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Sustainable co-production of carbon quantum dots
and activated carbon from natural rubber latex for

the inhibition of pathogenic microorganisms and
removal of pharmaceutical residues
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This study demonstrates a sustainable and integrated method for the co-production of carbon quantum

dots (CQDs) and activated carbon (AC) using natural rubber (NR) latex, which is a renewable and widely

available biomass. CQDs were synthesized via a hydrothermal method using cetyltrimethylammonium

bromide and nitric acid as nitrogen dopants. The as-formed product comprised uniform amorphous

nanoparticles (3.5-11.0 nm) that exhibited intense blue photoluminescence and abundant surface amino

and oxygen-containing groups. The CQDs exhibited excellent antimicrobial and antiviral activities,

achieving >99.9% inactivation of Staphylococcus aureus, Micrococcus luteus, Escherichia coli, Candida

albicans, Aspergillus niger, and influenza A virus (H3N2) within 5 min of exposure at a concentration of

15 pg mL7Y Moreover, they demonstrated negligible cytotoxicity toward HaCaT keratinocytes.

Furthermore, the hydrochar obtained as a by-product of hydrothermal synthesis was subsequently

converted into AC via physical and chemical activation, yielding a large-surface-area adsorbent (up to

1167 m? g~ featuring a diclofenac uptake capacity of 126.82 mg g~! at 25 °C. The adsorption process

followed pseudo-second-order kinetics and a Langmuir-type monolayer adsorption mechanism.
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Adsorption mainly proceeded via -7 interactions, hydrogen bonding, and electrostatic attraction

between diclofenac molecules and heteroatom-rich surface sites. This dual-function valorization of NR
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1. Introduction

Water scarcity has emerged as a critical global concern, as the
demand for freshwater has already exceeded the available
supply in numerous regions.' Consequently, the reuse of treated
wastewater is gaining increasing attention as an essential
strategy for establishing safe and sustainable water resources.
This strategic imperative is reflected in International, Euro-
pean, and National Water Management policies and directly
aligns with the objectives of Sustainable Development Goal 6
stipulated by United Nations, aiming to substantially increase
global water recycling and safe reuse by 2030.>* Disinfection is
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latex simultaneously addresses microbial and pharmaceutical pollution, advancing circular bioeconomy
principles and offering sustainable solutions for water treatment and healthcare applications.

a crucial step in conventional water and wastewater treatment
and is typically conducted using oxidizing agents, such as
chlorine or ozone, to inactivate pathogenic microorganisms.*
However, these disinfectants readily react with pharmaceutical
residues in wastewater, generating disinfection by-products
(DBPs), such as trihalomethanes and haloacetic acids. These
compounds exhibit cytotoxicity, genotoxicity, and potential
carcinogenicity.” Moreover, the persistence of DBPs in aquatic
environments renders their removal via conventional treatment
methods difficult,® raising concerns regarding their environ-
mental persistence and human health risks. To advance safe
and sustainable water reuse, the development of innovative
treatment technologies that can simultaneously address
microbial and pharmaceutical contamination as well as prevent
DBP formation is essential.

Carbon quantum dots (CQDs), which are a class of zero-
dimensional carbon nanomaterials featuring the diameters of
<10 nm, have emerged as promising antimicrobial agents owing
to their facile surface functionalization, cost-effectiveness, and
excellent biocompatibility.” Various strategies have been devel-
oped for CQD synthesis, and they are generally classified as top-
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down and bottom-up approaches. Top-down methods rely on
the fragmentation of large sp” carbon structures, such as
graphite® and carbon fibers,” into nanoscale fragments.
Although these methods offer high product yields, they
commonly require harsh conditions and expensive instrumen-
tation.'® Furthermore, these methods offer limited control over
the particle size, morphology, and surface chemistry."
Conversely, bottom-up methods involve the assembly of small
organic molecules or oligomers into sp> carbon domains.'>*3
Among them, hydrothermal synthesis has garnered particular
attention because of its cost-effectiveness, eco-friendliness, and
ability to produce CQDs featuring uniform size distribution,
tunable surface functionalities, and high quantum yields."
Natural rubber (NR), which is a renewable biopolymer primarily
produced in Southeast Asia, is predominantly composed of cis-
1,4-polyisoprene.™ Its conjugated double bonds provide a reac-
tive structural framework suitable for carbonization.'® Despite
its abundance, high carbon content, and intrinsic sustain-
ability, NR has been rarely explored as a precursor in CQD
synthesis. NR latex used in this study is a cost-effective,
renewable feedstock abundantly available in Thailand. More-
over, the valorization of NR into high-value carbon nano-
materials offers a promising opportunity to broaden the
application scope of NR and enhance its economic value. This is
particularly relevant because of its surplus production in Thai-
land and price volatility in the rubber market. Furthermore, this
strategy does not compete with existing rubber applications,
such as tire and glove production, but rather supports the
national Bio-Circular-Green economy initiative by creating
sustainable downstream uses for agricultural products.

