lytical grade from SRL, India. Fresh Curry leaves (Murraya koenigii
(MK)) were collected from our institute bio-diversity garden [28,29].

2.2. Synthesis of nanocomposites

Cobalt-iron bimetallic nanoparticles (Co—Fe) were synthesized us-
ing our previously reported method with modifications [14]. First, a
green extract solution was synthesized by dissolving 1 g of MK extract
powder in 100 mL of DI water. In separate vials, Co(NO3)2.6H20,
Fe(NO3)3.9H20 salts were each dissolved in 50 mL DI water with equal
weights in a stoichiometric ratio. Each salt solution was placed at 80 °C
and stirred with 700 rpm for 10 min, followed by ultrasonication for
another 10 min. The two salt solutions were then combined in a single
vial and the same conditions were applied to the mixture: 80 °C and
700 rpm for 10 min, then ultrasonication for 10 min. Multi-wall carbon
nanotubes (MWCNTSs) were added to mixed salt solutions at two differ-
ent weight percentages (2.5 wt% and 5 wt%). The composite mixture
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was again stirred and sonicated under the same conditions. Next, 30 mL
of the green extract solution was added dropwise with the help of stan-
dard burette to the composite final solution. The nanocomposite final
solution was then dried and calcined at 300 °C for 4 h to obtain a fine
powder. Fig. 1 provides a schematic summary of the one-pot green syn-
thesis procedure.

2.3. Characterization of nanocomposites

FE-SEM and EDS were used to analyze morphological features and
the elemental composition of the CNT-based Co—Fe BMNP samples.
FTIR spectra (400-4000 cm ™) were recorded using the Thermo-Fisher
Bruker NEXUS 470 spectrometer. Crystallinity and phase details of the
composite samples were extracted with the help of the Shimadzu XRD-
7000 diffractometer with Cu Ko radiation wavelength of
A = 0.15418 nm (scanning from 10° to 80°). The optical absorption of
the nanocomposite samples was characterized by the Shimadzu UV-
1800 double-beam spectrometer.

2.4. Photocatalytic activity

The photocatalytic activity of the nanocomposites was analyzed by
dissolving a 10 ppm methylene blue (MB) dye solution in visible light,
adding 10 mg of composite catalyst samples to 50 mL of the dye solu-
tion. The samples were first placed in a dark region for 20 min to allow
the catalyst samples to adsorb the dye, and then they were placed under
visible light. The intensity of the MB dye solution was measured using
UV-Vis spectroscopy at 664 nm every 15 min. The MB dye degradation
was assessed using Eq. (1).

Percentage of MB dye degradation = (1 - %) x 100 (€8]

Co represents the initial absorption and C indicates the absorption of
dye at different time during the degradation process [18,28].

2.5. Antibacterial activity and anticancer activity

The nanocomposite samples were tested antimicrobial activity and
anticancer activity of the using protocol in our previous research work
[24]. To ensure reliability, the antibacterial activity (agar well disc dif-
fusion [30] & minimum inhibition concentration [31]) and anticancer
activity assays against EPEC and HCT116 colon cancer cells were per-
formed based on the results from the MTT assay [32]. For all assays,
overnight cultures of the composite samples were adjusted to an optical
density of 1 at 600 nm. In the disc diffusion test, 30 pg of each compos-
ite sample was dried onto sterile discs. 108 CFU of EPEC (E. coli) from

Co-Fe CNT nanocomposite synthesis

Fig. 1. Schematic illustration of the biosynthesis process for the MK leaf extract-
mediated CNT-Co-Fe (2.5 wt% and 5 wt%) nanocomposites.



K. Ankathi et al.

overnight bacterial culture (OD600nm = 1) were inoculated with 50 pl
of the composite sample and were incubated for 24 h at 37 °C. Sterile
LB broth and 30 pg of gentamicin were used as negative and positive
control respectively. Following 24 h incubation, the conditions were se-
rially diluted, and the triplicates were plated on LB agar plates. The
plates were incubated overnight, and post incubation colonies were
counted as CFU/mL.

MTT assay was performed to evaluate the cytotoxic activity of the
Co—Fe and CNT-Co-Fe composites on human colon cancer cell line,
HCT 116 cells. HCT 116 cells were seeded in a 96 well plate with 100 pl
of McCoy's media (supplemented with 10% FBS and 1 X Pen Strep) and
grown to full confluency at 37 °C in 5% CO.,. 10 pl of the samples were
added to the cells and incubated for 24 h at 37 °C in 5% CO,. Monolay-
ers of cells in the growth media were used as negative control. Follow-
ing incubation, cells were incubated with 100 pl of MTT solution
(5 mg/mL) for 2 h at 37 °C, 5% CO,. After incubation, MTT was dis-
carded and 100 pl DMSO was added to each well following which OD
was measured at 570 nm. The efficacy and safety profile of these CNT-
based Co—Fe composite samples should be further explored through in
vivo studies to better understand their anti-pathogenic and cytotoxic
activity.

