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Abstract 

Two-layer concrete paving blocks provide a practical architecture for concentrating functional additives within 

the exposed facing layer while retaining a conventional structural base. This study evaluated four routes for 

introducing a previously characterized biogenic silver nanocomposite, designated AgNP, into or onto the 

facing layer. Five formulations were prepared: an unmodified control (CTRL), surface spraying with a 6.67 mg 

mL⁻¹ AgNP suspension (AgNP-S), surface powder dusting (AgNP-PD), incorporation of the AgNP suspension 

into the facing mixture at 0.41 wt% relative to cement (AgNP-SI), and solution incorporation followed by 

powder dusting (AgNP-SI+PD). AgNP-SI was selected for detailed comparison with CTRL because it combined a 

macroscopically uniform surface with a defined incorporated dose. Morphology and elemental distribution 

were examined by scanning electron microscopy coupled with energy-dispersive X-ray spectroscopy (SEM-

EDS), whereas matrix-level chemical features were evaluated by Fourier-transform infrared (FTIR) and Raman 

spectroscopy. Both CTRL and AgNP-SI displayed heterogeneous aggregate and hydration-product 

morphologies, with no gross disruption of the cementitious matrix in the analyzed fields. EDS mapping 

confirmed silver retention in AgNP-SI and revealed a heterogeneous distribution containing Ag-rich 

microdomains. The software-reported mean for selected modified microareas was 4.33 mass% Ag, while 

point spectra ranged from 0.48 to 22.14 mass% Ag; these values represent local semiquantitative 

microanalysis rather than bulk composition. FTIR spectra retained the principal silicate, carbonate, and 

hydration-product bands. Raman spectra of AgNP-SI showed intensified features near 1350cm⁻¹, and  

1590–1600cm⁻¹, consistent with carbonaceous components of the biogenic coating and a possible local Ag-

associated enhancement of scattering. Collectively, the results demonstrate that the biogenic silver-bearing 

phase can be selectively incorporated into the wearing layer and remains analytically detectable without gross 

alteration of the dominant cementitious framework. 

Highlights 

 A biogenic silver nanocomposite was localized exclusively within the exposed facing layer of two-layer 

paving blocks. 
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 Four application routes were compared: spraying, powder dusting, suspension incorporation, and a 

combined route. 

 Suspension incorporation at 0.41 wt% relative to cement yielded the most macroscopically homogeneous 

modified surface. 

 SEM-EDS confirmed retained silver and spatially heterogeneous Ag-rich microdomains in AgNP-SI. 

 FTIR preserved the dominant cementitious fingerprint, whereas Raman revealed AgNP-associated 

carbonaceous features. 

Keywords: biogenic silver nanocomposite; silver nanoparticles; cementitious composite; two-layer paving 

block; facing layer; SEM-EDS; FTIR; Raman spectroscopy; livestock-facility surfaces 

Abbreviations: AgNP, biogenic silver nanocomposite containing silver nanoparticles; AgNP-S, surface-sprayed 

specimen; AgNP-PD, powder-dusted specimen; AgNP-SI, suspension-incorporated specimen; AgNP-SI+PD, 

suspension-incorporated and powder-dusted specimen; C-S-H, calcium-silicate-hydrate; CTRL, unmodified 

control; EDS, energy-dispersive X-ray spectroscopy; FTIR, Fourier-transform infrared spectroscopy; SEM, 

scanning electron microscopy; w/c, water-to-cement ratio. 

1. Introduction 

Biosecurity in modern livestock production is intrinsically multilayered because infectious agents can enter or 

circulate through animals, personnel, footwear, clothing, equipment, vehicles, feed, water, and repeatedly 

contaminated environmental interfaces [1], [2]. Entry thresholds, changing zones, service corridors, and 

loading areas are especially important because they concentrate traffic between epidemiological 

compartments. Experimental and field observations have implicated boots, coveralls, and related fomites in 

the mechanical transfer of porcine viruses [3], [7], while African swine fever and avian influenza continue to 

require rigorous cleaning, disinfection, movement control, and separation of clean and contaminated zones 

[4], [5], [6]. These findings support an integrated barrier concept rather than reliance on any single hygienic 

intervention [1]–[7]. 

Disinfectant mats and footbaths are widely used at livestock-facility access points because they are 

inexpensive and operationally visible [3], [5], [6]. Their effectiveness nevertheless depends on prior removal 

of gross contamination, maintenance of the active-substance concentration, complete wetting, adequate 

contact time, timely renewal, and consistent user compliance [3]–[6]. Organic matter from manure, litter, and 

soil can consume disinfectants or shield microorganisms, while brief passage through a bath may limit the 

effective exposure period. A permanently installed functional surface could therefore complement scheduled 

sanitation by presenting an active material directly at the traffic interface within a broader biosecurity system. 

