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Abstract

The thesis concerns the effects of salts in stone, and the possibilities for
reducing or eliminating the weathering effect of salts in stone artifacts and
architecture. It is based on a literature survey and laboratory experiments. The
literature survey includes the various theories concerning the deterioration of
stone due to salts, particularly the effects of crystallization and hydration
pressures. The geology of the types of stone often used in building and
decoration, and of the stone used in the experimental part of the research is also
included. Previous and present methods for eliminating and preventing
deterioration of stone is followed by an introduction to salt crystallization
inhibitors, what they are, and how they are thought to be effective. This is
followed by results of the experimental research carried out, which includes tests
to establish the water absorption and desorption curves for samples of stone, four
different salts, and salt-laden stone. Accelerated crystallization tests were carried
out in order to observe deterioration due to the presence of sodium sulphate and
sodium chloride in stone. Four different phosphonate based inhibitors and one
anti-caking agent were tested with sodium sulphate and sodium chloride to
determine differences in growth of the salt crystals from solution. Some
variations in the macroscopic formation of the sodium chloride crystals was
visible, in terms of smaller crystals, and more needle-like crystals with the
presence of potassium ferrocyanide (anti-caking agent). However, none of the
five inhibitors seemed to reduce the presence or amount of salt on the surface.
Analysis included the use of reflective and polarizing microscopes, and the
Scanning Electron Microscope, as well as maeroscopic observation. The thesis
includes suggestions for further research.
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1. Introduction

Stone can deteriorate by mechanical, physical, chemical, and biological
mechanisms. Mechanical deterioration may be a result of inherent weaknesses,
along natural faults like grain boundaries in the stone. Physical disintegration is
often caused by the penetration of water and salts into the pores of the stone. The
cycles of crystallization and hydration of salts in the pores, or the expansion of
water during freezing will also cause deterioration of the stone. Physical
deterioration may also be due to materials used in construction like iron dowels in
buildings and sculpture. Chemical deterioration often results from atmospheric
pollutants. Deposited acidic products in the atmosphere like carbonic, sulphuric
and nitric acids will increase the disintegration of the stone. Chemicals from
prior cleaning or conservation techniques may also contribute to the deterioration
of the stone. Biological deterioration is considered to be due to algae, lichens or
bacterial growth on the surface or in the pores of the stone.
The presence of soluble salts which cause physical deterioration in stone is
the main focus of this research. Salts are known to cause disintegration to stone,
and will attack porous material regardless of its chemical composition, and may
enhance the effects of other causes of decay. The resulting physical deterioration
of stone is well documented. However, it is difficult to record exactly what takes
place inside the pores of stone. There are several theories as to how pressures
from salts in the interior of porous materials are able to cause disintegration,
There are two main theories concerning how salts cause physical
deterioration of stone. One theory is the hydration of soluble salt crystals already
present in the pores. Research on hydration pressures was carried out
predominately by Bonnel and Nottage (1939), and more recently by Doehne
(1994). They showed through experimentation that, the hydration of anhydrous
salt crystals creates enough pressure on the walls of the pores to cause the pores to
rupture.
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The second theory concerns disintegration of stone due to salt in the pores
of stone from the growth pressure of salt crystals when crystallizing out of
solution. This is considered by many authors, specifically Arnold and Zehnder
(1989), Sperling and Cooke (1984), and Doehne (1994), to be the cause of the
majority of visible disintegration. Salts present in the pores will crystallize out of
solution when there is a loss of moisture due to lowering relative humidity, either
in the atmosphere or through artificial means like heating. Theories and testing
procedures to try to explain or demonstrate what happens as a salt crystallizes out
of solution inside a pore are abundant. Geologists have been concerned with
similar problems of salt crystallization and hydration for a long time. Various
recent authors in the conservation field, particularly Lew in (1982) and Zehnder
and Arnold (1989), have come up with a range of possible mechanisms which
attempt to describe and measure the force or pressure a salt crystal or crystals may
exert on the pore walls.
Quarried stone, no doubt contains some salt. Outdoor sculpture, buried
artifacts, and architectural stone are all more than likely to contain a greater
amount of salt than the original stone, although the amount will vary. This of
course depends on their exposure to atmospheric pollutants, ground water,
cleaning solutions, and other possible sources of salt contamination. For many
large artifacts, the presence of salt in the interior is almost impossible to eliminate.
It is possible to decrease the amount of salt present, and structural adaptations to
prevent salt solutions from being absorbed are often employed. Cleaning
methods for larger structures as an active conservation treatment have been used
although their success depends on the salts present, and the desalination method
used. As long as the salt is not what is holding the stone together, any reduction
in the amount of salt is beneficial (Ashurst. 1994.103). Regulating the relative
humidity and temperature as a method of passive conservation can control the
decay mechanism of soluble salts by removing moisture (Hanna. 1984.173). It is
thought that consolidation of porous stone may reduce the movement of salts by
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encapsulating them, and thereby decreasing their ability to crystallize and
rehydrate. Consolidation may also do the opposite, and instead aid the process of
desalination (Hanna. 1984.173). Other methods to prevent or reduce salt are to be
looked into, particularly as few techniques are designed solely to eliminate salts or
hinder the destructive crystallization/hydration cycles.
As part of this research, a method to prevent salts crystallizing out of
solution has been investigated. The research concerns the use of salt
crystallization inhibitors, modifiers, and anti-caking agents. Thus far, the
phosphonate based inhibitors tested in this researcfi have been applied in the oil
industry. The inhibitors cannot prevent the natural presence of salts. They have
been tested to observe whether they are able to modify the habits of salt crystals
(make them smaller), or prevent the crystallization of salts out of solution. The
anti-caking agent has been tested to prevent the dissolution of already formed salt
crystals so that the size of the crystal cannot increase by becoming attached to
other crystals. Tests were carried out in hopes that an inhibitor or modifier would
achieve one of these results to enough of an extent to reduce the disintegration of
stone due to the presence of salts in the pores.
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2. The geology of some porous materials.

2.1. Introduction.

In history, the geological availability of stone has been the principle factor
governing its use as a material for buildings and monuments. Aesthetic appeal
and physical properties, including resistance to weathering have also been
deciding factors. The geological definition of a rock is based on its chemistry,
fabric and mineralogy, and are the principal determinants of its properties
(Herz. 1982.51). The main concern of this thesis is with the problems of salts in
porous building materials. Therefore the properties of the main materials
generally used, and the material use.din this research are given here. Some of
this information may be applicable to other human made artifacts and objects of
art, like stone and clay sculpture and other three-dimensional decorative or
functional objects.

2.2. Limestone.

Limestone is a sedimentary stone composed primarily of calcium
carbonate. It varies from s o ft, poorly compacted masses filled with fossils and
mud to hard, compact stones which can be used for lithographic reproduction of
pictures. The proportion of foreign constituents in limestone is generally low,
and the chemical composition is nearly pure calcium carbonate. Limestone with
a significant amount of silica or clay present are called siliferous and argillaceous
limestone (Schaffer. 1972.9). Some limestones also contain magnesium
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carbonate, they are coarse grained and are often referred to as dolomitic
limestone. As a result of their porosity and permeability, almost all limestones
are susceptible to weathering from permeating water and gases.

2.2.1 Oolitic Limestone.
Oolitic limestones are aggregations of small, rounded particles of
crystalline calcium carbonate that have been chemically precipitated. The
calcium carbonate was dissolved by acidic water containing carbon dioxide. The
dissolved calcium carbonate was redeposited. Ooliths are spheres formed by the
dissolved calcium carbonate deposited around a nucleus, usually a grain of sand.
Their structures vary in the degree of porosity of the grains, and the amount of
intergranular cement present (Schaffer. 1972.8). The porosity of the stone and its
permeability in terms of soaking up fluids like water are two of the main factors
which determine the stone's susceptibility to weathering.
The oolitic limestones vary in degree of porosity due to the amount of
intergranular cement. The amount of intergranular cement will affect the
pore-size distribution, making stones with a higher percentage of large or small
pores or a mixture of both. These factors will affect the resistance of the stone to
penetration of water and pressures due to salt crystals. Portland stone is an often
used oolitic limestone which is porous. The grains are cemented together at their
points of contact and the stone has no continuous matrix (Schaffer. 1972.8). In
Monks Park limestone, the oolitic grains are set in a continuous non-porous
matrix of crystalline calcite, and the porosity is represented by the small pores in
the oolitic grains , through which water can pass only from one grain to another.
(Schaffer. 1972.8 and 53). Therefore the pores are very small.
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2.3. Sandstone.

Sandstone is a sedimentary stone composed principally of loose sand
grains cemented together by pressure and the deposited cementing material at the
contact points of the grains. The constituent grains will be of varying sizes and
shapes, closely or loosely packed together. These features relate to the porosity,
pore-size, and permeability of the stone, and will determine the ability of the stone
to withstand weathering. The indestructibility of the quartz grains also prevents
the weathering of sandstone.
Sandstone consists of quartz and feldspar cemented together by silicate,
limonite (iron oxides), calcite, or clay. The type of intergranular cement will
contribute to the physical characteristics of sandstone, its colour, hardness,
porosity, resistance to weathering, and chemical disintegration. Silica cemented
sandstones are high in hardness, next are the limonites, calcite, and then clay.
Silica and limonite sandstones are the most resistant to chemical decay and
general weathering. The calcite sandstone tends to be affected by the same types
of chemical decay as limestone, and the clay sandstones are the weakest, easily
absorbing water leading to breakage (Robertson. 1982.82).

2.4. Granite.

Granite is an igneous rock mainly composed of quartz and feldspar, and
usually a few grains of a dark mineral like mica. An excellent building material,
it is often resistant to weathering unless there are microfractures or it is highly
jointed. They tend to have low porosity and permeability which also prevents
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weathering due to the crystallization and hydration of salts, or thaw-freezing
cycles.

2.5. Marble.

Marble is a metamorphic rock made from recrystallized limestone or
dolomite. Colouring in marble is due to a variety of accessory minerals. Used
largely as facing for buildings, or carved for sculpture, marble can be highly
polished. Polishing of the surface may help protect the marble as it creates a
smoother, and less permeable surface. Marble often has moderate permeability,
and is therefore subject to chemical decay. When sulphate is present, gypsum
crusts may form due to dissolution and redeposition, of salts (Winkler. 1982.108).

2.6. Brick.

Brick is fired clay used in conjunction with mortar for building. Clay is a
rock composed of clay minerals (hydrous silicates of aluminium sometimes with
magnesium or iron), and accessory minerals like quartz, feldspar, and calcite.
The raw material used for making bricks has changed over time. Some
difference in materials is also due to regional availability, therefore they can be a
variety of colours depending on the composition of the clay. Brick is similar to
the clay used for ceramic and earthenware utensils (Robinson. 1982.146).
The firing process is important as this is when the porosity of the brick is
reduced, and the bond is created between the particles by partial fusion and
sintering of amorphous constituents (Robinson. 1982.147). Firing determines
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certain characteristics of the brick including, strength, colour, and resistance to
weathering. Ability to withstand disintegration also depends on the structural
design and its execution.
The main source of disintegration is due to the penetration of water. This
creates freeze-thawing cycles, and the water may carry other chemical pollutants
like salt. Water penetration may be due to inadequate design, so that water
penetrates more easily. Permeability of the mortar used, cleaning during
conservation, and the use of added materials which are incompatible (like surface
coatings), may also contribute to deterioration.

2.7. Mortar and Concrete.

Mortar and eonerete are used as binding and casting mediums. Mortars
are used largely for binding between bricks and stone in buildings. Mortars will
vary in composition but are most importantly low in alkali metals and soluble
salts. Lime sand mortars were once the main bonding medium. Later, Portland
cement was added, and at present mixtures called masonry cements are frequent
(Robinson. 1982.150). The properties of mortar whieh are important for good
bonding are, water retentiveness, workability, and tensile strength,
(Robinson. 1982.150).
Concrete, a mixture usually composed of Portland cement and sand or
other mineral aggregates has been used to cast sculpture. The different
weathering rates of the binding material and the aggregates in the mixture will
often result in the loss of cement first, leaving a roughened surface of aggregates.
The most common problem is that of eracks in the material whieh allows water to
enter the interior, and which may begin freeze-thaw cycles within the strueture.
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The water may also carry salts and other pollutants. Any interior metal structure
may begin to corrode due to the introduction of water, adding discolouration, and
an increase in the number of interior cracks.

2.8. Conclusion.

The durability of the various stones depends on their constituent minerals,
and cementing materials. Their resistance to weathering also depends on the
migration of fluids through the interior. This is governed mainly by the porosity,
pore-size distribution, and the geometry of the pores. The shape of the mineral
grains determines the pore geometry, which affects the movement of fluids in the
pores.
Both brick and mortar are highly durable, and like stone are susceptible to
weathering and decay. Brick and mortar are also susceptible to the cycles of salt
hydration/crystallization, and freeze- thawing. According to Robinson, "The rate
of deterioration is a function of composition, pore structure, manufacturing
procedure, structural design, and cleaning procedure." (Robinson. 1982.145).
When considering a material for building, sculpture or other use, the
characteristics and properties of the material must be taken into account. The
major concern for stone, brick, and concrete is the porosity and permeability of
the material. If water can move into the material easily, then it can be assumed
that other pollutants which can be transported with the water are present to some
degree. Soluble salts, and other pollutants can be carried by water into the
materials, and due to interior and exterior atmosphere, may be deposited,
beginning the disintegration of the material.
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3. The weathering of limestone.

3.1. Introduction.

Often a variety of salts and mixtures of salts are found in stone. Some
salts will be more prevalent than others because of exposure to different
atmospheres, sources of ground water, building materials (original and added),
and possibly from previous cleaning and conservation treatments. The different
salts present may have an effect on the type or extent of disintegration to the
stone. The salts which cause the most concern are the soluble salts. Soluble
salts vary in their degree of solubility, their ability to form hydrates, to
supersaturate, and their rate of crystallization. All these factors contribute to their
potential for disintegrating stone. Salts which are only slightly soluble are not
considered to be as much of a threat except calcium sulphate which is the
predominant salt in crusts. However, where one salt appears to do little damage
on its own, in a mixture with other salts, may become aggressive, or contribute to
the aggressiveness of other salts.

3.2. Salts commonly found in weathered limestone.

The main salts found on walls, in building stone, and other exposed stone
are carbonates, sulphates, chlorides, and nitrates. The kinds of salts present
depends on the materials present. Salts vary in their tendency to pick up water
and dissolve as pure salts, and even more when present as mixtures of salt. Some
salts can exist in hydrated and anhydrous states. Hydrates are formed when an
anhydrous salt picks up moisture and is able to hold a certain number of water
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molecules in its crystal structure without dissolving (water of crystallization).
This depends on the type of salt, the relative humidity of the atmosphere, and
where the salt crystal is situated (access to moisture). One salt commonly found
which does not form hydrates is sodium chloride (NaCl).

3.3. Humidity and salts.

Relative humidity is the term used to describe the ratio of the amount of
water vapour in the air to the maximum amount possible at the same temperature.
This is usually expressed as a percentage. This is different from absolute
humidity which is the measurement of the amount of water vapour in a unit
volume of air. The equilibrium relative humidity is, "the relative humidity of air
in equilibrium with a saturated solution of the salt in question." (Price and
Brimblecombe. 1994.90)

Therefore, the relative humidity at which a salt begins

to take up moisture is the ERH of that salt. A salt will stay dry when the relative
humidity of the atmosphere is below its ERH, and will pick up water and begin to
dissolve when the relative humidity in the atmosphere is higher than the ERH of
that salt.

3.4. Causes for the dissolution and crystallization of salts.

When salts are present in stone, whether they have been deposited by rain
water, soaked in with water from the ground or by another means, the amount of
salt in the stone will tend to accumulate. The sources of the salt often contribute
more than one type of salt, meaning there will inevitably be salt mixtures.
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Problems arise when the solvent evaporates, leaving behind salt crystals. From
the moment the salt solutions or salt deposits enter the stone, problems concerning
salt crystallization and hydration begin. The main factors which cause the salt to
crystallize and hydrate are fluctuations in relative humidity and temperature,
whether artificially or naturally produced. The equilibrium relative humidity for
some of the salts commonly found in building stone are listed in table 3.1.
Different ERH percentages are found for salt mixtures. These ERH figures will
depend on which salts are present and their quantities or concentrations. For each
mixture, analysis to obtain a value for the ERH of that mixture must be done
separately since salts are affected by the other salts in the solution as they
crystallize and dissolve. Recent research by Price and Brimblecombe (1994),
discussed the possibility of finding the ERH of a salt in a mixture. The authors
used a computer program called the PÏTZ93 which is able to calculate the
interactions of ions in solutions with high concentrations of salts. The authors
were able to interpret the relative humidity of air in equilibrium with mixed salt
solutions of specific composition with the program (Price and
Brimblecombe. 1994.91 ).
Salts
calcium chloride
magnesium chloride
magnesium nitrate
calcium nitrate
ammonium nitrate
sodium chloride
sodium nitrate
ammonium chloride
ammonium sulphate
potassium chloride
magnesium sulphate
magnesium sulphate
sodium sulphate
potassium nitrate
potassium sulphate
sodium carbonate
calcium sulphate

Formula
CaCIo "6 H 2 O
MgCE 6 H 2 O
MgNlDg
Ca(N03)2 4 H 2 O
NH4 NO3
NaCl
NaN 0 3
NH4 CI
(NH4 )i SO4
KCl
M gS04'7H')0
M 0 SO4
NaoSO4 - 10 HoO
KNO3
K 2 SO4
NaCO 3 T 0 H 2 O
CaS0 4 -2 H 2 0

ERH at 20C
33%
34%
53%
56%
66%
75%
75%
80%
81%
85%
90%
90%
93%
94%
98%
98%
99.96%

Table 3 1 . The equilibrium relative humidity at 20“C for salts commonly found in
stone (Price and Brimblecombe. 1994.90).
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3.5. Chlorides.