3. Results and discussion
3.1. Structural and phase analysis

The X-Ray diffraction (XRD) patterns of pristine Co—Fe nanoparti-
cles and CNT/Co-Fe nanocomposites are indicated in Fig. 2. The pris-
tine Co—Fe bimetallic nanoparticle sample exhibits a sharp reflection
at 15.40, 19.40, 28.50, and 41.4° (20), indexed to a face-centered cubic
(FCC) Co—Fe sample. The peak at 41.4° corresponding to (110) plane
of face centered cubic (FCC) with Co—Fe composite (JCPDS No.
48-1817, a = 3.58-3.62 AO). No separate reflections from Co or Fe or
metal oxide are observed, confirming complete composite formation.
For the CNT based Co— Fe composite, two additional peaks appear due
to CNT incorporation. The first peak, at 20 = 13.9° with peak intensity,
corresponds to the (100) plane, while the second peak at 29.5° (JCPDS
No. 41-1487, graphitic) [33]. The CNT-specific peaks appear alongside
Co—Fe reflections, indicating intact crystal structure after CNT addi-
tion.

The crystal structure of the CNT-Co-Fe composite is a multiphase
nanocrystalline system. The dominant phase is a face-centered cubic
(FCC) Co—Fe sample (JCPDS No. 48-1817). A CoFe204 spinel oxide
phase (JCPDS No. 22-1086) forms a partial passivation shell on the
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Fig. 2. XRD spectra of pristine Co—Fe and CNT-based Co—Fe nanocompos-
ites.
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composite due to air-exposure during grinding process. Using the De-
bye Scherrer equation applied to the (110) peak, the average crystallite
size decreases from 32.4 nm (pristine Co— Fe) to 18.7 nm (CNT-Co-Fe
composite). This decrease suggests that CNTs restrict grain growth.
Peak broadening and a 0.15° shift towards lower 20 in the composite
sample indicate lattice strain and it might be due to possible electron
transfer from Co—Fe to CNTs.

A slight asymmetry in the FCC (200) peak at 47.5° points to minor
(Co, Fe)3C carbide phase (JCPDS No. 26-0450 or 35-0772) at the
metal-CNT interface, likely formed via mechano-chemical reaction be-
tween the composite sample and carbon support. This unique hierarchi-
cal architecture for Co—Fe composite sample & CoFe204 oxide shell
anchored on disordered CNTs which is expected to enhance both mag-
netic anisotropy and catalytic stability, making the composite highly
promising for photocatalytic applications. The details of crystallite size
equation as per the literature [34] and phase are mentioned in Table.1.

_ 091
= Peoso (2)

3.1.1. Mechanism of CNT-induced grain growth restriction

The reduction in crystallite size from 32.4 nm to 18.7 nm upon CNT
addition is attributed to Zener pinning, where CNTs act as physical bar-
riers segregating Co— Fe nanoparticles. The pinning pressure (Pz) ex-
erted by CNTs on grain boundaries is given by:

Pz = 3Yf/ 2r.

where v is the grain boundary energy, f is the volume fraction of
CNTs, and r is the CNT radius. As CNT loading increases, the pinning
pressure increases, leading to more effective grain size suppression. Ad-
ditionally, CNTs provide alternative nucleation sites, promoting hetero-
geneous nucleation and resulting in a higher density of smaller crystal-
lites. The entangled CNT network also constrains atomic diffusion dur-
ing calcination, effectively “freezing” the smaller crystallite size.

3.2. Surface chemistry and functional groups: FTIR

Fig. 3 presents FTIR spectra obtained from both the MK extract and
the composites. A wide broad peak observed close to 3350 cm™}, ap-
peared in the MK extract which is typical for O—H [35] stretching
coming from phenolic and hydroxyl groups. Another distinct vibration
band peak located at 1630 em™! was also noted, which represent to the
C=O0 stretching for amides [36]. Among successful synthesis of
Co—Fe composite, a new low-frequency bands appeared in the region
from 500 and 600 cm'l, which corresponds to Metal-Oxide-Metal
stretching vibrations (Co—0 and Fe—0) [36], confirming composite
formation. In the 2.5 wt% CNT composite sample, the O—H and C=0
bands remained visible but with diminished intensity, indicating that
phytochemicals still anchored on the surface of nanocomposites [37].
At 5 wt% CNT loading, further suppression of these bands was ob-
served, suggesting stronger CNT-nanoparticle surface interaction
(wrapped a layer on the surface of nanocomposite). No new vibration
bands were detected in the composites, implying that CNT incorpora-

