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Abstract

The fired bricks of archaeological supply facilities—particularly the Ahmed IbnTulun Aqueduct, dating to the Abbasid period
(875 AD)—have received limited attention in terms of integrated conservation. This study aims to identify the main
deterioration factors affecting these bricks and to assess the effectiveness of selected nanocomposites for their consolidation
and protection. A comprehensive methodology was applied, including examination, analysis, and evaluation using USB
digital microscopy, polarized light microscopy (PLM), scanning electron microscopy (SEM), X-ray diffraction (XRD), and X-
ray fluorescence (XRF). Consolidants were prepared using silica (SiO. ) and calcium carbonate (CaCOj3 ) nanoparticles
(mean particle diameter < 30 nm as confirmed by TEM) at3% and 5% concentrations, dispersed in an acrylic copolymer
matrix (Paraloid B72: 70% ethyl methacrylate, 30% methyl acrylate). Treated, untreated, and artificially aged samples were
evaluated for physical and mechanical properties, colorimetric changes, and water contact angle. Quantitative results showed
that the SiO, /Paraloid B72 nanocomposite at 5% concentration increased compressive strength from 88.05 kg/cm? (untreated)
to 231.21 kg/cm?, and achieved a static water contact angle of 107°, indicating both enhanced mechanical strength and strong
water repellenc.Results demonstrated that both SiO, and CaCOj; nanocomposites significantly enhanced compressive
strength, with the SiO. /Paraloid B72 nanocomposite at 3% achieving the best overall performance—particularly in
improving water repellency while maintaining the original appearance of the friedbricks, and showing excellent material
compatibility and durabilityproperties of prepared materials. The CaCO; /Paraloid B72 nanocomposite ranked second in
performance; however, the 5% formulation caused slight chromatic alteration and less effective water repellency, indicating
the need for concentration adjustments to improve its conservation applicability.

Keywords: Fired brick; Acrylic polymers; Silica nanoparticles; Calcium carbonate nanoparticles; consolidation; Ahmed
IbnTulun aqueduct

Introduction

The Tulunid period marked a significant era in the history of Egypt. In 882 AD, Ahmed IbnTulun succeeded in securing
Egypt’s independence from the Abbasid Caliphate after centuries of subordination [1]. He commissioned the construction of
an extensive aqueduct system to supply water to his newly established capital, Al-Qata'i, which was built on elevated terrain,
whereas the Nile River flowed at a lower level [2]. The intake tower is the most prominent architectural element of the Ahmed
IbnTulun Aqueduct and remains the best-preserved part of this archaeological structure to date (Fig. 1). The intake source of
the aqueduct originated from a natural spring in the El-Basateen area, located in what is now southern Cairo. A surviving
water-wheel tower, which once played a key role in lifting water into the system, still stands in the Beir Om Al-Sultan
neighborhood within the same area [3].

The aqueduct of Ahmed IbnTulun, considered the oldest Islamic hydraulic monument in Egypt, still stands largely
preserved with its original construction materials—primarily fired bricks—dating back to the 9th century. This historical
structure was originally supplied by two large water wheels that lifted water from a square well to the top of the intake tower,
channeling it northeastward to key locations in the Tulunid capital, Al-Qata'i. However, the aqueduct currently suffers from
multiple forms of damage and deterioration, including prolonged neglect and urban encroachment, which have led to the
removal of some original components. The remaining sections exhibit significant material degradation, such as cracking and
erosion of the fired bricks, as well as deterioration of the bonding mortar due to exposure to various weathering agents.
Notably, the southern sector of the aqueduct originally extended approximately 870 meters, but only about 540 meters remain
today due to extensive destruction[4, 5].
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Fig. 1.The four facades of the intake tower of the Ahmed IbnTulun Aqueduct: (A) Eastern (main) facade; (B) Western facade;
(C) Northern fagade; (D) Southern fagade. (Photographs taken by the authors).

