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Abstract: In this paper the in situ copolymerization of acrylic monomers, i.e. mixtures of
ethyl methacrylate and methyl acrylate, is once again proposed as a remark-
able technique in order to increase the amount of polymer present inside the
stone and consequently to improve the consolidating properties of the sub-
strate. To make better the protective properties of the copolymers two different
possibilities are indicated: either to copolymerize a third fluorinated acrylic
monomer, i.e. 2,2,2 trifluoroethyl methacrylate, or to dissolve in the copoly-
merizing mixture a fluorinated elastomer, i.e. Tecnoflon TN®. In both cases
our results show that small amounts of fluorinated compounds are sufficient to
improve remarkably the protective properties of the polymers.
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1. INTRODUCTION

Water is commonly considered the main cause of stone degradation since
it carries the pollutants which are present in the atmosphere, owing to the
combustion processes i.e. carbon dioxide, sulphuric and nitric oxides. Water
comes from rain or from condensation of moisture, due to thermal excursion
between day and night and/or summer and winter.

The degradation level depends on the chemical nature of the rocks;
actually, the limestones are damaged more than silicatic ones since calcium
carbonate is easily transformed by acid rain in calcium hydrogen carbonate,
sulphate and calcium nitrate. The penetration of water into the rocks is due
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to the porosity of the stone'?. From this point of view the pores size distri-
bution is particularly important (micropores, mesopores, macropores), since
inside the micropores ( @< 20 A) the capillary effect is more enhanced and
the polluting solutions can reach higher depths.

The reaction of the chemical components of the rocks with the pollutants
leads both to an increase of the average stone porosity and to a shift of the
size distribution towards mesopores (20 < @& < 500 A) and macropores (& >
500 A). The increasing of porosity is associated to a decohesion of the ma-
terial, that loses its intrinsic mechanical properties, and to a reduction of ad-
hesion of the degraded layers to the substrate, i.e. the undegraded stone. The
main purpose of the so called “consolidation” treatment consists in leading
back the average porosity and the pore size distribution to the original values
characteristic of the undegraded stone, improving both the adhesion of the
altered layers to the substrate and the cohesion of the degraded material, in
order to recover the original mechanical properties.

The consolidation can be performed with both inorganic and organic sub-
stances, introduced into the stone by capillary absorption of solutions or
suspensions. Organic consolidants are polymeric compounds’; owing to the
large dimensions of their molecules™ in comparison with the pores sizes,
they can not penetrate deeply into the degraded stone, but they often remain
in the external layers. For this reason their consolidation properties are rather
insufficient. On the other side, polymers can have water-repellent properties
and therefore they can perform a protective action, forming a superficial bar-
rier between stone and environment which hinders the penetration of liquid
water. This means a peculiar characteristic, which puts polymeric
compounds in a leading position if compared with inorganic consolidants,
which do not exhibit hydrophobic properties.

Obviously one faces with two problems. First of all, the polymer must
penetrate in the smallest pores and besides this the water repellence must be
improved. The first topic can be settled with the in situ polymerization,
carried out in the laboratory as described by Vicini et al.™®. With this tech-
nique, the degraded stone is treated not directly with the polymer, but with
the corresponding monomers: these molecules have small dimensions and
therefore they can easily penetrate inside the micropores, where they are
polymerized in a subsequent step following a usual radical mechanism.

As far as the water repellence is concerned, fluorinated polymers or
monomers can be used’"?. It is well known that the introduction of fluorine
atoms into polymer structures has the effect of improving their chemical,
thermal, and photochemical stability, due to the stability of the C-F bond
(bond energy: 116 kcal/mol). In addition, the formal substitution of hydrogen
by fluorine atoms induces higher hydrophobicity as a consequence of the
low surface energy brought by the fluorinated groups. The high cost of these
products leads to minimize their amounts in the compounds used for the
consolidation and protection. In this paper the results of in situ polymeri-
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zation of acrylic monomers carried out in presence of small amounts of both
fluorinated polymer and monomer, with the purpose of improving the per-
formances of the restoration treatments, are reported.

