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Decay of building construction materials

Causes of Stone Decay

The deterioration of stone originating from the synergistic action
of physical, chemical and biological factors which induce sever
changes on the surface and structural integrity of the
materials.

Factors as:
> Air pollution It is the main
factor of stone
el decay, through
> Salts direct and indirect

mechanisms
» Temperature changes

Thesis



Decay of building construction materials

, ' Necessity of developing
T novel materials for
*- el )y protection,
Yo B consolidation and self-
Stone decay of the cleaning of building
Weathering effect on Fortifications of .
Aptera, Chania materials
a sandstone statues g T
in Dresden, Germany ‘z&‘:i : _ %1

Materials with
particular criteria

Stone’s biodeterioration due to the
development of microorganisms

Aim of
P 4/93 i



Decay of building construction materials

Restoration materials’ criteria:

»Chemical compatibility
» Ease of penetration and high penetration depth

»Avoidance of accumulation of the material on the stone
surfaces

»Reduction of the water permeability within acceptable ranges

»Avoidance of alteration of the chromatic parameters after the
treatment

»Eco-friendly and low concentration of Volatile Organic
Compounds (VOCs)

»Friendly and convenient for the users

>»Low cost materials

Page 5/93 Introduction A ?f Methodology
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Decay of building construction materials

Stone Restoration and protection

Commercial restoration

Materials of Restoration

Products:
> Alkoxysilane »Consolidants
>Epoxies »Hydrophobic
> Acrylics » Super-hydrophobic
»>Fluoropolymers »Seli-cleaning

> Biocide

Aim of
P 6/93 Int ti



Titanium dioxide (TiO,)

Brookite

V. C. Fuertes, C. F. A
Negre, M. B. Oviedo, F.
P. Bonafé, F. Y. Oliva,
and C. G. Sanchez, J.
Phys. Condens. Matter,
vol. 25, no. 11, p.
115304, Mar. 201

v'n-type semiconductor Self-cleaning coatings

v'High photocatalytic-activity Purification of water and air

v'Hydrophilicity systems

v'Low-cost hano-material Water splitting

v'Low toxicity Hydrogen production

v'High chemical and thermal stability Solar cells _ _

v'Insolubility in water Hydrophilic-hydrophobic coating
Ink-jet printing

Aim of
P 7 1



Titanium dioxide (TiO,)
Synthesis of TiO, through the sol-gel process

Simple experimental procedure

and laboratory equipment Nano-particles with:
Low temperature \/Homogeneity
*Low-cost v’ High purity
*Eco-friendly process v'High uniformity
Precursor Ti alkoxide
Stages of sol-gel process After sol-gel process

the nano-particles were

annealed at high

temperature in order to

Overall reaction produce the photo-

Ti-(OR), + 2H,0 — TiO, + 4ROH active crystalline
phases of TiO,

. Aim of

1. Hydrolysis of titanium alkoxide
2. Polymerization/poly-condensation



Titanium dioxide (TiO,)
Photocatalytic activity

Photocatalytic reactions:

T,0+ hv — e + h',

e *+ h*yg — heat (recombination)
e-CB+ OZ,ads = C)._Z,ads

h+VB i HZOads = OH-ads + H”
h+VB i OH_ads = OH.ads

I'TkVB-l- RH,4s = Roggs + H”

OH+ R, — — — CO, + H,O

Anatase >>Rutile
Stage of photocatalytic procedure:

1st Adsorption of oxidizing and reducing agents on TiO, surface
2"d Oxidation and reduction reaction on TiO, surface
3'd Disposal of the final products

Aim of
P [ ]



Si0,-TiO, nanomaterials for stone restoration

JAY koxysilan es Base of the products for consolidation and protection

Advantages

» Their low viscosity facilitates its
penetration into the intergranular network
of the stone

» Hydrolyse and polymerize in situ inside

the pore structure  through the sol-gel
process

Drawbacks

>
]
A
>
=]

» Crackings during the
xerogel formation

2
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Si0,-TiO, nanomaterials for stone restoration

Hydrophobocity Hydrophobic surfaces: > 90°
Super-hydrophobic: >150°
Bio-inspired hydrophobic and super-hydrophobic surfaces as Lotus
effect find application in protection of the building materials

_“ o=

- ',. ,.,' i ‘ \* (| } Addition of an
g «.'« , Organosilane
e S NS ‘1 . ,\ & ~.~ ti’ g
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Aims of Thesis
» Synthesis homogeneous colloidal solutions SiO,-TiO, with low

viscosity in order to facilitate the penetration into the pores of the

stone

»Synthesis of transparent with cohesive structure nanomaterials

with protective and self-cleaning properties

»Synthesis of photo-active nanomaterials without any demand of

specific laboratory equipment and high temperature

»Synthesis of effective protective, consolidant and self-cleaning

coatings for stone applications

» Assessment of chemical compatibility of nanometrials with stones

Aims of
P 12 i



Aims of Thesis

To Overcome problems as:

»Inhomogeneous colloidal solutions and
xerogels originating from mixing Si and Ti
alkoxides

»Two phases of xerogel originating from
mixing Si alkoxide and organosilane

»Formation of TiO, nano-particles with
large size and aggregates, resulting in white
colloidal solutions

»Crystalline TiO, nanoparticles after
annealing at high temperature ;

» Xerogels with crackings e,

Aims of
P 1



Methodology

: Aim of



Synthesis of SiO,-TiO,-PDMS nano-materials
Syntheses were based on mixing : EXperimental design

»silica alkoxide (Tetra Ethyl OrthoSilicate, TEOS)
Precursor material of silica network Si-O-Si

Low viscosity and polymerization into the pore system
Drawback: cracking formation

»titanium alkoxide (Titanium Tetra-IsoPropoxide, TTIP)
Precursor of TiO,

Photocatalytic properties “+Control of hydrolysis
2. Particle Modified Consolidants, of Ti alkoxide

PMCs (uniform pores, absence  *Pre-synthesized
of crackings) TiO, — white color

Aim of
P 15/93 i Meth |
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Synthesis of SiO,-TiO,-PDMS nano-materials

Experimental design

»organosilane (Hydroxyl-terminateo PolyDiMethylSiloxane,
PDMS)

-OH edge for connection
with silica network

Hydrophobicity through the inversion of the
hydrophilic character of SiO,-TiO, system

and

Cohesive structure

Aim of
P 16/93 i Meth |



Synthesis of Si10,-TiO,-PDMS nano-materials

»Oxalic acid (Ox): Compatibility with calcareous stone

Catalyze the TTIP and TEOS hydrolysis
Promote the formation of homogeneous colloidal solutions
Function as DCCA, promoting crack-free xerogels
pH<6, IEP Ti-OH + H* « Ti-OH*,
Ti-OH + OH & Ti-O- + H,0
Hole-scavenger
React with calcium carbonate, producing calcium oxalate
(more stable and weather resistant)

Page 17/93 Introduction A ?f Methodology
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Synthesis of SiO,-TiO,-PDMS nano-materials

Experimental design

B meipapatikog
16 -
STPB1 éwg4 |

TP

Ox

N\

Sol-gel process

. . > Transparenc
Macroscopic study of the nanomaterials: P »y

» Gelation time »Low energy footprint
»Presence of cracking in the xerogels

///

Aim of
Page 18/93 Introducti Methodol



Synthesis of SiO,-TiO,-PDMS nano-materials

Optimal syntheses Experimental design

STP-1 (A’ experimental axis)
STP-2 (B’ experimental axis)
STP-4

Name of the materials

Silica-Titania-Poms STP
Concentration of Ox:
1 low

2 medium
4 high

Aim of
P 19/93 i Meth |




Synthesis of Si10,-TiO,-PDMS nano-materials

Experimental design
TITEMNZT

High stirring

nyia 140 min  PDMS oTaydnv TTIP oraydnv
(avadeguon yia 15 min) (Suvam a d&ouonv 24 h)

E [:>
(u) et (m

o = STP-1 0.0001

NavouUAiké H,C,0,moles”

STP-2 0.017
STP-4 0.036

TTIP/EtOH ovaydnv TEOS
(avadeuon yia 24 h) (avadeuon yia 30 min)

*Referred tol mol of TEOS

TEOS/EtOH/H,O/PDMS/TTIP
1/4/4/0.04/0.017

Ala@avég Kal OPOYEVEG
SidAupa

Aim of
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Synthesis of Si10,-TiO,-PDMS nano-materials
Experimental design

>
2
&
=

APAKTNPICHOG
VC(VOU)\IK(,()V:

SIAAN
ON bon LLODIY
Pédnon-expédnon N2
MeAém
106 KO

EIBIKNAG ETIPAVE

Aim of
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Results of nanomaterials’
characterization

Part A

Aim of
P 22 i



Results of nano-materials’ characterization

Macroscopic characterization

Gelation time (days)

Nano-material

Open vessel Closed vessel

STP-1
STP-2
STP-4

v'STP-2>STP-4 due to the presence
of oxalic acid as catalyst
vSTP-1=STP-4 and STP-1<STP-
2(closed vessel) even though the
lower concentration of Ox

but they can not be compared
(different experimental Axes)

Page 23/93
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v'Sequence of the reagents
v'Ox concentration
vSTP-2>STP-4 due to the
presence of oxalic acid as
catalyst