Chlorides are most evident in stone as sodium chloride (NaCl), potassium
chloride (KCl), and calcium chloride (C aC h ' 6 H 2 O). The source of chlorides is
often from the soil, and marine aerosols. Some hydrochloric acid is also released
from industrial processes (Amoroso and Fassina. 1983.47). Chlorides are readily
soluble in water, and once in solution, are very mobile (Amoroso and
Fassina. 1983.37). In limestone, the presence of sodium chloride was found to
increase water pick-up by a factor of 1(X) (Cooke and Gibbs. 1992.56) Their
hygroscopicity makes them more likely to have rapid hydration (not NaCl or
KCl), and crystallization cycles, and because of their mobility, more likely to
spread and crystallize over a large area.
Sodium chloride as a non-hydrate crystallizes out only on evaporation of
the solvent. Other chlorides like calcium chloride are able to hydrate, and
therefore, can absorb water without dissolving, creating larger crystals.
However, CaClo has an ERH of 33% at 20°C, and therefore is usually in solution.
Calcium chloride is sometimes referred to as a deliquescent salt. Any salt can
deliquesce, meaning dissolve completely in water that has been taken up
whenever the ambient RH is above that of the salts ERH, but since the ambient
RH of the atmosphere is usually above 33%, calcium chloride tends to stay in
solution.
Chlorides have been shown to affect the dissolution of other salts like
gypsum (CaS 0 4 • 2 H 2 O) (Honeybome. 1990.158). Not only does sodium
chloride have a dissolving effect, but the relative humidity of air in equilibrium
with the mixture ranges from 75%-99.96%, so that the calcium sulphate will
crystallize out of solution when the ambient RH is between 75% and 90% or
above 90% (Price and Brimblecombe. 1994.92). It is now also thought that the
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use of salts like calcium chloride to try and keep the salts in stone in solution
because of its low ERH cannot work. Instead, the introduction of such a salt may
increase the possibility of crystallization damage by extending the range of
ambient relative humidity at which crystallization takes place (Price and
Bri mbiecombe. 1994.92).

3.6. Sulphates.

Crusts on stone tend to be made-up of sulphates, specifically of calcium
sulphate, and sodium sulphate, (both the anhydrous and hydrated forms).
Sulphates are derived mainly from ground and sea water, as well as from
atmospheric pollutants reacting with the stone. Sodium sulphate appears in two
stable forms on stone. They are the anhydrous NaoSO^, and the decahydrate
Na2 S 0 4 • lOHoO. The anhydrous sodium sulphate has an ERH of 71% at 20'’C,
and sodium sulphate decahydrate has an ERH of 93% at 20°C. Therefore, the
anhydrous sodium sulphate will begin to absorb water to form first the
heptahydrate (Na 2 S0 4 • 7 H 2 O) which is not very stable, and then the decahydrate
which is stable between 71% RH and 93% RH. Above 93% RH, the decahydrate
will pick up more water and begin to dissolve. Damage can occur at two points.
First when the anhydrous salt hydrates to form the decahydrate since the hydrated
salt occupies 314% more volume than the anhydrous form (Price and
Brimblecombe. 1994.91). Secondly, damage can occur when any sodium
sulphate in solution crystallizes out when the ambient RH is below 93%. Sodium
sulphate is not the only sulphate which can exist in hydrated forms. Magnesium
sulphate in magnesian limestone, and calcium sulphate also exist as hydrates most
often as, MgS 0 4 • 7 H 2 O, and as CaSOa • 2 H 2 O which is gypsum.
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Sulphates are considered to be less soluble in relation to other salts found
in porous materials, and are able to move to the interior or along the surface of the
stone only when in the initial phase of deposition, when they are still in solution
(Amoroso and Fassina. 1983.47). Movement of salt solutions takes place because
of the changing temperatures and relative humidity of the atmosphere.
Movement of salts is sometimes called creeping, but only occurs when there is
water present (Arnold and Keung .1985 .265). Once deposited, the salts initially
crystallize out of solution as hydrates. Sulphates are usually the main
components of crusts on the surface of stones as they crystallize out more quickly
than some other salts. This is due to their often higher ERH values. Therefore,
sulphates need more water to stay in solution.

3.7 Nitrates.

The most frequent nitrates on stone are potassium nitrate (KNO 3 ), sodium
nitrate (NaNOg), ammonium nitrate (NH 4 NO 3 ), and calcium nitrate, Ca(N 0 3 ) 2 ,
and in the hydrated form of, Ca(N 0 3 ) 2 *4 H 2 O, They are mostly formed from
decomposing organic matter, and from atmospheric pollutants (nitric acid +
calcium carbonate produces calcium nitrate).

3.8. Carbonates.

Carbonates tend to have very low solubility in water, and are the major
components of building stone. However, they can dissolve as bicarbonates when
attacked by carbon dioxide in the atmosphere. Sodium carbonate (Na 2 C0 3 ) has
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been found in efflorescence on stone (Amoroso and Fassina. 1983.48). It can
form two different hydrates, the decahydrate, and the monohydrate. Sodium
carbonate reacts similarly to sodium sulphate, therefore, their effects on stone may
be similar (Arnold. 1976.27).

3.9. Mixtures of salts.

As discussed in the previous sections on salts, mixtures of salts rather than
single salts predominate in and on porous material. Salts will crystallize out of
mixtures independently or simultaneously, depending on the ambient relative
humidity, and their corresponding equilibrium relative humidity. The problem of
salt mixtures arises when one salt affects the point at which another salt will
crystallize out of solution. An illustration of this is the presence of sodium nitrate
and magnesium nitrate in the same solution. Sodium nitrate has an ERH of 75%
at 20°C, and magnesium nitrate has an ERH of 53% at 20°C (Price and
Brimblecombe. 1994.90). Each of them on their own would crystallize out of
solution as the relative humidity dropped below their respective ERH values.
However, Arnold found that in a salt mixture sodium nitrate crystallized out of
solution at about 60% RH (Arnold and Zehnder. 1989.56). Another example is
that of a mixture of sodium chloride and sodium nitrate. Both sodium chloride
and sodium nitrate have an ERH of 75% at 20°C. When the sodium nitrate was
dissolved in a sodium chloride solution (1:5) the sodium chloride crystals started
to crystallize out at 73.9% RH, and continued to crystallize out as the ambient RH
fell until the RH was 67.9%, at which point the sodium nitrate, and the rest of the
sodium chloride crystallized out (Price and Brimblecombe. 1994.93). The RH at
which the salts began to precipitate out of solution was lower for both salts than
their ERH values.
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Similar findings were also recorded for mixtures of calcium sulphate and
sodium chloride. Sodium chloride in stone has a definite effect on calcium
sulphate when the two are mixed together. Not only has sodium chloride been
found to keep substrates wetter due to their hygroscopicity, but it can also
increase the solubility of calcium sulphate (Cooke and Gibbs. 1993.56) (Price and
Brimblecombe. 1994.92). The mixture of calcium sulphate in sodium chloride
caused the calcium sulphate to crystallize out of solution between 90% and 75%
RH, or above 90% RH. Calcium sulphate on its own has an ERH of 99.96% and
therefore is able to dissolve only when large amounts of water are present as when
it rains. However, in the presence of sodium chloride, it is able to dissolve and
recrystallize between 75%-100% RH (Price and Brimblecombe. 1994.92).
Subsequently, the ability to control the crystallization and hydration, and
the number of cycles that occur becomes more difficult. Rather than keeping the
ambient relative humidity immediately above or below the ERH of a salt, the
ranges at which salts in mixtures can either crystallize out of solution or begin to
pick up water is much greater. One salt can also greatly affect the solubility of
another, and it is not always possible to know the concentrations of the salts
present. However, knowing which types of salt are present will help in
narrowing the amount of fluctuation possible in certain ranges of relative
humidity. Different salts tend to have different degrees of aggressiveness.
Sodium sulphate tends to be more aggressive than sodium chloride, and sodium
chloride more than calcium sulphate(Ashurst and Dimes. 1990.236). The
aggressiveness of mixtures of salts appears to be unrelated to their individual
components (Ashurst and Dimes. 1990.236).
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3.10. Effects of precipitated salts.

When salts crystallize out of solution, they precipitate on and beneath the
surface of the stone. On the surface, they form efflorescence which often appears
white and fluffy, as the needle-like crystals grow on the surface, although a hard
crust may form instead. All of the salt may not effloresce on the surface, and
some may remain below the surface as subflorescence. The type of salt, the rate
of evaporation, and therefore the rate of the movement of the solution to the
surface will determine whether, and how much of the salt will precipitate out as
efflorescence or remain in the pores as subflorescence.

3.10.1. Subflorescence.
Subflorescence is created by the deposition of salts in the pores, below the
exterior surface of the stone. Water evaporates by diffusion from within the
pores. Subflorescence forms when the rate of evaporation from the surface is
faster than the migration of the salt solution to the surface. Deterioration of the
stone takes place when the migration of solution is slower than the drying rate, but
fast enough to permit the deposition of solute in the pores. The deterioration is
due to the pressures resulting from the growth of the salt crystals in the pores.
The more frequently this processes occurs, the greater the disintegration of the
stone will be. The hygroscopicity of the salt also determines its tendency to form
precipitate on or below the surface. A more hygroscopic salt will remain in
solution longer, and therefore is more likely to precipitate out onto the surface.
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3.10.2. Efflorescence.

The main constituents of efflorescence are sulphates, nitrates, chlorides,
and carbonates of alkali metals and magnesium (Arnold. 1976.27). Efflorescence
occurs when the salt solution migrates to the surface of the stone and evaporates
there, leaving a dusting of salt powder on the stone surface. Some salts form
efflorescence which looks like thin salt whiskers on the surface of the stone when
they precipitate out of solution. Whisker growth is determined by the relative
humidity of the atmosphere which regulates the evaporation rate of the solution.
Unlike crusts which need to have a fairly wet substrate, whisker efflorescence will
grow on porous materials even when they are undersaturated with water (Arnold
and Kueng. 1985.259).

3.10.3. Crusts.
Another type of efflorescence is the formation of crusts. The more
soluble salts tend to be the ones to form whisker efflorescence, and the less
soluble ones like gypsum (CaS 0 4 -2 H 2 0 ) form crusts. Crusts exhibit a denser
crystal aggregation. Magnesium and calcium sulphate are the main components
of crusts. According to Arnold and Zehnder, three types of crust formation can
be found. There are those directly crystallized from a solution supplied from the
interior, those crystallized from loose efflorescence, and those precipitated from a
chemical reaction between two soluble salts (Arnold and Zehnder. 1985.274).
The amount of solution supplied must be high in order for a crust to form,
creating a very wet substrate.
Gypsum which is formed due to the reaction of sulphur dioxide on
carbonate stone is very hard and tends to be fairly inactive in areas sheltered from
rain water. Gypsum formed in combination with evaporite minerals like sodium
chloride, which are highly soluble salts precipitated from the evaporation of saline

32

solutions like seawater, are more hygroscopic, and are more likely to have cycles
of dissolution and recrystallization, making them more aggressive to stone
(Livingston. 1994.103). This was also discussed by Price and Brimblecombe
(1994). Evaporite minerals can also change the nature of the crust from a hard
compact layer to a fibrous type which is also more friable (Livingston. 1994.103).
The presence of gypsum crusts is one of the main causes of decay in urban
areas regardless of the building stone and mineralogical features (Shiavon
et.al. 1994.99). For some stones like granites, the availability of sulphur dioxide
in the air which would attach to the calcium ions in mortars, determines the
amount of gypsum crust which can be formed (Shiavon et.al. 1994.99). The black
crusts which are often referred to in outdoor building stone are often made up of
calcium sulphate and other atmospheric pollutants, including sulphur dioxide,
sulphuric acid, and other particles from combustion of oil and other fuels. These
particles are mixed with other organic (plants, pollen), and inorganic (dust, soil)
particles in the atmosphere (Walley et.al. 1992.230). These black coatings are
often found in areas where dry deposition of sulphur compounds occurs and are
not washed by rain. They can become thicker if supplied by solution without
being washed directly by water.

3 . 1 1 . Conclusion.

To understand the process of salt decay in stone, it is important to consider
several factors. The types of salts present and whether they exist predominately
in crystal form, or in solution will indicate to some extent their aggressiveness in
the deterioration of porous materials. This will depend on the equilibrium
relative humidity of the salt and the ambient RH. The difference in the
conditions under which a single salt and a mixture of two or more salts will
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crystallize and dissolve is important. Recent research has improved the
understanding of how salt mixtures can change the conditions (RH), at which
some salts will crystallize or dissolve. The accumulation and concentration of
salts in specific areas indicates the type of crust, or efflorescence which may
appear. The salts commonly found in weathered stone are carbonates, sulphates,
chlorides and nitrates. Some exist as anhydrous salts which can hydrate, and
others do not. The types of salts present and their cycles of
hydration/crystallization will also determine the forms of decay, like flaking, and
blistering. In general, the changes in relative humidity and temperature control
the rate of crystallization or dissolution of a salt, and this in turn affects the rate of
disintegration of stone due to salts.
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4. The movement of water through porous material.
4 .1. Introduction.

In order to understand certain mechanisms of deterioration of porous
materials such as stone, brick, concrete and mortar, it is essential to consider the
laws governing the movement of fluids through porous media. It is important to
understand how solutions travel in porous materials, and what laws govern the
absorption and evaporation of solution. In order to determine the ability for
certain materials to withstand pressures created by freeze-thaw cycles of water,
and deposition of salt solutions as well as other pollutants, is necessary to have an
understanding of what takes place below the surface of the material.

4.2. Porosity.

Limestone, sandstone, bricks, and concrete are all porous. The degree to
which these and other materials are porous depends upon the number of pores or
void spaces which are distributed throughout the material. These void spaces
(free of solids) are what makes the material porous. The ratio of void to total
volume is important as this ratio is called the porosity, expressed as a fraction of
one, or as a percentage (Scheidegger. 1974.6). The size or diameter of the pores
in a material is difficult to calculate. Pores are of varying shapes and sizes
(length and width), and it is unlikely that each pore will be the same diameter
throughout.
The grain size and the packing of the grains in a porous material will
affect the porosity. Grains can be of many different sizes and shapes. They are
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cemented together in an irregular pattern during initial formation of the material.
Small grains will often fill the spaces between larger ones, reducing the porosity
of the material. It is also possible that the angularity of grain particles may create
bridges between grains, which would increase the porosity
(Scheidegger. 1974.22). In general, the lower the porosity, the lower the
possibility of the fluid entering the porous material. However, the permeability
of the material is also important.

4.3. Permeability

Permeability is the rate at which gas or liquid will pass through a porous
material. It is defined by Darcy's Law in which the flow depends on the
permeability of the material and on the pressure and viscosity of the fluid. A
porous material is permeable to a variety of fluids which penetrate through the
material. Porous materials will usually carry some fluid, in the form of gas or
liquid, or a mixture of fluids. According to Dullien, a porous material will have a
specifically measurable permeability based on a value determined by the pore
geometry and independent of the properties of the penetrating fluid,
(Dullien. 1979.2). The permeability of a material is measured by the rate at which
gas or liquid will pass through it. Both Dullien (1979) and Scheidegger ( 1974)
write that the permeability does not rely on the porosity, but on the physical
structure (e.g. quartz, silica), of the material. It is therefore possible for two
different materials to have the same porosity and different permeabilities.
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4.4. Capillarity.

Water is absorbed by porous materials through capillarity. Capillarity is
the action by which a liquid, where it is in contact with a solid, is absorbed or
desorbed depending on the attraction of the molecules of the liquid for each other
and the solid. The law which governs the flow of fluid through a capillary is
Poiseuille's law. It is expressed as:

v=
(1)

1 a

_ r 4 ( P 2 - p l) t -

7 8

1

(Bennett. 1986.917)

V is the volume of fluid measured as average pressure (pi+po)/!.
pi-p 2 is the pressure difference between the ends of the capillary.
1 is

its length,

r is the radius
t is time.
^ is the viscosity of the fluid
The equation states that it takes a specific pressure for a fluid (with a value
for viscosity), to move through a pore of measured volume and length in a certain
amount of time. As a solution evaporates from the surface of a porous solid,
solution from the interior pores replenishes the solution on the surface, or near the
surface. The solution migrates to the surface by capillarity. According to
Lewin, " the interfacial tension, y, at the free surface of the liquid provides the
driving force that draws the liquid to the surface" (Lewin. 1982.124). Once again,
the flow of solution in the pores to the surface is governed by Poiseuille's law as
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the fluid in the pores flows out through the capillary network. It is the larger
pores on the whole which contribute to the rate of flow of the solution to the
surface, whereas the smaller pores contribute more to the force drawing the
solution through the capillary network (Lewin. 1982.125). If there is no
evaporation of solution at the surface, the solution will rise in the capillaries until
the surface pressure and hydrostatic pressure are equal.

4.5. Water in stone.

In stone, brick, and concrete, the pores serve as capillaries. The capillary
attraction (liquid to solid surface tension) between these three materials and water
is strong. Water is often soaked up from the ground into the material through
capillarity. In terms of conservation, water in porous materials is problematic.
According to Dullien, "In the case of porous solids with distributed pore sizes,
small pores will fill first and the largest will not begin to fill until the menisci in
the smallest pores have already begun to flatten." (Dullien. 1979.71) As the larger
pores will lose their water first by evaporation, the solute is often deposited in the
larger pores first as they draw water from the smaller pores. The expansion
which occurs when water freezes or salt crystallizes inside the pores is very
disruptive. To understand the movement and flow of fluid through porous
material is helpful in understanding the movement of salt-water solutions through
stone and similar materials.
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4.6. Water and salt.

Water often contains salts. Most "natural" water has some degree of
salinity. Salts and other impurities are present in ground soil, rain may contain
acids and other pollutants from the atmosphere. Water from these and other
sources will act as solvent for the soluble salts present. These solutions will
penetrate and travel through all structures open and permeable to water
(Arnold. 1989.36).

4.7. Conclusion.

The relationship between moisture transport and the structure of stone is
important in the study of the deterioration of porous materials. Deterioration of
porous material is related to the movement of fluids, usually water through the
internal structure (pores). Physical properties such as the measurement of
porosity, pore size distribution , and capillarity are important for providing
information about water transfer, and potential weatherability of the material
(Ordaz and Esbert. 1985.93). Crystallization pressure, one of the main factors in
weathering depends largely on pore-size distribution in the porous material.
Although the porosity of the material is significant in terms of the effect of frost
and salt weathering, the porosity figure on its own is not of much use as it is not a
measure of its permeability to liquids or vapour. The properties of porous
material is dependent on the arrangement, size and shape of the pores rather than
the total porosity (Oilier. 1984.81). Pores vary in shape and size, and are not
always linked to channels. Therefore, the saturation of a porous material may not
mean that all pores are filled as liquid cannot enter sealed pores or where air may
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be trapped in the inner pores. The movement of fluid depends on more than one
condition or factor. It depends on porosity, pore-size distribution in the stone, the
viscosity and concentration of the solution, relative humidity and temperature of
the environment.
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5. The sources and effects of salts in stone.

