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A bstract
Alkoxysilane sol - gel chemistry and the use of alkoxysilane stone consolidants are
reviewed. The consolidated sandstone and limestone samples are subjected to a three point bend test to determine the modulus of rupture (MOR). Mechanical testing
procedures and crack formation theories are reviewed. Scanning Electron Microscopy
(SEM) is used to study the fracture surfaces and cross sections of gels deposited within
the stone pores. Tetraethoxysilane (TEOS), methyltrimethoxysilane (MTMOS),
coupling agents (amino and glycidoxy functional alkoxysilanes), epoxy and acrylic
resins are tested. The MOR and SEM results indicate differences between the gels
formed in contact Avith each of the rock types. Fourier Transform Infrared
Spectroscopy (FTIR) is used to monitor the hydrolysis and condensation reactions of
2:1.2 and 4.1:3.5 molar ratios of water, MTMOS and ethanol solutions in contact with
powdered marble, limestone, sandstone and weathered sandstone (containing soluble
salts). Principal Component Analysis (PCA) is used to identify any major chemical
trends in the FTIR spectra. The limestone and sandstone are found to slow the
hydrolysis reaction considerably. The time to gelation (Tgei) is determined in order to
compare condensation and gelation rates among the different systems. The resulting
xerogels are empirically described for each solution. The hmestone and marble samples
decrease the time to gelation and form weak particulate - type gels.
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Preface

The purpose of this work was to learn more about the interaction of alkoxysilane
consolidants and rock substrates, particularly those with calcareous components. The
conservation literature reported inconsistencies in alkoxysilane consolidant performance
on calcareous substrates such as limestone and marble. In order to clarify much of the
confusion regarding the alkoxysilane consolidants, a review of alkoxysilane chemistry is
undertaken in the first chapter. The second chapter reviews film and gel formation from
the sol - gel literature but with an emphasis on concepts useful to conservation
applications. The third chapter reviews the conservation literature concerning
alkoxysialne stone consolidants.
The mechanical testing of a number of different consolidants and coupling agents was
carried out to look for any major trends. This was intended to be a quick method of
narrowing down the field for further research. The Fourier Transform Infrared
Spectroscopy (FTIR) was intended to be the main thrust of this research.
Methyltrimethoxysilane (MTMOS) was chosen for detailed study because it is often
used as a stone consolidant and its infrared spectrum is simpler than that of
Tetraethoxysilane (TEOS).

13

1 The Chem istry of Alkoxysilanes
1.1 Overview
Brinker and Scherer (1990) define the sol - gel process as “the preparation of ceramic
materials by preparation of a sol, gelation of the sol, and removal of the solvent. The sol
may be produced from inorganic or organic precursors (e.g. nitrates or alkoxides) and
may consist of dense oxide particles or polymeric clusters.” See figure 1-1 for a
schematic representation of the sol-gel process.
Figure 1-1: Overview o f the Sol-Gei Process
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(from Brinker and Scherer 1990)
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The precursor of each colloid system is a metal or metalloid element that is surrounded
by various ligands - the ligands do not contain metal/metalloid atoms. In the case of
alkoxysilane solutions, aqueous systems tend to lead to the formation of particulate
silica sols in which the dispersed phase is nonpolymeric. Polymeric silica sols are usually
obtained from non aqueous solutions, that is, containing solvents other than or in
addition to water (Brinker and Scherer 1990).
Depending upon the conditions during the reaction (i.e. pH, amount of water, solvent
type, etc.), either a particulate or polymeric gel is formed. Particulate gels are held
together by Van der Waal's forces and so are initially weaker than the covalently
bonded polymeric gels.
As the sols condense, oligomers (formed under acidic conditions) may form bonds at
random to give “network” like formations. Sols formed in basic or aqueous solutions,
on the other hand, tend to be particulate. As the solvent evaporates, the sol clusters
become more compact and condense further. Network structures tangle together and
the particulate clusters aggregate into a more compact structure known as a xerogel.
The gel state may be defined as the point when a molecule reaches macroscopic
proportions and extends throughout the solution. The gel contains a continuous solid
skeleton enclosing a continuous liquid phase. When the last bond of this giant molecule
is formed then the gel point is said to have been reached and an increase in viscosity is
apparent.
Polymerization is a general term used to refer to the transition from the sol to gel state.
The entire process is comprised of several steps: the initial hydrolysis, and the
subsequent condensation, drying and aging processes. Each step is sensitive to
environmental factors and to the make-up of the original solution. Each step is also
influenced by the conditions of the preceding step (for example, the two step processes
where the hydrolysis is acid catalyzed but the pH is raised for the condensation /
gelation). In the case of alkoxysilanes hydrolysis results in the formation of silanols (Si OH) which then condense to form siloxane bonds. The reactions in figure 1-2 are
usually given to define the overall process.
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Figure 1-2: Overall Reactions o f Alkoxysilane Polymerization

1.) Hydrolysis
= S i-0 R + H20

=Si-O H + ROH
Estérification

2.) Alcohol Condensation
=Si - OR + HO - Si= 4
/ = Si - O - Si= + ROH
Alcoholysis
3.) Water Condensation
=Si - OH + HO - Si= 4— 2 ^=Si - O - Si= + H2O
Hydrolysis
The hydrolysis reaction is greatly affected by the pH of the solution, the type and
concentration of catalyst, and the water to silicu^j ratio (r). Acid catalyzed hydrolysis
with low H20 :Si (r) ratios leads to sols with weakly branched structures. At the other
extreme, base catalyzed hydrolysis with large H2 0 :Si ratios yields highly condensed,
particulate sols. Conditions that range between the two extremes result in intermediate
structures (Brinker, Scherer 1990). The process is extremely complex and is explained
in greater detail later in this and following chapters.
Within this text, aqueous solutions are defined as systems consisting of water and
alkoxysilane only; non-aqueous refers to solvent or co-solvent and silane systems i.e.
water and alcohol.

1.2 Effect of Solution Type
1.2.1 Aqueous solutions
Gelation (often referred to as polymerization) occurs, in alkoxysilane systems, by the
linking together of silanol units via condensation reactions. The following discussion is
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based on the work of Her (1979), who states that there is "no relation or analogy
between silicic acid polymerized in an aqueous system and condensation-type organic
polymers".
There are two basic types of polymerized structures that will form in aqueous solutions
(no solvent) dependent upon the pH of the system. First, at a pH of less than 4.5, the
condensation reaction is slow. The viscosity increases with time because there is
essentially no charge on the silanol groups so flocculation or aggregation occurs which
finally leads to gelation Therefore, acidic solutions lead to the formation of network
structure via the slow building of oxygen bridges between the silanol units. If the pH is
greater than 7, the sols bear a negative charge thus increasing stabilization in dilute
solutions although these eventually cluster together to form larger particles (see figure
1-3 for a schematic representation).
Tier (1979) lists the basic steps and conditions as follows:
(a) If the Si(OH)^ is formed at a concentration greater than 100 - 200 ppm as SiOj, and
in the absence of a solid phase that the silanol might deposit on, then the monomer
polymerizes to dimers and other oligomeric species.
(b) Below pH of 2 (the isoelectric point of silanols is between 2-3) the iT concentration
affects the polymerization rate, above pH 2 the rate is proportional to the hydroxyl ion
concentration.
(c) At the early stages of the polymerization reaction, ring structures are preferentially
formed. This is followed by monomer addition to the ring structure and linking together
of the cyclic polymers to form larger three dimensional molecules. The silicic acid has a
strong tendency to maximize the siloxane bond formation and minimize SiOH groups
by condensing internally to the most compact state possible with the SiOH groups
oriented towards the water interface. At temperatures of less than 80°C, the
condensation may not be complete and the internal phase, or core, will still contain
SiOH groups.
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Figure 1-3: Polymerization behavior o f silica (after Iter 1979)

(d) The resulting cyclic structures form into spherical particles which are, in effect, the
nuclei that develop into the larger particles.
(e) Not all of the nuclei are of the same size and, as the smaller particles are more
soluble than the larger, they dissolve and deposit upon the larger molecules (Ostwald
ripening). Above pH 7, the rate of dissolution and deposition of silica is high and
particle growth continues until the particles are 5-10 nm in size, after which the growth
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is slow. At low pH, the rate of polymerization and depolymerization is slower and
particle growth becomes negligible after a size of 2-4 nm.
(f) Between a pH of 6-7 and 10.5, the particles (oligomers) are negatively charged and
repel each other so particle growth continues without aggregation. The addition of a
salt reduces the charge repulsion and aggregation and gelation may occur.
(g) At low pH the particles bear very little ionic charge and thus may aggregate into
chains and then gel networks. At concentrations higher than 1% the aggregation rate
increases with concentration.
While the sol is being converted to gel, the growing aggregates contain about the same
concentration of silica and water as in the surrounding regions. Gelation occurs when
about half of the silica has entered the gel phase (the appearance of the network
structures) which is, essentially, spherical solidified regions in suspension which
increase the viscosity of the solution. The gel network formation is sensitive to anions
and cations in the solution. For instance, sodium salts (at a concentration greater than
0.2-0.3 N) are known to decrease the relative gel time at high pH by reducing charge
repulsion between the sol clusters or particles thus destabilizing the sol. Too high a salt
concentration under these conditions (pH greater than 6) leads to the appearance of
either a white precipitate or an opaque white gel. Also, metal cations (especially
polyvalent) or organic bases (especially cationic polymers) are examples of coagulants
that will lead to precipitate formation rather than the gel structure.
In summary, once cyclic species predominate, the monomer and dimer react
preferentially with the more highly ionized species thus increasing their molecular
weight. At the same time, adjacent SiOH groups on the oligomeric silanols condense
wherever fiirther ring closures are possible. The condensation leads to a more compact,
three dimensional species which leads to colloid particle growth. Homogeneous gels, on
the other hand, are formed by the uniform solidification of a sol which may be formed
1.) below pH 6 whether or not a salt is present, 2.) above pH 6 if there is a salt present
and if the salt concentration is not too high.
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1.2.2 Nonaqueous Solutions
Although alkoxysilanes will hydrolyze in a purely aqueous system the process is
considerably more efficient if a co-solvent is added to achieve immediate miscibility.
The nonaqueous systems follow the same pH~dependent reactions as the aqueous
systems but the reactions are complicated by solvent interactions, particularly in their
effect on the orientation of the silanol molecules. Also, if an alcohol is used it does not
merely act as a solvent. Alcohol, because it is a reaction product, when added to the
alkoxysilane / water system may cause thé reverse of reactions 1 and 2 in figure 1-2
(estérification and alcoholysis) to occur. The extent to which this occurs depends upon
the amount of the alcohol added and the pH of the system (Brinker and Scherer 1990).
It is interesting to compare the condensation of alkoxysilanes in anhydrous solvents
(that is, no water added to the solution) to those in aqueous or alcohol-water solutions.
A phenylsilanetriol was allowed to polymerize in toluene - the products may be taken as
typical of those given by organofimctional silanes in anhydrous solutions (Plueddeman
1991). The organofunctional groups are oriented towards the solvent with the silanol
groups being pushed inward. Thus much of the condensation proceeded via
intramolecular cyclization rather than intermolecular interaction (see figure 1-4).
Reactions in the absence of water are guided by specific cyclization tendencies of the
ring systems and not by acyclic combination. Ring selectivity is governed by 1) steric
hindrance which favors straight (not branched) chains in early stages of the reaction and
cyclization rather than chain growth and subsequent branching and 2 ) a strong tendency
for multiple hydrogen bond formation that can occur when two cyclic polysilanols are
brought together. The surfactant like structures, with the silanol groups at one end and
the organofunctional at the other, form micelles in non-polar solvents with the silanol
groups on the inside attracted to one another by hydrogen bonding.
In aqueous solutions (no co-solvent added), the silane triols may have a different path
during condensation. The silanol groups will be hydrogen bonded to water, to
organofunctional groups, and to each other (Plueddemann 1991). Any micelle
formation will be inverted with the hydrophilic silanol groups at the water interface. The
silanol groups will be relatively isolated from one another and stabilized by hydrogen
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bonding to water. At pH 3-5 it is expected that dilute aqueous solutions of hydrophilic
organofunctional silanes will have a high proportion of silane triol or low-molecular
oligomeric siloxanol structures. This is in contrast to the condensation reaction in
organic solvents where the polycyclic structures predominate.

1.3 Effect of Organofunctional Groups
1.3.1 Neutral Organofunctional Groups
The basic reaction of an alkoxysilane is a step-wise hydrolysis in water yielding the
corresponding silanols, which then condense to oligomeric silanols which then condense
to polysiloxanes. Both the hydrolysis and the condensation reactions are dependent
upon pH, but the degree of sensitivity varies with the type of organofimctional group on
silicon (Brinker and Scherer 1990). Under optimum conditions the hydrolysis is
relatively fast (minutes) and the condensation is slower (hours).
In aqueous alkoxysilane solutions, the stability and reactivity depends, in part, on the
type of organofunctional group on the silicon, that is, neutral organofunctional groups
behave differently fiom cationic or anionic organofunctional groups. Tetraethoxysilane
(TEOS) and methyltrimethoxysilane (MTMOS) are alkoxysilanes with neutral
organofunctional groups that will be used in this study (see Chapter 3 for a detailed
discussion).
The neutral organofunctional group mainly influences reaction kinetics through steric
and inductive effects. For example, MTMOS will hydrolyze faster than TEOS due to
the “smaller” organofunctional groups. The larger TEOS organofunctional groups help
to shield the silicon atom fi’om attack by water. Hydrolysis reactions and mechanisms
are discussed later in this chapter.
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1.3.2 Cationic and Anionic Organofunctional Silanes
Many cationic and anionic organofunctional silanes are readily soluble in water due to
the charge on the organofunctional group after hydrolysis. These alkoxysilanes are best
considered individually as to their structure and reaction mechanisms. The amino
fiinctional alkoxysilanes are examples of cationic organofimctional silanes that have
been studied as to their performance as stone consolidants (see Chapter 3). They are
generally available commercially with the amino group joined to the third carbon
relative to silicon (they are abbreviated as APS). Gamma - aminopropyltriethoxy silane
(y - APS) is the amino fimctional silane used in this study.
y - APS is a cationic organofunctional silane and, in solution, the structure and
condensation reactions will be dependent upon the pH. In acid solutions the y - APS
silanol groups are relatively stable but the amines are protonated to give a soluble salt
structure. According to electrokinetic predictions, silanol groups have an isoelectric
point (lEP) of about two to three therefore, in an aqueous solution of pH 3 - 6 , these
organofunctional silanes should exist as zwitterions with a structure like.
" NH3 (CH^)) Si (0 H )2 O ■

(Plueddeman 1991)

The silanol groups of y - APS in an aqueous solution of mildly alkaline pH are much
less stable and will condense to polysiloxanes. The bulky alkyl groups promote
cyclization during the condensation reaction resulting in low molecular weight
ohgomeric cage structures (silsesquioxanes). y - APS remains water soluble due to its
sufficient hydrophilic nature (Plueddeman 1991). The concentration of the alkoxysilane
will also affect the type of silanol structure. In dilute solutions, more open siloxanol
structures predominate while in concentrated solutions, the low molecular weight cage
structures are favored.
Strongly alkaline conditions of aqueous solutions of APS will result in the formation of
monomeric aminoalkylsiliconates;
( - 0)3 Si (CHz)^ NH2
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Figure 1-4: Predominant Course o f Condensation o f Silane Triols in Anhydrous Solvents

Products are Polycyclic Siloxane Intermediates (from Brown 1965)
s /
I
T, lOHI,

TIOHJ3

SILANE TRIOL

t . iohi,

5- 10%

90 - 95 %

/T

O
TglOHJz

At an alkaline pH 8-9 the most likely structure is an internally hydrogen bonded ring as
shown in figure 1-5:
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Figure 1-5: Aminopropylsilane triol
PORRIBLE CONFORMATION OF AMINOPROPYLSILANE TRIOL

H

2.02A H

— 1.62A—

This structure is consistent with the chemistry of y - APS. The bonding of the silanol
hydrogen to the amine hydrogen might explain the resistance of trifunctional y - APS to
condensation in relatively concentrated aqueous solutions (Plueddemann 1991). The
bonding of the hydrogen may also explain the lack of activity of y- APS in alcoholic
solvents (Plueddemann 1991). y -APS was studied via FT-IR (in Plueddemann 1991) in
aqueous solution and as films on silica and £ - glass fibers. E-glass is a type of glass
with known properties rather than composition (a typical composition is 16% CaO,
14.5% AjOj, 9.5% B2O3, 5% MgO, and 55% SiOj). The alkoxy groups hydrolyze
rapidly in water and the siloxane bonds form almost immediately. A shift in the NHj
deformation band fi’om 1600 to 1575cm *was observed, this band shifted back to
1600cm *after drying. The 1600cm'^ band corresponds to free NHj groups while the
1575cm']^œ&rs to hydrogen bonded NHj. This was interpreted as meaning that
hydrolyzed y - APS exists in two structural forms: an open, extended non ring structure
and the cyclic hydrogen bonded amine structure as shown in figure 1-5. Aso, a weak
absorption band at 2150cm'^ suggested a partial proton transfer between the silanol amine hydrogen bond of the ring structure which, again, would help explain the stability
of y - APS in aqueous solutions.
Hydrolyzed aminoalkylsilanes may adsorb onto surfaces then as either monolayers with
strong hydrogen bonding of the amine groups to the surface or they may form thicker,
multiple layers with the amino groups held in intramolecular ring structures. The

24

relative proportion of the two structures is probably relative to the pH of the treating
solution and may be controlled to determine the availability of the amino groups to
react with the polymer matrix (Plueddemann 1991).

1.4 The Hydrolysis and Condensation Reactions: Sol
Formation
1.4.1 Hydrolysis
This section is a brief review of the hydrolysis and condensation reactions of the
alkoxysilanes. For a more thorough discussion, see Sol - Gel Science by Brinker and
Scherer (1990). Their text reviews the science of the entire process and so discusses
both silicates and non silicate systems, ceramic processes, structural evolution etc.
The hydrolysis reactions of alkoxysilanes occur by the nucleophilic attack of the water
oxygen upon the silicon atom (Brinker 1988). The mechanisms used to explain both the
hydrolysis and condensation chemistry are nucleophilic substitution (S n) and
nucleophilic addition (A n). These reactions depend upon the involvement of the
nucleophile, that is, the substituent with the largest partial negative charge (6 ).

The partial charge model is based upon the charge transfer that occurs when two atoms
combine which causes each of the atoms to have a partial positive or negative charge
(ôi). In the Sn reactions, the substituent with the largest partial positive charge (ô^ is
the leaving group. Nucleophilic reactions stop when the strongest nucleophile acquires
a partial charge ô > 0 .

1.4.1.1 Effect of Catalyst
Catalysts are employed to promote a faster and more complete hydrolysis. Mineral
acids or ammonia are most commonly used in sol-gel processing but other catalysts may
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be used: acetic acid, KOH, amines, KF, HF, titanium alkoxides and vanadium alkoxides
and oxides (Brinker 1988; Drinker and Scherer 1990).

The work of Pohl and Osterholtz (after Brinker 1988; Brinker and Scherer 1990) for yglycidoxypropyltrialkoxysilane are cited as showing the hydrolysis to be both specific
acid and specific base catalyzed with a minimum hydrolysis rate around pH=7. Aelion et
al. (1950) observed that both the rate and extent of the hydrolysis of a TEOS solution
were affected by the strength and concentration of the acid or base catalyst. That is,
strong acids behaved in one way and weaker acids required longer reaction times to
achieve the same results. The same trend was found for TEOS in basic media except
that the reaction seemed more susceptible to solvent/reverse reaction effects.

Boonstra and Baken (1990) investigated the relationship between different acid
catalysts and catalyst strength upon TEOS, water, ethanol systems. They used a twostep sol-gel process that maximizes the hydrolysis by the use of acid catalysts. The
second step comprises raising the pH by a addition of a base for a base-catalyzed
condensation. The kinetics and mechanisms of the hydrolysis and condensation
reactions determine the structure of the final gel and they found that the degree of
hydrolysis in the acid step affected gelation in the base step. With H C l^ catalyst, both
the rates of hydrolysis and dimerization decrease linearly with a decrease in HCl
concentration (Aelion et al. 1950; Boonstra and Baken 1990; Brinker and Scherer
1990). A maximum in silanol formation during the hydrolysis is known to minimize the
time to gelation (Tgei) in the basic step (Boonstra and Baken 1990). This trend is
explained using Iler’s (1979) model for aqueous systems in that the formation of many
small reactive groups leads to numerous and equally reactive nucléation centers. The
interesting aspect of Boonstra and Baken’s (1990) work is that some weak acids seem
to decrease rather than increase the hydrolysis rate. In a neutral environment or at a

hydrochloric acid
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very low acid concentration the hydrolysis (of the TEOS solutions) may be the rate
determining step of the polymerization. These solutions, due to the slowed hydrolysis,
begin polymer formation during the hydrolysis. The authors ascribed the effect upon the
condensation reaction at low catalyst concentration as being due to the transition from
an acid to a base catalyzed reaction mechanism for the participating hydrolyzed silicon
compounds during the hydrolysis. They believe that whether or not the hydrolysis
proceeds via an acid or base catalyzed mechanism depends upon the an+ of the reacting
mixtures at that moment with regard to the position of the isoelectric point (IBP) of a
silicon compound. The hydrolysis times were found to depend upon the type of acid
and its concentration which were then correlated with the potential difference in the
solution.

Basically, their argument rests upon the differing DEP’s of different alkoxysilane
compounds or species. The silanol concentration is reduced at longer hydrolysis times
as the formation of condensed groups begins before the hydrolysis has reached
completion. The position of the lEP for each compound is different and determined by
R (R= H, Et or Si(0 R)3). Compounds with a higher degree of hydrolysis have a larger
potential difference. Boonstra and Baken (1990) found that the potential difference was
directly related to the extent of the hydrolysis and condensation reactions. This was
explained by stating that a change in the concentration of the silanol types present in the
acidic solution (step 1) resulted in a change in the concentration of its activated
complex
(R0)3 - Si -OH"
R
and leads to a change in the an+ and therefoitto a change in the potential difference in
the acidic solution. The hydrolysis times of the different acid catalysts and their
concentrations were correlated by the authors with the potential differences of the

* I activity coefficient of the hydrogen ion
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solutions. Weaker acids (oxalic, malonic, phosphoric) had moderate potential
differences and larger hydrolysis times than strong acids (i.e. HCl). Weak acids like
monochloroacetic and acetic acids did not show any acidic behavior.

In mixtures with a high potential difference the protonation of the hydrolyzed silicon
compound may occur by the reaction:
(R0)3-Si-0H + H" ^ (RO)3-Si-OH2"
whereas in mixtures with low potential differences may be deprotonated:
(R 0)3-Si-0H -> (R 0)3-Si-0" + H"

In summary, at a given acid concentration an alkoxysilane compound may follow either
an acid or base catalyzed hydrolysis and condensation depending upon the lEP of the
species (degree of hydrolysis) (Boonstra and Baken 1990).

1.4.1.2 Inductive Effects
As described in section 1.4.1. 1, the hydrolysis and subsequent condensation can change
the acid or base nature of the alkoxysilane compound. Under acidic conditions, the
hydrolysis rate is thought to decrease with every hydrolysis step due to the increasing
electron withdrawing capacity of the OH groups (see figure 1-6). On the other hand,
basic conditions may accelerate the hydrolysis with each subsequent hydrolysis step by
the same increased electron withdrawing capabilities of OH and OSi (Brinker and
Scherer 1990).
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Increasing Acidity
(electron withdrawing)

Increasing Basicity
(electron providing)
(after Brinker 1988)
Figure 1-6: Inductive effects o f some constituents attached to silicon

1.4.1.3 HzOiS: Ratio (r)
The HiO Si (r) values have been manipulated from <1 to over 25, depending upon the
desired properties of the final gel. The greater the HzO Si ratio, the greater the tendency
for particles to form. Higher values of r tend to cause more complete hydrolysis before
significant condensation begins. Increased values of r promote hydrolysis but when r is
increased while the solvent to silicate ratio is maintained, the overall silicate
concentration is reduced causing lower condensation rates (simply due to dilution) thus
increasing the gel time (Brinker and Scherer 1990). Also, large r values will lead to an
increase

jn

siloxane bond hydrolysis.

1.4.2 Hydrolysis Mechanisms
1.4.2.1 Acid Catalyzed Hydrolysis
The acid catalyzed hydrolysis of alkoxysilanes is generally thought to begin in the rapid
protonation of the alkoxide group. This first step withdraws electron density from
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silicon making it more vulnerable to attack by water. The next step is generally thought
to be the attack of a water molecule from the rear, that is, away from the protonated
alkoxy group (Brinker and Scherer 1990). The water molecule then acquires a partial
positive charge (see figure 1-7) which reduces the partial positive charge of the
alkoxide group and makes alcohol (ROH) a better leaving group. Finally, the transition
state decays by displacement of alcohol and by inversion of the silicon tetrahedron.

Figure 1-7: Possible mechanism for acid catalyzed hydrolysis
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1.4.2.2 Base Catalyzed Hydrolysis
Under base catalyzed conditions, water is dissociated in what is thought to be a rapid
first step yielding nucleophilic hydroxyl anions. The hydroxyl anion then attacks the
silicon atom. There are two models for this process. Her (1979) and Keener (after
Brinker and Scherer) propose an Sn2 - Si mechanism (bimolecular nucleophilic
substitution on the silicon atom) where the hydroxyl anion displaces an alkoxide group
(with a partial negative charge) with inversion of the silicon tetrahedron (see figure 18 ).
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Figure 1-8: Possible mechanism for base catalyzed hydrolysis
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A second possible model is that proposed by Pohl and Osterholtz ( after Brinker 1988;
Brinker and Scherer 1990) as involving the decay of the first intermediate to a second
intermediate or transition state in which any of the surrounding ligands can acquire a
partial negative charge.

1.4.3 Condensation
The condensation step is difiBcult to separate from the hydrolysis reaction as they often
happen concurrently. However, the condensation is of utmost importance to the
structure of the synthesized polymer / xerogel (Schmidt 1988). The sizes of the
particles formed depend upon the amount of water, solvents, temperature and, most
importantly, the pH of the solution.
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1.4.3.1 EfTects of Catalysts
Acids or bases are normally used to catalyze the condensation reaction but neutral salts
and transition metal alkoxides have also been used (Brinker and Scherer 1990). The
condensation is affected, as is the hydrolysis, by the increasing acidity of the
increasingly hydrolyzed or condensed alkoxysilane derived groups. The isoelectric point
(lEP) of the groups will change as the polymerization progresses but it is not known by
pH

how much. Therefore, in the literature, the LEP is generally considered to be around^ÿ
for lack of a more accurate data.