The antimicrobial activity of CQDs is considerably affected
by their particle size and surface charge, which can be tuned by
modulating synthesis conditions and surface functionaliza-
tion."” The underlying mechanisms of the antimicrobial activity
of CQDs include the direct disruption of microbial membranes
and the generation of reactive oxygen species (ROS), leading to
cell death.’® Recently, porous, nitrogen-doped carbon nano-
sheets featuring high content of graphitic nitrogen and abun-
dant defect sites have been demonstrated to possess enhanced
oxygen reduction activity, indicating the effects of nitrogen
functionalities and carbon microstructures on interfacial elec-
tron transfer and adsorption behavior.'” Insights derived from
the study of electroactive carbons are highly relevant for the
design of nitrogen-doped CQDs, in which graphitic and pyr-
idinic/pyrrolic N species can simultaneously modulate redox
activity, surface charge, and affinity toward microbial
membranes.* Nitrogen-doped CQDs demonstrate high activity
against both Gram-negative Escherichia coli (E. coli) and Gram-
positive Bacillus subtilis (B. subtilis), which is attributed to
strong electrostatic interactions between negatively charged
bacterial membranes and the protonated nitrogen functional-
ities of CQDs.** Similarly, CQDs possessing quaternary ammo-
nium groups display potent antibacterial effects against Gram-
positive Staphylococcus aureus (S. aureus) and Gram-negative E.
coli because of synergistic electrostatic and hydrophobic inter-
actions.”»* Additionally, oxygen-rich CQDs derived from
renewable precursors, such as guar gum?> and vitamin C,*® have
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demonstrated antifungal activity against Rhizoctonia solani,
Pyricularia grisea, and Candida albicans (C. albicans). Moreover,
CQDs are gaining increasing attention owing to their antiviral
potential. They can inhibit a wide array of viruses, including
Japanese encephalitis virus, Zika virus, dengue virus, herpes
simplex virus, and coronaviruses, by blocking viral attachment,
penetration, replication, or budding.””*® Collectively, these
findings emphasize CQDs as a versatile platform featuring
broad-spectrum antimicrobial and antiviral properties, offering
innovative opportunities for the sustainable management and
control of emerging infectious diseases.

Adsorption is a promising technique for the removal of
pharmaceutical contaminants from water, offering simple
operation, cost-effectiveness, and high efficiency.”” In partic-
ular, carbon-based adsorbents are versatile materials because
their performance can be modulated by adjusting their pore
structure and surface functionalities. Among the available
adsorbents, activated carbon (AC) has gained attention because
of its large surface area, porous architecture, surface function-
alities, and hydrophobicity, which collectively enable the
capture of diverse organic pollutants.>® In addition to conven-
tional AC, biochar-derived adsorbents produced using uncon-
ventional feedstocks, such as municipal sludge and peat,
demonstrate high adsorption capacities after chemical activa-
tion, indicating that feedstock selection and activation condi-
tions critically affect the structural development and
performance of adsorbents.”” However, biochars may exhibit
variability in quality, pore structure, and residual inorganic
content, which can adversely affect the consistency of activation
and performance in large-scale applications. Recently, hydro-
char obtained as a by-product of the hydrothermal process has
gained attention as a promising precursor for AC production.
Its carbon-rich structure and broad availability enable its
effective transformation into high-performance AC via physical
or chemical activation,*® contributing to improved resource
utilization and reduced waste generation. This valorization
pathway that converts residues into functional carbon materials
for environmental remediation is consistent with the circular
economy principles.

In this study, we develop a sustainable one-pot strategy for
the conversion of NR latex into two functional carbon materials,
namely, nitrogen-doped CQDs that exhibit rapid, broad-
spectrum antimicrobial activity and porous AC capable of
pharmaceutical adsorption. By integrating the formation of
these complementary materials within a single synthesis
pathway, this study establishes an efficient and zero-waste
approach for the generation of multifunctional carbon mate-
rials for water purification and health-related applications.

2. Materials and methods

2.1 Preparation of the CQD solution

The CQDs were synthesized using NR latex (60%; Rubber Divi-
sion, Department of Agriculture, Ministry of Agriculture and
Cooperatives, Thailand) via a hydrothermal method. Cetyltri-
methylammonium bromide (CTAB; 99%; AR grade; Loba, India)
and nitric acid (65%; AR grade; QREC, New Zealand) were used

© 2025 The Author(s). Published by the Royal Society of Chemistry
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as nitrogen sources. A schematic of the synthesis procedures for
the CQDs and hydrochar is illustrated in Fig. 1. First, 0.9 g of
CTAB was dissolved in 26.6 mL of deionized water, and NR latex
(2 g) was subsequently added. The mixture was stirred for
30 min, and 10.5 g of a nitric acid solution was added dropwise
under continuous stirring. The resulting suspension was
transferred to a Teflon-lined stainless-steel autoclave and sub-
jected to hydrothermal treatment at 170 °C for 24 h. After
cooling, the product was separated into liquid and solid via
filtration. The liquid fraction was centrifuged at 6000 rpm for
15 min to remove residual precipitates, and the supernatant was
further purified using a 200 nm syringe filter (Filtrex, Thailand).
The resulting dark brown aqueous solution containing the
CQDs was collected and stored for subsequent characterization
and antimicrobial/adsorption studies. The solid hydrochar by-
product was retained and used as the precursor for AC
production.