5.1. Introduction.

As concluded in the previous chapter, the relationship between moisture
transport and the structure of a stone is important when looking at the degradation
of porous materials. This is particularly evident when looking at the
phenomenon of rising damp in architectural stone, as well as the penetration of
water and various chemicals deposited by rainwater, cleaning, and other deposits.
Moisture, and the transport of it is essential for deterioration of stone due to frost,
crystallization and hydration of salts, and biological attack (Meng. 1993.155).
Chapter four discussed the movement of fluid through porous materials.

This

chapter concerns the movement of soluble salts which are often present in these
solutions, where they come from, and where they end up.

5.2. Where salts come from.

Salts originate from ions which are leached from weathered rocks, from
soils, building stones, mortars, bricks, and other materials used on the object or
monument (Arnold. 1989.31). They are also deposited from the atmosphere, and
by organic metabolism (Arnold and Zehnder. 1989.31 ). The salts are carried in
aqueous solutions through the porous material, and as the solvent (usually water)
evaporates, the salts are deposited as crystals on the surface or in the pores. The
resulting salt crystals on the surface of the stone and inside the pores then have the
opportunity to hydrate and recrystallize depending on the availability of solvent.
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In most studies on stone , these cycles are considered the most likely causes of
degradation. When studying a particular object or area of a monument, where the
salts are concentrated, and where they are most likely to be coming from is part of
the initial investigation before deciding on a preventive method. Where the salts
are found on the stone is often directly related to the source.

5.3. Ground water as a source of salts.

Ground water is water in soil and small rocks. It usually contains salt
which creates saline solutions. The water may carry ions of carbonate, sulphate,
chloride, nitrate, magnesium, calcium, sodium potassium and ammonium. (Arnold
and Zehnder. 1989.33). The types of salt present depends on the location. In
areas where there is human housing, the soil often contains high quantities of
nitrates and chlorides in comparison to normal soil solutions (Arnold and
Zehnder. 1989.33). Farming areas may contain higher amounts of sodium,
potassium, and ammonium nitrates (used as fertilizer), and coastal areas, higtier
concentrations of sodium chloride and sodium sulphate, from sea water. Ground
water is the source of rising damp in the walls of buildings, AH porous material
is affected, to what degree depends on the microstructure, (mineral content,
structure of material, bonding, and pore structure), of the material.

5 .3 . 1 . Rising Damp as an effect of ground water.
Rising damp is a result of the absorption of ground water in stone or other
porous material built on and in contact with the ground. Most water in the
ground is saline to some degree. The effects of the absorption of a saline solution
into stone, brick, mortar, and concrete often results in the degradation of the
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mat er ial .

(1

r ound w a t e r is a b s o r b e d at the b a s e o f the st on e by capillarity.

D e p e n d i n g on the a m o u n t o f mo i s t u r e p re se nt , t he d r y n e s s o f the p o r o u s mat er ial ,
the rate o f e v a p or a t i on f rom the sur fa c e, a n d the ty p es o f salts in the solu ti on , the
w a t e r will rise to dif fer ent level s on the wall.

A n article by A r n o l d splits the

l eve ls o f rising d a m p into z on e s , as in f i g u r e I ( A r n o l d . 1982.13).

T h i s is

i m p o r t a n t as the t ypes o f salt, a nd t he re f or e the e ff ec ts o f the salt s o l ut i o n s t en d to
v a r y f r om o n e level to an o th er .

G e n e r a l l y , t he s ol ut io n c o nt a i n s o n e o r m o r e o f

t h e s e salts, c a l c i u m , m a g n e s i u m , s o d i u m , p o t a s s i u m , s u l p h a t e ( S O - 4 ), nitrate
( N O ‘3 ). ch lo r id es, a nd c a r b o n a t e s ( C O - 3 ).

T h e s e will d epo si t on d i f f er ent a r e as

on the wall a c c o r d i n g to thei r solubility.

F i g u r e 5.1. Z o n e s o f rising d a m p on a wall a f te r A r n o l d ( A rn ol d . 1982. 13).
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5.3.2. Zone A

This zone is at the base of the wall, nearest to the ground and the source of
the water, and therefore tends to be the wettest. The salts in zone A are often the
sparingly soluble ones, because they require higher humidity, to remain in
solution. For example, calcium carbonate (CaSO^ *ZHoO), has and ERH of
99.96% at 20°C therefore, unless there is a large quantity of water present, the
solution will become readily supersaturated with salt, and the salt will precipitate
out of solution. The precipitated salts in this zone are usually, carbonates of
magnesium (MgCOg) and calcium (CaCOg), and gypsum (CaSOa • ZHoO). In
general salt efflorescence and crusts may appear resulting in surface pitting,
granular disintegration, and flaking off of the material. However, according to
Arnold, zone A can have low, moderate or high amounts of deterioration
depending on the amount of water absorbed through rising damp since crusts need
greater amounts of water to form, and lighter whisker efflorescence will form
when lower amounts of water are present.

5.3.3. Zone B.
Zone B, the middle zone is where deterioration is usually highly evident.
Depending on the stone, magnesium sulphate (MgS 0 4 ), sodium sulphate
(NaoSO^), calcium sulphate (CaS 0 4 ), sodium carbonate (NaoCOg), and
potassium nitrate (KNO 3 ) salts precipitate (Arnold. 1982.22). These salts will
effloresce, causing granular disintegration, crumbling and pitting in the stone.
Crusts and blisters form which in turn damage the stone surface by pulling away
from it after cycles of wetting (when crusts become damp and expand) and drying.
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5.3.4. Zone C.
Zone C is dominated by hygroscopic solutions of magnesium, calcium,
sodium, and potassium nitrates and chlorides. These salts will precipitate out of
solution only if the relative humidity of the atmosphere is lower than their ERH.
For most moderate climates this is unusual for most of the year as the relative
humidity must be below 75% at 20°C. This can happen on exceptionally dry, hot
days, and in rooms where there is heating. For example, calcium and magnesium
chloride will dissolve when the RH is above 33-34% at 20°C, and calcium and
magnesium nitrate will dissolve in RH above 56% and 53% at 20°C (Price and
Brimblecombe. 1994.90). Therefore, only when the relative humidity is below
these values will they crystallise out of solution.
The more hygroscopic salts, travel higher as they remain in the solutions
longer, and are therefore found in zone C. On walls, this area tends to appear
darker, from the wetness, and may eventually look spotted due to the
inhomogeneous distribution of salts (Arnold. 1982.14). For these salts to travel to
zone C, the RH of the atmosphere must be higher than the FRH of the salts, or the
rate of supply must be greater than the rate of evaporation. Shaded areas which
are protected from sunlight, and reduce air circulation, have low evaporation rates,
and will tend to stay wetter. In these areas, the salts will stay in solution longer,
and may move higher up the wall. Zone D in the diagram represents the area
unaffected by rising damp on the upper part of the wall.

5.4. Acids and alkalis.

Buildings often have salts already in the material, and older buildings will
have accumulated salts from other sources. Therefore, the addition of materials
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containing alkalis and acids may increase the salt content, and this combination
with already existing salts can increase weathering and deterioration.
Replacement material may contribute to the amount of salt present in a building.
Particularly, sodium and potassium which are present in cement and bricks in
conjunction with already present materials can be damaging. Cleaning solutions
containing sodium hydroxide and potassium hydroxide, as well as sodium,
potassium and ammonium carbonates and acids (hydrochloric, phosphoric, and
acetic) used in combination with each other, produce salts (Arnold and
Zehnder. 1989.33). Acid neutralized with alkaline solutions, or alkalis neutralized
with acid will also produce salts.

5.4.1. Effects of added alkalis and acids.
Indigenous salts mixed with alkaline salts in modern building materials
may create more harmful salts, and accelerate deterioration of the stone.
Materials used in conservation such as cleaners, paints, mortars, and other
additives to replace lost or degraded material, and to consolidate may have
adverse effects on the stone because they are acidic, alkaline, or may have salts in
them. They may also inhibit water evaporation keeping salts in solution, and
making them more mobile. According to Arnold, the addition of alkaline salt,
reacting with some already present salts will have results such as the sulphates,
chlorides, and nitrates of calcium and magnesium becoming sulphates, chlorides,
and nitrates of sodium and potassium as well as sparingly soluble carbonates of
calcium and magnesium (Arnold. 1982.24). One such reaction would look like
this:
(2 ) NaoCOg + CaS 0 4 — > NaoSOz). + CaCOg (Arnold. 1982.24).
If the addition of alkaline salts occurs in the lower part of the wall, the
salts will combine with those which are a result of rising damp. In this case, the
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calcium and magnesium would come out of solution as carbonates, showing little
or no change in the types of salt in zone A (Arnold 1982.24). In zone B, the
magnesium and calcium sulphate are replaced by sodium and potassium sulphate
(from cleaning chemicals). In zone C, magnesium and calcium will precipitate as
carbonates and nitrates, and sodium and potassium chlorides will increase
(Arnold. 1982.24-25). Since magnesium and calcium nitrates crystallize out of
solution at RH levels below 55%, and this level of humidity on outside walls is
rare, these salts will tend to stay in solution. However, potassium and sodium
nitrates and chlorides will crystallize out when they are the only salts present in
the solution at RH levels below 94% at 20°C for KNO 3 , and 75% at 20°C for
NaNO]. Relative humidity levels of 70%-90% are more frequent, and therefore,
the alkali nitrates and chlorides will tend to precipitate out more often (Arnold
1982.25) (Price and Brimblecombe. 1994.90). Mixtures of salts also affect the
RH at which some salts will crystallize out of solution. In the case of alkaline
salts added to salts from rising damp, not only is more salt produced, but the
mixtures may be more harmful.

5.5. Atmospheric pollutants.

Pollution from the atmosphere also deposits salts on exposed stone. Most
air pollution is the result of the combustion of coal and fuels used in boilers,
furnaces, domestie fires (Feilden. 1982.160). These release soot, dust, and
gaseous contaminants like sulphur dioxide, and carbon dioxide (SCh, C O 2 ).
Other forms of gas pollutants are, N 2 O (nitrous oxide), NO 2 (nitrogen dioxide),
NH3 (ammonia),CH 4 (methane), SO 3 (sulphur trioxide), and Cl 2 (chlorine)
(Arnold and Zehnder. 1989.34) (Winkler. 1975.88). They originate from natural
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and man made sources, and are deposited as dry or wet particles and gases on dry
and wet surfaces.(Arnold and Zehnder. 1989.34).

5 .5 .1. Compounds harmful to outdoor stone.
Sulphur compounds which exist in fuels (coal, oil) are converted to
sulphur dioxide during combustion. Sulphur dioxide dissolves in water as
sulphurous acid (H 2 SO3 ), is oxidized into sulphur trioxide (SO 3 ) which when
dissolved in water converts to sulphuric acid (H 2 SO 4 ). One way in which
sulphates combine to create harmful salts is through the production of calcium
sulphate which is gypsum (CaSO^ - 2 H 2 O). The process is:

CaC 0 3 + SO 2 + 2 H2 O — > CaS 0 3 + 2 H2 O+CO 2 which then converts to,
CaS 0 3 — > CaS 0 4 (Cooke and Gibbs. 1991.69).
(3)
Nitric oxide is released when any fuel is burned. Once in the atmosphere,
nitric oxide is oxidized to nitrogen dioxide (NO 2 ), a highly toxic, yellow/brown
gas. Photochemical decomposition of NO 2 by sunlight turns nitrogen dioxide
into nitric oxide, (NO), and oxygen (O). The equation reads:

N 0 2 (g) + hv -— > NO (g) + 1/2 0(g ) (Chang. 1988.874).
(4)
The single oxygen is highly reactive, and several reactions can occur, specifically,
the formation of ozone:

0 (a) + 0 2 (g) + M — >

0 3 (g)

+ M (Chang. 1988.874).

M is an inert substance like N 2 . It is there to absorb some of the excess energy
when ozone is formed by collision. Otherwise the O 3 molecule could decompose
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to form O and O]. Ozone is an oxidant produced photochemically from NO +
NO] and hydrocarbons. Ozone may also act as an oxidant for sulphur dioxide by
the reaction:

SO] + O3 + H ] 0 -----> H 0 SO4 + O] creating sulphuric acid (Cooke and
(6 )

Gibbs.1991.39).

Carbon dioxide occurs naturally as a product of respiration, and artificially
by the combustion of fuel. When combined with rainwater, it forms carbonic
acid, (H ]C 0 3 ). Carbonic acid creates two series of salts, the carbonates and
hydrogen carbonates. The carbonates formed are sodium and potassium
carbonate. Carbon monoxide can also act as a catalyst in the oxidation of SO ] to
SO 3 (Winkler. 1975.92). Hydrochloric acid, is formed during combustion of coal
which contains chlorine.

5.5.2. Effects of atmospheric pollutants.
The most common effect of atmospheric pollutants is the formation of
black crusts on building stones and outdoor sculpture. Most of the crusts are due
to the deposition of sulphur dioxide, sulphuric acid and sulphates (Arnold and
Zehnder. 1989.34). Atmospheric SO] accounts for material loss of carbonate
stone by dissolution of calcite and accumulation of sulphate in the pores of
building stone (Steiger et.al. 1993.42). In sheltered areas, the formation of
gypsum crusts and therefore, the degradation of the surface layer is most likely.
Rain will wash sulphur dioxide off in exposed areas, although more porous stone
will sometimes hold more SO], and polished stone (marble) may also keep the
SO] from depositing. Rainwashed SO] can also deposit elsewhere on the stone.
The amount of SO] in the atmosphere may be greater than the amount of SO]
which can be washed off by rain water (Steiger et.al. 1993.42). On limestone.
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sulphurous acid from sulphur dioxide then oxidized to sulphuric acid, can attack
limestone, leaving a crust of gypsum (CaS 0 4 • ZHiO). Sulphur dioxide and
sulphurous acid on its own can also attack calcium carbonate, producing calcium
sulphite (CaS 0 3 ), which combines with oxygen from the air creating calcium
sulphate which can also crystallize into gypsum (Honeybome. 1991.157).
Dry deposition tends to be deposits of sulphur dioxide, oxides of nitrogen,
chlorides, sulphuric and nitric acids, and particles like soot. These may become
acids due to rain water or moisture in the air (Bell. 1992.878). Other pollutants
which contribute are, carbon dioxide (CO 2 ) which influences the solubility of
carbonate and accelerates the decomposition of silicate (Winkler. 1975.89). It can
also dissolve limestone, creating calcium bicarbonate (Ca(HC 0 3 ) 2 which is
soluble in water (Feilden. 1982.163). Nitric acid can also attack calcium
carbonate, forming calcium nitrate (Amoroso and Fassina. 1983.48).

5.6. Biological factors.

The main types of organic material which affect stone chemically are,
bacteria, algae, fungi, lichens, moss, birds, and plants. Some of these organic
materials produce acids and salts which aid in the degradation of stone, and others
are harmful because they cause mechanical damage, particularly plants. Human
beings and animals consume and excrete sodium chloride, nitrates and potassium
and some micro organisms produce nitrates from the waste. The production of
potassium and sodium nitrate is well known as it occurs on stable walls and in
soils from rotting plants (Arnold and Zehnder. 1989.35). It is thought that
ammonium sulphate from the atmosphere may be the "food" of nitrificant bacteria
which oxidize ammonia to nitrous acid, which is then oxidized to nitric acid
(Arnold. 1989.35). Nitric acid forms nitrates which react with carbonate, forming
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nitrate salts (Arnold and Zehnder. 1989.35).

It is possible that sulphation is

catalyzed by micro organisms as well. Some sulphur bacteria may oxidize
sulphur by providing an acid oxidizing solution. One type of bacteria,
Thiobacillus, is credited with turning the sulphur present in bird droppings to
sulphite, and then to sulphate (Winkler. 1975.154).

5.6.1. Effects of Biological pollutants.
The effect on stone would be the formation of gypsum crust. Bird
droppings also contain phosphoric and nitric acids which react with carbonate to
form calcium phosphate, and some nitrate (Winkler. 1975.161). It is believed that
by secreting, and producing organic acids, some of the micro organisms accelerate
chemical reactions which attack the silicates and carbonates in stone.

5.7. Conclusion.

In rising damp, salts precipitate out at different levels while the solution
transports unprecipitated solute upwards. According to Arnold, this zoning is not
restricted to the phenomenon of rising damp, but may also be developed by
falling, percolating water, or by water running down a wall for a long time
(Arnold. 1982.14). Ideally, if solute were only of one type of salt, the salt would
accumulate and precipitate out on a specific level above the ground where
capillary rise ceases due to the rate of evaporation. Instead, there are invariably
mixtures of salts so that the sparingly soluble ones precipitate out at lower level
(zone A and B), and the more soluble continue to rise (zone C). This is not to say
that some of the less hygroscopic salts do not exist at higher levels, however their
presence is due to other types of deposition.
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Rising damp is not the only method by which salts can enter a porous
material. Atmospheric pollutants of dust and soot particles, and gases which can
be converted in the atmosphere to acid, and sodium chloride particles from the sea
also deposit salts. Biological pollutants can produce harmful acids and
exacerbate the effects of other deposited materials. Alkalis and acids added to
stone through cleaning, repair, and other conservation measures are problematic
on their own, and may be even more aggressive when mixed with already existing
salts from ground water, and atmospheric deposits.
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6. The hydration of salts in stone.

6 - 1. I n t r o d u c t i o n .

The two main types of pressure exerted by salts in a porous material are
hydration and crystallization pressures. The hydration pressures inside the pores
of stone are associated with the change from an anhydrous salt to a hydrate when
the salt is able to absorb moisture. The stresses that occur are generally
associated with the volume change when an anhydrous or lower hydrate absorbs
water. When an anhydrous salt absorbs water to form a hydrate of that salt, the
salt crystal becomes larger due to the water molecules added to the crystal
structure. There are several salts found on outdoor stone which can hydrate,
although deterioration due to salt can also occur when salts which do not form
hydrates are present. Sodium chloride does not form hydrates above the freezing
temperature of water, yet it is well known that is a factor in the disintegration of
stone due to salts. (Plihringer and Weber. 1990.361).