The aqueduct of Ahmed IbnTulun, considered the oldest Islamic hydraulic monument in Egypt, still stands largely

preserved with its original construction materials—primarily fired bricks—dating back to the 9th century. This historical
structure was originally supplied by two large water wheels that lifted water from a square well to the top of the intake tower,
channeling it northeastward to key locations in the Tulunid capital, Al-Qata'i. However, the aqueduct currently suffers from
multiple forms of damage and deterioration, including prolonged neglect and urban encroachment, which have led to the
removal of some original components. The remaining sections exhibit significant material degradation, such as cracking and
erosion of the fired bricks, as well as deterioration of the bonding mortar due to exposure to various weathering agents.
Notably, the southern sector of the aqueduct originally extended approximately 870 meters, but only about 540 meters remain
today due to extensive destruction[4, 5].
The deterioration of ancient fired brick masonry is driven by a range of environmental and material factors. One of the
principal issues is brick weathering, which can result in surface disintegration and the formation of powdery residues. This
process is often exacerbated by elevated moisture levels, leading to salt efflorescence that further compromises the structural
integrity of the bricks. Additionally, the binding mortar commonly deteriorates, losing cohesion and contributing to the overall
weakening of the masonry system. The combined impact of these factors represents a major threat to the preservation of
historic brick structures [6].In the case of the aqueduct, neglect and encroachment over recent years have been accompanied
by demolition and structural damage. Field observations revealed that the exposed surfaces of the bricks had disintegrated into
powder, with visible salt crystallization caused by high humidity levels, and significant deterioration of the bonding mortar
(Fig. 2).

cultural identity and reflect the architectural and technological achievements of ancient civilizations. Accordingly, the
integration and adaptation of modern technologies and materials are essential in the conservation process. In recent years,
nanotechnology has significantly enhanced the performance of various materials used in the consolidation and preservation of
both fired bricks and mortars.

Moreover, several previous studies have explored different concentrations of CaCO; nanoparticles and other types of
nanoparticles—typically ranging from 1% to 10% —incorporated into polymeric materials[7].. In the present study, silica and
calcium carbonate nanoparticles were used at varying concentrations within an acrylic copolymer matrix to consolidate
archaeological fired bricks. The selection of treatment materials was guided by prior research that investigated diverse
strategies for the incorporation and dispersion of nanoparticles in polymer systems [8]. These studies generally concluded that
the optimal nanoparticle concentration falls between 3% and 7% of the polymer content [9, 10]. Accordingly, the objective of
the current experimental work was to evaluate the most effective nanocomposite formulation for the consolidation and
protection of archaeological fired brick samples.

This study focuses on the Ahmed IbnTulun Aqueduct and its current condition as an endangered archaeological site. It
includes an experimental investigation of the fired bricks used in its construction, aiming to identify their physicochemical and
mechanical properties, as well as the nature and causes of their deterioration. Based on these findings, the study assesses the
present state of conservation and evaluates appropriate restoration materials and intervention strategies. Special emphasis is
placed on nanotechnology-based methods, as the research examines the effectiveness of selected nanocomposites in
consolidating the fired bricks and enhancing their durability to support the sustainable preservation of the monument[7,
11].Therefore, the main objectives of this study are: (1) to diagnose the deterioration mechanisms affecting the fired
bricks, and (2) to evaluate the performance of SiO, and CaCOj; -based nanocomposites at different concentrations in
terms of mechanical enhancement, water repellency, and material compatibility.
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Fig. 2. Current Condition and Deterioration Features of the Ahmed IbnTulun Aqueduct: (A) General view of the site and the
surrounding urban and residential environment of the intake tower, showing overall degradation and human encroachment on
the archaeological context; (B) Eastern (main) fagade of the intake tower, exhibiting severe deterioration, disintegration of
fired bricks, multiple cracks, and partial collapse; (C) AutoCAD drawing illustrating selected deterioration patterns on the
southern fagade of the intake tower; (D) Engineering drawing highlighting deterioration on the western fagade, including
material degradation, wall saturation due to moisture, and signs of human interference through the addition of modern
structures. (Photographs and drawings by the authors)

2. Materials and Methods
2.1. Materials
2.1.1. Archaeological samples
The studied aqueduct of Ahmed IbnTulun was primarily constructed using fired bricks. Due to prolonged exposure to

various physical, chemical, and mechanical factors, several brick components became detached and disintegrated. For the
purposes of this study, a set of detached brick samples was carefully collected from different areas of the intake structure,
ensuring that no damage or loss was inflicted upon the archaeological value of the site. The samples were taken from the
castern fagade (main entrance), as well as the northern, southern, and western fagades. Each sample was labeled and coded for
clear identification throughout the study[12].
2.1.2. Experimental Fired Brick Samples