Two-layer concrete paving blocks are well suited to this concept because the structural base can provide 

mechanical support, whereas a thinner facing layer can concentrate a functional additive close to the exposed 

surface. This architecture reduces the amount of modifier required relative to full-volume incorporation and 

enables the application route to be treated as a design variable. Studies of nanoparticle-functionalized 

cementitious materials show that functional performance is governed not only by nominal dose but also by 

dispersion, agglomeration, hydration, pore-solution chemistry, surface roughness, porosity, and retention 

during service [8]–[11]. Surface deposition may maximize immediate accessibility, whereas incorporation into 

the cementitious phase can promote physical retention and a more continuous spatial distribution. 

Silver nanoparticles are among the most extensively investigated antimicrobial nanomaterials. Their biological 

activity reflects coupled particle-surface interactions, partial oxidation, dissolution, and the action of released 
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Ag⁺ species [12], [13], [15], [16], [18]–[21], [24], [25], [27]–[29]. Reported mechanisms include adsorption to 

cell envelopes, membrane destabilization, protein-thiol binding, respiratory-chain disruption, oxidative stress, 

nucleic-acid damage, and interference with biofilm formation [12], [13], [15], [16], [24], [25]. Activity depends 

strongly on particle shape and size [14], oxidation state [16], storage-dependent dissolution [20], ion-release 

kinetics [21], capping chemistry [26], aggregation, and medium composition [18], [19], [25]. The possibility of 

reduced bacterial susceptibility under sustained silver selection has also been demonstrated [22], [23]. The 

modifier used in the present study was a biogenic silver nanocomposite previously synthesized with 

Lactobacillus paracasei isolated from whey; it comprised metallic silver cores averaging approximately 18 ± 

2.4 nm and an associated organic biomolecular coating [17]. 

Silver has been introduced into cementitious materials by direct incorporation, surface treatment, and hybrid 

photocatalytic routes [8]–[11], [30]–[33]. Noeiaghaei et al. [8] demonstrated that nanoparticle surface 

treatment can inhibit bacterial growth on cemented materials, whereas Ceran et al. [9] showed that dispersed 

AgNP additions generally provide more favorable composite behavior than powdered additions when 

agglomeration is controlled. Silver-containing surface nanocoatings are also sensitive to substrate roughness 

and porosity [10], and broader reviews identify dose, dispersion, and matrix compatibility as central 

parameters in antimicrobial concrete design [11]. AgNP-modified calcium-silicate cements [30], Ag-modified 

TiO₂ cementitious systems [31], nanosilver-modified concrete [32], and Portland cement impregnated with 

colloidal AgNPs [33] further demonstrate the feasibility of integrating silver-bearing phases with inorganic 

binders. However, the relationship between application route, silver localization, and matrix-level 

physicochemical response has not been established for a two-layer paving unit containing a biogenic Ag 

nanocomposite. 

Accordingly, this study aimed to fabricate two-layer concrete paving blocks in which the biogenic Ag 

nanocomposite was confined to the facing layer by surface spraying, powder dusting, suspension 

incorporation, or a combined route, and to characterize the selected incorporated formulation relative to an 

unmodified control. The working hypothesis was that suspension incorporation would produce a 

macroscopically uniform and physically retained silver-bearing phase while preserving the dominant 

cementitious microstructure and vibrational fingerprint. 

2. Materials and methods 

2.1. Experimental design 

Two-layer paving-block specimens were manufactured with a common structural base and a thinner facing 

layer designed as the exposed wearing surface. The AgNP modifier was confined exclusively to the facing 

layer, while the base-layer composition remained constant. Five experimental groups were prepared: CTRL, 

AgNP-S, AgNP-PD, AgNP-SI, and AgNP-SI+PD (Table 2). Following macroscopic comparison of the fabricated 

specimens, CTRL and AgNP-SI were selected for detailed SEM-EDS, FTIR, and Raman analyses. 

All modified formulations retained the same nominal mineral composition of the facing layer. Consequently, 

differences in surface appearance and instrumental response were interpreted primarily in relation to the 

AgNP application route and the presence of the biogenic silver-bearing phase. 

2.2. Biogenic silver nanocomposite and cementitious constituents 

The silver-containing modifier was the biogenic nanocomposite synthesized using Lactobacillus paracasei 

isolated from whey and previously characterized for physicochemical, antiradical, and antimicrobial 
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properties [17]. The material contained metallic silver cores with an average size of approximately 18 ± 2.4 

nm associated with an organic biomolecular coating [17]. The abbreviation AgNP is retained throughout the 

manuscript for continuity, although the modifier is more precisely described as an organically capped biogenic 

silver nanocomposite. 

The structural base mixture contained cement, two sand fractions designated Sand L and Sand M, stone dust, 

and water. The facing mixture contained cement, a size-controlled sand fraction, and water. The nominal 

mass fractions are summarized in Table 1. No AgNP material was added to the structural base layer. 

2.3. Mixture design and specimen fabrication 

The nominal base-layer formulation comprised 13.9 mass% cement, 13.9 mass% Sand L, 35.6 mass% Sand M, 

31.7 mass% stone dust, and 4.9 mass% water. The nominal facing-layer formulation comprised 15.0 mass% 

cement, 76.0 mass% size-controlled sand, and 9.0 mass% water. The production sheet specified w/c values of 

0.40 for the base layer and 0.62 for the facing layer, while ratios calculated from the rounded mass fractions 

were 0.35 and 0.60, respectively. Both sets of values are reported to preserve the original formulation record. 