Results of nano-materials’ characterization

Macroscopic characterization

Nano-material % Volume reduction
STP-1 82
STP-2 86
STP-4 84

% Shrinkage (from 82 to 86%)

v'PDMS chains coiled up due to the stress, thus creating
high values of shrinkage. These coiled chains present a high
elasticity and give flexibility to the xerogels

Aim of
P 24 i



Results of nano-materials’ characterization

Macroscopic characterization

STP-1

v'Colorless

v'Homogeneous

v'Highly transparent

v'Cohesive and crack-free structure

Aim of
P 2
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Results of nano-materials’ characterization

There are difficulties in synthesing homogeneous and transparent
xerogels from mixing alkoxides due to:

» Different hydrolysis rate of the Ti and Si alkoxide
Si(OR), <t << Sn(OR), = Ti(OR), <t Zr(OR), = Ce(OR),

Unsaturation Unsaturation
degreeis 0 degree is 2

» Direct precipitation of -Ti-(OH)
Phase homogeneity can be improved by:

1. Pre-hydrolysation of the Si-alkoxide (TEQOS)

2. Deceleration of the fast reacting Ti-alkoxide precursor via chemical
mcdification with nucleophilic group (as a chelating ligands)

Utilization of single-source precursors.

Aim of
P 2



Results of nano-materials’ characterization

Macroscopic characterization

Homogeneity - Transparency

In syntheses STP-1, STP-2, STP-4 the oxalic acid plays the
Important role for producing homogeneous and transparent
colloidal solutions:

(i) Oxalate ion is a bidentate ligand, strong nucleophilic

reagent and is coordinated with Ti alkoxide, thus delaying the
Ti alkoxide hydrolysis and restricts the direct precipitation of
titanium hydroxide

(ii) Ox acts as catalyst of the TEOS hydrolysis

(i) Ox prevent the agglomeration of TiO, particles by removal

from the IEP as pH = 2

Aim of
P 27 1



Results of nano-materials’ characterization

Macroscopic characterization

Page 28/93



Results of nano-materials’ characterization

Macroscopic characterization
Homogeneity

The xerogels STP-1, STP-2, STP-4 are homogeneous and
monolithic

This predicts the incorporation of hydroxyl-terminated
PDMS into the silica matrix and the probable
compolymerization between PDMS and TEOS

A two phases xerogel:

1. self-condensation of PDMS
2. Independent hydrolysis and condensation
of TEOS

Aim of
P 2 i



Results of nano-materials’ characterization

EM anal
= analyses It Is verified the:

v'cohesive and crack-free structure

Synergistic action of Ox and PDMS
vPDMS
reduce the surface energy with its
v'Ox as DCCA Incorporation into the silica network
(toughness and flexible xerogels)

Aim of
P 30/93 i



Results of nano-materials’ characterization

Raw materials Infrared Spectroscopy (FTIR)

Deconvolution spectra

Si-OHsijo (798) T T T T T
4
WES’ J} (e)TEOS 1250 1\?v0a0venuml:;le1r5{?:m'1) 1100 1050

4000
Wavenumber (cm'1)

Aim of
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Results of nano-materials’ characterization

STP-1

(o)

CH, (2975, 2892)
CH, (2931)

o]
3
.
\ }’\ C-HIEtOH-TEOS
(1452) (1381)
J A A
\_ _____—"-__/h’

Abs

Wavenumber (cm'1)

958 30
A a7
A 0min
_/\ﬂ\\_ At : : 60 min
_J h& A i E 120 min
Si-(EH,), IPDMS [; | E E
\}.\ (1261) i :
N M i A~ 140 min
T T 7 A— T T T T T T T i’ 1
4000 3000 2000 1750 1500 1250 1000 750

B T

C-HI-CH, (TEOS)
1169 $i-0-C (TEOS)

Si-0-C (TEOS)/C-O (EtOH)
1077'Si-0-Si neo-formed
r'y

Wavenumber (cm ')

1104
1091
A
~/ N\~ \f
8 /)
<
\/
Si-(CHj), /PDMS
1261
o
L] T . T L T T T T
1300 1250 1200 1150 1100 1050

Introduction

Page 32/93

Infrared Spectroscopy (FTIR)
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Results of nano-materials’ characterization

Infrared Spectroscopy (FTIR)

CH (2975, 2892) Si-CH,, /Si-O-Si SHCH,), FDMD S;£H3;1S$0-Si
-| s - -O- e
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A 3)2 A i CH, (2931) a !
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Results of nano-materials’ characterization