6.2. Hydration.

Some salts hydrate and dehydrate due to changes in relative humidity and
temperature in the atmosphere. Salts may change to a more stable hydrate when
there is an increase in the amount of moisture in the pores, yet not enough to
dissolve the salt. The absorption of water increases the volume of the salt,
therefore pressure develops on the pore walls (Winkler. 1975.123). In general,
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low temperatures and high humidity produce higher pressures than high
temperature and low humidity (Winkler. 1975.125).
An equation was developed by Mortensen to calculate the pressure exerted
by the hydration of salt crystals (cited Sperling and Cooke. 1980.7). This
equation was adapted by Winkler and Wilhelm to calculate hydration pressures
for salts commonly found in stone (Sperling and Cooke. 1980.8). The equation is
as follows:

P=

CO

(nR T) 2.3 log J V

PV

P is the hydration pressure in atmospheres, n is the number of moles of water
gained during hydration to the next higher hydrate, R is the gas constant 82.07
(cc) atm/ (°K) gm - mole), T is the absolute temperature, Vh is the volume of
hydrate (cc/gm - mole of hydrated salt) = molecular weight of hydrated
salt / density. Va is the volume of original salt (cc/gm - mole of original salt) =
molecular weight of original salt / density, P is the atmospheric vapour pressure
(mm Hg at T), and Pw is the vapour pressure of hydrated salt (mm Hg at T).
The equation generally states that hydration pressure is directly dependent
on the temperature, humidity, and the number of moles of water gained during
hydration to the next higher hydrate. However, in the theoretical values, the
pressures exerted by some salts had higher values than others even though in
experimental testing, this is not found. An example is the theoretically calculated
hydration pressures for calcium sulphate and sodium sulphate. Although the
hydration pressures for calcium sulphate were greater when calculated than those
for sodium sulphate, it is generally observed than sodium sulphate is more
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destructive than calcium sulphate. This is not to say that calcium sulphate
present in porous stone is not an effective weathering agent, but that possibly
because of its relative insolubility, due to the high equilibrium relative humidity
(99.96 at 20°C), it is not as aggressive in comparison with some other commonly
found salts.
The volumetric expansion of salts when forming hydrates is closely
related to their weathering rates (Sperling and Cooke. 1980,1 I ). For example, the
expansion of sodium sulphate anhydrous to the decahydrate is 313.67%,
magnesium sulphate monohydrate to the heptahydrate is 173.25%, and calcium
carbonate to gypsum undergoes the lowest volumetric expansion during
hydration, (31.91%) (Sperling and Cooke. 1980.13-14). However, variations in
solubility are not always an explanation for the aggressiveness of a salt. Nitrates
tend to be highly soluble, yet they are not considered highly disruptive (Sperling
and Cooke. 1980.21 after Goudie 1974).

6.3, Some effects of temperature on hydration.

Sodium sulphate is very sensitive to temperature changes. The
decahydrate is stable below 32.4°C when in contact with a saturated solution of
sodium sulphate, or when the relative humidity exceeds 71 % at 20°C (McMahon
et.al. 1992.707). For sodium sulphate decahydrate, the relative humidity is below
71 % at 20°C, or if heated above 32.4°C at any humidity, the decahydrate will lose
the water in its crystal lattice and become anhydrous sodium sulphate (McMahon
et.al. 1992.707). Increases in temperature can result in the crystallization of
sodium sulphate, decreases in temperature will probably result in crystallization of
sodium sulphate decahydrate. In general, temperature changes influence
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evaporation rates and relative humidity affecting the crystallization and hydration
of the salt.

6.4. Bonnell and Nottage.

Bonnell and Nottage carried out an experiment in 1939 to demonstrate that
the volumetric changes that accompany salt hydration generate stresses greater
than the tensile strength of porous building material. The experiment was set up
to determine the change in the bulk volume of a porous material when hydration
of a salt took place and compare this to the tensile strength of normal porous
building materials. First they made an apparatus which would hold a mould
containing hydrated salt and finely crushed clean silica sand compressed under
pressure. By varying the compression, different pressures could be applied to the
mould.
When the moist sand was free of salts, the movement of the mould was
purely thermal and reversible. The first experiment was set up to determine
whether the change of an anhydrous salt into a hydrated form was accompanied
by sudden changes in bulk volume and how this compared to expansion due to
heat when no salt was present (Bonnell and Nottage. 1939.18). This would tell
them about the increase in crystal size, and how much more space was taken up
by the hydrate, and therefore why they might exert pressure on the pore walls. In
the first experiment, heat was applied, and a rapid contraction of the mould was
registered, probably due to the hydrate of sodium sulphate forming anhydrous
sodium sulphate, and the water flowing into unfilled voids in the sand (Bonnell
and Nottage. 1939.18). With sodium sulphate decahydrate nuclei in the
atmosphere to initiate crystallization, when cooling took place, there was a rapid

56
increase in the volume. However, the amount of volume increase was not the
same with each repeated cycle.
In the second experiment, no nuclei were present to initiate crystallization.
The rapid shrinking on heat being applied was the same, however, there was only
moderate expansion when the mould was cooled. The result led the authors to
the theory that, when no nuclei of decahydrate are present, either the heptahydrate
(NaoS 0 4 • 7HoO), is formed or little hydration occurs. This follows the theory
that a saturated solution of sodium sulphate at or near the transition temperature
for the formation of sodium sulphate decahydrate may be cooled, and left below
the transition temperature without deposition of salt hydrate crystals (Bonnell and
Nottage. 1939.18).
Another experiment which involved the change from the magnesium
sulphate heptahydrate to hexahydrate, and back again. On heating, an increase in
volume occurred, and on cooling a decrease in volume until at room temperature
the initial volume was reached. According to Bonnell and Nottage, the expansion
coincided with the dissociation of the heptahydrate to the lower hydrate, and free
water (Bonnell and Nottage. 1939.19). This is very different from what occurred
with the sodium sulphate decahydrate and sand mixture which contracted.
However, when the magnesium sulphate heptahydrate was mixed with sand, the
contraction with heat, and expansion on cooling occurred as it had for the sodium
sulphate decahydrate. Subsequently, the authors concluded that an anhydrous or
lower hydrate salt can hydrate further against moderately high stresses which are
above the tensile strength of normal porous building materials (Bonnell and
Nottage. 1939.20). Therefore, during hydration, enough force may be exerted to
cause disintegration of the material.
The experiments by Bonnell and Nottage are important for the
understanding of salt weathering mechanisms. They demonstrated that there is
pressure by hydration in the absence of force exerted by crystallization, and that
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stresses from hydration can be in excess of the strength of porous building stone.
Also, that the volumetric expansion and subsequent pressure of sodium sulphate is
greater than that of magnesium sulphate (Sperling and Cooke. 1980.36).

6.5. Hydration pressure associated with sodium sulphate.

The salt most frequently tested in hydration experiments for expansion due
to the hydration of an anhydrous or lower hydrate salt is sodium sulphate. This is
often due to the fact that it occurs widely in outdoor stone, and is known to be
effective in weathering. The hydration transition temperatures have been
determined, and hydration/dehydration cycles are rapid enough to be completed in
a twenty-four hour cycle at normal pressure, and humidity. Sodium sulphate has
one stable hydrate and one metastable hydrate. Sodium sulphate heptahydrate
(Na 2 S0 4 • THoO) is the metastable hydrate formed only in a rapid temperature
drop and therefore is rarely found in the field (McMahon et.al. 1992.707).
The hydration of sodium sulphate (anhydrous to the decahydrate) is more
rapid than hydration of other salts, and may be repeated several times in a day
(Winkler. 1975.125). It is often thought possible that even low hydration
pressures may be effective in damaging stone when the changes are rapid
(Winkler. 1975.125). The dehydration of the decahydrate to anhydrous sodium
sulphate takes place in 20 minutes at 39*<7 (Winkler. 1975.125). Although this
temperature is unlikely to occur in most areas, it indicates the rapidity of change
able to take place.
The precipitation mechanism of hydration studied by McMahon et.al.
(1992), showed it to be a through-solution hydration or dissolution of sodium
sulphate followed by the precipitation of sodium sulphate decahydrate from a
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saturated solution . In a porous material containing sodium sulphate, damage can
occur at two points. If the RH is above 71 % the anhydrous salt absorbs moisture,
and forms the decahydrate. If RH drops below 93% crystallization damage
occurs from the formation of decahydrate crystals, and eventually anhydrous
sodium sulphate, from the salt solution.
It has been observed by Charola and Weber, and Doehne that when large
crystals of anhydrous sodium sulphate are exposed to water vapour, they initially
form a skin which prevents complete hydration of the crystal until there is enough
water to dissolve the skin (Charola and Weber. 1992.587) (Doehne. 1994.143).
Therefore, the hydration of sodium sulphate is initially slower than dehydration
during similar changes in relative humidity.
During dehydration, the decahydrate consistently breaks down into
submicron particles when it dehydrates to form anhydrous sodium sulphate.
According to Doehne (1994), this is not due to rapid dehydration since the same
effect was observed regardless of the speed of crystallization. However, the
breakdown into small particles may allow the penetration of water vapour and
liquid deeper into the sodium sulphate, increasing the absorption after several
cycles, and increasing the disintegrating effects. Since, when hydration occurs
again, there are more crystals growing due to the number of aggregates formed
during crystallization.
According to an earlier article by Charola and Lewin (1979), the
destructive effect of sodium sulphate crystallization in stone is due to the initial
formation of the decahydrate. When the crystals return to the anhydrous, there is
a volume decrease which does not contribute to disintegration of the stone.
Rehydration to the decahydrate did not result in a larger volume of crystals than
were originally present. Therefore, the authors concluded that it is the number of
crystal seeds that form, and their growth rate which determines their disruptive
force, and not the specific volume of the solid. It is that, "the nucléation
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frequency and growth rate depend on solubility, lattice energy, and the presence
of crystallization promoters or inhibitors, and not on whether the crystal
hydrates."
If the decahydrate is not completely dissolved by excess water, the cycles
of hydration/dehydration of sodium sulphate to the decahydrate result in a highly
porous salt structure. At this point hydration/dehydration will occur at about the
same rate (Doehne. 1994.146). Dissolution of the sodium sulphate structure by
water, and then drying results in the crystallization of larger sodium sulphate
crystals. The rapid growth of decahydrate crystals, and therefore the pressures on
the pore walls is more likely to be damaging than humidity cycling. If there is no
dissolution by excess water, and the sodium sulphate structure goes through
hydration/dehydration cycles due to changes in relative humidity, physical
disintegration appears to be less (Doehne. 1994.147).
It is therefore possible that the hydration of an anhydrous salt can be
disruptive to the pore walls in two different ways. As described by Charola and
Lewin (1979), the repeated cycles can do no more damage than the original
hydration of sodium sulphate did, unless more crystal seeds become available.
According to Doehne, since sodium sulphate decahydrate can breakdown into
smaller particles when it reverts to the anhydrous, there is the possibility of
further disruption on rehydration form the increased number of sodium sulphate
crystals. According to Doehne, the cycles of hydration/dehydration eventually
may result in larger anhydrous sodium sulphate crystals. When these larger
crystals rehydrate, volume expansion must be greater. The second possibility is
from disruption by larger crystals when water penetrates the initial skin and
reaches the interior of the sodium sulphate decahydrate crystal, which rather than
dissolving it will increase its volume with the addition of water molecules
attached to the sodium sulphate.
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6.6. Crystal structures.

Hydration and crystallization pressure in pores is important to the
discussions of weathering of stone. Crystal structures must also be considered as
a factor. It is important that salts form crystals rather than amorphous aggregates,
that crystals grow in preferred directions. The speed at which they grow, and
their dimensions, and the changes to crystals on hydration and dehydration are
important when discussing the weathering behaviour of salts (Sperling and
Cooke. 1980.23). The tendency for certain salts to form crystals, and the
weathering tendency of the salts can be significant. Although, crystals grown in
a stone will have different limitations than those grown in laboratory beaker, the
crystal habits, and their preferred direction of growth may be considered
significant. The weathering efficiency of sodium sulphate is partly due to the
large increase in volume on the hydration from the anhydrous to the decahydrate.
In terms of the crystallography of the anhydrous and decahydrate, Sperling and
Cooke found that because of the habit of the monoclinic sodium sulphate
decahydrate crystals, they are effective in promoting disintegration to pores in
stone because the crystal growth pressure is concentrated along one axis. The
habit of the orthorhombic sodium sulphate crystals may grow several centimeters
which would be disruptive to the stone. Changes in crystal structure and habit
during hydration and dehydration may result in an additional stress to the stone
(Sperling and Cooke. 1985.546).

6.7. Conclusion.
In principle, disintegration of porous stone due to salts often occurs from
both hydration and crystallization pressures. However, hydration pressures from
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a crystal cycling between the anhydrous and one of its hydrates is considered to
be less damaging in most cases (Doehne. 1994.147).
The hydration of sodium sulphate is an effective mechanism of stone
disintegration (Sperling and Cooke. 1985.541). Through their experiments,
Sperling and Cooke found that hydration pressures alone can induce the
disintegration of stone when is contains salt, however the rate of weathering by
hydration is slower than the rate observed from crystallization of sodium sulphate
decahydrate and the anhydrous salt out of a saturated solution (Sperling and
Cooke. 1984.554).
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7. Crystallization of salts in porous material.

7.1, introduction.

Salt decay only occurs when solute is deposited in the pores of the
material. This type of damage results from stresses due to crystals growing out
of solution.

Crystallization and hydration pressures can both produce pressures

greater than the tensile strength of many building materials, although
crystallization is often considered to be more damaging. Thermal effects of
temperature and moisture can also cause dimensional changes in porous material
leading to deterioration.
Salt crystallization pressure is caused by the deposition of salt crystals
from a solution in a confined space. Salt crystal deposition depends on
supersaturation of the solution and the presence or formation of crystal nuclei.
Saturation of a solution is due to evaporation which occurs because of changes in
temperature and relative humidity.
The crystallization of salts can also have a cementing effect. An article
by Rossi-Manaresi and Tucci (1991) found that depending on the pore structure of
the stone, salt crystallization can have a cementing effect rather than a disruptive
effect. This depends on where the salt crystals are deposited, and the pore-size
distribution of the stone.
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7.2. Crystallization.

Salts crystallizing from solution concentrate in and on exposed buildings
and artifacts. Varying environmental conditions control their tendency to
crystallize and hydrate. This is considered a thermodynamically open system
which is composed of the solution, substrate of the material, environment, and the
salt crystals (Arnold and Zehnder. 1985.269). The porosity, permeability, and
capillarity of the material as well as the humidity and temperature influence
crystallization. Crystal nuclei must also be abundant from particles in the
solution or the substrate. The site of crystallization depends on the rate of
evaporation of solution from the surface and the resupply of solution to the same
site (Lewin. 1982.120). As discussed in chapter three, these saline deposits in and
on stone form efflorescence, subflorescence, and crusts.
The crystal itself will have a specific habit which is controlled by internal
factors such as, crystal structure as well as external factors such as, degree of
supersaturation, temperature, pressure, impurities in the solution supply, and
evaporation (Zehnder and Arnold. 1989. 320). The crystal structure will define
the faces where growth of the crystal can take place, which will determine its size.
The type of salt, and the amount of solution present, and the length of time it takes
for a crystal to grow also affects to the size of the crystals. The volume of a
growing crystal is a concern. Depending on the pore structure and location of the
crystal (large or small pores), salt crystals can create varying amounts of pressure
in the pores. It is also commonly accepted that, the greater the number of crystals
present in a pore, the more decay that is produced, because overall volume
expansion will be greater, not of each crystal but of all the crystals together.
Ultimately, it is the internal area of the pore surface on which the salt crystals will
press which determines the total force which the salt crystal can exert.
(Lewin. 1989.63).
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7.2.1. Why crystallization is associated with pressure.
A salt crystal grows by adding layers of material to its external surface
when it is in contact with a solution containing the salt necessary for its growth
(Llopis et.al. 1992.899). A crystal in contact with a supersaturated solution grows
in size. If the growth is constrained by the pore walls, then the walls will be
subjected to a pressure, AP, known as crystal growth pressure (Chatteiji et.al.
1979.132).
The radius of the pore represents the maximum radius of a growing
crystal. Crystallization takes place first in the large pores and salt solution is
drawn from the finer pores connected to them. This is due to the formation of
material in larger pores having a lower chemical potential, lower temperature and
pressure. In smaller pores, the formation of material has a higher chemical
potential and therefore, higher crystallization pressures exist in the smaller pores
(Rossi-Manaresi and Tucci. 1991.55).

When the larger pores are filled with

crystals, and there is still solution left in the smaller ones, then crystallization can
take place in the smaller pores. If the stress imposed by the pressure of
crystallization on the pore walls is greater than the strength of the material,
mechanical failure will follow.
In 1853, Lavalle observed that crystals in supersaturated solutions are
driven upwards by continued crystallization under the surfaces ( Lavalle 1853
cited Evans. 1970.167.

So, if salt crystals have already been deposited

in a pore, and more salty water is fed into the pore, if all the crystals already
present are not dissolved, and the solution evaporates, more crystals will grow
under the original ones, or will at least make existing crystal larger. Even if all
the initial salt crystal deposits are dissolved, the solutions contain more salt and
therefore more solute will be deposited when the solution evaporates. Greater
pressure from the number of salt crystals, and the volume of those crystals must
place some degree of pressure on the pore walls.
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Salt crystallization is different from freezing water because the volume of
the salt solute deposited out of salt-water solutions is much smaller than ice. In
the freezing of water, the whole system solidifies and no solute is lost
(Evans. 1970.167). Salt crystals may exert pressure through volume change, but
while the water evaporates, the system is open and pressure cannot be exerted by
a total volume change (Evans. 1970.167).