Table 1
Crystallite size and phase details of CNT based Co—Fe composites.
Phase Lattice parameters (AO) 20 (hkl) Crystallite ~JCPDS No.
size
Co-Fe a = 3.59 = 0.02 41.4° (110) 201 = 2 48-1817
FCC
CoFe,0, a =839 30.4° (220) 10.2 = 1.0 22-1086
(spinel)
CNT Interlayer = 3.78 + 0.05 29.5° (002) 3-5 41-1487
(graphitic, (broad)
disordered)
(Co, Fe),C a = 4.52, 37.8 (031) 7.0 =1.0 35-
Carbide b = 5.09,c = 6.74 0772/26—

0450
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Fig. 3. FTIR spectra of MK leaf extract, Co—Fe, Co—Fe composites with
2.5 wt% and 5 wt% carbon nanotubes (CNTSs).

tion did not chemically change the Co—Fe composite core. Since both
O—H and C=0 bands remained after CNT addition, it implied that
MK's phytochemicals were surface-bound. The gradual decreasing of
these band intensities as the CNT fraction rose from 2.5 to 5 wt% was
most likely due to a physical anchoring effect, rather than actual re-
moval or displacement of the surface functional groups. This mecha-
nism is supported by the absence of new vibrational modes in the com-
posites. The retention of metal oxide bands in all samples confirms that
the Co—Fe composite structure remains intact. Collectively, the FTIR
analysis indicate that CNT acts as an electronically conductive filler
without sacrificing the bio-derived surface chemistry essential for dis-
persion [38] and stability [38].

3.3. Morphology, microstructure, and elemental distribution: FESEM

FE-SEM was used to know the surface morphology and micro-
structure of pristine Co—Fe and CNT Co— Fe composites (Fig. 4). Pris-
tine Co—Fe (Fig. 4: A-B) formed irregular, aggregated granular parti-
cles with uneven distribution. The nanoparticle boundaries were not
clearly marked, indicating strong interparticle attraction typical of un-
capped or partially MK extract capped Co—Fe systems. EDS confirmed
the presence of both Co and Fe in the pristine sample (Fig. 4B). 2.5 wt%
CNTs Co— Fe composite (Fig. 4: C—D) sample observed noticeable mi-
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cro-structure. CNTs features were visible around the surface of Co—Fe,
and nanoparticles clustering decreased moderately after addition of
CNTs. At 5 wt% CNTs loading (Fig. 4: E-F), the Co— Fe composites dis-
persed more uniformly throughout the CNT network, with clustering
suppressed further than in the pristine Co—Fe sample. Nonetheless,
small local clusters persisted, indicating that 5 wt% CNTs improves de-
gree of dispersion but does not entirely prevent agglomeration. Image
analysis of FE-SEM micrographs (n = 50 particles per sample) revealed
a mean particle diameter of 120 = 40 nm for pristine Co—Fe, com-
pared to 80 = 25 nm for the 5 wt% CNT composites. The reduction in
particle size indicates that CNTs effectively suppress nanoparticle ag-
gregation and coalescence during green synthesis process.

XRD analysis of pristine Co—Fe composite revealed low-intensity
peaks, suggesting poor crystallinity or small particle size - consistent
with the aggregated morphology seen in FE-SEM. The reduced aggrega-
tion observed at 5 wt% CNTs loading supports that CNTs act as physical
barriers against nanoparticle coalescence [39]. The improved disper-
sion at 5 wt% CNTs correlates with enhanced photocatalytic, antibacte-
rial, and anticancer activity, likely through increased generation of re-
active oxygen species (ROS).

3.4. Optical properties (UV-Vis Spectroscopy)

The optical absorption measurements for both the pristine Co—Fe
and 5 wt% CNT Co—Fe composite samples were carried out over a re-
gion from 200 to 800 nm (Fig. 5). A wide absorption feature appeared
in the 270 and 420 nm for both the composites. This band arises from
surface plasmon resonance of Co— Fe composite combined with elec-
tronic transitions [40]. Lower absorption values were recorded the
5 wt% CNT Co—Fe composite relative to the pristine Co—Fe sample.
This decline is attributed to an optical quenching effect by the CNTs
network [41]. Tauc plots obtained from the absorption spectra (Fig. 6)
were used to measure the direct and indirect optical bandgap. The di-
rect bandgap of the pristine Co—Fe sample was approximately 3.0 eV,
whereas the 5 wt% CNT composites yielded a higher direct bandgap of
roughly 3.2 eV (Fig. 6A). For the indirect bandgap, the pristine sample
gave 2.9 eV compared to 3.0 eV for the CNT-containing sample (Fig.
6B). Both bandgaps moved to higher energies upon CNT addition, a
shift that may result from quantum confinement effects [42].

