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Advanced composites and hybrid nanomaterials for environmental applications such as CO, capture could
be a promising approach to addressing the impacts of climate change. One of the most promising zero-
dimensional nanomaterials is carbon dots (CDs), which are carbonaceous nanomaterials whose particle

sizes range from 1 to 10 nm. This study investigates environmentally friendly and novel carbon dot

nanocomposites (CD-NCs), including TiO,, ZnO, and SiO, semiconductor nanoparticles (SNs), in
Portland cement (OPC) to be converted to new smart construction materials for reducing CO,
emissions. Water-soluble CDs were made via microwave hydrothermal synthesis, forming 6-10 nm

spheres. Optical properties revealed photoluminescence emission at 490 nm. Different molar ratios of
CDs are introduced into the SNs to produce x% CD-TiO,, CD-ZnO, and CD-SiO, (x = 0.01, 0.05, and 1%
molar ratio). XRD, XPS, and TEM techniques evidenced the integration of CDs without modification in the

crystallite size of host materials. CDs and their cement composites improved compressive strength and
bulk density while lowering porosity, leading to enhanced hydration and better mechanical performance.
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Adding CDs to the nanoparticle matrix improved Sger and XPS surface features, increasing oxygen

vacancies. The nanocomposite cement's CO,-removal performance and reuse were tested under
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1 Introduction

In line with the COP27 and Egypt's 2030 strategy to achieve
a clean environment through green technology to overcome the
climate change phenomenon, the research-driven technology of
this work aims to introduce smart self-cleaning building
materials into the construction industry."”* Nanotechnology is
the manipulation of materials with a size between 1 and 100
nm. The goal of the multidisciplinary field of nanotechnology is
to create new and enhanced materials with important physical
and chemical properties and functionalities.” The characteris-
tics of material at this size are different from those of the same
substance at greater dimensions.® This enables investigation of
a wide range of novel nanotechnology applications across
several fields. Nanotechnology is a promising area across
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simulated sunlight. The cement-based CDs nanocomposites show activity and reusability for three
repetitive cycles, demonstrating their significance for CO, capturing.

agriculture, water remediation, medicine, electronics, and
many industrial sectors, including energy and construction.
With the fast growth of technology, the industrial applications
of nanotechnology have observed tremendous growth in the last
few years.’

The construction industry is a major global sector, crucial to
national economies and development. It consumes approxi-
mately 40% of global energy and 50% of total resources, making
it a key indicator of a country's economic health. By trans-
forming resources into economic and social infrastructure, the
construction industry significantly boosts economic perfor-
mance and national welfare, contributing around 5-9% to the
gross domestic product (GDP) in developing countries.*®

In recent years, the building industry has attempted to
augment traditional construction materials using nanotech-
nology."**%” Nanotechnology is a novel approach in smart
construction materials. Many nanomaterials, including zero-
dimensional (e.g., nanoparticles), one-dimensional (e.g., nano-
rods or nanotubes), or two-dimensional (usually realized as thin
films or stacks of thin films), have been incorporated as addi-
tives in construction materials.®® The integration of different
types of nano-additives into conventional cement, the most
frequently consumed manufactured material in civil engi-
neering, to create nanoparticles enhanced cement-based

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 A schematic representation of the preparation method of carbon dots powder.
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Fig. 2 Schematic representation of the preparation method for modified cement materials mixed with different nanocomposites.

composites with enhanced characteristics, has been one of the
great advances of nanotechnology in materials research.'*?
Except for traditional nanomaterials such as nano-silica'*** and
nano aluminum'® etc., carbon based nanomaterials (CBN)
including carbon black,'”° carbon nanofibers (CNFs)*' carbon
nanotubes (CNTs),”2* graphene,®®?” graphene nanoplates
(GNPs),?*® graphene oxide (GO)* and reduced graphene oxide
(rGO)*-** have been attracting increasing amounts of research
attention in terms of enhancing the mechanical, electrical and
physical properties of construction materials. Carbon-based
nanomaterials (CBNs) are mainly composed of carbon atoms
with a high aspect ratio or specific surface area, low density, and
unique physical and chemical properties**?** CBNs, including
GO and rGO, can provide new functions, including thermal
electrical interfacing,**?***¢ self-cleaning,*”** electromagnetic
shielding,* and self-sensing.* For example, CBNs can be added
to cement-based materials at very low ratios (usually below 0.50
wt%) to serve as additional seeding sites, producing durable,
sustainable = composites with enhanced mechanical

