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ABSTRACT. Three-components suspension, based on a mixture of titania (TiO2)-
silica (SiO2)-functionalized graphene oxide (GO) is prepared and used for surface 
consolidation of historical andesite stone and mortar. For comparison, mono-  
and bi-component suspensions are also involved in this study. In order to increase 
the attachment capacity of GO to substrate with silicon, GO functionalized with  
(3-aminopropyl) triethoxysilane (GO-APTES) was involved. Unmodified and modified 
by painting with prepared suspensions andesite and mortar samples were investigated 
by microscopy (Optic and SEM-EDX), XRD, FT-IR and Raman spectra before and 
after 6 months of exposure to ambient conditions. After investigation, even the 
amount of used consolidant suspension was low, the stability of the modified 
samples was found that remains constant and in a long time it is possibly to reach 
even a higher stability level. This approach provides the idea that the prepared 
suspension could be an interesting option to be involved in stone and mortar 
consolidation-restoration field. 

Keywords: titanium oxide, cultural heritage, functionalized graphene oxide, surface 
consolidation, historical stones, historical mortars. 
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1. INTRODUCTION 

 
Nowadays, there is a growing concern about the degradation of cultural 

heritage, which is an incalculable legacy for our future. In order to preserve the 
stone heritage, the intrinsic properties of the stone, the state of conservation, the 
degradation mechanisms and the environmental factors as well as the appropriate 
selection of materials and their application procedures must be taken into account. 
The compatibility, depth of penetration and durability of the selected materials, as 
well as their effect on water and vapor permeability, and their resistance to biological 
factors should also be taken into consideration. Until recently, the preservation of 
cultural heritage was mainly based on traditional conservation and restoration 
treatments such as the use of synthetic polymers, which often lack vital compatibility 
with substrate and durability. The development of materials science led to the 
discovery of nanomaterials with applicability in construction that allowed the 
improvement of the consolidation and protection of damaged building materials 
and the maintenance of the architectural heritage [1–3]. Consolidation treatment 
is an important conservation process that allows to improve the deep cohesion of 
the damaged stone heritage. However, the irreversibility of the consolidation process 
and its likelihood of causing unwanted effects makes this treatment one of the 
riskiest preservation processes. This risk explains the growing development and 
application of nanotechnology to the preservation of cultural heritage. Nanotechnology 
allows the design and development of reinforcing nanomaterials compatible with 
the original stone substrate, with 1-100nm in size and large surfaces, which leads 
to increased chemical reactivity and easier penetration into the depth of damaged 
stone monuments [4]. The dramatic increase in the external degradation of 
historical monuments due to air pollution, respectively the deposition of organic 
compounds and other pollutants on stone substrates has led to the development 
of nanomaterials with self-cleaning, antimicrobial and air depollution properties. 
Over the last 20 years, due to its outstanding ability to decompose pollutants by 
photocatalytic oxidation and its photoinduced superhydrophilicity [5], titanium 
dioxide is one of the best-known additives used in building materials, such as 
cement paste and mortar [6-8]. In addition, it should be noted that titanium dioxide 
is a cheap, non-toxic, chemically stable photocatalyst [9] and compatible with commonly 
used building materials [7]. The photocatalytic function of TiO2 depends on its 
semiconductor and optical properties. Due to the oxygen vacancies present in its 
network, TiO2 is an n-type semiconductor. The photocatalytic action of TiO2 lies in 
the ability to simultaneously adsorb two reactants, which are reduced and oxidized 
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by photonic activation initiated by photon absorption (hν ≥ Eg). The photoinduced 
electron transfer to an adsorbed molecule is determined by the position of the 
valence band and respectively the conduction band of the TiO2 in relation to the 
redox potentials of the adsorbed molecules [10]. The energy value of the gap band 
of TiO2-anatase is 3.2 eV, which means that it can only absorb UV light (λ ≤ 387 nm). 
Given the fact that the solar spectrum consists of 3-4% ultraviolets, there was the 
problem of changing the electronic structure of TiO2 so that it absorbs light from 
the visible region, and thus working efficiently under natural sunlight. This can be 
done either by TiO2-doping with metals and non-metals, TiO2 coupling with other 
semiconductors, or by creating network defects [8, 11, 12].  

The great discrepancy between the recombination time of the photogenerated 
electron– hole pairs (10–9s), and the time scale for the chemical interactions of TiO2 
with the adsorbed dirt (10–8 to 10–3s) does that the unintended recombination of 
electron–hole pairs to be much more favourable than for the TiO2–dirt adsorption 
which leads to a decrease in the efficiency of the photocatalytic activity of TiO2 [13]. 