The pH dependence of particle size may be explained by the difference in hydrolysis
rates under acidic or basic conditions. At low pH, the hydrolysis is fast, producing
monomers and some dimers. These species may act as equivalent nucléation centers
and, due to their large numbers, many small particles may form eventually leading to a
network like formation. However, the area concerning chain vs. ring formation is
somewhat unclear. Sanchez and McCormick (1993) studied the competition between
intramolecular and intermolecular condensation. Octaethoxytrisiloxane was polymerized
in water and ethanol under acidic (HCl) conditions. The initial part of the reaction
favored chain extension condensation but as the polymerization progressed, a strong
tendency for ring formation (cychzation) slowed the condensation. In systems with
weak or low catalyst concentration Boonstra and Baken (1990) found that oligomers
formed in TEOS, water and ethanol solutions before the hydrolysis had finished. This
process increased the time to gelation in the two step process.

At high pH, the hydrolysis is slower with far fewer nucléation centers. Because
hydrolysis and condensation occur simultaneously the newly hydrolyzed species will
attach to pre-existing structures rather than nucleating into new particles. This results in
fewer but larger particles.
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The shape of these particles is also influenced by the pH. Two catalytic mechanisms
occur, one above and one below the isoelectric point. Three pH ranges are usually
studied and recognized as exhibiting differing behavior; pH = 1 - 2; pH = 3 - 6; pH = 7
- 9 (Zerda et al. 1986). For solutions of pH 1 and 2, the condensation reaction is
catalyzed by H^ ions. If the pH is above approximately 2, the mechanism is catalyzed by
OH~ ions, and the gel time (considered to be the time taken to reach a soft gel stage)
being minimized at near neutral pH (Brinker and Scherer 1990). Above pH 7 the
increased solubility of silica promotes depolymerization processes allowing for
structural rearrangement and an increase in gel time due to mutual charge repulsion of
the larger silicon groups (Zerda et al. 1986).

1.4.4 Condensation Mechanisms
1.4.4.1 Acid Catalyzed Condensation
The most generally accepted mechanism is that an equilibrium condition is established
between excess H^ ions and the silanol groups resulting in a temporarily charged
species, =Si-OH^ :
FT

I
=Si-0H 2^ + S i(0 H )4 < ^ = S i - 0 - - -S i(0 H )3 + H 2O

(after Zerda et al. 1986)
The polymerization in pH=l-2 initially promotes the formation of linear or weakly

I
branched structures of relatively small size and very little internal condensation. The-Si0 H2^ group preferentially attacks the least acidic silanols (due to charge considerations)

which are the least condensed groups, i.e. end groups. As the reaction proceeds,
internal condensation occurs and silanols would then bind to the external groups and, at
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later stages, three dimensional growth may become the dominant process (Zerda et al.
1986).

1.4.4.2 Base Catalyzed Condensation
Above the isoelectric point the reaction is catalyzed by OH" ions, that is, the
condensation rate should be directly proportional to the concentration of 0H“.
Depending upon the pH of the medium, an ionization equilibrium is established to
produce deprotonated silanol anions =Si-0“, which react with silanol groups. The
model for this mechanism is based on that proposed by Her (1979) for aqueous systems:
=Si-0" + OH-Si o = Si-O-Sk + OB’
(after Zerda et al. 1986)

The negatively charged deprotonated silanols attack the most acidic silanols which are
the most highly condensed - middle groups rather than end groups thus forming more
highly branched clusters. Also, at higher pH, the solubility of silica increases leading to
depolymerization processes leading to restructuring. In the medium pH range, pH=3-6,
depolymerization is not likely and the condensation is irreversible leading to three ^
dimensional networks that can not re-hydrolyze. In the high pH range, pH>7-9, the rate
of condensation is no longer proportional to the OH" concentration but is only mildly
influenced by it (Zerda et al. 1986). Above pH=7, spherical particles tend to grow as
the smaller particles dissolve and deposit upon the larger groups (Ostwald ripening).
Particle growth ceases as particles reach a critical size determined by the temperature,
pH or other external influences. Finally, aggregation of the particles in the high pH
range is delayed due to the mutual charge repulsion of the negatively charged silica
clusters therefore, gelation time increases with pH above pH=6
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1.5 Summary
The polymerization of alkoxysilanes requires two reactions to occur. First, the
hydrolysis of the alkoxysilane monomer followed by the condensation of the silanol
groups to form siloxane bonds (-Si - 0 - Si-). Two extreme types of sols, which will
eventually form gels, may form depending upon the pH of the solution, water to
alkoxysilane ratio (r), solvent type, etc. At low pH with relatively low r values weakly
branched, polymeric sols are formed. High pH (8-10) and large water to alkoxysilane
ratios will lead to the formation of particulate sols, that is the sihca clusters are highly
branched and spherical. Conditions that fall somewhere in between these two extremes
will have intermediate type sols and gels. For example, raising the pH by a unit or two
would increase the degree of branching of the clusters or nuclei.

The hydrolysis of alkoxysilanes is generally thought to occur via the nucleophilic attack
of a water oxygen upon the silicon atom. The mechanism is thought to be a bimolecular
nucleophilic displacement resulting in a transition state which decays with the
displacement of an alcohol. Under acid catalyzed conditions, the attack of the water
molecule is preceded by the protonation of the alkoxide group. The base catalyzed
mechanism involves the direct attack of the hydroxyl anion upon the silicon atom.

The condensation reaction also has two catalytic mechanisms, acid catalyzed below the
lEP and base catalyzed above the lEP (above pH = 2). However, three pH ranges have
also been established as exhibiting characteristic behavior;
pH = 1-2 : Catalyzed by H^ ions.
pH = 3-6 : Catalyzed by OH* ions
pH = 7-9 : Range where the solubihty of silica plays an increasingly important role and
depolymerization processes occur.The geltime begins to increase due to the
mutual repulsion of the silica clusters or particles.
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2 The Sol To Gel Transition: Polymerization, Aging and Film
Formation

2.1 Overview
The condensation reaction of alkoxysilanes begins during the hydrolysis reaction (see
chapter 1) the rate of which is dependent upon the reaction conditions, i.e. pH, catalyst
type etc. However, gelation does not begin until the condensation reaction is well under
way. That is to say, a sol must first form from the monomeric precursor. This sol then
changes to a gel.

Clusters begin to grow in the sol by condensation of polymeric - type units or by
aggregation of particles. These clusters then collide and links form between the clusters.
This continues until a single giant cluster, which spans the sol, forms. At the gel point
or time to gelation (Tgei) there is a sudden increase in the viscosity and an elastic
response to stress is apparent. The reactions that bring about gelation continue long
after the gel point because after the gel has formed, many clusters are present but not
yet attached to the spanning cluster. With time they gradually attach to the spanning
cluster and the stiffness of the gel will increase.

The gel is thought to link together by the same condensation processes that occur
during cluster growth (Brinker and Scherer 1991). Polymeric clusters condense via the
predictions of kinetic models into fractal structures with varying degrees of branching
(again depending upon the reaction conditions). Eventually the clusters overlap and
become nearly immobile. Gelation is facilitated by evaporation processes (drying) by
physically forcing the clusters into closer proximity. Further bonding involves a
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percolative process with the sites being filled with large (micron sized) polymeric
clusters.

Because gelation is due to such a cumulative process it is difficult to determine the gel
point precisely. The sudden change in rheological behavior is generally used to identify
the time to gelation by defining Tgei as corresponding to a certain value of viscosity.
Alternatively, Tgei may be defined as the point where the gel shows so much elasticity a
probe (rotating spindle) tears the gel. There is a problem with interpreting these values
in that the rate of increase of the viscosity varies with the preparation conditions. A
particular value of viscosity might be observed seconds before Tgei in one system but
hours before Tgei in another.

For gels made from silicon alkoxides, gelation is much faster in the presence of a base
than acids. The gelation rate, and the type of gel formed, depend upon the conditions
during hydrolysis which affect the condensation reactions and the type of clusters
formed in the sol.

2.2 Aging Processes
Aging refers to the changes in structure that take place after gelation. The reactions that
caused gelation continue on to produce a strengthening, stiffening and shrinkage of the
gel network while “soaking” in its own pore liquid. The increase in connectivity of the
network via the condensation reactions is generally referred to as the polymerization
process. There are still many reactive hydroxyl groups in the network that will continue
to condense long after gelation. At room temperature, the polymerization process can
continue for months.
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As the polymerization process proceeds, the gel undergoes syneresis. Syneresis is the
shrinkage of the gel network and subsequent expulsion of liquid (water and solvent)
from the pores. In polymeric gels (see figure 2-1) shrinkage is believed to be caused by
the same condensation reactions that produced gelation. Particulate gels form from the
collapse of the repulsive double layer that stabilizes the sol and syneresis is believed to
be driven by Van der Waal’s forces (see figure 2-2).

Acid catalyzed (ie. 2-step acid procedure) gives the most weakly branched structure.

m

Acid / Base catalyzed stnictures are more highly branched.

Figure 2-1: Aging o f polymeric gels (after Brinker and Scherer 1991)

Finally, coarsening or ripening of the gel network may occur during aging. This is the
process of dissolution and re-precipitation of smaller polymer clusters driven by
differences in solubility between surfaces with different radii of curvature. Smaller
particles are more soluble than larger particles and they dissolve and re-precipitate upon
the larger particles or in crevices and necks between particles. This results in an overall
increase in the pore size and a decrease in the interfacial area. The growth of the necks
adds to the strength and stififiiess of the network. Coarsening itself does not produce
shrinkage and aging under conditions of high solubility may lead to a network that is
able to better withstand syneresis (see figure 2-2). The coarsening rate is influenced by
the factors that affect solubility; temperature, pH, concentration and type of solvent.
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Particulate gels aged under

1.) high

2.) low solubility

Figure 2-2: Aging o f particulate gels (after Brinker and Scherer 1991)

2.3 Drying
In the drying of silica gel monoliths, shrinkage during evaporation is caused by capillary
stresses. As the liquid evaporates, the solid phase is drawn into the remaining pore
liquid to minimize exposure of the solid - vapor interface. As long as the solid network
remains compliant the liquid - vapor meniscus remains at the exterior and the
evaporation rate remains constant. When the network becomes stiff enough to
withstand the pressure, the evaporation rate begins to drop as the meniscus is driven
into the body. For a while, liquid is able to flow to the surface via adjoining channels
and evaporate. Later, evaporation occurs within the body and transport to the surface
requires diffusion of the vapor.

The gel networks tend to have low permeability (i.e. small pore size). The tension is
therefore greater near the drying surface which produces a differential stress that leads
to cracking. The tension in the network is reduced by factors that increase the
permeability of the network or reduce the capillary pressure (e.g. larger pore size) and
is explained in greater detail in the next section. The aging process is often used to
control the type of gel network formed in order to minimize monolith cracking.
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2.4 Structural Evolution
After the gel point, as we have seen, the gel network evolves into a dense, more highly
compacted polymer. The porosity of the resulting polymer will depend upon the type of
polymer clusters present in the sol. The cluster type is of course dependent upon the
hydrolysis and condensation reactions. The three general types are very weakly
branched, more highly branched and particulate clusters.

The weakly branched structure (as formed in the 2 step acid procedure, see figure 2-1)
has a low condensation rate which is consistent with systems held under acid catalyzed
conditions. At the gel point, the network tends to be interwoven and can fi*eely
interpenetrate. As long as the condensation rate remains low the structure will remain
compliant and can shrink fi'eely as the water/solvent evaporates. The resulting tiny
pores lead to the generation of enormous capillary pressure in the final drying stage
which results in further compaction of the structure. The resulting xerogel is
characterized by an extremely fine texture.

Procedures such as the 2 step acid - base yield a more highly branched structure. These
clusters resist interpenetration at the gel point due to strong inter-cluster steric
screening effects. As the water/solvent evaporate, individual clusters undergo shrinkage
and rearrangement to achieve higher coordination numbers and eventually,
interpenetrate somewhat. Shrinkage stops at an earlier stage of drying due to the
stifBiess of the impinging clusters. This results in larger pores which reduce the capillary
stress generated as compared to the weakly branched structure. The xerogel is
characterized by a globular structure.

When condensation is carried out at high pH (pH = 8-10), or in the presence of a high
concentration of electrolyte etc., particulate xerogels result. In the particulate sols.
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interpenetration is impossible and the drying process only serves to rearrange the
particle assemblage to higher coordination numbers. The maximum capillary pressure
(which is inversely related to the particle size and extent of aggregation) generated
during drying is much lower than in polymeric gels. Thus there is a lower driving force
for compaction and rearrangement.

2.5 Film Formation
The processes discussed so far are based on work carried out on the formation of
monoliths prepared from alkoxysilane precursors. However, the ideal alkoxysilane stone
consolidant would form a continuous film within the stone’s pore structure. Film
formation from a fluid sol within a porous substrate has not yet been investigated but
film formation has been the subject of a considerable amount of work within the sol-gel
field as a coating method (Brinker and Scherer 1991).

In the sol-gel field, thin films are prepared by dipping or spinning. The final
microstructure of these films depends upon a number of interacting factors. Firstly, the
structure of the entrained inorganic species of the original sol (that is, the size and
extent of branching (or aggregation) of the sol clusters prior to film deposition) will
have a great effect upon the porosity and the aging mechanisms. Porosity and aging
mechanisms also depend upon the reactivity of the species (how well they “stick”
together, and condensation or aggregation rates), the time scale of the deposition
process (controlled by the evaporation rate and film thickness), the magnitude of the
capillary and shear forces generated by the surface tension of the solvent(s) and the
resulting surface tension gradients (Brinker et al. 1992). By controlling these
parameters the porosity of the resulting film may be modified. However, the most
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common means of controlling the final microstructure is by controlling the particle size
of the precursor sol species.

2.5.1 Film Deposition
Films are often deposited upon substrates by a process known as dip coating. The dip
coating procedure consists of five steps: immersion of the substrate into the liquid sol,
start up (removal of the substrate from the coating bath), deposition of the liquid sol on
the substrate, drainage of excess sol and evaporation of water/alcohol from the gel
network.

The moving substrate entrains solution in a fluid mechanical boundary layer. Some of
this liquid will flow down to the deposition region (see figure 2-3) where the boundary
layer splits in two. The inner layer moves upward with the substrate but the outer lay
returns to the bath. The film thickness (which is related to the position of the streamline
that divides the upward and downward moving layers) is governed by the competition
of as many as six different forces in the film deposition layer: 1.) viscous drag upward
on the liquid by the moving substrate 2.) force of gravity 3 .) resultant force of surface
tension in the concavely curved meniscus 4 .) inertial forces of the boundary layer liquid
arriving at the deposition layer 5.) surface tension gradient 6.) disjoining or conjoining
pressure (important in films < 1pm thick).
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Figure 2-3: Film deposition (dip coating
process)

Film structure depends not only upon the
deposition processes; the structure of the
inorganic precursor (solution species) play
an important role as well. The size and

deposition
region

extent of branching of the solution clusters
(prior to deposition) and the relative rates of
evaporation and condensation during film
deposition control pore volume, pore size
and surface area of the final film.

When the substrate is introduced to the liquid sol, dilute, non-interacting species are
present within the liquid-surface layer As drainage and evaporation proceed, these
species are concentrated thus encouraging further condensation reactions. This process
increases the viscosity which again may promote further condensation reactions.
Polymer growth during deposition is thought to be similar to cluster-cluster
aggregation The underlying physics and chemistry are thought to be basically the same
for bulk gel (monolith) and film formation but there are some differences.

In bulk gel formation, the gelation and drying process are usually separated and it is the
overlap of these two stages that is significantly different for film formation. There is a
simultaneous competition between the evaporation - which compacts the structure - and
the continuing condensation reactions - which stiffen the structure and help increase the
film’s resistance to compaction. Also, the aggregation, gelation and drying occur much
faster than in the bulk gel systems (seconds or minutes as opposed to hours or days).
Thus the competition and short duration of the deposition and drying stages mean that
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films undergo less aging (cross-linking) than bulk gels. Film structure is more compact
than that of a bulk gel.

Another major difference between film and bulk gel formation is that the film precursor
species attach (or are meant to attach) to a substrate. Fluid flow from drainage and
evaporation as well as an attachment to the substrate's surface, impose a shear stress
within the film during deposition. After gelation, the continued shrinkage fi’om drying
and further condensation reactions lead to the creation of a tensile stress within the film.
Bulk gels, on the other hand, are not constrained in any dimension.

In summary, during deposition and drying, the sol is concentrated on the surface via
gravitational draining and vigorous evaporation. How efficiently the precursor species
(clusters) pack, i.e. the volume fraction of solids, depends upon the extent of branching
or aggregation and on the condensation rate. Low branching of the precursor species
and a low condensation rate (as under acid catalyzed condensation reactions) lead to a
network that may fi’eely interpenetrate thus leading to a densely packed structure.
Brinker and Scherer (1991) visualize the two different structure interactions as a mass
of worms (low branched systems) and groups of tumbleweeds massed together (highly
branched systems).

2.5.2 Effect o f Solvents Upon Alkoxysilane Film Formation
The physical mechanisms of the deposition process, transport and compaction via
capillary movement and evaporation, are important in determining the resulting film
structure. However, another, sometimes ignored, factor is the type of solvent used. The
solvent’s properties will effect the deposition process by 1) influencing cluster type or
orientation of the alkyl, alkoxy or silanol ligands and 2) influencing aggregation and
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compaction processes by non - constant evaporation rates, differential evaporation rates
and surface tension gradients in binary solvent systems (Brinker et al. 1992).

Solvents, or co-solvents, may be used in a variety of methods for alkoxysilane film or
gel preparation. The most common mixture, particularly for conservation purposes, is
that of an alkoxysilane and water solution with an alcohol added as a co-solvent to
induce miscibility between the alkoxysilane and water. However, alkoxysilanes may be
hydrolyzed in simple two component, non-aqueous systems (Sharp 1994) such as
TEOS and strong carboxylic acids (i.e. formic). Alternatively, different co-solvents,
such as acetone, may be used in the aqueous solutions.

The first way the solvent type and concentration may affect the film microstructure is
during the initial hydrolysis and condensation reactions thus altering the structure of the
cluster species within the original sol. For instance, excess alcohol promotes reesterification processes thus helping to increase the amount of solubilized matter. In the
case of pre-hydrolyzed oligomeric silanols in anhydrous solutions, intra rather than inter
molecular cyclization results which ultimately leads to particulate cluster (as opposed to
extensive polymeric) formation. One may imagine that by using co-solvents that do not
participate in the reaction, like acetone, that the initial hydrolysis and condensation
reactions may well be affected. Indeed, both the hydrolysis and condensation may be
influenced by hydrogen bonding of the alkoxysilane to the solvent or of solvent
molecules that may bond to the hydroxyl or hydronium ions of the catalysts (Brinker
and Scherer 1990).

The competition between solvent, polymer and substrate has been explained in terms of
acid - base interactions by Fowkes (1987). According to this work, acid - base
interactions in the adsorption of a polymer fi’om a solvent to a substrate involves the
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acidic or basic surface sites of all three. That is, the adsorbent, polymer and solvent
form a competitive acid - base triangle. Fowkes states that adsorption occurs only when
there is an exothermic interfacial acid - base interaction. If the interaction of the solvent
may be minimized, i.e. by using a neutral solvent, we may study the interaction between
the substrate and polymer. From the acid - base theory, in a neutral solvent, a basic
polymer won’t adsorb onto a basic substrate and an acidic polymer won’t adsorb onto
an acidic substrate. To illustrate this point, Mostafa (after Fowkes 1987) dissolved
PMMA (a model basic polymer) in carbon tetrachloride (a neutral solvent). No
adsorption occurred with the PMMA onto a calcium carbonate (a model basic
substrate) surface but the PMMA strongly adsorbed onto a silica (a model acidic
substrate) surface. Alternatively, post - chlorinated polyvinylchloride (CPVC, a model
acidic polymer) didn’t adsorb onto the silica but adsorbed strongly to the calcium
carbonate.

When the solvent has an acidic or basic character the adsorption process is complicated.
For example, as the solvent for a PMMA solution becomes more basic it (the solvent)
begins to form acid - base complexes with the SiOH sites of the silica thus resulting in
less adsorption of the PMMA onto the surface. If, on the other hand, the solvent for the
PMMA solution becomes more acidic, the solvent then begins to form acid - base
complexes with the carbonyl (acidic) oxygen atoms of the PMMA and less of the
PMMA is free to be adsorbed onto the surface.

Alkoxysilanes seem to confound the acid - base theory in that they are regarded as
acidic polymers but work best on acidic (silica) surfaces and seem not to work well on
calcium carbonate surfaces (Plueddeman 1991, Wheeler pers. com ). In any case, the
acidic or basic nature of the solvent may affect the sol cluster’s orientation
(Plueddeman 1991) by complexing with the external -SiOH groups or by a repulsion of
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the -SiOH groups from an exterior position towards the interior of the cluster thus
promoting internal compaction or intracyclization.

The solvent type (or types) may also have a direct effect upon the film deposition
process itself. In general, the viscosity of the sol increases with increasing sol
concentration. In thin film formation, the rapid increase in concentration of the
entrained condensed species leads to aggregation, further condensation, network
formation, etc. Accordingly, when the evaporation rate is high, the time scale for the
deposition process is reduced thus reducing the time available for aggregation, gelation
and aging (Brinker, et al. 1992).

Brinker et al. (1992) have listed several possible consequences of the shortened
deposition time. 1.) There is little time for the reacting species to find their preferred
“low” energy configurations. The aggregative process for reactive systems may then
change from reaction - limited near the reservoir to transport limited near the drying
line. 2.) There is little time for condensation processes to occur. 3.) The films are more
weakly condensed and therefore more compliant than bulk gels. Thus they will be more
easily compacted, first by evaporation and then by the capillary pressure exerted at the
final stage of the deposition process. The effects of the capillary forces are enhanced in
compliant materials and greater shrinkage precedes the critical point (balance between
compacting processes and stiffening processes), causing the pore size to be smaller and
the maximum capillary pressure to be greater.

In binary solvent systems (e.g. ethanol and water, or methylethylketone and acetone Wacker solvents), differences in vapor pressure lead to sequential evaporation. The
more volatile component evaporates leaving a gel enriched in the second solvent. It is
the least volatile solvent that survives, in dip coating, to the drying line thus dictating
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the magnitude of the capillary pressure and the subsequent degree of crack formation
(Brinker et al. 1992).

2.5,3 Effect o f Stone Substrates Upon Alkoxysilane Film Formation
Stone consolidants are typically applied in “field” conditions by brushing or spraying
(Amoroso and Fassina 1983). However, samples prepared for laboratory study are
sometimes placed in a pool of consolidant solution so that half of the sample’s height is
submerged (Wheeler et al. 1992 ). The sample remains in the consolidant bath until the
solution has migrated via capillary action to the top of the surface. A variation of this
procedure used by Sasse et al (1993) who sealed all sides (except the top and bottom)
before placing the block in a shallow consolidant bath. Laboratory specimens are also
prepared by brushing (Biscontin et al. 1993) and sometimes by applying more than one
coat (Saleh et al. 1992). These samples then undergo various mechanical and
accelerated aging tests. What effect these different application procedures have upon
the resulting film structure is unknown.

A great deal of work, however, has been done on thin film formation upon solid
substrates within the sol-gel field. The thin films are applied by dipping the object into a
coating bath and then drying at elevated temperatures. Consolidants are more
commonly applied via capillary absorption, brushing or spraying and probably form thin
films upon the pore walls - ideally, anyway. The question that may concern the
conservator (and parallels that of the sol-gel industry) is that of possible structural
differences within the film itself.

“Although the thickness of the fluid entrained at the bath surface is apparently not
sensitive to evaporation, the film is progressively thinned by evaporation as it is
transported by the substrate away from the coating bath” (Brinker et al. 1992). How
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does this affect film formation and distribution within a stone substrate? The capillary
transport of the liquid sol in a porous object will be complicated by evaporation
gradients and transport mechanisms as well as competing depositional forces.
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Figure 2-4: Possible liquid sol transport mechanism

Consider the case of a stone block, all sides open to the atmosphere (that is, unsealed)
half submerged in an alkoxysilane sol (see figure 2-4). The liquid sol would first move
into the interior of the stone and then up and out driven, presumably, by capillary forces
(deposition/transport). Once the sol reaches the exposed surfaces evaporation processes
must come into the picture. This would possibly increase transport to the surface as the
surface sol would dry much more quickly and two different types of environments
would be formed. In fact, the interior of the stone vs. the exterior of the stone might be
regarded as a closed vs. an open system. Closed systems slow down the polymerization
reactions and lead to aging of the sols.

Once the sample is removed from the bath, drainage and evaporation will occur.
Evaporation may be minimized by wrapping in plastic sheeting. The relative humidity
would also be important: high R.H. would decrease evaporation but possibly increase
hydrolysis (for neat solutions or those not completely hydrolyzed), low R.H. would
have the opposite effect.
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Capillary transport is governed by the surface tension and viscosity of the liquid, the
radius of the capillary - that is, the permeability of the porous substrate to the liquid and, finally, gravity. As stone varies in its porosity and permeability this would^fiect
the transport rates. However, the competition between the gelation rates and transport
to the surface or drainage to the bottom is unknown. Increased gel concentration at the
surface is a distinct possibility. Decreasing the time to gelation and speeding the
condensation reaction may be desirable if the sols are chemically influenced by
components within the stone (salts, calcite etc.) and if transport to the surface proves to
be a problem.

2.6 Silanol Bond Formation
Alkoxysilane coatings or coupling agents are usually intended to bond to the substrate
to which they are applied. Although it is generally thought that alkoxysilane derived
coatings do bond to many mineral substrates (Plueddemann 1991) the exact
mechanisms are debated. Also, exactly how the alkoxysilanes bring about corrosion
resistance and the strengthening of composites (see chapter 3) is unknown.

