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Abstract  Tetraethoxysilane (TEOS) is the most com-
monly used silicon-based stone consolidant in art conser-
vation. However, it is known that the resulting silica gel
phase tends to develop cracks inside the stone as the gel
shrinks during aging and drying. Such phenomenon may
lead to severe damage to the protected objects. By intro-
ducing silica nanoparticles into TEOS, a so-called particle
modified consolidant (PMC), may minimize such shrink-
age by reducing the volume loss and forming mesoporous
structure to weaken the capillary forces. But many previous
results show significant color changes on the surface of
PMC-treated stones which can not be tolerated in the
conservation treatments of cultural heritage. In this work,
we designed a three-component composite consolidant
which consists of 15 nm silica particles, o,m-hydroxyl-
terminated polydimethylsilane (PDMS-OH) and TEOS.
Among the three components, TEOS provides the consol-
idation function, silica nanoparticles prevent the cracking
and increase the salt resistance and PDMS-OH further
reduces cracking, decreases the color alteration and
increases the resistance to wetting of the stone. Experi-
mental results show that the three components have
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significant synergistic effect, which makes the material
exhibiting best overall performance in terms of cultural
heritage protection.

Keywords Sol—gel - Silica nanoparticles - TEOS -
Polydimethylsilane - Stone consolidation

1 Introduction

Stone relics such as historical buildings and grottoes
located outdoors are exposed to the risk of being damaged
by severe degradation, due to weathering and human
activities over the years [1]. The stone will lose its strength
with time, and if no external actions are taken, the precious
relics will disappear forever. Conservation of stone objects
is a delicate and complex problem [2]. Actually, the con-
solidation treatment is fairly risky in restoration, because
the action itself is irreversible, regardless of the products
used. But consolidation is still widely applied because of
its practical feasibility. Among numerous materials applied
in art conservation, the organosilanes such as alkoxy- or
alkyl-alkoxysilane-based consolidants, due to their unique
molecular structures, have shown promising results and
attracted a lot of attention [3].

Most commercial consolidants applied to restore the
strength of the weathered stone are in the forms of sols or
solutions. The liquids can be drawn into the pores of the
stone by capillary forces easily, where they solidify via
gelation and/or drying processes [4]. The earliest orga-
nosilane consolidants applied are tetraethoxysilane (TEOS)
and its oligomers [5]. Even nowadays, TEOS and its
oligomers are still the main components among the com-
plex formulations of a series of commercial products for
restoration. Their advantages are well known: the low
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viscosity, the ability to form silicon—oxygen (Si—O-Si)
bonds [6]. The silicon—oxygen bond is the major chemical
bonding form in many of the minerals, which contributes to
the compatibility between organosilane and the stone. Low
viscosity and high affinity to the minerals allow the liquid
to transport easily inside the stone, wet the stone surface
well and penetrate into a certain depth [7].

Tetraethoxysilane and its oligomers can react with the
moisture in the air to form stable gels with a silicon—oxy-
gen backbone within the stone’s inter-granular network [8].
The silicon oxide gel network can function as a binder as
the original binder in the stone has been lost during
weathering, leading to significant enhancement of the
cohesion and adhesion among the stone grains [9]. Thus the
stone’s mechanical strength can be improved effectively
after consolidation treatment. Unlike organic polymers,
silicon—oxygen bonds in silica are quite stable and have
excellent resistance to aging, which makes TEOS and its
oligomers very attractive for outdoor use [5].

However, there is a serious drawback of simple alk-
oxysilanes like TEOS as consolidant, which has been rec-
ognized and carefully studied—the resulting silica gel
phase, as the gel shrinks, tends to develop cracks inside the
stone due to the stress generated from significant mass and
volume losses and increasing capillary force during aging
and drying [10-12]. Such problem has been a great chal-
lenge and a major research focus in stone consolidation
applications. Conservare OH®, a commercial stone con-
solidant which is developed to reduce crack formation in
stone consolidation, has shown significant improvement in
many practical applications. But due to the complexity of
the stone objects and applying conditions and protocols,
there are still many reported unsatisfied results using
Conservare OH® as consolidant [13]. Thus, continuing
research to solve the cracking issue is still of great
importance and in urgent demand.