7.3. Crystallization theories.

A crystal formed in a pore is assumed to be under pressure and is therefore
storing potential energy. According to Thomson, a crystal in a saturated solution
will dissolve when put under pressure (Thomson. 1862.400). Therefore, a crystal
forming from a saturated solution is capable of exerting pressure as it grows
(Price. 1994.11). Correns later developed an equation based on Thomson's
theory. The principle is that, normally, a crystal added to a saturated solution
will cause the salt in the solution to crystallize out. If the salt crystal is placed in
the same saturated solution under pressure, the crystal will be in equilibrium with
the saturated solution. Therefore, a crystal under pressure is in equilibrium with
a solution which is supersaturated for crystals which are not under pressure
(Correns. 1949.267). The equation developed reads:

(8)

P=RT In C
V
Cs

P is the pressure that can be generated, R is the ideal gas constant, T the absolute
temperature, V the molar volume of the crystal, C the actual concentration of the
solution, and

the concentration when saturated (Price after Correns. 1994.11).
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The pressures derived would be greater than the strength of the stone as long as
the values for C/Cs are large enough. The pressure which a growing crystal can
exert depends on the degree of supersaturation. No impressed crystal can exist as
it would remove the supersaturation by growing while the pressed crystal would
dissolve (Correns. 1949.268). The only factor which could cause problems is the
question of whether supersaturation can take place in stone where there is likely to
be something to serve as a nucleus for a crystal before supersaturation can occur
(Price. 1994.11-12). This is even less likely to occur in situ . As an example.
Price describes a block of stone with a saline solution. As the block dries, the
solution decreases in volume and retreats down the pore. At the evaporating
surface of the solution there will be a higher concentration of salt than in the rest
of the salt solution. This surface will probably reach a degree of supersaturation
and crystals will precipitate out. The crystals will serve as nuclei for the rest of
the salt solution as it evaporates therefore a significant level of supersaturation
cannot occur (Price. 1991.178).
Another theory put forth by Zehnder and Arnold corresponds to their
experimental work on the crystallization sequence of salt on a substrate. The
theory follows that a porous material cracks and fissures while crystals are
growing and forming their equilibrium habits within the large pores (initial
crystallization stage). As the cracks open up, and evaporation increases, the habit
of the crystals change and become columnar, and finally whisker shaped crystals
grow. The longitudinal growth of the crystals enables them to push the walls of
the cracks and fissures further apart.
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7.4. The relationship of pore-size to disintegration from salt crystallization.

The pore-size distribution in a porous material has been linked by several
authors to the deterioration of the material when salt crystals are deposited from
the evaporating solution. The authors Rossi-Manaresi and Tucci (1991), adapted
an equation by Everett which describes the association of crystallization pressure
to the dimensions of the pores. The theory is represented in the following
equation:

P = 2:rn-JX
(9)

r R' (Rossi-Manaresi and Tucci. 1991.56 after
Everett. 1962),

Where I c is the interfacial tension of the salt solution, r is the radius of the
small pore, and R is the radius of the large pore. The calculated pressure (p) is
the added crystallization pressure built up when crystallization continues from a
larger pore into a smaller interconnected one (Rossi-Manaresi and
Tucci. 1989.495). Consequently, it is thought that high crystallization pressure
results from pores where there is a large number of smaller pores and larger pores
interconnecting (Rossi-Manaresi and Tucci. 1989.496).
If supersaturation occurs in an unconstrained area, crystallization can
occur but no pressure is exerted. If it grows in a confined space, stress will build
up as the volume change deforms the material elastically (Cooke and
Gibbs. 1993.73). The internal stress which is developed when cracking occurs
will be proportional to the amount of crystallization that has taken place (Cooke
and Gibbs. 1993.73). Stones with large pores will take longer to disintegrate by
salt crystallization because it takes longer to fill the voids with solute, and because
the crystallization pressure is lower. Materials which have irregular internal
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surfaces will prevent the solution from supersaturating, and therefore minimizing
the possibility of a crystal exerting pressure according to Correns equation.
A solution can become supersaturated with respect to a crystal growing
under low pressure, as when crystals are growing in large pores. The same
solution would tend to dissolve the crystal under high pressure, or those crystals
growing in small pores (Llopis et.al. 1992.899). Therefore, when the percentage
of smaller pores is lower, (with no large pores) crystallization pressure is lower.
Therefore, it can be stated that salt decay is only possible under favorable
pore size distribution, or at least this is where greatest damage will occur.
Susceptibility of a stone to salt decay besides pore size distribution, also includes
mechanical strength of the stone, and its modulus of compressibility, as well as
the porosity (Moropoulou and Theoulakis. 1991.496).

7.4.1. The effects of the difference in pore-size distribution and the crystallization
of salts.
According to most authors, crystallization pressure is one of the most
disruptive effects on stone. Yet, as the article by Rossi-Maneresi and Tucci
states, the presence of soluble salts does not always lead to salt decay. Salt
crystallization can be disruptive or cementing depending on the pore structure of
the stone, which corresponds to the crystallization pressure which develop in the
pores (Rossi-Maneresi and Tucci.1991.153). Cementing and surface hardening
of stone with salt crystals deposited near the surface of the material is more likely
in stones with larger pores since the crystallization pressures will be lower. The
stones tested by Rossi-Manaresi and Tucci with a distribution of small and large
pores showed higher crystallization pressures and therefore greater disintegration
due to the crystallization of salts near the surface (Rossi-Manaresi and
Tucci. 1991.57).
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The cementing effect is often due to the formation of an outer crust which
temporarily protects the stone underneath. However, eventually all salt
crystallization is disruptive if enough pressure builds up in the pores. Once a salt
crystallizes, the crystal becomes a substrate for further salt crystallization (Arnold
and Zehnder. 1985.269-270). Eventually the larger pores will be filled with solute
and a crust will build up. The smaller pores in the crust will not be able to
withstand the pressure and the crust will fall off carrying part of the stone surface
with it.

7.4.2. Pressures due to the salts present.
Pressures from salt crystallization depend on the type of salts present as
well as the pore-size distribution. Disintegration due to salts also depends on the
conditions of crystal growth, and the changes in the crystal habit under varying
environmental conditions (Binda et.al. 1985.2830). Theoretical crystallization
pressures for salts do not rank them in the order of which is likely to be most
damaging. As long as the crystal exceeds the stress required to cause internal
cracking, it is the crystallization volume which indicates the probability of
damage (Cooke and Gibbs. 1993.73). The larger the volume change on
crystallization, the greater the damage per crystal formed.
A few salts can be ranked in terms of ability to produce salt damage.
Cooke and Gibbs placed sodium sulphate as the most likely to incur damage, then
magnesium sulphate, sodium chloride, and calcium sulphate (Cooke and
Gibbs. 1993.57). Change in volume of a salt in solution to a salt crystal is similar
to the phenomenon of hydration of a salt to a higher hydrate in terms of pressure,
but the pressure of crystallization is usually considered to be greater.
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7.5. Descriptions of efflorescence and crust formations on porous materials.

The investigation of decay due to salt crystallization includes the
identification of the areas affected by the salts, the type of stone, its internal
structure (porosity, pore-size distribution, permeability), and the types of salt
present in the deteriorated areas. The three effects of salt crystallization on
porous materials are the growth and formation of crystals into efflorescence, crust,
and subflorescence have been briefly discussed in chapter 3. The main deposits
on the outside of walls are efflorescence and crusts. The rate of crystallization,
and the nature of the solution from which they precipitate will determine the types
of crystals (single salt or mixture of salts), how large they will be, and whether
they will form scattered individual crystals or crusts. When efflorescence occurs,
a certain amount of the salt may also crystallize underneath the surface.
Salt efflorescence is composed mainly of whisker crystals which are
visible under a microscope. The habits of the crystals are not very stable, and
often undergo transformation due to aging. Additional water or solution can also
lead to continued dissolution and recrystallization of the salts (Arnold and
Zehnder. 1985.256). Efflorescence and crusts are made of salt crystals which
have many different crystal habits. Their habits do not necessarily reflect the
specific crystal forms of the pure salt crystal. An example is sodium chloride
(NaCl), which is usually cubic, but may form long prism and hair-like crystals on
surfaces (Arnold and Zehnder. 1985.259).
According to observations carried out by Arnold and Zehnder, the
predominant habits of salt efflorescence on surfaces of porous materials are
needle, and hair-like crystals, which are often referred to as whisker growth. The
crystals may also appear as aggregates of acicular, columnar or isometric crystals
in crusts. Experimental work also showed that the same salt may form different
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habits at the same time on different areas of the substrate or even in the same area
(Zehnder and Arnold. 1989.320) Crystals growing in their characteristic
equilibrium crystal forms are rare.
Whisker crystals grow from solution under varying conditions. Their
growth is controlled by the relative humidity of the air, and the amount of solution
supplied to the substrate. When the crystals grow from a substrate, the growth
may occur at the tip of the crystal, and the solution migrates to it, and salt deposits
on a growth step. Growth may also occur at the base where a supersaturated
solution flows at the base and the salt crystallizes on a growth step. Growth steps
are defects in the lattice (repeating pattern which forms the habit), which yield
steps in originally flat faces, and cause accelerated growth. For growth at the
base to occur, a solution film must exist between the substrate and the crystal
(Arnold and Zehnder. 1985.272). According to the article by Arnold and
Zehnder, Schmidt proved that salt crystals growing on a porous substrate grow
from the base.
In order to grow, whisker crystals normally need to be in contact with a
slightly supersaturated salt solution. However, whisker growth may occur even
when the water content of the porous substrate is below saturation for that salt.
This is thought to be partially due to mixtures with salts which are more
hygroscopic or with lower equilibrium relative humidity values. The presence of
these salts would lower the equilibrium relative humidity (ERH) of the
crystallizing salts therefore, the amount of moisture needed for the solution to
become saturated with salt would be less (Arnold and Zehnder. 1985.272).
Whereas purer solutions would crystallize out where there is a higher water
content (Arnold and Zehnder. 1985.273).
Whisker salt crystals can also grow on substrate which is only humid,
when the surface is not saturated with water (Arnold and Zehnder. 1985.273). A
low supersaturation on the substrate also indicates less efflorescence. A more
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supersaturated solution would be more likely lead to the formation of a crust.
Other conditions under which whisker growth would occur would be when the
supply of solution is low or absent. In this case, whiskers tend to grow from the
small amount of water which has already been accumulated by existing
efflorescence (Arnold and Zehnder. 1985.273). The rate of evaporation may be
slow due to the relative humidity which would control the amount of saturation of
the solution. Solution concentrations will vary from undersaturated to slightly
supersaturated (Arnold and Zehnder. 1985.273). Saturation may also occur as a
result of lowering temperature (cooling). These whiskers will tend to be thinner.

7.5.1. The charcteristics of whisker efflorescence.
There are three main types of whisker efflorescence. They are, bristly
efflorescence, fluffy efflorescence, and pulverulent efflorescence. Bristly, and
fluffy efflorescence are pictured blow.

Figure 7.1. Bristly efflorescence (after Arnold and Zehnder. 1985.260).

Figure 7.2. Fluffy efflorescence (after Arnold and Zehnder. 1985.260).
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Bristly efflorescence are composed of separate and individual crystals which have
mainly prismatic or needle-like habits. Their common habits are straight needles
of a few micrometers thick, and 1 //m to 1 cm in length. The columnar crystals
are of 10 pim thick, and up to I cm in length (Arnold and Zehnder. 1985.259).
They may grow as single crystals or in bundles. The crystals are often bent,
distorted, and spiral-like but also show the same crystallographic orientation over
the whole grain. Over time, they become increasingly attached to the substrate
and to each other. Fluffy efflorescence is similar except that the crystals are all
long hair-like needles and fibres. They are often detached from the surface, and
are supported by other crystals beneath. Pulverulent efflorescence is made up of
loose aggregates of fine-grained salts. They are secondary formations of
crystallized hydrated salts which have dried out.

7.5.2. The growth stages of salt crystals on a porous substrate.
The amount of solution available to the growing crystal on a porous
material has a marked effect on its size and shape. When the solution is
abundant, large individual crystal with equilibrium forms will grow. With less
solution, but still enough to cover the crystals, granular crusts of small isometric
crystals form. Fibrous crusts made-up of columnar crystals grow from solution
which is present at the base of the growing crystal. Whisker crystals grow in
isolated areas where there are very thin solution films, and the substrate is nearly
dry (Zehnder and Arnold. 1989.513). Specific experiments with sodium nitrate
(NaNOg), were carried out by the authors on a porous substrate and then on a non
porous glass slide. The sequence of crystallization on a porous materials is
pictured in Figure 3.
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F ig u re 7.3. T h e g ro w th pliases o f salt c ry s ta ls on a p o r o u s s u b stra te ( a fte r Z e h n d e r
a n d A r n o ld . 1989.515).

I he c u r le d , ir re g u la r s h a p e s o f the f ib r o u s c r y s ta ls in d ic a te an irre g u la r s u p p ly o f
so lu tio n .

T h e thin, straight w h is k e r c ry sta ls in d ic a te ste a d y g r o w th , and a

c o n s ta n t, e q u a l so lu tion su p p ly e v e n th o u g h th e so lu tio n m a y be iso la ted to a few
m ic r o n s a r o u n d the base o f the crystal ( Z e h n d e r a n d A r n o ld . 19 89.328).

7 .5 .3 . T h e g r o w th sta g e s o f salt on a n o n - p o r o u s surface.

f h e s o d iu m nitrate d ro p g r o w on a g la ss slide d is p la y e d a slig h tly d if fe r e n t
p a tte rn in c ry sta l g ro w th than it d id on a p o r o u s su b s tra te .

In fig u r e 7 .4 th ro u g h

7 .6 the d iff e r e n t crystal p h a s e s can be seen ( A f te r Z e h n d e r a n d A r n o ld . 19 89 .32 6).
In fig u r e 7 .4 , the c ry sta ls grow in th e ir e q u ilib r iu m h a b its w h ile th e y are
im m e r s e d in so lu tio n .

A s the so lu tio n e v a p o r a te s , c ry s ta lliz a tio n a p p e a r s on the

e d g e s o f the d r o p rathe r than the c e n te r.

In f ig u r e 7 .5 a n d 7 .6 , f in e - g r a in e d flat

c r y s ta ls e m e r g e still c o v e re d in a film o f s o lu tio n .

T h e c ry s ta ls s p r e a d o u t to w a r d

the e d g e s o f the glass as a su p p ly o f s o lu tio n f lo w s f r o m the c e n te r th r o u g h the
c a p illa r ie s b e tw e e n cry sta ls a n d b e tw e e n the c ru s t a n d g lass su b stra te .

1 he

f o n d a t i o n o f c ru st and clu sters c o n tin u e s as lo n g as so lu tio n is s u p p lie d ( Z e h n d e r
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a n d A rn o ld . 1989.518).

F ib ro u s crust t'oniiation is not seen on the n o n - p o r o u s

substrate.

ira-

F ig u re 7.4. Initial cry stal g ro w th on a n o n - p o r o u s s u b s tr a te ( A f te r Z e h n d e r and
A rn o ld 1989.326).

F ig u re 7. 5 . 1 he third p h a s e o f cry sta l g ro w th on a n o n - p o r o u s s u b s tr a te ( A f te r
Z e h n d e r a n d A r n o ld 1989.326).

F ig u re 7 .6 T h e final sta g e o f cry sta l g ro w th o n a n o n - p o r o u s s u b s tr a te (A f te r
Z e h n d e r a n d A rn o ld 1989.326).

7.6. E ff lo r e s c e n c e a s crusts.
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7.6. Efflorescence as crusts.

Salt crusts are composed of compact, dense aggregates of one or more salt
species which appear on or beneath the surface. Crusts can be formed by direct
crystallization from solution, the recrystallization of loose efflorescence, and by
the chemical reaction between two soluble salts (Arnold and Zehnder. 1985.274).
Often, they are composed of the scarcely soluble salts like calcium sulphate but
other salts are often present. All salts which are able to crystallize may form
crusts. The most common crust is gypsum which is composed of calcium
sulphate. The salts which make-up crusts may come from the atmospheric
deposition, ground water, and other materials. The difference between crusts and
whisker efflorescence is that the solution supply must be very high for crusts to
form. Meaning, that the substrate must be very humid or wet. Less soluble salts
need more water and therefore require a substrate which is wetter than a more
soluble salt. Saturated solutions of more highly soluble salts carry a greater
amount of solute, therefore the crusts are thicker even with the same amount of
humidity than crusts made up of the less soluble salts.

7.7. Subflorescence.

The deposition of salt crystals near the surface results in surface
deterioration of the material. According to an article by Lewin, the deposition
site for salt crystals inside a porous material can be predicted by applying the laws
of capillarity, viscous flow, and diffusion (Lewin. 1982.120). Deposition of salt
crystals takes place a few millimeters below the surface when the rate of
evaporation is equal to the rate of solution supply to the surface. Otherwise, if
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the rate of solution migration is very slow, then deposition of solute is minimal,
and does not incur surface decay but remains deeper in the material.
The drying out of solution in a pore near the surface occurs by diffusion of
water vapour through a layer of specific thickness of the porous material. This is
evaporation by diffusion. The solution is drawn to the surface by capillary
migration. This flow of solution through he capillary network is governed by
Poiseuille's law as stated in chapter 4. Due to the evaporation at the surface of
the liquid which is forced out, solute may be deposited beneath the surface. The
thickness of a flake or blister and therefore a prediction of the extent of surface
decay can then be made. These predictions also rely on the properties of the
porous material, its porosity and pore-size distribution, as well as the
concentration, and viscosity of the solution.
Lewin set up an experiment in order to demonstrate what was predicted in
theory. The experiment was designed so that migration of a salt solution into a
column of stone with an estimated porosity, would occur through capillarity. A
steady state of solution migration was established through the interior of the stone
to the exposed surface where evaporation of the water and deposition of the salt
occurred. Eventually, the lower half of the column built up a heavy layer of salt
efflorescence. Higher up the column, the stone was darker which indicated that it
was wet, although very little salt deposit was visible. The stone was damaged
only in the areas where external salt deposition was minimal and the rate of
evaporation and solution supply were approximately equal. This meant that the
solute had been deposited just below the surface. The saturation of the salt
solution, and the porosity, and the number of larger pores were also factors in the
amount of deterioration from subflorescence. Different concentrations of the salt
solution also produced different levels in height and depth of deposition. As the
pore radius at the stone surface determines the surface force, an estimate of the
pore radii were made. This measurement excluded the smallest pores since they
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do not significantly contribute to the flow rate of solution (Lewin. 1982.135).
Finally, a calculation of the thickness of the surface loss was made. In the
experimental piece of sandstone, the estimated thickness of the deteriorated
surface layer due to deposition of salt solute below the surface was from a fraction
of a millimeter to one or two millimeters. According to Lewin, these conclusions
agree with other studies on various masonry and stone in which the thickness of a
single layer of a blister or flake on the stone surface is approximately one
millimeter (Lewin. 1982.140). Thus, the deterioration of stone and masonry in
the presence of salts is due to the deposition of the salt crystals within the pores
close to the surface of the material. Therefore, it is reasonable to assume that
non-hydrate salts in the pores of stone exert sufficient pressure to break-up the
stone.
Crystallization of salts beneath the surface, and in the pores is commonly
called subflorescence. As discussed by Lewin, the site where the crystals grow
depends on the supply of solution, the rate of evaporation, and site of deposition.
From the experiments conducted by Zehnder and Arnold (1989), a sequence of
disruption due to salt crystallization was designed. The crystals resemble the
crystal formation of the initial stages of a porous substrate. In the first stage, salt
crystals grew mainly in large pores which supports the theory by Everett that
crystals grow in larger pores first due to their lower chemical potential than of
crystals growing in small pores. In the second stage as crystals exceed the pore
space, pressures which disrupt the pore structure are built up by the growing
crystals. These crystals are still covered by solution as in figure 7.4. According
to the authors, these crystals indicate low supersaturation. In terms of the tensile
strength of the material, it is difficult to explain the presence of sufficient growth
pressures according to Correns' equation which would break-up the pore walls,
because the equation relates the pressure of the growing crystal to the degree of
supersaturation. However, the authors noticed that the shapes of the crystals
which appeared to have expanded over the original pores without rupturing the
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pore walls indicate the possibility of cracking or fatigue from lower pressures than
the tensile strength of the material. Finally, salt crystallization concentrates in the
new cracks and fissures because evaporation accelerates as the structure opens
up. As the solution evaporates, and solution is supplied from the surfaces of the
cracks only, the crystals grow and become fibrous aggregates and columnar in
habit. This type of growth is what causes the crack and fissures to widen.
Eventually, as the solution supply is further reduced, finer, whisker crystals grow
(Zehnder and Arnold. 1989.518-520). The schematic drawings below represent
the four stages.

c_>

o

1

Figure 7.7. Schematic drawings of crystal growth and disruption inside a porous
material (after Zehnder and Arnold. 1989.517).
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7.6. Conclusion.