The base and facing mixtures were prepared separately. The base mixture was formed as the supporting 

body, after which the facing mixture was placed as the exposed layer before hardening. Depending on the 

experimental group, the AgNP modifier was introduced into the facing mixture, applied to the facing surface, 

or used in both positions. 

2.4. AgNP application strategies 

Four AgNP application routes were implemented (Table 2). For AgNP-S, an aqueous AgNP suspension at 6.67 

mg mL⁻¹ was applied to the facing surface by spraying. For AgNP-PD, dry AgNP powder was distributed directly 

over the facing surface. For AgNP-SI, the AgNP suspension was incorporated into the facing mixture at 0.41 

wt% relative to the facing-layer cement mass. AgNP-SI+PD combined suspension incorporation at 0.41 wt% 

with subsequent surface powder dusting. This design enabled direct comparison of surface deposition, 

incorporation within the facing layer, and a combined application strategy. 

2.5. Selection of the formulation for detailed characterization 

After fabrication, the specimens were compared macroscopically with respect to surface uniformity, visible 

clustering, and continuity of modifier distribution. AgNP-SI showed the most homogeneous modified surface 

and contained a defined incorporated dose; it was therefore selected for detailed physicochemical 

comparison with CTRL. 

2.6. Scanning electron microscopy and EDS microanalysis 

Facing-layer fragments from CTRL and AgNP-SI were examined using a LEO 1430 VP scanning electron 

microscope (LEO Electron Microscopy Ltd., England) equipped for secondary-electron imaging and variable-

pressure operation. Elemental microanalysis and mapping were performed with a Quantax 200 energy-

dispersive X-ray system fitted with an XFlash 4010 detector (Bruker AXS, Germany). SEM images were 

recorded at magnifications ranging from 200× to 200,000×. 

The analyzed micrographs documented accelerating voltages of 20–30 kV and working distances of 

approximately 9.5–10.2 mm. Images were acquired under variable-pressure conditions of 50 Pa or under high 

vacuum, depending on the field. Comparative EDS spectra and elemental maps were obtained at 700×, 28 kV, 
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and a working distance of 25 mm. EDS values were interpreted as local semiquantitative microanalysis of the 

selected interaction volumes. 

2.7. Fourier-transform infrared spectroscopy 

FTIR spectra of CTRL and AgNP-SI were acquired using a vacuum Vertex 70V spectrometer coupled to a 

Hyperion 1000 infrared microscope (Bruker Optik, Germany). The comparative spectra covered approximately 

3800–400 cm⁻¹ and were evaluated as transmittance versus wavenumber. Band assignments were 

interpreted in relation to established spectral characteristics of hydrated Portland-cement systems [38]–[40]. 

2.8. Raman spectroscopy 

Raman spectra were acquired using a Senterra confocal dispersive Raman spectrometer (Bruker Optik, 

Germany) equipped with a thermoelectrically cooled CCD detector, video imaging, and a motorized xyz stage. 

The spectra were evaluated over approximately 1800–100 cm⁻¹. Interpretation focused on the mineral-lattice 

region and on the AgNP-associated features near 1350 and 1590–1600 cm⁻¹, with reference to the established 

D- and G-band regions of carbonaceous materials [34] and the principles of Ag-associated Raman 

enhancement [41]. 

2.9. Data analysis 

Macroscopic appearance, SEM morphology, EDS spectra and maps, and vibrational spectra were compared 

descriptively. The EDS results were retained in the software-reported units: atomic percent for CTRL and mass 

percent for AgNP-SI. Because EDS probes selected microvolumes, the values were interpreted as local 

semiquantitative measurements and were not converted into bulk composition. Approximate FTIR and Raman 

band positions were read from the comparative spectra. 

Table 1. Nominal composition of the structural base and exposed facing layers. 

Component or parameter Base layer Facing layer 

Cement, mass% 13.9 15.0 

Sand L, mass% 13.9 — 

Sand M, mass% 35.6 — 

Size-controlled sand, mass% — 76.0 

Stone dust, mass% 31.7 — 

Water, mass% 4.9 9.0 

w/c, production-sheet value 0.40 0.62 

w/c, calculated from rounded composition 0.35 0.60 

 

Note: all modified specimens used the same nominal mineral formulation in the facing layer. Both production-

sheet and composition-derived w/c values are shown because the formulation entries were reported as 

rounded mass percentages. 

Table 2. Experimental groups and AgNP application routes. 

Code Description Modification strategy 

CTRL Unmodified control No AgNP addition. 

AgNP-S Surface-sprayed specimen 
A 6.67 mg mL⁻¹ aqueous AgNP suspension 

was applied to the facing surface by 

spraying. 
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Code Description Modification strategy 

AgNP-PD Powder-dusted specimen 
Dry AgNP powder was applied directly to the 

facing surface. 