STP-1, STP-2 and STP-4

STP-2 »>It is confirmed the fully
o hydrolysis of TEOS from the
Naae e 5”‘“” disappearance of characteristic

g;“:':a;‘;::ﬁ;E%S? [ Berere®s peaks and appearance of the

i ‘ newly bonds (Si-O-Si)
m

MUARRE > Copolymerization of PDMS and
e TEOS through the shifting of
characteristic peak and the
CECECE appearance of a new peak

»The basic peak 1261 cm™ of

(8) STP-2 (xerogel)

e Ao e PDMS denotes the hydrophobic

Wavenyfiber cm”) character of the xerogels
»Probable incorporation of Ti0, >t Is coniirmed the role of Ox as
into the silica (STP-1) chelating nucleophilic reagent

Aim of
4 L]



Results of nano-materials’ characterization

Thermal Analyses

DTA/STP-4

Nano-
material

TGA (weight loss, %)

TGAISTP-4

%0 600 Endothermic peak
i1 Absorbed water

Removal of organic solvents and thermal
decomposition of organic compounds.
This demonstrates the incorporation of organic parts
Into the silica network

Aim of
P L]




Results of nano-materials’ characterization

Nitrogen adsorption/desorption

=; 400 STP-1 =

E £ —emes  STRZ

0 mg’ ——=p-—= STP-4

= g _ Sarea

% g Nanomaterial

2 00 |t (m?/g)

2 STP-1 153  0.136
©

e STP-2 3 0.006
>

S STP-4 440  0.260

Pore Volume and Surface Area
STP-1 < STP-4

: Aim of



Results nano-materials’ characterization

Nitrogen adsorption/desorption

» The isotherms of STP-1 and STP-4

—o— STP-1 are type |V

——~— S8TP-2
——=p-—= STP-4

i
o
o

mesoporous materials

» These materials show a type H4
hysteresis loop characterized by
parallel and almost horizontal
branches

o
S~
o
I—
wn
(e
=
L
-
@
Qo
—
o
@
gol
®
o
=
=
o
>

“*Materials composed of particles
with internal voids of irregular
shape and broad size distribution.
“*Large mesoporous embedded
In a matrix with pores of much
smaller size

Aim of
P 7 1




Results of nano-materials’ characterization

Nitrogen adsorption/desorption

—— STP-1
——=— STP-2

aneadURINN > N | DFT method in order to obtain
the pore size distribution

Covering both:
micropores (from 1to 2 nm) and
mesopores (from 2to 50 nm)

o
S~
o
I—
wn
(e
=
L
-
@
Qo
—
o
@
gol
®
o
=
=
o
>
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Results of nano-materials’ characterization

Fari 3.8

St 20 nm

» Significant differences between STP-1 and the other materials
»STP-1 presents uniform and cohesive SiO,-TiO,-PDMS network

with aggregates 40-100 nm
>»The observed chemical structure of STP-1 demonstrates the

formation of bonds Ti-O-Si in atomic level

Page 39/93




Results nano-materials’ characterization

TEM

Fari 3.8

SN 20 nm

»STP-2 and STP-4 show aggregates of similar size as STP-1
»BUT Iin STP-2 and STP-4 nanoparticles of TiO, incorporated into

the SiO, matrix can be observed
»STP-1 and STP-4: show medium compact texture (with pores)

STP-2: the texture is dense (without pores)

Page 40/93




Results of nano-materials’ characterization

TEM

Differences in particle
sizes and amounts

‘A

2_6°'}am sTp-2 PAT
Comparison of and

»In STP-4 (high Ox), the TiO, nanoparticles with smallest size
(ranging from 2 t0 5 nm)

»In STP-2 (medium Ox), the TiO, nanoparticles with larger size
(ranging from 5 to 10 nm) and aggregates inside the matrix

»Much more higher TiO, content is present in separate domains for
STP-2

Page 41/93




Results of nano-materials’ characterization

STEM-HAADF

>t does not present any
difference in contrast
across the material

Bonds Ti-O-Si in atomic

level
X-EDS spectra
- Due to:
»Si is clearly detected but the homogeneous distribution of
Ti peaks are not detected Ti in atomic level and the low
on the three spots concentration of Ti

Aim of
Page 42 '



Results of nano-materials’ characterization
STEM-HAADF

. » |t does show a visible
9 | contrast between the
particles and matrix

il Zones with higher contrast
Sl correspond to TiO, particles,
Bl Where Ti has higher atomic
number than Si in silica
matrix
v'Independent TiO, domains

20 nm
200 nm

X-EDS spectra

B1 spot (lower intensity) = Ti is not detected

32 and 33 spots (higher 1. Tipeaks
contrast zones) 2. B3 >> B2 (higher Ti peaks)

Aim of
P 4 i



Results of nano-materials’ characterization

STEM-HAADF

>t does show a visible
contrast between the
particles and matrix

Smaller and spherical TiO,
nanoparticles as TEM

X-EDS spectra

v1 spot (lower intensity) Ti IS not detected
y2 spot (higher contrast zone) Ti is detected

Aim of
P 44 1
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Results of nano-materials’ characterization

X-Ray Diffraction Amorphous SiO,

(o)

ry
3
o
=
‘w
c
@
=2
=

Intensity (a.u.)