2.2 Preparation of AC

AC was synthesized using the hydrochar residue generated
during CQD synthesis via chemical or thermal activation. For
chemical activation, 1 g of hydrochar was mixed with 2 g of
a 25 wt% KOH (=85%; AR grade; VWR Chemicals, England)
solution. Thereafter, the mixture was thermally treated in a tube
furnace under an Ar flow (80 mL min~") by heating at a heating
rate of 10 °C min " to 600 °C, followed by a holding period of
3 h at this temperature. The resulting carbon material was
repeatedly washed with 3 M HCI (37%; AR grade; Merck, Ger-
many) and deionized water until neutral pH was reached, fol-
lowed by drying at 110 °C overnight. The as-obtained sample
was labeled CAC. For thermal activation, hydrochar was directly
pyrolyzed at 900 °C for 3 h under an Ar flow of 80 mL min™,
without any chemical addition. The resulting product was
labeled TAC.
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2.3 Characterization of materials

The physicochemical properties of the CQDs, hydrochar, and
AC were characterized using various techniques. Structural
features were examined via powder X-ray diffraction (XRD), and
particle size distribution was determined using dynamic light
scattering (DLS). Morphological characteristics were explored
via transmission electron microscopy (TEM). Textural proper-
ties, including surface area and porosity, were determined via
nitrogen physisorption analysis. Surface functionalities were
probed using Fourier transform infrared (FTIR) spectroscopy
and X-ray photoelectron spectroscopy (XPS). Optical properties
were evaluated using ultraviolet-visible (UV-vis) absorption and
fluorescence spectroscopy. Detailed descriptions of the instru-
ments and their operating conditions are provided in the SI.

2.4 Antimicrobial and antiviral activity

The antimicrobial activity of the CQDs was assessed against
Gram-positive bacteria (S. aureus, Micrococcus luteus (M. luteus),
and B. subtilis), Gram-negative bacteria (E. coli and Klebsiella
pneumoniae (K. pneumoniae)), and fungi (C. albicans and Asper-
gillus niger (A. niger)). All microbial strains used in this study
were obtained from the Thailand Institute of Scientific and
Technological Research (TISTR), Thailand. Antimicrobial
susceptibility was first evaluated using the disk diffusion
method by measuring inhibition zones. The minimum inhibi-
tory concentration (MIC) and minimum bactericidal concen-
tration (MBC) were determined via the broth microdilution
method. Additionally, time-kill assays and quantitative micro-
bial tests were conducted using the broth macrodilution
method following ASTM E2149-10 with minor modifications.
The antiviral activity of the CQDs was tested against influenza A
virus (H3N2) in Madin-Darby Canine Kidney (MDCK) cells
using the virus inhibition assay and 50% tissue culture infec-
tious dose assay in accordance with ASTM E1053-20.** The

365 nm 474 nm

CQD solution

Activated Carbon

Hydrochar

Fig. 1 Schematic of the sustainable co-production of the CQDs and AC using NR latex via the hydrothermal method.
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influenza A virus (H3N2) strain was obtained from the Depart-
ment of Medical Sciences of the Ministry of Public Health
(Thailand) and the MDCK cells were purchased from the
American Type Culture Collection (ATCC, USA). Detailed
protocols and assay conditions for both antimicrobial and
antiviral evaluations are provided in the SI.

2.5 Cytotoxicity study

The cytotoxicity of the CQD solution was evaluated using the 3-
[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide
(MTT) assay. Human keratinocyte (HaCaT) cells were purchased
from American Type Culture Collection (ATCC, USA). HaCaT
cells were cultured and seeded into 96-well plates at a density of
6 x 10° cells per well, followed by overnight incubation.
Thereafter, the cells were exposed to the CQD solutions at the
concentrations of 0.042-140 pg mL ™" for 24 h. Subsequently, 10
uL of the MTT solution (5 mg mL™") was added to each well,
followed by incubation at 37 °C in a 5% CO, atmosphere for 4 h.
The resulting formazan crystals were dissolved in 100 pL of the
solubilization solution, and absorbance was measured at
570 nm using a microplate reader. Dimethyl sulfoxide was
employed as the vehicle control. Cell viability was expressed as
a percentage relative to that of control.

2.6 Adsorption experiments

The adsorption performance of hydrochar and AC toward di-
clofenac sodium (DCF; 98%; HPLC grade; TCI, Japan) was
evaluated via batch equilibrium sorption experiments. DCF
solutions featuring concentrations in the range of 10-50 mg L ™"
were prepared via the serial dilution of a 100 mg L™" stock
solution in deionized water. Prior to use, adsorbents were oven-
dried at 100 °C overnight. In a typical run, 45 mg of adsorbent
was added to 150 mL of the DCF solution and agitated in
a thermostat-controlled shaking water bath (125 rpm; 25 °C)
until equilibrium was reached. Thereafter, the suspensions
filtered using a 0.22 pm hydrophobic poly-
tetrafluoroethylene syringe filter, and the residual DCF
concentration was quantified via UV-vis spectrophotometry at
276 nm (V-530, Jasco, Japan). All adsorption experiments were
performed in triplicate, and average values were reported.
Adsorption kinetics were modeled using pseudo-first-order and
pseudo-second-order equations, and equilibrium data were
analyzed utilizing Langmuir and Freundlich isotherms. Details
of the calculation procedures and model fitting methods are
provided in the SI.

were

3. Results and discussion
3.1 Characterization of the CQDs

The structural properties of the CQDs were first examined via
XRD (Fig. 2A). The board diffraction peak centered at 26 = 21.5°
corresponded to the (002) plane of the amorphous structure of
the CQDs (JCPDS card no. 26-1076), indicating the absence of
long-range ordering and the presence of small crystallite
domains compared with highly crystalline graphitic mate-
rials.?>** A weak reflection at 41.6°, which was assigned to the
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(100) plane, suggested the partial presence of sp® graphitic
carbon domains within the CQD framework.**?* The size of the
CQDs dispersed in water, which was determined via DLS,
ranged from 4 to 13 nm, featuring an average diameter of
9.03 nm (Fig. 2B). These findings were consistent with the TEM
results (Fig. 2C), which revealed the presence of uniformly
dispersed spherical nanoparticles featuring sizes between 3.5
and 11 nm, confirming the nanoscale dimension and
morphological uniformity of the CQDs.