Due to its special features (specific surface area of 2600 m2 g–1, thermal/chemical 
stability and mobility of the charge carriers of 200,000 cm2 V–1 s–1) the graphene 
increases the adsorption capacity of TiO2 based photocatalysts acting at the same 
time as an acceptor of the photo generated electrons from TiO2, suppressing the 
recombination between photo-excited electrons and holes. Also, graphene act as a 
sensitizer extending light absorption range. The localized electrons in the sp2 states 
of the graphene, excited by sunlight, are injected into the conduction band of TiO2, 
where they are trapped by the O2 molecules producing superoxides radicals which 
oxidize organic compounds [14,15]. The results of the researchers showed that the 
addition of graphene oxide improves the antibacterial and self-cleaning of the 
titanium dioxide films in order to use it in practical applications [14, 16, 17]. 

Another role of TiO2-based nanoparticles is to improve mechanical properties 
(compressive strength, toughness, etc.), and to reduce the shrinkage and permeability of 
building materials - characteristics that prolong the life of the building material [18]. The 
positive influence on the impermeability of construction materials (mortar, concrete, 
etc.) can be explained either by the function of nanoparticles as fillers thus creating less 
permeable structures, or by their function as "nucleus" that induce the formation and 
growth of hydration of the cement or which promotes the formation of high-density 
C-S-H structures [19].  

For the TiO2 photocatalyst application in conservation and restauration of 
the cultural heritage, the issue was to ensure the durability and adhesion of TiO2 on 
the stone or mortar substrates. In recent years, numerous studies have demonstrated 
the ability of silica-based materials to create durable and well-adherent TiO2 coatings 
[20–23]. 
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The TiO2-SiO2 coatings proved also high photocatalytic activity, the efficiency 
increasing as TiO2 concentration was increased. The positive effects of SiO2 are due 
to the increased surface area for adsorption and photodegradation of organic 
pollutants, to the charge imbalance which determines the creation of Lewis acidic 
sites, which promotes the adsorption of higher amount of hydroxide respectively a 
higher photocatalytic efficiency. Furthermore, TiO2/SiO2 composite having lower 
isoelectric point determines the increasing of the concentration of hydroxyl ions 
which are absorbed on the surface of photocatalysts and reduce the electron/hole 
recombination rate by blocking the generated holes [24–26].  

In our previous study, interesting properties related to the increase of 
mechanical properties of mortar treated with consolidant based on graphene oxide 
(i.e. GO, oxidated form of graphene) was obtained [27]. More exactly, an increased 
value for the compressive strength of about twice time compared to the untreated 
blank samples and a decrease of the value for the capillary absorption water coefficient 
with about one order of magnitude in comparison with the untreated blank samples 
were obtained for mortar samples treated with GO consolidation suspension. 
 
 
2. EXPERIMENTAL 

 
2.1. Preparation of andesite and mortar as parallelepiped samples 

 
In the case of andesite, a block of andesite was brought from the Pietroasa 

Bejan quarry and cut at a workshop in Bucharest into 1 cm thick slices, from which 
2 cm wide strips were later extracted. The 2x1 cm2 strips, obtained at coarse 
cutting, were cut into 2x2x1 cm3 samples (Figure 1a). The samples thus obtained 
were sorted by removing the parts with errors, washed in distilled water and stored 
under normal conditions of temperature and humidity; 20-25 oC and 55-60% 
relative humidity. Thus, 100 parallelepipedal specimens of 2x2x1 cm3 of andesite 
were obtained.  

The lime mortar is prepared by recipe: one part slaked lime (paste), three 
parts washed and dried river sand sieved less than 2 mm.  

For paste preparation, to 100 g of Ca(OH)2 100 ml of water was added to 
obtain a more fluid mixture that is proper to prepare a mortar with increased 
porosity. The obtained homogeneous mixture was introduced into the casting 
patterns by manual pressing. After drying and drawing out from the pattern, 100 
samples of lime mortar measuring 2x2x1 cm3 were obtained (Figure 1b). Alteration 
of the exposure surfaces was performed by treatment with acetic acid solution (6%) 
in all mortar samples (100 pcs.), by total immersion in the acid solution, exposure 
for 3 minutes, followed by stopping the reaction by immersing the sample in water. 
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The not modified faces of mortar samples were reinforced by using an acrylic paint 
in order to make the samples more enforced during manipulation. The binder has a 
holocrystalline structure being composed of micron calcite crystals, resulted from the 
carbonation of calcium hydroxide. 