The addition of CNTs into Co—Fe system did not merely preserve
the optical activity but systematically altered both the absorption inten-
sity and the fundamental optical bandgaps [42]. The reduced ab-
sorbance combined with a larger optical bandgap in the 5 wt% CNT
Co—Fe composite sample pointed to a non-trivial electronic interac-

Fig. 4. FE-SEM images of (A-B) pristine Co— Fe composite showing aggregation and elemental analysis (EDS); (C—D) 2.5 wt% CNTs composite with partial CNTs
decoration and reduced clustering; (E-F) 5 wt% CNTs composite exhibiting improved dispersion.
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Fig. 5. UV-Vis absorption spectra of pristine Co——Fe and 5 wt% CNT-based
Co—Fe nanocomposites.

tion between the CNTs and the system. When CNTs wrap around
nanoparticles, they restrict the motion of electrons in the composite sys-
tem. These findings provided a clear rationale for tailoring the optical
properties of hybrid nanostructures through controlled CNTs loading,
making the 5 wt% CNT Co—Fe composite a promising candidate for
optoelectronic devices requiring tunable bandgaps and controlled light
absorption [43].

Using Tauc plot analysis with (ohv) [2] for direct and (ohv)!/? for in-
direct bandgaps, with proper baseline correction and zeroing of the y-
axis. The observed increase in the optical direct bandgap from
~3.0 = 0.04 eV for pristine Co—Fe to ~3.2 = 0.05 eV for the 5 wt%
CNT-Co-Fe composite and indirect bandgap 2.9 + 0.05 eV for pristine
Co—Fe to 3 = 0.03 eV for the 5 wt% CNT-Co-Fe composite, appearing
enhanced photocatalytic activity, is a known phenomenon for CNT-
metal oxide nanocomposites. The bandgap values in the visible range
are consistent with the observed visible-light photocatalytic activity.
This increase can be attributed to quantum confinement effects and the
formation of a Schottky barrier at the Co-Fe/CNT interface. The en-
hanced photocatalytic performance arises not from a narrower
bandgap, but from the superior charge separation and transfer capabili-
ties offered by the CNTs. The metallic CNTs act as an efficient electron
sink, rapidly extracting photogenerated electrons from the Co—Fe and
dramatically suppressing electron-hole recombination. This is further
supported by the enhanced degradation rates observed by increasing
CNT loading. Thus, the composite material benefits from a larger dri-
ving force for the generation of reactive radicals due to the longer life-
time of the charge carriers, a key factor that outweighs the effect of a

—a—Sywi CNT Co-Fe BMNPs
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600 L Direct Optical Bandgap
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slight bandgap increase. The average direct bandgap of 3.1 + 0.05 eV
suggests primarily UV absorption, the presence of an indirect bandgap
(2.95 = 0.05 eV), broad visible absorption tail, and SPR effects collec-
tively enable visible-light photocatalytic activity. The photogenerated
charge carriers utilize sub-bandgap excitation pathways facilitated by
the multi-metal synergy.

3.5. Photocatalytic activity

The catalytic performance of the green-synthesized Co—Fe and
CNT-Co-Fe composite catalyst to break down MB dye was investigated
under visible light exposure. The pristine Co—Fe, CNT (2.5 wt%,
5 wt%) based Co— Fe composite samples were evaluated and analyzed
(Fig. 7). The degradation time was monitored for 75 min with measure-
ments taken at 15 min intervals for pristine Co— Fe sample, 2.5 wt%
CNT, and every 10 min interval for 5 wt% CNT Co— Fe composite sam-
ple. Table 2 presents the degradation percentage for all catalyst samples
as the function time.

Among three Co—Fe & CNT-Co-Fe catalyst samples, the pristine
Co—Fe catalyst sample achieved 78% degradation against the MB dye
within 60 min. Introducing CNTs increased the degradation efficiency:
the 2.5 wt% CNT composite reached 85%, and the 5 wt% CNT compos-
ites reached 99% over the same period. Among the three composite
samples, 5 wt% CNT-Co-Fe composite degraded MB fastest and effec-
tively. Calculated rate constant (0.052 min~!) was 2.6 that of pristine
Co—Fe sample. This enhanced performance can be traced to three fac-
tors [3]: a broader bandgap, suppressed charge recombination, and re-
duced Co— Fe nanoparticle aggregation The order of catalytic perfor-
mance remained consistent throughout the experiment (5 wt%
CNT > 2.5 wt% CNT > pristine Co—Fe sample) at every measured
time. Recent research work reported that their CoFe204/g-C3N4
nanocomposite containing 25 wt% g-C;N, achieved complete MB
degradation (100%) after 180 min using a catalyst dosage of 400 mg/L.
In contrast, the 5 wt% CNT-Co-Fe nanocomposite system in the present
study reached 99% (approximately 100%) degradation in only 60 min
with a substantially lower catalyst quantity of 30 mg. The potential per-
formance of the 5 wt% CNT-Co-Fe composite system is attributed to the
metallic nature of the Co— Fe composite, which provides higher elec-
trical conductivity than the Co—Fe pristine sample, thereby facilitat-
ing more efficient charge carrier separation.