The experimental fired brick samples, collected from fallen components of the archaeological site, were cut into 3 x 3 x
3 cm cubes, thoroughly cleaned, and oven-dried at 105 °C for 24 hours. Subsequently, the samples were left to air-dry at room
temperature for an additional 21 days [13].
2.1.3. Treatment and Protection Products

The acrylic copolymer Paraloid B72 is one of the most widely used polymers in the conservation of building materials.
It consists of ethyl methacrylate (70%) and methyl acrylate (30%). This copolymer has been employed for decades in the
reinforcement and consolidation of historic construction materials. In the present study, Paraloid B72 was dissolved in acetone
at a concentration of 3% [14, 15].

Nanosilica powder (SiO. ) was incorporated into Paraloid B72 at concentrations of 3% and 5% (w/v), and similarly,
nano-calcium carbonate powder (CaCO3; ) was added at the same concentrations [16, 17]. The nanocomposites were prepared
by directly mixing the polymer solution with the nanoparticles. The preparation method involved dispersing silica and calcium
carbonate nanoparticles in an aqueous suspension of 3% (w/v) acrylic copolymer. The mixtures were maintained at 75 °C
under continuous mechanical stirring. Subsequently, the compositions were further homogenized using mechanical blending
followed by sonication for 2 hours. The final nanocomposites were applied to the brick samples by brushing under ambient
temperature and pressure. The consolidation process was repeated three times, with one-hour intervals between applications.
All nanomaterials and nanocomposite preparations were carried out at the Polymer Laboratory, National Research Centre,
Dokki, Egypt [18, 19]. Table 1 presents the concentrations of nanocomposites used in the consolidation of the archaeological
fired brick samples.

Egypt. J. Chem. 69, No. 2 (2026)



468 M. Adam et.al.

It is important to note that the properties of the four nanocomposites were evaluated to assess their compatibility with
fired brick substrates and to ensure that they would not adversely affect the physical characteristics of the treated samples.
Following the application of the consolidants, the specimens were left to dry under ambient conditions for one month to allow
complete curing [20, 21].

Table 1. Concentrations of nanocomposites used in consolidation of the archeological fired brick samples

Treatment Concentration Nano solid Polymer solid  Resultingnanocomposi

materials (%) content (g) content (g) te

Pag;‘;’id 3 — 7.59 —
nanoii:g‘zticles 3 0.22 7.59 Nanofgglzgo]iiz (3%)
nanoi)izgzticles > 0.37 7.59 Nanocs(i(r?lzpiolzﬁ (5%)
nan?):ggfcles 3 0.22 7.59 Nanc?ci)?nopiﬁs]igtzzc%)
nan?):)ggiscles > 0.37 7.59 Nan(?c?)ﬁiﬁs}igtzzﬁ%)

2.1.4. Artificial Aging

This test is typically conducted to evaluate the durability of treated samples by subjecting them to accelerated
stress conditions, simulating potential future exposure to environmental factors such as climate fluctuations and harsh
atmospheric influences. Temperature and moisture variations are considered among the most critical agents of deterioration
in archaeological building materials. Therefore, the treated samples were subjected to ten consecutive aging cycles, each
consisting of 18 hours of immersion in distilled water followed by 6 hours of drying at 105 °C. After completing the cycles,
the samples were left at room conditions before subsequent measurements were carried out [13, 22].