2.2. Preparation of graphene oxide components (i.e. GO and GO-APTES) 

2.2.1. Preparation of GO 

Graphene oxide (GO) was synthetized using an efficient sono-chemical 
exfoliation of graphite [28]. In the obtaining pathway besides graphite (7.5g, 99%, 
powder >0.1mm, Fluka), H2SO4 (742mL, 95–97%, SC Nordic Invest SRL, Cluj-Napoca), 
H3PO4 (83mL, 85%, SC Nordic Invest SRL, Cluj-Napoca) and KMnO4 (33g, 995, Sigma 
Aldrich) that are the main precursors of Marcano-Tour’s improved exfoliation method 
[29], H2O2 (550mL, 3%, SC “Hipocrate 2000” SRL, Bucharest), H2O (550mL, bidistilled 
homemade), HCl (275mL, 37%, SC Nordic Invest SRL, Cluj-Napoca) and ethanol (275mL, 
absolute, SC Nordic Invest SRL Cluj-Napoca) were involved into a washing-sonication-
centrifugation-decantation process. After 7days of drying, about 14,3g GO was obtained. 

2.2.2. Synthesis of GO functionalized with (3-aminopropyl) triethoxysilane 
(APTES) 

Ethanolic suspension of GO (17,5 mL, C=40 mg / ml GO), was placed in a 3-
necked flask having a capacity of 750 ml. Then, 360 ml (3-aminopropyl) triethoxysilane 
(APTES) and 360 mg N, N′-dicyclohexylcarbodiimide (DCC) were added under magnetic 
stirring at 700 rpm. An ascending water-cooled refrigerant was attached to the flask, 
and the installation was placed in an oil bath heated at 70ºC for 24 hours. After the 
reaction time elapsed, the precipitate of GO functionalized with APTES was allowed to 
settle, the top layer (colourless) was decanted and the suspension (bottom layer) 
was centrifuged at 6000 rpm for 15 minutes. The resulted precipitate has been washed 
three times with 300 ml absolute ethanol. After the last washing and separation by 
centrifugation, the precipitate of GO functionalized with APTES was dried in an oven 
at 60°C for 12 hours, yielding 1.0 g of GO functionalized with APTES (GO-APTES). 

2.3. Preparation of colloidal solution used in consolidation process 

2.3.1. Synthesis of TiO2 colloidal solution (S1) 

To an Erlenmeyer flask (V=50 ml) containing 5 ml of isopropyl alcohol, 30 
ml of titanium tetraisopropoxide (98%, MERCK, GE)-TIP were added, in drops and 
continuous stirring, The obtained solution was added, in drops and continuous 
stirring, to 175 ml of bidistilled water in a three-necked glass flask (V = 1000 ml). 
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After 2.5 ml of 65% HNO3 ml (CHEMPUR, RO) have been added, the flask provided 
with an ascending refrigerant connected to a water source was immersed in an oil 
bath at 80ºC for 6h continuously magnetic stirring.  

2.3.2. Synthesis of TiO2 colloidal solution with 0.026% GO functionalized 
with APTES (GO-APTES), (S2) 

After 15 minutes of magnetic stirring of the obtained TiO2 colloidal solution 
(see 2.3.1), the suspension of GO-APTES (0.053g of GO functionalized with APTES 
in 5 ml of absolute ethylic alcohol, stirred with ultrasound for 30 min) was added 
and then the mixture was stirred continuously and kept at 80ºC for 8 hours. 

2.3.3. Synthesis of TiO2-SiO2 (67:33%) colloidal solution (S3) 

A mixture of 11.2 ml of tetraethyl orthosilicate (98%, MERCK, DE), 0.05 ml 
of 65% HNO3 (CHEMPUR, PL), 1.8 ml of double-distilled water and 26 ml of absolute 
ethyl alcohol (CHIMREACTIV SRL, RO) was prepared and added, under continuous 
stirring, to the obtained colloidal solution of TiO2 (see 2.3.1) that was previously 
cooled to room temperature. Stirring was continued for 6 hours.  