AgNP-SI Solution-incorporated specimen 
AgNP suspension was incorporated into the 

facing mixture at 0.41 wt% relative to 

cement. 

AgNP-SI+PD Combined specimen 
AgNP suspension was incorporated at 0.41 

wt% relative to cement, followed by surface 

powder dusting. 

 

 

Figure 1. Fabricated two-layer paving-block specimens and analytical workflow. CTRL, unmodified control; 

AgNP-S, surface spraying; AgNP-PD, surface powder dusting; AgNP-SI, AgNP suspension incorporated into the 

facing mixture; AgNP-SI+PD, suspension incorporation followed by powder dusting. The detailed 

physicochemical comparison was performed between CTRL and AgNP-SI using SEM, EDS microanalysis and 

elemental mapping, FTIR, and Raman spectroscopy. 

3. Results 

3.1. Macroscopic appearance and selection of AgNP-SI 

The five formulations displayed distinct macroscopic surface characteristics after fabrication (Figure 1). CTRL 

exhibited a comparatively uniform gray facing layer. AgNP-S showed a darker brown-gray surface consistent 

with a deposited surface film. AgNP-PD had a granular appearance with discrete dark speckles, whereas 

AgNP-SI retained a relatively uniform gray surface with fine, dispersed heterogeneity. AgNP-SI+PD exhibited 

the strongest mottling and the highest density of dark surface domains. The surface-only routes therefore 

produced visibly localized deposits, while suspension incorporation generated a more continuous 

macroscopic appearance. 

On this basis, AgNP-SI was selected for detailed comparison with CTRL. Its homogeneous surface appearance 

and defined incorporated dose provided a consistent material basis for SEM-EDS and vibrational-

spectroscopic analyses. 

3.2. SEM morphology of CTRL and AgNP-SI 



 

AgNP-Modified Two-Layer Paving Blocks – Manuscript Draft 

TRANSLATIONAL RESEARCH IN VETERINARY SCIENCE 

MANUSCRIPT DRAFT 

 

  
7 MANUSCRIPT DRAFT 

At 200×, both CTRL and AgNP-SI consisted of irregular aggregate particles and cementitious fines separated by 

interparticle voids (Figure 2). At 1000× and 5000×, CTRL displayed rough particulate deposits and 

heterogeneous hydration products, whereas selected AgNP-SI particles showed locally smoother and more 

continuous surface coverage. At 50,000× and 200,000×, both materials exhibited folded, lamellar, and foil-like 

nanoscale hydration-product morphologies. AgNP-SI additionally contained locally dense nanoscale deposits. 

Because fine mineral phases, hydration products, and the organic component of the biogenic nanocomposite 

can generate similar topographic contrast, silver localization was assessed by EDS rather than morphology 

alone. No gross cracking, matrix collapse, or qualitative loss of cohesion attributable to the 0.41 wt% 

treatment was observed in the analyzed fields. 

 

Figure 2. SEM micrographs of CTRL (top row) and AgNP-SI (bottom row) at increasing magnification. Scale bars 

from left to right: 500 µm, 100 µm, 20 µm, 2 µm, and 500 nm. Both specimens show heterogeneous 

aggregate and hydration-product morphologies, with locally denser nanoscale surface deposits in AgNP-SI. 

3.3. EDS spectra and elemental distribution 

The CTRL field was dominated by O, Si, and Ca, with smaller contributions from Al, C, K, S, Fe, Na, Mg, and P, 

as expected for a silicate-rich cementitious material (Figure 3; Table 3). The software-reported CTRL summary 

contained 62.28 at% O, 18.11 at% Si, 13.21 at% Ca, 2.39 at% Al, and 1.56 at% C. A minor signal of 0.08 at% Ag 

was also reported. 
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Figure 3. Comparative SEM-EDS analysis of CTRL and AgNP-SI, including representative secondary-electron 

images, analyzed points and areas, elemental maps, overlaid EDS spectra, and software-reported quantitative 

summaries. CTRL values are reported in atomic percent and AgNP-SI values in mass percent; the datasets 

therefore represent separate local semiquantitative summaries. 

Because CTRL contained no intentionally added silver and the reported signal was low, the 0.08 at% value was 

interpreted as a background-level response associated with spectral overlap or incidental analytical 

contamination rather than a material feature. 

The AgNP-SI field contained O, Ca, Si, Al, K, Fe, S, Na, Mg, P, Cl, Ti, C, and Ag. The software-reported mean for 

the selected modified microareas was 4.33 mass% Ag. Individual point spectra contained 0.83, 0.90, 0.48, 

22.14, and 0.96 mass% Ag. Elemental mapping showed silver throughout the analyzed field, with pronounced 

local intensification. The isolated 22.14 mass% value identified an Ag-rich microdomain, while the remaining 

points confirmed lower but consistently detectable local silver content. 

The 4.33 mass% value represents the selected SEM interaction volumes rather than the bulk Ag concentration 

of the facing layer. Its magnitude, together with the 0.48–22.14 mass% point range, demonstrates spatial 

heterogeneity and localized enrichment. Direct numerical comparison with CTRL is not appropriate because 

the two software exports use different reporting bases. 