The dye breakdown data were fitted to a pseudo-first-order kinetic
model using the Langmuir-Hinshelwood approach. For pristine
Co—TFe sample, the calculated rate constant was k = 0.02 min~' and
2.5 wt% CNT-Co-Fe composite raised that to 0.043 min™. The 5 wt%
CNT composites provided 0.052 min~! which was 2.6 times faster than
that of pristine Co— Fe sample. All three R? values stayed above 0.97,
confirming the model fits well, indicating the model provided good de-

15
—e—Swi% CNT Co-Fe BMNPs
—s—{"0-F¢ BMNPs
1o b Indirect Optical Bandgap
2.95 ¢V D05
sf
L]

1:1':' Z:H A:U 3:1 .'l-:-i J:t‘r

Energy (eV)

Fig. 6. Tauc plots analysis of pristine Co——Fe, and 5 wt% CNT-based Co— Fe nanocomposites.
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Fig. 7. UV-Vis spectral changes of MB dye (10 ppm) recorded 15 min (10 min for 5 wt% CNT Co—Fe composite) time interval during visible light photocatalysis
with 30 mg catalyst. (A) Pristine Co—Fe. (B) 2.5 wt% CNT-Co-Fe composite. (C) 5 wt% CNT-Co-Fe composites. The progressive decline of the 664 nm absorption

band confirms dye mineralization without new intermediate peaks.

Table 2
MB dye degradation (%) over time for pristine Co—Fe, 2.5 wt% CNT-Co-Fe,

and 5 wt% CNT-Co-Fe.

S. No Time interval Co-Fe 2.5Wt%CNT Co-Fe 5 wt% CNT Co-Fe
1 10 19 08 3303 44 = 0.8
2 30 57 £ 0.7 70 % 0.6 75 = 0.5
3 50 67 =+ 0.5 77 £ 09 86 = 0.5
4 60 78 £ 0.9 8507 99 = 0.8

scription of the experimental data based on the Langmuir-Hinshelwood
[44] mechanism (Fig. 8) [44].
C

In (E) = —ki 3)
where C represents the dye concentration at time t, C,, is the initial con-
centration, k is the rate constant (min~1), and ‘t’ is the irradiation time.
Plots of In(C/C,) versus time yielded linear fits with R? values exceed-
ing 0.97 for all three composite samples, confirming pseudo-first-order
kinetics.

The systematic increase in rate constants with CNT loading indicates
that carbon nanotubes actively involve in the photocatalytic process
rather than serving as passive CNTs fillers. This effective enhancement
was interpreted to high electrical conductivity (CNTs) and the direct
addition of CNTs into the Co—Fe system creates efficient electron
transport pathways that are absent in the physically mixed system.
While recycling and stability experiments were not performed in this
study due to equipment limitations, all experiments were repeated in-
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dependently at least three times to confirm reproducibility. Future
work will include 5-cycle photocatalytic recycling tests and 6-month
stability monitoring to evaluate the practical applicability of the CNT-
Co-Fe nanocomposite for real-world wastewater treatment.

Fig. 9A and B illustrate the basic mechanism involved during photo-
catalytic process under visible and when visible light reaches the cata-
lyst surface, the absorbed energy promotes an electron from the low en-
ergy band to the high energy (conduction) band, leaving a hole in the
valence band [45].

3.5.1. Theoretical basis for the proposed mechanism

The proposed mechanism is grounded in established semiconductor
photocatalysis principles. The Co—Fe composite possesses a direct
bandgap of ~2.95 eV, enabling visible light absorption (A > 420 nm).
When CNTs are introduced, a Schottky barrier forms at the Co-Fe/CNT
interface due to the work function difference between metallic Co—Fe
(~4.8 eV) and semimetallic CNTs (~4.5 eV). This barrier facilitates
electron transfer from the Co—Fe conduction band to the CNT net-
work, as described by the following sequence:

Co—Fe+hv— Co—Fe (e” +h")
e~ (CommFe) — ¢~ (CNT)
e” (CNT) + O, — ¢0,~

h* (CommFe) + H,0 — eOH + H*

The high electrical conductivity of CNTs enables rapid electron
transport, extending charge carrier lifetime from nanoseconds (in pris-

2 2 5wit ONT Co-Fe BMNPs
@ 5wt ONT Co-Fe BMNPs
i @  Oo-Fo BMNP:
3}
E
=3k
Catalyst: 30mg
- i i i

