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Abstract 

Biomicrite is one of the most common types of limestone used in archaeological architecture, such as the Cairo Citadel 
Aqueduct, and it is organic carbonate sedimentary rock, as microfossils and metabolic residues of extinct animals are filled 
with fine-grained calcite and/or dolomite are scattered in the very fine-grained matrix (micrite), which makes it a relatively 
weak sedimentary stone, and its preservation is a difficult challenge facing conservators, so they resort to using compatible 
consolidate materials  with limestone components. Nanocomposites are a recent trend in the treatment and conservation of 
monuments, as they aim to perform a number of functions at the same time, with minimal external chemicals interference. 
This experimental study aims to evaluate the efficiency of a number of multifunctional nanocomposites, namely nano zinc 
titanate added to nano barium hydroxide or nano barium titanate or nano barium oxide mixed in paraloid B-72 dissolved in 
high purity acetone, by examining the consolidate stones samples using stero microscope, PM, SEM, XRD and water contact 
angle, in addition to measuring the mechanical properties and colorimetric measurement, it was found that nano zinc titrate 
added to nano barium oxide mixed with paraloid B-72  dissolved in high pure acetone gave the best results. 

Keywords: physical and mechanical properties, PM, XRD, SEM, contact angle, colorimetric measurement, nano BaO

1. Introduction 
Limestone is a widespread building material in 

Egypt, where it has been used since the ancient 
Egyptian civilization -the Third Dynasty, Old 
Kingdom - until today (Shoaib Ahmed, Kamal Heba, 
2020, 1) (Bourguignon, 2000, 17) was quarried in 
geological formations dating from the Paleocene 
especially the Eocene epoch of the Paleocene period 
(Al-Dosari, et al, 2017, 2). Cairo Citadel Aqueduct is 
considered one of the most unique monuments built 
of limestone taken from the Mokattam quarries 
(Saleh Mohsen M., et al., 2022), due to the fact that it 

is one of the building stones exposed to different 
environmental conditions, and the conservation of 
such types of open-air limestone always represents a 
complex task (Griffin et al. 1991, 194). Therefore, 
conservators always seek to use conservation 
materials and techniques with the aim of not only 
preserving the current state of exposed limestone but 
also achieving future preventive effects. Where Cairo 
Citadel Aqueduct is one of the Ayyubid monuments 
that are distinguished for being built with limestone 
is of a similar nature, in terms of the geological 
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composition, and the damage they suffer from, due to 
the similar conditions of their existence and the 
factors affecting them. Egyptian limestone is 
considered to be vulnerable to weathering compared 
with other limestones; the arid climate of Cairo only 
serves to exacerbate the deterioration of the naturally 
susceptible Egyptian stone. Deterioration processes, 
are generally detrimental to any stone's ability to 
reduce the integrity of the masonry structure, are 
particularly harmful in such an inherently weak 
limestone (McCormack, 2001, 9) (Fitzner et al., 
2002). 
Nanotechnology is one of the modern techniques 

used in restoration and conservation of monuments, 
whether fixed or movable, which included a number 
of different treatment processes such as cleaning, 
strengthening, completion, assembly and sterilization, 
in addition to various preventive conservation 
process from inhibiting microbiological growths, 
self-cleaning and protection from the influence of 
both ultraviolet rays and moisture (Abu Karora, 
2018) (Giorgi et al., 2002) (Perez, 2019), the 
materials, that were included in these processes 
varied according to the type of process to be carried 
out, and the type of antiquity material to which it will 
be applied. The processes of consolidation in 
limestone using nanomaterials have been studied, as 
they are characterized by their small size, which 
enables them to penetrate quickly and deeply into the 
stone material, and increase their interacting surfaces, 
which improves the mechanical and chemical 
properties of the materials treated with them, without 
affecting the archaeological surface (Baglioni, et al., 
2014) (Baglioni Piero, Giorgi Rodorico, 2006) 
(David, et al., 2020) (Ion, et al., 2017) (Waked, 2011) 
(Ferrari, et al., 2015). In recent years reinforcement 
of nano silica (SiO2), nanomaterials such as nano 
titania (TiO2) and nanoalumina (Al2O3) have been 
studied as insulating materials, which have achieved 
good results. Despite the success of nano copper 
oxide (CuO) as an inhibitor of microbiological 
growth, it has been shown by chromatic 
measurements - darken of color - and thus its 
exclusion in the treatment of archaeological materials 
(Ruffolo, La Russa, 2019). 
In the field of self-cleaning, use of nano-titanium 

oxide (TiO2) in the work of self-protection for a 
number of materials, so it was mixed with paraloid 
B44, as it gave a dense and homogeneous protective 
layer on the surface without a complete closure of the 

pores, and it did not cause color change, and it proved 
effective It is great at eliminating fungal growth, 
resisting the treated surface from sanding, and 
expelling dust (Ahmed Sayed, 2014). In the field of 
consolidation, used nano calcium hydroxide 
[Ca(OH)2], and nan silica (SiO2), found that it was 
super hydrophobic and photocatalytic, and since dirt 
and early colonies of microorganisms do not adhere 
to the surface itself, and are generally 'washed away' 
by water, being highly hydrophobic, it preserved the 
lithic archaeological material from the corrosive 
effect of water. Conversely, photoactive surfactant 
organic matter can adhere to the surface, which can 
be easily oxidized via photocatalysis of nanomaterials 
(Baglioni, Giorgi, 2006) (Rodriguez-Navarro, Ruiz-
Agudo, 2017) (Pozo-Antonio et al., 2019). 