An interesting study was carried out by Hertl [1968] who looked at the gas - phase
reactions of MTMOS with silica gel at varying temperatures by Infi’ared (IR)
spectroscopy. At room temperature, the MTMOS was physically adsorbed only. At
temperatures of 120 - 200°C the adsorbed alkoxysilane reacted chemically with isolated
silanol groups on the silica. On average, for every three isolated silanol groups on the
silica that reacted; 1.53 formed Si-O-Si bonds with the methoxy silane, 0.45 formed
hydrogen bonds with the un-reacted methoxy groups of the silane that had reacted with
the surface and formed siloxane bonds with adjacent silanol groups and 1.02 formed
SiOCHs with liberated methanol. The reactivity of the silica substrate was found to be
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increased by pre-drying at higher temperatures. This was interpreted as indicating that
the reaction was directly between isolated silanol groups on the silica surface and the
MTMOS, in other words, the reaction did not require pre-hydrolysis of the MTMOS
with surface water.

The formation of siloxane bonds between alkoxysilanes and mineral surfaces is fairly
well established [Plueddemann, 1991]. However, the siloxane bonds formed between
the alkoxysilane and substrates such as iron or aluminum are not resistant to hydrolysis
so it is not clear how these bonds can increase water resistance. Mechanical testing
does bear out the fact that the performance of mineral/resin composites exposed to
water is improved by the addition of the appropriate silane coupling agent. For this
reason, the idea of the chemical mobility of the alkoxysilane is thought to be the
beneficial factor in improved composite properties. The re-hydrolyzed species is able to
fi’eely move to new reactive sites thus constantly regenerating the film where required.

Koenig and Shih [1971] explored this phenomenon by studying vinyltriethoxysilane on
glass fibers using argon ion laser excited Raman spectroscopy. The treated glass was
boiled for two to three hours and a shift from 788 cm'^ to 783 cm '\ the wave number
characteristic of the homopolymer, was observed. The samples were then redried at
110°C and the peak shifted back to 788 cm %the wave number characteristic for the
siloxane bond. This was interpreted as evidence that the coupling agent formed covalent
siloxane bonds with the glass surface and that these bonds hydrolyzed in the presence of
water but were capable of reforming. The concentration of this fi-action was not or
could not be reported and therefore this experiment does not show how much of the
alkoxysilane layer was permanently removed fi’om the surface by the water.
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These studies highlight the multitude of questions concerning alkoxysilane - surface
interactions. However, one thing is certain, heat treatment is considered necessary for
the formation or maximizing of siloxane bond formation between the substrate and the
coating or coupling agent. According to the acid - base theory forwarded by Fowkes
(1987), the most effective way of maximizing the amount of polymer onto a surface is
to minimize solvent - polymer interactions (i.e. use a neutral solvent) and to maximize
interfacial acid - base interactions. As we have seen, alkoxysilane adhesion mechanisms
do not seem to conform to the acid - base predictions. This may be an indication that
the adsorption mechanism of alkoxysilane sols to a substrate does not involve acid base interactions between the polymer and the substrate. However, this area is not clear
as more work needs to be done as to the lEP’s of the increasingly condensed siloxane
groups. As noted in Chapter 1, as the hydrolysis and condensation reactions proceed
the acidic nature of the species increases. However, of the condensed clusters formed in
the sol, the exterior groups may well be less acidic, that is, there may be dangling’ -SiOCH3 groups. In the case of alkyl substituted alkoxysilanes, the outwardly positioned
alkyl groups may participate in acid - base interactions with the surface. These more
basic groups may orient and adsorb onto the silica surface. Heat treatment could then
drive off all volatile material and condense the surface -SiOH groups with the -SiOH
and -SiOCHs of the sol clusters. This area, however, is unknown.

This finally brings us to the question as to the alkoxysilane consolidant performance.
How do they work? Perhaps the alkoxysilanes do form some type of chemical bond: at
low temperature. Alternatively, the surface of the stone, in sunlight or hot climates,
summer etc. may reach temperatures high enough to bring about siloxane bond
formation. The final alternative is that there is no siloxane bond formation between the
consolidant and the stone surface. The alkoxysilane derived xerogel may simply
physically adsorb within the interior of the porous structure. When exposed to moisture
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the physically adsorbed film might easily detach from the surface resulting in a situation
very similar to that of organic polymer films. This area needs a great deal of research
before any tentative answers may be given.

The pH of the solution is known to be important for the formation of films fi’om anionic
or cationic precursors (see Chapter 3). Different layers of gel are formed from
alkoxysilane polymerization even under consistent conditions (i.e. surface films). A
dilute solution of gamma - aminopropyltriethoxysilane (APS) in benzene was deposited
on a silica surface (pyrex) and studied by radioactive tracers [Sterman, 1961; Vogel et
al., 1967 after Plueddemann 1991]. The deposited layer was found to be heterogeneous
and basically consisted of three fractions. The first fi^action made up of about 98% of
the silane layer and consisted of hydrolyzate of the silane that was physically adsorbed
to the surface. This fraction was insoluble in benzene but was readily removed by cold
water. The second fraction was chemisorbed and required 2-3 hours in boiling water to
be removed. Electron microscope pictures after one hour of boiling showed the
presence of “silane” islands. Fraction three was a residue, and it was speculated that it
must be chemisorbed and held in place by multiple bonding of the molecule. The
importance of each of the fi’action's contribution in improved adhesion was
mechanically tested by Schrader and Block [1971 after Plueddemann 1991]. Fraction
one was found to have no influence on increasing joint strength, but too large an
amount of this fraction could decrease strength. Maximum joint life and strength was
found with maximum amounts of fi^actions two and three. A linear decrease in strength
was found as fi*action two was removed.
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2.7 Summary
The type of alkoxysilane gel formed depends upon both environmental factors at the
time of deposition and the environment in which the precursor solution species were
prepared. If the system is closed and evaporation is minimal, aging may occur that will
increase the cross-linking of the solution clusters. The interpenetration of the network,
though, is dependent upon the extent of branching of the precursor species which is
controlled by either acid or base catalysis of the hydrolysis reaction. If the pH is
changed for the condensation reaction, the time to gelation is affected.

Thin film formation is governed by the same rules that apply to bulk gel formation but
they have less time to cross-link and age due to an increased rate of evaporation. Films
are also subjected to stresses from deposition on and attachment to a substrate and the
capillary forces of the solvent left in the pore structure and its subsequent evaporation.

Alkoxysilanes, used as stone consolidants, are allowed to “soak” in to the porous stone
substrate and move to as great a depth as possible via capillary forces. The laboratory
apphcation model examined in this chapter places the samples in a shallow pool of the
consolidant solution. This method is hoped to compromise between a duplication of
field procedures and the maximizing of the amount of gel formed (in order to better
study its properties). However, the film structure is greatly influenced by the
evaporation rate which would be much greater in field conditions - brushed on, in
sunlight upon exposed surfaces - and it is not known how significantly this will affect
the consolidantes performance.

Finally, the interaction of the alkoxysilane coating or gel with its substrate is not
understood. Chemical bonding is thought to take place between the silanol units and
some substrates (silica, for example) but, due to the evidence of the alkoxysilane
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mobility and lack of evidence of mineral - silanol siloxane bond formation at room
temperature, it is not understood how exactly they protect the substrates. The evidence
to date, however, does suggest that the siloxane bond may not form at low (room)
temperatures. If this is true, what does this indicate about the ways in which
alkoxysilanes act as stone consolidants. They may actually function in much the same
manner as any organic resin only with the benefits of lower initial viscosity? Again, only
more research can tell.
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3 A Review of Alkoxysilane Polym ers a s C onsolidants for
S to n e

3.1 Overview
Alkoxysilanes seem to be the most promising of stone consolidants available at the
present time. Alkoxysilane monomers have an extremely low viscosity and are able to
polymerize upon contact with water with or without the aid of catalysts. The resulting
polymer has a silicon - oxygen back-bone similar to some minerals (i.e. quartz or
siliceous matrices in sandstones) and is stable. Theoretically, the alkoxysilanes deeply
penetrate the stone and polymerize homogeneously in situ to give a strong, resistant
consolidant. As seen in Chapter 1, alkoxysilanes are sensitive to the conditions
encountered during both the hydrolysis and condensation reactions of polymerization
and, perhaps due to this, consolidation treatments may differ in their effectiveness.

There are several factors that immediately spring to mind when considering the
interaction of a porous stone substrate and a polymerizing alkoxysilane solution. Firstly,
the relative humidity will have a great effect on both the rate of polymerization and
upon the gel’s structure. Secondly, the effects of the interaction of alkoxysilane derived
species with the minerals comprising the stone substrate is not known. The competition
between transport mechanisms, evaporation and relative humidity upon the gel
formation are unknown - zones of differing gel types may exist within certain
environments. Lastly, the long term effects of aging within stone and the mechanisms of
adhesion are unknown.

Many applications of alkoxysilanes in the field have proven to be unreliable for a
number of reasons: variations in methods of applications; fluctuations in relative
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humidity and moisture content in stone; variations in the composition/structure of the
stone. Catalysts are sometimes employed to speed the polymerization reaction and thus
avoid excessive monomer loss in lower relative humidities. However, the effect of these
catalysts upon the stability and structure of the end product is unknown (Charola,
Wheeler, Freund 1984). Larson (1982) suggested that polymers formed from catalyzed
systems tend to swell and disrupt stone when retreated with alkoxysilane. Finally, the
catalyzed systems are reportedly difficult and unreliable in that they cure far too
quickly, possibly leading to superficial consolidation (Larson 1982; Miller 1992).

Alkoxysilanes have been applied “neat” to both siliceous and carbonate materials. The
alkoxysilane is applied without any additional water or solvent in these cases and is
thought to either 1.) hydrolyze directly with the hydroxyl groups present on the surface
or 2.) hydrolyze with water present upon the substrate surface and then condense with
the substrate’s hydroxyl groups. In any case, the effect of this application method
would be highly dependent upon ambient relative humidity, surface area of the stone,
the presence of any catalysts (acids / bases) etc. Accordingly, many of the alkoxysilane
treatments are applied in aqueous solutions. Most alkoxysilanes, however, are not
immediately miscible with water. Often, the alkoxysilane is mixed with acidified water
to achieve a homogeneous solution, but the optimum formation of silanol is produced
by hydrolysis of the alkoxysilane in a solution of water and water miscible solvents
(Plueddeman 1991).

Alkoxysilanes used as stone consolidants are often applied out of doors in conditions
that can not be controlled. The consolidant will encounter moisture gradients in the
stone from residual rainfall and atmospheric conditions (Wheeler et al. 1984). In order
to avoid problems with varying moisture content as well as surface effects upon the
hydrolysis reaction (as affects the neat applications) the alkoxysilanes are generally
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mixed with water and solvents and hydrolyzed before application by letting the
solutions sit for an extended period of time (days or weeks). In stone conservation
alkoxysilanes are commonly added to water and an alcohol, like ethanol, in order to
carry out the reactions in a homogeneous solution. However, the order of introducing
the alkoxysilane into the reaction mixture is important. In order to produce a
predictable and reproducible polymerization product the alkoxysilane should be added
to a water-alcohol mixture (Lewin and Wheeler 1985).

This chapter is a review of the use of alkoxysilanes as they have been used and reported
within the stone conservation literature: “neat”, in water, alcohol solutions and as
coupling agents with organic resins. In the following discussions an effort has been
made to organize the examples from the literature in a manner that emphasizes those
alkoxysilanes that will be studied later in this work. These alkoxysilanes were chosen
because they are either commonly used in the field of stone conservation or gave
interesting results in my own mechanical testing of consolidated stone (see chapter 5).
The alkoxysilanes focused upon are methyltrimethoxysilane (MTMOS),
tetraethoxysilane (TEGS), gamma-aminopropyltriethoxysilane (3-APS), and their
various mixtures or formulations.

3.2 Alkoxysilane Consolidants
3.2.1 Overview
Organofiinctional alkoxysilanes have been developed for use as coupling agents applied
in dilute solutions to enhance or modify the performance of organic resins. They are
also used in the making of “low temperature” glasses and pure silica gels in the field of
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sol-gel science. However, in conservation, mainly that of stone, ceramic or mud brick,
the alkoxysilane is used as a polymer on its own. The polymers (xerogels) formed from
different alkylalkoxysilanes have differing properties depending on the functional
groups substituted upon the silicon - oxygen chain. Therefore, the individual
alkoxysilanes will be discussed separately to more clearly illustrate their characteristic
features.

3.2.2 Tetraethoxysilane
3.2.2.1 Reactions
Hvdrolvsis
SKOCH^CH^), + HJO

Si(OCH2CH3)3-OH + CH3CH2OH

Alcoholic Condensation
Si(OCH2CH3)4 + Si(OCH2CH3)3-OH <->
(CH3CH20 )3Si-0 -Si(0 CH2CH3)3 + CH3CH2OH

Dehvdration Condensation
2Si(OCH2CH3)3-OH o (CH3CH20)3Si-0-Si(0CH2CH3)3 + H2O

Further hvdrolvsis and condensation

3.2.2.2 Review
Tetraethoxysilane (TËOS) is often referred to as ethyl silicate, silicone ester or silicic
acid ester. As a stone consolidant it is used primarily within commercial products, like
Wacker H and Wacker OH, where it is said to be partially polymerized and mixed with
solvents and a catalyst to increase the rate of reaction. The term partial polymerization
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refers to the oligomeric species (dimers, trimers, tetramers) that form after or during
hydrolysis and are, for the most part, fully alkoxylated (Wheeler pers. com ). TEOS has
no non reacting alkyl groups and, under ideal conditions, all the ethoxy groups react to
form siloxane bonds. However, the hydrous silica formed can take a variety of
structures depending upon the rate of formation and the degree of retention of the
water of hydration. That is, the chemical composition and physical properties depend
upon the specific conditions during the entire process (Lewin and Wheeler 1985).

Work has been done on non-catalyzed TEOS systems by Lewin and Wheeler (1985) in
order to more fully understand the reaction mechanisms. The first polymerization stage
is a soft gel of polyethoxy-polysiloxane with a complex structure. This gel continues to
hydrolyze and condense, shrink and harden. If the polymer adheres to the substrate
before it has finished shrinking and reached a stable composition, major stresses could
be generated which might damage the stone or the polymer. The stability of the
polymerization product is an important reason that the mechanisms of the reactions be
fully understood so that they may be modified and controlled for better long term
consolidation.

In non-catalyzed systems, the hydrolysis reaction is very slow if there is one mole or
less of water per mole of TEOS. In fact, much of the alkoxysilane may evaporate in
uncontrolled (i.e. field) conditions. The water/TEOS molar ratio should be at least 2:1
in the initial solution in order to lead to gelation at a reasonable rate.

TEOS is usually applied as a consolidant within commercial formulations, for example,
Wacker H (TEOS, MTEOS, methylethylketone, acetone and dibutyltindilaurate) and
Wacker OH (75% TEOS, 16% methylethylketone, 8% acetone and Ig I
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dibutyltindilaurate). Saleh et al. (1992b) found that Wacker OH gave good increases in
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compressive strength in weathered, salt-laden sandstone. The Wacker OH was shown,
under SEM investigation, to have formed an extended polymer network that
“completely covered grain surface”, penetrating in depth between the pores thus
connecting them. This is more likely to be an accurate interpretation of a few discrete
areas as it is probably difficult, if not impossible, to assess the complete coverage of the
grains via SEM investigation. Both Wacker H and OH gave higher increases in the
modulus of rupture of a sandstone than a 2:1:2 molar ratio of water, MTMOS,
methanol (Wheeler et al. 1992). However, this same study found that high humidity
caused the Wacker products to form a surface whiteness and have a low depth of
penetration.

It seems enough can not be said regarding the influence of the mineralogical
composition of the stone on the behavior of a consolidant. Snethlage and Wendler
(1991) used a consolidant based on TEOS but with oligomeric dimethyl siloxane
bridges integrated into the SiOj network in order to make a more elastic, flexible
polymer. This modified alkoxysilane was applied to a clay - rich, soluble salt ridden
sandstone in a following study (Wendler et al. 1992) which compared the hygrodilation
of consolidated and non-consolidated stone. The consohdants compared in this study
were a surface hydrophobing treatment (used in conjunction with the alkoxysilane
consolidant) and a butyl diammonium chloride solution. Firstly, they found that the
depth of the treatment penetration could be much greater than the efficiency depth. For
example, the butyl diammonium chloride solution (found to substantially decrease
hygric swelling) was found to be detectable up to 60 mm depth, but a decrease in hygric
dilation was only measured to 25 mm depth. The water hydrophobing agents used with
the modified TEOS were found to decrease water absorption (due to the hydrophobing
treatment) but the hygric dilation was actually enhanced by the treatment. As this
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sandstone is most susceptible to contour scaling brought about by hygric swelling and
shrinking the TEOS treatment was regarded as potentially dangerous.

TEOS has been used to consolidate limestone, again within the formulations Wacker H
and OH (Bradley 1985; Miller 1992). TEOS, applied as monomer, has no hydrophobic
functional groups and has been used as a pre- consolidant to protect friable surfaces
during cleaning (Zanardi et al. 1992). However, many of these studies are of a relatively
superficial and uncontrolled nature and the presence of salts in the stone, depending
upon the concentration, may radically change the end polymer structure (Her 1979;
Brinker and Scherer 1990).

Perhaps not only the mineralogy, but differing texture and porosity play an important
role in a consohdant's formation (Wheeler et al. 1991b). Hammecker, Alemany and
Jeannette (1992) compared a catalyzed TEOS system (Rhone Poulenc: Rhodorsil RC
70 and Rhodorsil RC 80 which also contains a silicone resin) in two types of limestone
by mercury porosimetry, water vapor permeability and chemical silicon distribution (by
X-Ray Fluorescence along the profiles). They found that the polysiloxane film
distribution is a function of pore sizes and grain specific surface area. The depth of
penetration and silica gel texture seemed to be directly related to the presence and
gradients of water within the stone. The two limestones were initially dried and then
allowed to reach hydrostatic equilibrium at 75% relative humidity. The porous and fine
grained limestone (Laspra) contained more condensed/adsorbed water than the coarse
grained, less porous Hontoria, because of its higher specific surface area and higher
porosity (see figure 3.1). TEOS penetrated the Laspra and partially polymerized.
However, the silica gel distribution is much more homogeneous than in Hontoria. They
concluded that in the Hontoria, the TEOS doesn't encounter much adsorbed water, but
must depend upon that supplied by the air humidity thus leading to a much higher
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concentration of silica gel near the surface. The distribution of the silicone resin of the
RC 80 is different. The resin is concentrated near the surface in the Laspra stone and
more homogeneously in the Hontoria. This again may be explained by the Laspra high
specific surface area. The resin penetrates its porous network and large quantities of
silicone resin are adsorbed on the mineral surface, thus depleting the resin concentration
in the forepart of the penetrating liquid. In Hontoria, the specific surface area is low, the
amount of adsorbed silicone is insignificant and the concentration remains constant.
Figure 3-1: Alkoxysilane and silicone resin distribution in Laspra and Hontoria Stone
Laspra - porous and fine grained with the higher
specific surface area and greater amount of
adsorbed water
TEOS only

Hontoria - coarse grained, less porous with the
lower specific surface area and a lower amount of
adsorbed water

TEOS distributed homogeneously due to a
significant amount of adsorbed water.
Silicone Resin

TEOS concentrated near the surface - less internal
adsorbed water.

Silicone resin adsorbed onto larger surface area
thus depletmg the solution of the resin. Resin is
concentrated at the surface.

Smaller surface area so solution is not depleted of
resin and it is distributed more homogeneously.

Mavrov (1983) studied “silicone” film polymerization under Transmission Electron
Microscopy (TEM). A silicone (Dow Coming Drisil 773), an MTMOS system (RhonePoulenc X 54-802), and a TEOS system - catalyzed and pre-polymerized - (Wacker
Chemie Sandsteinverfestiger OH) were compared. Humidity tended to speed the
polymerization process, especially in X 54-802 (MTMOS) but the film thickness slowed
the polymerization down due, possibly, to delayed solvent evaporation. The first step in
the polymerization was the formation of an elastic, amorphous gel. Next, a second
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phase of orderly structures began to develop within the amorphous mass. Gradually,
contraction of the film took place and holes began to form and enlarge until they
reached 10-15 pm. When the contraction, towards the end of the hardening process,
stopped, the non- compensated internal strains began to produce cracks and tears in the
film. During the hole/crack formation, the second phase began growing individual
thread-like formations which eventually connected. The resulting film was in the form
of an amorphous gel covered by the spatial net-like structure of the second phase. The
thread formation stopped with the progression of the hardening, and coiled as the non
compensated internal strains increased. All of the films formed in a similar manner
except that the formation of the second phase was reduced with an increase in the
functionality of the initial monomer.

Mavrov in this same study, then observed, under SEM, the contact between these
different films and a sandy limestone. Firstly, it is interesting to note that all three
products gave a 20-30% increase in compressive strength. Secondly, none of the
polymers continuously coated the pore walls but precipitated in isolated polymer
accumulations of different types. The silicone had the best contact with the pore walls
followed by the MTMOS system though both were fiill of defects and cracked. The
catalyzed TEOS system had the worst contact.

3.2.3 Methyltrimethoxysilane
3.2.3.1 Reactions
Hvdrolvsis
CH3-Si(OCH3>3 + H2O ^CH3-Si(OCH3)2-OH + CH3OH
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Alcoholic Condensation
CH3-Si-(OCH3)3 + CH3-Si-(0CH3)20H o CH3-Si(0CH3)2-0-Si(0CH3)2-CH3 + CH3OH

Dehvdration Condensation
2CH3-Si(OCH3)2-OH
CH3-Si(0CH3)2-0-Si(0CH3)2-CH3 + H2O

Further hvdrolvsis and condensation.

3.2.3.1 Review
Methyltrimethoxysilane (MTMOS) is an alkyltrialkoxysilane. It reacts with water to
form a polysiloxane and, like other alkoxysilanes, may be catalyzed by either mineral
acids or Lewis acids and bases. The methyl group takes no direct part in the
polymerization reaction but serves to make the end product hydrophobic. The methyl
groups orient themselves away from the inorganic surface giving a water repellent
“mono-layer” attached to the polymer's silicon - oxygen backbone.

MTMOS may be applied “neat” as a consolidant and will polymerize on contact with
atmospheric moisture. Charola, Wheeler and Freund (1984) monitored the infra-red
spectra of polymerizing MTMOS in different relative humidities and found that the end
product of neat MTMOS polymerization was dependent upon the relative humidity. At
high relative humidities, above 50%, the resulting polymer is fractured. The faster
hydrolysis reaction at high R.H. appears to go nearly to completion, leading to a gel
with a large amount of alkoxysilane diols/triols. They concluded that, because neat (i.e.
undiluted) solutions of these diols and triols are viscous liquids and solids, they may
hamper the physical repositioning of the molecules as condensation and cross-linking
occur. On the other hand, (Charola et al. 1984) found that at low relative humidities
(below 30%), the hydrolysis reaction is slow and the overall reaction does not go to
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completion. The gradual increase in viscosity allows stresses to be accommodated and
the resulting polymer is free of cracks. However, loss of the monomer from evaporation
is great, leading to a low polymer yield. Care must be taken in attributing crack
formation to simple obstruction of ohgomer repositioning, however, as it is an inherent
problem in the formation of alkoxysilane monoliths. As discussed in Chapter 2, crack
formation is due to the capillary forces exerted against the solid gel network by the
retreating water and solvent front as it evaporates.

When treating large surfaces, particularly out of doors, the effect of the relative
humidity upon the MTMOS polymerization is significant. Even if the ambient relative
humidity is ideal, the interior of the stone will probably have a variable moisture content
which will give a non-homogeneous polymerization environment. In order to try and
minimize these problems, MTMOS may be applied in an alcohol/water mixture, with or
without a catalyst. Under these conditions, the hydrolysis reaction will not be totally
dependent upon the moisture content of the stone/atmosphere and will be fast enough
to avoid monomer evaporation. It is not known, however, how these reaction
conditions will affect the polymer's structure (Charola, Wheeler, Freund 1984).

MTMOS has been found to increase the strength of some sandstones (Clifton 1980;
Wheeler, Fleming, Ebersole 1992). SEM work by Saleh et al. (1992b) showed the
polymer to have precipitated in the form of nodules as well as penetrating inside pores
and around the grains in a condensed form. MTMOS, and alkoxysilanes in general, tend
to give better results on sandstones than hmestones (Wheeler et al. 1991a). However,
Wheeler et al. (1992) found that a 2:1:2 molar ratio of water, MTMOS and methanol
gave a 66% increase to the modulus of rupture of both a silica-cemented sandstone and
a purely calcitic limestone having a similar pore size and distribution. This water /
MTMOS / methanol system was applied to the stones in a pre-polymerized form, that

70

is, the system had been left in a closed container for one week prior to application. This
mixture can incorporate liquid water and is largely unaffected by high relative humidity.

Moncrieff (1976) applied neat MTMOS to Carrara marble and limestone and subjected
them to the London environment for 4-7 years. They compared favorably to the
untreated control samples, that is, the consolidated stone remained "unchanged” in
comparison to the untreated stone which had been penetrated by dirt and had its edges
rounded. Saleh et al., (1992a) used laboratory mechanical testing upon neat MTMOS
and limestone. The MTMOS decreased water absorption by 82%; increased
compressive strength by 124%; and indirect tensile strength by 16.8%. Under the SEM,
they found that, compared to B-72/toluene and B-72/MTMOS, the MTMOS spread
between the grains forming polymer links or bridges.

MTMOS is generally thought to be unable to consolidate larger grained stone. Charola,
Wheeler and Freund (1984) found that MTMOS consolidated 140 mesh ground silica
well but poorly consolidated 40 mesh ground silica. Wheeler et al. (1991b) found that
differences in grain sizes and boundaries as well as pore size and volume could affect
the mechanical strength of marble consolidated with MTMOS. They found that the
smaller grained Carrara marble gained a significant increase in its modulus of rupture
(MOR) when consolidated with a 2:1:2 molar ratio of water, MTMOS, methanol
solution. However, that same solution gave a considerably lower increase when used
upon the larger grained Georgia marble. If the XRF work of Hammecker, Alemany and
Jeannette (1992) can be applied to this experiment (that is, the porosities of the Carrara
and Georgian marbles are similar - see section 3.2.2.2), the differences in the tensile
strengths may be due to differences in specific surface areas and water content. The
consolidant may have mainly polymerized superficially in the larger grained sample but
spread out more evenly in the fine grained sample (that contained more water on its
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higher specific surface area). This would imply, however, that the alkoxysilane, water,
alcohol solutions are susceptible to the water content of the stone.