Several approaches have been adopted to suppress
cracking during drying [14-18]. One promising way is to
prepare the so-called particle-modified consolidants (PMC)
by introducing colloidal oxides such as silica into the
alkoxysilane consolidants [19]. The addition of nanoparti-
cles will reduce the overall mass loss and volume shrinkage
to restrain the cracking since there is no volatiles coming
from nanoparticles [20]. Meanwhile, the addition of
nanoparticles can significantly change the gel’s pore
structure, i.e., enlarge the pore sizes leading to smaller
capillary stress since the capillary forces are inversely
proportional to the pore radius [7]. Besides diminishing
crack formation, PMC can also improve stone resistance to
wetting [21] and salt damage [22].

But with all the benefits PMC can provide, in many
cases, it has been observed that PMC can notably change
the appearance of the stone due to the high refraction index

@ Springer

of the solid particles [20]. Previous reports show that the
total color difference AE (CIE L*a*b* color space) of
TiO,-PMC can be as high as 29, while AE of Al,03-PMC
and SiO,-PMC are 8.0 and 7.4 respectively [21], which is
totally unacceptable. The total color difference AE before
and after consolidation treatment for conservation of cul-
tural heritage should be <5 [23]. Overall, such severe
appearance changes must be corrected before wide appli-
cation of PMC in stone consolidation.

Polydimethylsiloxane (PDMS) is a very common sili-
con-based polymer. Unlike the silica network formed from
TEOS which is very brittle, the two methyl groups and
elastic chains in PDMS can provide extra flexibility to the
network [24]. The incorporation of PDMS into the TEOS-
based stone consolidant network can also minimize the
cracking without obvious color alteration [25]. The
hydrophobic nature of PDMS will improve the water
resistance of the stone objects as well. But the aging of
PDMS may be a concern [26], and to the best of our
knowledge, such an issue has not been carefully examined
in stone consolidation applications.

This paper reports the preparation and evaluation of a
three-component silicon-based stone consolidant, which
consists of o,m-hydroxyl-terminated PDMS (PDMS-OH),
silica nanoparticles and TEOS. In the initial designation,
among the three components, TEOS will provide the
consolidation function and act as a base material. Silica
nanoparticles will restrain the crack formation and improve
the resistance to aging and salt. Meanwhile PDMS-OH will
further suppress cracking formation while reducing the
color alteration caused by silica nanoparticles. Based on
the laboratory evaluation, through the synergistic effect of
the three components, our silicon-based consolidants show
overall best performance on stone conservation.

2 Experimental section
2.1 Materials

Tetraethoxysilane (AP, Shanghai Lingfeng Co.), isopro-
panol (>99.7 %, Shanghai Lingfeng Co.), PDMS-OH
(MW 400-700, 4-6 % terminal OH, Meryer), SiO, nano-
particles (99.5 %, 15 & 5 nm, Aladdin), and di-n-butyl-
tindilaurate (DBTL, 95 %, Aladdin) were used as received.
The DBTL is used as a neutral catalyst.

Sandstone samples were from the quarry near the Big
Buddhist Temple in Shaanxi province, China, whose major
component is quartz (61.01 wt% SiO, and 1091 wt%
Al,O3). It also contains up to 2.59 wt% Fe,O;, which gives
it the well-known dark red appearance. Before usage, the
sandstones were cut into 20 x 20 x 20 mm> cubic blocks,
40 x 40 x 10 mm® slabs and 20 x 20 x 200 mm’
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columns respectively. And then all samples were cleaned
by sonication in deionized water for an hour before being
dried in an oven at 110 °C for 4 h.

2.2 Instrumentation

Viscosities were measured by a Brookfield viscometer
(model DV-II with UL/Y adapter, rotor S18, 1S0RPM) at
20 °C controlled by a circulating water bath (CH2015,
Shanghai Fangrui). Photos were taken by a Canon G12
digital camera. Scanning electron micrographs (SEM) were
recorded on a HITACHI S-4800 scanning electron micro-
scope. Chromium alloy was vacuum evaporated onto the
samples. Nitrogen adsorption isotherms and pore size dis-
tribution of xerogels were measured by Micromeritics
ASAP3020. The overall porosity and pore size distribution
were also characterized by mercury intrusion porosimetry
(MIP, AutoPore 9500). Compressive strength was mea-
sured by an Instron 5592 universal testing machine.
Dynamic elastic modulus (E) was measured using a com-
mercial instrument (Xiangke Co., China). The water
absorption experiment was carried out by a ceramic absorb
water ratio determining tester (Xiangyi, China). The static
contact angle 6 of the surfaces of the untreated and treated
samples were measured by contact angle meter (JC2000C,
Powereach, equipped with a video camera). Color alter-
ation was monitored by a Konica Minolta CM 2600d
spectrophotometer. A hydrostatic balance (Mokeli Co.,
China) was used to weight the sample in water.