Crystalline titanium dioxide is the most widely 
used photocatalyst for curing stone monuments, but 
other metal oxide nanoparticles have also been used, 
and zinc and titanium oxide (ZnTiO3) and cupric 
oxide (CuO), which gave similar results in terms of 
self-cleaning and biocidal efficacy. Conducted other 
experiments by adding catalysts (doping) to nano-
titania such as silver (Ag), copper (Cu), gold (Au), 
and nitrogen (N). Catalysis by inserting atoms of 
these elements into the crystal lattice of nanotitania. 
In some cases the metal does not enter the crystal 
lattice, but is located on the surface of the 
nanoparticles. This process can generate variation in 
the photoactivity of titania nanoparticles. Some Silver 
Catalysis Titanium nanoparticles have a strong effect 
as a microbial growth inhibitor, also due to the 
antimicrobial feature of silver itself. The main 
disadvantage of stimulation with elements is 
chromatic aberration, such stimulation may lead to 
absorption in the visible region of electromagnetic 
radiation, so this coating can cause strong and 
unacceptable chromatic aberrations on the treated 
surface. (Ruffolo, La Russa, 2019) 

Multifunctional nanocomposites are a new 
technique used in the field of restoration and 
conservation of antiquities, given that the 
nanocomposites contain more than one nanomaterial 
present in alloy form which improves the physical or 
chemical properties (Sen Mousumi, 2020) and allow 
less chemical interference on the antiquities, which is 
encouraged by protocols for preserving antiquities. In 
this study, some nanocomposites materials efficiency 
was evaluated for limestone treatment. 
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2. Materials and Methods 

2.1. Materials 

Zinc acetate dihydrate (Zn(CH3COO)2.2H2O, 99%, 
Chem-Lab, Belgium); Titanium(IV) isoperoxide 
(Ti[OCH(CH3)2]4, Titanium as TiO2 ~ 27.5 – 28.5%, 
Advent CHEMBIO PVT. LTD., India); Barium 
chloride dihydrate (BaCl2.2H2O, 99% Sigma 
Aldrich,Germany); Sodium Hydroxide Pellets 
(NaOH, 99%, Nasr Chemicals, Egypt); 2-Propanol 
((CH3)2CHOH, 85-99%, Sd-Fine Chemicals); 
Ethanol absolute (CH3CH2OH, 99%, Sigma Aldrich, 
Germany), and doubled distelled water 

2.2. Sample preparation 

Limestone samples have been taken from the 
quarries of Tura, since it is the source of the stones of 
Cairo Citadel Aqueduct, Tura quarries are located 
about 15 km north of Cairo (Shoaib Ahmed, Kamal 
Heba, 2020, 2). After bringing the limestone tiles 
they were cut into small cubes (3X3X3) cm3 (ASTM 
C97/C97M – 2015), which were divided into two 
standard groups, the first one coded by ‘bg’, which is 
pre-aging samples, and the second group coded by 
‘ag’ which are aging samples, and three groups coded 
by ‘a, b, and c’ in which nanomaterials are applied to 
one of its surfaces to evaluate it (Fig.1), that groups 
of  sample ‘ag and bg’ each one has 6 cubes, where 
groups of  sample‘a, b, and c’ each one has 12 cubes 
totally 48 cubes,  and for mechanical properties of 
standard group ‘bg’  small cubes have volume 
(5X5X5) cm3 (ASTM C170/C170M– 2015) 

 
Fig. 1 (a): Treated samples, group ‘a’, (b) Treated samples 
group ‘b’, (c) treated samples, group ‘c’, and (d) untreated 
samples, groups ‘bg = before aging (standard)’’ 

The groups ‘ag, a, b, and c’ where aged according to 
ASTM D5240/ D5240M- 2013, then the different 
nanocomposites mixture were applied to groups ‘a, b, and 
c’ using brushes, where 3% of Nanocomposites mixture 
added to 2% Paraloid B-72 soluble in high pure Acetone 
(98%). The Nanocomposites are zinc titanate (ZnTiO3) 
mixed with, group ‘a’ barium hydroxide Ba(OH)2 , group 
‘b’ barium titanate (BaTiO3), and group ‘c’ barium oxide 
(BaO) 

2.3. Procedure of Thermal drought cycles according 

to ASTM D5240/ D5240M- 2013: 

1- Describe each slab as indicated in Practice D 5121. 