0 20 40 &0
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Fig. 8. (A) Time-dependent degradation of MB dye (10 ppm, 30 mg catalyst) under visible light. (B) Pseudo-first-order kinetic plots for pristine Co—Fe, 2.5 wt%

CNT Co—Fe composite, and 5 wt% CNT Co— Fe composites.
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Photocatalysis Mechanism of Co-Fe BMMPs/CNT

Fig. 9. A &B. Proposed photocatalytic mechanism of CNT-Co-Fe nanocomposite under visible light irradiation.

tine Co—Fe) to microseconds (in CNT-Co-Fe composite), as evidenced
by the 2.6-fold increase in degradation rate constant.

In the pristine Co—Fe composite sample, electron-hole pairs re-
combine quickly within fraction of nanoseconds before they can partici-
pate in any chemical reaction [18]. This explains why the pristine
Co—Fe sample achieved only 78% degradation against MB dye after
60 min. When CNTs are added at 2.5 wt%, they act as a physical path-
way for electrons to escape. An electron generated in the Co—Fe com-
posite transfers into the nearby CNTs network, which conducts it away
from the hole. By keeping the two charge carriers apart, this process in-
creases the lifetime of each pair. The electron on the CNTs surface then
reacts with dissolved oxygen in water to form superoxide radicals
(0,e7), while the hole remaining on the Co— Fe surface reacts with wa-
ter or hydroxide ions to produce hydroxyl radicals (¢OH) [41]. Both re-
active species attack the MB dye and break toxic molecules. The
2.5 wt% CNT Co—Fe sample showed improved performance (85%
degradation at 60 min and 99% by 60 min) because more electron-hole
pairs survived long enough to generate these reactive species (do not re-
combine). As shown Table S1 (supplementary) table, the 5 wt% CNT-
Co-Fe nanocomposites synthesized in this study demonstrates superior
photocatalytic performance compared to recently reported CNT-metal
oxide systems. The composite achieves 99% degradation of MB in just
60 min with a rate constant of 0.052 min~!, which is significantly
higher than that of other CNT based metal oxide systems [34,46-49]
(shown in Table S1). The enhanced performance of our material can be
attributed to several factors: (i) the metallic nature of the Co—Fe com-
posite provides higher electrical conductivity than ferrite systems, facil-
itating efficient charge carrier separation; (ii) the green synthesis ap-
proach using Murraya koenigii extract yields nanoparticles with unique
surface chemistry and defect structures that enhance radical genera-
tion; and (iii) the optimized CNT loading (5 wt%) provides an optimal
balance of electron extraction and surface accessibility for dye adsorp-
tion [20] [21]., This comparison highlights the novelty and practical
potential of our green-synthesized CNT-Co-Fe nanocomposite for
wastewater treatment applications. The Fig. 9A & B illustrates whole
process of mechanism: visible light hits the CNT-Co-Fe nanocomposite,
electrons travel through the CNT network, reactive radicals form at the
surface, and the dye molecules in solution are broken down into clean
water and harmless byproducts as mentioned below. The order of per-
formance (5 wt% CNT > 2.5 wt% CNT > pristine Co—Fe sample) re-
mained unchanged at every measured time point, confirming that
higher CNT loading consistently improves charge separation and degra-
dation efficiency.

3.6. Antibacterial activity

The disc diffusion assay revealed a clear distinction in antibacterial
behavior among the three samples (pristine Co—Fe, 2.5 wt% & 5 wt%
CNT -Co-Fe composite) against E coli, as shown in Fig. 10A and B. The
MK leaf extract did not show any free zone of inhibition, while the posi-
tive control gentamicin showed a cleared zone area of approximately
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Fig. 10. (A). Representative disc diffusion agar plates showing zones of inhibi-
tion against EPEC for LB broth (negative control), gentamicin (positive con-
trol), Curry leaf extract, Co—Fe, 2.5 wt% CNT Co—Fe, and 5 wt% CNT
Co— Fe composites. (B) Quantitative bar graph of zone diameters (mm) mea-
sured after overnight incubation at 37 °C. Error bars represent standard devia-
tion of triplicate measurements. ***p < 0.001 versus negative control.
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10.5 mm. Pristine Co—Fe, 2.5 wt% CNT Co—Fe and 5 wt% CNT
Co—Fe composites samples produced high clear zones of inhibition
ranging from 13 to 20 mm (larger than the standard gentamicin), with
the CNT-incorporated samples showing marginally larger diameters
than the standard gentamicin sample. These results were confirmed by
quantitative measurements with help of the direct inhibition assay pre-
sented in Fig. 11A and B, where the MK leaf extract again did not show
any reduction in bacterial counts remaining at the initial inoculum of
approximately 10° to 10® CFU/mL, whereas pristine Co—Fe, 2.5 wt%
CNT Co—Fe, and 5 wt% CNT Co— Fe composites each reduced signifi-
cantly viable colonies to below the detection limit of 102 CFU/mL, cor-
responding to killing efficiency about 99.9% (bactericidal efficacy).
Pure CNT control experiments were not included in this study, as the
primary objective was to demonstrate the synergistic performance of
the CNT-Co-Fe composite system. However, the significantly higher an-
tibacterial activity of the CNT-Co-Fe composites (inhibition zones of
13-20 mm, >99.99% kill) compared to literature-reported values for
pure CNTs (typically 5-10 mm zones, ~90-95% kill at similar concen-
trations) provides strong indirect evidence for synergy. Pure CNTs are
known to exhibit antibacterial activity through physical membrane dis-
ruption and low-level ROS generation, but their efficacy is considerably
lower than that of metal oxide-CNT composites. Future work will in-
clude systematic pure CNT control experiments to quantitatively estab-
lish the individual contributions of CNTs and Co— Fe nanoparticles to
the overall antibacterial activity [50].