Furthermore, the surface chemistry of the CQDs was inves-
tigated via FTIR analysis. As depicted in Fig. 3A, the character-
istic absorption bands at 3016, 960, and 910 cm ™' are assigned
to =C-H stretching and bending vibrations,***” whereas the
bands at 1630 and 719 cm ™' correspond to in-plane sp> C=C
vibrations and out-of-plane C-H bending, respectively, con-
firming the presence of polyaromatic domains in the CQD
framework.*®*?*° Additionally, the bands at 3200, 1565, and
1340 cm™ ' indicated the incorporation of amino groups via N-H
stretching, N-H bending, and C-N vibrations, respectively.*
Furthermore, the presence of surface oxygenated functionalities
was evidenced by the bands at 3450 (O-H), 1717 (C=0), and
1170 ecm ™~ (C-0), which were attributable to hydroxyl, carbonyl,
and carboxyl groups, respectively.*®**° These abundant nitrogen-
and oxygen-containing functional groups were expected to
enhance the hydrophilicity, surface reactivity, and antimicro-
bial performance of the CQDs.

The elemental composition and bonding states of the CQDs
were investigated via XPS analysis. The survey spectrum (see the
SI Fig. S1A) confirmed the presence of carbon, oxygen, and
nitrogen, in addition to 3.43% bromine, which corresponded to
free bromide ions (Br~), most plausibly originating from CTAB
dissociation during synthesis. The high-resolution C 1s spec-
trum (Fig. 3B) displayed a dominant signal at 284.2 eV, corre-
sponding to the C=C, C-C, and CH, species of the carbon
skeleton.*® Additionally, the peaks at 285.2, 286.0, 287.6, and
288.9 eV were assigned to C-N (amino), C-O-C/C-O (ether), C=
O/N=C-N (carbonyl/pyridinic N), and C=0-C (carboxyl/ester)
functionalities, respectively.*** The N 1s spectrum (Fig. 3C)
exhibited peaks at 398.9, 400.0, 401.1, and 402.5 eV, corre-
sponding to pyridinic N (C-N=C), pyrrolic-N (C-NH-C),
graphitic N (N-C;), and oxidized N (N-O), respectively.****
Moreover, a minor peak was observed at 407 eV, which was
attributed to the residual nitrate species resulting from
incomplete nitric acid decomposition.”* Furthermore, the O 1s
spectrum (Fig. S1B) was deconvoluted to reveal component
peaks at 531.5, 533.7, and 535.0 eV, corresponding to carbonyl,
hydroxyl, and terminal carboxyl/ester groups,’® whereas the
peak at 532.6 eV was attributed to ether linkages or surface-
adsorbed nitrate species.”** These findings confirmed the
incorporation of abundant nitrogen- and oxygen-containing
functional groups (C-N=C, C-NH-C, N-C3;, N-O, C-O, C=0,
0-C-0, and O-C=0) on the CQD surface, which was consistent
with the FTIR results. The coexistence of hydrophilic oxygen-
ated and nitrogenous functionalities was expected to enhance
the water solubility, chemical reactivity, and pathogen-
interacting capability of the CQDs, underpinning their high
antimicrobial and antiviral performance.*>*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) XRD pattern, (B) particle size distribution, and (C) TEM image of the CQDs.

3.2 Optical properties of the CQDs

The optical properties of the CQDs were investigated via UV-vis
absorption and photoluminescence (PL) spectroscopy. The CQD
aqueous solution displayed a yellow-brown color when observed
under daylight, whereas it exhibited an intense blue fluores-
cence under UV irradiation at 365 nm (inset, Fig. 4A). The UV-vis

spectrum (Fig. 4A) demonstrated a weak band at 270 nm, which
was assigned to the w-7m* transition of C=C bonds in the CQD
core structure.* Additional absorption features were observed
at 340 and 400 nm, corresponding to the n-7m* transition of
C=O0 and the m-m* transition of N=0O bonds, respectively,
originating  from  oxygen- and  nitrogen-containing
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(A) FTIR spectrum and (B and C) XPS spectra of the CQDs: (B) high-resolution C 1s and (C) N 1s spectra.
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(A) UV-vis absorption spectrum of the CQDs. Inset: photographs of an aqueous CQD solution under daylight and UV irradiation at 365 nm,

exhibiting bright blue PL emission. (B) Fluorescence emission spectra of the CQDs recorded at different excitation wavelengths, demonstrating

excitation-dependent PL behavior.

functionalities in the surface passivation layer.*>*"** These
results were consistent with the incorporation of heteroatoms
indicated via the XPS and FTIR analyses.

The PL spectra of the CQDs in the excitation wavelength
range of 305-395 nm (Fig. 4B) exhibited a prominent excitation-
dependent emission. An increase in the excitation wavelength
resulted in a gradual redshift of the emission maximum, pre-
senting a characteristic feature of CQDs due to surface defect
states and heteroatom-related electronic transitions. The
emission intensity steadily increased from 305 to 355 nm,
reaching a maximum at ~440 nm, after which it decreased with
a further redshift of the excitation wavelength to 395 nm. This
behavior indicated the interplay between the surface passiv-
ation functional groups, particle size distribution, and elec-
tronic structure of the CQDs.**

The CQDs synthesized using NR latex displayed an intense
blue PL signal, displaying tunable excitation-dependent emis-
sion, which confirmed their well-passivated surface states.
These optical features, in conjunction with the abundant
hydrophilic and heteroatom-containing surface functionalities,
suggest that the CQDs are promising materials for antimicro-
bial and antiviral applications as well as for potential use in
optical sensors and bioimaging platforms.