© 2026 The Author(s). Published by the Royal Society of Chemistry

Fig. 3 (a) Schematic diagram: 1 — gas source, 2 — gas inlet tap, 3 -
reactor tube chamber, 4 — modified cement with nanocomposite, 5 —
purified gas, 6 — gas outlet tap, 7 — gas detector, 8 — light source. (b)
Photo image of the photoreactor for GHG removal.
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properties.**** CBNs can enhance cement-based composites
and enable new functions, such as stress sensing and temper-
ature monitoring, depending on the type of nanomaterial
added.***® Moreover, the application of CBNs in cement
manufacturing can also help reduce greenhouse gas (GHG)
emissions in the atmosphere and provide a sustainable, eco-
friendly approach.*” Carbon dots (CDs) have attracted attention
for their outstanding corrosion resistance, chemical stability,
low cost, durability, and non-toxicity, and also exhibit adjust-
able luminescent properties.”® Presently, CDs are widely used
across various fields, including electrochemistry, catalysis, and
photovoltaics. Nevertheless, there are few reports on its appli-
cation in construction materials.”**® Carbon Dots (CDs) are
distinguished by their extremely small size in the nanometre
range and their large specific surface area, which enables them
to disperse well in the cement matrix and fill micro-voids, thus
increasing density and reducing porosity in the concrete
structure.** Moreover, these CDs nanoparticles can play a role in
nucleation during the hydration reaction between cement and
water, thereby favouring the formation of hydration products

View Article Online

Paper

more regularly and densely, which, in turn, increases the
strength and stiffness of the concrete material.****> The presence
of hydrophilic functional groups, such as carboxyl and amine
groups, on the new surface of CDs, which is a phenomenon,
increases the bonding capacity between the CDs and cement
particles and helps the development of hydration crystals,
leading to an increase in the strength of the concrete material.
Furthermore, CDs exhibit excellent dispersion in aqueous
solution, relatively low production costs compared with other
nanoparticles, such as graphene or carbon nanotubes, and low
toxicity, making them a promising material for improving the
properties of Portland cement in smart and sustainable
construction.”*** Herein, in this work of research, environ-
mentally friendly CD nanocomposites (CD-NCs) from CDs-TiO,,
CDs-ZnO, and CDs-SiO, have been synthesized via a green
chemistry approach using a simple and fast microwave-assisted
hydrothermal method under optimized conditions. This is in
order to achieve an integrated ecosystem based on clean tech-
nology for a clean environment. These promising materials
have been applied in cement building materials and applied for
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(a) The TEM image of the CDs. (b) The histogram of the size distribution for CDs. (c) Absorbance and (d) photoluminescence spectra for
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the first time in CO, reduction. The physicochemical, struc-
tural, optical, and toxicity of the new materials have been
studied. From the point of view of sustainability, the reusability
of modified building materials has been investigated for three
repetitive cycles.

2 Experimental
2.1 Materials

Zinc acetate dihydrate (Zn (CH3;COO),-H,O, LoBaChemie,
>98%), titanium(v), isopropoxide (C;,H,50,Ti, Sigma Aldrich,
97%), and tetraethyl orthosilicate (reagent grade, Sigma
Aldrich, 98%) were used as precursors for synthesis of ZnO,
TiO, and SiO, nanostructured materials using orange peel
extract by our previous methods.*>*® Urea granular (CO(NH,),,
Zchemicals 99%) and citric acid (C¢HgO,, LoBaChemie, 99.5%)
have been used for the synthesis of carbon dots CDs. Ordinary
Portland cement with a grade of 42.5 and ISO standard sand
(ISO 679: 2009) was used to produce cement-based building
materials.