The basic mechanism of this potent activity lies in the surface chem-
istry and interfacial interactions of the Co—Fe and CNT-Co-Fe compos-
ites with the Gram-negative bacterial cell [51]. This genotoxic insult ac-

Gentamicin

Curry leaf extract
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5% CNT-Co-Fe BMNPs

T P P o —rr—

2.5 % CNT-Co-Fe BMNPs

Fig. 11. (A) Representative agar plates showing bacterial colonies after direct
inhibition assay of EPEC treated with the indicated formulations for 24 h. (B)
Quantitative CFU/mL values plotted on a logarithmic scale. The dashed line in-
dicates the limit of detection (10> CFU/mL). ***p < 0.001 versus untreated
control.
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tivates the ATM kinase pathway with DNA damage triggers cell cycle
arrest. Simultaneously, the nanoscale dimensions and high aspect ratio
of the CNT-Co-Fe nanocomposites enable direct physical disruption of
the EPEC bacteria strain [17], outer membrane through adhesion, local
deformation, and pore formation, leading to loss of selective permeabil-
ity and leakage of intracellular contents [51]. Once internalized, the re-
active oxygen species (ROS) and released Co?" and Fe®" ions attack
multiple intracellular targets including DNA through strand breaks and
base modifications [24], proteins through carbonylation and crosslink-
ing, and metabolic enzymes through inactivation of iron-sulphur clus-
ters, collectively overwhelming the bacterial antioxidant defences and
causing irreversible cell death as evidenced by the complete absence of
colony formation [14]. The significantly higher activity of CNT-Co-Fe
composites confirms synergy, where CNTs enhance Co—Fe ROS gener-
ation while Co—Fe provides additional mechanisms (metal ion release,
Fenton chemistry) for potent bactericidal efficacy (no colonies recov-
ered). The antibacterial efficacy of all composites is summarized in
Table.3.

3.7. Cytotoxicity of nanoparticles on cancer cell

The anticancer activity of pristine Co—Fe, 2.5 wt% CNT Co—Fe,
and 5 wt% CNT Co— Fe composites against HCT 116 human colon car-
cinoma cells, assessed by MTT assay across a concentration gradient of
0.625-100 pg/mL (Fig. 12), followed a distinctly concentration-
dependent pattern [52]. All tested samples MK leaf extract, Co—Fe,
2.5 wt% CNT Co—Fe, and 5 wt% CNT Co—Fe composites induced a
progressive decline in cell viability with 2.5 wt% CNT Co— Fe compos-
ite exhibiting the most potent effect, reducing viability to approxi-

Table 3
Antibacterial activity details of pristine Co—Fe, 2.5 wt% CNT Co—Fe, and
5 wt% CNT Co—Fe composite nanomaterials against EPEC strain.

S. No Disc diffusion assay Direct inhibition assay
(mm) (CFC/ml)
LB control (DDA)/EPEC (DIA) 0 34%10°
MK leaf extract 0 3.4%10°
Co-Fe 13 + 0.8 5000
2.5 wt% CNT Co—Fe 16 + 1.5 0
composites
5 wt% CNT Co—Fe 20 + 2.5 0
composites
Gentamicin 10.5 = 0.5 1.6 x 10°
] Cytotoxicity
HCT 116 cells by MTT asaa
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Fig. 12. MTT assay results showing percentage viability of HCT 116 colon can-
cer cells after 24 h treatment with increasing concentrations (0.625-100 pg/
mL) of Curry leaf extract, Co—Fe, 2.5 wt% CNT Co—Fe, and 5 wt% CNT
Co— Fe composites. Data are presented as mean += SD (n = 3). *p < 0.05,
**p < 0.01, ***p < 0.001 versus untreated control.
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Fig. 13. (A &B). Proposed mechanistic schematic illustrating the dual antibacterial and anticancer pathways.

mately 10-15% of the pristine control at the highest dose. 5 wt% CNT
Co—Fe composites showed slightly lower activity than 2.5 wt% CNT
Co—Fe composite samples which might be attributed to agglomeration
effects and reduced ROS release.

