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Abstract: This paper aims to introduce an original green approach for the manufacturing of Copper oxide Nanoparticles (CuO
NPs) that have a significant potential to improve the gamma (y) and X-ray shielding performance of the traditional shielding
materials, such as concrete and lead, due to their high density, surface area per unit volume, and high atomic number. The
CuO NP additive is synthesised based on algal species, characterised (Field Emission Scanning Electron Microscopy FESEM,
Atomic Force Microscopy AFM, X-ray Diffraction XRD, Ultraviolet-Visible Spectroscopy UV, and Fourier Transform
Infrared Spectroscopy FTIR), and mixed with the shielding material via ultrasonic mixer to ensure delicate intrusion to the
voids and enhancement the final density that is essential for y-rays and neutrons that are expected in incident radiations.
Although the addition of these NPs, 1-2% per cement weight, resulted in a reduction of the concrete compression strength by
about 9.8% of its ordinary value, the enhancement of its linear attenuation coefficients (i) by 29.42% as compared to the
original one makes them attractive for nuclear and medical radiation environments. The importance of this approach increases
where weight, environmental friendliness, low cost, and long-term radiation durability matter.
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1. INTRODUCTION

Radioactivity has become an essential component of many modern industries, contributing significantly to
advancements in healthcare, energy production, research, and industrial development. Medical imaging
technologies such as X-ray and computed tomography (CT), as well as radiotherapy for cancer treatment, rely
heavily on controlled sources of ionizing radiation. Similarly, nuclear power plants use radioactive fuel to generate
electricity, while industrial sectors such as oil and gas exploration, non-destructive material testing, and scientific
research laboratories utilize radioactive sources for measurement, imaging, and analytical purposes, [1, 2].
Although these applications provide undeniable societal benefits, they also introduce potential radiological risks
that require careful management.

Protecting individuals from harmful radiation exposure is, therefore, a fundamental concern. While occupational
workers operate under regulated exposure limits and monitoring programs, protection of non-occupational
individuals demands equally rigorous safeguards. International radiation protection frameworks, particularly
those established by the International Atomic Energy Agency (IAEA) and the International Commission on
Radiological Protection (ICRP), emphasize three guiding principles: justification of radiation use, optimization
of protection, and dose limitation, [3, 4, 5]. For members of the public, the recommended annual effective dose
limit is approximately 1 mSv under planned exposure situations. These standards ensure that industrial and
medical activities do not pose unacceptable risks to surrounding communities.

Engineering controls form the backbone of public radiation protection. Shielding materials are widely employed
to attenuate radiation before it can reach occupied areas. Traditional shielding materials include lead, steel, and
concrete, chosen primarily for their high density and atomic number, which enhance their ability to absorb and
scatter y-rays and other forms of ionizing radiation. Concrete is particularly common in nuclear facilities due to
its structural strength and relatively low cost. However, conventional materials are not without limitations. Lead,
for instance, poses toxicity and environmental concerns, while thick concrete structures can be heavy, bulky, and
costly to implement. To address these challenges, researchers have explored the incorporation of additives into
shielding materials to improve their performance. Heavy metal oxides such as bismuth oxide (Bi203), tungsten
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trioxide (WO3), and lead oxide (PbO) have been embedded into polymers, ceramics, and concrete matrices to
enhance radiation attenuation. Studies demonstrate that such additives can increase the linear attenuation
coefficient and reduce the half-value layer (HVL), meaning thinner or lighter materials can provide equivalent
protection, [6, 7, 8]. In addition to performance improvements, some research has focused on developing
environmentally friendlier alternatives to traditional lead-based shields.

More recently, nanotechnology has opened new possibilities for radiation shielding enhancement. Nanomaterials,
due to their extremely small particle size and high surface area-to-volume ratio, can disperse more uniformly
within composite matrices. This uniform distribution increases the probability of interaction between incident
radiation and shielding particles. Polymer nanocomposites incorporating Nano-sized bismuth, tungsten, graphene,
and silica have demonstrated improved mass attenuation coefficients compared to their micro-scale counterparts,
[9, 10]. Furthermore, Nano-additives in high-density concrete have been shown to enhance not only radiation
shielding properties but also mechanical strength and durability. Despite promising findings, several challenges
remain before Nano-enhanced shielding materials can be widely adopted. Long-term stability under radiation
exposure, potential environmental impacts of NPs release, large-scale manufacturing feasibility, and cost
considerations must all be addressed. Standardization of testing procedures is also necessary to allow consistent
comparison between the relevant materials, [11].