2.3 Consolidant sol preparation and sol-gel process

Five samples named S, SP1, SP2, SP3, and P as well as a
control sample are listed in Table 1. The overall chemical
content in all samples is controlled to be as close as pos-
sible. TEOS without addition of silica nanoparticles or
PDMS is used as control.

Certain amounts of silica nanoparticles and/or PDMS
were first dispersed/dissolved in isopropanol for 120 min
sonication (KH5200DE ultrasonic cleaner, Kunshan He-
chuang Co.). Then, weighed amount of TEOS was added into

Table 1 Composition of the composite consolidant sols

SOLS Nano silica PDMS TEOS Total percentage

(Wt%) (wt%) (Wt%) of all chemicals
(Wt%)

Control 0 0 22 22

S 4 0 18 22

SP1 4 1 18 23

SP2 2 1 20 23

SP3 1 1 20 22

P 0 1 22 23

the isopropanol dispersions under magnetic agitation. Each
mixture was homogenized by sonication for 10 min before
deionized water (molar ratio of TEOS/H,O = 1/4) was
added dropwisely. After completion of water addition, the
reactants were stirred for another hour, and then 1 wt% of
DBTL was added. Finally, all samples were kept at 40 °C for
4 h under magnetic stirring for the sol-gel process to pro-
ceed. The viscosity of each sol was immediately measured
after preparation. For comparison, the viscosity of pure
TEOS was also measured.

The gelation and following drying process of the sols
were examined in bulk and films separately. 2 mL of each
consolidant sol was poured into a plastic dish with a
diameter of 4 cm, and then covered by parafilm with pin-
holes. 4 mL of consolidant sol was sealed in a plastic test
tube with pinholes on the cap for solvent evaporation [27].
All samples were kept in a temperature humidity chamber
to gel (T = 25 °C, RH = 50 %, SETH-Z-022R, ESPEC).

2.4 Consolidation evaluation

Direct capillary absorption is a more reliable procedure for
stone protection, but full immersion method is more con-
venient and practical in laboratories [28]. Full immersion
method is applied in the present work. Sandstone samples
were soaked in consolidant sols (Control, S, SP1, SP2, SP3
and P) for 24 h. Then all samples were placed in the
temperature humidity chamber (T = 25 °C, RH = 50 %)
for at least 4 weeks until sol—gel process finished. The sol—
gel process was considered to be complete when the
sample’s weight difference of two consecutive measure-
ments, which were taken every 24 h, was <0.001 g.

The effect of consolidation is demonstrated by com-
pressive strength, measured according to ASTM C170/
C170M-09 [29].

The water absorption experiment was carried out using
the gravimetric method [30]. First, the sample was com-
pletely immersed in deionized water at room temperature in a
cylindrical chamber, and then the chamber was sealed and
vacuumed for 15 min to de-gas the sample completely. The
chamber remained closed for at least 30 min for water to
saturate the stone samples before them being taken out. The
samples were wiped with tissue paper carefully to remove
any surface water and weighted immediately. Afterwards, all
the water saturated specimens were weighted again in water
by using a hydrostatic balance in order to calculate the open
porosity. The water uptake and open porosity were calcu-
lated based on the following equations: [30]

W, — W,
Water uptake(%) = % x 100 (1)
0
O t =——x 100 2
pen porosity (%) Wi W, X (2)
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In both equations, W, is the original mass of the stone
sample while W; and W, are the mass of the stone after
water saturation measured in air and water respectively.
Three treated stone samples (20 x 20 x 20 mm>) were
used for each consolidant. Data reported were average of
three individual samples.

Vapor permeability was evaluated following the Deut-
sche Industrie Normen 52615 procedure [31]. Treated and
untreated samples were cut into 40 x 40 x 10 mm® thick
stone slabs. The test slab was placed on a cup which
contained certain amount of water. The gap between the
slab and the cup mouth was sealed by modeling clay, to
ensure that water can only escape the cup through the pores
in the stone slab. The mass loss of the water in the cup was
recorded continuously and vapor diffusion coefficients
was calculated from steady flow data by Eq. 3: [31]

W= (P x ;) [tstxd] (3)

where u is the vapor diffusivity (m? s~'), P is the water
vapor pressure (Pa) at test temperature. Op is the vapor
constant in air (7.02 x 1077 kg/m h? Pa). M is cup mass
loss (kg) at time 7 (h), S is the cup mouth area (mz), and d is
the specimen thickness (mm). The larger the u value is, the
poorer the vapor permeability.