Salt damage on stone, brick, concrete, and piaster is due to the
crystallization of salts on or near the surface in pores, channels, and cracks.
Water deposits solid when evaporation occurs. This depends mainly on the
temperature, humidity, surface tension, pore radii, viscosity and the length of the
path of solution to the evaporation site (Lewin. 1982.120). Everett (1962) and
Rossi-Manaresi and Tucci (1991) have also demonstrated that the amount of
surface decay appears to depend on the heterogeneous mixture of pore-size in the
material.
Zehnder and Arnold (1989) discuss the possibility of pressures produced
by salts crystallizing below supersaturation may be sufficient to cause cracks and
fissures. This diverges from the initial theory by Correns of the need to have a
supersaturated crystal under pressure. The internal pressures which occur to
break-up the pores inside stone has many theories. The theories and
experimental work at this point have not yet been able to describe exactly what
occurs as studies are based on unseen evidence, and after the damage has taken
place.
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8. The removal of salt from stone.

8.1, Introduction.

The preventive methods most often used by conservators on stone and
related materials include, various methods of cleaning, and consolidation.
Regardless of the method, the material will never return to its original state.
Soiling, weathering, decay, and the presence of patinas are often irreversible.
Consolidants may be applied to aid in the cohesion of the stone. Before an
interventive method is applied, certain investigations need to be made. The type
of material should be identified.

The construction of the object or building and

assessment of moisture absorbency, the identification of salts, soiling in regard as
to where it is, what might be the cause, and whether it is damaging, as well as any
previous conservation records need to be looked in to. Any treatment should
avoid harming the surface, including pitting and colour change, and there should
be no deposition of by-products from any material used. Test patches need to be
done in several areas as the results from these will only be good for that particular
stone, in a specific area. This is due to the fact that different areas on a sculpture
or building will have different morphological and physical features. They will
often have weathered differently, and will therefore be in different states of
conservation. Even with the best plan, conservation may not be equally
successful on all areas.
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.2. Cleaning.

There are four main methods for cleaning stone. These include, chemical
and mechanical methods, cleaning with water, and poultices. The use of acids
and alkalis are usually considered to be chemical methods of cleaning. Water,
although also a chemical, is considered separately. Considerations to be taken
with the use of water are what level of pressure is to be applied, and the possible
addition of fine sand. Precautions before beginning treatment are the type of
stone which is being cleaned, whether the spray is intermittent or continuous, and
the type of dirt being removed. Mechanical methods are usually considered to be
air abrasive with varying types and grades of abrasive as well as the manual use of
brushes and other tools. Poultices and packs are usually based on clay, gel, or
cellulose, and may have other chemicals mixed in with them. Mainly, the
concern here is with those cleaning materials used for the removal of salts, and
those which may increase the amount of salt present either through misuse or as a
by-product which cannot be avoided.

8.3. Chemical cleaning.

The ideal chemical would be one which removed dirt without touching the
object. However, it is more likely the case that the user will have to be satisfied
with one which will attack the dirt more rapidly than the object (Moncrieff. and
Weaver. 1987.107). Chemical cleaning methods are usually based on the use of
acids or alkaline liquids and pastes. They are not necessarily suitable for all
stones, or other related material. They must be used selectively on sandstone,
limestone, granite, brick, and terracotta. The main problem with this type of
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cleaning method is the possible production of soluble salts. However, some
chemicals are specifically used to reduce the salt content in stone, or change less
soluble salts into more soluble ones. Commercial chemicals used to increase the
solubility of salt efflorescence often contain hydrochloric, glycolic, and acetic
acids (Ashurst. 1994.104). There is the potential of creating more soluble salts if
these chemicals are not used correctly, and according to Ashurst, they should not
be used on brick. Products will vary in their concentrations of these chemicals.
In general, concentrations and the amount of time the solutions are left on the
stone or other material should be carefully controlled.

8.3.1. Acids as cleaning agents.
At high concentrations acid will cause damage to stone, and even at low
concentrations some acids will attack the mineral constituents of stone,
particularly clay and carbonates (Ashurst. 1994.63). Some acids can create
soluble and insoluble salts. Hydrofluoric acid used as a cleaning agent on
sandstone, granite (unpolished), brick, and terra-cotta does not leave behind
soluble salts (Ashurst. 1994.66). However, cleaning materials based on
hydrofluoric and phosphoric acids may produce insoluble salts. Hydrofluoric
acid may also enhance iron staining in sandstone, and sandstone with clay and
calcareous binders will also be attacked. The other acids listed in table 8.2 may
react with other constituents in the material to produce soluble salts. For
example, hydrochloric acid can leave chlorides on the material if not washed off.
As discussed in chapter 3, chlorides are very hygroscopic and can increase the
moisture level in stone. Ultimately, acids will transform soiling from a fixed
state to a movable state, and can then be washed away with water
The combination of a carbonate stone and acid produces salt. Acids plus
alkalis will yield salt plus water, therefore acids reaction with calcium or
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magnesium will precipitate salt into the pores despite washing (Ashurst. 1994.67).
Once these salts are in the pores, they can begin cycles of hydration/dehydration
and salt crystallization as discussed in chapter 7. The acids which may produce
soluble salts when used on a stone surface are listed in the table 8 . 1.

Acids
Hydrofluoric acid
Ammonium Bifluoride
Hydrochloric acid
Sulphuric acid
Acetic acid
Phosphoric acid
Glycolic acid

HF
NH 4 HF 2
HCl
H 2 SO 4
CH 3 COOH
H 3 PO4
C 2 H4 O 3

Table 8.1. Acids which may be present in chemical cleaning solutions
(Ashurst. 1994.71-72).

8.3.2. Alkaline cleaning materials.
Commercial cleaners are often based on sodium, potassium and
ammonium hydroxide. The alkaline cleaners are most often used to remove
surface dirt by breaking down the greasy contents of the deposit
(Ashurst. 1994.73). They are also a main component in commercially available
paint strippers. After application, these cleaners need to be neutralized.
Neutralization is often achieved with the application of an acid, and then washing
down with water.

As with acids, one of the main concerns is the production of

soluble salts. The alkalis which have potential for depositing soluble salts are
listed in table 8 .2 ..

85
Alkalis
Sodium hydroxide
Potassium hydroxide
Ammonium hydroxide
Sodium carbonate
Sodium bicarbonate
Sodium hexametaphosphate

NaOH
KOH
NH 4 OH
NaoCOg
NaHCOg
(NaPCy)^

Table 8.2. alkalis which may be present in chemical cleaning solutions
(Ashurst. 1994.72-74).

Ammonium hydroxide(NH 4 0 H) has been used to dissolve dirt attached by
gypsum on calcareous stone. Another alkaline cleaner, sodium
hexametaphosphate, can also be used to clean calcareous stone, and remove
gypsum crusts from limestone and marble (Ashurst. 1994.74).

8.3.3. Ammonium and potassium carbonate to remove sulphate deposits.
Ammonium carbonate ((NH 4) 2 C0 3 ), has been used to remove sulphur
from calcareous stone, primarily in the form of calcium and magnesium sulphate.
One method described by Ashurst is the combination of ammonium carbonate
with an anionic exchange resin (Ashurst. 1994.74). The solution is applied as a
foam, and then washed off. The intent is to replace the calcium sulphate with
calcium carbonate.
Another method of applying ammonium carbonate was used by
Alessandrini et. al to remove calcium and magnesium sulphate on magnesium
limestone. The technique used was water nebulization where an area was
sprayed with a ten percent ammonium carbonate water solution until the surface
refused to soak up any more. After twenty-four hours, a thirty minute washing
step was carried out with water. This was followed by two more washings at
seven day intervals. This method was meant to mobilize sparingly soluble
gypsum by creating ammonium sulphate which is very soluble and can be
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eliminated by washing of the surface (Alessandrini et.al. 1993.506). The equation
for the reaction is as follows:
( 10 )

CaS 0 4 • 2 H 2 O + (NH 4) 2 C0 3 — > (NH4 ) 2 S 0 4 + CaCOs + 2 H2 O

By testing the conductivity (which decreased) it was taken as an indication that
the sulphates were dissolved by the ammonium carbonate. The sulphates were
recorded in smaller concentrations after each test, although the efficiency
depended on the level of salt contamination in each site (Alessandrini
et.al. 1993.506). The seven day break in the subsequent washings was enough
time for the soluble salts to come to the surface. This also appeared to reduce the
number of washings needed, and eliminated most of the salt (Alessandrini
et.al. 1993.509). Overall it was found by the authors that ammonium carbonate
was capable of removing the sparingly soluble sulphates.
Skoulikidis and Papakonstantinou (1992) have used a potassium carbonate
(K 2 CO 3 ), solution to convert gypsum back to calcium carbonate.

The treatment

was carried out by the authors through spraying the sulphated surfaces with a
potassium carbonate solution over a three month period. The treatment was
successful in returning the calcium sulphate back to calcium carbonate, and also
appeared to have a cleaning effect (Skoulikidis and Papakonstantinou. 1992.156).
However, the production of potassium sulphate as a byproduct may be a concern.
It would present some of the same problems as calcium sulphate does in terms of
being a slightly soluble salt in the pores of the stone.
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8.4. Cleaning with water.

Water based cleaning is primarily used on limestone and marble since the
dirt is usually combined with gypsum which is relatively water soluble. It has
shown not to be successful on sandstone, brick and terracotta (Ashurst. 1994.17).
Water can be sprayed with or with out pressure, or at varying pressures. It has
also been used cold, hot, or as steam. A nebulized spray is a water spray of
negligible pressure and usually spraying a mist of water controlled by special fine
nozzles. This type of spray is often timed, so that it is intermittent. This allows
the dirt and any salts to move to the surface when the water is off. It also reduces
the amount of water streaming down the sides after the surface refuses to absorb
more water.

Water should not be applied to a surface at pressures where the

spray would clean by cutting away the surface. Jet spraying, or water spray at
high pressure should not be applied to a weak surface where loss of the surface
would occur. Any water spraying should be aimed at the surface to be cleaned
otherwise it is more likely to follow the rain patterns, and be ineffective
(Ashurst. 1994.19) Hot water has been effective in removing gypsum as it
becomes more soluble as the temperature increases. However, in any removal of
gypsum crust with water there is the possibility that the gypsum once dissolved in
the water will be absorbed into the stone. Water is also used to rinse off other
chemicals.
The main problem with water cleaning is the possible over saturation of
the material, and jointing. Weak areas, and fissures in the material may be
affected by large amounts of water. Internal materials like wood and plaster, and
metal may also be affected by the presence of water. Generally, only enough
water needed to soften the dirt and other residue should be applied, when it can
then be brushed off the surface. Water washing should take place at times of the
year where there is no risk of freezing. Water may also mobilize salts in the

interior of the stone, and efflorescence may result. Therefore any salt should be
brushed off before washing so that it is not carried into the stone. Detergents,
particularly non-ionic soaps have been added to water in order to assist cleaning,
but must be removed, and not left to dry. Patchiness after water cleaning may be
due to several factors. It may be dirt which has moved onto the surface after
drying, it may be due to mineralogical changes in the stone, or areas cleaned
unevenly.

8.4.1. Desalination.
One of the aims of washing with water is to remove soluble salts. If it is
possible to place a smaller object in a water bath which is changed at interval, it is
possible to remove a considerable amount of the soluble salts. Depending on the
salt content of the object, tap water, then distilled and deionized water is used for
such a process. Conductivity readings of the water after the object has soaked
can help to determine whether the salt are actually being removed. Before this is
undertaken, the stability of the object must be assessed.

8.5. Mechanical methods.

Mechanical cleaning is based on the idea that dirt and other material can
be broken away from the surface by collision between the dirt and the material or
a tool used to remove it. Mechanical cleaning methods on large outdoor stone
consists largely of dry and wet air abrasive in large areas, and brushing, scrubbing
and scraping on large and small areas. High pressure dry abrasive cleaning, and
brushing have the advantage that there is no chemical interaction. Salt will not
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go back into solution, and there will not be other chemicals which might produce
soluble salts.
Air abrasives are most successful when the dirt is to a depth of only a few
grains. Where soiling is not deep, there will be less surface loss. Wet abrasive
techniques introduce water along with the air and abrasive. This will not create
soluble salts but may dissolve salts already present. Wet abrasive is generally
used to soften dirt on the surface as well as to keep the dust down . Cleaning
may not be even unless more of the surface is removed in some areas than others,
and this is usually considered unacceptable (Ashurst. 1994.30). The disadvantage
is often seen as the excess removal of the stone surface, roughening of the surface,
and possible loss of detail. How much material is lost is due to the size of the
abrasive particles, pressure, and the type of stone, and its condition. It has been
observed that wet sandblasting may remove three to five millimeters of the
surface by wearing off particles which are only loosely adhered
(Orcsik. 1994.928). This produces a much coarser surface. The roughening of the
surface can lead to slower water run-off and the collection of dirt, and other
pollutants.
To remove salts, brushing off efflorescence, and softened gypsum crusts,
or other soil carrying salts is the most likely method. The brushes or other tools
must not be harder than the surface of the stone. Brushes will also remove salts
and dirt from surface pores and crevices.

8 .6 .

Membrane electrodialysis method for removing salts.

Testing by Skibinski (1985), to remove soluble salts through membrane
electrodialysis was designed to look at a alternative method for removing salts as
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the more traditional methods as by diffusion are often imperfect. The removal of
salts by diffusion is by the passage of salt through a porous stone out into the open
most often achieved through the application of poultices. The main problem with
removal by diffusion is the high probability of the scattering of salt ions, and the
low probability of capture. Therefore the main reasons for looking for an
alternative are, the low efficiency of removing salts with washing and poultice
application, and therefore the necessary reapplication of some methods, the lack
of control over the cleaning process, and the possibility of resalination of the
stone (Skibinski. 1985.960). Theoretically, the rate and efficiency for removal of
salts by electrodialysis should be greater than salt removal by diffusion.
Initially, a stable electric field was applied to increase the efficiency of salt
removal, however, this produced anodic destruction of the stone. Consequently,
experiments were carried out with neutralizing coverings or other poultice where
the products of the electrode could collect. It was determined that an electric
field does not guarantee safety of the object, and therefore should only be used in
exceptional cases. Further the testing included using a five chamber
electrodialyser composed of two electrode chambers,

2

cummulation and

1

desalination chamber, each separated with ion selective membranes. Electrodes
were placed in the outer chambers, and these chambers were filled with an
electrolyte solution. The cummulation chambers were filled with deionized
water. The object was placed in the desalination chamber, and the chamber was
filled with water. The electrodialyser was then connected to a power supply, and
after one hour the object was removed. The method was considered effective in
removing salts. However the efficiency for such a method relies on the porosity
and pore-size distribution of the stone. The method was more successful on
stones with a larger percentage of macropores (Skibinski. 1985.963). Limitations
for this method appear not to be due to the apparatus, but to the stone itself in
terms of internal structure. The actual size of the object limits its uses as well as
the object would ideally have to fit into the chamber.
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8.7. Poultices and packs.

Poultices and packs are used primarily for the removal of dirt and salts.
Poultices can be used on most stones and can be acid, alkaline, and neutral pastes.
They are usually based on clay, and are mixed into a paste by adding water.
They may also be made from talc and chalk, and cellulose, and be used with
another solvent. Poultices can be applied directly on the surface of the stone, or a
barrier like open weave hessian can be used to make removal easier. Wire mesh
can also be used to help the clay bond to the surface. Generally a poultice is
applied after wetting the stone surface to the depth where salts are found. This is
to make the salts mobile, and hopeful, through capillary action they will move
into the poultice as it dries. Over saturation will cause problems as water may
enter damaged joints, and salt-laden water may travel into internal surfaces
(Ashurst. 1994.103). Too much water may also lead to efflorescence on drying
after the poultice has been removed. Therefore the poultice will need to be
applied more than once. Although repetitive applications will remove salts from
the surface, there may be salt which remains deeper within. The stress created by
repeated crystallization of salts at the poultice-stone interface also limit this
process.
Packs differ from poultices in that they are not left to dry, and are instead
kept wet by placing a plastic covering over them after application. This
maintains the chemical effectiveness of the pack. One pack which has been used
to help dissolve calcium salts is the Mora pack which contains ethylene diamine
tetra acetic acid (EDTA) (Ashurst. 1994.82). It has been specifically used on
what is called, black crust, or a deposit of mainly atmospheric pollutants and salts.
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The Hempel pack was designed to remove sulphate crusts on limestone which
were a result of micro-organisms and produced good results (Ashurst. 1994.83).

8 .8 .

Bacteria treatment for sulphate.

Recently, sulphate reducing bacteria were tested on marble which had
been exposed to the atmosphere.

The sculpture had developed a black

carbonaceous layer of tightly adhered particles from the atmosphere cemented
with a layer of gypsum on its surface (Gauri et. al. 1992.164). The marble was
placed in a plastic bag which was filled with a broth of Desulphovihrio
desulphuricans , the sulphate reducing bacterium.