2.2. Methods
2.2.1. Examination and Analysis Techniques
2.2.1.1. USB Digital Microscopy

The collected samples were initially examined using a USB digital microscope (Win7/Vista/XP, 40x-500%
magnification) to document and characterize their surface features. The device is equipped with a dynamic image sensor
(2x2 CMOS) and eight bright white LED lights, enabling the capture of high-resolution images directly onto a computer
screen.
2.2.1.2. Polarized Light Microscopy (PLM)

The samples were examined using a polarized light microscope (Nikon Optiphot X23) under 10x and 20x magnifications in
plane-polarized light mode [23].
2.2.1.3. Scanning Electron Microscopy (SEM)

A field emission scanning electron microscope (FE-SEM), model TESCAN VEGA3, with a resolution of 0.6 nm at
15kV and 1.0nm at 1kV, was used to examine the morphology of the experimental fired brick samples before and after
treatment.
2.2.1.4. Transmitted Electron Microscopy (TEM)

SiO; and CaCOj; nanoparticles were characterized using a transmission electron microscope (TEM), model Tecnai G20
SuperTwin, equipped with a double-tilt holder. The instrument operated at an accelerating voltage of 200kV, using a
lanthanum hexaboride (LaBs ) electron source. Imaging was conducted in both bright-field mode and selected area electron
diffraction (SAED) to analyze the morphology and crystallinity of the nanoparticles.

2.2.1.5. X ray Diffraction Analysis (XRD)

Standard fired brick samples were analyzed using X-ray diffraction (XRD) to identify their mineralogical composition.
The analysis was performed using a Philips PW 3071 diffractometer with CuKa radiation at 40 kV and 30 mA.
2.2.1.6. X ray Fluorescence Analysis (XRF)

X-ray fluorescence (XRF) analysis is a fundamental technique for determining the elemental composition of archaeological
fired brick samples. The analysis was carried out at the laboratories of the Egyptian Mineral Resources Authority using a
PANalytical Axios spectrometer (model 2005).

2.2.2. Physical and Mechanical Properties

The water absorption test was conducted as a key indicator of thefriedbricks’ resistance to freeze—thaw cycles, providing
essential information on their durability. Initially, the samples were cleaned of impurities, dried, and their dry weights were
recorded. Subsequently, the samples were immersed in water for 48 hours, after which their saturated weights were
measured. In addition, the bulk density and porosity of untreated, treated, and artificially aged samples were calculated in
accordance with UNI 10859:2000 [24, 25].
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The compressive strength test was performed on fired brick samples before and after treatment to evaluate their
mechanical performance. The test was conducted using an Amsler compression testing machine, with the load applied
perpendicular to the bedding plane, in accordance with ASTM C170. The average compressive strength values were
recorded for the untreated, treated, and artificially aged samples [26]

2.2.3. Colorimetric Measurements

Color changes in the fired brick specimens were measured using a CM-2600d Konica Minolta spectrophotometer
(New York, USA) to assess chromatic variations before and after treatment, as well as following artificial thermal aging.
Chromatic values were recorded in the CIE Lab* color space, where L* represents lightness (ranging from black to white),
a* corresponds to the red—green axis (+a* indicating red, —a* green), and b* corresponds to the yellow—blue axis (+b*
indicating yellow, —b* blue) [27
2.2.4. Static Water Contact Angle Measurements
The static water contact angle of the fired brick samples was measured before and after treatment to assess their
hydrophobicity and surface stability. The test was carried out using a custom-designed apparatus developed in accordance
with UNI EN 15802:2010. Contact angle measurements were captured using a high-resolution Canon camera fitted with an
18-55 mm lens [28].

3. Results and Discussion

3.1. Characterization of Fired Bricks by USB Digital Microscopy

USB digital microscopy revealed quartz grains of varying sizes embedded within the fired brick matrix. Iron oxide particles
were also observed, appearing as reddish inclusions dispersed throughout the samples (Fig. 3A, B). Additionally, numerous
pores of different sizes were detected, most likely resulting from salt weathering processes that contributed to
microstructural degradation (Fig. 3C, D).

N

Fig. 3. USB microscopy results: (A) Quartz grains with varying sizes (500x); (B) Iron oxide inclusions observed in the
analyzed samples (300x); (C, D) Pores of different sizes identified in the samples (300x and 400%, respectively).

3.2. Diagnosis by Polarized Light Microscopy (PLM)

The fired brick samples were examined and characterized using polarized light microscopy (PLM), as illustrated in Fig.
4. The analysis revealed that the archaeological brick matrix is primarily composed of quartz and feldspar grains—mainly
anorthite and labradorite—alongside minor amounts of clay minerals. These components are embedded in a matrix rich in
iron oxides, with occasional traces of carbonates. Quartz occurs as very fine, sand- to silt-sized grains, ranging from sub-
rounded to angular in shape, often associated with clay minerals and iron oxide accumulations.