In recent years, researchers have increasingly explored the use of NPs to improve the performance of radiation
shielding materials. Traditional shielding materials such as lead and heavy concrete are effective but often bulky
and environmentally problematic. By contrast, incorporating NPs into polymers and cement-based matrices offers
a promising way to achieve comparable or improved radiation attenuation with reduced weight and greater
material flexibility, [12, 13]. The improvement in shielding performance arises largely from the unique properties
of NPs. Because of their extremely small size and high surface-to-volume ratio, NPs disperse more uniformly
within a host material than conventional micro-sized fillers. This uniform distribution reduces internal voids and
increases the likelihood of photon—matter interactions. When high-atomic-number (high-Z) NPs such as bismuth
oxide (Bi20s) or lead oxide (PbO) are used, the probability of photoelectric absorption and Compton scattering
increases significantly, particularly within diagnostic and therapeutic photon energy ranges, [14, 15]. Polymer-
based nanocomposites have been widely investigated in this context. Studies show that epoxy systems reinforced
with NPs such as Sb20s, Al>Os, Bi20s, and SnO: exhibit higher linear attenuation coefficients than unmodified
polymers, [16]. Similarly, polystyrene composites containing PbO NPs demonstrated 22-30% greater mass
attenuation compared to similar composites filled with micron-scale PbO particles, highlighting the advantages
associated with nanoscale dispersion, [17]. These findings suggest that the nanoscale dimension of the fillers
enhances the effective interaction cross-section, thereby improving shielding efficiency without proportionally
increasing material thickness. NPs incorporation has also been examined in structural and cementitious materials.
For example, polypropylene and cement composites doped with Fe;O4 or CdO NPs showed improved attenuation
of both y-rays and neutrons compared to conventional formulations, [18]. However, researchers have noted that
increasing the NPs content can influence mechanical strength, density, and porosity. As a result, optimizing filler
concentration is essential to maintain structural performance while maximizing radiation attenuation. Advances
in additive manufacturing have further expanded the design possibilities for NPs-enhanced shields. Three-
dimensional printed polylactic acid materials embedded with bismuth NPs achieved superior mass attenuation
relative to bulk filler systems, demonstrating how controlled geometry and nanoscale dispersion can work together
to improve performance, [15]. Such developments point toward customizable, lightweight shielding solutions
suitable for medical imaging rooms, nuclear facilities, and portable protective equipment. Overall, current
research consistently indicates that NPs-reinforced composites can significantly enhance radiation attenuation
while reducing weight and improving material versatility. Continued investigation is needed to address long-term
stability, cost considerations, and mechanical optimization, but the evidence supports nanotechnology as a
promising direction in next-generation radiation shielding materials.

The main goal of this paper is to determine the potential of incorporating synthesised CuO NPs based on green
algae as an additive to conventional concrete, on the latter’s radiation attenuation capability and other mechanical
properties.

2. MATERIALS AND METHODS

The goal of this study is a three-fold mission: synthesis of CuO NPs, mixing of the NPs with a conventional
concrete constituent, and testing the produced concrete slab against a radioactive source to determine its
attenuation coefficient and compare it with that of the conventional concrete slab. The synthesis method involves
using 100 ml of Cladophora glomerata algal extract (obtained from the postgraduate studies laboratory at the
Faculty of Biological Sciences, University of Baghdad) to dissolve 10 g of Cu(NOs).. The mixture was then stirred
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for 8 hours at 120 rpm. The product was centrifuged for 20 minutes at 4000 rpm and then separated to remove the
upper liquid phase from the residue powder, which was washed three times with 99% ethanol and dried at 40 °C
in petri dishes. Characterization of the synthesized CuO NPs is an essential step to ensure the production success.
The concrete slab was made via the application of normal-weight aggregates per ASTM C33, ready-mix per
ASTM C94); Coarse Aggregate 45-55%, Sand 25-35%, Portland cement 10—15%, and Water 5-8%, then left 28
days to dry, then tested for the mechanical properties and the radioactivity attenuation ability. The aforementioned
synthesized CuO NPs were added as 5, and 10% of the cement weight to the above mixture via the use of
Ultrasonic Homogenizer LX101UH to avoid any possible agglomeration. The enhanced concrete slab would be
ready to test the new mechanical properties and the radioactivity attenuation ability as represented by the linear
attenuation coefficients () and energy reduction according to the following equation (1):

1 1

B= ;lna (1

where: I/] . radiation intensity after, and before the concrete sample; x: thickness of sample.
3. RESULTS AND DISCUSSION

Samples of the algal extract from the cultivated Cladophora glomerata green algae were prepared following the
aforementioned procedure. This extract was mixed and stirred with blue Cu(NOs)2 solution, as previously
described. The resulting light green powdered NPs were obtained by centrifugation, indicating the initial
formation of CuO NPs.