(i) STP-2

(ii) STP-4

30 60
2 Theta 2-Theta

»No diffraction peaks corresponding to TiO, crystalline phases
(anatase, rutile or brookite) but this Is in accordance with previous
published results

»Small size and the lack of orientation observed in the crystalline
network responsible for the absence of XRD crystalline peaks

Page 47/93 Introduction A ?f Methodology
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Results of nano-materials’ characterization

Comparison results of adsorption/desorption N, and TEM
Draw significant conclusions about texture and the microstructure

1. Formation of anatase crystals at ambient
temperature
Due to the peptization process occurring during syntheses in
the presence of Oxalic acid

STP-2 and STP-4

Amorphous phase is first created.
Peptization process occurs during
the magnetic stirring (24h) in the
presence of Ox which promotes
the formation of anatase crystals
observed by HREM

STP-1

Both the fast hetero-condensation
and the low Ox concentration
restrict the peptization process

Page 48/93



Results of nano-materials’ characterization

Comparison results of adsorption/desorption N, and TEM

Draw significant conclusions about texture and the microstructure
2. Larger size of TiIO, nano-particles and aggregates in
STP-2

Explanation of reduced pore volume and subseguent low
surfaces area observed by

STP-2
High aggregation of TiO, crystalline
particles, which does not contain
pores, produce dramatic decrease
In the pore volume and surface area

Page 49/93




RMS roughness

RMS roughness




—
RMS roughness
5.1 nm

RMS roughness
23.0 nm

RMS roughness
7.2 nm




Results of nano-materials’ characterization

AFM (2D and 3D)

Page 52/93

RMS roughness
23.0 nm

AT O

RMS roughness
7.2 nm

STP-4 with higher content of Ox
produces a surface of much lower
roughness value (7.2 nm)

but

STP-2 with medium content of Ox
produces a surface of the highest
roughness value (23.0 nm)

due to the formation of larger
size of TiO, and the presence of
their aggregates




Results of nano-materials’ characterization

TiOp-P25

10 TiO2-P25 (Eg=3.33 ev)

(F(R}'E]"'z {=w1.’2

28 30 32 34 36 38 40 42 44
E(eV)

F(R) (a.u.)

STP-2 (Eg=3.49 ev) »,

< STP-1 (Eg=3.57 ev)

400
Wavelength (nm)

»SI0, does not absorb in the range 200-800 nm
»Eg of P25 lower than nanomaterials, where the TiO, are embedded in
the SiO, matrix

Aim of
P L]



Results of nano-materials’ characterization
UV-Vis DRS

o] TiO,-P25 (Eg=3.33 ev)

FRIE? (@2

F(R) (a.u.)
(FRyE) "2 (ev)"/2

STP-2 (Eg=3.49 ev)/ i
<¥ STP-1 (Eg=3.57 ev)

STP-4 (Eg=3.58 ev)

2.8 .0 3.2 3.4 3.6 3.8 4.0 4.2
Wavelength (nm) 2 E (eV)

v'STP-2 shows the lowest Eg value
Quantum Size Effect: the Band gap reduced as the particle size increased

v'STP-1=STP-4
Even though that separate domains in STP-1 have not detected there is
material that absorbed in this range

Aim of
P 4 i



Results of nano-materials’ characterization

Photocatalytic activity

k
Nanomaterial

(103 min-)
o STP-4 MO (blank) 0.8 0.91

% MO (Blank)

o STP-1 STP-1 6 0.90
STP-2 113 0.94
STP-4 610) 0.98

-
-
-
.
_____

v'"Photochemical degradation of MO

Time (min) iS negl|g|b|e
) v'STP-1 lower activity than STP-2
%Z}N @G " and STP-4

Moptokahi Tou HEBUAIOU
(Methyl Orange, MO)

: Aim of



Results of nano-materials’ characterization

Photocatalytic activity

k
Nanomaterial
(103 min)

: nsll.l(-)P(-;Iank) MO (blan k) 08 091

o STP-1

STP-1 6 0.90
‘ STP-2 113 0.94
- STP-4 60 0.98

5§ 10 15 20 25 30 35 40 45 50

v'STP-2 > STP4
STP-2: larger size of TiO,
according TEM and DRS
BUT
It contains higher content of
separate domains