2. EXPERIMENTAL

2.1 Materials

The monomers used in the experiments, i.e. ethylmethacrylate (EMA),
methylacrylate (MA) and 2,2,2 trifluoroethylmethacrylate (TFEMA), were
commercial products supplied by Aldrich. They contain an inhibitor (hydro-
quinone monomethylether) that has been removed before the polymerization,
passing through an Aldrich Inhibitor Removers column. The pure monomers
were subsequently stored at low temperature (4 °C) in the dark, in order to
avoid polymerization.

The fluorinated monomer TFEMA has been chosen since it is comercial-
ly available at a reasonable low price. On the other hand, its conversion in
homopolymer is rather high (86% in dioxane)'* and it copolymerizes easily
with other unfluorinated acrylic monomers. The homopolymer exhibits a
quite high chemical, thermal and photochemical stability'*. Acrylic monome-
ric mixtures containing 2.5% and 10% (mol/mol) of TFEMA were used, in-
dicated in the following as Terpolymer 2.5 and Terpolymer 10. The polymeri-
zation initiator (2,2" azobisisobutyronitrile, AIBN)"® was supplied by Fluka.

The fluorinated polymer was Tecnoflon TN® supplied by Solvay Solexis;
its composition is the following: vinylidene fluoride (64%), hexafluoropro-
pylene (19%), tetrafluoroethylene (17%). The total amount of fluorine is 67%
wt. The molecular weights are: Mw=495000, Mn=90000; the polydispersity
index is 5.5; the glass transition temperature is -14 °C. This polymer is soluble
in acrylic monomers and exhibits thermodynamic compatibility with acrylic
and methacrylic resins'®'®. Use was made of solutions in acrylic monomers
of Tecnoflon TN® containing 2, 5 and 10 % w/w, indicated in the following
as EMA/MA + Tecnoflon 2, Tecnoflon 5 and Tecnoflon 10, respectively.

Paraloid B72%, used for a comparative study since it is widely employed
in stone restoration, was a commercial acrylic resin produced by Rohm and
Haas, with a composition of 67 % EMA and 33 % MA'®. The ratio between
the repetition unit of EMA and MA in the copolymers used in the present
series of tests has been purposely kept similar to the analogue Paraloid B72".
Solvents were laboratory grade products from Aldrich and they were used
without any further purification.

Deionized water was employed throughout the work.

Obviously, specimens of deeply degraded stones coming from monuments

of historical interest were not available in so large number to perform the
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whole investigation. For this reason one is obliged to choose a quarry rock,
which has to satisfy two basic requirements: high porosity, to reproduce a
stone weathered by physical and chemical agents and easy availability in
standardized shapes, suitable for the experiments.

Two varieties of Finale stone, a calcareous sedimentary rock of biological
origin, easily available in Liguria (Italy)® and with a fairly high porosity
were used:

e the Mascia variety (porosity: 27%) for the experiments with the terpo-
lymer EMA/MA/TFEMA (in the following experiments A).

e the Pale variety (porosity: 40%) for the experiments with Tecnoflon
TN® (in the following experiments B).

2.2 In situ polymerization

The in situ polymerization is performed in three subsequent steps: ab-
sorption, polymerization and purification. In the first step, stones absorb by
capillarity the different mixtures that must be polymerized, placing the
sample on a thick layer of cotton soaked in the reaction mixture; the
absorption time was standardized in 4 hours at 4 °C, in absence of light. Po-
lymerization was carried out at 50 °C; this temperature is very close to that
corresponding at the best performance of AIBN (the half period of AIBN is
25 hours at 60 °C and 50 hours at 50 °C); the reaction time was 24 hours. In
these conditions the conversion is high. The purification involves the
removing of the solvent and the unreacted monomers still present after the
polymerization. The amount of AIBN was 2% wt of the monomer mixture.

The reactions have been performed in acetone (20% vol/vol of the mono-
mer mixture), in order to avoid the large volume contraction which leads to
fractures in the stone, when the polymerization is carried out in bulk.

The percentage of fluorinated compounds in the reaction mixture was
intentionally limited to small values since the cost of these products is quite
high; on the other side the solutions of Tecnoflon TN in the acrylic monomer
have a rather high viscosity, which hinders a good penetration into the stone.

To compare the results of the in situ polymerization with those obtainable
from the traditional technique of application of consolidants, some stone
specimens have been treated by capillarity for 4 hours with a 3% wt solution
in acetone of Paraloid B72" or of a mixture Paraloid B72" / Tecnoflon TN®
containing the 2% wt of the fluorinated elastomer (in the following indicated
as commercial mixture).