The morphology of the produced NPs was characterized using the Field Emission Scanning Electron Microscopy
(FESEM) test to check the microstructure of the synthesized NPs and their surface morphology. The results
demonstrated the quasi-spherical shape of the produced CuO NPs of 40.15-66.09 nm diameter that tend to
agglomerate in cluster-like formations because of their remarkable surface energy and bioorganic content of the
utilized extract of the Cladophora glomerata algae. The observed agglomeration was a consequence of both the
drying processes, whether naturally or via incubation, preparation, and inter-particle interactions.

The results of the Atomic Force Microscopy (AFM) characterization test showed strong consistency with those
of the FESEM test. The quasi-spherical shape of the NPs (with an average diameter of 58.18 nm, compared to the
approximated average particle diameter of 58.10 nm from the FESEM test) was distributed uniformly and does
not have sharp edges (Figure 1). Additionally, the moderate roughness of the particle surfaces was indicated by
the root mean square roughness (RMS) of the coated surfaces, which was measured by AFM as 70.06 nm, and
the average roughness was 45.43 nm.

The X-ray Diffraction (XRD) test was achieved using the diffractometer with the specifications shown in Table
1. This test serves to examine the phase purity and crystalline structure of the synthesized CuO NPs. Data were
collected from position angles (20) of 8° to 100°, capturing the characteristic reflections of monoclinic CuO.
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Fig. 1. Particle analysis of the synthesized CuO NPs via AFM test
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Table 1. The technical specifications of the diffractometer used for the XRD tests

Brand Bruker
Model D2 PHASER
Scan Range (20) ~5°—115°
Cu-Ka radiation A ~1.5406 A

The obtained diffraction form is shown in Figure 2 (red curve). The most intense reflection appears at 35.5°,
corresponding to the (-111) and (111) crystal planes; the dominant orientations for this phase. Additional peaks
are clearly visible at 32.5°, 38.7°, 48.8°, 53.5°, 58.3°, 61.5°, 66.2°, and 68.1°, all matching the monoclinic CuO
structure. To verify the phase identification, a comparison between the experimental data and the monoclinic CuO
reference (ICDD PDF Card No. 96-900-8962, black curve) [20] was included in Figure 3. The overlay confirms
excellent agreement in peak positions. Every significant reflection in the tested sample lines up with a peak in the
reference card, and no unidentified peaks appear. This confirms that the synthesised NPs are phase-pure
monoclinic CuO, free from impurities like Cu20 or metallic copper. Additionally, the sharp peaks indicate good
crystallinity, though some broadening is visible. This is expected for nanomaterials and likely comes from small
crystallite size rather than lattice strain, [21, 22].
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Fig. 2. Normalized XRD curve of synthesized CuO NPs (black line) compared with the monoclinic CuO reference
pattern (ICDD PDF Card No. 96-900-8962, red line)

The optical characteristics of the CuO NPs were determined via the Ultraviolet-Visible Spectroscopy (UV-vis)
spectrophotometer (specifications were listed in Table 2), in addition to their band gap. The results revealed three
non-overlapping, or in other words, distinct peaks of absorption at approximately 297, 299, and 304 nm,
corresponding to multiple optical transitions linked to various organizational and/or electronic characteristics of
the NPs. The first two approximately equal peaks were attributed to the confined NPs that have smaller sizes [23],
while the third one was attributed to the larger-sized particles. These peaks suggest the semi-heterogeneous regime
in the states of the surface within the NPs, [24].

Table 2. The technical specifications of the spectrophotometer used for the UV -vis test

Brand Bruker
LAMBDA 365, Double-Beam
Model
Spectrophotometer
Wavelength Range 190 — 1100 nm
Quartz Cuvette Path Length Standard cell holder (10 mm)

The final characterization test was the Fourier Transform Infrared Spectroscopy (FTIR) test, the results of which
were shown in Figure 3. The analysis of this figure was based on the observed peaks and their corresponding
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locations. The FTIR spectrum reveals strong Cu—O peaks before 800 cm™, weak organic-related peaks, and the
low O-H stretching that was attributed to adsorbed water, these confirm the success of the green algal synthesis
of highly pure CuO NPs.
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Fig. 3. FTIR diagram for the synthesized CuO NPs