2.2 Methods

2.2.1 Preparation of CDs. Water-soluble CDs have been
synthesized via a modified microwave hydrothermal method.**
In a typical method, a total of 1.50 g of citric acid and 0.50 g of
urea were simultaneously added to 10.0 mL of deionized water
with continuous stirring for 20 min, resulting in a clear, trans-
parent solution. This solution was then subjected to microwave
treatment using an Anton Paar Multiwave 5000 at 200 °C for 120
seconds. Afterward, a dark brown aqueous solution of carbon
quantum dots was obtained and placed in a 3.5 kDa dialysis
membrane bag for 24 hours. A transparent, yellow-colored CQD
liquid was obtained. Finally, the CDs solution was dried at 90 °C
under vacuum for 3 hours to get the powder. A schematic
representation of the preparation method is given in Fig. 1.

2.2.2  Synthesis of CDs-ZnO, CDs-TiO, and CDs-SiO, nano-
composites. A green-synthesis approach of colloidal solutions
from ZnO and TiO, nanomaterials is prepared using orange
peel extract, according to our previous work.*>*® For the SiO,
colloidal solution, 250 mL of orange peel aqueous extract was
combined with 20 mL of tetraethyl orthosilicate as the precursor
and stirred at room temperature for 15 minutes. Then, 10 mL of
ethanol was added, with stirring continued for an additional 15
minutes, followed by the addition of 12.5 mL of HCl under
stirring. This process resulted in the formation of a gel-like
precipitate. The different composites from CDs-TiO,, CDs-ZnO,
and CDs-SiO, nanomaterials have been synthesized using
different weight ratios of the CDs nanoparticles, including
(0.01, 0.05, and 1 wt% relative to the parent nanomaterial),
which were added to the colloidal solutions of TiO,, ZnO, and
SiO,. The mixture of nanocomposites will be transferred into
the microwave vessels and autoclaved at 90 °C for 30 minutes,
dried at 90 °C for 1 hour, and finally heat-treated at 450 °C for 1
hour.”

2.2.3 Fabrication of modified cement cubes and tubes. A
control cement paste was prepared by mixing ordinary Portland

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 XRD patterns of (a) CDs/TiO,, (b) CDs/ZnO, and (c) CDs/SiO,
nanocomposites.

cement (OPC) with water at a water-to-cement ratio (W/C) of
0.29, using a mortar mixer in accordance with EN 196-1.%
Modified cement samples were then prepared by incorporating

RSC Adv, 2026, 16, 18342-18358 | 18345
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Table1 Physico-chemical characteristics of the different CD-NCs, including crystallite sizes, specific surface area (Sget), average pore diameter

(nm), and total pore volume (cm* g™

Sample Average crystallite size (nm) Sper (M* g™ Average pore diameter (nm) Total pore volume (cm® g™ ")
TiO, 7.2 125.74 5.756 0.1810
0.01% CDs/TiO, 7.5 166.9 6.7334 0.2809
0.05% CDs/TiO, 6.2 156.93 3.855 0.1512
1% CDs/TiO, 6.5 150.75 6.6987 0.2525
ZnO 13.0 33.80 27.164 0.2296
0.01% CDs/ZnO 13.2 31.01 32.857 0.2547
0.05% CDs/ZnO 14.0 42.71 31.583 0.3373
1% CDs/ZnO 10.5 44.70 29.700 0.3319
Sio, 13.2 403.61 2.2807 0.2301
0.01% CDs/SiO, 15.5 496.75 2.9688 0.3687
0.05% CDs/SiO, 13.5 503.76 2.9720 0.3743
1% CDs/SiO, 14.9 459.14 3.5264 0.3933

synthesized CD-nanocomposite materials (CD-NCs), including
CD-TiO,, CD-ZnO,, and CD-SiO,, by varying concentrations
(0.01, 0.05, 0.1, and 1 wt%), following the method of J. Zhang
and H. Qu, S. Qian, and their coworkers.**** A schematic of the
procedure is provided in Fig. 2. The process begins with the
addition of synthesized nanomaterials (CDs, CD-TiO,, CD-ZnO,,
and CD-Si0,) to water, followed by stirring for 30 minutes.
Ordinary Portland cement (OPC) is then added to the
mixture, which is subsequently transferred to a mortar mixer.
The mixed paste is molded into cubic (25 x 25 x 25 mm) and
cylindrical molds of height (2 = 100 mm) and diameter (d =

12.5 mm). The molded samples were kept overnight in
a humidity chamber (RH ~ 99%) to prevent dryness of the
prepared paste. After 24 hours, the hardened cubic samples
were then demoulded and cured under water for 3, 7, and 28
days from the mixing day, while the cylindrical molds were kept
under water for 28 days, then demolded for measurements and
application.