Table 3. Software-reported local EDS summaries for CTRL and AgNP-SI microareas. 

Element CTRL, atomic% AgNP-SI, mass% 

C 1.56 0.46 

O 62.28 35.57 

Na 0.39 1.19 

Mg 0.39 1.03 

Al 2.39 8.38 

Si 18.11 16.48 

P 0.07 0.23 
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Element CTRL, atomic% AgNP-SI, mass% 

S 0.53 1.31 

Cl — 0.67 

K 0.55 3.63 

Ca 13.21 24.81 

Ti — 0.19 

Fe 0.45 1.71 

Ag 0.08 4.33 

 

Ag point spectra in AgNP-SI (mass%): 0.83, 0.90, 0.48, 22.14, and 0.96. The values represent local 

semiquantitative microanalysis; CTRL and AgNP-SI are reported on different numerical bases. 

3.4. FTIR characteristics 

CTRL and AgNP-SI showed broadly overlapping FTIR profiles (Figure 4A). Both spectra contained a broad high-

wavenumber contribution assigned to O-H stretching of adsorbed or bound water and hydroxyl-bearing 

hydration products, a water-bending region near 1640 cm⁻¹, a carbonate-associated envelope around 1420–

1450 cm⁻¹, and a dominant silicate/C-S-H region between approximately 1100 and 950 cm⁻¹. Bands in the 

800–780 cm⁻¹ region were consistent with quartz or aggregate-related silicate modes, while the strong 

feature near 460 cm⁻¹ was assigned mainly to Si-O deformation or a quartz-related lattice vibration (Table 4). 

AgNP-SI differed from CTRL in relative transmittance and band shape, particularly within the silicate and low-

wavenumber regions. The principal mineral and hydration-product bands nevertheless remained clearly 

recognizable, indicating preservation of the dominant cementitious chemical framework after suspension 

incorporation. 

3.5. Raman characteristics 

The Raman spectra retained prominent low-wavenumber mineral bands, including a strong feature near 460 

cm⁻¹ and additional bands around 200 and 130 cm⁻¹ (Figure 4B). Relative to CTRL, AgNP-SI exhibited markedly 

intensified broad features near 1350 and 1590–1600 cm⁻¹, together with a modified background and greater 

overall signal intensity. These regions correspond to the conventional D- and G-type bands of disordered and 

graphitic carbonaceous structures [34]. 

The intensified bands are consistent with carbonaceous or biomolecular components of the organic coating 

previously characterized in the biogenic AgNP material [17]. Their enhancement may also reflect stronger 

local Raman scattering in Ag-rich domains, in agreement with established plasmonic enhancement principles 

[41]. The Raman response therefore represents an AgNP-associated carbonaceous contribution superimposed 

on the mineral spectrum of the cementitious matrix. 
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Figure 4. Vibrational-spectroscopy comparison of CTRL and AgNP-SI. (A) FTIR spectra presented as 

transmittance versus wavenumber. (B) Raman spectra displayed with vertical offset for clarity. Approximate 

band positions are summarized in Table 4. 

Table 4. Assignment and interpretation of the principal FTIR and Raman features. 

Technique Approximate position Provisional assignment Interpretive constraint 

FTIR ~3400 cm⁻¹ 

O-H stretching of 

bound/adsorbed water and 

hydroxyl-bearing hydration 

products 

Hydrated matrix contribution in 

both specimens. 

FTIR ~1640 cm⁻¹ 
H-O-H bending of molecular 

water 

Consistent with retained 

molecular water in the hydrated 

cementitious matrix. 

FTIR ~1420–1450 cm⁻¹ Carbonate stretching 
Carbonate-containing phases 

and carbonation products. 

FTIR ~1100–950 cm⁻¹ 
Si-O stretching in silicate/C-S-H 

environments; possible sulfate 

overlap 

Dominant cementitious 

envelope in both specimens. 

FTIR ~800–780 cm⁻¹ 
Quartz or aggregate-related 

silicate modes 
Contribution from the mineral 

aggregate fraction. 

FTIR/Raman ~460 cm⁻¹ 
Si-O deformation or quartz-

related lattice mode 

Strong in both materials, 

supporting preservation of the 

mineral framework. 

Raman ~1350 cm⁻¹ 
D-type band of disordered 

carbon and AgNP-associated 

surface contribution 

Enhanced in AgNP-SI and 

consistent with the organic 

biogenic coating. 

Raman ~1590–1600 cm⁻¹ 
G-type carbon band with 

possible local Ag-associated 

scattering enhancement 

Enhanced in AgNP-SI; 

compatible with carbonaceous 

coating and Ag-rich 

microdomains. 

 

4. Discussion 

4.1. Significance of the two-layer architecture and application route 
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The two-layer architecture offers an efficient way to localize a functional phase at the exposed surface while 

retaining a conventional supporting base [8], [9], [11]. In the present specimens, all AgNP variants shared the 

same structural layer and facing-layer mineral formulation; therefore, the observed macroscopic differences 

primarily reflected the mode of modifier introduction. Concentrating AgNPs within the facing layer also limits 

silver consumption relative to full-volume modification and places the silver-bearing phase close to the 

interface at which contamination would occur. 