In this case it was successful,

however more experimental work will be needed to make this a viable option in
the future.

8.9. Consolidants.

Consolidants in stone are meant to reestablish cohesion by the deposition
of a durable binding material within the pores of the stone. Although
consolidants are not used to remove salts from stone, they have been used in the
past to attempt to encapsulate them in stone, and more recently they have been
thought to aid the removal of salts. Impregnation of a consolidant is meant to
consolidate the friable stone, and to prevent further damage from salt
crystallization. This is done by either making the salts inaccessible to water or
the stone more resistant to crystallization damage. Some consolidants were
specifically not recommended because they were shown to produce salts. These
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consolidants include, sodium or potassium silicates and aluminates and zinc or
magnesium fluorosilicates (Rossi-Doria et.al. 1978.40).
There has been a large quantity of research on consolidation and the types
of consolidants used on stone. One of the ways in which consolidants have been
used to try to prevent salt damage was through the application of barium
hydroxide.

Barium hydroxide was used on marble and limestone to change

calcium sulphate (gypsum), a sparingly soluble salt, to barium sulphate which is
insoluble. The reaction is:
( 1 1 ) CaS 0 4 + Ba( 0 H )2 — > BaSO^ + Ca(0 H )2 (Ashurst and Dimes. 1990.165).
Lewin also experimented with changing calcium carbonate into a less soluble
barium compound by soaking limestone in a solution which contained urea,
glycerol, and barium hydroxide. This converted the calcium carbonate to
calcium hydroxide and barium carbonate. The reaction is:
( 12)

CaCOg + Ba(0 H )2 — > Ca(0 H )2 + BaCOg (Lewin and Baer. 1974.25).

This barium hydroxide and urea combination was meant to work as a consolidant.
It was a treatment first proposed in the second half of the nineteenth century.
Urea was used to promote a uniform deposition of barium carbonate. Ultimately,
the treated stone would be protected form further acid attack by the formation of a
thin film of barium sulphate over the calcite crystal surfaces. This method, tested
over the years has been shown to be an insufficient consolidant.

8 .10.

Conclusion.

The best cleaning plan is determined by the type, quality , and condition of
the material to be cleaned. It will also be controlled by availability of materials
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and safety. It must be taken into consideration that not ail methods will suit all
building materials, or even the same material in a different area. In general the
highest concentrations of salts will be deposited towards the surface where the
will have been transported by evaporating moisture. The ease with which salts
are removed depends on the characteristics of the stone like porosity and
permeability. Methods of cleaning will also depend on how much salt is present,
and its solubility. There are other aspects which need to be taken into
consideration concerning chemicals and cleaning methods which may affect the
different types of stone, and other porous materials present. Materials like
windows, and areas not intended to be cleaned also need to be protected. These
have not been fully explored as the main focus here is on the effects of these
methods on salts in stone and other related materials.
Safety and training in using chemicals, abrasive sprays, and any cleaning
material is essential. In the United Kingdom, the Health and Safety at Work Act
of 1974 controls operations on building sites. In 1988, the Control of Substances
Hazardous to Health (COSHH) regulations were brought under the Act. Health
and safety information sheets can be requested from suppliers of chemicals and
other materials.
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9. Salt crystallization inhibitors.

9.1. Introduction.

It has been established that salts will cause disintegration of stone and
other porous materials. Consequently, conservation measures have been taken to
preserve affected materials, often by the removal of salt through cleaning, and the
reinforcement of deteriorated stone through the application of consolidants.
There has been a large amount of research into materials used for the conservation
of porous materials, and much theoretical work carried out on the mechanisms of
salt decay. However, conservation measures are often taken when the material
has already begun to deteriorate.
Most of the literature on stone deterioration due to salts assumes that
deterioration is caused primarily by the pressures exerted by the crystallization
and/or the hydration of salts which can exist as hydrates. As a result, modifying
crystal growth through the introduction of a contaminant which would inhibit
growth or change the crystal habit has been explored. The crystal habit is the
external form of the crystal. Crystals of the same substance will have the same
angles between their faces, but the external appearance may be different due to the
growth rates of different faces under varying conditions. The crystal structure,
meaning the atoms, ions and molecules have a regular arrangement.
Modifying crystal growth is part of the history of crystal science. The
idea of modifying a salt crystal through the addition of another substance is not
new. As early as 1936, it was found that calcium carbonate scale which is
produced through the heating of water containing calcium bicarbonate could be
prevented by adding sodium metaphosphate glass to the water, in very small
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amounts (Raistrick. 1949,234). More recently, research into salt crystal
modification has been carried out for the oil industry, and it is hoped that some of
this recent research may be applicable to stone conservation.

9.2. What is an inhibitor.

An inhibitor is a substance which slows or interferes with a chemical
action. A salt crystal inhibitor is a substance which slows down the growth of a
crystal or completely prevents crystallization. Crystal habits can also be
modified by the introduction of an inhibitor. A crystal is modified when the
crystal habit has been changed so that the external form differs from its
equilibrium form. An anti-caking agent can act as an inhibitor, but is generally
used to prevent salts or other compounds from absorbing moisture and dissolving.
The common cause of habit modification is the presence of an impurity in
the crystallizing solution. A perfectly pure substance is as difficult to prepare as
a perfectly ordered crystal (Petrov et.al. 1969.8). Impurities can also be
introduced deliberately to a solution to affect the growth of the crystals.
Examples of the influence of small amounts of impurities (one or fewer parts per
million) on the growth of a crystal are numerous (Petrov et.al.l969. 22). Habit
modification by the presence of an intentional inhibitor or impurity is a surface
phenomenon. The ions and molecules of the inhibitor are attracted to various
faces of the crystal and are absorbed onto the surface (Mullin. 1961.129). An
impurity may either reduce the rate of growth on some of the faces of the crystal
or on all of the faces of the crystal. Only when some of the faces are affected is
the habit of the crystal changed.
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9.3. The basics of crystal formation and modification.

Crystals are formed as a result of two tendencies. The first, is to achieve
an ordered distribution of particles and obtain a maximum number of chemical
bonds. The second is a tendency to mixing and disorder due to the thermal
motion of particles (Petrov et.al. 1969.3). Certain growth directions in growing
crystals may be preferred to others. The shape of the growing crystal will be
determined by the existence of dominant growth directions (Tarjâan and
Mâtrai. 1972.38). Conditions which determine growth are generally agreed to be
due to relative supersaturation, temperature, nature and concentration of
impurities, type of solvent, and rate of cooling. Some authors also include pH,
and others do not. Mullin includes pH in his list of variables, however, Nyvlt
states that, the pH of a solution is generally not an effective variable in relation to
crystal habit (Nyvlt. 1971.78).
Supersaturation is important since crystals dissolve only in unsaturated
solutions, and crystallize out only from supersaturated solutions (Petrov. 1969.8).
Temperature is also important. It has been observed that smaller crystals tend to
dissolve more readily than larger ones if temperature fluctuation occurs, and that
at high temperatures, and high rates of crystal growth, the influence of additives
on crystal growth diminishes (Nyvlt. 1971.78-80).
As a crystal adsorbs particles from the surrounding solution, the adsorbed
particle is either located permanently at a specific point, or because of energy
fluctuations, migrates along the surface or may leave the surface and become
desorbed, and return to the solution (Petrov. 1969.14). If a crystal is in
equilibrium with the solution, the number of adsorbed and desorbed particles is
equal. If the concentration of the substance in the solution is higher than the
equilibrium value, the number of adsorbed particles is greater than the number of
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d e s o rb e d p articles and the crystal g r o w s (P e tro v . 1 9 69.14 ).
crystal is rarely c o m p le te ly s m o o th .
a n o th e r at e d g e s o f the crystal.

T h e surface o f a

C r y s ta ls h a v e fa c e s w h ic h in te rse c t o n e

Im a g in e a c ry sta l is be built o f b ric k s o f the s a m e

size a n d s h a p e, then the crystal will h a v e c o r r e s p o n d i n g f a c e s a n d e d g e s.

Some

fa ce s will be flat, o th e rs are s te p p e d , a n d o th e r s a re k in k e d m e a n i n g w ith the
co rn e rs o f th e b rick s stic k in g o u t o f th e m .

T h i s ca n be s e e n in the fig u r e 9.1.

crystal can h a v e a d e fe c t o r w h a t are c o m m o n l y c a lle d d is lo c a tio n s .

A

T h e s e are

irre g u la ritie s w h ic h fo rm as the crystal g ro w s.

F ig u re 9.1. S ta c k o f b ric k s s h o w i n g flat s te p p e d a n d k in k e d f a c e s (a f te r
W itta k e r.1 9 8 1 .4 ).

9.4. R e q u ir e m e n ts f o r inh ib itio n o f crystal g ro w th .

G e n e r a lly th e re are tw o s te p s to in h ib itio n o f c r y s ta l g ro w th .

T h e r e is the

pre fe re n tial a b so rp tio n o f th e in h ib ito r on s p e c if ic c r y s ta l fa c e s , a n d th e n o n c e
b o u n d on , th e in h ib ito r u psets th e r e g u la r d e p o s it io n o f la y e rs , s u b s e q u e n tly ,
lo w e r in g the g r o w th rate o f the crystal in th o s e d ir e c t io n s ( W a n g et.al. 1985.341 ).
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Habit modification can be caused in different ways. It is not always the
introduction of different impurities, but addition of different concentrations of the
same impurity (Buckley. 1949.250). Tailor-made inhibitors have also been used.
These are inhibitors with molecules similar in structure to the host compound.
Wang et.al. found that such inhibitors had a dramatic effect on crystal growth, and
the crystal habit (Wang et.al. 1985.341).
Testing by Black et. al. led the authors to deciding there must be the
following requirements for successful crystal growth inhibition. The inhibitor
should have many of the structural characteristics of the host molecule but should
differ in a specific way. The difference should be in such a way that the
inhibitor, once it is incorporated into the structure, will disrupt the bonding
sequence in the crystal and interfere with the incorporation process of the original
material at the growing surface (Black et.al. 1986.765). During the growth of a
crystal, the modifying molecule will be absorbed to a greater degree on the faces
which differ the most from the original compound. Structural considerations will
also determine which surface sites are available to the inhibitor. Since the
inhibitor resembles the host compound, bonding within a growing layer is not
disrupted. Instead, it is the bonding component normal to the surface which
inhibits the movement of the kink sites and reduces the velocity of growth steps
(Black et.al. 1986.773).
The quantity and type of inhibitor can also make an enormous difference.
If the inhibitor is present in small quantities, it may be absorbed only on some of
the crystal faces, those which are most receptive. Low amounts of inhibitor can
also retard growth by absorption onto the faces, and then become desorbed. As
the crystal starts to grow again, it picks up the inhibitor from the solution.
Therefore the crystal habit is modified by intermittent retardation and the crystal
will be fairly free of inhibitor (Mullin. 1961.130). In large quantities, the inhibitor
may be accepted by all of the faces to different degrees yet enough to affect the
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crystal habit. In extreme cases, the inhibitor can block all the faces, and prevent
the crystal from growing at all, even at high degrees of supersaturation.
According to Petrov, the most reliable method for predicting the adsorption of the
components of a solution is by Paneth's rule which predicts that a crystal absorbs
most strongly the ions which produce the least soluble compound when combined
with the host crystal (Petrov. 1969.22). Therefore, using an inhibitor which is less
likely to be absorbed onto the faces of the crystal, will have little effect on the
crystal habit, and the overall growth of the crystal. The crystal must have some
attraction for the inhibitor, or the inhibitor must be unavoidably absorbed.
The penetration of inhibitors into a crystal is controlled by the rate of
growth, and the rate of growth is controlled by the effects of the absorbed
impurity. The distribution of a captured inhibitor in a crystal is non uniform, and
often depends on steps and kinks on the surface. Impurities are the main cause of
the formation of dislocations during the growth of crystals. If a crystal is not
plastic such stresses are relieved by the bending of a crystal or cracking
(Petrov. 1969.25). Cracks may affect the growth since the rate of growth of a
crystal depends on the number of defects in it. Crystals with large defects grow
much faster than those which are more uniform. An isomorphous impurity does
not produce defects because it will have similar crystalline form and chemical
formulae.

9.5. Possible inhibitors for use on stone.

The primary reason for applying inhibitors to stone is to change the habits
of salt crystals, making them weaker and smaller. It would be ideal to have
enough inhibitor which is attracted by the salt crystals so that only a few crystals
would grow, or that crystals could not grow at all. Most likely, what will occur is
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the reduction in the size of the crystals, or the change of crystal habit where the
crystals may be smaller, or simply formed differently. If the overall size of the
crystal does not change, they may at least be weaker due to dislocations and
cracks.
Much recent research on the reduction or prohibition of salt scale has been
for the reduction of barium sulphate (BaSO^) in the oil industry. This is due to
the fact that the brines found in oil-bearing strata of the off-shore reservoirs
contain high concentrations of alkali-earth metals. During secondary oil
recovery, sea water containing sulphate (SO 4 -"), is injected to maintain pressure.
When the water comes into contact with the well bore, a solid precipitate forms
which blocks the production tubing. The similarities of barium sulphate which is
insoluble and calcium sulphate which is only slightly soluble, may make the
research applicable to stone conservation since calcium sulphate is the main
constituent of gypsum crusts. Both barium and calcium are alkaline earth metals,
and resemble one another in chemical behaviour. The main difference between
industrial research and stone conservation research is the substrate from which the
salt is to be removed or on which it is to be affected.

The material from which

barium sulphate deposits are removed or inhibited from growing on are most
likely to be metal, or a similarly strong, material. The affected materials would
probably have smoother surfaces and be less porous than stone. Therefore the
effectiveness of inhibitors on the materials on which they are used in industry and
their effectiveness on a stone, a much more porous material, may differ greatly.
Conservation concerns are also different, removal or inhibition of salt crystals is
desirable as long as there are no other ill effects to the structure or in the aesthetic
appearance of the material.
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9.6. Inhibitor compounds.

Anti-scaling compounds such as organic phosphonates, carboxylates, and
suiphonates have been tested as scale inhibitors. They have been tested largely in
industry on barium sulphate, strontium sulphate and calcium carbonate
According to Black et.al, the phosphonates have been the most successful in
reducing the growth rate of salt minerals, and affecting the crystal morphology,
specifically barium sulphate (BaSO^), (Black et.al. 1991.3410). Other molecules
which have been successful as inhibitors and crystal modifiers of salts are,
polyphosphates, nitrilotripropriamide (NTPA), nitrilotriacetamide (NTAA), and
ferrocyanides for the inhibition and modification of potassium and sodium
chloride. Polyvinyl sulphonate and polyglumatic acid for calcium sulphate
dihydrate and hemihydrate have also been tested.(Gill and Varsanik.1986)
(Rizkalla.1983).

9.6.1. Phosphonates.
Phosphonates are based on phosphonic acid (H 3 PO 2 ). O f the
phosphonates, several have been cited as being the most successful. In particular,
aminotrimethylenephosphonic acid (C 3 H 12 NP 3 O 9 ), or AMP. Scale forming
minerals were diagrammed on a computer to look at specific matching of scale
inhibitors with the crystal structure of calcium carbonate and calcium sulphate by
Gill and Varsanik (1986.60). The authors found that the differences in their
ability to inhibit may be due to the molecular structures of the inhibitors as this
would affect the way the inhibitor attached to the salt crystal. There need not be
an exact match between the spacing in the crystal plane and spacing in the active
groups of the inhibitor, although a similarity between them may make the
inhibitor more effective on a specific salt crystal. However, an inhibitor with a
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more flexible structure may be able to interact with several scale forming minerals
(Gill and Varsanik. 1986.61). Methylenephosphonic acid or nitrilotri (NTMP),
was successful for inhibiting the growth of barium sulphate at temperatures
between 25°C-125°C (Leung and Nancollas.1978) (Gardner and Nancollas. 1983).
Other phosphonic acid molecules which have are considered to be effective on
barium sulphate, calcium sulphate, calcium carbonate, and calcium phosphate (to
varying degrees), are ethylenediaminatetra methylene phosphonic acid
(C 6 H 20 N 2 P 4 O 12 ), ENTMP, Hexamethylene diaminatetra methylene phosphonic
acid (C 10H 2 8 N 2 P 4 O 12) TENTMP, diethylene triaminapenta methylene
phosphonic acid (C 9 H 28 N 3 P 5 O 7 ), DTPMP, and 1 -hydroxyethane- 1, I diphosphonic acid, HEDP (Rizkalla.1983) (Gill and Varsanik.1986). The
theoretical work of computer modeling by Gill and Varsanik, and the testing
carried out by Rizkalla closely corresponded in terms of theoretical and
experimental results.
Crystallization occurs through the development of a small number of
active growth sites. It is assumed that the inhibiting molecules are adsorbed at
these growth sites on the surface of the crystals, and that their presence prevents
the deposition of salt at these sites (Leung and Nancollas. 1978.165). Tests by the
authors of NTMP nitrilotri (methylene phosphonic acid) on barium sulphate
produced complete inhibition of crystal growth when less than 5% of the crystal
surface was covered by adsorbed NTMP molecules. According to their theory,
adsorption of phosphonate ions may take place through the formation of
complexes with the barium ions at the crystal surface (Leung and
Nancollas.1978.165). Overall, NTMP was found to inhibit barium sulphate
crystal growth with concentrations of 5 x 10"^M, and 10"^M (Gardner and
Nancollas. 1983.4703). Both articles discussed that the formation and solubility
of scale-forming minerals may be affected by other metal ions present. Most
authors have concluded that different mixtures of salt will affect the success of the
inhibitor.

104

Benton et. al. tested a range of phosphonate-based molecules to inhibit
barium sulphate. These produced distorted crystals which were also 15-20 times
smaller than the modified crystals, but were still considered too large for
successful inhibition. The tests showed that it is only necessary to have 5% of
the surface area covered by absorbed material in order for complete inhibition of
growth to occur (Benton et.al. 1991.2). This is in agreement with Leung and
Nancollas (1978).
Difficulties cited by Benton et. al . in the effectiveness of the phosphonate
inhibitors can be due to high concentrations of salt, differences in pH, and the
presence of other alkaline earth metals (calcium). Precipitated crystals varied in
their shape depending on whether the solutions were highly supersaturated or had
a lower supersaturation. The pH was important as different crystal habits were
formed at different pH values. This is in agreement with Mullin (section 9.2),
and with several other tests by researchers.
Rizkalla also tested some phosphonate inhibitors on barium sulphate
(section 9.5), and found success to be the following:

DTPMP> STP> HEDP> ENTMP> TENTMP
(Rizkalla.1983.1865).