Color alteration was monitored by using the CIE Lab
method according to the Italian Recommendation Normal
[32]. Measured parameters included: L* for brightness,
a* and b* for coordinates (a* being the red—green
parameter and b* the blue—yellow one). For each formula
of sol, four samples were analyzed at the same point
before and after treatment. The CIE L*a*b color
parameters were measured and total color difference AE
was calculated by Eq. 4:

AB = [(AL*P+(Aa" P(a0')?] @)

Resistance to salt cycles testing was carried out by
impregnating the stone cubicles in a 16 wt% sodium sulfate
solution for 7 h and then drying them at 60 °C in an oven for
15 h repeatedly [22]. The appearance and mass change of
these cubicles were examined after each impregnating and
drying cycle. Three treated stone samples (20 x 20 x
20 mm®) were used for each consolidant. Mass loss
reported was the average of measurements on three
individual samples.

Table 2 Viscosities of the consolidant sols

The aging resistance was evaluated by comparing the
dynamic elastic modulus (E) after accelerated aging process,
which was performed as following: 3 h at 250 °C followed
by 3 himmersion in deionized water as one aging cycle [33].
Dynamic elastic modulus was measured after each aging
cycle. Three treated stone samples (20 x 20 x 200 mm?)
were used for each consolidant. Elastic modulus reported
was average of measurements on three individual samples.

3 Results and discussion
3.1 Consolidant characterization
3.1.1 Sol-gel process

Viscosity is an important parameter closely related to the
mobility of consolidant sols inside the stone. As seen in
Table 2, the addition of silica nanoparticles and PDMS-OH
have increased the viscosities of the sols slightly, but all the
consolidant sols have fairly small viscosities, i.e., they will
all have excellent mobility inside the stone.

It seems that the addition of silica nanoparticles will
accelerate the gelation due to the hydrogen bonding between
hydrolyzed TEOS and silica nanoparticles [34]. It is known
that with the increasing content of nano-SiO,, the TEOS sol
will lose its fluidity and reach the gelling point quickly. The
PDMS alone seems to have small effect on the kinetics of the
sol—gel process, while in the presence of silica nanoparticles,
PDMS seems to weaken the acceleration effect of nanoparti-
cles and slows down the gelation, probably due to the fact that
there are only two hydroxyl groups on each PDMS molecule,
much less than that of hydrolyzed TEOS and nano-SiO,.

3.1.2 Bulky xerogels

The pictures of dried gels prepared in the test tubes are
shown in Fig. 1. The gel network from the control sample
collapses totally during drying, while gels from sols SP1
and P shrink during drying, but preserve their original
shape, forming translucent to almost transparent silica
monoliths. Although the gel from sol S does not collapse,
the volume shrinkage is much more obvious than PDMS-
containing sols and the gel is white, totally opaque.
Apparently, very small amount of nanoparticles or PDMS
addition will prevent the gel network from collapse.

Control S P SP1 SP2 SP3
Viscosity (cP)* 1.64 £ 0.01 1.74 £ 0.01 1.72 £ 0.01 1.83 £ 0.01 1.80 £ 0.01 1.75 £ 0.01
Gel time 7 days 30 h 7 days 5 days 6 days 6 days

 Viscosity is the average of three individual measurements
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Based upon the extent of volume shrinkage, it seems
that PDMS works more efficiently than nano-SiO,. More
interestingly, SP1, in which both PDMS and nano-SiO, are
introduced, has the smallest volume loss. It seems that
there is some synergistic effect between PDMS and nano-
SiO; particles which further minimize gel shrinkage. As for
the monoliths from SP2 and SP3, they show very similar
shrinkage and transparency to SP1 monolith.

3.1.3 Xerogel films

Based upon the applying technique and the nature of the
stone, it is more possible that the consolidant exists in the

Fig. 1 Pictures of dried gels from various consolidant sols, from left
to right SP1, S, P and control

form of film or coating inside the stone. Thus, in order to
understand the consolidation process and outcome more
closely to practical cases, consolidant xerogel films are also
prepared in plastic dishes and carefully examined.

The SEM images of the surface of the xerogel films
formed by various sols are shown in Fig. 2. The control sol
forms a dense nonporous film with severe cracking. The
additions of PDMS and/or silica nanoparticles can signifi-
cantly prevent crack formation in the films. As for the
xerogel films from sols S and SP1, obvious pore structure
can be observed, which is further convinced by BET data
(Fig. 3; Table 3). Such pore structure will significantly
reduce the capillary forces, thus minimize crack formation
as the capillary force is inversely to the pore size [35]. In
the cases of xerogel films from SP2 and SP3, their surfaces
seem very rough as in S and SP1 samples, but the pore
structures are much less obvious due to the lower nano-
particle contents.