Feldspar minerals appear as fine-grained, subhedral crystals distributed throughout various regions of the sample,
while mafic minerals are present as fine, prismatic crystals. The clay minerals exhibit clear deformation, likely due to
thermal alteration during the firing process. Some areas of the samples are visibly stained by iron oxides. Additionally, the
fired bricks display high porosity, characterized by abundant irregular pores and cavities, which are attributed to weathering
processes occurring over time at the archaeological site.
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A\

Fig. 4. PLM photomicrographs of the studied fired brick samples: (A, B) The mineral composition of the bricks and phase
transformations resulting from the firing process are clearly visible. Thin sections also reveal voids and pores associated with
weathering processes that affected the bricks at the archaeological site (25%, cross-polarized light).

3.3. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) of the untreated archaeological samples revealed significant deterioration, the absence
of binding materials, mineral alteration, and the presence of microcracks. Extended exposure to acidic saline weathering
resulted in deep pits of varying sizes and physical damage (Fig. 5A). The 3% Paraloid

B72/nanosilicananocompositepenetrated effectively into the brick’s porous structure. It formed a continuous film and
improved surface cohesion, as confirmed by SEM analysis.

(Fig. 5B). This nanocomposite also exhibited minimal degradation following artificial aging processes involving heat and
humidity (Fig. 5C).

Similarly, SEM observations indicated that the Paraloid B72/nanosilica 5% nanocomposite also achieved deep and
homogeneous penetration into internal cracks and voids, with the consolidant appearing evenly distributed across the
microstructure (Fig. 5D). The nanocomposite maintained its structural coherence and uniformity after artificial aging,
reinforcing its efficiency and durability (Fig. SE).

On the other hand, the Paraloid B72/nanocalcite 3% nanocomposite successfully formed a homogeneous polymeric coating
over the mineral grains, with branched nanostructures indicating complete encapsulation. However, some fine cracks and
fissures were still observed (Fig. 5F). The nanocomposite retained its stability and cohesion after artificial aging (Fig. 5G).
Furthermore, SEM analysis of the Paraloid B72/nanocalcite 5% nanocomposite revealed a homogeneous distribution across
mineral grains and within internal cracks and pores. It also appeared in the form of nanostructured protrusions, while
preserving some fine open pores, indicating that the treatment did not result in complete pore blockage (Fig. 5H). This
nanocomposite also demonstrated a high degree of stability following artificial aging (Fig. 5I).

Fig. 5. SEM photomicrographs of the studied archaeological fired brick samples: (A) Untreated sample; (B) Sample treated
with Paraloid B72/nanosilica 3% nanocomposite; (C) Same as (B) after artificial aging; (D) Sample treated with Paraloid
B72/nanosilica 5%; (E) Same as (D) after artificial aging; (F) Sample treated with Paraloid B72/nanocalcite 3%; (G) Same
as (F) after artificial aging; (H) Sample treated with Paraloid B72/nanocalcite 5%; (I) Same as (H) after artificial aging.
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3.4. Transmitted Electron Microscopy (TEM)

Transmission electron microscopy (TEM) was used to characterize the particle size of silica and calcium carbonate (calcite)
nanoparticles prior to their incorporation into the Paraloid B72 polymer matrix. TEM images revealed that the mean particle
diameter was less than 30 nm (Fig. 6A-D).