2- Dry each slab in an oven to a constant mass at 110± 5°C 
(230± 9°F), and record the mass. In most cases, drying 
slabs overnight (12 to 16 h) is sufficient. In cases where 
there is doubt concerning the adequacy of drying, drying 
should be continued until the change in mass after two time 
intervals (greater than 1 h) of drying is less than about 1 %. 

3- Place each slab in an individual basket and immerse it in 
a sulfate solution, according to the procedure of 9 of Test 
Method C 88. 

4- Repeat the process of immersion and drying for a total of 
five cycles. 

After completely dry the group samples ‘a, b, and c’, the 
second aging was applied, but samples cannot withstand 
the aging cycle, so it began to collapse and deteriorate after 
the first salt weathering cycles, while it was in good 
condition in the thermal drought cycles (Fig.2) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: Different types of deterioration decay to samples 
after second aging, (a1-a3) samples group “a”, (b1-b3) 
samples group “b” and (c1-c3) samples group “c” 
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2.4. Rational for using selected nanomaterials 
In this study, a mixture of Zinc titanate (ZnTiO3) as 

a base material was embedded in polymeric matrix 
B72 which is composed of ethyl methacrylate (70%) 
and methyl acrylate (30%) copolymer. In such case, 
(ZnTiO3) supposed to have superior self-cleaning, 
UV block, and antimicrobial activity (Ruffolo, et al, 
2010). Where ZnO (1st ingredient of nano-alloy) 
have ability to increase the split tensile and flexural 
strengths. In addition, ZnO NPs supposed to improve 
the pore structure and mechanical strength of 
limestone as well in concrete. While the 2nd 
counterpart of obtained nano-alloy (i.e., TiO2) have a 
superior self-cleaning, antimicrobial and 
photocatalytic activity that contribute to save the 
limestone surface from the ambient pollution, such 
as, (CO2), organic dyes and bio-film (Balboul, et al, 
2019) (Licciulli, et al, 2011) (Goffredo, et al., 2014) 
(Sassoni, et al., 2018).  

On the other hand, barium hydroxide (Ba(OH)2), 
barium titante (BaTiO3) and barium oxide (BaO) has 
been used as supporting materials; Barium hydroxide 
(Ba(OH)2) and Barium oxide have a long history as a 
potential consolidant for stone (Rodrigues, Pinto, 
2015) (Karatasios, 2005). It is based on the idea that 
the product once inside the stone it precipitates as 
barium hydroxide that converts to barium carbonate 
by the action of the atmospheric (CO2), with a 
possible complementary mechanism in the case of 
calcite and dolomite substrates. 

2.5. Fabrication Approaches for selected 

nanomaterials 

In the current study, all of suggested nanomaterials 
In the current study, all of suggested nanomaterials 
have been prepared via co-precipitation chemical 
routes. Co-precipitation reactions involve the 
simultaneous occurrence of nucleation, growth, 
coarsening, and/or agglomeration processes. In 
addition, Coprecipitation reactions exhibit the 
following characteristics; (i) The products are 
generally insoluble species formed under conditions 
of high supersaturation. (ii) Nucleation is a key step, 
and a large number of small particles will be formed. 
(iii) Secondary processes, such as Ostwald ripening 
and aggregation, dramatically affect the size, 
morphology, and properties of the products. (iv) The 
supersaturation conditions necessary to induce 
precipitation are usually the result of a chemical 
reaction (Samsudin, et al., 2022) (Srivastava, Katiyar, 
2022) (Rane, et al., 2018) (Ali, 2022), as presented in 
eq. 1: 