2.3 Characterization

The structural and chemical identification of the nano-
composites has been obtained by X-ray photoelectron

Fig. 6 TEM images of (a) CDs/TiO5; (b) CDs/ZnO, and (c) CDs/SiO, nanocomposites.
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Fig.7 Adsorption—desorption isotherms (N, at 77 K) of (a) TiO5, (b) 0.05% CDs/TiO5, (c) ZnO, (d) 0.05 CDs/SiO,, (e) SiO,, and (f) 0.05% CDs/Zn0O,
showing surface area and pore structure characteristics.
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Fig. 8 XPS spectra of CDs-TiO, nanocomposite: (a) survey spectra, (b) C 1s, and (c and d) O 1s spectra.

spectroscopy (XPS, AXIS ULTRA, Kratos Analytical Ltd) and X-
ray powder diffraction analysis (XRD, Bruker D8 Advance X-ray
diffractometer, Cu Ka. radiation [A = 1.5406 A] at 10 kv and 10
mA). The microscopic investigation has been done by a high-
resolution transmission electron microscope (HR-TEM, JEOL,
JEM-2100, Tokyo, Japan). Surface properties have been exam-
ined by an automatic surface area and pore size analyzer
(BELSORP MINI X) to determine specific surface area (Sggr) and
pore size distribution (Barrett-Joyner-Halenda [BJH] method)
via adsorption-desorption of N, gas at 77 K. The optical prop-
erties of the nanoproducts were analyzed using a Shimadzu
2600 diffuse reflectance spectrometer and a PerkinElmer LS55
Luminescence Spectrometer (USA).

2.4 Photocatalytic reduction and capturing setup

The CO, photocatalytic reduction and capturing experiments
using the modified OPC samples were carried out in a designed
photoreactor at Nano-Phochem. Lab, at Nanotech Dept., Envi-
ronmental Studies and Research Institute (ESRI), USC (Fig. 3).
The experimental setup of the photoreactor consists of

18348 | RSC Adv, 2026, 16, 18342-18358

a transparent glass cylinder of total volume 1.88 L. A xenon arc
UV-vis Solar Simulator (CHF-XM500, Trusttech. Co., Ltd, China)
is used for illumination of the cylindrical tube.

The system's intensity was adjusted to one sun (100 mW
cm™?) using a TENMARS (TM-2060) solar power meter. Gas-
phase carbon dioxide concentration inside the reactor was
continuously monitored using an Aeroqual gas detector (Model
300, Aeroqual Ltd, New Zealand), which was connected directly
to the outlet of the photocatalytic reactor.

The device operates based on an electrochemical sensor,
providing high-sensitivity detection of CO, in real time, with
a detection range of 0-5000 ppm and an accuracy of +5%. Data
was recorded at different time intervals during light exposure of
the modified OPC samples in a CO, environment.

3 Results and discussion
3.1 Optical and morphological characteristics of CDs

The optical and morphological structures of the prepared
carbon dots were analyzed by TEM. The TEM image (Fig. 4a)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 XPS spectra of CDs-ZnO nanocomposite: (a) survey spectra, (b) C 1s, and (c and d) O 1s spectra.

shows the spherical structure of CDs nanoparticles that exhibit
a uniform distribution in water, with no signs of aggregation,
indicating their excellent dispersion.