2.3.4. Synthesis of TiO2-SiO2 (67:33%) colloidal solution with 0.023% GO 
functionalized with APTES (GO-APTES), (S4) 

To prepare TiO2-SiO2 (67:33%) colloidal solution with 0.023% GO-APTES, 
0.054 g of GO-APTES were weighed and added to 5 ml of absolute ethyl alcohol. 
After 20 min of ultrasonic stirring, the obtained GO-APTES suspension was added 
to the colloidal solution of TiO2-SiO2 (see 2.3.3). Ultrasonic stirring was continued 
for one hour. 

2.4. Devices and techniques involved in morpho-structural characterization 

2.4.1. Optical microscopy 

The optical microscopy analysis was performed with "Motic BA310Pol" 
device. After a surface cleaning by air blowing, the surface samples were analyzed 
in adequate lateral illumination. 

2.4.2. Scanning electron microscopy (SEM) 

The SEM and EDX (electron diffraction X-ray) analysis were performed with 
a SEM - HITACHI TM4000plus combined with an EDX OXFORD INSTRUMENTS 
hardware and AZtecOne software. 
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2.4.3. X-ray diffraction (XRD) 

 Structural properties of the samples were carried out by using Rigaku 
MiniFlex II diffractometer with X-ray (Cu-Kα; λ = 0,15406 nm) radiation equipped 
with a graphite monochromator. Scan speed was: 1°·min−1 (2θ°) and the diffractograms 
were taken between 3º-80º (2θ°). Samples were scraped with a spatula and transferred 
into an XRD support.  

2.4.4. Fourier Transform Infrared (FT-IR)  

Absorption spectra of the investigated samples were recorded at room 
temperature by employing a Jasco 6000 (Jasco, Tokyo, Japan) spectrometer (in 
reflection configuration) in the 400–4000 cm−1 range, with a spectral resolution of 
4 cm−1. All samples were prepared previously in the form of KBr pellets. 

2.4.5. Raman spectroscopy  

Raman spectra measurements were recorded with the help of a multilaser 
confocal Renishaw inVia Reflex Raman spectrometer equipped with a RenCam CCD 
detector. The 785 nm (NIR) laser line was applied as an excitation source on the 
samples' surface. The Raman spectra were collected employing a 0.9NA objective 
of 100 × magnification. The following parameters were used for all spectra: 
integration time was 20 s, 1200 lines/mm grating, and 50% of the maximum laser 
intensity - laser power of 150 mW. 
 
 
3. RESULTS AND DISCUSSION 
 

The study is performed on andesite and lime mortar. The andesite corresponds 
to the cultural objective Sarmizegetusa Regia, the source of the andesite being the 
magmatic body from Pietroasa, Bejani Hill, the south-eastern extremity of Deva 
municipality of Romania. The mortar was prepared in using a mixture of sand, 
Ca(OH)2 and H2O. Parallelepipedal samples of 2x2x1 cm3 were prepared by stone 
cutting for andesite (Figure 1a) and casting in proper patterns for mortars (Figure 1b). 
The both sample types were modified by painting with four suspensions (Figure 1c): 
TiO2 colloidal solution (S1), TiO2 colloidal solution with GO-APTES (S2), TiO2-SiO2 
(67:33%) colloidal solution (S3) and TiO2-SiO2 (67:33%) colloidal solution with  
GO-APTES (S4).  
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Fig. 1. Real images with andesite (a) and mortar (b) samples, and suspensions 
used in surface modification of the samples (c), (see Chapter 2.3). 

 
In the present study, unmodified samples were also investigated as blanks 

(S0). Moreover, suspensions with GO (i.e. GO unfunctionalized with APTES) were 
not mentioned in this study because without GO’s functionalization with silicious 
group a poor fixation of this nanosheet material on samples surface could be 
achieved. To increase of GO-APTES fixation, SiO2 component could play a favorable 
behavior. In order to study the in time structural change, the investigation was 
performed on unexposed and 6 months ambient atmosphere exposed samples. The 
suspensions were applied only on a face of the parallelepipedal andesite and 
mortar samples that consist of 2x2 cm2. After preparation and analysis, samples 
were placed in ambient atmosphere for 6 months (from May to October at the 
climate of Bucharest, Romania). Then, the samples were analyzed again. 

3.1. Optical microscopy (OM) analysis of andesite and mortar surfaces  

Investigation of andesite and mortar surfaces was performed with the optical 
microscope using reflected light illumination mode. In Figure 2 a compact structure 
with zones with different colours (e.g. light-grey, dark-grey) was evidenced for andesite 
samples. Instead of this, in Figure 3 a more granular structure (i.e. sand particles) linked 
with the binder component (i.e. calcium carbonate) was shown for mortar samples. 
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Fig. 2. Optical microscopy images with surfaces of andesite samples unmodified (a) and 
modified with S1 (b), S2 (c), S3 (d) and S4 (e) before of 6 months for external exposure. 