The amount of polymer present in the stones (AM%), after the in situ co-
polymerization and the absorption of the preformed polymers, has been
calculated using the simple equation:

AM % = [(Pf_ Pl)/Pl] *100
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where P; and P; are the weights of the specimens after and before the
treatments, respectively.

23 Consolidation and protection tests

To evaluate the consolidating and protective properties of the in situ
polymerized copolymers, some tests have been carried out”**. Each test has
been performed on three specimens (5x5x2 cm) of the Finale stone samples,
before and after each treatment.

The consolidating properties were evaluated with an original instrument®,
made up by a wood rail (100 cm of length x 5 cm of width) having a strip of
sandpaper (granulometry: 60 mesh) on the top. The sample with the largest
area surface (5x5 cm) is set on the rail and loaded with a weight of 2.0 kg; it
runs for 30 times (equivalent to 30 meters of sandpaper) along the sandpaper
with a constant driving force of 2.5 kg; every 5 meters it is weighed and the
weight loss percent (WL%) is calculated. The test allows the calculation of
the efficacy of superficial aggregation (EA) with the formula:

EA =[( WLo - WL, )/ WLo] * 100

where WL, is the average value of the weight loss percent of three untreated
stones after 30 meters and WL, is the average value of the weight loss per-
cent of three treated stones after 30 meters. The quantity of removed ma-
terial is a function of the aggregation of the sample, and so it is different for
treated and not treated samples.

The protective properties were evaluated by capillary water absorption and
permeability to water vapor. The capillary water absorption test was carried
out using the gravimetric sorption technique, according to the Normal pro-
tocol”. The stone specimen is laid on a filter paper pad, around 1 cm thick,
partially immersed in deionized water, with the treated surface in contact
with the pad. The amount of water absorbed by capillary force is determined
by weighing the specimen after 10", 20", 30" and 1, 2, 4, 6, 24, 48, 72 and 96
hours, to obtain the wet specimen mass M; (M + 0.0001 g).

The amount of absorbed water Q;, at the time t; per surface unit, is
defined as follows:

Qi=M;—-My) /S

where M; is the specimen mass (g) at time t; (second), My is the dry speci-
men mass (g) and S is the contact surface (cm®). The Q; values (g/cm”) are
plotted against the square root of time (t"?) to give the capillarity absorption
curve.

The angular coefficient of the first part of the curve enables one to eval-
uate the capillary absorption coefficient CA: this value should be reduced with
treatments. The results can also be expressed as protective efficiency EP %:
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EP % =[(Qo-Q:)/ Qo] * 100

where Q, is the average value of water absorbed by untreated stones series
after 1 hour and Q; is the average value of water absorbed by treated stones
series after 1 hour.

The permeability to water vapor test was carried out according to the
corresponding Normal protocol** on 5x5x1 cm specimens, using a measure-
ment cell consisting in a cylindrical PVC chamber with open top fitted with
an o-ring rubber seal, where the stone specimen is employed as the lid of the
chamber; the chamber is sealed with the lid by means of an aluminium
flange with an o-ring. The cell is partially filled with deionized water, there-
fore allowing measurement by gravimetry of the amount of water vapor that
diffuses through the stone specimen with fixed thickness (1 cm) between
two parallel surfaces. The test is carried out at constant temperature 20£0.5
°C, with the cells placed into a desiccator. The driving force for the diffusion
of water vapor is, therefore, the constant difference between the water vapor
pressure inside and outside the cell (in the presence of activated silica gel
desiccant).

The permeability is monitored by determining the weight decrease per
surface unit (S, m?) in the unit time (24 h):

AM;=(M;-M;,)/S

where M; is the weight system (cell and stone) at i-day (g).

The cell is weighed (M £ 0.0001 g) and AM,; (daily weight variation) is
calculated when a stationary condition (constant vapor flow through the
stone) is reached; stationary flow was considered to be reached when:

(AI\/Il — AMi_l) X 100/AM1 <5%

The permeability to water vapor, after the treatment, must be as high as
possible and not too different from the value of the untreated material.