x Ay+
(aq) + y Bx-

(aq) ↔ Ax By (s)        eq. (1) 
ZnTiO3 nanoparticles weer prepared via co-

preceptation method as reported by Budigi et al. with 

a little modification (Budigi L. et al. 2015). The 
content of titanium present in Titanium isoperoxide 
(TIP) and zinc in zinc acetate was adjusted at a 
stiocchiometeric ratio of 1:1. Thus, an alcholic 
solution of TIP in 2-propanol (i.e., 10 ml of TIP in 90 
ml propanol, 0.36 M) was added dropwise to 100 ml 
aqeous solution of 0.35 M Zinc acetate under 
vigorous stirring with an addition rate of 5 ml/min at 
60 ˚C. A white solution has been formed due to 
hydrolysis of TIP and formation of Ti(OH)2 
nanocolloids. After that, an aqueous solution of 0.6 
M NaOH in 100 ml was added dropwise to the 
reaction mixture with the same rate of 5 ml/min 
under vigorous stirring for 2 hrs. A milky and viscous 
solution has been formed due to formation of Zinc 
tintanate hydroxide (i.e., ZnTi(OH)6). Then the 
precipitate was collected via centerfugation for 10 
min at 12,000 rpm and washed two times with 
distelled water. Finally, the white precipitate was 
dried at 100 ̊C for 6 hrs, and then calcined at 300 ˚C 
for 4 hrs to form ZnTiO3 (Lew, et al, 1992, and Ali, 
et al., 2021). 
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While both of barium oxide and barium hydroxide 
nanoparticles were also prepared via simple co-
precipitation chemical methods. In such method, 
about 500 ml of 0.2 M of an aqueous soln. of NaOH 
was added dropwise to 500 ml of 0.1 M of an 
aqueous barium precursor (BaCl2) under vigorous 
stirring at high temperature of 70 0C for 2hrs until 
the formation of a milky solution forming Ba(OH)2 
colloidal nanoparticles. While barium oxide was 
formed after drying of Ba(OH)2 nanocolloids, 
followed by calcination under high temperature till 
500 oC (Bazeeraa, Amrina, 2017). Finally; barium 
titanate (BaTiO3) has been prepared by co-
preceptiatoin method with steps as same as 
preparation of ZnTiO3 nanoparticles expect the using 
barium chloride (BaCl2) as a source of barium instead 
of zinc acetate. Then mixed with barium precursor 
then subjected to another co-precipitation reaction of 
barium source, then subjected to calcination at 700°C 
to form  (BaTiO3) NPs (Zhigang, et al., (2006), 
Sobha and Sumangala (2018) and Shi et al (2020). 
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2.6. Characterize samples 

Both samples (the standard stone samples and 
stone groups samples) were prepared at the National 
Research Centre laboratories, samples were examined 
in accordance with ASTM C97/C97M - 2015 and 
ASTM C170/C170M - 2015 to assess physical and 
mechanical properties (SOILTEST, INC. 86 
ALBRECHT DRIVE LAKE BLUFF, IL 60044 U. S. 
A., Model CT- b200- 8), stereo microscope, Leica 
MZ6, camera: leica MC 190 HD at (The Egyptian 
Mineral Resources Authority laboratories (EMRA)) 
was used to surface study, The polarizing microscope 
(PLM) leitz orthoplan, Camera: Leica MC 190 HD at 
(The Egyptian Mineral Resources Authority 
laboratories (EMRA)) was used for the petrographic 
study, Scanning Electron Microscope(SEM), JEOL 
JSM S400LV EDX Lin l ISIS-Oxford "high vacuum" 
(Faculty of Science, Assiut University) and type of 
sample a solid sample coated with gold,  X-ray 
Diffraction (XRD), BRUKER AXS D8 ADVANCE 
Diffractometer, type of sample was powder, Copper 
(Cu) anode, Angle (2θ) from 15–60°, with a step of 
0.2° min−1, 20 M A-35 Kv, Analysis software by 
Match3+PDF4 2015, Contact angle, Generated with 
One Attension Version 2.7 (r5433) at (Faculty of 
postgraduates studies for nanotechnology -Cairo 
University), colorimetric measurement, MSEZ-4500S 
operates with a d/0 SCE measuring  geometry, has a 
measured area of less than ∅6 mm, and excludes the 
specular component   (SCE) at (Conservation 
Department -Faculty of Archeology -Cairo 
University). 

3. Results 

3.1. Physical and Mechanical Properties 

Samples from group ‘bg’ specimen stone, were 
prepared in the form of cubes with the dimensions 
(3X3X3) cm3, these samples were used to determine 
both water absorption and bulk density, where cubes 
samples (5X5X5) cm3 where used to determine 
compressive strength.  

 Procedure: According to ASTM C97/C97M – 2015 

a. Calculate the water absorption for each specimen 

as follows equation: 

Absorption weight % = ((B –A) /A) × 100     (eq. 4) 

 

Where: 
A = weight of the dried specimen, (g), and 
B = weight of the specimen after immersion, (g). 

The average water absorption of all samples is 
14.97% (Table 1) 

b. Calculate the bulk density for each specimen as 

follows equation: 

Density= weight/ volume (gm/ cm3)        (eq. 4) 

This calculates as follows:  

Bulk specific gravity = A/(B - C)             (eq. 5) 
Where: 

A = weight of the dried specimen, oz [g], 
B = weight of the soaked and surface-dried 
specimen in air, oz [g], and 
C = weight of the soaked specimen in water, oz 
[g]. 

Dry the specimens for 48 h in a ventilated oven at a 
temperature of 60 ± 2°C. At the 46th, 47th, and 48th 
hour, weigh the specimens to ensure that the weight 
is the same. 