The average particle size determined from the histogram of
the CDs nanoparticles, Fig. 4b, was from 6-10 nm. The optical
properties of the as-synthesized CDs are revealed by the UV-vis
absorption and emission spectra and are shown in Fig. 4c and
d. The absorption spectrum showed a broad band at Ay, = 337
nm, which can be attributed to the 7-7* transition of the
aromatic sp® (aromatic C=C bonds), with a long tail extending
into the visible range.* The characteristic intense blue photo-
luminescence at 490 nm demonstrates the formation of CDs
with a quantum yield = 14.9% using the relative fluorescence
method with quinine sulfate as the reference sample (QY = 54%
in 0.1 M H,SO, at 380 nm), indicating that microwave-assisted
synthesis was more efficient in terms of quantum yield.* The
XRD spectrum of CDs in Fig. 5a displayed a broad peak located
at the position 22.8° corresponding to the (002) plane of carbon,
suggesting the existence of graphite carbon with an amorphous
nature.*

© 2026 The Author(s). Published by the Royal Society of Chemistry

3.2 Morphology, textural, and surface properties of the
nanocomposites

Fig. 5 shows the X-ray diffraction patterns (XRD) of as-prepared
CD-NCs. The peak related to CDs is not visible in all the
nanocomposites due to low contents and weak crystallinity. The
average crystallite sizes of the different nanocomposites using
Sherre's Equation® are given in Table 1. It can be considered
that the introduction of these small weight ratios from CDs has
no significant effect on the crystallite sizes of the hosting
materials (TiO,, ZnO, and SiO,). The TEM images of 0.05 wt% of
CDs-TiO,, CDs-ZnO, and CDs-SiO, nanocomposites are given in
Fig. 6a-c, respectively. Due to the very small size of the CDs, it
cannot be observed. However, the EDX analyses in S1 confirm
the presence of CDs in all the hosting materials. The surface
properties of the nanocomposite were investigated from
nitrogen gas adsorption-desorption isotherms by Brunauer-
Emmett-Teller (BET) analysis at 77 K. Fig. 7 presents the
adsorption-desorption isotherms of the 0.05% CDs, 0.05%

RSC Adv, 2026, 16, 18342-18358 | 18349
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Fig. 10 XPS spectra of CDs-SiO, nanocomposite: (a) survey spectra, (b) C 1s, and (c and d) O 1s spectra.

Table 2 XPS data, binding energy values, and atomic weight ratios of CDs-TiO,, CDs-ZnO, and CDs-SiO,

o, (o C1s c-C Cc=0

Sample B.E (eV) At% B.E (eV) At% B.E (eV) At% B.E (eV) At% B.E (eV) At%
TiO, 530.22 56.36 531.08 43.64

0.05% CDs-TiO, 530.11 61.27 531.64 38.73 284.78 17.28 285.73 57.28 288.39 25.44
ZnoO 530.32 28.42 531.68 71.58

0.05% CDs-ZnO 530.89 63.58 532.40 36.42 284.72 73.77 286.78 10.25 288.84 15.98
Si0, 531.86 82.33 533.98 17.67

0.05% CDs-SiO, 532.79 61.42 533.60 38.58 284.51 45.43 286.29 44.41 289.03 10.16

CDs/ZnO, and 0.05% CDs/SiO, nanocomposites compared with
their pure materials.

Based on Fig. 7, the TiO, and CDs/TiO, possess type IV
adsorption isotherms with H2-hysteresis loops, which implies
a mesoporous structure. However, ZnO and SiO, exhibit type II
and type I isotherms, respectively. These isotherm types corre-
spond to mesoporous and microporous structures (Table 1).
From the results in Table 1, it can be well recognized that the

18350 | RSC Adv, 2026, 16, 18342-18358

specific surface area (Sggr) is generally increased by the incor-
poration of the CDs into the nanoparticle matrix. This may be
due to the introduction of the small CDs into the metal oxide
nanoparticles, thereby inhibiting the accumulation of metal
oxide nanoparticles and enhancing the formation of oxygen
vacancies in the host matrix®

XPS analyses presented in Fig. 8-10 have been used to
provide convincing evidence for the surface states and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 XRD patterns of the modified cement materials with the
different CD nanocomposites.

composition of the as-prepared CD-NCs. All the XPS data anal-
yses are given in Table 2. The full survey spectrum of all the CD-
NCs depicts the presence of carbon and oxygen elements, which
further confirms the EDX analyses (S1).