AgNP-SI showed a more homogeneous macroscopic surface than the powder-dusted formulations, which 

contained clearly visible dark speckles and mottled deposits. This observation agrees with Ceran et al. [9], 

who found that dispersed AgNPs were generally incorporated more favorably than powdered material and 

that excessive powder addition promoted agglomeration. The incorporated dose used here, 0.41 wt% relative 

to facing-layer cement, was substantially lower than the 1–5 wt% colloidal AgNP loadings investigated by Nam 

[33] and the multi-percent additions assessed by Ceran et al. [9]. The low-dose result is also conceptually 

consistent with the CuO study of Ślosarczyk et al. [54], in which the best compromise between functional and 

engineering properties occurred at the lowest tested nanoparticle addition, although CuO and Ag differ in 

chemistry and mode of action. 

The four fabrication routes generated distinct spatial states of the modifier. Spraying produced a surface film, 

powder dusting generated discrete deposits, suspension incorporation distributed the modifier through the 

facing mixture, and the combined route superimposed internal incorporation with a surface-rich powder 

fraction. The comparatively continuous appearance of AgNP-SI and the subsequent EDS confirmation of 

retained silver support suspension incorporation as the most coherent route when uniform facing-layer 

distribution is prioritized. By contrast, surface treatments such as those reported by Noeiaghaei et al. [8] and 

Graziani et al. [10] favor immediate surface accessibility but are more strongly governed by substrate 

roughness, porosity, and coating continuity. 

4.2. Microstructure and elemental evidence for retained silver 

SEM did not reveal gross deterioration of the hydrated matrix after incorporation of the 0.41 wt% AgNP dose. 

This finding is compatible with studies showing that controlled silver-nanoparticle additions can be 

accommodated by cementitious systems without obligatory loss of matrix integrity [9], [30], [33]. The locally 

smoother and more continuous coverage observed on selected AgNP-SI particles may reflect fine-particle 

filling, deposition of the biomolecular coating, or a local redistribution of hydration products. Irrespective of 

the mechanism, the coexistence of conventional lamellar and foil-like hydration morphologies in CTRL and 

AgNP-SI indicates that the dominant cementitious microstructure was retained. 

Secondary-electron morphology alone cannot identify nanosilver reliably within a cement matrix because fine 

mineral phases, hydration products, carbonaceous residues, and Ag-containing domains can overlap in 

apparent size and topographic contrast [35]–[37]. EDS therefore provides the direct evidence for silver 

retention in AgNP-SI. The elemental map and point spectra showed Ag throughout the analyzed field together 

with localized enrichment, demonstrating that the incorporated biogenic nanocomposite formed a 

heterogeneous rather than perfectly uniform microdistribution. 

The Ag-rich microdomains are consistent with local aggregation of the organically capped nanocomposite or 

preferential accumulation within pores and hydration-product interfaces. Such heterogeneity is expected 

because AgNP behavior depends on particle geometry, aggregation state, surface oxidation, and dissolution 

kinetics [14], [16], [20], [21]. Ceran et al. [9] similarly identified agglomeration as a central limitation of 

powdered AgNP incorporation. In the present material, the coexistence of low-Ag points and an isolated 
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22.14 mass% Ag point indicates that most of the analyzed matrix contained dispersed silver-bearing material 

interspersed with locally concentrated domains. 

The software-reported mean of 4.33 mass% Ag must be interpreted at the scale of the selected EDS 

interaction volumes. It does not represent the bulk composition of the facing layer and is fully compatible 

with the nominal 0.41 wt% dose relative to cement when the electron beam intersects an Ag-rich 

microdomain. EDS quantification is sensitive to local topography, interaction volume, matrix composition, and 

correction procedure [35]–[37]. The trace 0.08 at% Ag signal in CTRL is therefore best understood as analytical 

background, whereas the spatially coherent Ag map and repeated Ag-positive point spectra in AgNP-SI 

constitute the relevant evidence of modifier retention. 

4.3. Interpretation of FTIR and Raman changes 

The broad overlap of CTRL and AgNP-SI FTIR spectra shows that suspension incorporation did not replace the 

principal silicate, carbonate, and hydration-product signatures. The observed bands agree with established 

assignments for Portland-cement systems, including O-H-containing hydration products, molecular water, 

carbonate species, Si-O stretching in silicate and C-S-H environments, quartz-related modes, and low-

wavenumber Si-O deformation [38]–[40]. Because the AgNP modifier represented a minor fraction of the 

mineral matrix, preservation of the dominant FTIR envelope is consistent with the SEM evidence of 

microstructural continuity. 

The absence of an isolated Ag-specific FTIR band is chemically reasonable because metallic silver does not 

generate a strong, unique molecular vibration in the conventional mid-infrared region, while low-

concentration organic surface species are superimposed on intense cement and aggregate absorptions. FTIR is 

therefore most informative here as evidence that the matrix-level chemical framework remained 

recognizable. The modest differences in relative transmittance and band shape likely reflect local changes in 

hydration-product distribution, carbonate content, or the contribution of the biogenic organic coating. 