Determine the three dimensions of the cubes, and 
then calculate their volumes  
Substitution in the previous equation (no. 4) 
The average bulk density of all samples is 1.745 gm/ 
cm3 (Table 1) (Fig. 3) 

c. Calculate apparent porosity for each specimen as 

follows equation: 

Ø %= bulk density × water absorption %    (eq. 6) 

The average apparent porosity of all samples is 
26.08% (Table 1) (Fig. 3) 
 
Procedure: According to ASTM C170/C170M– 

2015  

a. The compressive strength of each specimen was 

calculated as follows, 

C = W/A                     (eq. 7) 
Where: 

C = compressive strength of the specimen, MPa 
W = total load, N, on the specimen failure 
A = calculated area of the bearing surface in mm2 

b. Round each individual result to the nearest 1 MPa 

(10.2 Kgf/cm
2
) 

The sample's average compressive strength is 
determined as 17.15 MPa (174.88 Kgf/ cm2), which 
is the average compressive strength ratio over all 
samples. (Table 2) (Fig. 3) 
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Table (1): Physical properties of stone samples group ‘bg = before aging’ 

Sample 

No. 
Dry wt. (g) SSD wt. (g) 

Water 

absorption (%) 
Bulk density (g/cm3) 

Apparent 

porosity (%) 

1 214.49 249.57 16.36 1.72 28.074 

2 224.63 257.17 14.49 1.80 26.039 

3 206.9 238.57 15.31 1.66 25.338 

4 226.22 257.31 13.74 1.81 24.869 

Average 14.97 1.75 26.080 

 
Table (2): Mechanical properties of stone samples group ‘bg’ 

Sample 

No. 

Length, 

(mm) 

Width, 

(mm) 

Area, 

(mm2) 

Load 

(kN) 

Compressive strength 

(MPa) 

1 48.08 47.91 2303.51 48.45 21.03 

2 49.34 49.02 2418.65 41.94 17.34 

3 47.81 47.65 2278.15 31.01 13.61 

4 48.38 48.3 2336.75 38.86 16.63 

Average 17.15 

 
Table (3): Mechanical properties of stone samples groups blank (group ag), ‘a, b, and c’ 

Sample No. 
Length, 

(mm) 

Width, 

(mm) 

Area, 

(mm2) 

Load 

(kN) 

Compressive 

strength (MPa) 

Blank (group ag) 31.02 30.08  933.08 8.7 9.32 

A 34.07 33.91 1155.31 7.4 6.41 

B 32.33 30.25  977.98 4.4 4.50 

C 29.45 28.95  852.58 17.4 20.41 

 

Fig. 3 (a): Diagram shows the physical properties of stone samples group ‘bg’, (b) mechanical properties of stone samples 
group ‘bg’ 
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Fig. 4 (a): Mechanical properties of stone samples (group ag), ‘a, and b', (b) Compressive strength of stone samples (group 
ag), ‘a, and b' 

Samples from groups ‘a, and b’ specimen stone, 
were prepared in the form of cubes with the 
dimensions (3x3x3) cm3, after aging the mechanical 
properties of this sample can measure, but their 
physical properties cannot measure.  (Table 3) (Fig.4) 

3.2. Stereo microscope 

Surface specimens of limestone samples (group ag) 
were taken in order to be investigated with the Stereo 
microscope at magnification (32x). The sample 
results were shown as follows (Fig 5 a-c): 
- Roughness of limestone surface, high porosity and 

micro-cracks  

- A black crust covers the outer surface of the 

limestone 

- Present of salts on the limestone surface 

3.3. Petrography 

Thin-section was taken prepared from the standard 
limestone sample (group bg), in order to be 
investigated with the polarizing microscope (plane 
light ‘PL’, and cross Nicol ‘CN’) (25x, 63x, and 
160x), the sample result showed as follows 
(Mackenzie, Guilford, 1986) (Saleh, M. et al. 2021). 

The sample is very fine to fine-grained. Micro-
fossils (Foraminifera, gastropod) and fossil fragments 
are present in significant amount scattered. 

Recrystallized micro-fossils filled with fine-
grained calcite and/or dolomite are scattered in the 
very fine-grained matrix (micrite). Rare irregular fine 
pore spaces are present in the sample. In the very 
fine-grained matrix. Many fine pore spaces are 
present in the sample. Micro-cracks and rare amounts 
of quartz, iron oxides and opaque minerals are 
present (Fig. 6 a-c). 

3.4. XRD Result 

The samples for X-ray Diffraction were prepared to 
detect the actual statues of standard limestone sample 
(group bg). The sample was tested by the XRD in 
order to determine the mineralogical composition of 
stone samples. (Abou El-Anwar, et al., 2020) (Saleh, 
M. et al., 2022). The results of XRD had been shown 
that stone samples mainly composed of Calcite 
(CaCO3) as a major component, and traces of 
Magnesite (MgCO3), (Table 4) (Fig. 7). 

Table (4): The result of X-ray diffraction analysis 
Mineral Card no.  Chemical formula Percentage % 

Calcite 96-900-0096 CaCO3 93.8 
Magnesite 96-901-0201 MgCO3 06.2 

3.5. SEM Result 

The small (less than 0.5 cm) samples are studied in 
a high vacuum by mean of an electron beam 
accelerated. A scanning electron detector and 
amplifiers produce a displayed picture with a very 
good depth of field this picture can be photographed. 
Scanning electron microscope (SEM) was used to 
investigate the morphology of the stone surface and 
the standard samples, and sample from each group ‘a, 
b, and c’ show same results such as (Saleh, M. et al., 
2022).  