Fig. 6. TEM micrographs of the investigated nanoparticles: (A, B) silica nanoparticles; (?3, D) calcium carbonate (calcite)
nanoparticles.
3.5. X ray Diffraction Analysis (XRD)
Two samples of archaeological fired brick, collected from the lower portions of the eastern (main) and western facades of
the intake tower, were analyzed using X-ray diffraction (XRD). The XRD results for the sample from the eastern fagade
revealed the presence of quartz (SiO. ) at approximately 50%, anorthite (CaAl, Si» Os ) at around 40%, and iron
oxides—mainly hematite (Fe. Os )—at 15%, along with minor traces of halite (NaCl) as a salt contaminant (Fig. 7A). In
contrast, the sample from the western facade exhibited albite (NaAlSis Os ) as the dominant phase (50%), followed by
quartz (SiO; ) at 40%, and a minor amount of actinolite (Ca, (Mg,Fe)s Sis O, », (OH). ) (Fig. 7B).
The XRD data indicate that the fired bricks contain a high proportion of sand-based material, consistent with the dominance
of quartz. Additionally, the presence of halite crystals suggests prolonged exposure to groundwater infiltration, leading to
salt crystallization within the brlck matrix—a key factor in the deterioration of historic masonry structures over time [29].
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Fig. 7. XRD patterns of archaeological fired brick samples: (A) Sample from the eastern fagade of the intake tower,
showing dominant peaks of quartz (SiO. ), anorthite (CaAl, Si» Os ), and iron oxides (Fe. Oj ), along with minor
traces of halite (NaCl); (B) Sample from the western fagade, characterized by the presence of albite (NaAlSiz Os ), quartz
(SiO; ), and a minor amount of actinolite (Ca, (Mg,Fe)s Sis O» » (OH): ).
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3.6. X ray Fluorescence Analysis (XRF)

Table 2 presents the results of X-ray fluorescence analysis (XRF) of the two samples of archaeological fired brick (referred
to in the X-ray diffraction analysis).As presented in Table 2, both brick samples show high SiO, content (over 51%),
followed by significant levels of Al Oz , Fe. Oz , and CaO. Notable differences include higher Na, O and Cl in Sample
A, and higher CaO and Fe, O; in Sample B. The XRF analysis of the two fired brick samples supports the mineralogical
findings identified by XRD. Sample A (from the eastern fagade) shows a higher content of SiOz (52.91%) and Na. O
(1.72%), which is consistent with the dominance of quartz (SiO, ) and traces of halite (NaCl) detected via XRD. The
relatively elevated levels of Al Oz (13.25%) and CaO (6.79%) reflect the presence of anorthite (CaAl. Siz Os ), a
common feldspathic phase formed during the firing of clay-rich materials.

Sample B (from the western facade) is characterized by a slightly lower SiO. content (51.31%) but shows a notably higher
CaO concentration (9.25%) and lower Na, O (0.78%), which aligns with the XRD identification of albite (NaAlSiz Os )
and reduced halite content. The higher Fe, O3 content (14.45%) in this sample may contribute to its reddish coloration and
suggests greater incorporation of iron oxides during brick formation.

Both samples show similar contents of TiO, , MgO, and K, O, indicating they originate from the same clay source. In
contrast, Sample A contains a significantly higher Cl level (2.12%), along with differences in SO; content. This suggests
contamination by salts, most likely due to groundwater exposure. These findings support the conclusion that salt
crystallization was a major contributor to physical deterioration observed in the SEM and macroscopic examinations

Table 2. XRF elemental composition of fired brick samples: Sample A (eastern fagade) and Sample B (western fagade).

Haice (“’;’:}{lj’)"s‘""“ Sample (A) | Sample (B)

Si0, 52.01 5131
TiO, 2.54 2.53
ALOs 13.25 12.68
Fe.Os 13.79 14.45
MnO 021 0.24
MgO 249 251
Ca0 6.79 9.25
Na:O 1.72 0.78
K0 1.69 1.57
P>0Os 0.36 0.32

Cl 212 1.17
SO, 0.01 0.14

3.7. Physical and Mechanical Properties

The results presented in the Table 3 clearly demonstrate the impact of nanocomposite treatments on the physical properties
of the archaeological fired brick samples. Compared to the untreated reference, all treated samples exhibited increased
density and reduced porosity and water absorption, indicating an overall improvement in consolidation effectiveness. Among
the tested nanocomposites, SiOz /polymer at 3% concentration showed the most balanced performance, achieving a
significant reduction in porosity (15.11%) and water absorption (8.90%), while maintaining a moderate density (1.43 g/cm?).
This suggests efficient penetration and compatibility with the internal microstructure of the friedbricks. In contrast, the 5%
SiO, nanocomposite yielded the highest density (1.59 g/cm?®), but with higher porosity and water absorption values
compared to the 3% formulation, possibly due to surface film formation or reduced penetration at higher nanoparticle
loading.