On the other hand, the xerogel film from P sol is also
very dense and proved to be nonporous by BET. It is
known that the methyl groups in PDMS chains provide
extra flexibility of its network. When introduced into silica
network, the PDMS will make the gel network more flex-
ible. Thus, it is possible that part of the stress generated
during aging and drying can be released by the deforma-
tion/recovery of the network. Apparently, although both
PDMS and nano-SiO, can prevent cracking in the silica gel
network, they function via totally different mechanism. In
SP series, both mechanisms may work simultaneously.

Fig. 2 SEMs of gels from different sols: a control, b P, ¢ S, d SP1, e SP2 and f SP3
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Fig. 3 a Nitrogen adsorption isotherms and b pore size distribution
of the xerogels made from sols S, SP1, SP2, SP3 and nano-SiO,.
Insets data of xerogel from sol SP3

BET data shows that there is obvious porosity in the
applied nano-SiO, particles with pore diameter ranging
between 10 and 100 nm. Considering the particle size
which is 15 nm, such porosity is most likely due to the
stacking of particles. The pore volume detected is inter-
particle voids [36]. Once the particles are dispersed in
liquids, such pore volume disappears. Meanwhile, in
Fig. 3b, the pores in nano-SiO,-containing consolidant
xerogels have very different diameter from that of nano-
particles. So the pore structure detected in nano-SiO,-
containing consolidant xerogels is not coming from the
nanoparticles or the stacking of the particles, but from the
xerogel itself. It is known that faster gelation, for example
sol—gel process in basic conditions, often leads to porous
silica [37]. Nano-SiO, particles can accelerate the gelation
like basic catalyst (obvious shorter gel time in Table 2)
which may lead to the pore formation in the xerogels. It is
reasonable to observe such porosity increases with nano-
SiO, content (Table 3).

The function of PDMS in porosity is rather tricky. When
only PDMS is brought into TEOS, the obtained xerogel is

@ Springer

Table 3 Pore volume of xerogels from nano-SiO, containing sols

SP1 SP2 SP3 S

Pore volume (cm3/g) 1.08 1.06 0.06 0.32

nonporous, which is not surprising at all. However, when
both PDMS and nano-SiO, are introduced into TEOS, at
the same nano-SiO, content of 4 wt%, the obtained xerogel
has a porosity of 1.08 cm’/g. Comparing to the xerogel
from sol containing 4 wt% nano-SiO, only, the addition of
1 wt% PDMS unexpectedly increases the porosity more
than three times. This is a strong evidence of the syner-
gistic effect between PDMS and nano-SiO,, which is
probably due to the H-bonding interactions between the
hydroxyl-terminated PDMS and nano-SiO,. Considering
the hydrophobic nature of TEOS (before hydrolysis), it is
highly possible that the PDMS molecules are actually
wrapping around the nano-SiO, particle surface instead of
swimming freely in TEOS pool. PDMS molecules change
the surface property of the nano-SiO, particles leading to
much larger pore volume and pore size. Again the pore
structure is introduced by nano-SiO,, so when nano-SiO,
content is reduced to 1 wt%, even though 1 wt% PDMS is
added, the porosity becomes very low, only 0.06 cm>/g
(SP3 xerogel).

The isotherms in Fig. 3a indicate that they are all typical
type IV mesoporous materials, which is very often seen in
silica gels [37]. Figure 3a shows that the xerogel from S sol
have typical H2 type hysteresis loop, indicating possible ink-
bottle shaped pores. While others show H3 hysteresis loop as
evidenced by no limiting adsorption at high p/p°, indicating
possible slit-like pores [38]. PDMS not only affects the pore
volume, but also affects the pore shape strongly.

The films formed from control and P sols are transpar-
ent, while the film from S sol is opaque and whitish and the
films from SP series are translucent. Combined with the
results in bulky samples in Fig. 1, it is obvious that PDMS
can also improve the transparency of the xerogels probably
by reducing the scattering from the nanoparticles. PDMS
may function as surfactant to mediate the interfacial dif-
ference between nano-SiO, and bulky gels [39].

3.2 Stone consolidation evaluation

The consolidant sols are applied on red sandstone and their
conservation performance are examined carefully.

3.2.1 Physical properties

When consolidants are applied on the stone, many impor-
tant properties of the stone, such as the pore structure,
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water uptake, appearance etc. can be altered. It is vital to
understand those changes before evaluate the effectiveness
of consolidations.