The limestone surface of standard samples (group 
ag) is deteriorated, pore spaces are present in 
different places in the samples, salt crystals varied in 
size are noticed,. Group ‘a’ sample appears 
disintegrated grains, with pores are present in 
different places in the samples, salt crystals variations 
in size are noticed. Group ‘b’ sample is deteriorated, 
pore spaces are present in different places in the 
samples, and salt crystal variations in size are 
noticed. Group ‘c’ sample has more cohesive, but salt 
crystals are appearing (Fig. 8 b.s.- c). 



 Mohsen M. Saleh et.al. 

_____________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem. 66, No. SI: 13 (2023)  
 
 

206

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 (a): The black crust covers the outer surface of the limestone, (b and c) Roughness of limestone surface, high porosity 
and micro-cracks, presence of salts on the limestone surface 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6 (a) 25x, The arrows show rare irregular fine pore spaces, (b) 63x, The arrows show recrystallized micro-fossils 
Foraminifera, gastropod, and (c) 160x, the arrows and rectangular marks shows micro-cracks and rare amounts of quartz, iron 
oxides and opaque minerals. the arrows shows  

Fig. 7: XRD chart shows the majority of Calcite and traces of Magnesite 
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Fig. 8: Shows SEM investigation of Standard Sample ‘ag’ is deteriorated, the arrows and rectangular marks 
shows pore spaces are present in different places in the samples, salt crystals varied in size are noticed, Sample 
‘a’ the arrows and rectangular marks shows appears disintegrated grains, with pores are present in different 
places in the samples, salt crystals varied in size are noticed,  b, sample ‘b’ is deteriorated, the arrows and 
rectangular marks shows pore spaces are present in different places in the samples, and salt crystals varied in size 
are noticed, and c. sample ‘c’ appears disintegrated grains, the arrows and rectangular marks shows pores are 
present in different places in the samples, salt crystals varied in size are noticed 
 

3.6. Contact angle 

Equilibrium water contact angle measurements (θ) 
for the various treatments for studying stones. The ‘θ’ 
measurement is an average rate obtained by 
measuring 3 drops (Aldosari, et al, 2017). The group 
samples, standard sample (group ag), ‘a, b, and c’ 
contact angle shows in (Table 5), and (Fig. 9), which 
appears that group sample ‘c’ has the highest contact 
angle 

 

Table (5): Values of static water contact angle for 
studying samples from standard sample, and treated 
group samples ‘a, b, and c’ 

Sample Contact angle (θ °) 

standard (ag) 0° 
a 30.34° 

b 15.69° 

c 53.64° 

 



 Mohsen M. Saleh et.al. 

_____________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem. 66, No. SI: 13 (2023)  
 
 

208

 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
Fig. 9: Drops of distilled water on the surface of the limestone for static contact angle measurement, (a) sample group ‘a’, (b) 
sample group ‘b’, (c) sample group ’c’, and (d) diagram of contact angle measurement for standard sample ‘ag’, and treated 
group samples ‘a, b, and c’ 
 

3.7. Colorimetric measurement 

Evaluation of color variations of stone groups ‘a, b, 
and c’ are expressed by the ΔE parameter, which 
indicates the difference between each chromatic 
coordinate (ΔL*, Δa*, and Δb*) in untreated, treated, 
and treated aged samples. The color variation 
measurements were performed according to the 
procedure described in the experimental section. The 
total color change (ΔE) was calculated using eq. (8): 

ΔE* = {(ΔL*)2 + (Δa*)2 + (Δb*)2}1/2       (eq. 8) 

According to Italian guidelines for the restoration of 
stone buildings, the ΔE value must be < 5 (Aldosari 
A., etc., 2019, 3401). In order to preserve the original 
color of surfaces, other authors state that this 
threshold value should be < 10. The ΔE scale in stone 
materials conservation is as follows (Limbo and 
Piergiovanni, 2006, 258) (Table 6). The group 
samples ‘a, b, and c’ compare with stander sample 
(group ag), which appears that group ‘c’ has a low 
value of color change by 3.71, where a group ‘a’ has 
high color by  6.60 (Table 7) 

Table (6): ΔE mean values 
ΔE Observation 

< 0.2 no perceivable difference 
0.2 < ΔE < 0.5 very small difference 
0.5 < ΔE < 2 small difference 
2 < ΔE < 3 fairly perceptible difference 
3 < ΔE < 6 perceptible difference 

6 < ΔE < 12 strong difference 
> 12 different colors 

 
 

Table (7): Colorimetric measurement for 
the treated groups ‘a, b, and c’ 