The main characteristic peaks of C 1s in all the nano-
composites detected in the high resolution XPS spectra (Fig. 8b,
9b and 10b) are assigned to; non-oxygenated C (around 285 eV)
and oxygenated carbon (around 288 eV) which are attributed to
the C-C bonds with sp® orbital and C-O bonds with oxygen-rich
groups, respectively.* For pure samples, the O 1s peaks (Fig. 8c,
9c, and 10c) are assigned to the lattice oxygen (0*~) and surface
oxygen vacancies (Oy).

In all nanocomposite samples, the O, peak attributed to
oxygen vacancies or defects shows an increase in its atomic% by
incorporation of CDs into the semiconductor nanoparticles
(SNPs) than in their pure materials. This increase in the atomic
ratio of O, by doping with the carbon dots acts as an active
center in the nanocomposite and promotes the adsorption of
the GHG. Moreover, it can also narrow the band gap of the SNPs
and hence improve their light absorption.**

3.3 Physico-chemical, mechanical, and textural
characteristics of cement-based nanocomposites

Control cubic and cylindrical samples with cement (OPC) paste
containing 0.08% pure CDs have been prepared according to
the method described in Fig. 2. The phase composition of the
cement-based nanocomposite samples was analysed via XRD
analysis, and the results are given in Fig. 5.

For Control OPC, characteristic peaks of cement main
hydration products, calcium silicate hydrate (CSH) [26 = 29.56°,
PDF #00-033-0306] and Portlandite (CH) [26 = 18.17, 34.1, and
47.2, PDF #01-087-0674] phases can be seen.

Also, characteristic peaks for unreacted anhydrous calcium
silicates (C3S and C,S) [20 = 32.29°] can be found.®® For the
prepared cement-based nanocomposite samples, although the
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characteristic main peaks of the different nanocomposites
didn't appear in the XRD pattern of the OPC due to its very low
percentage in the matrix, their effect was obvious on the
different hydration product phases as shown in Fig. 11. Sharper
characteristic peaks for CSH and CH phases can be identified in
the XRD pattern of the prepared cement-based nanocomposite,
while lower intensity peaks were found for the unreacted CS
phase. The findings of XRD can suggest that the addition of the
nanocomposites to OPC results in the acceleration of the
hydration reaction while forming more crystalline hydration
products.

The physico-chemical, mechanical, and textural character-
istics of new manufactured cement materials have been inves-
tigated, and the results are given in Fig. 12. For mechanical
properties, compressive strength values (Fig. 12a) were
measured using Controls®, Itlay-compressive strength testing
machine with maximum load 300 kN. The addition of 0.08% CD
showed a regression in compressive strength values at early
stages of hydration, i.e., 3 and 7 days. But after 28 days of curing,
compressive strength values of CD-OPC composite show a slight
increase over blank OPC. For composites containing 0.08%
nano-oxide additions, i.e., SiO,-OPC, TiO,-OPC, and ZnO-OPC,
there is a remarkable increase in the compressive strength
values compared to the blank, indicating that the addition of
nano-oxides accelerated the hydration reaction, leading to the
formation of larger amounts of hydration products with
mechanical properties, i.e., calcium silicate hydrate (CSH),
leading to the increase of compressive strength values.*®

On combining nano-oxides with CD, all the composites
showed compressive strength values comparable to Blank OPC
(£5%), indicating that the added CDs are not significantly
interfering with the mechanism of early hydration of calcium
silicate phases in OPC. While at later stages of hydration, all the
ratios from CDs semiconductor nanocomposites (CD-NCs)
added lead to an increase in the compressive strength values by
3% for some mixes like CD and 1% CDs/Si0,-OPC samples, and
up to 20% increase in compressive strength values in 0.05% CD/
TiO,-OPC and 1% CD/ZnO-OPC. Bulk density values repre-
sented in Fig. 12b indicate that a denser structure was formed
by the addition of 0.05% CD/TiO,-OPC, 1% CD/ZnO-OPC, and
0.05% CDs/SiO,-OPC. Together with compressive strength
values, these results indicate that these additions modify and
enhance the hydration reaction, forming denser hydration
products that fill the pore structure and increase compressive
strength values.®