The porosity data of the untreated and consolidant
treated red sandstones, which are measured by MIP and
gravimetric method respectively, are shown in Tables 4
and 5. MIP results show that for all the consolidants, before
and after consolidation, there are no dramatic changes in
stone’s pore structure which is desired (Fig. 4). The
bimodal pore size distribution in MIP data of both
untreated and treated samples may relate to the different
fissure modes as mercury intrusion [40]. The major dif-
ference in data from two methods is that in MIP method
untreated sample has smaller porosity than treated ones
while in gravimetric method it is the opposite [41]. It is
possible that during MIP measurements, the high pressure
(400 MPa) causes the thin wall of pores (or closed pores)
to fracture which may lead to larger porosity. As for
gravimetric method, two possible reasons may contribute
to the smaller porosity. One is that the stone surface
becomes less hydrophilic after treatment, thus may
affecting the water wettability on the sample, which is
supported by the contact angle changes. The other possible
reason is that the consolidants partially fill the pores. But
overall, data from both methods are pretty close and
consistent.

The untreated sandstone is hydrophilic. It is known that
water is the most important factor for stone deterioration
because water is the media for recrystallization of soluble
salts and freeze-thawing cycle which are responsible for
most deterioration of the sandstones [42]. After treatments,
the contact angles of water all increase notably, indicating
the stone becomes less hydrophilic (Table 5). Both the
nano-Si0, and PDMS can increase the contact angles over

Table 4 Porosity of untreated and treated red sandstones based on MIP

100°, indicating hydrophobic surface and an improved
resistance to wetting, which is beneficial to the stone
conservation.

Acrylic based consolidant is commonly used in surface
protection of culture heritage [43]. After applying acrylic
based consolidants on stones, the hydrophobic nature of
acrylics significantly improves the stone’s resistance to
wetting. Meanwhile, it is also found that the transportation
of water within the stone decreases to a great extent after
acrylics application [44], which is not good to the con-
servation. However, in Table 5, the data show that after
consolidation treatment by our silicon based consolidants,
the wettability of the treated stones decreases notably,
while the transportation of water within the stone changes
very slightly.

0.020
— Blank
i = =control
«-.p
0.015 = -_—-e$
- == SP1

0.010

Incremental Pore Volume(mL/g)

0.000 e
10000 1000 100 10

Pore size Diameter(nm)

100000

Fig. 4 Pore size distribution of untreated and treated (control, P, S,
SP1, SP2 and SP3 sols) stone samples based on MIP

Untreated Control P

S SP1 SP2 SP3

Porosity (%) 20.99 22.09 21.70

22.01 21.71 21.87 21.39

Table 5 Changes of physical
properties of the red sandstone
before and after consolidant

Water uptake (%)

Porosity (%) Vapour diffusion

coefficients (m? s~ 1)

Contact angle

treatment

Untreated 11.97 £ 0.22 24.18 + 0.34 1356 + 0.021 /
Control 10.59 + 0.12 21.60 + 0.25 1.641 + 0.033 25.8° + 8.5°
S 10.68 + 0.21 22.11 + 028 1.692 + 0.018 127.5° + 3.6°
P 10.27 + 0.05 2011 + 0.14 1.749 + 0.015 133.5° + 3.9°
SP1 1032 + 0.16 2143 +0.22 1781 + 0.014 128.8° + 2.1°
SP2 1031 £ 0.11 2138 £ 0.15 1.773 + 0011 130.5° + 2.4°
Data is average of individual SP3 10.29 + 0.12 21.23 + 0.18 1.758 + 0.019 131.7° + 4.1°

measurements on 3 samples
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3.2.2 Morphologies

The SEM picture of the partially deteriorated red sandstone
is shown in Fig. 5a, in which large amount of pores and
partially disaggregated clay particles can be clearly
observed.

After the stone being treated with the consolidant sols,
the sols penetrate into the pores and undergo sol-gel pro-
cess. In the case of TEOS only (Fig. 5b, ¢), severe cracking
of the gel can be observed in the fractured consolidated
stone. Such cracking can be spread to the entire stone and
totally destroy the whole object. Accelerated damage from
water or salt can make such situation even worse [45].
When PDMS and/or nano-SiO, are introduced into TEOS,
very nice crack-free gel phase can be obtained in the stone.