Calcium carbonate surfaces are known to be inert to alkoxysilanes (Plueddemann 1991)
but the reason for this is unknown. The surface of a calcium carbonate crystal exposed
to atmospheric moisture or in solution consists of many different species, both acidic
and basic, that the alkoxysilane might interact with (Goins 1994). Charola, Wheeler,
Freund (1984) found that 300 mesh marble powder was very poorly consolidated with
MTMOS. Wheeler et al.(1991a) found that limestone promoted a faster and more
complete evaporation of MTMOS than in sandstone. To explain this phenomenon
Danehey, Wheeler and Su (1992) monitored the NMR spectra of calcite, methanol and
MTMOS. The calcite was shown to slow the condensation reaction allowing the
monomer to evaporate before polymerization could take place. In order to investigate
the effect of the calcite on the alkoxysilane reaction, powdered calcite was added to the
D 2 O and methanol, stirred and filtered of the calcite powder. The resulting NMR
spectra paralleled the reference spectra of MTMOS, methanol, D2 O (the control)
therefore, it was concluded that the retardation of the condensation reaction was not
due to dissolved calcite but to surface anti-catalytic effects by the calcite crystals.

3.2.4 B - 7 2 /MTMOS
3.2.4.1 Overview of Alkoxysilane Coupling Agents
Adhesion between polymer matrix and mineral surfaces, under ideal conditions, could
be achieved simply with complete wetting between the resin and the substrate
(Plueddemann, 1991). Ideal conditions are never achieved in practical applications and
the resin must compete with contaminants and surface water at the interface. Water is
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probably the most damaging competing agent on mineral surfaces. Hydrogen bonds
between water and hydroxylated surfaces are stronger competitors for any possible
bond between organic resin and surface. Therefore, the alkoxysilanes were developed
as coupling agents because they incorporate water to generate silanol groups which can
form hydrogen bonds to the hydroxylated surfaces.

A coupling agent, or adhesion promoter, may be thought of as a material that improves
the chemical resistance of a resin/mineral bond by creating an interface. An alkoxysilane
coupling agent may function as 1.) a finish or surface modifier - a film several
monolayers thick that functions only to chemically modify a surface without
contributing any mechanical properties of its own. 2.) a primer or size - forms a film 0.1
to 10 pm thick and must have adequate mechanical film properties (rigidity, tensile
strength, etc. .) to carry the mechanical load when the composite is stressed. 3.) an
additive - alkoxysilanes may be added directly to the resin to modify the interfacial
layer. 4.) an adhesive - alkoxysilanes are rarely used as adhesives, they are usually used
to improve the adhesive properties of organic resins.

The type of mineral surface should be considered when determining the function of the
alkoxysilane. The thickness of the siloxane film adsorbed on a mineral surface depends
upon 1.) the nature of the organofiinctional group on the silicon atom. 2.) the
availability of water. 3.) pH and age of the solution. 4.) topology of the surface 5.)
presence or absence of a specific catalyst. Finally, the effectiveness of the alkoxysilane
as a coupling agent depends upon the reactivity of its organofiinctional group with the
resin.

The use of alkoxysilanes as primers or coupling agents in conjunction with organic
resins may have particular appeal for some cases in the conservation of stone. The
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“composite” materials may be able to combine the flexibility of the resins with the
strength and water resistance of the alkoxysilanes. However, much work needs to be
done developing any possible consolidant “systems”. The B-72 / MTMOS is a
commonly used system of alkoxysilane coupling agent and organic resin. Developed to
overcome problems of adhesion between alkoxysilane consolidated objects, the B-72 /
MTMOS mixture is a topic of heated debate.

3.2.4.2 Review
Larson (1982) reported good results of an MTMOS / acrylic mixture on marble and
limestone. In an attempt to achieve both the "deep consolidation" of the alkoxysilanes
and the good surface consolidation of the acrylics the two were mixed and apphed
together in 2-5% concentration of the acrylic. The mixture apparently side stepped the
problems of retreatment, preconsolidation for cleaning and gave an adhesive ability to
the stone - that is, alkoxysilane treated stones could be adhered together. The results
seem to be based on relatively superficial observations. Bradley (1985) claimed that the
addition of B-72, a 70/30 copolymer of methylacrylate and ethylmethacrylate produced
by Rohm and Haas, greatly improved the MTMOS as a consolidant but gave a patchy
appearance to the surface of the stone. The B-72 / MTMOS mixture became extremely
popular in stone conservation for consolidating sandstone, marble and limestone.
However, there was some question as to why such a small percentage of an acrylic
would lead to great improvements in the consolidant’s performance. Nishiura (1987)
claimed that the B-72 increased the alkoxysilane viscosity so that it remained in the
voids longer.

Wheeler et al (1991a) conducted a thorough study of the B-72 / MTMOS reactions.
The addition of 10% B-72 to MTMOS was allowed to polymerize at approximately
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50% relative humidity. The reaction was monitored periodically via NMR and
compared to the spectra of polymerizing neat MTMOS. They found that the hydrolysis
and the condensation were dramatically slowed by the addition of the B-72. This was
attributed to the fact that the water could not easily hydrolyze the MTMOS due to the
increased hydrophobicity of the solution. The B-72 / MTMOS mixture contained a
greater percentage of monomer for longer. When solid polymerized samples were
studied, it was found that the B-72 / MTMOS had a significantly higher percentage of
cross-linked groups than the neat MTMOS. SEM X-r^y dot mapping for silicon
showed discrete spherical conglomerations of silica within a polymer matrix (Wheeler et
al. 1992b). SEM photographs of the fracture surfaces from this study of B-72 /
MTMOS composites, showed these spheres to be unconnected and to have no affinity
for the surrounding B-72 resin matrix. However, once the silanols formed by contact
with atmospheric moisture, which could possibly have been slowed by the hydrophobic
effect of the B-72, the structure formed seems very like those described by Her (1979)
as precipitate formation due to alkaline pH, or due to the presence of coagulants in
silicic acid polymerization. The modulus of rupture for the composite material was
lower than that of the individual components but the B-72 / MTMOS mixture gave
substantial increases on sandstone over neat MTMOS; on limestone the B-72 /
MTMOS mixture gave about the same results as the B-72/toluene mixture which were
also much higher than neat MTMOS.

Wheeler et al (1992a) again looked at B-72 / MTMOS consolidants on both sandstone
and limestone. The results were based on a three point bend test to determine the
modulus of rupture. On sandstone, a 10% B-72 / MTMOS solution gave significant
increases in the modulus of rupture over that of neat MTMOS. The percentage increase
over 10% B-72/toluene was around 20% and higher than the epoxy resin used. The
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limestone was a different matter, neat MTMOS gave a poor increase in the modulus of
rupture but the 10% B-72 / MTMOS was 5% lower than 10% B-72/toluene.

The difference in results between the two substrates, limestone and sandstone, possibly
suggests that the B-72 / MTMOS systems may be interacting differently with each. The
increase in the B-72 / MTMOS - sandstone over the B-72 / toluene and epoxy resin
may be due to some bond formation with the siliceous material. The lower B-72 /
MTMOS - limestone results may be due to the combination of the formation of a weak
composite and a lack of bond formation. More work needs to be done in order to
explain these results however.

3.2.5 gamma - Aminopropyltriethoxysilane (y -APS)
3.2.5.1 Review
Aminofunctional alkoxysilanes are relatively new to the stone conservation literature.
However, some studies have been carried out but the problem with these studies is that
they do not specify the pH or concentration of the solutions which is important
information. Snethlage and Wendler (1991) found that some unspecified
aminoalkylsilane primer (unspecified pH, unspecified concentration) when combined
with alkoxysilane hydrophobing agents gave very good results in reducing the hygric
dilation of clay rich sandstones. Subsequently, they are trying to develop the
aminoalkylsilane as a primer for TEOS.

Wheeler et al (1992a) tested the modulus of rupture of limestone and sandstone treated
with aminoalkoxysilanes as a primer coating and alone as a consolidant. The two
alkoxysilanes were gamma- aminopropyltrimethoxysilane and N-2-aminoethyl-3aminopropyltrimethoxysilane. The amino functional alkoxysilanes gave dramatic
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increases in the modulus of rupture when used neat, as consolidants, but gave an
unacceptable darkening of the stone. They found that when used as a primer (5%
alkoxysilane in methanol) with a prehydrolyzed MTMOS/water/ethanol solution, in a
two step process, the increase in the modulus of rupture was less than either of the
components used alone on either sandstone or limestone. An aminoalkyl/MTMOS
solution - the aminoalkylsilane was used in solution with the MTMOS in a one step
application - gave good increases in strength on both types of stone. The study then
concluded that the two-step primer treatment was ineffective.

In the literature, coupling agents, when used in a single application blended with the
resin matrix, are thought to give inferior results to the two step-process (Plueddemann
1991). The reason may be that the coupling agent has to somehow diffuse through the
resin to the mineral surface and the results tend to be inconsistent as the coupling agent
may react with the resin. It is difficult to tell from the work of Wheeler et al. (1992a) as
to whether or not the results are truly due to the aminoalkoxysilanes acting as primers.
Firstly, the concentration of 5% is high for use as a primer. Industrial primers are
typically applied in solutions of less than 1% and aminofunctional alkoxysilanes are
known to decrease in absorption upon mineral surfaces when the concentration is raised
above 0.6% (Plueddemann 1991). The effect upon the resulting film structure of using a
5% concentration as a primer is unknown. Secondly, the primer was allowed to cure for
one week before the consolidant was applied. Generally, the primer is not allowed to
cure completely in order that the resin/consolidant may react with the primer matrix. On
the other hand, it must be cured enough so that it does not dissolve when the
consolidant is applied. Thirdly, the solution preparation needs to be investigated in
order to optimize the primer’s structure upon the surface (i.e. cage versus straight).
Finally, the MTMOS solution might not have been the correct consolidant to use with
an aminoalkylsilane primer (or vice versa). The mechanisms of primer/resin interactions
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and adhesion are not fully understood so it is more a question of trial and error in order
to find the appropriate combination of primer concentration, solution environment and
consolidant. As an example, Nishiura (1987) found that an aminoalkylsilane coupling
agent (N-fi(aminoethyl) gamma- aminopropylmethyl-di-methoxysilane) applied as an
integral component of the solution (about 1% aminoalkylsilane to resin and toluene)
was effective for an epoxy but not an acrylic resin.

3.3 Summary
The theoretical advantages to alkoxysilane derived consolidants over organic resins are
clear; the xerogels are stable to ultra violet radiation; low viscosity and a good ability to
wet mineral surfaces leads to deep, even penetration; the xerogels are strong and will
not break down into potentially harmful substances. Despite this, inconsistent results
seem to be the rule within the literature and the conservation community is split as to
the usefiilness of the alkoxysilane consolidants.

Unfortunately, the alkoxysilane chemistry has been viewed as simple and straight
forward. Single formulations have been applied to any stone substrate with the
expectation of consistent results. We now have found out the hard way that this is not
the case and the time has come for a re-think of the entire alkoxysilane consolidant
approach. However, the practicing conservator needs to use something and the
alkoxysilane seems, at present, to be the way forward. These products must be used
carefully, with thought given to the needs and make-up of the particular object and the
properties of the alkoxysilane solution.
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The first, obvious step on the path towards alkoxysilane consolidant development is
then the study of the consolidant - stone interaction. How do different types of stone
affect the polymerization process and the end polymer?
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4 EXPERIMENTAL PROCEDURE AND MATERIALS

4.1 Introduction
The interaction of alkoxysilane consolidants with porous stone substrates is not
clearly understood. Indeed, as we have seen in Chapter 3, there seems to be a lack of
information and understanding as to what combinations of substrate, environment or
microenvironment, and alkoxysilane consolidant will or will not work.

This thesis is an attempt to address some of the fondamental questions regarding
alkoxysilane - stone interactions. Perhaps the first question that comes to mind is
whether or not the alkoxysilanes “work” on carbonate rocks and if not, why not?
Mechanical testing was decided upon to be the first method of tackling this question
(see Chapter 5). The increases in mechanical strength brought about by consolidation
with a variety of consolidants will be compared between the sandstone and limestone
substrate types.

The main purpose of the mechanical testing in this study is to test whether the samples
of stone being studied in this work give results consistent with those published in the
conservation literature, such as those of Wheeler et al. (1992). The results are indeed in
agreement with the other published work in that the percentage increase in mechanical
strengths of the carbonates was lower than the sandstone (see Chapter 5). There is the
possibility that the carbonate surface some how affects either the hydrolysis or
condensation reaction of the alkoxysilane sol. In order to study this possibility, the
fi’acture surfaces of the mechanical test samples were examined with a Scanning
Electron Microscope (see Chapter 5). If the polymerization reactions were affected by
the substrates, then it is possible that a different gel type would be formed.
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The final aspect of this study is to follow the hydrolysis and condensation reactions of
the alkoxysilane in contact with different substrates. Fourier Transform Infrared
Spectroscopy (FTER) with an Attenuated Total Reflectance (ATR) cell was used
exactly for this purpose in Chapter 6.

The characterization of the solid substrate is presented in this chapter along with a
description of the consolidants used. The thin section analysis and porosity values are
only of concern for the mechanical testing. The movement of the consolidant and,
perhaps, the distribution of the consolidant within the sample will be influenced by the
structure of the sample. However, for the FTIR study, the samples are all powdered
thus eliminating structure as a variable - and also making the method feasible. For both
the mechanical testing and the FTIR work though, the interaction between the
consolidant and the surface is of great importance. Alkoxysilane consolidants may be
applied in solvents (non-aqueous) like the proprietary products Wacker H and OH, or
in aqueous solutions with a co - solvent. Because the possibility of both aqueous and
non-aqueous conditions exist, the substrates’ water soluble content and the acid - base
nature of the surface in non-aqueous conditions were determined.

4.2 Substrates
4.2.1 Optical Microscopy of Thin Section
Thin sections of each sample were prepared and analyzed under a polarizing
microscope in order to give a rough idea of their structure. Descriptions of each stone
type used throughout the study are given in Table 4-1.
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Table 4-1: Description o f Thin Sections

Stone Type

Grain Size/Packing

Cement

Estimated Total
Porosity

Limestone

Oolitic, very fine

CaCOs (sparite)

Low - Medium

Porous Limestone

Medium-Coarse

Calcareous

High

Marble

Medium-Coarse,

CaCO] + some

Very Low

compact crystalline

sparite

Fine-medium

CaC03, clay

Weathered

Medium - High

minerals (k

Sandstone

feldspar?)
Sandstone

Medium, Compact

siliceous/FeCOs

Low

4.2.2 Porosity and Saturation Coefficients
The porosity and saturation coefficients for the stone samples were determined via
vacuum saturation as described by Ross et al. (n.d.) of the Building Research
Establishment. These tests are used to assess the pore structure of building stone and
so, indirectly, to determine the durability of that stone. Porosity is considered to be the
ratio of the volume of a stone’s pore space to its total volume. Porosity values can
range from 1% to 40% with 10 to 25 % being typical values for more porous stones
(Leary 1989). The saturation coefficient is a measure of the size of a stone’s pores. It is
a measure of the extent to which the pores fill up when the stone is allowed to absorb
water for a given amount of time under given conditions. Values can range from 0.40 to
0.95, the higher values indicating a structure with a high proportion of small pores.

The size of the pores within a stone are considered to be the critical factor in stone
durability. A stone with a higher proportion of small pores being generally considered

87

to be of lower durability. However, the saturation coefficient is always considered along
with the porosity. This is mainly because stones of low porosity may have high
saturation coefficients but will be very durable.
4.2.2.1 Experimental
For the determination of the porosity (P), five samples of each stone were cut into 5 cm
cubes and dried at 103°C (Ross et al. n.d.). The samples were then allowed to cool to
room temperature (approximately 20°C) before being placed under vacuum for two
hours. Air free water was then admitted into the vacuum chamber until it completely
covered the samples, thus filling all accessible pores. Air was finally admitted into the
chamber and the samples were allowed to sit for sixteen hours.

Each specimen was weighed suspended in water (Wi) and then in air (W%). The samples
were once again dried and weighed (Wo). The percent porosity (%P) was calculated
from the equation

In order to determine the saturation coefficient, the dried samples were once again
immersed in water, but at atmospheric pressure, and weighed (W3). The saturation
coefficient was then calculated (see table 4-2)

s—

88

Table 4-2: Porosity of Stone Samples

Stone Type

Saturation

Average %

Coefllcient

Porosity

Limestone

0.76

16.32 ±0.3

The water soluble anion

Porous Limestone

0.75

35.54+0.7

content of all four stone types

Marble

0.60

1.91+1.1

was analyzed by Ion

Weathered

0.75

17.85+1.7

Chromatography (I C ). The

4.2.2.Z Soluble Content

calcium content was

Sandstone
0.75

Sandstone

10.30+0.1

determined by Flame Atomic
Absorption Spectroscopy

(A. A.). Samples of powdered stone were mixed with distilled water. The analysis was
carried out at University College Department of Geology by Andrew Osborne
Table 4-3: Soluble Content of Stone Samples

Ions
Stone

F" (mgt^)

c r (mgt^)

N 0 3 ~(mgt^)

sor(mgr^)

C a - (mgt^)

Marble

20.2

174.7

55.9

147.4

1770.2

Limestone

29.9

202.1

44.7

135.4

1684.8

Sandstone

45.7

189.3

116.2

110.4

91.2

Weathered

42.4

200.2

78.3

352.9

113.4

Sandstone
(technician). The results are reported in table 4-3, expressed as mgl'\
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4.2.2.S Characterization of the Acid - Base Nature of a Solid Surface
The indicator method of acid/base surface characterization is an easy means of
I acidity

obtaining qualitative information on the surface A^ of a solid. Quartz and calcite
surfaces, exposed to moisture, are known to possess disordered layers that overlie the
regular crystal lattice. In order to study the nature of the layer itself, it is necessary to
avoid dissolution of the surface. Therefore, the indicator method is based on adsorbing
the indicator directly to the solid surface by suspending the sample in a non-polar
solvent.

Determination of the Acidic Properties of a Solid Surface

In order to define and measure relative surface acid strengths, the principles behind
aqueous neutralization titrations have been applied to powdered solids. The method has
been adapted by researchers in the field of solid acid catalysts (Tanabe 1970, Walling
1950). The resulting procedure consists of two significant steps. Firstly, the indicator
must be introduced to the acid sites of the solid. Next, these sites , may be titrated to
determine their strengths.
The acid strength of a solid is considered to be the ability of the surface to convert an
adsorbed neutral base into its conjugate acid. If the reaction proceeds via proton
transfer fi’om the surface to the adsorbate, the Hammett acidity function H q is used to
express the acid strength
Hq - -log aH+/ b/ / bh

+

or
Ho = pka + log [B]/[BH+]
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where

refers to the proton activity; [B] and [Bff*"] refer to the concentration of the

neutral base and its conjugate acid respectively; and where /g and / bk+ refer to the
corresponding activity coefficients.

If, however, the reaction proceeds via an electron pair transfer from the adsorbate to
the surface then
H q=

-lo g a A /B //A B

or
Hq = pka + log [B]/[AB]
where a^ refers to the activity of the Lewis acid (the electron pair acceptor).

Adding a suitable basic indicator to powdered samples suspended in non-polar solvents
is a semi-quantitative method of determining the acidic or basic nature of the solid
surface (Walling 1950; Tanabe 1970). The indicator adsorbs onto the surface and
changes either into its acid or basic color, if it changes at all. This color change gives a
rough measure of the nature of the substrate. If the indicator changes to its acidic color,
then the value of the H q of the surface is equal to or lower than the pk^ of the
indicator. Lower values of Hq correspond to greater acidity values.

Determination of the Basic Properties of a Solid Surface

The methods of describing basic properties of solids are similar to those used in
describing acidic properties. That is, the basic strength of a solid surface refers to its
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ability to convert an adsorbed electrically neutral acid to its conjugate, or the ability of
the surface to donate an electron pair to an adsorbed acid (Tanabe 1970).

The indicator method for base surface characterization works by using an electrically
neutral acid indicator which is adsorbed onto the basic sites of the solid from a non
polar solution. If the solid has the necessary basic strength, it imparts electron pairs to
the acidic indicator and changes color to that of its conjugate base.
AH + B

A- + BH+

Ho = pKa + log [A-] / [AH]
where [A“] is the concentration of the basic form and [AH] is the concentration of the
acidic form of the indicator (Tanabe 1970).

The approximate value of the basic strength on the surface is taken to be equal to the
pKa of the adsorbed indicator at which the intermediate color appears.

Procedure

Four types of stone samples (sandstone, weathered sandstone, marble, limestone) were
ground and sieved through 500 micron mesh. In order to compare the effect of heat
pre-treatment and relative humidity upon the stone surface, four sets of samples were
prepared. Two were kept at a constant relative humidity of 55%. The other two sample
sets were heated at 80°C for 14 hours. The sample sets were then removed and placed
directly into different environments to equilibrate; ambient (30-40 % R.H.) and 10-15%
R.H. for twenty four hours.
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Each of the samples was then examined with the indicator method. 0.1 g of a powdered
sample was placed in a capped bottle. 2 ml of cyclohexane containing 0 .2 mg of the
indicator, either methyl red or bromothymol blue, was added. The sample was briefly
shaken and the color change noted.

Results

The sandstones both reacted as expected, that is, the deposited methyl red indicator
turned its acid color - red (see table 4-4). However, the limestone, marble and calcium
carbonate did not turn the basic color for bromothymol blue but gave its acid color meaning that the Ho of the surface was lower (more acidic) than the pKa of the
bromothymol blue (7.2). The carbonate samples were then mixed with methyl red (pK&
= 4 .8 ) and all turned pink (light red) indicating that the Ho of their surface was lower
than the pKa value of 4.8.

Table 4-4: Methyl Red Adsorption and Color Change on Powdered Samples
STONE

unheated

heated

heated

heated
0% R H .
DARK RED/OCHRE

SS%RH.

55% R H .

Ambient

Weathered sandstone

DARK RED

DARK RED

DARK RED

Sandstone*

RED

RED

RED

Marble*

PINK

PINK

PINK

PINK/YELLOW

Limestone*

RED

RED

RED

RED/DARK PINK

Calcium Carbonate**

RED

Calcium Hydroxide**

YELLOW

Quartz***

RED

(MUDDY)
DARK RED

* Freshly quarried sample ** Reagent grade ***CrystaI

These results, for the marble, limestone and calcium carbonate were surprising as they
are considered to be basic in aqueous solutions. The observed color change on the solid
sample is due to the predominance of either acid or basic sites - or areas with which the
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indicator did not react at all. In order to observe the type of indicator adsorption
patterns that were occurring on the stone surfaces the stained stone powders were
observed under low magnification via optical microscopy. The results are shown in a
table format (see table 4-5 ).

Under magnification, it can clearly be seen that both acidic and basic sites exist on all
the samples. But all have a predominance of the acidic sites. The differences in the
intensity of the red coloration being due to the ratio between the acidic sites and the
basic or non-reacting areas.

Table 4-5: Methyl Red Adsorption under Optical Microscopy
STONE

UNTREATED + INDICATOR

Weathered

Dark patches of indicator, some yellow areas.
The indicator is adsorbed in dark pink clumps on parts of
the individual grains.

Marble

Extremely light, tranqrarent traces of pink. No yellow
visible.

Lime-stone

Discussion

The history of the sample

Sand-stone
Sand-stone

^.

A white amoT]^ous layer can be sear with the red stain
spread evenly underneath.

may have some effect upon
the acid/base character of
the solid surface. The
method of preparation, for

instance, is known to have a great effect upon the nature of the surface. Washing with
distilled water or other solvents may wash away impurities, while heating may increase
the acidic nature of the substrate or, in some cases, the basicity (Tanabe 1970).
However, the heat treatment and differing relative humidities seemed to have little
effect upon the acid - base nature of the mineral surfaces in this study.

All samples turned to bromothymol blue, its acid form, indicating that they have an Hq
lower than 7.1. For the sandstones and quartz this came as no surprise; but, the
indication of an acidic carbonate surface was unexpected, as carbonates give basic
aqueous solutions. Solid surfaces, however, are complicated - especially those exposed
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to the environment. Research on solid substrates reported in the industry literature,
primarily regarding the nature of these substrates as to their catalytic performance, has
shown that silicon oxides and calcium carbonate have both acidic and basic properties
(Tanabe 1970).

In the determination of the acidic or basic nature of a solid substrate the degree of
hydration is an important factor to consider. Quartz is generally thought to be ”unweatherable" but it is slightly soluble and Alexanian (in Her 1979) found that quartz had
a surface layer of amorphous silica approximately 100Â thick that could be removed
with HF but reformed at ambient humidity. One possible model for a quartz surface
may be pictured as below

OH
OH
0
0+
QJ
I
heat ^
+ 1
V
I
I
—O - S i - 0 —S i------------- 7 —O - S i - 0 —SI-------------7 “ O -S I -Q —Si —
I
I
Lewis Basic
|
I
acid
site
Bronsted Basic
site
acid
site
site

However, the Si - O - Si bonds at the surface may also be split by hydrolysis when in
contact with water.

Developing a model for a calcite/water interface is much more difficult than for a
quarti^/water interface due to the high reactivity and mobility of the surface ions. Even
in a closed system (no 0 0 %) one monolayer of the surface is exchanged v^ith the
aqueous medium within one day (Cicerone et al. 1992).
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Carbonates are mainly weathered by dissolution governed by the following overall
equation:
CaCOg + H2CO3

Ca2+ + 2HCO3

The dissolution process occurs in stages. Three possible steps are (after Oilier 1979)
1.) The dissolution of calcite at the solid - liquid interface into Ca^'*' and
CO32" ions.
2 .) The reactions between H 2CO 3, 0 0 3 ^" to give H CO 3
a)

+ H 2O o

b.) H 2 CO3

H C O 3- + OH"

H+ + HCO3 "

c.) H + + CO32-

H C O 3'

3.) If the solution is in contact with C0 2 (g) the COaCg) may dissolve and
contribute C0 2 (aq) to the solution thus increasing dissolution [step
2 a): C0 2 (g) + H2O

C0 2 (aq) ]

The problem with these equations is that they present the dissolution steps as if the
solution was in contact with a perfectly regular crystal surface. This is actually not the
case. The presence of protonated surface carbonate and of hydroxide/water associated
with surface calcium ions has been determined by XPS (Cicerone et al. 1992). This data
has, in the past, been interpreted as being due to the formation of surface complexes on
an inert basic array of lattice ions as in the equations above. However, the latest work
has developed surface hydration models which propose that a strongly hydrated and
disordered calcium carbonate layer overlies the calcite crystals (Cicerone et al. 1992).
While the main surface sites are thought to be, originally, Ca^"^ and CO3 it is thought
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that the presence of other species, (i.e. HCOg", CaOH^, CaCOgH, CO3H, COgCa^,
CaOK2~^, CaOK, CaO and CaCOg ) could be due to adsorption of the species onto the
hydrated surface from solution.
Overall, both quartz and calcite crystals exposed to an open environment would possess
hydrated, disordered surface layers. This is an important point when considering the
effectiveness of alkoxysilanes as stone consolidants. Their desirability is based upon
their ability to bond directly to the hydroxyl ions upon the crystal surface. If the surface
is inconsistent then the effectiveness of this bonding would be affected. This fact is
borne out by literature within the fields of materials science and engineering which
recommend cleaned and heat treated surfaces for maximum increases in the tensile
strength of composite materials (Plueddeman 1991).