Water absorption values (WA) represented in Fig. 12c is also
an important test since they is correlated to the structural pore
system. The composites with more dense structures showed
lower water absorption values, while the other composites
showed comparable WA% to the blank and modified OPC
samples. The 0.01% CD/ZnO-OPC and 1% CD/ZnO-OPC
composites also showed the highest WA%, confirming the T.P.
results.®” Moreover, the total porosity values (T.P.) represented
in Fig. 12d showed that all 0.05% NCs-OPC samples have lower
porosity than the blank, which is well matched with the results
of bulk density and compressive strength, and implies the
formation of more hydration products that filled the pore

RSC Adv, 2026, 16, 18342-18358 | 18351
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Fig. 12 Physico-chemical characteristics of the new cement building materials modified with different CD-NCs, including (a) compressive

strength; (b) bulk density; (c) water absorption; and (d) total porosity.

structure. Surprisingly, although 0.01% CD/ZnO-OPC and 1%
CD/ZnO-OPC have higher compressive strength values than
blank, their T.P.% values indicate an increase in porosity. This
can indicate that the OPC samples modified with CD-NCs
enhanced the formation of more ordered semi-crystalline, other
than amorphous or ill-ordered hydration products that can
maintain the mechanical properties of the OPC materials.*®*

18352 | RSC Adv, 2026, 16, 18342-18358

3.4 Photocatalytic CO, reduction and capturing

The photoactivity of the cement-based nanocomposite building
materials to remove CO, gas was evaluated. Fig. 13 shows the
variation of CO, concentration measured during a standard test
(5000 ppm CO, inlet initial concentration; 100 mW cm 2 for 1 h
simulated sunlight illumination; Fig. 3). The samples were kept
inside the photoreactor in the dark for a period of 10 min until

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 A proposed mechanism for the CO, reduction over OPC
illumination.

a constant concentration of the gas inlet reached 5000 ppm.
Subsequently, once the samples are irradiated for approxi-
mately 60 minutes, a fast decay in the CO, concentration is
measured in ppm g~ " is observed. The decay in the concentra-
tion per unit gm weight of the OPC sample was then recorded as
a function of time (Fig. 13).

The results reveal that the presence of CDs nanocomposites
enhances the photochemical reduction activity of the modified
OPC building material. It can naturally absorb CO, from the
surrounding atmosphere under sunlight illumination within
one hour of illumination. In particular, the OPC samples
modified with 0.05% CDs nanocomposites were most effective,
suggesting that optimal CD-NCs concentration can boost pho-
tocatalytic activity towards GHGs reduction. This improved
performance is attributed to synergistic effects between the
components, enhanced light absorption and photoactivity by
CD-NCs, and improved charge separation facilitated by CDs.
This can be due to the enhancement of the surface area by the
incorporation of the nanocomposites in the cement material.
Moreover, increasing the oxygen vacancies due to the addition
of a low concentration of CDs in the nanocomposites leads to
enhancing their absorptivity.**

© 2026 The Author(s). Published by the Royal Society of Chemistry

CO,+8H"+8e"(2H'+2e)

nezno gD ,
-1

1
|
! -1

. e
hhthe @ [

.\ Activated Oxygen

rete
=

building materials modified with CDs/SNPs under simulated sunlight

A proposed mechanism for the photocatalytic CO, reduction
process over the cement modified by CDs nanocomposites can
be considered and presented in Fig. 14. Firstly, when CDs-NCs
are exposed to UV-vis light with higher energy than the SNPs
bandgap, the electrons are excited from the valence to the CDs
conduction band and create a hole (+h) at its valence band.
These photogenerated positive holes react with the atmospheric
water molecules to produce OH'. Subsequently, the generated
electrons at the conduction band react with the oxygen of CDs
and produce O," ", which produces a strong reducing agent for
CO, reduction. Moreover, this charge would prevent electron-
hole pair recombination and increase photocatalytic activity.*
These reactions lead to the oxidation and decomposition of the
pollutants into less harmful or harmless substances like carbon
dioxide (CO,).