The Raman response provided a more distinctive signature of the incorporated modifier. The broad features 

near 1350 and 1590–1600 cm⁻¹ coincide with the D- and G-band regions of disordered and graphitic 

carbonaceous structures [34]. Their marked intensification in AgNP-SI is consistent with the biomolecular 

coating previously identified for the Lactobacillus-derived silver nanocomposite [17]. Incorporation into the 

alkaline cementitious matrix and interaction with mineral surfaces may alter the organization and optical 

response of these carbonaceous components, making them more prominent relative to CTRL. 

A local Ag-associated enhancement of Raman scattering is also plausible because electromagnetic 

amplification can occur near plasmonic silver nanostructures, especially at rough surfaces and junctions 

between Ag-rich domains [41]. The Ag hotspots detected by EDS provide a physically coherent basis for this 

contribution. The most balanced interpretation is therefore that the intensified Raman bands arise from the 

carbonaceous biogenic coating, potentially amplified locally by the silver-containing microstructure, rather 

than from a new bulk cement phase. 

4.4. Comparison with antimicrobial cementitious systems and veterinary relevance 

The functional rationale for incorporating AgNPs into a livestock-facility surface is supported by the extensive 

literature on particle- and ion-mediated antimicrobial activity [12]–[29]. However, immobilization within 

hydrated cement changes the chemical environment governing that activity. High alkalinity, chloride, sulfide, 

phosphate, carbonate, and organic ligands can alter Ag oxidation, dissolution, aggregation, and speciation 

[18]–[21], [25], [26]. The EDS-confirmed silver-bearing domains observed here establish the required 
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material-level presence of the modifier, while their heterogeneous distribution is likely to influence the 

balance between surface accessibility, ionic release, and retention. 

Direct comparison with published antimicrobial cement systems highlights the importance of dose and 

exposure conditions. Nam [33] incorporated 1, 3, and 5 wt% colloidal AgNPs into Portland cement and 

reported dose-dependent silver release, shorter setting time at higher loading, preserved compressive 

strength, and antibacterial inhibition at 5 wt%. Noeiaghaei et al. [8] reported more than 60% reduction of 

Bacillus cereus and Escherichia coli during a seven-day surface-treatment experiment using 250 mg L⁻¹ 

nanoparticle suspensions. Vázquez-García et al. [30] likewise demonstrated that AgNPs can modify the 

physicochemical and antibacterial properties of calcium-silicate cements. The present 0.41 wt% biogenic 

formulation therefore occupies a distinctly lower-dose and structurally localized design space than these 

incorporated or surface-treated systems. 

Hybrid and alternative nanoparticle systems further illustrate the need to balance functional activity with 

matrix performance. Ünal et al. [31] achieved sustained antibacterial behavior using Ag-modified TiO₂ in 

mortar and concrete, while Sybis et al. [32] examined nanosilver-modified concrete in the context of 

structural resilience. In CuO-doped engineered cementitious composites, Ślosarczyk et al. [54] found that the 

lowest tested dose provided the most favorable overall compromise between antibacterial, mechanical, 

structural, and durability properties. Together with the dispersed-versus-powdered comparison of Ceran et al. 

[9], these studies support the present emphasis on route-controlled localization and low-dose incorporation 

rather than nominal silver content alone (Table 5). 

The veterinary relevance of silver also extends to viruses of major animal and public-health importance. 

Antiviral effects of AgNP-based systems have been reported against African swine fever virus [42], influenza 

A/H1N1 [43]–[45], avian influenza H9N2 and H5N1 [46], [47], HIV-1 [48], [49], monkeypox virus [50], SARS-

CoV-2 [51], Rift Valley fever virus [52], and porcine reproductive and respiratory syndrome virus [53]. These 

studies demonstrate broad, virus-dependent biological plausibility across dispersed nanoparticles and 

composite systems. They also show that particle chemistry, formulation, virus type, and exposure conditions 

strongly determine the outcome; consequently, they provide a mechanistic and veterinary context for the 

present material rather than a direct performance benchmark for a cementitious paving surface. 

Table 5. Comparison of the present material concept with representative antimicrobial cementitious systems. 

Study Material and route Principal reported outcome Relevance to the present work 

Present study 

Biogenic AgNP suspension 

incorporated into the facing 

layer at 0.41 wt% relative to 

cement; surface spraying, 

powder dusting, and a 

combined route also fabricated. 

Route-dependent surface 

appearance; retained Ag and Ag-

rich microdomains confirmed by 

SEM-EDS; dominant 

cementitious FTIR profile 

preserved. 

Demonstrates selective facing-

layer functionalization at a 

comparatively low incorporated 

dose. 

Nam [33] 
Colloidal AgNPs incorporated 

into Portland cement at 1, 3, 

and 5 wt%. 

Dose-dependent Ag release; 

higher loading shortened 

setting; antibacterial inhibition 

reported at 5 wt%; compressive 

strength remained comparable. 