ΔE b a L Sample 

0.00 14.48 1.84 80.53 Standard 

Group a 

5.87 11.15 1.02 85.30 1 

6.77 08.76 0.58 83.94 2 

7.12 09.20 0.71 85.18 3 

7.61 08.19 0.45 84.59 4 

5.63 09.78 -

0.05 

82.99 5 

ΣΔE = 6.60 

Group b 

2.79 12.85 1.29 82.73 1 

6.01 10.38 0.98 84.84 2 

4.50 11.93 0.81 84.10 3 

4.23 12.84 1.42 84.41 4 

5.18 12.40 1.32 85.25 5 

ΣΔE = 4.54 

Group c 

3.97 11.32 0.92 82.76 1 

2.87 12.24 1.01 82.13 2 

2.61 12.25 0.94 81.55 3 

6.33 
09.75 

-

0.56 
83.99 

4 

2.74 12.61 0.70 82.18 5 

ΣΔE = 3.70 
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4. Result Discussions 

By studying limestone samples taken from the 
quarries of Tura (group ‘bg’ before aging), it was 
found that, the physical properties of limestone 
samples have an average apparent porosity 
percentage is 26.08%, with average water absorption 
14.97, and bulk density 14.97g/cm3. The limestone 
samples have average compressive strength value 
17.15 MPa (174.88 Kgf/ cm2), which more than 
11.70 MPa (119.31 Kgf/cm2) for load-bearing 
masonry units (ES 1292-1 (2005), and ASTM 
C90/2003). This indicates that limestone quarries of 
Tura are a good type of building stone. Where 
samples of groups ‘a, b, and standard sample ‘ag’ 
after aging cannot be measure their physical 
properties, but their mechanical properties can 
measure, which has compressive strength value 6.41, 
4.50, and 9.32 MPa (65.36, 45.88, and 95.08 Kgf/ 
cm2) respectively, that means groups ‘a, b, and 
standarded ag’ samples  according there compressive 
strength value are which between 11.7 MPa for load-
bearing masonry units (ES 1292-1 (2005), and 
ASTM C90/2003), and 3.45 MPa (35.18 Kgf/cm2) for 
non-load-bearing masonry units (ES 1292-2 (2005), 
and ASTM C 129/2003). 

The stereo microscope study showed that, the aged 
standard sample surface is rough, had high porosity, 
and deteriorated by salts. 

The petrographical study showed that, the 
limestone sample (group bg) is organic, carbonate 
sedimentary rock, fossiliferous limestone 
(Biomicrite) according Folk classification (Folk, R.L. 
1962). The sample is very fine to fine-grained. A 
significant amount of micro-fossils filled with fine-
grained calcite and dolomite are scattered in the very 
fine-grained matrix (micrite). Rare irregular fine pore 
spaces are present in the sample. Calcite occurs as 
very fine-grained (micrite), anhedral crystals that 
represent the matrix of the sample. Dolomite occurs 
as very fine to fine-grained, subhedral to euhedral 
crystals admixed with calcite matrix and also fill 
some microfossils and shell fragments. Iron oxides 
and opaque minerals occur as very fine-grained 
aggregates and also as single crystals scattered in the 
rock matrix. A significant amount of microfossils and 
shell fragments are scattered in the matrix of the 
sample. The microfossils and shell fragments are 
filled by recrystallized fine-grained carbonates 
(calcite and/or dolomite). Some parts of the rock are 
stained by iron oxides. According to (N. Aly et al. 

2015), the quarries of Tura, which is perhaps the 
most well-known limestone quarry in Egypt, is the 
location of the bio-micrite to fossiliferous micrite 
(Mid-Eocene Mokattam Group) (Ahmed H., 2015), 
(Park a H.D., Shin G.H., 2009). 

Investigations using XRD revealed that the 
standard limestone sample taken from quarries of 
Tura (group ‘bg’ before aging) is mainly composed 
of Calcite (CaCO3) as a major component and traces 
of Magnesite (MgCO3), where the Magnesite is 
indicates the dolomite is present. 

SEM for standard sample (group ‘ag’ after aging), 
group samples ‘a, b, and c’ appears that, gaps spread 
on the limestone surface due to dissolution of micro-
fossils and shell fragments of different sizes and 
shapes. The salt crystals of halite appear in their 
cubic shape, which indicates aging, according 
(ASTM D5240/ D5240M- 2013) led to the formation 
of salt crystals from various sodium salts, such as salt 
sodium sulfate (Rodriguez-Navarro and Doehne, 
1999), and sodium thiosulphate (Liu, et al, 2017). 
SEM also appears that Group ‘c’ sample has more 
cohesive, where group ‘b’ sample is less cohesive. 

Hydrophobicity of samples can be determined by 
measuring contact angle for samples group ‘a, b, and 
c’, compared with standard sample (group ag), which 
value 30.34°, 15.69°, and 53.64° respectively, where 
standard sample is 0°, that means group ‘c’ sample is 
more hydrophobic, and group ‘b’ sample is less 
hydrophobic. The results showed that 
nanocomposites enhanced the hydrophobic character  

Colorimetric measurement appears that group 
samples ‘a, b, and c’ are compared with standard 
sample (group ag), with values group a = 6.60, b = 
4.54, and c = 3.70 respectively, which appears that 
group ‘c’ has low value of color change than group 
‘a’ has high color change, that means that groups ‘b, 
and c’ acceptable as a consolidate material, but group 
‘a’ is refused because of changing stone color. 