3.5 Reusability

The reusability and durability of cement-based nanocomposites
have been investigated over three repeated cycles, and the
results are depicted in Fig. 15 and presented in Fig. 16. After 30
min, 0.05% CD-SiO, OPC samples exhibit CO, removal effi-
ciency 90% in the first cycle, 81% in the 2nd and 60% in the 3rd

RSC Adv, 2026, 16, 18342-18358 | 18353
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Fig. 15 CO, removal efficiency using (a) 0.05% CD-TiO,, (b) 0.05% CD-ZnO, and (c) 0.05% CD-SiO, loaded OPC samples for 3 repeated

reusability cycles under simulated sunlight illumination.

cycle (Fig. 15c). While, for the OPC samples based on 0.05%
CDs-ZnO and 0.05% CDs-TiO,, the removal efficiency were 59,
62% and 81, 56% at the 2nd and 3rd cycles, respectively
(Fig. 15a and b).

These results demonstrated that the modified smart
building materials that based on CD-nanocomposites exhibited
a good performance for removal of green-house gases such as
CO, with perfect activity and reusability for three repeated
cycles with removal efficiency of approximately 80-90% in the
1st cycle, 60-80% in the 2nd cycle and 56-65% in the 3rd cycle
(Fig. 16).

The most relevant conclusions are that these green building
materials have been demonstrated as promising smart mate-
rials for carbon dioxide (CO,) capture and conversion needed
for a sustainable environment.

3.6 Toxicity assay

From the practical point of view, the cytotoxicity assay of the as-
synthesized CDs was evaluated on normal human skin

18354 | RSC Adv, 2026, 16, 18342-18358

fibroblast cells. Human primary normal skin fibroblast cells:
the hFB cell line was obtained from the Brazilian cell bank
(BCRJ, Rio de Janeiro, Brazil). The cells were cultured in Dul-
becco's Modified Eagle Medium (DMEM). The medium was
supplemented with 10% fetal bovine serum (FBS), 2 mM t-
glutamine, containing 100 units per ml penicillin G sodium,
100 units per ml streptomycin sulphate, and 250 ng per mL
amphotericin B. All from Biowest, Nuaillé, France. Cells were
maintained at subconfluency at 37 °C in humidified air con-
taining 5% CO,. All cell culture materials were obtained from
SPL Life Sciences (Seoul, South Korea). All chemicals were from
Sigma-Aldrich, USA, except as mentioned. The analysis was
conducted at the Creative Egyptian Biotechnology Laboratory
(CEB, Cairo, Egypt). Fig. 17 shows the results of the cytotoxicity
analysis of CDs on the cell viability effect on normal skin
fibroblast human cells for 48 h. The cytotoxicity test was
measured against hFB cells for 48 h. Using the MTT (3-[4,5-di-
methylthiazole-2-yl]-2,5-diphenyltetrazolium bromide) Cell
Viability Assay. The cell viability% for 48 h is given in Fig. 15. It

© 2026 The Author(s). Published by the Royal Society of Chemistry
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shows a low cytotoxicity above 200 ug mL™ ", indicating that it's
safe for use in building materials at low concentrations.

4 Conclusion(s)

The study is aimed at designing and forming nanocomposites
with the basis of CDs for several multifunctional uses. Accord-
ingly, it deals with microwave hydrothermal synthesis tech-
niques that generate CDs nanoparticles exhibiting strong
photoluminescence and good water solubility. Doping the
resultant CDs with different kinds of semiconductor nano-
particles (SNPs) such as TiO,, ZnO, and SiO, gave further
development toward carbon dot nanocomposites (CD-NCs) with
superior textural characteristics regarding surface area,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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porosity, as well as superior optical characteristics. The modi-
fied cement materials with these nanocomposites exhibited
excellent photocatalytic performance for CO, reduction under
sunlight simulators. The highest active cement materials
modified with 0.05% CD-NCs had promising reusability for
three repeated cycles. This significantly demonstrates the great
potential applications of CD-NCs in cement building materials
in CO, capturing and hence the global warming reduction.
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