Besides the water vapor permeability, the reduction in permeability RP %
due to the treatment was evaluated, also, according to the following equation:

RP % =[(P - P, ) / Py] * 100

where Py is the permeability to water vapor of the untreated stones, used as
reference and P, the permeability to water vapor of the treated ones.

3. RESULTS AND DISCUSSION

The amount of polymer present inside the stones (AM%) is reported in
Tables 1 and 2 for the experiments A and B respectively.
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Table 1. AM % in the experiments A.

POLYMER (AM %)
Paraloid B72” 0.10
EMA/MA copolymer 0.20
Terpolymer 2.5 0.30
Terpolymer 10 0.30

Table 2. AM % in the experiments B.

POLYMER (AM %)
Paraloid B72° 1.6
EMA/MA copolymer 3.1
EMA/MA + Tecnoflon 2 2.4
EMA/MA + Tecnoflon 5 0.9
EMA/MA + Tecnoflon 10 0.3
Commercial mixture 1.1

The amount of polymer present in the stone in the experiments B is
higher than in the experiments A, either if one applies the commercial copo-
lymer Paraloid B72" or if one copolymerizes in situ the mixture EMA/MA.
This is due to the different porosity of the stones used in the two series of ex-
periments, 27% for the Mascia (A) and 40% for the Pale (B), respectively.

In both experiments, the in situ copolymerization of the mixture
EMA/MA leads to AM% values double than those measured after the ab-
sorption of the Paraloid B72% solution. This result confirms what could be
easily foreseen, namely that the absorption of the monomers by the stone
instead of the preformed polymer sets up a real advantage since it allows
introducing into the pores of the stone a larger amount of the consolidating
and protective material.

In the experiments A, when the fluorinated monomer is present in the
mixture copolymerized in situ, AM% reaches values of 0.3%. It is supposed
that this result could be explained if one takes into account that the mixture
with the fluorinated monomer reacts faster; since the polymerization time is
standardized in 24 hours, the conversion yield is higher.

In the experiments B, the presence of Tecnoflon TN® mixed with the
acrylic monomers reduces AM%, increasing in large amount the percentage
of the fluorinated elastomer (from 2 to 10%). This result can be easily ex-
plained if one considers that Tecnoflon TN" is a preformed polymer; there-
fore, it increases the viscosity of the mixture applied to the rock that cannot
penetrate deeply in the pores of the stone.

This explanation justifies the decreasing of AM% from 2.4% with the in
situ copolymerized mixture EMA/MA + Tecnoflon 2 to 1.1% with the sol-
ution of the two polymers Paraloid B72"/ Tecnoflon TN® (commercial mix-
ture with 2% of Tecnoflon TN™). Also in this case the in situ polymerization
is favorable in comparison with the absorption of the preformed polymers.
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The consolidating and protective properties related to the different treat-
ments reflect the amount of polymer present in the pores of the stone.

Figures 1 and 2 show the results of abrasion and capillary absorption
tests obtained from the experiments A.

‘—0— Untreated —M Paraloid B72 —A&— EMA/MA —@— Terpolymer 2,5 —%— Terpolymer 10

3
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Figure 1. Results of abrasion test concerning the experiments A.
‘—0— Untreated —#— Paraloid B72 —&— EMA/MA —@— Terpolymer 2,5 —k— Terpolymer 10 ‘
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Figure 2. Results of capillary absorption test concerning the experiments A.
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The aggregation efficiency is particularly high for the terpolymers (EA=
90%) which penetrate deeply in the stone and low for Paraloid B72® (EA=
30%), which forms just a thin polymer layer on the surface. For the copo-
lymer EMA/MA polymerized in situ EA is good (50%), but it probably
could reach higher values increasing the monomers conversion, since the
reaction time is limited to 24 hours.

The capillary absorption test shows that the presence of TFEMA largely
improves the water repellence of the in situ polymerized copolymer, owing
not only to the higher amount of polymer in the stone pores, but also the pre-
sence of the fluorinated repetition unit.

Comparing the behavior of Paraloid B72® with that of the in situ poly-
merized copolymer, the latest shows better performances for long time of
exposition to the liquid water. In the short time Paraloid B72" supplies good
water repellence; actually it forms a continuous layer on the stone surface,
which hinders the penetration of the liquid water, but the layer is too thin to
hold out: after about 1 hour, water gets over the polymer and penetrates
deeply into the stone.