In TEOS/PDMS case (Fig. 5d), the gel surface is quite
smooth while in TEOS/PDMS/nano-SiO, case (Fig. 5f~h)
the gel surfaces become rougher. In TEOS/nano-SiO; case,
the gel surface is roughest and some particle agglomerates
can be observed on the surface (Fig. Se). It seems that
PDMS can improve nano-SiO, dispersing more homoge-
neously in TEOS matrix. The roughness of the surface is
apparently introduced by nano-SiO, and the roughness
decreases as the nano-SiO, content decreases.

3.2.3 Consolidation and aging resistance evaluation
The major purpose of consolidant is to strengthen the stone.

Table 6 lists compressive strength of the stone before and
after treatment. After being applying on the stone, all

Fig. 5 SEM micrographs of fracture surface of the red sandstone of the Big Buddhist Temple a untreated, treated by b, ¢ TEOS, d P, e S, f SP1,

g SP2 and h SP3 sols

Table 6 Compressive strength of big Buddha temple sandstone treated by different consolidants

Blank Control P

S SP1 SP2 SP3

Strength (MPa) 12.8 £ 1.1 172 £ 0.8 133 £ 0.6

158 £1.2 14.2 £ 0.7 13.9 £ 0.7 13.5 £ 05

Data is average of individual measurements on 10 samples
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consolidants show an increase in mechanical strength.
Among those consolidants, TEOS (control) has the best
consolidation ability. Sol S takes the second place. Sample
P has the weakest consolidation ability due to the flexibility

1.1
b =& hlank
1.0 === control
e P
»n 0.9 ——3
3 k —t—SP1
3 0sf ——5P2
o 5
£ 0.7 |=
©
m o
N oos}
ol b
E 0.5
[=]
z o
0.4 =
0.3 '] L L L L
0 1 2 3 4

Cycle number

Fig. 6 Normalized dynamic elastic modulus loss of the blank sample
and treated stones versus number of cycles in heat-aging cycles

of PDMS. And it is reasonable to see that the consolidation
ability of SP series decreases as nano-SiO, content
decreases and basically it is a compromise of P and S.

The dynamic elastic modulus (E) can also be used to
reflect the stone’s mechanical strength. Since the mea-
surement of E is non-destructive, this method can be used
to track the aging process after consolidation. The relative
change of E versus aging cycles is shown in Fig. 6. All
samples exhibit decrease in E as the heat-aging process
moving on. Comparing with blank, the heat-aging behav-
iors of TEOS (control) and P sols treated samples are
deteriorated, while those of S and SP sols treated samples
are improved. Samples treated by sol P show the biggest
drop in E, only 40 % of the original value remained after
intensive heat aging, probably due to the poor heat-aging
resistance of PDMS. It appears that the three-component
composite consolidant (SP1) shows best resistance to heat-
aging, 70 % of the original modulus remained. Apparently,
nano-SiO, can enhance the resistance to heat-aging
process.

Salt resistance is another major cause for stone deteri-
oration. Water soluble inorganic salts such as chlorides,
sulfates will get access to the stone with underground

Fig. 7 a Original specimen, b untreated sample with 4 salt cycles; samples treated by sols: ¢ control, d P, e S and f SP1, g SP2, h SP3 after 5 salt

cycles
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water. The salts recrystallize as water evaporates. The
crystals will take up void space inside the stone grains and
generate pressure upon the stone network. When that
pressure outweighs the mechanical strength of the stone,
the stone will deteriorate, in the form like loosing or
cracking. Thus, improving salt resistance is highly desired
in stone conservation.

Figure 7a is the picture of the original red sandstone.
Figure 7b—f are the pictures of treated and untreated sam-
ples after four or five cycles of sodium sulfate test. Since

1.0

0.9

—&—blank
—8—control
—h—S
-—y—P
—4—SP1
—pp SP2
—4—SP3
0.6 [l Il [l

//.

Cycle number control P s SP1 sP2 SP3

0.8 =

Normalized mass

0.7 =

Fig. 8 Normalized mass loss of the stones versus number of cycles in Fig. 11 Color alteration of treated sandstones samples by different
sodium sulfate test consolidants