The CaCOj; /polymer nanocomposites exhibited less pronounced improvement. While the 3% formulation showed
comparable porosity to the untreated sample (22.30%), its absorption remained relatively high (14.30%), suggesting limited
pore filling or weaker bonding capacity. The 5% CaCOs composite performed slightly better, but still less effectively than
the silica-based systems.

After artificial aging, all treated samples showed acceptable stability, with moderate increases in porosity and water
absorption. These changes likely result from both environmental degradation and inherent material properties, such as the
original firing conditions and clay composition. The 3% SiO. /polymer nanocomposite maintained the best hydrophobicity,
with post-aging water absorption as low as 10.80%, indicating excellent long-term durability and moisture resistance.
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Table 3. Average values of physical properties for untreated, treated, and artificially aged fired brick samples.

Nanocomposite After treatment After artificial aging
7
Density | Porosity ab:ﬁ:;)i:on Density | Porosity ab&?‘]t)i:on
3 0 3 0
gm/cm (%0) (%) gm/c m (%) (%)
Untreated sample (Standard) 1.19 22.50 18.13 - - -
S0u/Dolymer NAROCIPOGRES 1.43 15.11 8.90 1.37 14.62 10.80
(3%0 concentration)
510y/polymer Nanocomposites 1.59 21.89 11.23 1.50 20.91 13.80
(5% concentration)
J, .
CACOPOTIMECNAROCOIMPISIISS: | o5 22.30 14.30 1.27 22.23 15.37
(3% concentration)
CaCOy/polymer Nanocomposites |, 5, 21.86 14.10 1.29 10.23 15.14
(5% concentration)

The compressive strength results presented in the Table 4 clearly highlight the enhancement achieved through
nanocomposite treatment. Compared to the untreated sample (88.05 kg/cm?), all treated samples exhibited improved strength,
with the SiO; /polymer nanocomposite at 5% concentration showing the most significant increase (231.21 kg/cm?). Even
after artificial aging, this sample maintained the highest mechanical performance (219.40 kg/cm?), indicating strong
consolidation and long-term stability. The 3% SiO, /polymer treatment also improved strength moderately (117.12 kg/cm?),
aligning with its previously noted physical performance—balanced porosity reduction and good hydrophobicity.

In contrast, the CaCOj3 /polymer nanocomposites showed limited mechanical enhancement, particularly at 3% concentration
(70.88 kg/cm?), which remained below the untreated sample. The 5% CaCOjz; composite performed better (89.06 kg/cm?),
but still with marginal improvement.

These findings are consistent with the physical property results, where SiO, -based nanocomposites demonstrated better
densification, lower porosity, and improved water resistance—factors directly contributing to mechanical integrity. The
ability of the SiO2 5% nanocomposite to maintain strength post-aging confirms its superior durability and effectiveness in
preserving the structural integrity of archaeological fired bricks.

Table 4. Average compressive strength values of untreated, treated, and artificially aged fired brick samples.

Nanocomposite Compressive strength Kg/Cm?
Untreated After After artificial
sample treatment aging
Untreated sample (Standard) 88.05 - -
On — - Py
SiO:/polymer I\anocc‘-mposnes (3% 117.12 104.70
concentration)
O — - =
SiO,/polymer .\anocczmposnes (5% 231.21 219.40
concentration)
CaCOs/polymer Nanocomposites
5 70. A
(3% concentration) i kit
CaCOs/polymer Nanocomposites 89.06 84.79

(5% concentration)

3.8. Colorimetric Measurements

Colorimetric measurements were performed using an OptiMatch 3100 spectrophotometer to evaluate chromatic variations in
the treated and artificially aged brick samples relative to the untreated reference. The total color difference (AE) was
calculated according to the CIE Lab* color space using the equation [30]:

AE = V(AL? + Aa? + Ab*?)

According to the Italian guidelines for the restoration of archaeological materials, a AE value below 5 is generally
considered acceptable, indicating that no significant visual alteration has occurred.