Both the hydrolysis and condensation reactions are greatly affected by the presence of
acids or bases which will change the structure of the resulting alkoxysilane xerogel.
However, many alkoxysilane treatments are applied as aqueous solutions which, unlike
the non-polar solvents used to determine surface acidity, may dissolve the surface of the
rock grains/crystals. The overall pH of the solution will determine the final polymer
structure of the alkoxysilane xerogel but what affect does it have upon the bonding
mechanism? Indeed, we may wonder if the surface of calcite is too unstable for the
formation of a strong interface with the consolidant.

4.3 Consolidants
All alkoxysilane products were used as received, that is, they were not distilled or
processed in any other way. Solution preparation was standardized and was consistent
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for ail the experiments. Preparation of consolidant solutions is described in the
following sections.

4.3.1 MTMOS
MTMOS is the only alkoxysilane used for gel formation, other than the proprietary
Wacker products. MTMOS was chosen for this study as there has been a relatively
large amount published regarding its use in stone conservation.
Molar ratios of water to MTMOS to ethanol were calculated by assuming the individual
components to be additive (Wheeler 1987). As an example, the molar ratio of a 213
system will be calculated. See table 4-6 for molecular weights and densities of the
components used.
X= water (ml), y = MTMOS (ml), z = ethanol (ml)

In order to make 100ml of solution
2 (mw) X+ l(mw) y + 3 (mw) z = 100ml
Assuming that the components are additive and solving for x
x = 0.2811
10.16ml water, 40.34ml MTMOS and 49.49ml ethanol are required. To convert from
volume to mass, for greater ease and accuracy, the volume amount and the density of
the individual component are plugged into the equation;
d = m/v

Resulting in: 10.05g water, 38 29g MTMOS and 38.85g ethanol.
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For all alkoxysilane sols the ethanol was added to the MTMOS first. The water was then
Table 4-6: Some Physical Properties o f Water, MTMOS and Ethanol

mass (g)

molar volume at 2S°C (ml)

density (d)

-

at25°C
Water

18.02

18.07

0.9970

MTMOS

136.2

: r 143.50

0.9492

Ethanol

46.07

58.69

0.7849

■

added in a slow stream to the MTMOS / ethanol mixture and stirred.

Coupling Agents and Other Alkoxysilanes
Coupling agents are typically applied in dilute solutions of less than 1%. However, the
polished, heat treated and washed surfaces of the industry are completely different to those
of the porous stone substrate. Also, the resins have to be applied in dilute solutions
resulting in an exposure of the coupling agent to solvents. Because of these factors it was
decided to apply the coupling agents in an undiluted (neat) form to the stone. The
coupling agent mechanisms are not understood. The best combination must therefore be
determined by experiment. All of the consolidants used and their abbreviations are listed,
for quick reference, in table 4-7 but more detailed information is given in the following
paragraphs.

Dow Corning Z - 6032 is referred to as a vinylbenzylamine functional silane. This
coupling agent possesses both a styryl and an amine organic group as well as a
trimethoxysilyl inorganic group. It has a molecular weight of 374 and its organic groups
work well with phenolics, melamines and “other organic resins” (Dow Coming n.d ).
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Dow Coming Z - 6032 has the chemical formula

(CH30)3Si(CH2)3NH(CH2)2NHCH2

CH = CH2 HCl

Dow Corning Z-6040 is used to improve the bonding between inorganic substrates and
resins, particularly epoxies and other thermoset resins. Dow Coming Z-6040 is a
glycidoxypropyltrimethoxisilane with a molecular weight of 236 and has the chemical
formula:

(CH3 0 )3SiCH2CH2 0 CH2CH — CHz

Dow Corning Z-6020 is another amino functional alkoxysilane reported to work well
with thermoset resins and acrylics. Its chemical name and formula are N-(Paminoethyl)-y-aminopropyltrimethoxysilane (molecular weight = 222 ):

(CH30)3SiCH2CH2CH2NHCH2CH2NH2
Wacker OH is a proprietary product based on tetraethoxysilane (TEOS) and, although
the formulation may vary somewhat, the basic components are:
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75% TEOS (v/v)
16% Methylethylketone (v/v)
8% Acetone (v/v)

Ig dibutyltindilaurate (w/v)

4.4 Summary
The substrates and consolidants to be used throughout this thesis have been described
in the present chapter. This has been done for the convenience of the reader but also,
more importantly, to underline the importance of the mineral - alkoxysilane interaction.
The substrate’s chemical and physical constitution may greatly influence the deposition
and the final structure of the alkoxysilane consolidant.

One of the most important aspects of the stone characterization was that of the
similarity in the acidic nature between the sandstones and carbonates. The acid - base
study also showed the non - homogeneity of the surfaces being studied and, in
particular, the reactivity, or instability, of the calcite surface.
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Table 4-7: Consolidants

Consolidant

Abbre\nation

Solution Composition

Manufacturer

MTMOS (98%+)

MTMOS

Neat (undiluted)

DOW CORNING

MTMOS - 212

2 : 1:2 molar ratio of

DOW CORNING

\

H20:M TM 0S:Et0H
MTMOS -413

4:1:3.5 molar ratio of

DOW CORNING

H20:M TM 0S:Et0H
Wacker H

WH

as is from

Wacker Chemie

manufacturer
Wacker OH

WOH

as is from

Wacker Chemie

manufacturer
HXTAL NYL-1

NYL

50% (w/v) in toluene

Materials

(epoxy resin)
B-72 (acrylic

B72

polymer)
Y-aminopropyl

Conservation

5 or 10% (w/v) in

Rohm and Haas

toluene
3-APS

Neat (undiluted)

Aldrich Chemical
Co

triethoxysilane
(98%+)
Z-6032

60/40 (w/w)

DOW CORNING

MeOH/alkoxysilane - as
supplied
Z-6040 (97%+)

97% alkoxysilane (by

3-gIycidoxypropyI

weight).

DOW CORNING

trimethoxysilane
Zr6020 [N-(P-

99/1 (w/w)

aminoethyl)-ô-

alkoxysilane/MeOH

aminopropyltri
methoxysHane]

DOW CORNING

}
\
1
1
i
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5 MODULUS OF RUPTURE

5.1 Introduction
The ultimate bending strength, or modulus of rupture (MOR) of consolidated stone is a
test often used to determine the durability of both stone and consolidant. The resistance
of the material to the applied stress has been considered a measure of the compositional
and bonding strengths. In other words, the resulting bending strengths indicate the bond
strength between heterogeneous elements in a composite (adhesion) or the cohesive
strength of a homogeneous sample. “Strength (ultimate stress) detects the nature of the
critical components (the faulty element) in the intrinsic structure...strength varies with
the stress field which exerts mechanical stress on the specimen observed...The flexural
test determines a heterogeneous stress field, and defines the bending strengths.”
(UNESCO/RILEM 1978)

The modulus of rupture then is a test that helps evaluate the internal cohesion of the
sample. It is this internal cohesion, or strength, that gives greater durability and
resistance to applied mechanical forces. The rationale behind the evaluation of
consolidated stone via the modulus of rupture is similar to that of composite testing.
Theoretically, the greater the increase in the modulus of rupture as brought about by the
consolidant, the greater that “composite’s” resistance to mechanical stress. There are
several problems that arise when interpreting and applying this data, however. Firstly, a
consolidated stone is not a true composite. The consolidant will be unevenly distributed
within the stone substrate and is often primarily concentrated at the surface. Obviously
the porosity and stone structure will affect the consolidant’s performance. This can be
compensated for within a particular sample set under laboratory conditions but how
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does it affect the conservator in the field with a complex object? It is extremely likely
that a large object will be comprised of a number of different microstructural regions,
all of which require treatment. This example underlines the disparity between laboratory
testing and field conditions. The hterature is filled with reports fi’om in situ studies
which might be explained by dramatically different environments, macro / micro
structure, chemical composition or method of application.

This brings us to the second problem which is that the decay mechanisms are not
understood. It is not clearly understood what exactly is needed from a consolidant. For
example, salt crystallization is an important decay process that is thought to damage
stone by pressures induced from cyclic expansions and contractions within the pores. It
has been intuitively thought that some consolidants may reduce or prevent this damage
by physically holding’ the stone together. There is, however, no direct evidence that
the decay brought about by salts is from a mechanical stress of the salt crystal
expanding against the pore wall. It is possible that the salts may have some chemical
effect upon the stone fabric. At any rate, dissolution processes that occur when the
stone is in contact with water are accelerated by a number of factors. The increased
acidity of rain water in polluted atmospheres will greatly affect carbonates, for instance.
How does the modulus of rupture (MOR), as an indirect method of determining the
tensile strength, evaluate a consolidant’s ability to prolong the life of the object?

One of the first studies to survey the strength increases brought to stone samples by
consolidation was that carried out by Arnold and Price (n.d ). They used tensile
strength assessments in order to determine the extent to which individual consolidants
strengthened a particular limestone. The interesting result of this study was the four fold
increase in tensile strength imparted to the stone by paraffin wax. A re-evaluation of
this study was conducted by Arnold, Honeybome and Price (1976) in an attempt to
understand the previous results. The tensile strength of pure paraffin was found to be
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only 60% of the strength of the untreated stone control samples, so the increase was
thought to be due to factors other than the consolidant - stone interaction. As water
vapor is always present in the atmosphere it was thought that the wax might have
displaced the water layer on the stone surfaces thus giving results closer to the bone dry
strengths. The mean tensile strengths of samples prepared in oven dry conditions were
compared to those of samples prepared in ambient air conditions. The oven dried
samples appeared to have greater tensile strengths but statistical analysis showed these
results to be inconclusive. Also, there was no great increase in strength given to a
number of samples treated with hexane, acetic anhydride or triethoxymethylsilane. One
plausible explanation of the increase in tensile strengths for the wax consolidants might
be that the wax relieves the stresses at the crack tips of the flaws or pores by adhering
to the sides of the flaws (Arnold, Honeybome and Price 1976).

Although parafihn gave very high increases in the tensile strengths of limestone in the
Arnold, Honeybome and Price (1976) study, waxes and parafiin are not recommended
for use as consolidants because they tend to pick up dirt, remain mobile, and tend to
form surface skins. The interesting aspect of the paraffin study is that it highlights the
importance of the substrate - consolidant interaction and the difficulty in interpreting
the mechanism behind an increase in mechanical properties and underlines the questions
we should ask. The two main issues in approaching the problem are 1) How great an
increase in strength is desirable? 2 ) What type of stone - consolidant composite is
needed to maximize resistance to the weathering (or perhaps simply, aging) processes?

The evaluation of tensile strengths is problematic for brittle materials (Katz and Lenoe
1976) and subsequently an indirect method of determining the tensile strength has been
adopted. The bending test which determines the modulus of rupture side - stepped
many of the problems inherent in the tensile tests (which are a direct pull). The modulus
of mpture has been used to determine the mechanical strengths of consolidant
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monoliths (Wheeler and Fleming 1990) and of consolidated stone (Wheeler, Fleming
and Ebersole 1991). Mechanical testing procedures, particularly the modulus of rupture
but also compressive strengths, have been frequently employed (Amoroso and Fassina
1983, Saleh et al. 1992) but there is still a problem when comparing data between tests.
No universal test standards exist for brittle materials because of the inherent scatter in
properties, sensitivity to surface finish and, peculiar to stone conservation, the
conditions of the consolidantes application to the stone. These factors obstruct
comparisons of test procedures and results (Katz and Lenoe 1976) resulting in the need
to run mechanical tests for each application or consolidation.

In summary, the modulus of rupture results, indeed all mechanical testing, are only one
measure of a material’s suitability as a consolidant. Because of the problems inherent in
the mechanical testing of a non - homogeneous composite, it is difficult to interpret the
results in a way meaningful to the conservation of the object. There has yet to be any
direct link established between a high MOR and the successful consolidation of an
object. Indeed, the importance of a significant increase in mechanical strengths has yet
to be related to the functioning of a successful consolidant. In order to establish some
link between the chemical reactions of the alkoxysilanes and the changes in mechanical
properties (MOR) of the samples, an overview of the modulus of rupture has been
undertaken in this chapter. Beginning with a review of the basic concepts of tensile
testing and based on experimental work of a broad scope, trends will, hopefully, be
established which question the past interpretations of the increases in mechanical
strength brought about by the alkoxysilanes and perhaps bring new information to light.

Is mechanical testing relevant to the evaluation of stone consolidants? The data given
from tests like the modulus of rupture are important; the problem lies in the
interpretation of the data. The nature of the alkoxysilane xerogel - stone “composite”
must be understood in order to take advantage of the information given by mechanical
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tests. The experimental section of this chapter focuses on a number of different types of
consolidants used on sandstone and limestone. By varying some of the environmental
conditions (i.e. relative humidity) it is hoped that some relationship may be determined
between the structure of the alkoxysilane gel formed and any increases in mechanical
strength of the consolidated stone. Therefore, although mechanical testing is
problematic and perhaps over interpreted, it can give information that may be used as a
rough guide for the direction of further research.

5.2 Fracture
The theoretical strength of a material is considered to be the amount of stress required
to separate the material into two parts. The process is considered to happen
simultaneously over the cross section (Kingery et d. 1976). However, there is a marked
difference between the theoretical strength of a material and its actual or observed
strength. To explain this, models have been developed which view the separation of the
material into two as occurring in two sequential steps (rather than simultaneous); first
the crack formation which is followed by the propagation of the crack which then leads
to final fracture. In these models, cracks and flaws are regarded as stress concentrators.

The Griffith crack model, a classic theory of crack propagation, assumes that there are
numerous flaws and elliptical cracks within a purely brittle material and has led to the
development of two different approaches for crack propagation. The first suggests that
a crack propagates when the decrease in elastic energy associated with its extension
exceeds the increase in surface energy associated with the formation of new surfaces.
The second directly considers the stress concentration in the vicinity of the tip of a flaw
and suggests that fracture occurs when the stress at the crack tip exceeds the theoretical
strength of the material (Kingery et al. 1976).
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Once a crack has been initiated in a brittle material the propagation begins almost
immediately, as there are no energy absorbing processes like those of ductile or plastic
materials. In the case of a brittle material in a uniform stress field, the initiation stage
may be considered as critical because there is no mechanism, i.e. plastic flow or
deformation, to limit the applied stress and the process continues until complete failure
is reached. If flaws are already present in the material, as there usually are within stone
and ceramics, the work is mainly considered to be that of propagation (Atkins and Mai
1985). However, grain boundaries in polycrystalline materials can act as obstacles and
hinder the propagation as the stress must increase for the crack to change direction at
the boundary layer (Atkins and Mai 1985) or by acting as stress difihisers.

Microcracks and microstructure obviously affect the strength of the material by acting
as stress concentrators. Microcracks can be formed from a number of causes: different
thermal expansion coefficients between phases and minerals lead to boundary stresses
which, in turn, lead to cracks; pores and inclusions can act as stress concentrators
which lead to crack initiation or cavity dislocations produced from boundary dislocation
pile-ups or intersecting slip planes.

Examination of the fracture surface is often necessary to understand the mechanism or
type of failure that occurs during fracture. For example, cross-linked polymers, such as
epoxy and polyester, exhibit brittle fracture behavior but uncross-linked polymers will
undergo ductile failure. In ductile failure, holes nucleate at inclusions. Further plastic
flow makes them grow and, when large enough, they coalesce by expanding, or
flowing, into one another. Uncross-linked polymers develop crazes under stress that are
formed under tension, induced by stress concentrations from inclusions or surface
defects, and are filled with mechanically transformed polymer with lower density than
the bulk material (Atkins and Mai 1985).
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5.3 Static Fatigue
Section 5.2 discusses the nature of fracture mechanisms in ideal circumstances. That is,
the samples are freshly prepared and subjected to a single, constant applied stress until
fracture. This scenario may hold for laboratory samples, although differences could
arise from sample preparation etc., but not for actual objects in the field. Building stone
may be subjected to sudden application of great strain, but perhaps a more important
concept to these real cases is that of fatigue.

Static fatigue or delayed fracture is mainly associated with a stress corrosion process in
which a sufficiently large stress facilitates the rate of corrosion at the crack tip relative
to that at the sides. This is thought to lead to a sharpening and deepening of the crack
and eventually resulting in failure after a certain time under an applied static stress
(Kingery et al. 1976). Static fatigue is very sensitive to environmental conditions and is
pronounced when moisture is present in the atmosphere.

Irregularities and flaws on surfaces exposed to aggressive environments accelerate
decay or weathering processes. “Surface breaking defects are particularly dangerous
fatigue crack initiators in that they either behave as a crack per se or act as a stress
raiser which readily initiates a crack preferentially. In this regard, surface scratches are
effective crack starters, including rough machining marks” (Atkins and Mai 1985).
Chemically aggressive environments can lead to pitting and intergranular corrosion by
local surface attack. The pits can then act as stress raisers thus leading to crack
formation. Many examples of this have been found for glasses and dense crystalline
ceramics that suffer where mechanical and chemical abrasion have been considered as
the main agents for the lack of practical strength of these bodies. However, some
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studies have focused attention on the microscopic dirt particles bonding to the glass
surfaces and lowering the strength values. This effect may be due to a difference in the
thermal coefficients of expansion but, more probably, is because the particles act as
local sites for chemical attack (Kingery et al. 1976) thus accelerating corrosion
processes and lowering overall mechanical strengths.

The issue of fatigue brings to light the importance of environment to the durability and
success of the consolidant - stone “composite”. A question of relevance to the
consolidation of porous stone substrates is the long-term performance of the
consolidated stone. Is it important to simply mechanically hold the stone together or is
it equally important to retard the physico-chemical disintegration of the object? If
resistance to stress generated by fatigue is an important factor of a consolidant, simple
mechanical tests would not necessarily reflect any such ability of the consolidant. The
expected lifetime of the consolidant would be of considerable importance in aggressive
environments. Mechanical testing, via the modulus of rupture (MOR), as used to
currently evaluate consolidants gives no information as to how consolidants will
perform in the long-term. Such products might hold the object together but may not
actually delay decay processes going on under the consolidant. Perhaps a better
approach would be to begin designing mechanical experiments that address the
variables encountered 1) while applying the consolidant and 2 ) during the aging process
or under aggressive environments.

5.4 Application of Tensile Strength Testing to Stone

Consolidation
The fracture and ultimate failure of a ductile, brittle or composite material is generally
considered to begin with the formation of voids or cavities. This nucléation may form
around various defects such as inclusions, crazed zones, and pile-up of boundary
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dislocations. From nucléation, the stresses build and the crack is then initiated, that is,
the voids are “sharpened”. Finally, at a certain stress level, the crack is propagated.
Clearly, the fracture mechanism is a complicated one, particularly in unknown, i.e. in
situ, conditions. The question also arises as to how the tensile strength or modulus of
rupture values from a composite material, i.e. a consolidated stone sample, should be
interpreted. How does the consolidant bring about the increase in tensile strength and
what would this mean in terms of the material’s usefulness as a consolidant? For
example, paraffin wax brings about a large increase in tensile strength possibly by
relieving stress at the crack tips but there are a number of reasons why paraffin is not a
suitable consolidant - difficulties in application, mobility of the wax inside the stone due
to low melting point, difficulties in cleaning and re-treatments, the entrapment of
contaminant particles (Amoroso and Fassina 1983 ). Epoxy resins, as another example,
give very large increases in tensile strength. However, the large increase in MOR may
often be due to the formation of a tough surface layers or skins. Such surface layers are
unacceptable as weathering processes continue underneath the layer thus causing even
further problems, not to mention that organic resins are unstable in an outdoor
environment and tend to yellow (Horie 1987, Tennent 1987 ).

There is some confusion in the stone consolidant literature as to the effectiveness of the
alkoxysilanes. The general consensus seems to be that they are better on sandstones
than limestones (see Chapter 3). The reason tentatively put forward is that the
alkoxysilanes bond to the silica surface but not to that of calcite. However, some
formulations do seem to give good increases in tensile strength (i.e. pre-hydrolyzed or
catalyzed systems) to the limestone but it is not understood why. Most studies,
therefore, base their experimental design upon the assumption that the MOR gives
direct information about stone alkoxysilane polymer bond strength and thus vary
consolidant preparation (water/alcohol content, additives etc..) in search of higher
tensile strengths or modulus of rupture as indications of improved overall mechanical

113

properties and increased durability. The samples are mechanically tested and those
samples that give the “best” increases in tensile strength or modulus are judged to have
interacted in a more optimal manner with the various substrates.

The rationale behind the testing procedure seems sound if the nature of the composite is
fully understood. The problem with the interpretation of alkoxysilane consolidated
stone samples is that the properties and processes of the sol to gel formation have not
been considered. Brinker and Scherer (1991) discuss the aging process of alkoxysilanes
with regards to their mechanical properties. The important aspect to keep in mind is
that in an alkoxysilane derived gel there is a need to distinguish between two phases:
the solid network (or backbone) and the fluid phase within the pores. The initial
polymer is, in short, a fluid filled gel.

The mechanical properties of these gels are influenced by the capillary pressure that
exists in the pore liquid. As evaporation proceeds, the solid phase is exposed and the
liquid goes into tension as it stretches to try and cover the solid-vapor interface. This
tension is balanced by the compression of the solid phase leading to an increase in the
strength and stiffiiess of the body. The strength gained by the gel from capillary
pressure will be equal to the capillary pressure which rises as menisci form at the
surface of the body. The strength increase will reach a maximum after which, as
evaporation continues, air begins to invade the pores. The strength then decreases in
proportion to saturation (the volume fraction of pores containing liquid).

The rate of shear modulus increase of an alkoxysilane gel after gelation was found to
be influenced by the degree of hydrolysis of the alkoxide precursor (Brinker and
Scherer 1991). The stiffening of the gel network occurs from the formation of new
siloxane bonds formed from the condensation of the silanol groups. Therefore, the
greater the concentration of silanols, the faster the network stiffens. For example, larger
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ratios of water (higher r) would have a more completely hydrolyzed precursor and thus
stiffen faster.

The type of gel formed will also affect the mechanical properties. Gels aged at pH =1.7
have been found to show the greatest elastic modulus (Brinker and Scherer 1991). This
could be due, in part, to differences in capillary pressure - lower pH will develop finer
pores which would generate more capillary pressure upon exposure to the atmosphere.
But it is thought that Her (1979) has a more probable answer. That is, the modulus and
strength of the gel are proportional to the load - bearing fraction of the cross-sectional
areas. These areas will increase with the ratio of the radius of curvature of the neck to
the radius of the particle (r/R). Smaller particles are more soluble than larger particles
(due to a larger radius of curvature) so they tend to dissolve and re-deposit in necks and
crevices. Smaller particles therefore tend to develop greater coalescence and strength,
the structure is also more fibrillar.

Strength can be expected to increase by the same factors that raise the solubility of the
solid phase: pH, temperature and type of solvent (Brinker and Scherer 1991). The
MOR of these gels generally increase in parallel to the shear modulus. The same factors
that increase the stiffness of the gel (new bond formation, growth of necks, decrease in
porosity) are thought to increase the strength. The load bearing fraction of the crosssectional area depends upon the necksize. As aging proceeds, the gel structure may
coarsen and the strength will increase over time.

What impact does all this have upon the tensile strength of alkoxysilane consolidated
stone? First, we know that different polymer types are formed by differing
environments during the hydrolysis and condensation reactions (i.e. presence of
catalysts, solvent type, water to silica ratio(r)). Second, the conditions or amount of
time during aging will further modify the gel and the xerogel mechanical properties. The
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main question is then to try and determine if differences in the modulus of rupture
between different substrates are due to 1.) bond (or lack of bond) formation or 2 .)
differences in mechanical strengths of the xerogel itself or 3 .) a combination of both.

5.5 Experimental
The mechanical testing of this study is carried out via the MOR values as determined by
bend tests. This program attempts to address three main issues:
1. To give a general survey of how different consolidant classes and types perform
against one another.
2. To prove that the alkoxysilane - stone systems used in this study perform
consistently in terms of the MOR values with those published v^thin the
conservation literature. That is, the limestone will show lower increases in MOR
than sandstone within the alkoxysilane consolidant systems.
3. To begin to look at environmental variables and their effect upon mechanical
properties. Also, this data may be exploited to give indications as to the
alkoxysilane xerogel - stone interactions.

The three point bend test was chosen to roughly evaluate several categories of
consolidant upon limestone and sandstone. Although experimental error is large upon
non - homogeneous brittle materials, it was decided to test only one sample of each
stone type per consolidant. The rational behind this is that the purpose of this survey of
the modulus of rupture is to look for trends between classes of consolidant and stone
type and not to evaluate any one particular consohdant. This enabled a larger variation
within the sample types within the limitations of carrying out only one study. The
results of the initial survey were studied and a smaller group of consolidants was chosen
for further work. By changing the relative humidity, a variable known to affect
alkoxysilane film and monohth structure, for the smaller number of consohdants, the
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impact of an environmental variable was evaluated. Thus the maximum amount of
general information could be gathered using broad trends to help maintain an internal
consistency.

5.5.1 Procedure
Each type of stone is consolidated with;
1. Organic resin
2. Alkoxysilane
3. Coupling agent + Organic resin

In addition, some of the stone - consolidant combinations will undergo variations in
preparation or environment (see table 5-1)
1. An ethanol wash pre - treatment
2. Different relative humidities during curing / polymerization.
For a definition of the consolidants, molar ratios and abbreviations see table 4-7.
Table 5-1: Different MTMOS Treatments

Consolidant

Ambient %RH,

Pre-Wash with

Cured at

Cured at-^'-

Nopm4recÊment

Ethanol

75% R H /

100% RHM

MTMOS
MTMOS-212

:
,

.....