 

 
 

Fig. 3. Optical microscopy images with surface of mortar samples unmodified (a) and 
modified with S1 (b), S2 (c), S3 (d) and S4 (e) before of 6 months for external exposure. 
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For both sample types after surface modification with prepared suspensions 
(see Chapter 2.3), no visual change was evidenced. This could due to the low 
thickness and the transparent feature of applied layers. The same behavior was 
evidenced after 6 months of ambient environment exposure (i.e. for simplicity, 
these images are not presented). 

In the case of mortar, microscopic observations show that the mass of the 
binder is relatively compact and has good adhesion to the aggregate clasps. It is 
also found that there are several shrinkage cracks in the binder mass, which are 
poorly connected, with local extension. A slight difference lies in the characteristics of 
the pore system. The pores have irregular shapes and variable sizes. The microscopically 
expressed porosity is about 10–15%. 

Andesite rock porosity by microscopic examination shows that there are no 
over capillary pores in its structure. The rock is practically compact, with zero 
effective porosity and therefore waterproof. 

3.2. SEM-EDX analysis of andesite and mortar surfaces 

By SEM investigation surfaces with no regular features with zones with 
cracks were evidenced both for andesite (Figure 4) and mortar (Figure 5) samples 
and both before and after modification with prepared suspensions (see Chapter 
2.3). The same behaviour was shown also after 6 months of ambient exposure  
(i.e. for simplicity, these images are not presented). 

 

 
 

Fig. 4. SEM images with surfaces of andesite samples unmodified (a) and modified with  
S1 (b), S2 (c), S3 (d) and S4 (e) before of 6 months for external exposure. 
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Fig. 5. SEM images with surface of mortar samples unmodified (a) and modified  
with S1 (b), S2 (c), S3 (d) and S4 (e) before of 6 months for external exposure. 

 
The atomic ratios between the percent of Ti and Si (i.e. Ti/Si) were determined 

by EDX for S2 and S4 consolidant solutions dried on a common support (i.e. not applied 
on mortar or andesite samples) obtaining hundred micro meters of thickness (i.e. the 
analysis dose not touch the support). The values were 1.375 for S2 and 1.222 for S4, 
respectively. This means more Si in S4 in comparisons to S2 (i.e. because of Si from 
APTES). Moreover, the atomic percent for C (i.e. having GO-APTES as source) for S2 
and S4 was not noticed by EDX. This could be because GO-APTES is in a very low 
concentration that means a low amount of C that is below the detection limit. The 
atomic percent ratio between Si of S3 and S4 which is 0.888, confirms again the 
presence of a higher amount of Si for solution prepared with GO-APTES (i.e. because 
of Si of SiO2 component in addition to APTES). 

3.3. X-ray diffraction (XRD) measurements on andesite and mortar surface 

Commercial andesite consists mostly of SiO2 and various types of Feldspar. 
In the andesite-unmodified and unexposed sample, we found amorphous SiO2 and 
mineral Plagioclase with the following reflections: 21.7°, 23.4°, 24.3°, 27.4°, 30,2°, 
35,3°, and 44,3° [30]. A new reflection is also visible in the andesite-unmodified and 
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exposed sample: 51.2° [30], which is a reflection of Plagioclase or Pyroxenes. Not all 
reflections of plagioclase could be observed in the XRD patterns of the unmodified 
samples because the sample is heterogeneous. The presence of TiO2, SiO2 and GO-
APTES was not visible in the XRD patterns of the samples. The reason that the 
mentioned modification could not be seen in XRD patterns, could be that the amount 
of the TiO2, SiO2, and GO-APTES is lower than the detection limit of the XRD. The 
samples which have been exposed for 6 months are identical to the samples which 
were not exposed. 

 

 
Fig. 6. XRD patterns of the unexposed and exposed (6 months) andesite samples. 