3.3 Antimicrobial and antiviral activity of the CQDs

The antibacterial activity of the CQDs was evaluated against E.
coli (Gram-negative) and S. aureus (Gram-positive) bacteria
using disk diffusion and broth dilution assays. Clear inhibition
zones were observed for both species in the disk diffusion assay
(Fig. S2), confirming the effective suppression of bacterial
growth by the CQDs. As presented in Table 1, inhibition is not
detected for the negative control (distilled water), whereas the
positive control (95% ethanol) exhibits measurable inhibition
zones, validating the reliability of the experimental design. The
inhibition zone diameter recorded for S. aureus was larger than
that measured for E. coli, which was consistent with the broth

50116 | RSC Adv,, 2025, 15, 50111-50126

dilution assay results. The MIC and MBC values of the CQDs
were determined as 3.75-7.50 ug mL ™" for S. aureus and 15.00
pg mL~" for E. coli (Table 1). The higher MIC and MBC values
observed for E. coli emphasized the lower sensitivity of Gram-
negative bacteria, which could be attributed to the complex
multilayer structure of their cell walls that offered limited
permeability to antimicrobial agents.**** Conversely, the
simpler peptidoglycan-rich cell wall of Gram-positive bacteria,
such as S. aureus, was more susceptible to nanoparticle pene-
tration and functional group interactions.>

Furthermore, the time-kill assay demonstrated the rapid
bactericidal action of the CQDs. Exposure to CQDs at the MBC
led to a >99.9% reduction in viable E. coli and S. aureus pop-
ulations within 5 min (Fig. S3). Moreover, a regrowth assay was
performed to clarify the nature of the antimicrobial action of
the CQDs. After CQD treatment, the bacterial suspensions were
streaked onto fresh nutrient agar and incubated under standard
conditions. Colony formation was not detected for any CQD-
treated samples (Fig. S4 and S5), whereas normal bacterial
growth was observed for the untreated controls. The absence of
regrowth confirmed that the CQDs exhibited true bactericidal
activity rather than exerting merely a bacteriostatic effect. This
observation was fully consistent with the observed >99.9%
reduction in colony-forming units, which is widely accepted as
the benchmark criterion for defining bactericidal activity. These
results indicated that the NR-derived CQDs exhibited potent
and broad-spectrum antibacterial activity, combining both
rapid killing kinetics and long-lasting inhibitory effects. The
high antibacterial activity of the CQDs was consistent with the
abundant nitrogen- and oxygen-containing surface functional-
ities, which would enhance membrane interactions (Fig. 5A and
related discussion).

The antimicrobial and antiviral activities of the NR-derived
CQDs were evaluated against diverse microorganisms,
including Gram-positive bacteria (S. aureus, M. luteus, and B.
subtilis), Gram-negative bacteria (E. coli and K. pneumoniae),

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Antibacterial activity of the CQDs against E. coli (Gram negative) and S. aureus (Gram-positive), as determined using disk diffusion and

broth dilution assays

Clear zone of inhibition (mm)

Bacteria Negative control Positive control CQD MIC (ug mL ™) MBC (ug mL ™)
E. coli 0.00 £ 0.00 1.00 + 0.00 2.19 £ 0.26 15.0 15.0
S. aureus 0.00 & 0.00 1.88 +£ 0.23 4.81 + 0.26 3.75 7.50

fungi (C. albicans and A. niger), and influenza A virus (H3N2;
a representative viral model). As depicted in Fig. 5B, the CQDs
achieve >99.9% reduction in the viability of S. aureus, M. luteus,
E. coli, C. albicans, A. niger, and H3N2 within 5 min of exposure,
emphasizing their broad-spectrum efficacy. Conversely, the
CQDs exhibited lower activities against K. pneumoniae (95.3%
reduction) and B. subtilis (1.5% reduction). The reduced

sensitivity of K. pneumoniae was plausibly caused by its poly-
saccharide capsule, which served as a protective barrier against
external agents.***” B. subtilis displayed an even lower degree of
susceptibility, which was consistent with its capacity to form
highly resistant endospores. Endospores possess a multilayered
protective architecture, comprising the exosporium, proteina-
ceous coat, cortex, and dehydrated core enriched in dipicolinic
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Fig. 5

(A) Schematic of the proposed mechanisms of the CQDs, exhibiting ROS-mediated cell wall/membrane damage and biomolecular

disruption in bacteria (left) and the inhibition of viral attachment, replication, and budding (right). (B) Percentage reduction of selected micro-
organisms and influenza A virus (H3N2) after treatment with the NR-derived CQDs. (C) Cell viability of HaCaT keratinocyte cells after 24 h of
exposure to different CQD concentrations, as determined using the MTT assay.
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acid and small acid-soluble spore proteins. These structural
features collectively provide exceptional tolerance to ROS,
dehydration, and membrane-disruptive agents. Additionally,
the extremely low metabolic activity of spores reduces their
susceptibility to oxidative or redox-mediated antimicrobial
effects, including those induced by the nitrogen-doped CQDs.*®

These findings were consistent with the results of previous
studies, which revealed that the nitrogen-doped CQDs exhibited
enhanced antimicrobial activity because of the presence of
protonated amino groups capable of facilitating electrostatic
interactions with negatively charged microbial membranes.>*-*
As illustrated in Fig. 5A, upon binding, the CQDs induce phys-
ical membrane damage, and when exposed to light, they
generate ROS, such as hydroxyl and superoxide radicals. These
ROS would promote oxidative stress, leading to DNA damage,
protein denaturation, and lipid peroxidation, disrupting the
essential cellular functions.®** Therefore, the strong antimi-
crobial effects observed in this study reflected the interplay
between the CQD size, surface functional groups, and inherent
structural defenses of the microbial species.