MTMOS-413

V

WOH

V

.........V

V

V
V

.

V
s.:. «
V

1 ........
:

.

Samples of three stone types, a dense oolitic limestone, a porous limestone and a dense
sandstone (the limestone, porous limestone and sandstone described in Chapter 4) were
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chosen to undergo consolidation and a three point bend test. The samples were sawed
into 10 cm X0.8 cm X 0.8 cm rectangular blocks so that the applied force was
perpendicular to the bedding plane. In order to more closely duplicate in situ
conditions, the samples were not washed or heated prior to consolidation. The samples
were placed in glass dishes, the consolidant was added with a pipette until the liquid
level reached half the height of the stone sample. Samples were then covered with pyrex
beakers to minimize any evaporation during impregnation and remained in the
consolidant bath until the sample appeared completely wetted. All samples were
allowed to polymerize at least two weeks unless otherwise specified at ambient
temperature (19-25°C). Samples were weighed immediately before impregnation and
again before mechanical testing.

The three - point bend was carried out using a Hounsfield tensometer with the rig
shown in figure 5-1. Samples were mounted in the rig and the bar (the third knife edge)
was adjusted until it held the sample firmly, and evenly against the two knife edges. The
third knife edge (bar) was then slowly and evenly cranked by hand until the sample
broke. The force needed to break the sample was noted and the modulus of rupture
calculated according to the equation:

where
P = load to break the sample.
1= the span between the outer supports
b = the width of the sample
d = the height of the sample
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Figure 5-1: Diagram o f the Three Faint Bend Rig
sample

5.5.1.1 Variation of Sample
Environment
The relative humidity is known to affect
monolith formation of neat MTMOS
(Charola, Wheeler and Freund 1984).
As described in Chapter 3, high relative

Bar

humidities lead to cracked polymers. In
order to determine what effect different

relative humidities have upon the mechanical properties of alkoxysilane sols,
consolidated stone samples were allowed to cure under differing %R.H. The treatment
“blocks” are then compared used to spot trends. In Table 5-1, MTMOS is run in three
blocks: neat (undiluted MTMOS), 212 MTMOS (a 2:1:2 molar ratio of water,
MTMOS and ethanol) and 413 (a 4:1:3.5 molar ratio of water, MTMOS and ethanol)
MTMOS Each block type is then cured under ambient, 75% R.H. and 100% R.H.
Each block type is also pre-treated with an ethanol wash. No quantitative information is
gained but, again, since the MOR results are subject to large experimental error the
purpose of the study was to spot broad trends of interest. Other tests, such as a
Scanning Electron Microscopy study of the fracture surfaces, would then be used to
gain more information as to the differences in mechanical test results of
alkoxysilane/limestone and alkoxysilane/sandstone samples.

Ambient humidity

All consolidant - stone combinations types were prepared and cured under ambient
conditions unless specifically stated otherwise (i.e. 100 MTMOS is a neat MTMOS
impregnated stone that was both consolidated and cured at 100% R.H ). The relative
humidity varied from 40 - 60% for the ambient conditions. The samples were
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consolidated and covered with Pyrex beakers to prevent evaporation while undergoing
impregnation. Samples were then blotted dry with paper toweling and placed inside
loosely wrapped polyethylene sheeting to minimize evaporation (Stambolov and van
Asperen de Boer 1976, Larson 1982).

75% and 100% Relative Humidity

In order to create a controlled relative humidity, a saturated salt solutioifwas made (for
the 75% R.H.) in a large beaker and placed inside a sealable plastic box. Distilled water
was used for the 100% R.H. The un-consolidated stone samples were placed inside the
plastic boxes with the beakers of saturated salt solution and water (respectively) and
allowed to acclimatize for two days. Samples were taken out of the boxes, put into
Pyrex petrie dishes and then back into the boxes for the impregnation. That is, the
samples were consolidated in the sealed boxes under their respective percent relative
humidities. The samples were then removed from the boxes and the consolidant bath
and, as for ambient R H , they were then wrapped loosely in polyethylene sheeting and
returned to the plastic boxes were they were left undisturbed for at least two weeks.

Ethanol Pre-wash

Solvent pre-washing had been reported to improve alkoxysilane consolidant
performance (Larson 1982) and a number of consolidant types were applied to samples
pre-washed in ethanol. The samples were completely wetted with excess ethanol. They
were removed from the ethanol bath and the alcohol was allowed to evaporate freely
until the surface looked dry. The samples were then immediately place in a consolidant
bath as for the ambient R H samples.

; NaCl
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5.5.1.2 Consolidants
The consolidants used and their abbreviations are listed and described in Chapter 4. All
alkoxysilanes and the HXTAL NYL-1 (epoxy resin) were applied via capillary
absorption. The paraffin was applied by immersing the samples in a melted paraffin
bath. The B-72/toluene was applied as a 5% solution via capillary absorption and as a
10% solution under vacuum impregnation.

Coupling agents were applied in a two step procedure. First, the coupling agent
(alkoxysilane) was applied to the stone “as is” from the manufacturer via capillary
absorption. Although the directions suggested extremely dilute solutions they were used
neat, mainly due to unfamiliarity of the types of alkoxysilanes. The coupling agents
were applied via capillary absorption, the excess was blotted off and they were allowed
to dry overnight, loosely covered with polyethylene sheeting. Organic resins, either a
10% B-72/toluene or 50% NYL/toluene, were applied the next day by a 24 hour
vacuum impregnation to ensure as good a penetration as possible and to try and
minimize any surface skin formation. They were then allowed to cure in ambient
conditions.

5.6 Results
The graphs of the percent increase of the modulus of rupture of the different stone
substrates are shown in figures 5-2 to 5-4. The data are also shown in tables 5-2 to 5-4.
What is immediately apparent is the greater ability of the organic resins (and wax) in
increasing the modulus of rupture of the two limestones. The oolitic limestone has the
greatest increase in MOR with the epoxy (NYL) and the paraffin. The B-72 gives very
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good results when applied under vacuum. In the porous limestone, an extremely weak
stone, the epoxy gave the best results by far. The 212 MTMOS system on the limestone
actually reduced the tensile strength - as did a number of coupling agents!

Figure 5-2: Increase in MOR o j treated limestone
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Figure 5-3: Increase in MOR o f treated sandstone
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Figure 5-4: Increase in MOR o f treated porous limestone

The sandstone results are completely different. The 3-APS and Wacker OH give the
best results. Also, the Z-6040 coupling agent (contains a glycidoxy organic group at
one end and is recommended for use with epoxy resins [Dow Coming , n.d.]) in
conjunction with the epoxy gave significantly higher results than the epoxy used on its
own. This is the only instance (in this study) of a coupling agent and resin combination
to outperform the organic resin on its own.

The coupling agent’s performances were disappointing. When used neat the results
were low. Coupled with the organic resins the results did not get much better. This
could have been due to any number of factors, though. The concentration was too high,
they didn’t cure for long enough, they were allowed to cure too much, etc.
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It is tempting to state that the alkoxysilanes give higher MOR values on sandstones than
limestones because of a difference in substrate - coating bond formation. However, this
is impossible to tell from MOR results alone. The effect of the stone capillary structure
and transport of the consolidant solution within the structure upon the film formation
are unknown. Also, the effect of the substrates chemically upon the alkoxysilane
hydrolysis and condensation reactions are unknown. In short, we can not tell if MOR
differences are due to siloxane (or lack of) bond formation or to differences in the
cohesive strengths of the consolidants themselves.
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Table 5-2: Limestone MOR results

1

CONSOLIDANT %INCREASE IN WT. 1 MORIMPal
1
22.6
B-72(VACUUM)
1.6
2
B-72(CAP)
0.6
15.1
3
PARAFFIN
4.1
21.2
4
3.1
50%NYL/toluene
21.1
5
3-APS+B-72
4.6
21
6
18.3
Z-620+B-72
5.5
7
17.4
MTMOS-4
2.3
8
16.5
Z-6032+B-72
4
9
16.3
MTMOS/B-72
1.1
10
IMS + Z-620
3.4
16.1
11
15.5
Z-6040 + B-72
1.5
12
IMS+Z-6032
1.1
13.2
13
Z-620
6.1
13.9
14
3.4
13.1
WACKER OH
15
IMS+Z-6040
12.9
2.2
16 IMS+WACKEROH
1.1
12.4
17 IMS+WACKER H
1.1
11.6
18 IMS+MTMOS-413
1.4
11.1
19
11
WACKER H
3
20
10.6
MTMOS-212
0.2
21
10.2
IMS+MTMOS
0.1
22
9.8
3-APS
4.6
23 IMS+MTMOS-212
8.3
3.9
24
Z-6040
8.6
8
25
9.96
Z-6032
2.6
26
Z-620+NYL
6
13.8
27
Z6040+NYL
18.3
4.3
28
16.5
3-APS+NYL
4
29
3.4
14.1
Z6032+NYL
30
11.4
75WOH
2.8
31
13.8
iOOWOH
2.9
32
75WH
12.1
2.3
33
10.3
100WH
2.8
34
10.6
75MTMOS
3
35
11.2
100MTMOS
0
36
10.5
75MTMOS-212
1.2
37 iOOMTMOS-212
9.7
3.7
38
75MTMOS-413
1.1
12.6
39 100MTMOS-413
7.2
0.4
MTMOS-212 (1
8.4
WEEK CURE)
40
UNTREATED*
10.8± 0.8

10 samples tested

%INCREASE IN MOR
108.6
39.3
95.2
95.4
93.9
68.9
60.1
52.2
50.2
48.2
43.1
21.8
21.7
21.1
19
14.1
6.6
2.5
1
-2.5
-6.4
-9.9
-23.6
-20.4
-8.1
27.3
68.8
52.2
30.1
5.2
27.3
11.6
-5
-2.2
3.3
-3.1
-10.5
16.2
-33.6
-22.5
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Table 5-3: Sandstone MOR results

CONSOLIDANT %INCREASE IN WT.
1
B-72(VACUUM)
0.6
2
0.7
B-72(CAP)
3
PARAFFIN
2.5
4
0.7
50%HXTAL
5
2.8
3-APS+B-72
6
Z-620-I-B72
2.1
MTMOS-413
1.7
7
8
1.5
Z-6032+B-72
9
0.8
MTMOS/B-72
10
IMS+Z-620
2.2
11
Z-6040+B-72
2.8
12
1.4
IMS+Z-6032
1.5
13
Z-620
14
1.6
WACKER OH
15
2.1
IIVIS+Z-6040
16
1.4
IMS+WOH
17
1.3
IMS+WH
18 IMS+MTMOS-413
1.9
19
1.5
WACKER H
0.1
20
MTMOS-212
IMS+MTMOS
1.1
21
22
1.4
3-APS
23 IMS+MTMOS-212
2.2
24
2.4
Z-6040
1.8
25
Z-6032
26
3.4
Z620+NYL
5.1
27
Z6040+NYL
0.5
28 100MTMOS-413
29
3-APS+NYL
2.2
30
Z6032+NYL
2.3
31
75WOH
2.4
32
75WH
1.9
33
1.6
75MTMOS
34
1.3
75MTMOS-413
35
1.2
75MTMOS-212
36 100MTMOS-212
3.1
37
100MTMOS
0.7
38
iOGWH
2.2
39
iODWOH
2.2
MTMOS-212 (1
WEEK CURE)
40
UNTREATED*
10 samples tested

MOR (MPa)
17.53
11.1
20.69
17.5
17.69
11.15
14.2
10.55
12.96
11.15
19.98
10.23
17.7
23.36
12.99
9.65
8.67
10.63
17.82
13.75
11.43
25.38
7.33
19.22
15.9
15.2
23.1
10
16.9
8.2
12.4
10.9
13
8.9
9.6
8
10.7
9.7
11.3
9.0
8.3 ±0.3

%INCREASE IN MOR
111.5
33.9
149.6
110.8
113.4
34.5
71.3
27.3
56.3
34.5
141
23.4
113.5
181.8
56.7
16.4
4.6
28.2
114
65.9
37.9
206.2
-11.6
131.9
91.8
83.4
178.7
20.6
103.9
-1.1
49.6
31.5
56.8
7.4
15.8
-3.5
29.1
17
36.3
8.6
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Table 5-4: Forons Limestone MOF. results

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

CONSOLIDANT %INCREASE IN WT.
B-72(VACUUM)
4.2
B-72(CAP)
2.7
11.9
PARAFFIN
9.4
50%NYL
12.2
3-APS+B-72
7.2
Z-620+B-72
MTMOS-413
2.5
Z-6032+B-72
10.3
2.9
MTMOS/B-72
4.7
IMS+Z-620
4.6
Z-6040+B-72
4.2
IMS+Z-6032
Z-620
17.6
WACKER OH
9.9
IMS+Z-6040
0.5
2.3
IMS+WOH
1.8
IMS+WH
1.8
IMS+MTMOS-413
WACKER H
8.8
0.3
MTMOS-212
IMS+MTMOS
0.2
3-APS
N.D.
IMS+MTMOS-212
5.2
Z-6040
21.9
Z-6032
8
N.D.
Z-620+NYL
Z6040+NYL
4.3
0
100MTMOS-413
9.1
3hAPS+NYL
Z6032+NYL
8.4
75WOH
6.6
75WH
6.3
75MTMOS
4.1
75MTMOS-413
1.9
1.5
75MTMOS-212
100MTMOS-212
6.8
100MTMOS
5.2
7.5
100WH
7.5
100WOH
MTMOS-212 (1
WEEK CURE)
UNTREATED
10 samples tested

MOR (MPa)
10.4
3.5
8.6
16.9
5.5
N.D.
4.1
N.D.
6.4
7
7.8
2.2
6.2
2
2.5
5.2
2.8
2.6
2.5
3.1
2
N.D.
2.3
2.4
4.5
N.D.
4.1
1.8
8.4
5.7
3.5
2.6
3.1
2.4
2.8
2.5
3.3
4.2
4.1
3.0
1.6 ±0.4

%INCREASE IN MOR
548.6
118.8
438.8
956.3
241.9
N.D.
158.1
N.D.
300
338.8
389.4
40
286.9
25.6
58.8
226.9
76.3
63.8
56.9
95.6
22.5
N.D.
45.6
50
128
N.D.
156.3
12.5
425
256.3
118.8
62.3
93.8
50
75
56.3
106.3
162.3
156.3
87.5
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5.6.1 Effect of Relative Humidity Upon Alkoxysilane-Stone Sam ples
One way of gaining more information from these results is by systematically changing
one variable for each of the substrates and looking for any trends that develop. The
relative humidity was chosen as it was fairly easy to control and is known to have an
effect upon the polymer type that is formed, strained vs. un-strained in polymer
monoliths (Charola et al. 1984). Both the MTMOS systems (212 and 413) were
chosen, as they would serve to vary the water content, and two catalyzed systems,
Wacker H and OH.

Limestone

I<u

□ %Wt
-%MOR

4
3.5
3
2.5

O
<u

2

1.5
1

-10

0.5
0

-12

MTMOS-2

75MTMOS-2

100MTMOS-2

Figure 5-5: Effect o f changing R.H. upon 212 AfTMOS

The percentage increase of the MOR is plotted against the percentage weight gained by
the sample from consolidation with 212 MTMOS system. The results for all three
relative humidities are shown for 212 MTMOS - limestone samples in figure 5-5 to 5-7.
The MOR appears to decrease with increased weight gain. The weight gain increases
with increasing
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Figure 5-6: HJfect o f changing R.H. upon 212 MTMOS

R.H. These trends hold true not only for both the limestones but for the sandstone
sample as well (figure 5-7).
l%Wt
■%MOR

Sandstone
3.5

I

2.5
1.5

-10

MTMOS-2

75MTMOS-2

100MTMOS-2

Figure 5-7: Effect o f changing R.H. upon 212 MTMOS

However, the exact opposite trend is apparent in the 413 system. The MOR values
decrease with decreasing weight see figure 5-8 to 5-10.

No trends are evident for the Wacker products used on the oolitic limestone (see
figures 5-11 and 5-14). However, both the oolitic and porous limestones in both
catalyzed systems seem to react in a similar manner (see figures 5-11, 5-12, 5-14 and 515). That is, they exhibit the highest MOR values at 100% R.H. (except for the Wacker
H/oolitic limestone sample which has a negative MOR value). The sandstone, on the
other hand, has the highest MOR values at ambient R.H. (see figures 5-13 and 5-16). In
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all the catalyzed systems, both limestone and sandstone show increased MOR with
lower weight gain values. The 212 MTMOS systems show this same pattern, only the
413 MTMOS is different in this respect.
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Figure 5-8: Effect o f changing R.H. upon 413 MTMOS
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Figure 5-9: Effect oj changing R.H. upon 413 KfFMOS

3

130

Sandstnne

I

:. i%wt
%MOR|

§

I

I
(U

(U

MTMOS-4

75MTMOS-4

100MTMOS-4

Figure 5-10: Effect o f changing R.H. upon 413 MTM OS
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Figure 5-12: Effect o f changing R.H. upon Wacker H
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Figure 5-13: Effect o f changing R.H. upon Wacker H
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Figure 5-14: EJfect o f changing R.H. upon Wacker OH
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Figure 5-15: Effect o f changing R.H. upon Wacker OH
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Figure 5-16: EJfect oj changing R.H. upon Wacker OH

5.6.2 Scanning Electron Microscopy
The tensile strength values simply do not provide enough information to explain the
results with any degree of confidence. In order to supplement the MOR results.
Scanning Electron Microscopy (SEM) was undertaken. Both limestone and sandstone
fracture surfaces were studied. The limestone samples showed weight gain but under
SEM, even with energy dispersive x-ray analysis (EDS), positive visual evidence of
alkoxysilane xerogel could not be found.

Some pores within the sandstone samples were found to contain areas of alkoxysilane
gel. These pores were never on the surface and the vast majority of pores examined
contained no visible evidence of polymer. The SEM photographs of the different
surfaces are shown in figures 5-17 to 5-24 The 413 MTMOS /sandstone fracture
surface (figure 5-17 a and b) shows some interesting characteristics.
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The first, most obvious point, is that the gel exhibits non-brittie behavior. The polymer
bridges are stretched which indicates plastic flow and deformation before failure evidence of an incomplete stage of gelation Alkoxysilane xerogels are brittle solids that
exhibit featureless, conchoidal fracture surfaces. The presence of stretched strands
indicates that the alkoxysilane gel still retains a large amount of water / solvent within
its pores. The second feature is that the failure is within the gel and not failure of the
stone matrix (no quartz grains are seen within the polymer). This may indicate some

Figure 5-17: Fracture surface o f sandstone - 4 1 3 MTMOS

type of adhesion between the stone and the gel but it is impossible to say if there is any
chemical bond formation - the gel may simply be mechanically keyed into the pore
structure. Finally, there is some spherical matter (or clumps) visible within the gel
matrix (see figure 5-17b).
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Figure 5-18 show the same 413 MTMOS sample but this time a cross section has been
cut and the surface examined. What is striking is that the gel does not appear to evenly
coat the pore - in fact large areas are bare. There is some formation of bridges or
tendrils from the gel mass to the quartz crystal (figure 5-18a and b). Spherical particles
can clearly be seen within the gel (figure 5-18 c, d and e).

Compare the 413 MTMOS photographs to that of neat MTMOS-sandstone in figure 519. From a cut cross-section, the neat MTMOS seems to be a different type of polymer
than that formed by the 413 MTMOS system. There seems to be much more evidence
of quartz - alkoxysilane bonding. The polymer is much more web like than the massive
appearance of the 413 MTMOS and if there are any spherical particles present then they
are too fine to make out clearly.

The Wacker H - sandstone fracture surfaces (Figures 5-20 and 5-21) are fairly similar
to the 413 MTMOS system as is the 212 MTMOS pre-treated with ethanol (Figure 522). The 3 - APS, a cut cross section (figure 5-23), shows a very different structure.
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Figure 5-18: C ross - section o f sandstone and 413 MTMOS

b
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fig u re 5-19: C ross - section o f sandstone and neat MTMOS

b
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Figure 5-20: Fracture surface ofsartdstone and Wacker H
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Figure 5-21: Fracture surface o f sandstone and Wacker H pre-treated with ethanol
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The 3 - APS formed a much thicker net - like gel. Formations of thick parallel fronds
project out into the pore, as opposed to the MTMOS systems which tend to closely
follow the pore wall. When viewing the 3 - APS under SEM it was immediately
apparent that the 3 - APS was much more visible than the MTMOS systems. Evidence
of the 3 - APS gel was readily visible in almost any pore. In order to find evidence of

Figure 5-22: Fracture surface o f sandstone and 212 MTMOS pre - treated with ethanol
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any of the MTMOS systems it was necessary to hunt many pores.
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section o f sandstone and 3 - APS

Finally, figure 5-24 shows an SEM photograph of a limestone Wacker H cross-section.
No gel structure is readily apparent but the lower right half showed a high
concentration of silica under EDAX dot mapping. A close-up of the area is shown in
figure 5-24 b. This entire area has a very high concentration of silica when dot mapped
for that element. It has been concluded that this is an area of alkoxysilane gel. It has a
lumpy characteristic unlike that of the sandstone - alkoxysilane derived gels. Note that
the gel bears a resemblance to the limestone itself. When examining fracture surfaces
evidence of polymer formation, holes, strand growth etc. could not be found within the
limestone samples. If the gel failed but looked like the polymer in figure 5-24, then it
would not be noticed as being any different from the limestone matrix.

The SEM work seems to point to a difference in polymer type formed within the two
stone types. The neat MTMOS system also shows clear evidence of bonding to the
quartz crystal. This is scant evidence, however, as no other examples of actual bonding
between the alkoxysilane gels and the substrate can be found.
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Arrows show area of heavy silicon concentration
Figure 5-24: C ross -section o f lim estone and Wacker H (identified by EDS d o t m apping f o r Si)

5.7 Discussion
The MOR results show a difference in performance of the alkoxysilane consolidant on
the sandstone as opposed to a limestone substrate. Is this due to a lack of bond
formation between the calcite surface and the alkoxysilane? Possibly, but there really is
no evidence in this study to answer that question one way or the other. Is it possible
that a weaker gel is formed within the limestones or does the reaction simply slow
down? We know that calcium carbonate and water solutions are basic and that
alkoxysilane reactions are affected by solution pH. Do the MOR results give any clue as
to why there are differences in alkoxysilane consolidant performance between
limestones and sandstones?
In order to address this question, consider the results in the percent increase of the
MOR under different relative humidities. The relative humidity seems to have a great
effect on both the tensile strength and the weight gain of the consolidated stone. The
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relative humidity has been shown to affect the degree of cracking for neat MTMOS
monoliths (Charola et al. 1984). It is tempting to say that at higher R.H. less
evaporation occurs resulting in more polymer (explaining the percentage weight gain)
that is more strained and is thus weaker but this doesn’t explain the 413 MTMOS or
Wacker/limestone systems. On the other hand, does an increase in the relative humidity
simply increase the water content (or slow the evaporation process) so that the aging
processes come into play?

Is aging of the alkoxysilane consolidant a factor in this study? Yes. In order to explain
the strange results of the 212 MTMOS - limestone samples in this study a re-trial was
undertaken. The original results gave negative increases of tensile strength on oolitic
limestone for all the humidity and ethanol pre-wash studies, and also very low MOR
values for the sandstone. Other studies (Wheeler et al. 1992), have shown the 212
system to give higher increases in tensile strength than the 413 MTMOS systems. The
212 MTMOS experiment was repeated for ambient conditions but this time was
allowed to polymerize for only one week (see tables 5-2 to 5-4). All MOR values were
lower for the second test (polymerized one week) than the first (polymerized at least
two weeks).

Because the samples were wrapped in polyethylene sheeting, the condensation and time
to gelation would be slowed when compared to studies that do not cover their samples.
The 212 MTMOS was at a less advanced stage of aging than the 413 system (which
would have stiffened faster due to greater ratios of water to alkoxysilane). Why the
212 MTMOS - limestone MOR values are negative is unknown but possibly the system
still contained much of its pore solution, the tensile strength then may have been closer
to the “wet” strength (which is lower than the bone dry strength). The overall trend of
the 212 MTMOS system of decreasing MOR with increasing weight gain and increasing
R.H. could reflect simply a slowed evaporation process. The higher R.H. would be at a
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less advanced stage of stiffening and would contain more solution ( thus heavier) and be
weaker as fewer bonds had formed.

The 413 MTMOS system has higher MOR values at ambient R.H. again possibly due to
a more advanced stage of gelation. The decrease in weight gain could be due to the
simple increased dilution of the consolidant and may be a more likely reason for
decreasing MOR values.

The catalyzed systems are different. The sandstone shows the highest MOR values at
ambient R H for both Wacker H and OH. Also, the lowest weight increase (similar to
the 212 MTMOS system) at the higher R.H. may be due simply to a dilution of the
consolidant, that is, an increased water to silica ratio. The limestone samples are
somewhat erratic but they all show higher MOR at 100% R H along with lower weight
increases (except for the oolitic limestone - but this might be an anomaly). Perhaps the
higher relative humidity dilutes and slows what is, at ambient R H , too fast a gelation
thus allowing more cross-linking.

5,8 Conclusion
Alkoxysilane consolidants tend to give larger increases in tensile strength when used
upon sandstones. The traditional explanation of the lower increases in tensile strength
of limestone samples has generally focused on a lack of siloxane bond formation
between the consolidant and the calcareous substrate. A second explanation has
recently surfaced around some “anti-catalytic” effect of calcite upon the condensation
reaction of the alkoxysilane. Based upon an over interpretation of a study conducted by
Danahey et al. (1992) it was assumed that the slowed condensation rate allowed most
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of the consolidant to evaporate. Thus, if the argument is extended, the lower limestone
MOR values merely reflected the fact that there was less polymer (xerogel) present.

While this argument may hold true for applications of neat MTMOS, MTMOS - water alcohol solutions behave differently. The percent weight increases between the
limestone and sandstone samples in this study clearly show that great loss of monomer
can not account for the lower tensile strength values. The limestone samples tend to
gain more weight than the sandstone. The xerogel is there, in both types of stone, but
seems to have differing mechanical properties dependent upon the substrate. The
limestone or sandstone must be chemically altering the hydrolysis and/or condensation
reactions thus altering the structure of the resulting xerogel. Figure 5-25 shows a
schematic diagram for a proposed mechanism.