3.4. Fourier Transform Infrared (FT-IR) measurements on andesite and 
mortar surface 

Andesite is a volcanic rock with a mixed composition, meaning it is the 
intermediate rock between basalt and rhyolite. It predominantly comprises sodium-
rich silicates such as plagioclase, pyroxene, and hornblende. In the FT-IR spectra of 
all unexposed and exposed andesite samples, the following bands were observed:  
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O-H stretching vibrations at 3439 cm-1; H-O-H bending at 1636 cm-1 [31]; Si-O 
asymmetric and symmetric stretching vibrations at 1100, 1026, and 795 cm-1 [32, 33]; 
Si-O-Si bending a 619 cm-1, respectively Si-O-Al bending at 538 and 483 cm-1 [34]. 
At first glance, the presence of TiO2, SiO2, and GO-APTES cannot be observed from 
the FT-IR spectra, but it was observed that the ratio of the I1026/I1100 bands does 
change for both types of samples: unexposed and exposed (Table 1), which could 
hint at structural modifications of the samples. Moreover, from Table 1 it can be 
observed that the samples’ I1026/I1100 ratio changes in each sample when comparing 
it to the blank samples. In the case of the unexposed samples the ratio was below 
1, but in the case of the exposed samples it was above 1, indicating that the 
samples’ 6-month exposure did affect their structure.  

 
 

 
 

Fig. 7. FT-IR spectra of the unexposed and exposed (6 months) andesite samples. 
 

Table 1. Ratio changes of the Si-O bands at 1026 and 1100 cm-1  

in the unexposed and exposed samples 
 

Sample 
Unexposed Exposed 
I 1026 / I 1100 I 1026 / I 1100 

Andesite Blank 0.910 1.027 

Andesite TiO2 0.928 1.058 

Andesite TiO2 + GO-APTES 0.938 1.062 

Andesite TiO2 + SiO2 0.920 1.042 

Andesite TiO2 + SiO2 + GO-APTES 0.924 1.044 
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Fig. 8. FT-IR spectra of the unexposed and exposed (6 months) mortar samples. 
 
 
The building blocks of mortar are lime and an aggregate of sand mixed with 

water. The mortar samples consist of lime, calcite, and quartz. Concerning the  
FT-IR spectra of the unexposed and exposed mortar samples, for each sample, the 
following absorption bands were identified: O-H stretching vibrations at 3643 and 
3446 cm-1, which were attributed to the Ca(OH)2 from mortar [35]; CO3

2- and CO3 
stretching at 1795, 1456, 874 and 712 cm-1, which are related to the calcite and 
carbonate in the sample [36–38]; Si-O-Si asymmetric, Si-O symmetric stretching, 
and O-Si-O rocking vibrations at 1081, 777, 721 cm-1, respectively in the 500 - 400 cm-1 
region [39, 40].  

Regarding the unexposed mortar samples, for all treated samples, a sharp 
band appeared at 1384 cm-1, in the proximity of the CO3 band; this can be linked to 
the presence of impurities on the sample's surface in the form of other ions, 
species, or even water. Most probably the band at 1384 cm-1 is related to the 
carbonation of the samples, since it disappears from each sample after 6-months 
of exposure. Although the presence of other components like metal oxides or 
graphene oxide from the FT-IR spectra cannot be proven with certainty, it is visible 
that the intensity of the Si-O-Si bands at 1081 and 777 cm-1 changes in the case of 
the treated samples—the Si-O-Si bands' intensity changes in both types of samples: 
unexposed and exposed, and is presented in Table 2. These changes could be 
caused by the presence of metal oxides or other components like graphene oxide 
on the samples’ surface.  
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Table 2. Ratio changes of the Si-O-Si bands at 777 and 1081 cm-1  

in the unexposed and exposed samples. 
 