Finally, it is underline that, both in the abrasion and in the capillary ab-
sorption tests, the behavior of the two terpolymers is similar. This remark-
able result leads to the conclusion that, since the price of the fluorinated
monomers is high, the amount of TFEMA in the terpolymer can be limited
to 2.5%, without changing the performances of the polymeric material.

As far as the experiments B are concerned, attention is focused only on
the capillary absorption test, since the main purpose of the addition of the
Tecnoflon TN® to the copolymerizing monomers is to improve the resistance
to water penetration. The data are reported in Table 3.

These results show that Paraloid B72" and EMA/MA copolymer poly-
merized in situ have the same behavior, independently of the amount of po-
lymer present into the stone. Obviously one must realize that the capillary
absorption coefficient and the corresponding protective efficiency refers to
the initial period of exposure of the treated stone to liquid water. Later on the
performance of the EMA/MA copolymer improves, as stated in the
experiments A, and its capillary absorption becomes smaller than that of
Paraloid B72".

Table 3. Capillary absorption data for the experiments B.

CA EP

TREATMENT glem? sec'”? %
None 42x107 -

Paraloid B72" 24x103 45
EMA/MA copolymer 24x107° 45

EMA/MA + Tecnoflon 2 1.1x 107 9

EMA/MA + Tecnoflon 5 43 x 107 90
EMA/MA + Tecnoflon 10 28x 107 93
Commercial mixture 43x 107 99
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The addition of Tecnoflon TN® doubles the protective efficiency. It is
noteworthy that the behavior of the polymer does not improve increasing the
amount of Tecnoflon TN" and therefore only few percent of fluorinated ter-
polymer are sufficient in order to have good protective characteristics.

Finally, the highest value of EP is obtained with the commercial mixture
of Paraloid B72® and Tecnoflon TN®. This is probably due to the formation
of a film on the stone surface which, owing to Tecnoflon TN®, is more
adhesive and flexible than the one obtained with Paraloid B72" alone; it
provides an excellent hindrance to the penetration of liquid water.

The last data, reported in Tables 4 and 5, concern the permeability test
and the reduction of permeability after the application of the polymer. The
permeability of the untreated stones follows their porosity: actually the Pale
variety has porosity higher than that of Mascia variety (40% vs. 27%) and
consequently the permeability increases from 28 to 56 g/(m?.24h). The treat-
ment with the polymer reduces the permeability but the experimental values
are still acceptable. The reduction is larger in experiments B due to the high
porosity of the stone, whose pores are more easily filled up with the polymers.

It is worth to note that the largest reduction of permeability is found for
terpolymer 10 in the experiments A and EMA/MA + Tecnoflon 10 in the
experiments B. These results support the conclusion that only few percent of
fluorinated compound are enough to give the best performances.

Table 4. Results of the permeability test for the experiments A.

TREATMENT Permeability (g/m2 24h) RP (%)
None 28 -
Paraloid B72" 19 33
EMA/MA copolymer 20 29
Terpolymer 2.5 20 29
Terpolymer 10 12 57
Table 5. Results of the permeability test for the experiments B.
TREATMENT Permeability (g/m” 24h) RP (%)
None 56 -
Paraloid B72" 28 50
EMA/MA copolymer 30 46
EMA/MA + Tecnoflon 2 23 59
EMA/MA + Tecnoflon 5 20 64
EMA/MA + Tecnoflon 10 18 68
Commercial mixture 22 61
4. CONCLUSIONS

The experimental results presented in this paper support once again that
the in situ polymerization is a technique more favorable than the traditional
one, since the polymerization of acrylic monomers inside the stone pores
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allows putting into the rock an amount of polymer larger than that obtainable
by the application of a preformed polymeric material. This improves the
consolidating and protective properties of the treatment.

On the other hand, it is well known that the protective efficacy of a
polymer can be made better if fluorinated compounds are used. The present
experiments show that either fluorinated monomers can be added to the co-
polymerizing mixture or a fluorinated polymer can be dissolved in the
acrylic monomers. In both cases the data lead to the conclusion that only few
percent of fluorinated compound is enough to largely improve the protective
properties. This is remarkable since it reduces the cost of the restoration.
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