Aim of
P 56/93 i
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Results of nano-materials’ characterization

Photocatalytic activity

Ox as hole-scavenger

»Oxalic ions are good bidentate ligands and at low pH values

absorbed strongly on TiO, surface
»Oxalic ions’ ability to produce CO, -~ through their reaction with h*

according to:

COZ + COz'-

oS T MR
h* capturing from OXx CO, either direct decomposes

restrict the recombination the MO or reacts with O,
of e and h* producing O,/ HO,:
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Results of nano-materials’ characterization

Photocatalytic activity

TiO, K
Formulations (103 min-)
TiO,-P25 73 0.93
Tox-0 13 0.99
0 TiO,-P25 @)% 2.9 0.94
0 Ox
T,-d 2.9 0.95
MO (blank) 0.4 0.98
300 400 . .
e (i) v Crystalline TiO2-P25 (70% anatase
and 30% rutile) highest photocatalytic
BUT STP-2: activity
lower Ox concentration v'Oxalic acid improves the
than STP-4 photocatalytic activity of TiO,

: Aim of



Results of nanomaterials’
application

Part B

Aim of
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Application of the nanocomposites on stones

1. MPOZTATEYTIKA KAI AYTO-KAOAPIZOMENA
BEPNIKIA (MRL)

MéBod ol ATroTipnong
* AIgBNTIKOI TTApGUETPOI (XPWUATIKES TTAPAUETPOI, QUITOYPQPIES)
* ADiapoyoTroinan eTngavelwy (Tpixoeoidric avappixnan udarog,

[Nwvia eTragnc, Yoaroamoppo@nan UE KOPETUG)

/ » AiaTTEPOTE Io] Y
EAeyyog Xnuikng E®APMOLES e OT(;HBQ LT; g;a uBpaTHOUC

= Mop@ohoyia emgaveiwv (SEM)
1. MNivéAo/ZTTpél OE o Xnuikri oootaon (FT-IR)
Mdpuapa, MRL

2. Tpixoeidry Avappixnon 2. MPOXTATEYTIKA, ZTEPEQTIKA KAI
ot AoBeoTéhiBoug, BCL AYTO-KAOAPIZOMENA (BCL)

ZupBarérnrag kar

BeAtiwon

2repewnikwv Aifou pe

NavoreyvoAoyia

MéBodol AtToTipnong

* AilgBnTIKOI TTAPAUETPOI (XPWHATIKES TTAPAMETPOI,
QwToypagicg)

» Adiappoyotroinon emeaveiwy (Tpixosoldig avappixnan
udartog, MNwvia eTagrig, Ydatoamoppd@naon e KOPECHS)

o AlaTrepatdéTnTa ot UBpATHOUS

* AUTO-KABAPICHES ETTIPAVEILY

» Xnuikn cuotacn (FT-IR)

* BdBo¢ dicicduong (FT-IR, DRMS)

» Mnyavikéc avroyéc (Brazil Test
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Application of the nanocomposites on stones

Coating on marbles

YT

STP-1: Dionysos and Thasos
STP-2 and STP-4:. Naxos

Alaqpop@wuéva
Sokipia
HOpHAPWV

: Aim of



Application of the nanocomposites on stones

Consolidant on limestones

Alapop@wpéva

STP-2 and STP-4:
Limestone (Alfas, L
Rethymno, Crete) BOKIpiwV
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Effectiveness of the nanocomposites as coating
on marbles

»Dry matter

Dry matter (mg-cm)

Two applications

STP-1 0.658+0.138 (due to lower
STP-2 0.412+0.011 photocatalytic activity)
STP-4 0.424 +0.042

: Aim of



Effectiveness of the nanocomposites as coatings
on marbles

»Color alteration r* _ 3 144036 AE* = 1.88 +0.05

Emetepyaopév

Emegepyaopévn

TTAEUpd TTAEUpa

STP4

AE*=0.61 £0.05 AE™ = 2-3
Cannot be detected by
naked eye

ETresepyaopévn

TTAEUpd

ssDispersions of colloidal solution of
ommercial TiO, due to its white color induced
chromatic variations AE* higher than 3

: Aim of



Effectiveness of the nanocomposites as coating
on marbles

»Hydrophobic effectiveness

Static Contact angle

Treated surfaces: CA> 90°
(hydrophobic character)

: Aim of



Effectiveness of the nanocomposites as coating

on marbles
»Hydrophobic effectiveness Static Contact angle
% Change
Untreated Treated STP-1 Treated STP-2 Treated STP-4
STP-1  STP-2  STP-4
Osec| 56.2+3.0 . 104.3 +2.0 95.4+2.2 . +86 +70
20 . +106 +87
Contact 50.0+2.8 . 103.2+1.2 93.6+ 1.6
sec
angle, =
0 sec | 72.6 £3.0 114.8+0.4 +58
CA (°)
20 . . +86
59.9+2.7 111.340.8
sec