Sample 
Unexposed Exposed 
I 777 / I 1081 I 777 / I 1081 

Mortar Blank 0.449 0.309 

Mortar TiO2 0.463 0.391 

Mortar TiO2 + GO-APTES 0.450 0.394 

Mortar TiO2 + SiO2 0.467 0.545 

Mortar TiO2 + SiO2 + GO-APTES 0.457 0.516 
 

3.5. Raman spectroscopy measurements on andesite and mortar surface 

As already mentioned, andesite is a volcanic rock with a mixed composition 
consisting in sodium-rich silicates such as plagioclase, pyroxene, and hornblende. 
The Raman spectra recorded from different zones of the andesite samples (light-
grey and dark-grey) are illustrated in Figures 9 and 10. As one can see the spectra 
are looking different and can be correlated to the specific structural features of the 
samples. Thus, in the Raman spectra recorded on light-grey zones the most intense 
bands are located in the 1000-1800 cm-1 spectral region, where appear mainly the 
stretching vibrations in which Si and O atoms are involved, in structural units such 
as Q1-Q4 [41]. In the low wavenumber region of the spectra, between 110 and  
700 cm-1, there are a few low intense bands mainly attributed to bending 
vibrations of bonds in which Si, O and/Al atoms are involved. On the other hand, in 
the Raman spectra recorded on dark-grey zones the most intense bands are observed 
in the low wavenumber region. Moreover, as a consequence of the presence of 
more disordered structure, the elastically scattered light increased the background 
of the Raman spectra recorded from these zones. This assumption is confirmed by the 
attenuated intensity of the bands from the high wavenumber region (<1500 cm-1), 
where the stretching vibrations of more connected Si structural units appear. Besides 
the bands due to the bending vibrations of Si, O and/or Al containing bonds some 
bands due to hornblende vibrations [42], can be also noticed (around 670 cm-1).  

By comparing the spectra of the unexposed samples treated with different 
solutions a few differences can be observed. Thus, one can notice the presence of 
the band around 150 cm-1 due to the TiO6 vibration [43], mostly intense in the 
spectra of Andesite-S1 and Andesite-S3 samples. Moreover, one can also remark 
that in all spectra of the Andesite-S1 sample, recorded from light-grey and dark-grey 
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zones, the bands from the high wavenumber region are less intense as compared 
to the ones from the 120-700 cm-1 spectral range. This behavior could be due to a 
reduced number of connected SiO4 structural units as a consequence of the TiO2 
presence. No clear evidence of the bands given by the GO vibrations can be noticed 
in the spectra of Andesite-S2 and Andesite-S4 spectra.  
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Fig. 9. Raman spectra of the unexposed andesite samples. 
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Fig. 10. Raman spectra of the exposed (6 months) andesite samples. 

 
When analyzing the spectra recorded from light-grey zones of exposed 

samples in comparison to the ones recorded from the unexposed samples one can 
see that the band around 150 cm-1 due to the TiO6 vibrations is more evident in all 
spectra of exposed samples and the intensity of the bands from the high wavenumber 
region slightly decreased. This behavior could indicate that the Ti containing structure 
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is more stable over the exposure period as compared to the Si containing structure. 
No important differences can be observed between the spectra recorded from 
dark-grey zones of the exposed and unexposed samples.  

 
 

 
 

Fig. 11. Raman spectra of the unexposed and exposed (6 months) mortar samples. 
 
 
As mentioned earlier mortar is a mix of sand, water, and a binding agent like 

cement, lime or plaster. The Raman spectra of the unexposed blank mortar sample 
present Raman bands at 160, 281, 410, 480, 507, 571, 712 and 1085 cm-1. The sharp 
band at 1085 cm-1 was attributed to the symmetric stretching mode of carbonate 
ions, the band at 712 cm-1 corresponds to the in-plane bending vibrations of carbonate, 
respectively the bands at 281 and 160 cm-1 were attributed to the rotational and 
translational lattice modes, which are specific for calcite and vaterite [44].  

The presence of gypsum in the sample was confirmed by the bands at 410 cm-1. 
The doublet at 480 and 507 cm-1 was associated with the presence of plagioclase, 
these bands correspond to the stretching vibrations of the SiO4 or AlO4 tetrahedra, 
whereas the broad band at 571 cm-1 was assigned to the Si-O stretching vibrations [45].  

Comparing the unexposed blank mortar sample with the exposed one 
interesting change can be observed between the two samples’ spectra. The intensity 
of the 1085 cm-1 band decreased and the bands at 712, 507 and 480 cm-1 disappeared, 
which can be explained by the fact that the sample’s surface was covered with 
pollution. The bands below 300 cm-1 also have disappeared, or shifted to lower 
wavenumbers, hinting that by exposing the mortar samples to the weather conditions 
structural changes will occur on the mortar surface. The exposed sample presented 
new bands at 143, 669, 926 and 953 cm-1. The band at 143 cm-1 was attributed to 
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the lattice vibrations of Ca-O polyhedra, at 669 cm-1 to the Si-O-Si symmetric bending, 
respectively the bands at 926 and 953 cm-1 were attributed to the asymmetric 
stretching of the SiO4 tetrahedra [46]. 

The Raman spectra of the Mortar TiO2 unexposed sample at first glance is 
similar with the Mortar Blank sample, but it is obvious that the bands at 1085 and 
712 cm-1 disappeared, and this was caused probably by the presence of TiO2 on the 
samples’ surface. The bands at 208, 410, and 638 cm-1 correspond to the TiO2 
anatase phase [47, 48]. After exposing the sample for six months the corresponding 
TiO2 anatase phase Raman bands were identified in the spectra at 152, 208, 515 
and 638 cm-1. Two other bands were also observed in the exposed sample’s spectra 
at 464 and 1050 cm-1, which were attributed to the silicate and calcite components 
from mortar. 