If the limestone sol structure is more highly branched then the fracture surface of the
xerogel would be globular (Brinker and Scherer 1991) and very difficult to spot within
a calcitic matrix. This would explain why no evidence of stringy gel formation (as in the
sandstone samples) could be found upon limestone fracture surfaces. The SEM
photograph (figure 5-24) of the possible gel structure of Wacker H - limestone supports
this interpretation.

The consolidant gels clearly undergo aging, at least within the interior of the stone. The
212 MTMOS MOR values show an increase in tensile strength values with time. The
relative humidity also influences the observed tensile strengths and may reflect the
overall interaction of several competing factors: slowing of evaporation, increase of
hydrolysis, dilution of alkoxysilane. The ethanol pre-wash gave rather erratic MOR
values but the overall trend is that it tends to decrease the tensile strength. This may be
due to alcohol acting as a solvent and therefore slowing down the aging process but.
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possibly, eventually resulting in greater strength values via a greater degree of
coarsening.

One tantalizing question resulting from this study is that of the neat MTMOS in
sandstone. This was the only system where evidence of alkoxysilane gel - mineral bond
formation was found via the SEM work. Neat MTMOS also gives very good increases
in the MOR values of sandstone, better than MTMOS -water-alcohol solutions,
(Wheeler et al 1992). Again, the possible repercussions of this information may only be
guessed at. Does pre-hydrolysis of the alkoxysilane solutions tend to minimize bond
formation or are we simply unable to find any evidence of bond formation in the other
systems? The differences in performance between the neat MTMOS and the MTMOS water - alcohol systems may also indicate an importance of the sol environments during
hydrolysis upon the mechanical properties of the resulting xerogel. Whether or not the
differences in mechanical performance are due to structural differences between the
xerogels or from less mineral - sol bond formation is pure guess work at this time.

The neat MTMOS system appears to be, at this point, a different case than the
MTMOS aqueous solutions. The tensile strength values of alkoxysilane consolidated
stone seems, when all things are considered, to reflect gel strength, not necessarily
composite or bond strength. In order to approach the problem of bond strength
assessment more testing is required regarding the properties of the gel types formed in
contact with the stone substrate. What is the optimal gel type? The more highly
branched structures may be weaker at first but, after aging, the differences in tensile
strength may be minimal. The interaction between the transport mechanisms and
resulting gel structure may also be important. If there are gel “gradients” being formed
this will not only affect the tensile strength but also the consolidant performance.
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Alkoxide Consolidant
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(sample surface or low R.H.)
Possible low polymer yield
very little cross-linking/aging
xerogels of two stone types may be similar

Low Evaporation
(interior of the sample or high R.H.)
increased branching of the structure
via possible base catalysis

Low Evaporation
(interior of the sample or high R.H.)
tlner particle size due to lower pH or lack of
catalysis. Stronger gel due to greater
necksize ratio

Figure 5-25: Possible gel structures within limestone and sandstone structures

There is also some question as to what tensile strengths mean to consolidant
performance. This study found little evidence of any significant gel formation upon the
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surface and, although it may have been overlooked, surely indicates that if there is a
surface coating then it is very thin. The areas of gel seem to be discreet pockets present
in the occasional pore. Under tensile stress, the crack begins at the stone surface. If
brittle failure is mainly of crack propagation, the gel areas, if they happen to be in the
crack path, could relieve some of the stress. The gel could act as a plastic area, relieving
the stress at the crack tip via deformation and flow. Would this characteristic, in itself,
be important to the functioning of a good consolidant that needs to perform well under
conditions of corrosion and fatigue?

The modulus of rupture has, in this instance, helped indicate the probable differences in
structure between the same alkoxysilane used upon different substrates. As a
preliminary step it is fast and inexpensive. However, much more information is needed
than can be provided by mechanical testing alone. Also, if there really are different
polymers formed, which one is better? Should not the ideal consolidant improve the
cohesive ability of the stone and protect against fatigue and corrosion processes? The
MOR values simply can not answer these types of questions.

5.9 Summary
The tensile strengths of a number of limestone and sandstone samples were determined
via the modulus of rupture. The alkoxysilane systems tested gave higher tensile
strengths for the sandstone samples. The limestone samples gave higher increases in
tensile strength when consolidated with the organic resins.

The relative humidity was found to influence both the tensile strength and the
percentage of weight gained by the samples consolidated with 212 and 413 MTMOS
and both Wacker products (catalyzed systems). Work done on monohths derived from
neat MTMOS (Charola et al. 1984) showed that ambient relative humidity gave the best
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overall xerogel. If the R.H was too high than the gel was cracked, too low an R H and
most of the monomer evaporated resulting in a very low yield. The alkoxysilane
consolidant solutions within a porous substrate may, however, behave more like that of
a closed system. That is, aging processes may be occurring at higher relative humidities.
More work needs to be done in this area, though, to say for sure.

The SEM photography indicates that the differences in tensile strengths between the
limestones and sandstones are due to the formation of different gel types. These
different gels would have different rates of stiffening and differing mechanical
properties. Therefore, any mechanical testing should first insure the degree of gelation
of the xerogels. Studies of the rates and lengths of time to maximum tensile strength of
the alkoxysilane consolidants in contact vyith the different substrates should be
undertaken.
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6 Effect of S tone S u b stra te s on MTMOS Polym erization

6.1 Overview
The mechanical testing results of chapter five clearly indicate differences in performance
between the same alkoxysilane consolidants when used on different stone substrates.
The mechanical properties of the consolidated stone are affected by the relative
humidity, the type of substrate and, rather obviously, by the type of alkoxysilane
solution (water to silica ratio, catalysts, solvents etc.). Is bond formation a factor in the
differences between alkoxysilane consolidated sandstone and limestone? There simply
isn’t enough information to be able to determine this question from mechanical testing
alone.

A second possibility is that two types of gels are being formed due to some effect of the
rock type (i.e. carbonate versus siliceous). We know that raising the pH of the
alkoxysilane sol during the polymerization reaction will produce a different (i.e.
particulate) xerogel. Do carbonate rocks raise the pH of the sol or act as a solid
catalyst? The SEM photographs, in conjunction with the MOR data of the previous
chapter, suggest that different xerogel structures are being formed. A.P. Laurie (1926)
found that acid catalyzed silicic ester (TEOS) formed a hard glassy xerogel but if the
solution was made slightly alkaline a soft gelatinous precipitate was then formed. He
found, in fact, that,
‘‘Limestone and calcareous sandstones are generally sufficiently alkaline in
character to render the silicic ester alkaline and so to make the precipitate soft
and useless... ” (Laurie 1926)
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The structural evolution of silicate solutions from sol clusters to gel and xerogel is
complicated. The effect of a mineral substrate on the hydrolysis and condensation
reactions as well as the developing sol clusters is unknown. Silica sols may be viewed
on several different scales (Brinker and Scherer 1990) thus increasing their complexity
and making them difficult to analyze;
•

Shortest length scale: The nearest neighbors to the silica atom vary at this level.
They may consist of one or more of the following species- alkoxide group (OR),
hydroxyl group (OH), or bridging oxygen (OSi).

•

Intermediate scale: This group consists of the ohgomeric species (dimers, trimers,
tetramers, etc.) which may be linear, branched or cyclic.

•

Large scale: with respect to the monomer. This group primarily refers to the sol
clusters which, depending on environmental conditions, may be dense with well
defined solid - liquid interfaces, uniformly porous or tenuous networks that are
characterized by a mass or surface fractal dimension.

When considering the “structure” of any evolving silicate sol or gel it is important to
define the reaction stage. Each stage (hydrolysis, condensation, gelation, aging etc.) will
influence the next, bringing about different mechanisms in the following stages.
Therefore, the entire reaction sequence must be understood on all levels in order to
control the final xerogel. A number of different methods are used to obtain structural
information such as

and ^Si nuclear magnetic resonance (NMR), infrared (IR) and

Raman spectroscopy. For the larger scales x-ray, neutron and light scattering
techniques are frequently employed. An immediate problem with deciphering data from
any instrumental method for an alkoxysilane sol or gel is that all three levels may exist
simultaneously. If, for instance, a certain amount of silanol is detected by IR
spectroscopy, what does that say about the structure of the sol? It is possible that a
tenuous network (acid catalyzed) or a porous cluster/particle would show the same
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amount of an attached group, like silanol, at some time during their polymerization. For
the determination of alkoxysilane sol / gel structure it is imperative to know the point in
time (or stage) of the reaction being studied. Essentially, we are studying systems that
can evolve greatly differing structures with similar chemical make-ups.

The question we pose in this chapter regards the possibility of differing mechanisms.
Are different sol - gel structures being formed within stones of different mineral
compositions (calcareous versus siliceous) as stated by Laurie in 1926 and suggested by
the MOR and SEM results in the preceding chapter? The disparity between increases in
mechanical strengths between silicate and carbonate surfaces can be minimized by the
addition of a catalyst (i.e. Wacker products) or by pre-hydrolysis of the water alkoxysilane - alcohol solutions. This suggests that the mineral substrate may primarily
influence the hydrolysis reaction. Of course, by altering the hydrolysis reaction, the
condensation reaction and structural evolution will also be modified.

The work that has been conducted upon the hydrolysis and condensation reactions of
the alkoxysilanes within the sol - gel field (Brinker and Scherer 1990) and on
alkoxysilane adhesion mechanisms to substrates such as glass and quartz (Plueddemann
1991) is considerable. Unfortunately, much of this work focuses on the formation of
monoliths and ceramics or improved composite properties under conditions unsuitable
for conservation purposes.

Danehey et al. (1992) used NMR to follow the rates of hydrolysis and condensation
between 212 water - MTMOS - methanol and quartz or calcite specifically for
conservation purposes. They determined that calcite slowed the condensation process.
This study did not monitor the entire reaction, however, but sampled the reacting
solutions after three time intervals. The NMR data showed a high proportion of un
condensed monomer / silanol present for a much longer period of time in the calcite
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sample as compared to the control and quartz samples. These results were interpreted
as an indication of a slowed siloxane bond formation (i.e. condensation). However,
another interpretation might be that the greater degree of siloxane bond formation of
the control and quartz samples may reflect structural differences. Alternatively, the
hydrolysis rate might have been delayed in the calcite solution thus delaying the onset of
the condensation reaction. Differences in structure or changes in the hydrolysis rate may
be brought about by raising the pH (Brinker and Scherer 1990) or by the presence of
weak acids (Boonstra and Baken 1990).

Although Danehey et al (1992) did not conclusively prove that the condensation
reaction was slowed by calcite, they did show that the reaction sequences are affected
by the presence of the mineral surfaces, particularly calcite. Their study also
underscores the importance of the direct comparison of relative rates of reaction for
alkoxysilane solutions. In other words, a true kinetic study is needed to understand the
differences between the reactions.

In order to study the effect of different stone substrates upon alkoxysilane hydrolysis
and condensation reactions, FT-IR spectroscopy was employed in this study. The
multivariate data produced by FT-IR as well as the large numbers of spectra generated
from a kinetic study can be overwhelming. Spotting trends between systems then
becomes difficult and confusing. In an effort to gain as much information as possible,
principal component analysis (PCA) was employed to simplify the data. PCA can be
advantageous as a data reduction method for this type of application. In PCA the
original spectra are represented as a set of independent spectra or principal
components. The relationship of the principal component spectrum to the original
spectrum is related by the principal component score. The principal component score is
the contribution of the principal component (PC) to any given original spectrum, in
other words, how much of that PC is present in the original spectrum being considered.
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The trends indicated from the differences between a plot of the principal component
with regards to the original spectral series may then be related to corresponding spectral
features by comparison to the mean spectrum. As an example, Aries et al. (n.d.) used
PCA to elicit chemical information from a kinetic study. They monitored the curing of
an epoxy resin by studying the first three principal components of the reaction sequence
which both characterized the overall reaction and identified the two distinct stages
associated with the epoxy polymerization.

This chapter focuses on the relative rates of hydrolysis and condensation between a 212
water - MTMOS - ethanol and different mineral substrates by Fourier Transform
Infrared Spectroscopy (FTIR) coupled with principal component analysis. Several
related studies have been carried out in the sol - gel field and the FT-IR work of this
chapter has been based on these studies (described in the following section). An excess
of alkoxysilane solution was allowed to react with different types of ground stone and
the subsequent silanol growth rate (and simultaneous depletion of the SiOCHg
concentration) was monitored. Solution was removed at timed intervals and an infixed
spectrum collected. As the alkoxysilane reactions are sensitive to both acid or base
catalysis, any difference of catalytic interaction should show up when comparing the
relative rates of the hydrolysis and condensation reactions. Also, differences between
the wet gels and xerogels are empirically observed and described.

6.1.1 Fourier Transform Infrared Spectroscopy
Vibrational spectroscopy (Infrared and Raman) are methods often used to obtain
information from alkoxysilane hydrolysis and condensation reactions - as well as for
evidence of bonding mechanisms to mineral substrates (Plueddemann 1991). Typically,
infrared spectroscopy is used in conjunction with either Raman or NMR to identify
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Specific oligomeric species in solution and to follow the evolution of the inorganic
frameworks by comparison with control samples or model compounds of known
structures (Brinker and Scherer 1990).

Matos et al. (1992) studied an acid catalyzed (with HCl, pH=3 .7) TEOS - ethanol water system by Fourier Transform Infi’ared Spectroscopy (FT-IR). The hydrolysis and
condensation reactions were monitored by comparing the changes in intensity and
growth of some IR and Raman active bands of TEOS. The interesting aspect of this
study is that Matos et al. (1992) tried to give a detailed account of the TEOS to silica
gel to glass evolution. They were able to unambiguously assign all the main bands to
characteristic modes of either TEOS or ethanol, except for IR peaks at 1086 cm’^ which
correspond to the C - O stretching vibrations of ethanol and TEOS simultaneously. Due
to the complexity of the reactions it is necessary to monitor the entire reaction sequence
so that ambiguous regions may be determined. For instance, Matos et al (1992) found
that the peak in the region between 790 cm'^ and 810 cm'^ was actually three peaks.
The first peak, at 810 cm'^ (CHz rocking vibration) consistently decreases (after first
reaching a maximum) while a new peak grows at 795 cm'^ (Si04 asymmetrical stretch
of TEOS) as the local Tj symmetry of the Si04 groups changes to Csv and then to Ctv
during hydrolysis. This new peak then gradually decreases as the condensation reaction
progresses and a new peak, at 799 cm'^ forms due to the symmetrical stretch of the
bridging oxygen atoms (Si - O - Si).

The study by Matos et al. (1992) essentially points out that there are at least three
“different” spectra from the TEOS to silica gel evolution. The first may be considered
as pre - hydrolysis and is dominated by the fingerprint regions of both the ethanol and
TEOS in the solution. When the hydrolysis reaction begins, there is a disappearance of
TEOS bands at 473 cm'^ (O - C - C deformation) 1102 cm'^ (C -O asymmetrical
stretch), 1168 cm'^ (CH3 rocking), 1299 cm'^ (CH2 twisting) and 1400 cm'^ (CH2
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wagging). Simultaneously, the intensity of the ethanol peaks at 881 cm'^ (CH3 or CH2
deformation) and 1048 cm*^ increase as ethanol is formed from the hydrolysis reaction
and alcohol forming condensation reactions. These ethanol peaks begin to decrease in
intensity as evaporation becomes the dominant process. The peak around 960 cm'^
(CH3 rocking) loses intensity and undergoes a frequency shift to 955 cm'^ (Si - OH

stretch) due to the formation of Si - OH or Si - O species. Eventually, this peak shifts
back to 960 cm*^ probably due to the SiO stretch in the wet gel (Matos et al. 1992).
The condensation reaction begins before the hydrolysis reaction has gone to
completion. During the beginning of the condensation reaction the bands that
characterize the wet gel emerge. The Si - O - Si formation is marked by the occurrence
of the 1078 cm*^ peak (transverse optic component of the Si - O - Si asymmetric
stretch, with the oxygen atoms moving along a direction parallel to Si -O - Si plane)
and a high frequency shoulder at 1163 cm'^ (related to the longitudinal optic component
of the same vibrational mode). The peak at 799 cm'^ (symmetrical stretching of the
bridging oxygens) slowly increases. The 795 cm'^ peak is now quite prominent due to,
as discussed previously, the changing Si04 symmetry but will eventually disappear, and
the 810 cm'^ component has decreased significantly.

Leyden et al. (1991) investigated the hydrolysis of a series of alkyl - substituted
alkoxysilanes in order to qualitatively follow the sequential hydrolysis of the alkoxy
groups and the subsequent condensation of the resulting silanol groups to form siloxane
bonds. Trimethylmethoxysilane (TMMS) was chosen as the simplest, having only one
alkoxy group to follow. The TMMS was diluted in water with acetone rather than an
alcohol, so that the silanol and siloxane bands could be unambiguously assigned. After
the initial mixing the spectrum showed two peaks due to the Si - O - C species, the
asymmetrical stretch at 1083 cm'^ and the symmetrical stretch at 865 cm'\ After a
delay, the length of which depends upon the pH (higher pH gave slower hydrolysis
rates), the Si -O - C bands disappear. They are replaced by the C - O stretch of
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methanol at 1031 cm'^ and the Si - OH stretch at 896 cm'^ of the silanol group thus
indicating the hydrolysis of the methoxy group. After further standing, the Si - OH band
is reduced and the Si - O - Si asymmetrical stretch at 1043 cm*^ appears.

Finally, Charola et al. (1984) used infrared spectroscopy to compare xerogels derived
from neat MTMOS under conditions of differing relative humidity. Under conditions of
low, ambient and high relative humidity they found that all the xerogels studied
contained un-reacted methoxy groups (850 cm'^) and un-condensed silanol groups (900
cm'^). Adsorptions in the Si - OH region were greater at higher relative humidities as
one would expect from, essentially, adding water to the system to drive the hydrolysis
reaction. The silanol region of the xerogels also decreases in all samples over time as
condensation processes continue.

6.1.2 Principal Component Analysis (PCA)
Infrared spectroscopy is sensitive, as shown in the previous section, to the changing
molecular environment. There is, however, so much data generated that it is difficult to
identify chemical trends, particularly in a kinetic study where there are hundreds of
spectra. In order to gain the maximum amount of information from the spectra, a
chemometrics program, Quant+ (Perkin-Elmer), developed specifically for spectral data
was used.

The spectra generated from infrared analysis are multivariate, that is there are a number
of data points that describe one sample. Chemometrics is a collection of methods for
the design and analysis of laboratory experiments by the application of statistical and
mathematical techniques as an aid to the interpretation and acquisition of chemical data
(Brereton, R.G. 1990). Principal Component Analysis (PCA) is one chemometric
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technique that may give an overview of the dominant patterns within a data set. PCA
simplifies data sets by using a smaller number of variables to describe the main sources
of variance. PCA is a mathematical procedure and is perhaps most clearly expressed in
matrix notation as:
[D] = [F ][S f+ [E]

where [D] is a matrix of data (see figure 6-1) that may also be expressed as (n^ng), [F]
or ( UvUf) is a matrix of principal components, [S] or (n^nf) is a matrix of scores
(weights) for the samples (the T means transpose) and [E] is a matrix of residuals
representing noise in the data (Aries et al. 1991).
Figure 6-1: PCA matrix definition
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By applying PCA from the Quant+ program to the alkoxysilane reaction series, the
entire process may be simplified into a few principal components that represent the
major sources of variation within the series. In the 212MTMOS system, the first three
principal components (PCs) accounted for over 98% of the variance for all systems
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Studied. Each PC and the relation each spectrum has to that PC and to the other spectra
within the set may then be studied graphically. The PCA first generates a mean
spectrum then, during the analysis each sample (or spectrum) is compared to the mean
spectrum. A plot of each spectral series may then be studied via its score profile to
identify any chemical trends. However, interpreting the PCs and their score profiles can
often be complicated and usually must be deduced indirectly using previous knowledge
of the chemical reactions under consideration. “The PCs produced by PCA are
generated on a mathematical basis and often can not be interpreted directly in terms of
the underlying chemistry” (Aries et. al. 1991). Instead, the distribution of the scores
profile may be used to indicate the significance of the PC.

6.2 Experimental
6.2.1 Preparation of Alkoxysilane Solutions and Stone Samples
The type of container in which to carry out the alkoxysilane reactions for a long
experiments had to be carefully considered. Glass containers were ruled out as they
might influence the reactions. Also, alkoxysilanes have a tendency to bond glass joins
together and, as the containers were to be sealed to maintain a closed system, there was
the danger that the container could have become sealed shut. Polypropylene bottles
with screw caps were chosen. The bottle type was tested by running a spectra of neat
MTMOS that had been shaken inside the bottle - no new peaks or any other change
was visible in the spectrum indicating that nothing had “leached” out and the MTMOS
was not reacting with it. Also, a 212 M ratio of water - MTMOS - ethanol had been
allowed to polymerize inside the polypropylene bottle and there was no adhesion
between the plastic and the alkoxysilane gel, again indicating no reaction between the
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two. The polypropylene bottles were cleaned by first rinsing with acetone and then,
after drying, with neat MTMOS.

All stone samples were ground mechanically and sieved through 500pm mesh and then
allowed to equilibrate in a 55 ± 5% R.H. chamber for 4 - 5 months (see Chapter 4 for
detailed information). 2 .00 g ± 0.01 of each powdered sample type were weighed out
(see table 6-1). The stone was then poured into the polypropylene bottles.

Homogeneous solutions of water, MTMOS and ethanol were made by first mixing
together the water and ethanol followed by the addition of MTMOS in a steady stream
with constant swirling. Each stone - alkoxysilane system was made up individually. The
quantities of the components were calculated to make 60 ml and then converted to
grams as described in chapter 4. Each component was weighed out in a glass beaker
which had been cleaned, rinsed in acetone and finally rinsed with the component it
would be holding. The glassware was dried in ambient air, not heat treated. The water
and ethanol were pored into the bottle containing the powdered sample and swirled
together. The MTMOS was then added to the container of water and ethanol and
sample. The time taken as the beginning of the reaction was the beginning of the
MTMOS addition to the water - ethanol solution.

The water - MTMOS - acetone system was mixed in a different order, the main point
being to minimize the amount of acetone in the solution. The MTMOS was poured into
the water and then the acetone was slowly added with constant swirling until the two
liquid phases dispersed.

The solution systems were kept closed by tightly screwing on the fitted plastic caps in
an effort to minimize evaporation and stored at 40 - 50% R.H. at ambient temperature.
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The temperature in the labs could vary by at least 10°C. Temperature changes will

Table 6-1: pH o f 212 MTMOS Solutions

System

pH

Marble
1Marble
Limestone
ILimestone
CaCOa
Control
Weathered
Sandstone
NaCl

5-6
4-5
5-6
4-5
7-8
4-5
4-5

Sandstone
Quartz

4-5
4-5

4-5

Concentration
of added solids
2g/60ml
2g/60ml
2g/60ml
2g/60ml
2g/60ml
2g/60ml
2.8 X 10'^ M
(100mg/60ml)
2g/60ml
2g/60ml

obviously afifect the reaction kinetics. For this reason, the first run of all solutions of the
212 series began on the same day, staggered by a matter of hours. The first run on the
413 series was carried out the same way, one week later. This precaution minimizes
differences due to temperature change within each of the series. However, direct
comparison of reaction rates between the two series (212 versus 413) is avoided. All
sample bottles were opened after 44 days in order to speed up the condensation evaporation process. The solutions were sampled until they became too viscous to
spread over the ZnSe crystal trough.

A second run of the hydrolysis reaction of the 212 series was carried out to check the
relative reproducibility of the experiment. All conditions, except the ambient
temperature, were the same as those for the initial runs.
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The pH of each 212 system was determined by the use of universal indicators. During
the second hour of the experiment, each solution was sampled. One ml of each solution
was measured out into a test tube and 2 drops of the indicator was added. The color
was compared to that of the control sample (212 solution with no powdered sample
plus indicator). There were only slight color difference among most of the solutions.
Table 6-1 lists the solutions and their corresponding pHs. The pH ranges are
approximate as the color was difihcult to judge. However, the marble and limestone
samples appeared to be of a slightly higher pH than the control.

6.2.2 Equipment
The alkoxysilane solution was syringed at timed intervals from the bottle onto an
attenuated total reflectance (ATR) trough with a ZnSe (45°) crystal. The ATR
accessory (Perkin- Elmer) mounts inside the FT-IR sample compartment which is
constantly purged with oxygen free nitrogen gas. The FT-IR used throughout is a
Perkin-Elmer System 2000. The spectra were collected as a ratio of 32 sample scans to
32 background scans at a resolution of 4 cm'\ The ZnSe crystal was thoroughly
cleaned with acetone between each set of scans. The spectra were then left as is - that
is, none of the spectra underwent any data manipulation.

6.3 Results
6.3.1 Band Assignments
In the water-MTMOS-acetone solution there are several trends that may be clearly
established and peaks subsequently identified (see figure 6-2). During the hydrolysis
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reaction there should be decreases in those areas associated with Si-O-CH] along with a
growth of Si-OH peaks. There should also be evidence of Si-0-Si formation in the
1000 - 1050 cm'^ region if any condensation is occurring. The Si-O-CH] peaks can be
deduced from the reaction sequence but some confusion seems to exist as to exact band
assignment. Often, the region of 1080 cm'^ is assigned as the Si-O-C asymmetric stretch
and the 840 cm'^ peak as the Si-O-C symmetric stretch (Charola et al. 1984, Leyden
and Atwater 1991). Matos et al. (1992) interpreted the peaks of TEOS as both Si-04
and 0-C regions, rather than one linear stretch of Si-O-C. Applied to the MTMOS
spectra the resulting band assignments may be like that of table 6 -2 .
Figure 6-2: MTMOS - water - acetone solution
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From the spectra in figure 6-2 evidence of silanol formation may be seen at 917 - 920
cm'^ as well as siloxane formation at 1019 cm'\ By 15 minutes, these peaks are well
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established (see figure 6-14) and at 22 minutes it is clear that the Si-O-C bands are
decreasing (1195 cm'\ 1102 cm'\ 1065 cm '\ 840 cm'^ and 790 cm’^) along with the
increase of the Si-O-Si and Si-OH regions.