»Hydrophobicity due to the presence of PMDS (same content in all the

nanocomposites)
PDMS reduces the surface energy of the materials and increases the

roughness (high values of shrinkage)
»STP-2>STP-4 due to the higher roughness values according to

Aim of



Effectiveness of the nanocomposites as coating
on marbles

»Hydrophobic effectiveness

Water Capillary absorption

% Change

TWCA

"
=
G
o
£
13
g
K]
2
)
@
R
T
o
@
p]
<

: Aim of



Effectiveness of the nanocomposites as coating
on marbles

»\Water vapor permeabillity

% Change (WVP)

Within the acceptable
ranges of the hydrophobic
materials (reduction up to

35%)

@\

: Aim of



Effectiveness of the nanocomposites as coating

Treated surfaces of marbles (SEM)

» Chemical compatibility
» Crack-free treated surfaces
This cohesive structure of the nanomaterials was achieved due to Ox
and PDMS
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Effectiveness of the nanocomposites as coating

Treated surfaces of marbles (FT-IR)

»1267 cml
N S AETA copolymerization of PDMS and
emgdaveia STP-4 : ‘: . : TEO S
Emegepyaopévn ; : : >»1077 and 810 cm™!
T neo-formed Si-O-Si bonds
A »945 cm-1

- neo-formed Si-O-Si bonds and Si-OH

e »1620 and 1320 cm?

STP-4 due to

/Ll_'_l_'_l_'_l_'_l_'_l_'_l_'_l
4000 3500 2700 2400 2100 1800 1500 1200 900 600 Calcium Oxa|ate (Can)

Wavenumber (cm” ')

CaOx has been identified into well- 0F:10)%
preserved layers-patinas on monument 1. is more stable than CaCO,
surfaces 2. It can act protectively against the
Chemical compatibility weathering deterioration

: Aim of



Effectiveness of the nanocomposites as coating

Self-cleaning marbles

» The results match perfectly with
those obtained from the
photocatalytic tests of the
nanocophosites

STP-2>STP-4>STP-1

«STP-1 lowest activity due to
absence of separate TiO, domains
*STP-2 higher activity than STP-4

N
. @ij@ due to the presence of greater
~ . s
o s e amount of crystals as observed by

Mhrhe Tou peBuheviou ’ T E M

(Methylene Blue , MB)

: Aim of



Effectiveness of the nanocomposites as coating

Self-cleaning marbles Optical Microscopy

(d) STP-1 stained after UV Before and after 116 h UV
5wl = \ irradiation

»These results confirm that STP-2
presents the better photocatalytic
e) STP-2 stained after UV behavior.
The most effective color removal has
been observed on the marble treated
with STP-2
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Effectiveness of the nanocomposites as coating

Self-cleaning of fresh marbles
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Effectiveness of the nanocomposites as coating

Self-cleaning marbles

Moy nv v
cpappoyn Si-T

AlaBpwéVo pdpuapo N

SME B s
epoippBySI-T Ka 2
T *

: Aim of




Effectiveness of the nanocomposites as
consolidant on limestone

»Dry matter

Dry matter

% w/w g-cm

The absorbed quantity

of the product is of the
1.96 (+£0.19) | 0.097 (= 0.009) same level

2.21(+0.17) | 0.112 (% 0.007)

: Aim of



Effectiveness of the nanocomposites as
consolidant on limestone

» Color alteration

ETeSepyaopévo |
HE STP-4

o
L o
.:‘."‘o"

STP-2 STP-4
AE* 0.89(=0.05) 0.65(=*0.03)

AE* = 2-3
Cannot be detected by
naked eye

\.

Emeéepyaopévo
pe STP-2

: Aim of




Effectiveness of the nanocomposites as
consolidant on limestone

»Hydrophobic effectiveness  Static Contact angle

AiBog petd TNV epappoyn Si-T

»Hydrophobicity due to the presence of PMDS EECRIIEIITEY
(same content in all the nanocomposites)
PDMS reduces the surface tension of the
materials and increases the roughness (high
values of shrinkage)

»Drop of water is maintained by 1200 sec

: Aim of




Effectiveness of the nanocomposites as
consolidant on limestone

»Hydrophobic effectiveness

Water Capillary absorption and Water Saturation

—&— Mn enekepyacusvo
—®— Encfepyacuevo pe STP-2

% Change

WCA TWCA Saturation

—
o
E
]
)
—
1o
]
T
s
°
(]
I
[
2
o
<

v'"Hydrophobic character
(Presence of PDMS)
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Effectiveness of the nanocomposites as
consolidant on limestone