5. Conclusions 

In this study, three nanocomposites with 
photocatalytic, self-cleaning, and hydrophobic 
properties have been applied to limestone samples 
taken from quarries of Tura. The performance has 
been assessed through a set of laboratory tests and the 
durability has been evaluated by the protocol of 
artificial ageing (ASTM D5240/ D5240M- 2013). 
The results indicate that group ‘c’, that contains 3% 
of nano barium oxide (BaO) with  nano zinc titanate 
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[ZnTiO3] completely dissolved in 2% Paraloid B-72 
soluble in high pure Acetone (98%), shows the best 
effectiveness, which appears high compressive 
strength value, more cohesive grains, more 
hydrophobicity, less color change value (ΔE), where 
group ‘b’, which contains 3% of nano barium titanate 
(BaTiO3) with  nano zinc titanate [ZnTiO3] 
completely dissolved in 2% Paraloid B-72 soluble in 
high pure Acetone (98%),  shows the worst 
effectiveness, which appears low compressive 
strength value, less cohesive grains, low 
hydrophobicity, intermediate color change value 
(ΔE), where group ‘a’,  that contains 3% of nano 
barium hydroxide [Ba(OH)2] with  nano zinc titanate 
[ZnTiO3] completely dissolved in 2% Paraloid B-72 
soluble in high pure Acetone (98%), shows the 
intermediate effectiveness, which appears 
intermediate compressive strength value, 
intermediate cohesive grains, intermediate 
hydrophobicity, high color change value (ΔE). This 
suggests the fact that group ‘c’ is best 
nanocomposites, and recommended as a consolidate 
material for the biomicrite limestone used in Cairo 
Citadel Aqueduct where it is archaeologically 
acceptable. 
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  الملخص العربي 7

الحجر الجيري  قويةتقييم كفاءة المواد النانوية لتدراسة تجريبية ل
  الحيوي

 ، أحمد نبيل امامب،  صفاء حسين العجماوي أ*محسن محمد صالح 

  د، ج
  قسم ترميم، الاثار كلية الاثار، جامعة القاهرة أ*

طالبة ماجستير ترميم الآثار الحجرية.. باحث كيميائي بمركز  ب
  بحوث الهندسة الإذاعية بالهرم

قسم الحراريات و السيراميك و مواد البناء ـ معهد بحوث  ج
  تكنولوجيا المواد المتقدمة و الثروة المعدنية ـ المركز القومى للبحوث

مركز التميز  –د معمل أبحاث طب النانو وهندسة الانسجة 
  المركز القومى للبحوث –للبحوث الطبية 

  الملخص

أحد أكثر أنواع  (biomicrite) يعد الحجر الجيري الأحفوري
الحجر الجيري شيوعًا في العمارة الآثرية، وهو ذو نشأة بيولوجية، 
حيث توجد الأحافير الصغيرة والمخلفات الأيضية للحيوانات 
المنقرضة في وسط بلورات الكالسيت دقيقة التبلور، والتي تجعله 
كحجر رسوبي ضعيف نسبيًا، ويعد الحفاظ عليها تحدياً صعباً يواجه 

مين ، لذلك يلجؤن إلى استخدام المواد المتوافقة مع مكونات المرم
الحجر الجيري. وتعتبر المتراكبات النانوية اتجاه حديث في معالجة 
الآثار والحفاظ عليها، لأنها تهدف إلى أداء عدد من الوظائف في نفس 

  .الوقت، وبأقل قدر من تدخل المواد الكيميائية الخارجية
تهدف هذه الدراسة التجريبية إلى تقييم كفاءة عدد من المركبات 
النانوية متعددة الوظائف في تقوية الحجر الجيري، وهي نانو تيتانات 
الزنك المضافة إلى نانو أكسيد الباريوم أونانو هيدروكسيد الباريوم أو 

المذاب في  B-72نانو تيتانات الباريوم الممزوجين في بارالويد 
عالي النقاء، عبر فحص وتحليل الأحجار بالطرق التالية: أسيتون 

تحديد بعض الخواص الفيزيائية والميكانيكية، الفحص بالميكرسكوب 
الاستريو والمستقطب والإلكتروني الماسح،والتحليل بطريقة حيود 
الاشعة السينية بالاضافة الي قياس زاوية الأتصال بالماء، والتغير 

لمواد النانوية، ووجد أن نانو تيتنات الزنك اللوني بعد المعالجة با
 B-72المضافة إلى نانو أكسيد الباريوم الممزوجين في بارالويد 

 المذاب في أسيتون عالي النقاء أعطت أفضل النتائج
 

 

 

 

 

 

 

 

 

   