Fig. 9 SEM images of TEOS-based sols treated sandstone after 5 cycles of salt test. Samples treated by a control, b P, ¢ S, d SP1, e SP2 and
f SP3 sols
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Table 7 Overall consolidation Crack-free Strength Heat-aging Salt Color
evaluation of TEOS-based . . a .
. (MPa) resistance resistance alteration (AE)

consolidants

Untreated / 12.8 Good 7 /

Control Poor 17.2 Poor 4 4.1

S Good 15.8 Good 1 15.0

P Good 13.3 Poor 6 4.2

SP1 Good 14.2 Good 2 6.8

SP2 Good 13.9 Good 3 6.1
21 for the best resistance, 7 for SP3 Good 135 Good 5 55

the worst

the untreated sandstone sample totally breaks into pieces
after 5 wet—dry cycles, the picture after 4 cycles is shown
in Fig. 7b. As for samples treated by TEOS and P sols,
severe damage can be observed after 5 wet—dry cycles
(Fig. 7¢, d). As strong comparisons, samples treated by
silica nanoparticles containing sols (S, SP1, SP2 and SP3
sols) still remain their original shapes. It can be clearly
seen that untreated sandstone and the sandstones treated by
TEOS and P sols show very poor resistance to salts, while
the stone’s salt resistance is significantly enhanced after
being treated by S and SP series sols.

For each consolidant applied, the average weight loss of
three stone samples after each wet—dry cycle are recorded
and plotted in Fig. 8. For all samples, they actually gain
weight in the first two cycles due to the absorption of the
salt. The blank sample gains most because it is hydrophilic
and could absorb more water than treated samples, thus
absorb more salts. The water uptake ability of treated
samples are pretty close (see Table 5), so their weight gains
are also similar. The mass curves begin to decline from the
third cycle because grains start to loose from the bulk due
to the salt crystallization. Among all the curves, it seems
that the sample treated by S sol has the best salt resistance,
followed by the sample treated by SP1 sol. It is worth
noting that the salt resistance of the sample treated by P sol
is even worse than that of the samples treated by TEOS
only, which suggests that we should be very cautious when
applying PDMS in stone conservation. Figures 7 and 8
show that nano-SiO, particles can enhance the stone’s
resistance to salt notably. And such ability depends upon
the nanoparticle’s content. The higher the particle content,
the better salt resistance can be obtained.

Figure 9 shows the SEM pictures of the surface of the
fractured consolidated samples after 5 wet—dry cycles. In
the samples treated by control and P sols, large rod-like
crystals can be observed as well as huge cracks. On the
other hand, for samples treated by S and SP series, no such
huge rod-like crystals and cracks can be seen. It seems that
nano-SiO, suppress the large rod-like crystal formation
possibly due to seeding effect [46].

3.2.4 Color alteration

Measurements are carried out before and after the treat-
ment on stone samples. Generally, a slight color change
(AE < 5) resulting from the restoration is accepted [24].
However, there is visible appearance change on the sample
treated by S sol (Fig. 10), due to the scattering of the
nanoparticles, with AE as high as 15.03. This is not a big
surprise since the gel or film prepared from this sol is
white, totally opaque.

The AE values of treated samples are summarized in
Fig. 11. Samples treated with control and P sols have no
notable change in visual appearance with AE < 5. For
samples treated by SP series, it is obvious that PDMS can
significantly reduce the color change probably by weak-
ening the scattering from nanoparticles and preventing
nanoparticle agglomeration. When the nanoparticle content
is 1 %, with the help of PDMS, the color change of the
sample can drop into an acceptable range (AE = 5.47).

4 Conclusions

Tetraethoxysilane is a commonly used stone consolidant. It
forms Si—O network after sol gel process, which functions
as the binder to strengthen the stone. But the gel generated
from TEOS alone often cracks, leading to more serious
damage to the stone. The addition of PDMS or nano-SiO,
can reduce the risk of crack formation after consolidant
material being applied on the stone. Unfortunately, PDMS
can also lead to poorer aging resistance, especially heat-
aging and salt resistance, while nano-SiO, brings unac-
ceptable color alteration.

In order to solve the cracking issue without bringing new
problems, TEOS-based three-component stone consolidants
are prepared by sol—gel process. The composite consolidants
consist of 15 nm silica particles, o,m-hydroxyl-terminated
polydimethylsilane (PDMS-OH) and TEOS. In this system,
due to the hydrophobic nature of TEOS (before hydrolysis),
the hydroxyl-terminated PDMS molecules tend to stay on the
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hydrophilic surface of nano-SiO,. By wrapping around the
nanoparticles, PDMS not only prevents the particle from
agglomeration, but also functions as a bridge to mediate the
interfacial difference between nano-SiO, and bulky gels.
Thus PDMS significantly reduces the color alteration caused
by nano-SiO,. Due to the synergistic effects with PDMS, the
three-component composite also has smallest volume
shrinkage and best heat-aging resistance, even better than
TEOS/nano-Si0O, system.

In general, by the synergistic effect among the three
components, the three-component composite stone con-
solidant exhibits the best overall performance which is
summarized in Table 7.
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