Two intense Raman bands were observed in the unexposed Mortar 
TiO2+GO-APTES sample: at 208 and 464 cm-1, from which the first is linked to the 
presence of TiO2, respectively the second to the presence of an increased number 
of O-Si-O bonds on the surface. The presence of TiO2 was also proved by the less 
intense band at 396 cm-1. After exposing the sample for six months almost identical 
Raman spectra was obtained for the sample, the most notable difference was that 
the intensity of the band at 464 cm-1 has increased, respectively it became 
narrower. Although the corresponding D and G bands for graphene oxide were not 
observed in the Raman spectra, the very intense band at 464 cm-1 could be caused 
by the presence of APTES on the sample’s surface, since this compound is rich in Si-
O-C2H5 bonds. 

Regarding the Mortar TiO2+SiO2 sample, Raman bands corresponding to the 
TiO2 anatase phase were observed at 154, 514 and 636 cm-1. Two other bands with 
relatively small intensity were identified at 1050 and 1085 cm-1, these bands 
correspond to the silicate and calcite components of mortar. Another band at 1339 cm-1 
and a shoulder at 1477 cm-1 were observed in the Raman spectra, which are most 
probably linked to the presence of calcium hydroxide phosphate and calcium 
oxalate dihydrate. After the samples were exposed for 6 months the band at [49] 
1339 cm-1 and the shoulder at 1477 cm-1 disappeared from the spectra, whereas 
the bands at 1050 and 1085 cm-1, became more intense and narrower. Corresponding 
band to anatase TiO2 were observed at 638, 517 and 154 cm-1. SiO2 presence on the 
sample surface was not evident from the Raman spectra. 

Concerning the Mortar TiO2+SiO2+GO-APTES sample Raman bands were 
identified at 130, 206, 262 and 464 cm-1. The presence of TiO2 was evidenced only 
by the band at 130 cm-1, the band at 514 is masked by the intense band at 464 cm-1, 
respectively the band at 636 cm-1 was a very broad and low intensity shoulder.  
The bands at 206 and 262 were cm-1 attributed to the presence of SiO2 [50].  
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Although the sharp and intense band at 464 cm-1 is generally attributed to SiO2, in 
this context it is worth mentioning, that this band corresponds to the Si-O-Si/O-Si-
O bridging vibrations [51], which could prove the presence of APTES. After exposing 
the sample for six months to the weather conditions, the same bands were 
observed as before (130, 206, 262 and 464 cm-1), but in this case also the bands had 
higher intensity and were narrower. Another band specific for SiO2 was observed 
at 355 cm-1. After the exposure two modifications were observed in the Raman 
spectra: a doublet at 1309 and 1320 cm-1, respectively a shoulder at 1591 cm-1. The 
bands at 1309 and 1591 cm-1 can be attributed to the D and G bands of the 
functionalized graphene oxide (GO-APTES) [52]. 

According to the Raman spectra of the unexposed and exposed samples we 
can draw the conclusion that blank mortar stability decreases after being exposed 
to the weather conditions for six months. However, by adding only three layers  
of TiO2, TiO2+GO-APTES, TiO2+SiO2 or TiO2+SiO2+GO-APTES colloidal solution, the 
stability of the mortar samples remains constant, or possibly it reaches even higher 
stability, leading to the conclusion that this method of applying colloidal solution 
on the samples’ surface is a viable option. 

 
 
 

CONCLUSIONS  
 
A mixture of three components (TiO2, SiO2 and GO-APTES) was tested for 

consolidation of the surface of two sample types (i.e. andesite and mortar). Also, 
suspensions that contains TiO2, TiO2+GO-APTES, TiO2+SiO2 were investigated as blanks 
for three-components suspension. The unmodified and modified with different 
suspensions samples were investigated with microscopic techniques (optic and 
SEM), X-ray diffraction (XRD and EDX), FT-IR and Raman techniques before and after 
6 months of ambient exposure.  

After investigation was found that the stability of the three-components 
treated samples remains constant, or possibly it reaches in time even higher 
stability. This leading to the conclusion that the obtained suspension is a viable option 
in stone and mortar consolidation-restoration field. 
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