»\Water vapor permeabillity

Untreated Treated STP-2 Treated STP-4

VPR M 0.0011 (=0.0001) |0.0010 (*=0.0001)  |0.0010(==0.0001)

X 9%
‘\0\
2
o —
\0@\ Within the acceptable
O\(\e((\ ranges of the hydrophobic
materials (reduction up to

35%)

: Aim of



Effectiveness of the nanocomposites as
consolidant on limestone

»Mechanical properties (Brazilian test)

Untreated Treated STP-2 Treated STP-4

Tensile strength (MPa) 2.81(%=0.12) 3.43 (*0.58) 3.44 (*=0.38)

+22%

Providing a considerable
consolidation effect

: Aim of



Effectiveness of the nanocomposites as
consolidant on limestone
»Mechanical properties and penetration depth

—_—
<
N
@
e
[
w

Depth (mm)

1. Increase of the mechanical resistance
2. A penetration depth of approximately 15 mm

: Aim of



Effectiveness of the nanocomposites as
consolidant on limestone

»Mechanical properties and penetration depth

Untreated 1' 1267 Cm-l
-CH; groups of Si-(CH;) of PDMS
: e Exists in the spectra of 15 mm
\ 51:267 T wer o nw 1on (2nd derlvatlve)

Untreated

2.1618 and 1318 cm™
Calcium Oxalate (on the

Treated (surface)

Treated (5 mm)

Treated (10 mm) Su rfaceS)
. P Treated (15 mm) .
o oo g 1. 1S more stable Fhan CaQO3
Wavenumber (cm”) 2. can act protectively against
Chemical compatibility the weathering deterioration

: Aim of



Effectiveness of the nanocomposites as
consolidant on limestone

Self-cleaning limestone

» The results match perfectly with
those obtained from the
photocatalytic tests of the
nanocomposites

STP-2>STP-4

STP-2 higher than STP-4 activity
due to the presence of greater
amount of crystals, as observed by

TEM

Mrhe Tou peBuheviou
(Methylene Blue , MB)

: Aim of




Effectiveness of the nanocomposites as
consolidant on limestone

Self-cleaning limestone Optical Microscopy
Before and after 250 h UV

iIrradiation

» These results confirm that STP-2
o presents the better photocatalytic
P i el Rl behavior.
SRR  The most effective color removal
o R LA has been observed on the marble
treated with STP-2
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Conclusions

v" Three homogeneous, highly transparent and hydrophobic
nanocomposites were synthesized (STP-1, STP-2, STP-4)

v' Synthesis of photocatalytically active anatase TiO, in room
temperature in the presence of Oxalic acid

v Successful incorporation of TiO, nanoparticles (with size 5 to 10
nm) into the silica matrix through the mixing of both of Si and Ti
alkoxides

v' Effective control of TTIP hydrolysis through the chemical
modification with the Oxalic acid

v The nanocomposites present a cohesive structure without the
presence of crackings

: Aim of .



Conclusions

v" The presence of PDMS reverses the hydrophilic character of the
SI0,-TiO, system to hydrophobic

v. The photocatalytic activity of the nanocomposites was
confirmed through the decomposition of Methyl Orange and
Methylene Blue (STP-2>STP-4>STP-1)

v' Confirmation of the multiple role of the Oxalic acid:

catalyst
low values pH (removal from the IEP)

chelating nucleophilic reagent

facilitation of anatase TiO,

DCCA

calcium oxalate

hole-scavenger during the photocatalytic process

: Aim of
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Conclusions

v Chemical compatibility nanocomposites and stones:
1. absence of undesirable byproducts and

2. formation of Calcium Oxalate on stone surfaces can further
protect the substrates

v' The novel nanomaterials induce hydrophobic properties to the
stone substrate without altering the color of the substrate and
allowing the water vapor permeability

v' The nanomaterials, STP-2 and STP-4, can effectively function
as consolidant agents

v'  Also, the photocatalytically active hanocomposites preserve the
stone’s surfaces from the dirt accumulation

v' These developed novel nanotechnology materials can be further
produced on an industrial scale (Eco-friendly, Friendly and
convenient for the users, Low cost materials

: Aim of .



Recommendations for further work

v Application and estimation of the effectiveness of the
nanocomposites to more substrates, such as lime and cement
mortars

Salt ageing of treated marbles, limestones and mortars
In situ evaluation of self-cleaning properties

Antibacterial studies of the synthesized nanocomposites

NN X X

Characterization of the nhanocomposites through X-Ray
Absorption Near Edge Structure, XANES

: Aim of
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