The same trends may be followed and peaks identified in the more complicated spectra
of a water - MTMOS - ethanol solution. The control reaction sequence for the 212M
ratio of the MTMOS system is shown in figure 6-11. By hour 5.5, slight formation of
silanols may be detected by the beginning of peak formation at 920 cm'\ After 8 hours,
the silanol formation is well under way with subsequent decreases in the Si-O-C
regions. There is also the appearance of a shoulder on the 1048 cm'^ peak
corresponding to siloxane formation which, after 23 hours, is an intense peak at 1024
cm'\ Also evident after 23 hours is that the hydrolysis is near completion as shown by

Table 6-2: Infrared Frequencies for MTMOS

Region (cm'^>
737
760 - 770
790
840
880
920
1027
1000-1100

1190
1270

Assignment
Si - O-CH3, CH2
Si - 0 - Si
symmetrical stretch
S i - O - C stretch
Si-O-C
symmetrical stretch
CH3 or CH2
deformation
Si - OH stretch
Si - 0 - Si stretch
- C - 0 symmetrical
stretch
-C O asymmetric
stretch
Si - 0 - CH3 rocking
Si - CH3 deformation

Comments
MTMOS
siloxane
MTMOS
MTMOS
Ethanol
silanol
siloxane
Ethanol
MTMOS
MTMOS
MTMOS

examining the Si-O-C regions which have decreased dramatically.
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6.3.2 Chemometric Analysis of Spectral Data by PGA
As we know, the alkoxysilane hydrolysis reaction is sensitive to acids, bases and salts
therefore, if the stone substrates are affecting the alkoxysilane reactions there should be
either an increase or a decrease in the hydrolysis and condensation reactions depending
upon the mechanism of the stone - alkoxysilane interaction. The different types of stone
- MTMOS solution were sampled at timed intervals and the spectra stored. After
completion of the reactions, that is, after gelation, the spectra could be compared as to
their kinetic information.

The first principal component (PC 1) factor of all the 212 systems studied was the same
(see figure 6-3). The systems are clearly dominated by the formation of the Si-OH and
increase of the C-OH peak ofjethanol (923 cm'^ and 1030 cm'% respectively). The
decrease of the Si-O-C regions is also apparent by the negative values attached to those
regions in the factor spectrum (790 cm-1, 840 cm-1, 1190 cm-1). In order to
understand the significance of PCI we must look at the mean plot, the factor spectra

F igu re 6-3: P C I 2 1 2 c o n tro l fa c to r

140.71

212CMA

P rin cip al Coinponont 1

Factors
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25.53
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4000.00

3320.00

2640.00

1200.00

cm-1

600.00
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and the score profiles. Figures 6-3, 6-4 and 6-5 are the results of the PCA analysis of
the 212 control sample. PCI accounted for over 94% of the variation within the control
spectra, as with all the 212 systems analyzed. From the score profile it is clear that the
earliest spectra (1-6: each number represents one spectrum fi'om the reaction sequence)
are very different with regards to PCI than the later spectra (7 and onwards).

However, it still is not clear what significance PCI has to the reaction. Remember that
the score is the amount that the factor must be weighted by in order to recreate the
mean spectrum for that particular sample (called the standard number in figure 6-5).
Therefore, the standard numbers with the highest scores are the most unlike the mean
spectra.

Standard numbers 7-58 are very similar to the mean spectra but standards 1-6 are very
different. Since PCI has to do with silanol formation we may deduce that standards 1-6
are the spectra of the pre-hydrolyzed solution. This is easily checked: standard number
6 corresponds to a control spectrum of 4 hours (see figure 6-6) whereas standard 7
corresponds to a control spectrum of 20 hours. The beginning of the reaction, which is
dominated by the hydrolysis, is the major source of variance for the 212 systems tested.

In order to establish the differences between the different stone - alkoxysilane systems it
is necessary to analyze the differences between the systems. Because all of the 212
MTMOS systems have the same mean spectra and identical factor spectra for first
principal component the PCI score profiles may be directly compared. Each standard
number of the scores profile corresponds to one spectrum of the timed sequence. The
spectra are in order, so that the first spectra is that of 1 minute into the reaction,
standard number 2 is the spectra fi'om 10 minutes and so on. Please note that the
standard numbers correlate to the same time interval in each of the profiles unless
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Figure 6-4: Mean Plot o f 212 MTMOS control
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otherwise noted i.e., standard number 7 is always the spectrum of 20 hours into the
reaction.

A quick visual inspection of the PCI score profiles of figures 6-5, 6-7, 6-8 clearly
Figure 6-5: PCI 212 control score profile
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Figure 6-6: 212 MTMOS control sequence
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shows the difference in hydrolysis rates between the 212 MTMOS solutions in contact
with sandstone and limestone. By comparing these profiles with that of the control,
some kinetic information regarding the relative rates of hydrolysis may be obtained.
The onset of hydrolysis is slower in the sandstone - MTMOS solution than that of the
control. However, the sandstone solution is similar to the control in that the hydrolysis
completes quickly once begun. This is particularly evident when comparing it to the
limestone - MTMOS solution which seems to mainly differ in the time it takes the
hydrolysis to reach completion.
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Figure 6-7: 212 M TM O S sandstone score profile
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6.3.3 FT- I R
6.3.3.1 MTMOS Hydrolysis
The principal components analysis proved to be effective in spotting a trend within the
mass of spectral data generated from the kinetic study. The PCA scores were used in
order to roughly gauge the part of the reaction sequence to focus on. The PCA factors
for PCI indicate that the hydrolysis reaction is the major source of difference between
the solutions. Once the trend was spotted, the 212 MTMOS solutions were run again in
order to focus in on the beginning of the reaction to get a much narrower time frame
for the onset and completion of the hydrolysis. Figure 6-10 shows all 212 and 413
hydrolysis times. The limestone and marble samples preceded by a one (ILIME and
IMARB) are those samples that were filtered o^the stone after one hours contact with
the MTMOS solution.
The beginning of the hydrolysis reaction was taken to be the first signs of a peak in the
920 cm'^ region. The end of the hydrolysis was considered to be at that point at which
the silonol peak was at a maximum (920 cm'^) and the Si - O -CH^ rocking at 1190 cm'^
was at its minimum. Figure 6-9 shows a typical progression for the control sequences
and other fast hydrolysis reactions. Figures 6-11,6-12 and 6-13 illustrate the
development of the silanol and siloxane regions for the control, sandstone and limestone
samples.

There is some variation within the beginning of the hydrolysis but the main difference is
in the duration of the hydrolysis. All of the hydrolysis results are represented in graph
format in figure 6-10.
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The fastest 212 hydrolysis reactions are those of the control, sodium hydroxide,
weathered sandstone and 1marble sequences, closely followed by the sodium chloride
sample. The hydrolysis rates of the calcium carbonate, 1limestone and sandstone
samples are slowed considerably. The lowest hydrolysis rates are those of the marble
and limestone solutions - the limestone hydrolysis rate is the slowest of all being
almost double that of the marble.

Clearly, for the 212 hydrolysis reactions, the marble and limestone samples are in a
different class from any of the other samples tested.

Figure 6-9: 212 MTMOS control sequence
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6.3.3.Z MTMOS: The Effect of Increasing the Water and Ethanol to MTMOS
Ratio On the Hydrolysis Reaction
The 413 M ratio of water - MTMOS - ethanol has been shown to produce lower
increases of tensile strength than the 212 M system (Wheeler et al. 1992). This is
probably due to a dilution effect as the amount of MTMOS is held constant to the
increased water - alcohol content (Brinker and Scherer 1990). However, how the
increased water content would affect stone - alkoxysilane systems is unknown. An
increase in the water to silicon ratio is known to increase the hydrolysis rate or decrease
the total hydrolysis time (Brinker and Scherer 1990). The hydrolysis times should
decrease if the soluble content of the stone does not affect the alkoxysilane reaction
mechanisms. On the other hand, if the systems are influenced by increasing the water
content, that is, there is an increase in soluble matter and that soluble matter is
responsible for the decreased hydrolysis rates (increased hydrolysis time) in the 212
systems, we might expect the hydrolysis rate to decrease even more in the 413
limestone and marble systems.

The overall hydrolysis times are decreased in all 413 systems except the limestone,
1limestone and the marble solutions which have a dramatic increase in the hydrolysis
times. The 1 hour contact marble (IMarb) solution is hardly any different from the
control but the marble solution is strongly affected by the increase in water. Also, the 1
hour contact limestone, more soluble than the marble, shows a definite increase in the
completion of the hydrolysis from 35 to 45 hours. The soluble content of the carbonate
rocks appears to affect the hydrolysis mechanism by slightly raising the pH of the
solution.
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T im e (h o u rs )

F isu re 6-10: H v d r o lv sis tim e s

The hydrolysis rates of all the samples are in the same relative order as in the 212
systems. The control, sodium hydroxide, weathered sandstone, sodium chloride and
1marble are the fastest followed, again, by the calcium carbonate and the sandstone.
The 1limestone shows a small but significant increase in its hydrolysis rate over that of
the 212. The marble and limestone samples have dramatically increased hydrolysis
times.

The 413 trials were begun one week after the 212 and there are some possible
temperature variations in the laboratory. Care should be taken when comparing data
between the two systems. The internal trends are consistent except for the 1marble and
1limestone systems, allowing for a qualitative comparison.
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Figure 6-12: 212 MTMOS sandstone sequence
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6.3.3.3 Condensation

The condensation reaction is greatly affected by the hydrolysis reaction. If the
hydrolysis reaction is slow isolated clusters tend to form. Faster hydrolysis rates, on the
other hand leads to more polymeric networks (Drinker and Scherer 1990). The
formation of the Si - O - Si peak at 1025 cm'^ begins before the hydrolysis reaction has
reached completion under most circumstances (extremely low pH would be an
exception). The sequence in figure 6-14 clearly show simultaneous increases in both the
1021 cm'^ and 920 cm'^ peaks along with the consumption of the MTMOS monomer

Figure 6-14: 8:1 Water to MTMOS in acetone
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(peaks due to Si - O - CH3 at 1190 cm'^ and 790 cm'^). The control sequence of the 212
MTMOS system (figure 6-11) is another clear example. In this sequence, the silanol
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peak first forms (920 cm'^) followed by a broadening of the 1060 - 1080 cm'^ region
which then develops into the 1025 cm‘^ peak of the siloxane bond.
Figure 6-15 overlays a number of 212 MTMOS control spectra. In it we may clearly
see the development of the siloxane regions as well as the concurrent diminution of the
regions due to the MTMOS monomer. The 770 cm‘‘ peak is a characteristic region on
all MTMOS xerogels (see figure 6-16). The development of the 770 cm'^ may be seen
to parallel that of the 1025 cm'^ as shown in the 212 control sequence in figure 6-15.

FTIR spectra of the four major systems, 212 MTMOS control, limestone, sandstone
and marble, taken the day before gelation are shown in figure 6-17. The largest
differences among these spectra are in the siloxane bond regions, 1025 cm'^ and 770
cm'\ Clearly, there are more siloxane bonds present in the sandstone and control sols.
This difference is even greater in the 413 solutions as shown in figure 6-18. Figure 6-19
shows the marble, control, calcium carbonate and sodium hydroxide spectra. The
siloxane regions are much greater in the control spectrum. The marble (and limestone)
spectra resemble more closely the spectra of MTMOS sols of a higher pH - calcium
carbonate and sodium hydroxide.
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Figure 6-15: 212 MTMOS control sequence
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Figure 6-16: MTMOS xerogel
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Figure 6-17: 212 MTMOS systems before gelation
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Figure 6-18: 413 MTMOS systems before gelation
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Figure 6-19: 413 MTMOS systems before gelation
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6.3.4 Gelation, Tgei
In order to assess the effect of the differing stone substrates upon the condensation rate
and the final xerogel, the time to gelation (Tgei) was monitored for each mixture. The
condensation rate is reciprocally related to the time to gelation (Drinker and Scherer
1991). The time to gelation can be difficult to interpret due to the differences among
the precursor sol types. As noted previously, one system may increase in viscosity more
rapidly than another system but then might take much longer to form the xerogel. In
order to address this problem, both a beginning and an end to the time to gelation are
reported. The beginning of Tgd is the time taken to the initial increase in viscosity. The
end of Tgei is the time until a solid soft gel was formed.

Table 6-3 and figures 6-20, 6-21 and 6-22, show the time to gelation for all systems
studied (except for sodium hydroxide which gels within hours). The marble and
limestone in both the 212 and 413 systems, have the shortest gel times. The solutions
with high salt / electrolyte content, that is, the weathered sandstone and sodium
Table 6-3: Gelation times o f 212 and 413 MTMOS systems

212

T(gel) days
begin
54
WSAND
53
SAND
54
LIME
MARBLE
53
53
CONTROL
58
C aC03
55
ILIME
60
IMARBLE
58
NaCl

413
T(gel) days
end
begin
62
63
WSAND
61
63
SAND
58
57
LIME
58 MARBLE
57.5
58
60 CONTROL
61
59
CaC03
61
57
ILIME
63 IMARBLE
57
59
62
NaCl

end
70
69
58
58
63
62
59
60
69
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chloride samples (see chapter 4), have the longest times to gelation in both systems.

Figure 6-20: 413 MTMOS gel times
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No other readily definable trends seem apparent. The main points of interest then are

Figure 6-22: 212 versus 413 gelation times
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that the limestone and marble samples have consistent, short times to gelation and that
the 413 system has longer overall gel times. However, the 1marble and 1limestone
behave differently as their time to gelation significantly decreases in the 413 system (see
figure 6-23).
Figure 6-23: Time to gelation o f one hour contact marble and
limestone
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6.3.5 Xerogel Description
The final piece of information to be gathered is the description of the xerogels
themselves. Table 6-4 shows the description for all gels studied. Essentially, two kinds
of gels were formed. The limestones and marbles formed gels that were lumpy and did
not adhere to the probe (a needle) - they were solid but lacked cohesive and adhesive
strength. These gels were similar to the calcium carbonate and sodium hydroxide. The
gels formed by the control and sandstone, weathered sandstone were more like viscous
solutions that, when probed, adhered tenaciously to the needle probe, forming long
strings when pulled. The 1 hour contact marble and limestone as well as the sodium
chloride, formed gels that were somewhere in between the two gel types but more like
that of the control.

Table 6-4: MTMOS xerogel description

Powdered solid

Soft Gel

Gel at 90 Days

Xerogel (all
samples brittle)

Control

212

Very sticky, formed

Very hard and

Slightly hazy, non

long tendrils when

brittle

strained gel

probe was removed

Weathered

413

Same as control 212

No data

same as control

212

Same as control

still soft gel

same as control

413

Same as control

No data

same as control

212

Same as control

still soft gel

same as control

413

Same as control

No data

same as control

Sandstone

Sandstone

188

gel. Large amount of

opaque.

pore solution expelled.

Extremely

White / opaque. Non -

strained/cracked,

coherent

separated into
large clumps

413

Same as 212 NaOH

No data

Mostly powder.
Some xerogel
present as small
opaque chunks.

CaC03

212

Rubbery, once pierced

No data

Slightly hazy.
Strained with

it crumbles easily

cracks running
over the surface
412

same as 212

same as 212 CaC03

CaCOs
NaCl

212

Rubbery not as weak

No data

Opaque, strained

No data

slightly hazy, non

as carbonate gels
412

Sticky. Similar to

- strained

control but not as
stringy.
Marble

212

Very weak gels -

Cloudy. Hard

Slightly hazy,

almost no cohesive

rubber - not

strained

strength. Broken

brittle or tough.

surfaces “clumpy”.

Whole chunks
could be
removed with
ease
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413

same as 212 Marble

No data

Cloudy some
straining. Orange
peel surface
texture.
Delaminating from
marble layer

Marble 1 Hour

212

Contact

Rubbery. Slightly

No data

clumpy but tougher

Very slightly hazy,
non - strained

than 212 Marble
413

similar to control gel

No data

similar to 212
Marble 1 Hour

Limestone

212

413

same as 212 Marble

same as 212 Marble

same as 212

Slightly hazy,

Marble

slightly strained.

No data

Cloudy, strained,
orange peel
surface texture

Limestone 1

212

similar to control gel

No data

Hour Contact

Very slightly hazy,
very slightly
strained

413

same as 212 Marble

No data

Opaque, strained.

6.4 Discussion
The PCA results clearly point to a major difference between the reaction series
involving an increase in the hydrolysis times for the carbonate samples. The measured
hydrolysis times for the marble, limestone and the 1limestone are the most affected. The
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kinetics and mechanisms of the hydrolysis and condensation reactions are known to
determine the structure of the final gel (Boonstra and Baken 1990). Therefore, the gels
formed in contact with the carbonate stones must be somewhat different from those in
contact with sandstone.

Both the 212 and the 413 reactions follow the same relative hydrolysis trends. The
highest hydrolysis rates are found in the control, weathered sandstone, 1marble and
sodium hydroxide systems. Sodium chloride, calcium carbonate and sandstone make up
a middle category of moderately decreased rates. The marble, limestone and 1limestone
systems have the lowest hydrolysis rates.

Within these general trends there are some exceptions. The sodium chloride system, for
example has a great increase in the hydrolysis rate in the 413 solution. Possibly the
dilution minimizes the effect that the sodium chloride ions have of stabilizing and
isolating (by electrostatic repulsion) the sol species. The results of the 1marble are also
puzzling. According to the amount of soluble matter listed in table 4-3 (see Chapter 4)
and the pH values of the solutions (table 6-1) we would expect the 1 marble and the
1limestone to behave in a similar manner. It clearly does not. Limestone does have a
more acidic surface than the marble (see table 4-4 in Chapter 4); in fact, under
magnification of the stained surface, the surface shows much greater variation or
disorder as to the acidic and basic groups present in the surface layer.

Table 4-3 also shows that all the rocks tested have a variety of soluble components as
well as acidic and basic groups on the surface (table 4-4). This makes it difficult to
determine the cause of the reductions or increases in hydrolysis. However, by increasing
the water content to the 413 system, the hydrolysis times did decrease as expected in all
cases except for the limestone, 1limestone and marble samples. The dramatic increase in
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their (limestone, 1limestone and marble) hydrolysis times suggests that the solubility of
the surface, and a slight rise in the pH, are responsible for the effect.

The condensation was shown by the FTIR spectra to begin during the hydrolysis
reaction. However, how the condensation mechanism is affected at the closest level,
that of the nearest neighbor and subsequent group size, we can not say. The FTIR
spectra show differences in the siloxane regions (1025 cm'^ and 770 cm’*) as well as
silanol variation (920 cm’*) but this information will vary greatly depending on: the
stage of the reaction (i.e. overall time) to the gel time; the type of system (i.e. catalyst,
salt content etc.) will affect the structure and the length of time from the increase in
viscosity to gelation; solubility - some solvents or pH ranges (over 7) will promote
depolymerization processes. Finally, the aging process itself can alter the structure
significantly and closed systems, as in the first forty - four days of these systems, will
accentuate these effects.
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Figure 6-24 shows the spectra of 212 limestone and marble overlaid on the control
spectrum. The day (T) was picked arbitrarily and the ratio of the time to Tg^i was used
to decide upon the control spectra. The control spectrum is from day 46 and the
limestone and marble spectrum are from day 44 and 43, respectively. While we can not
state that the systems are in the same stage of development, we can say that the
systems can not be compared directly. In figure 6-24, the siloxane regions absorb more
strongly in the limestone and marble samples than in the control. Why? Maybe the
control system has formed more siloxane bonds, or maybe the carbonates are
undergoing some depolymerization. Basically, we can not tell how FT-IR spectra
relate to the actual structure of the sol clusters.

This does not diminish the importance of the fact that the day before gelation, the FTFigure 6-24: 212 MTMOS systems at T:T^^, = 0.8
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ER spectra are very different - particularly in the siloxane regions. The time to gelation
in the 212 systems also indicates that the systems have different sol structures. The
limestone and marble samples are the first to gel. This is consistent with base or weak
acid catalyzed hydrolysis at near neutral pH - the pH point of minimum time to gelation.
The calcium carbonate has a greater time to gelation due to its pH of slightly over 7.
The sodium chloride and weathered sandstone with their slow time to gelation are very
consistent - we expect them to stabilize the sol clusters and slow down gelation. The
1marble and 1limestone results are, again, unexplainable.

The 413 system delays the initial increase in viscosity that is considered the beginning of
the gel formation. However, it has no effect on the time to gel formation for the
limestone and marble series. In all other cases (except, of course 1limestone and
1marble) the 413 increases the time to gelation. The decrease in the time to gelation of
the 1marble and 1limestone may indicate the effect of an increase in the soluble material
that alters the limestone and marble series so dramatically.

The gels and xerogels derived from the different systems show conclusively that two
different sol structures developed. The limestone and marble systems gave gels that
were weak that, when pierced, gave lumpy surfaces with very little adhesive ability or
cohesive strength. The control and sandstone systems gave gels that slowly increased in
viscosity until the xerogel was formed. This gel type was y sticky and elastic.

These xerogels eventually all become glassy and brittle. The differences seem to have
become minimized to some degree in the monoliths to the naked eye but mechanical
testing or solid state analysis must be carried out for any certainty.
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6.5 Conclusion
The PCA analysis of the FTIR spectra, the length of the hydrolysis, the time to gelation,
the spectra of the sols before gelation and the gels themselves show clearly that two
different mechanisms are at work in the polymerization of MTMOS in contact with
sandstone and limestone.

The increase in the duration of the hydrolysis of the limestone and marble samples leads
to the formation of sol clusters that are probably somewhere in between those of the
acid catalyzed polymeric network and the base catalyzed particles. The resulting gels
are very different. The MTMOS - sandstone derived gels are sticky and elastic, the
limestone/marble gels are weak and lumpy.

The xerogels do eventually harden and the differences seem to be minimized.
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7 C onclusions and Future Work
The percentage increase in the modulus of rupture of limestone samples treated with
alkoxysilanes was found to be less than that observed in similarly treated sandstone.
The modulus of rupture (MOR) results coupled with the Scanning Electron Microscope
(SEM) indicate that the substrate’s composition influences the type of xerogel structure
formed.

The kinetic study of two MTMOS systems, a 2:1:2 and a 4:1:3 .5 molar ratio of water
to MTMOS to ethanol, via Fourier Transform Infrared Spectroscopy (FTIR) and
Principal Component Analysis (PCA), show clear differences between the hydrolysis
rates in the carbonate rocks (marble and limestone) and the siliceous rocks (sandstone
and weathered sandstone). The limestone and marble samples slowed the hydrolysis
rates of the MTMOS solutions.

The FTIR analysis of the sols before gelation show differences in the amount of
siloxane bond formation thus indicating differences between the sol clusters of the
different solutions (carbonate versus siliceous versus the control). The sols formed in
contact with the sandstone samples were similar to those formed in the control system.

The condensation reaction was indirectly studied by determining the time to gelation
(Tgei).

The alkoxysilane systems in contact with the carbonates rocks gelled faster than

the other samples. The xerogels formed were also substantially weaker than and
different in character to those formed in contact with the sandstones or the control
solution. The gels formed in contact with the carbonate rocks were consistent with
those formed by a slight increase in the pH of the solution as reported in the literature
(Brinker and Scherer 1990) or as noted by Laurie (1926) for TEOS (ethyl silicate).
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Clearly, the limestone and marble substrates affect the hydrolysis and subsequent
condensation of the MTMOS systems studied and the structures of the xerogels that are
ultimately formed. The carbonate rocks raise the pH to around 6, as opposed to the
control at pH~5. The degree of branching of the sol clusters is increased leading to a
more particulate gel. However, the pH is not raised high enough by the limestones for
the hydrolysis and condensation reactions to be base catalyzed. The results indicate a
structure intermediate between that of the control and a base catalyzed (NaOH) sol/gel.

Should alkoxysilane stone consolidants be applied to carbonate rocks (limestone,
marble, calcareous sandstone)? This study can not answer that question definitively.
However, there is still hope and the alkoxysilane stone consolidants still hold promise
for the consolidation of carbonate rocks. Alkoxysilane chemistry is, as briefly outlined
in the first two chapters, complicated. It is this fact that makes it possible to envisage
alkoxysilane solutions that may overcome the problems presented here. For example,
we already know that the solutions may be pre-hydrolyzed and that catalysts may be
added (as for the Wacker products) to help overcome the slowing of the hydrolysis
reaction by carbonate minerals. These precautions have indeed been shown to give
greater increases in strength.

The increases in strength brought about by application of these precautions to
alkxoysilane systems used to consolidate carbonate samples are still not as great as
those observed in alkoxysilane consolidated siliceous samples. Does the alkoxysilane
form bonds to the silica surface but not to the that of the carbonate mineral? Is the
lower strength increase due to the inherent weakness of the carbonate mineral surface
itself? That is, is the failure under stress occurring within the mineral (substrate) and not
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in the xerogel or gel - surface bond? Much more research must be carried out in this
area.

First, we must more accurately define the properties desired of a consohdant. How
much of a strength increase is enough? Are anti-corrosive properties more important
than dramatic strength increases? In other words, might not a moderate increase in
strength coupled with increased protection against pollutants and moisture ingress be
better than a great increase in tensile strength alone?

The object’s mineral composition, its salt content, the environment during the
consolidant’s application (i.e. relative humidity, temperature - both ambient and within
the pore structure), and environment in which the consolidant will fimction (i.e. climate)
etc. all have considerable influence on the alkoxysilane polymerization reactions. For
example, the presence of soluble salts is of great concern to the xerogel formation. High
concentrations of these salts will lead to the formation of a weak particulate gel of very
little use as a consolidant. The pre-treatment and cleaning of these salt laden stone
substrates is another area in need of research.

The effect of the mineral surface on the hydrolysis and subsequent condensation and
gelation reactions has been addressed in this study. However, the effect of the substrate
on the condensation reaction is not known. Are different polymers being formed in the
pre-hydrolyzed or catalyzed systems? Finally, the use of coupling agents with organic
resins or alkoxysilane consolidants is an area that has barely been touched.

Once the effects of the substrate on the hydrolysis and condensation reactions are fully
understood there is the prospect that alkoxysilane consolidant formulations may be
perfected by changing solvents, pre-treatments, coupling agents or catalysts. Different
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Stone objects in differing environments will have different conservation histories and
needs. It is thus to be expected that a range of alkoxysilane “systems” will need to be
developed to address specific needs.

Conservators applying consolidants, particularly alkoxysilane consolidants, need to be
made aware of the great effect that the substrate’s composition could have on the type
of xerogel or polymer formed. Detailed knowledge of the object’s mineral, salt and
moisture content is necessary in order to permit an informed choice to be made of an
appropriate alkoxysilane system for consolidation. All of these factors can cause the
formation of weaker xerogels. the mineral and salt content b^jfcausing the formation of
particulate xerogels and a high moisture content by diluting the sol (higher water to
silicon ratio).
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