Provides a higher-dose 

incorporated AgNP comparator 

and demonstrates dose-

sensitive material and 

antibacterial responses. 

Noeiaghaei et al. [8] 

Surface treatment with Ag or 

ZnO nanoparticle suspensions; 

250 mg L⁻¹ in the reported 

bactericidal experiments. 

>60% viable-cell reduction after 

seven days under the tested pH 

conditions when treatment was 

applied at the start of culture. 

Illustrates the high accessibility 

of a surface-applied modifier 

under prolonged aqueous 

contact. 
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Study Material and route Principal reported outcome Relevance to the present work 

Ceran et al. [9] 
Dispersed and powdered AgNP 

additions to cementitious 

composites. 

Dispersed AgNPs generally 

produced more favorable 

composite behavior; powdered 

AgNPs were increasingly limited 

by agglomeration. 

Consistent with the more 

uniform appearance of 

suspension incorporation than 

powder dusting in the present 

study. 

Ślosarczyk et al. [54] 
CuO nanoparticles incorporated 

at 0.25, 0.50, and 1.00 wt%. 

All doses improved antibacterial 

properties; 0.25 wt% provided 

the best overall balance of 

mechanical, structural, and 

durability characteristics. 

Shows that a low nanoparticle 

dose can optimize combined 

functional and engineering 

properties, although CuO 

chemistry differs from Ag. 

Ünal et al. [31] 
Mechanically alloyed Ag-

modified TiO₂ incorporated into 

mortar and concrete. 

Sustained antibacterial activity 

under controlled repeated-

challenge conditions. 

Demonstrates durable 

antibacterial function in a hybrid 

photocatalytic/Ag system. 

 

4.5. Engineering, release, and regulatory context 

Concrete paving blocks are engineering products whose dimensions, strength, water absorption, abrasion 

resistance, and freeze-thaw behavior are addressed within the EN 1338 framework [55]. At the 

microstructural level, the present SEM and FTIR results indicate that the 0.41 wt% AgNP incorporation 

preserved the recognizable hydrated cementitious framework. This observation is consistent with reports that 

nanoparticle-modified cement systems can retain acceptable structural characteristics when dose and 

dispersion are controlled [9], [30], [33], [54]. 

Selective placement of the Ag-bearing phase in the facing layer is also relevant to environmental behavior 

because this layer forms the direct interface with water, cleaning agents, and mechanical wear. Studies of 

nanosilver-containing textiles and outdoor facades have demonstrated that silver can migrate from functional 

materials into water and runoff [56], [57]. The retained Ag distribution observed by EDS in AgNP-SI therefore 

defines the initial material state from which any subsequent transport or transformation would originate. 

Released silver may occur as dissolved ions, nanoparticles, aggregates, or transformed species, with oxidation, 

sulfidation, chlorination, and complexation governing persistence and biological availability [58]. These 

transformations are central to the molecular toxicity of nanosilver [59] and to comparative environmental 

hazard across Ag, CuO, and ZnO nanomaterials [60]. In a cementitious matrix, the observed localization of Ag 

within microdomains is therefore relevant not only to functional accessibility but also to retention and 

speciation. 

ISO 22196 and ISO 21702 provide standardized terminology and measurement principles for antibacterial and 

antiviral activity on non-porous surfaces [61], [62]. A rough and absorbent cementitious surface differs 

substantially from the substrates for which those methods were designed, particularly in inoculum recovery, 

moisture retention, and contact geometry. In parallel, Regulation (EU) No 528/2012 governs the placing on 

the market and use of biocidal products and treated articles [63]. For this reason, the present material is 

described strictly in physicochemical terms as AgNP-modified rather than assigned an antibacterial, antiviral, 

or biocidal performance claim. 

The literature on acquired silver tolerance [22], [23] further supports a restrained application concept in 

which a silver-modified surface complements, rather than replaces, cleaning, disinfection, controlled access, 

and footwear management. This positioning is consistent with the layered biosecurity principles established 

for pig and poultry production [1]–[7]. 
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5. Conclusions 

Two-layer concrete paving blocks were successfully fabricated using four AgNP application routes confined to 

the facing layer. Suspension incorporation at 0.41 wt% relative to facing-layer cement produced the most 

macroscopically homogeneous modified specimen and enabled a controlled comparison with the unmodified 

material. SEM showed preservation of the characteristic heterogeneous cementitious microstructure, while 

EDS spectra and elemental mapping confirmed retained silver and revealed a distribution composed of 

dispersed Ag-bearing regions and localized Ag-rich microdomains. FTIR demonstrated continuity of the 

dominant silicate, carbonate, and hydration-product framework. Raman spectroscopy identified intensified 

bands near 1350 and 1590–1600 cm⁻¹, consistent with the carbonaceous biomolecular coating of the biogenic 

nanocomposite and a possible local Ag-associated enhancement of scattering. Collectively, these results 

establish a coherent physicochemical basis for selectively functionalizing the wearing layer of concrete paving 

units with a biogenic silver nanocomposite while preserving the recognizable cementitious matrix. 
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