In addition to antibacterial and antifungal effects, the CQDs
displayed potent antiviral activity against influenza A virus
(H3N2). Vviral infection typically proceeds via attachment,
penetration, replication, and budding."” The CQDs interfered
with the multiple stages of the aforementioned cycle. They
prevented viral binding and penetration by interacting with cell-
surface receptors, inhibited replication via direct interactions
with viral nucleic acids or enzymes, and suppressed budding,
reducing the release of new infectious particles.®* Additionally,
the as-prepared nitrogen-doped CQDs demonstrated several
potential application opportunities. Their rapid microbial
inactivation capability indicated their potential for application
in disinfectant formulations, antimicrobial surface coatings,
protective textiles, and food-packaging systems that would
benefit from fast and broad-spectrum microbial suppression.

3.4 Cytotoxicity of the CQDs

The cytotoxicity of CQDs is assessed against HaCaT keratinocyte
cells using the MTT assay, which is a widely accepted model for
the evaluation of dermal toxicity relevant to skincare and
disinfectant applications.®® As depicted in Fig. 5C, cell viability
remains above 90% after 24 h of exposure to CQDs at concen-
trations up to 16 pg mL ', indicating the excellent biocompat-
ibility of the material at working doses. This minimal dermal
toxicity is attributed to the high selectivity of the CQDs for
bacteria, which possess a highly negative surface charge that
promotes strong electrostatic binding and ROS-mediated
membrane disruption. Conversely, HaCaT keratinocytes
feature a thicker, more neutral, cholesterol-rich bilayer that
exhibits strong antioxidant defenses, resulting in substantially
weaker CQD binding and considerably lower susceptibility to
damage.®® At high concentrations of CQD solution, cell viability
decreases by ~25% and ~97% at 48.8 and 140.0 pg mL*,
respectively, demonstrating a clear dose-dependent effect.
Importantly, the antimicrobial and antiviral efficacies of the
CQDs at noncytotoxic concentrations are comparable with
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those of 70% ethanol, which is a standard disinfectant.
Furthermore, the CQDs do not exhibit the substantial cytotoxic
effects previously reported for ethanol concentrations of >20%
in keratinocytes.®”” These results emphasize the potential of the
NR-derived CQDs as safe, cost-effective, and skin-compatible
antimicrobial agents for next-generation disinfectants or
topical formulations.

3.5 Comparison of antimicrobial activity

A comparison of the antimicrobial activity of the synthesized
CQDs with that of previously reported CQD systems is presented
in Table S1. Oxygen-rich CQDs prepared using Typha angusti-
folia,*® mixed fruit peels,* or Syzygium cumini L.”® mainly rely on
weak oxidative stress and limited electrostatic interactions,
resulting in high MIC values (100-1000 pg mL ') and slow
inactivation (24 h). Vitamin C-derived CQDs can efficiently
generate ROS; however, they remain negatively charged, leading
to slow cell attachment and long exposure times (24-96 h) at the
dosages of 100-300 ug mL~".>® Metal-assisted CQD systems,
such as Mn-doped CQDs™ or Cu-coupled CQDs,”> commonly
exhibit high antimicrobial potency because the incorporated
metal centers facilitate redox cycling and ROS generation.
However, their performance fundamentally relies on the pres-
ence of metal ions, which leads to concerns related to cytotox-
icity, leaching, bioaccumulation, and long-term environmental
safety. Although Cu-CQDs can achieve substantially low MIC
values, their synthesis typically involves copper species and
antibiotic-derived precursors, rendering them unsuitable for
applications that require inherently safe, metal-free, and eco-
friendly antimicrobial agents. N-doped CQDs derived from
Osmanthus or aromatic precursors exhibit good charge-transfer
behavior but require a concentration of =250-1000 pg mL "
owing to limited nitrogen incorporation and slow ROS
production.””* Conversely, the as-developed NR-derived CQDs
have the combined advantages of high nitrogen contents, rapid
ROS generation, ultrasmall sizes, and strong membrane affinity
induced during CTAB-assisted synthesis. These characteristics
enable ultrafast and broad-spectrum activity (=5 min) at an
exceptionally low MIC of 3.75-15 ug mL™'. Furthermore, the
CQDs exhibit low cytotoxicity and are completely devoid of
metal ions and antibiotic residues. The mechanistic advantages
of strong electrostatic binding, efficient oxidative disruption,
and viral-envelope interference collectively contribute to the
superior performance of the NR-based CQDs compared to that
of all previously reported biomass-derived CQD systems.