The results confirmed that all SiO, /polymer nanocomposite treatments—both at 3% and 5% concentrations—produced AE
values below the threshold, even after artificial aging (ranging from 2.77 to 4.01), suggesting excellent visual compatibility
and chromatic stability. In contrast, the CaCO3 /polymer treatment at 3% exceeded the acceptable limit (AE = 5.21), and
further increased after aging (AE = 6.42), indicating noticeable color change. The 5% CaCO3 formulation remained within
the acceptable range before and after aging (3.81 and 4.05, respectively), though with values close to the threshold (Table 5).
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These results reinforce the suitability of SiO. -based nanocomposites in preserving the original visual appearance of
archaeological fired bricks, while highlighting the limitations of lower-concentration CaCO3; formulations in terms of
chromatic alteration.

Table 5. Total color difference (AE) values of treated and artificially aged fired brick samples.

Nanocomposite A (Treated samples) A (Artificial aged samples)

AL* | Aa* | Ab* AE* | AL* | Aa* | Ab* | AE*
SiO2/polymer Nanocomposites (3% | 2.61 | 7.41 1.64 2.77 290 | 641 | 093 3.06
concentration)
SiOy/polymer Nanocomposites (5% | 2.83 | 9.22 1.34 3.27 291 | 3.10 | 5.71 4.01
concentration)
CaCOgz/polymer Nanocomposites 4.29 | 1.70 2.08 5.21 291 | 221 | 230 | 642
(3% concentration)
CaCOz/polymer Nanocomposites 394 | 5.11 7.88 3.81 430 | 7.86 | 1.05 4.05
(5% concenfration)

3.9. Static Water Contact Angle Measurements

The static water contact angle test was performed to evaluate the surface hydrophobicity of fired brick samples treated with
three selected nanocomposites. The nanocalcite/polymer nanocomposite at 3% concentration was excluded from this test due
to its unacceptable chromatic alteration, which disqualifies it for conservation purposes.

The contact angle (0) reflects the wetting behavior of the treated surface. A value below 90° indicates low hydrophobicity
and high wettability, allowing water to spread across the surface. In contrast, angles exceeding 90° signify enhanced
hydrophobicity, where water tends to bead on the surface, forming a protective barrier [31, 32]

After treatment, the SiO, /polymer nanocomposites at 3% and 5% concentrations recorded contact angles of 102° and 107°,
respectively, indicating strong water repellency. The CaCOs; /polymer nanocomposite at 5% concentration showed a
slightly lower angle of 99°, which is still within the hydrophobic range.

Following artificial aging, a slight decrease in contact angle was observed for all samples. The SiO, /polymer 3% sample
maintained high hydrophobicity (99°), while the 5% SiO. formulation dropped to 87°, falling below the hydrophobic
threshold. The CaCOj; /polymer 5% sample exhibited a minor reduction to 93°, indicating moderate but stable water-
repellent behavior(Table 6).

These results highlight the superior long-term performance of the SiO, /polymer nanocomposite at 3%, which preserved its
hydrophobic properties even after accelerated aging conditions.

Table 6. Static water contact angle values of treated and artificially aged fired brick samples.

Nanocomposite Static water contact angle (9)
Contact angle images
After After artificial | Aafter artificial aging
treatment aging
u
SiO:2/polymer Nanocolmpomtes (3% 1020 09°
concentration)
—-—-A
i / i 0
Si02/polymer Nanoco.mpomtes (5% 107° g70
concentration) I
CaCOs/polymer Nanocomposites (5% 9go 930

concentration)
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4. Conclusion

This study evaluated the use of SiO. and CaCO; -based nanocomposites with concentrations of 3% and 5% in
consolidating the deteriorated fired bricks of the Ahmed IbnTulun Aqueduct. Both materials enhanced the mechanical and
hydrophobic properties of the bricks; however, the 3% SiO. /Paraloid B72 nanocomposite demonstrated superior
performance. It achieved higher compressive strength, excellent water repellency (contact angle: 102°), and minimal color
change—indicating strong compatibility with historical materials. In contrast, the 5% CaCO3s formulation showed reduced
efficiency and caused slight chromatic alteration. These findings support the use of low-concentration silica nanocomposites
as an effective conservation approach for endangered archaeological brick work. Further research could explore optimizing
nanoparticle types and concentrations to tailor treatments for different conservation needs.
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