The compressive strength tests for conventional concrete specimens and these with the CuO NPs additives are
demonstrated in Table 3. The compressive strength tests show that adding NPs significantly affects the mechanical
performance of concrete, with the effect strongly dependent on the number of NPs added. All specimens had a
cross-sectional area of 2500 mm?, and testing was consistent across all specimens. For the conventional concrete;
0% NPs, the measured compressive stresses were 20.23 MPa, 19.78 MPa, and 20.35 MPa, resulting in an average
of 20.12 MPa. The small variation indicates reliable specimen preparation and consistent testing. With 5% CuO
NPs by cement weight, the compressive stresses increased markedly to 25.784 MPa, 25.692 MPa, and 25.780
MPa, respectively, averaging 25.75 MPa. This 28% improvement over the conventional concrete is likely due to
the NPs acting as fine fillers, reducing micro-voids, providing nucleation sites for cement hydration products such
as calcium silicate hydrate (C—S—H), and improving the interfacial transition zone between paste and aggregates.
At 10% CuO NPs addition, compressive stresses were 21.172 MPa, 21.244 MPa, and 21.288 MPa, averaging
21.24 MPa. While slightly higher than the conventional mix, this is a noticeable decrease from the 5% mixture.
The reduced strength at higher NP content is attributed to particle agglomeration, partial cement replacement
reducing hydration, and decreased workability, leading to higher porosity.

Table 3. The compression stress for various concrete mixtures

Area (mm?) Load (kN) Stress (MPa) Avg. Stress (MPa) CuO NPs Addition
50.575 20.23
49.450 19.78 20.12 0%, Conventional concrete
2500 50.875 20.35
64.460 25.784
25.75 5% by cement weight
64.230 25.692
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Area (mm?) Load (kN) Stress (MPa) Avg. Stress (MPa) CuO NPs Addition

64.450 25.780
52.930 21.172
53.110 21.244 21.24 10% by cement weight
53.220 21.288

The y-ray shielding performance of concrete specimens containing different amounts of CuO NPs (0%, 5%, and
10% by weight of cement) was investigated using a Cs-137 radioactive source emitting 662 keV y-rays. The
concrete specimens had cross-sectional dimensions of 8 x 8 cm and were tested at thicknesses of 1 cm and 2 cm.
The results are demonstrated in Table 4. The results show a clear increase in the p values with higher CuO NPs
content as 0% CuO yielded p value of 0.17 cm™, 5% CuO NPs increased this to 0.21 cm™, and 10% CuO NPs
achieved the highest value of 0.22 cm™. This trend indicates that incorporating CuO NPs enhances the material's
ability to attenuate y-radiation. The improvement can be attributed to the higher atomic number and density
contribution of CuO NPs, which increases the likelihood of photon interactions such as Compton scattering and
photoelectric absorption within the concrete. Energy transmission measurements further confirm these
observations. For 1 cm thick specimens, the transmitted energy was 84.37% for conventional concrete, 81.06%
for 5% CuO, and 80.25% for 10% CuO NPs. Doubling the thickness to 2 cm reduced the transmitted energy to
71.18%, 65.70%, and 64.40% for the same respective specimens. These results illustrate that both increasing the
CuO NPs content and the specimen thickness significantly improve gamma-ray attenuation, consistent with the
Beer—Lambert law, where transmitted intensity decreases exponentially with material thickness and its attenuation
coefficient.

Table 4. Linear Attenuation Coefficient for CuO NPs-Concrete sample

Transmitted Energy Transmitted Energy
Cu(z NPs M . (Thickness of 1 cm) (Thickness of 2 cm)
% (em™) % %
0 0.17 84.367 71.18
5 0.21 81.06 65.705
10 0.22 80.252 64.44

4. CONCLUSIONS

Industries involving radioactivity play a vital role in modern society, yet they require strict and carefully
engineered protective measures to safeguard non-occupational populations. While traditional shielding materials
remain effective and widely used, ongoing research into composite additives and nanomaterials offers promising
advancements toward lighter, safer, and more efficient radiation protection systems. The tests regarding the
addition of various amounts of green-based synthesized CuO NPs to a conventional concrete mixture suggest that
the incorporation of NPs can enhance compressive strength when used at an optimal percentage. Based on the
present findings, 5% CuO NP addition appears to be more effective than 10%, providing improved mechanical
performance without the negative effects associated with higher amounts. Future investigations involving
microstructural analysis would help further explain the interaction between CuO NPs and cement hydration
products. The findings of the radiation shielding tests regarding the inclusion of CuO NPs demonstrate that CuO
NPs can effectively enhance the y-rays shielding properties of concrete in a dosage-dependent manner. A 5%
addition of CuO NPs provides substantial improvement in attenuation without likely affecting the concrete's
workability, while 10% offers slightly greater shielding. This suggests that CuO-modified concrete can be a
practical solution for improving radiation protection, particularly against medium-energy y-sources like Cs-137.
Future studies using microstructural analysis could provide further insights into the distribution of NPs and their
interactions with y-radiation within the concrete matrix. Continued interdisciplinary research will be essential to
ensure that technological progress in radioactive applications is matched by equally robust advancements in public
safety.
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