3.6 Physicochemical properties of hydrochar and AC

The crystalline structures of hydrochar, CAC, and TAC were
examined via XRD (Fig. 6A). All the samples displayed broad
reflections at 26 = 18-28° and 41-45°, corresponding to the
(002) and (100) planes of graphitic carbon (JCPDS card no. 41-
1487), which represented the interlayer stacking and lateral size
of aromatic domains, respectively.”>”® Compared with the CAC
pattern, the TAC profile exhibited a noticeable shift in both
reflections to larger diffraction angles, indicating a reduction in
interlayer spacing. Furthermore, the enhanced intensity of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (A) XRD patterns, (B) N, adsorption—desorption isotherms, and high-resolution XPS (C) C 1s and (D) N 1s spectra of (a) hydrochar, (b) CAC,

and (c) TAC.

TAC reflections indicated higher structural ordering and the
improved stacking of aromatic layers.”” The textural properties
of the materials were assessed via N, adsorption-desorption
isotherms (Fig. 6B). CAC and TAC demonstrated type-I
isotherms characteristic of microporous structures, whereas
hydrochar exhibited negligible N, uptake. TAC possessed
a higher adsorption volume, Sggr, Dp, and V; than CAC (Table
S2). This was attributed to the more substantial release of
volatile matter at higher activation temperatures. The resulting
Sger values ranged from 994 to 1167 m”> g~ ' depending on the
activation method, and TAC exhibited the highest porosity.
These findings suggested that physical activation at higher
temperatures would generate a more ordered carbon framework
featuring higher porosity than chemical activation.

© 2025 The Author(s). Published by the Royal Society of Chemistry

The elemental composition and surface chemical states of
hydrochar, CAC, and TAC were examined via XPS. The survey
spectra (Fig. S6) confirmed the presence of carbon, oxygen, and
nitrogen in all the samples. The deconvoluted C 1s spectra
(Fig. 6C) revealed contributions from C=C/CH,/C-C (284.3 eV),
C-N (285.3 eV), C-O (286.1 eV), C=0 (287.6 €V), and O-C=0
(288.9 eV)," indicating the presence of diverse oxygenated and
nitrogenous functionalities. The N 1s spectra (Fig. 6D) displayed
bands corresponding to pyridinic N (398.9 eV), pyrrolic N (400.1
eV), graphitic N (401.4 eV), and oxidized N (403.1 eV).**™*
Furthermore, the O 1s spectra (Fig. S7) confirmed the existence
of carbonyl (531.5 eV), ether/adsorbed nitrate (532.6 eV),
hydroxyl (533.7 eV), and terminal carboxyl/ester (535.0 €eV)
species.”®”® The surface elemental composition expressed as the

RSC Adv, 2025, 15, 501M1-50126 | 50119


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra07708g

Open Access Article. Published on 17 December 2025. Downloaded on 12/20/2025 2:09:39 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

atomic concentration, as obtained via XPS analysis, is summa-
rized in Table S3.

Activation considerably influenced the surface chemistry of
the synthesized materials. Both CAC and TAC exhibited higher
carbon contents than hydrochar, reflecting carbon enrichment
during activation,® whereas the oxygen and nitrogen contents
decreased because of the volatilization of heteroatom-
containing groups at high temperatures.®® Notably, TAC
possessed a higher proportion of graphitic N than CAC, which
was consistent with enhanced graphitization under high-
temperature physical activation.®*** Conversely, CAC retained
higher pyridinic and pyrrolic N contents, suggesting the better
preservation of disordered carbon domains and heteroatom
functionalities under chemical activation condictions.*® These
results confirmed that activation pathways strongly modulated
the surface chemistry of carbon materials. Thermal activation
promoted the stabilization of graphitic nitrogen species within
the aromatic lattices, whereas chemical activation favors the
retention of oxygen- and nitrogen-containing groups. The
combination of large surface areas and abundant surface
heteroatoms rendered the resulting AC materials promising for
adsorption applications, where both textural properties and
surface functionalities would contribute to enhanced adsorp-
tion capacity and selectivity.****

3.7 Adsorptive removal of DCF from aqueous solutions

The adsorption performance of hydrochar and AC toward DCF
is depicted in Fig. 7 (left). Hydrochar exhibited the lowest DCF
uptake (10.88 mg g '), which was consistent with its limited
surface area and low porosity (Table S2). Conversely, CAC
demonstrated the highest capacity (116.30 mg g '), out-
performing TAC (101.03 mg g~ ') despite its smaller surface area
and total pore volume. This enhancement should be attributed
to the higher proportion of pyridinic and pyrrolic N species on
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the CAC surface (Table S3), which promoted DCF adsorption via
electrostatic and hydrogen-bonding interactions.*>*°

The kinetic analysis of DCF adsorption on hydrochar, CAC,
and TAC was performed using various kinetic equations (Fig. S8
and Table S4), among which the pseudo-second-order model
provided the best fit for all the samples, as evidenced by the
highest correlation coefficients (R> = 0.982-0.999). Conversely,
the pseudo-first-order and Ritchie models yielded lower corre-
lation coefficients, particularly for hydrochar, confirming that
the adsorption process was dominated by chemisorption rather
than physical diffusion.”* Additionally, the rate constants (k,) of
CAC and TAC were lower than the corresponding value of
hydrochar, indicating slower adsorption kinetics for AC
sorbents. However, CAC and TAC exhibited substantially higher
equilibrium adsorption capacities (121.95 and 102.04 mg g,
respectively) than hydrochar (11.33 mg g ). This suggested that
although initial adsorption on hydrochar was rapid, the limited
surface area and low porosity of the material restricted the
overall uptake.