Fig. 13A illustrates how the Co—Fe nanocomposite kills EPEC bac-
teria using two simultaneous attack routes. This dual strategy allows
the material to get around standard resistance mechanisms found in
many bacteria. First, the Co—Fe composite surface catalyzes the gener-
ation of a burst of ROS, ¢OH, O,~, and singlet oxygen (O,). These
species simultaneously oxidize membrane lipids, denature surface pro-
teins, and penetrate the cell to fragment genomic DNA. Second, the
high aspect ratio of the CNTs acts as physical nano-knives: upon con-
tact, they distort and puncture the Gram-negative outer membrane,
causing unrepairable leakage of cytoplasmic contents. Critically, the
CNT network also shuttles electrons to sustain prolonged ROS produc-
tion, ensuring that oxidative damage outpaces bacterial repair mecha-
nisms. The 2.5 wt% CNT-Co-Fe composite showed the most potent anti-
cancer effect (10-15% viability at 100 pg/mL), while the 5 wt% com-
posite exhibited slightly lower activity. The result is rapid, multilocus
cell lysis not merely growth inhibition making resistance evolution
highly unlikely.

In the tumor micro-environment, the CNT-Co-Fe nanocomposite
leverages the increased permeability and retention (EPR) effect for pas-
sive accumulation (Fig. 13B). Following internalization via CNT-
mediated membrane wrapping, the construct releases Co?* and Fe®*+
ions within endosomal compartments. These ions drive Fenton chem-
istry, generating a burst of mitochondrial ROS. The ensuing oxidative
stress opens the mitochondrial permeability, leading to outer mem-
brane permeabilization and cytosolic release of cytochrome. This trig-
gers the apoptosome cascade and activates executioner caspases, com-
mitting the cell to apoptosis. Concurrently, a fraction of Co?* and Fe®*+
translocate to the nucleus, inducing double-strand breaks and oxidative
base lesions. The CNT component enhances each step due to its conduc-
tivity sustains the oxidative burst, its high surface area maximizes metal
loading, and its elongated shape accelerates uptake transforming a
moderate phytochemical-like effect into a potent, dual-compartment
cancer cell kill. This is attributed to agglomeration effects and the CNT
shielding effect. This limits or regulate intracellular delivery and ROS
generation within cancer cells. At higher loading, excess CNTs form a
physical barrier around Co— Fe nanoparticles, partially blocking Co®*
and Fe3* ion release. These ions are essential for Fenton-chemistry-
driven mitochondrial ROS generation and apoptosis induction. The
shielding reduces available metal ions for radical generation, diminish-

ing cytotoxicity. This phenomenon, observed in other CNT-metal oxide
systems, highlights the need for optimal CNT loading: 5 wt% balances
high photocatalytic and antibacterial activity, while 2.5 wt% optimizes
anticancer efficacy where metal ion release is critical.

4. Conclusion

We successfully synthesized CNT-Co-Fe composites that serve as a
tri-functional platform for dye degradation, bacterial disinfection, and
cancer cell cytotoxicity within a single, eco-friendly composite material
system. 5 wt% CNT-Co-Fe composite delivered superior performance
across all tested applications. Photo-catalytically, the 5 wt% CNT
Co—Fe composites achieved 99% MB dye degradation within 60 min
under visible light, with a pseudo-first-order rate constant of
0.052 min~!, which is 2.6-fold higher than that of pristine Co—Fe
(0.02 min~!). The 5 wt% CNT-Co-Fe composite produced inhibition
zones of 20 + 2.5 mm against enteropathogenic E. coli strain substan-
tially larger than the standard gentamicin control (10.5 = 0.5 mm) and
reduced viable bacterial counts below the detection limit (10 CFU/
mlL), representing >99.9% bactericidal efficacy. Anticancer evaluation
against HCT 116 colon carcinoma cells revealed concentration-
dependent cytotoxicity, with the 2.5 wt% CNT Co—Fe composite
showing the most pronounced effect (10-15% viability at 100 pg/mL),
whereas the 5 wt% CNT-Co-Fe composite exhibited slightly reduced ac-
tivity. The 5 wt% CNT-Co-Fe composite showed balanced high photo-
catalytic and antibacterial efficacy with appreciable anticancer activity,
making it the optimal candidate for integrated wastewater remediation
and biomedical application.
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