As shown in Fig. 7 (right), the adsorption of DCF on AC is
governed by a combination of pore structural characteristics
and surface chemistry. The well-developed microporous
network provides confined spaces that accommodate DCF
molecules via micropore filling, which is a dominant pathway
for pharmaceuticals with comparable molecular sizes. This is
consistent with previous reports on carbonaceous adsorbents
and the excellent Langmuir fit observed in this study.”
Furthermore, interactions between the aromatic framework of
AC and the conjugated rings of DCF stabilize adsorption via 7-
7 electron donor-acceptor interactions, which is a widely
accepted mechanism for the adsorption of aromatic pollutant
on graphitic domains.”® Surface heteroatoms generated during
activation, including oxygen- and nitrogen-containing groups,
provide hydrogen-bonding sites that interact with the
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carboxylate and amide functionalities of DCF, particularly at
defect-rich or edge sites.® Furthermore, depending on the
protonation states of DCF and the carbon surface, electrostatic
contributions may arise, particularly when nitrogen function-
alities induce the formation of positively polarized regions. The
DCF molecule, possessing a hydrophobic aromatic structure,
exhibits a high affinity for the nonpolar graphitic regions,
leading to partitioning within the carbon matrix.”® Therefore,
these results emphasize that DCF uptake is governed by surface
chemistry, rather than the surface area alone, guiding the
sustainable design of biomass-derived AC for pharmaceutical
removal.

The effects of the contact time on DCF adsorption by CAC at
different initial concentrations (10-50 mg L™ ") are depicted in
Fig. 8. The removal of DCF from the aqueous solution was rapid
in the first 30 min, achieving 53-81% uptake depending on the
initial concentration, and gradually approached equilibrium
after ~120 min. The rapid initial adsorption suggested the
abundance of accessible sites on the CAC surface, whereas the
slow approach to equilibrium indicated site saturation.”® At
equilibrium, removal efficiencies decreased from 95.3% at
10 mg L' to 77.0% at 50 mg L', which indicated a finite
number of active sites. The equilibrium data were fitted using
Langmuir and Freundlich isotherm models (Table S5). The
Langmuir model (R* = 0.998) provided slightly higher correla-
tion coefficients than the Freundlich model (R* = 0.990), indi-
cating that DCF adsorption on CAC occurred via monolayer
coverage on a homogeneous surface. The maximum Langmuir
capacity was 126.82 mg g, featuring a high affinity constant
(kL = 0.582 L mg™"). The Freundlich model yielded a heteroge-
neity factor (n) of 3.10, which was >1, indicating favorable
adsorption. However, the relatively small Freundlich constant
(kg) suggested a minor contribution from multilayer or hetero-
geneous adsorption.®” The reusability of the CAC adsorbent for
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the removal of DCF from water was preliminarily evaluated.
After each adsorption cycle, the spent CAC adsorbent was
recovered via filtration, thoroughly washed with ethanol, and
dried at 100 °C overnight. The repeatability test results (Fig. 8B)
demonstrated that although the DCF removal efficiency slightly
decreased with increasing number of cycles, the adsorbent
successfully retained 92% of its initial removal capacity after the
fifth cycle. This high retention rate suggested good structural
stability and excellent adsorption performance retention of the
CAC material under the tested regeneration conditions.
Collectively, these findings confirm that CAC is a reusable and
economically viable adsorbent that affords a facile synthesis
method, emphasizing its practical potential for the sustainable
removal of pharmaceutical residues from water matrices.

4. Conclusions

This study demonstrated a sustainable co-production strategy
that converted NR latex into two high-value carbon nano-
materials, including antimicrobial CQDs and AC. The hydro-
thermally derived CQDs exhibited intense blue fluorescence as
well as broad-spectrum antibacterial, antifungal, and antiviral
activities, achieving a killing efficiency of >99.9% within 5 min.
Furthermore, they exhibited low cytotoxicity, emphasizing their
potential as safe and effective alternatives to conventional
disinfectants. Moreover, hydrochar-derived AC possessed
a large surface area, well-developed microporous structures,
and abundant oxygen- and nitrogen-containing functional
groups, which collectively enabled rapid adsorption and high
diclofenac uptake. Notably, the CAC adsorbent synthesized via
chemical activation outperformed its counterparts and ach-
ieved a maximum diclofenac uptake capacity of 126.82 mg g™,
demonstrating rapid adsorption kinetics and monolayer
coverage that were consistent with the Langmuir model.
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(A) Effects of the contact time on DCF adsorption over CAC at different initial concentrations. (Adsorption conditions: DCF solution

volume = 150 mL; adsorbent dosage = 45 mg; pH = 6; temperature = 25 °C). (B) Reusability of CAC for DCF adsorption (adsorption conditions:
initial DCF concentration = 10 mg L™%; DCF solution volume = 150 mL; adsorbent dosage = 45 mg; pH = 6; temperature = 25 °C).
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Furthermore, the multifunctional characteristics of the two
coproduced carbon materials suggest their promising potential
for real-world applications. The CQDs featuring rapid and
broad-spectrum antimicrobial activity are suitable materials for
incorporation into disinfectant formulations, antimicrobial
coatings, and biomedical or protective materials. Moreover,
hydrochar-derived AC exhibits considerable potential for the
adsorption-based removal of pharmaceutical pollutants, sup-
porting its application in modular water-purification devices
and advanced treatment systems designed for the elimination
of emerging contaminants. These potential applications
emphasize the practical relevance of the integrated strategy
developed in this study.
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