This was according to their ability to inhibit the growth of crystals. Much of the
difference among the inhibitors appears to be based on how well the ions absorb
on to the salt crystal. Several other chemicals were tested by Rizkalla (1983),
and were found to be unsuitable. These include, inositol hexaphophoric acid
(IHP), nitrilotriacetic acid (NTA), Na 2 H 2 EDTA, potassium chromate, potassium
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ferrocyanide, and dipicolinc acid. It was generally found that these chemicals
increased the rate of precipitation of the salt crystals (Rizkalla. 1983.1866).
Theoretical work was carried out by Gill and Varsanik on the inhibition of
calcium carbonate, calcium sulphate, and calcium phosphate through molecular
modeling. They modeled several of the same inhibitors as Rizkalla tested with
the exception of TENTMP, and added, AMP amino trimethylene phosphonic acid.
They found that the AMP, and HEDP (I-hydroxy ethylidene -1 - 1diphosphonic
acid) are more specific in their molecular arrangement, and that the methylene
phosphonic acids, ethylenediamine tetra methylene phosphonic acid,
hexamethylene diamine tetra methylene phosphonic acid, and diethylenetriamine
penta methylene phosphonic acid are less specific, and have more flexibility, and
would be more able to adopt a number of conformations (Gill and
Varsanik. 1986.60). According to the authors, there need not be an exact match
between the spacing in the crystal plane, and spacing in the additive groups in the
inhibitors. In fact, in small molecules like the phosphonates, the absence of
repeating active groups makes it difficult to match inter spacing distances.
Therefore, the ability of inhibitors to inhibit can be related to the flexibility of
their structure (Gill and Varsanik. 1986.61). The relative scale inhibitor
properties of the phosphonate inhibitors are thought to be good inhibitors for
scales of calcium carbonate, calcium sulphate, and calcium phosphate.
Diethylenediamine penta was considered to the most useful overall because of its
high flexibility, and therefore a greater ability to react with all the scale-forming
minerals.
Previously, the inhibiting action of polyphosphates on the crystallization
of calcium carbonate and calcium sulphate which was originally observed by
Rosenstein has been used mainly on the prevention of calcium carbonate
deposition in processed water and gypsum deposits in wells (Naono. 1967.1106).
The crystallization of gypsum can be altered by additives and impurities which
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affect the habit and morphology of the crystals (Weijnen et.al. 1987.509).
According to the authors, phosphonate inhibitors can also be absorbed at active
growth sites appear to inhibit the growth of gypsum. They found that a surface
coverage of only a few percent with phosphonate inhibitor ions was sufficient for
total inhibition of the crystal growth process (Weijnen et.al. 1987.509). This is
contrary to the theoretical concept that total growth inhibition is obtained only
when all steps or kink sites are covered with inhibitor.
Gypsum is similar to barium sulphate in that it is calcium sulphate, and
calcium is chemically similar, and neither sulphates are very soluble. The most
promising inhibitors are phosphonates and polyelectrolytes. These growth
inhibitors are able to block or slow down the growth process when added in trace
amounts. According to Black et.al., the most active of the phosphonate
molecules are the diphosphonates. The phosphonate most cited is HEDP 1hydroxy ethylidene-1-ldiphosphonic acid (Black et.al.1991) (Weijnen et.al. 1983).
As found before, the effectiveness of inhibitor, in this case, HEDP on gypsum
growth was affected by the pH of the solution when the same concentrations of
gypsum and inhibitor were present. Inhibitor adsorption decreased with lower
levels of pH (Weijnen et.al. 1983.88).
Various inhibitors will have differing degrees of effectiveness. The
similarity of inhibitor to crystal can also be a sign of effectiveness. Gill and
Varsanik also looked at polyvinyl sulphonate (PVS) and polyglumatic acid (PGA)
on the crystallographic forms of calcium sulphate dihydrate and hemihydrate. In
research literature, PGA is reported as being more effective on the dihydrate
phase, and PVS more effective on the hemihydrate. When looking at the
molecular spacing, Gill and Varsanik found that with the calcium sulphate
dihydrate, the distance between the calcium ions is

0 .8

nm as it is for the

negatively charged carboxylic groups on PGA. In the hemihydrate the distance is
0.5 nm., and the negatively charged functional groups on PVS are also 0.5 nm
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(Gill and Varsanik. 1986.57). Morphology changes and inhibition were attributed
to the close association of the negatively charged ions of PGA and PVS and the
positively charged calcium ions of calcium sulphate hemihydrate and dihydrate.

9.6.2. Polyphosphates.
Phosphates are based on salts of phosphoric acid (H 3 PO4 ). The inhibiting
effect of condensed polyphosphates on the crystallization of sparingly soluble
carbonate and sulphates is well known (Sarig and Raphael. 1972.203).
Polyphosphate ions are absorbed on the surface of the salt nuclei , and prevent
growth. It has been known that sodium triphosphate and metaphosphates modify
crystal habit of strontium sulphate (Benton et.al. 1991.2). Sarig and Raphael
tested sodium triphosphate (STP), and sodium pyrophosphate (SPP) on strontium
sulphate (SrSO^). Less of the SPP was needed possibly due to it forming an
insoluble salt. It is possible that Planeth's rule according to Petrov (section 9.4.)
can be applied here. Although in the end they performed similarly in their ability
to inhibit crystal growth, the SPP and strontium sulphate form an insoluble salt,
unlike the STP and strontium sulphate which form a soluble complex therefore,
the crystals would absorb the SPP ions more strongly requiring less of it.
Rizkalla tested STP on barium sulphate, and found that in the presence of
the phosphonate additives, the rate of growth, and inhibiting effect depended on
the concentration of the salt.
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9.7. Anti-caking agents.

There are some substances which act as anti-caking agents and inhibitors.
as well as crystal habit modifiers. Anti-caking agents are used to prevent the salt
crystals from forming a compact mass of larger salt clusters. They can also be
used as inhibitors to inhibit the growth of a crystal from solution, or to modify the
growing crystal. Caking occurs when the salt picks up enough moisture for the
crystals to dissolve slightly. This causes them to adhere to each other, and when
they lose their moisture, they can become hard, compact masses. The caking is
prevented by mixing an insoluble powdered material in with the salt. This
prevents the grains of salt form touching each other. If the added material also
absorbs water, its effectiveness is even greater.
There are two main substances which have been used as anti-caking
agents. They are, potassium ferrocyanide (K4Fe(CN)6) and sodium ferrocyanide,
added in trace amounts to reduce the caking of sodium chloride and potassium
chloride when in storage (Glasner and Zidon. 1974.294) (Sarig et.al. 1975.295).
Sarig et.al.(1975) also tested nitirlotriacetamide (NTAA), an anti-caking agent as
an inhibitor for sodium chloride and found it to be very effective.
A possible explanation for anti-caking properties of the additive is that it
interferes with normal crystal growth by altering the electrical charge on the
surface of the crystal. The change in the surface charge would be likely to
interfere with crystal growth since ions of the charge would find it difficult to
approach the crystal surface, and cementation of the two crystal surfaces would be
more difficult (Phoenix. 1966.38).
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9.7.1. Anti-caking agents and inhibitors on NaCl.

Anti-caking is the prevention of dissolution of the crystals. Glasner and
Zidon reported that the presence of potassium ferrocyanide, suppressed the
dissolution of NaCl, which lead them to conclude that it was an excellent anticaking agent for sodium chloride. The rate of crystal growth was reduced, and
with increasing amounts of potassium ferrocyanide, the habit of the NaCl crystals
changed. Potassium ferrocyanide was also found to suppress the dissolution of
sodium chloride.
It is common to add potassium and sodium ferrocyanides to NaCl and KCl
to reduce caking. According to Phoenix, the amount of potassium ferrocyanide
needed to stop caking of NaCl is about 4ppm by weight (Phoenix. 1966.34).
Potassium ferrocyanide can also inhibit the dissolution of sodium chloride in an
undersaturated solution, as well as inhibiting the growth of sodium chloride
crystals from a supersaturated solution (Phoenix. 1966.34). The effect of
potassium ferrocyanide on sodium chloride crystals changes the crystal habit from
cubic to dendritic. This type of crystal habit modification can take place when
the solution contains Ippm of inhibitor (Phoenix. 1966.35).
There is a definite effect of potassium ferrocyanide on the crystallization
of sodium chloride (NaCl). Tests found that with increased amounts of
potassium ferrocyanide, the more the habit of the NaCl crystals changed. From
cubic to star-like growth (Glasner and Zidon. 1974.294). It was also found that
with the presence of potassium ferrocyanide in small amounts (lOppm) in a stable
highly supersaturated solution of sodium chloride, the rate of growth was reduced
one hundred fold (Glasner and Zidon. 1974.294).
The higher the initial concentration of potassium ferrocyanide ions, the
less of the potassium ferrocyanide will coprecipitate with the sodium chloride
crystals. Potassium ferrocyanide ions affect the nucléation and the crystallization
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habit of NaCl differently depending on the concentration of solution. Low
concentrations led to smooth cubic crystals of sodium chloride. With increased
concentrations star-like crystals formed with the outgrowths consisting of perfect
cubes of diminishing size (Glasner and Zidon. 1974.302). The authors found that
at a concentration of potassium ferrocyanide 2.8 x lO'^ molal is a turning point at
which the NaCl crystals become plate-like instead of cubic. It is important to
consider the amount of inhibitor added to a solution since it is generally found
that lower quantities of inhibitor affect the crystals equally or are even more
effective than higher concentrations.
Sodium chloride crystals grown in the presence of nitrilotracetamide
(NTAA), by Sarig et. al. (1975) from solution have the external appearance of
well developed cubes with sharp edges, but each cube was partly hollow. The
authors describe this as distinctive yet not drastic habit modification. Other
crystal habit modifiers are absorbed on active growth sites, and usually cause the
appearance of certain normally non-prominent faces along with the diminution of
others. With NTAA, there were no new faces which developed but the cube
appears to be built from separate blocks in a three-dimensional mosaic fashion
(Sarig et.al. 1975.298).

9.7.2. Inhibition of KCl by potassium ferrocyanide.
Some impurities in a solution may form their own crystals an a host
crystal. Oriented growth of a layer of one substance on the substrate of a single
crystal of another is known as epitaxy, and the impurity is called epitaxial
(Petrov. 1969.23). The growth of a crystal may be affected even if the impurity is
not precipitated in the form of crystals. As an example, Petrov (1969) states that
negligible amounts of potassium ferrocyanide added to a potassium chloride
(KCl) solution affects the quality of the KCl crystals. It has been established as
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an epitaxai impurity, affecting the rate of growth of different faces to different
degrees. The effect of such impurities on the crystal habit is usually strong
(Petrov. 1969.23). Glasner and Zidon found that KCl crystals grown in a
supersaturated solution containing potassium ferrocyanide ions were smooth, and
without steps or hills and square relief which are always seen on the faces of KCl
crystals grown from pure solution (Glasner and Zidon. 1974.294).

9.8. Problems which arise with the study of crystal growth inhibitors.

Initially crystals grow as pure salt, then as crystallization proceeds, the
concentration of the other ions in the vicinity of the crystal increase. As the
crystal growth rate slows down in the later stages of growth, the potential for ion
substitution in the lattice increases. The ions will be confined to the surface.
Therefore, a crystal will consist of concentrated salt at the center but also with
concentrations of impurities at the outer extremities of the crystal (Benton
et.al. 1991.7).
The likelihood of the inhibitor existing largely on the surface as well as the
use of low amounts of inhibitors makes it difficult to detect the inhibitor or
impurity by x-ray diffraction or by the scanning electron microscope analyzer.
Therefore, analysis has been done with x-ray photoelectron spectroscopy (XPS),
to characterize the surface. Specifically, for studying the surfaces, and the layers
of materials absorbed on the surfaces (Baker and Betteridge. 1972.128). With xray diffraction, the crystal may appear to be the same throughout because the
overall habit has not changed, but if there are impurities on or near the surface,
XPS can determine small but measurable differences. X-ray diffraction remains
an important characterization tool as it is used because it gives information about
the position of the atoms and bond angles in a crystal which helps determine the
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structure of the compound. With XPS, the sample must be a solid which is ideal
for providing information on the elemental composition of surfaces. The study of
surfaces with XPS can provide information on adsorption, corrosion, and the
nature of surface catalysts or inhibitors.
It is also know that habit modification may be interpreted by the relation
between the crystallizing substance and the structure of the substrate on which it
grows (Sarig and Raphael. 1972.208). Therefore the differences between
modifying a growing a crystal in a glass beaker and doing the same on a piece of
stone. Not only is the surface different, but the overall environment is more
difficult to control. How to introduce the inhibitor, and insure that it remains
where intended becomes a problem.
It is also important to consider what certain chemicals will do, and what is
actually required. Some chemicals which work as inhibitors and as anti-caking
agents are also effective crystal habit modifiers (Sarig et.al. 1975.295). Therefore,
the user must decide whether it is the inhibition of the growth of the crystal by
application of an inhibitor, the modification of the crystal habit by an inhibitor or
other chemical, or the inhibition of dissolution of salt crystals to prevent caking
that is required. This is related to the state of the salt, whether it is in solution or
exists as crystals.

9.8.1. Problems with inhibitors which act as inhibitors on more than one type of
salt.
For conservation, the ability of many of these chemicals to inhibit more
than one salt can be both good and not so good. For example, the theoretical
inhibition of calcium sulphate by several chemicals in the article by Gill and
Varsanik (except for 1-hydroxy ethylidene 1-1 diphosphonic acid), may be
promising, but their almost equal ability to inhibit calcium carbonate is a concern.
This concern is due to some of the conservation techniques which have been used.
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and are still being used. Lime water is a dilute solution of calcium hydroxide and
appears to have a consolidating effect on limestone as it dries in the pores and
picks up a carbon atom from the carbon dioxide in the atmosphere and is
converted to calcium carbonate. Lime mortars are also often used to replace
flakes of carved stone on limestone. It is a thick paste of calcium hydroxide
which goes through the same transformation on drying as lime water, A recent
article by Tiano ( 1995), discusses the possibility of consolidating stone
monuments which have leached calcite, and therefore increased the porosity of the
material. The consolidation method uses a organic mixture of shells to induce
precipitation of calcium carbonate within the pores of the stone (Tiano. 1995.171).
Therefore, it is important to try to match an inhibitor with a salt or salts but they
must also be tested for compatibility with the stone itself, and any other
conservation treatments.

9.9. Inhibitors and stone conservation.

Peuhringer suggested methods of preventing salt damage on stone in an
article in 1985. As it is understood that water soluble salts may become harmful
due to fluctuations in relative humidity and temperature, Peuhringer suggested
that it might be possible to add water soluble organic and inorganic substances to
salt solutions in order to fix the solutions at certain levels of equilibrium RH.
This meant adding substance for which the equilibrium RH was above or below
the RH of the environment. Therefore, salt would remain dry or moist. The
difficulty would be in making sure the equilibrium RH of the resulting solution
was different from the environmental RH values, and any fluctuations to ambient
RH.

114

Peuhringer also looked at the possibility of changing the structure of the
salt formations, or blocking salt crystals from growing in certain areas in order to
reduce the strength of deposits like salt crust (Peuhringer. 1985.245).
Experimental work included the addition of potassium nitrate, and another test
with a cationic surfactant as an additive, both added to sodium sulphate to prevent
salt migration in the stone sample. Other substances suggested by Peuhringer
are, potassium ferricyanide (K 3 Fe(CN) 6 ), manganese, cadmium, copper, and lead.
The last four were suggested as trace impurities ions to affect the formation
process of salt crystals (Peuhringer. 1985.247). Also included is the use of certain
gels or consolidants to reduce or raise the moisture content in pores, and therefore
keeping the salt crystals wet or dry.
A recent article by Cimitàn et.al. (1994), discussed experimental work in
stone conservation with the application of inhibitors. They tested the delay of
sulphation of calcareous materials through the use of an accelerated aging test.
This was done by placing calcareous stone and mortars in a climatic chamber in a
sulphur dioxide rich atmosphere (10 ppm), in the presence of nitrogen dioxide and
ultraviolet radiation, with temperature changes between 10° and 45°C under high
humidity. It was thought that the inhibitor could interfere with the absorption and
the catalytic oxidation of sulphur dioxide by the use of inhibitors which would
interfere with the adsorption process on the surface. The inhibitor P-nitroaniline
was successful as an inhibitor for preventing the deposition of sulphur formation
in the calcium carbonate powder calcareous stone. It was found that the inhibitor
was more effective on powdered samples of calcium carbonate than on pressed
disk-like samples of mortar (powdered marble, calcium hydroxide and water).
This was possibly due to the amount of surface that was actually coated. More
area on the powdered samples would be covered than on the disks, for which only
the immediate surface was covered by inhibitor. They found that the inhibitor or
coatings need to be impervious to gases as a reaction with the surface of stone
requires the passage of gaseous molecules through the surface coating (Cimitàn
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et.al. 1994.240). The authors concluded from the experiments that it is possible to
delay the sulphation of calcareous stone by applying substances to the surface
which interfere with the adsorption and catalytic oxidation of sulphur dioxide.

9.10. Conclusion.

Considering all the material and testing done with salts and inhibitors,
what becomes clear is that there are many variables to take into consideration.
The tendency for inhibitors, modifiers, and anti-caking agents to work is
influenced by the type of salt or salts present, the temperature, pH, and how well
the inhibitor or other chemical attaches itself to the salt crystals. In some cases,
to have a highly versatile inhibitor may be more advantageous because it can
affect more than one type of salt. In other cases, it has been shown that an
inhibitor, closely related in structure to the salt is more effective.
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10. The establishment of moisture absorption and desorption curves for
some salts and stone samples.

10.1. Introduction.

Porous materials and salts absorb moisture and lose moisture as levels of
relative humidity (RH) rise and fall. Damage to porous materials is often caused
by the repeated cycles of crystallization and dissolution of salts. Crystallization
and dissolution can be caused by wetting and drying, cooling and heating, and
variations in the ambient relative humidity. When salt is present inside the pores
of stone, the cycles of crystallization and hydration can sometimes be controlled
by regulating the relative humidity. Therefore, it is useful to know at what RH a
salt is likely to begin to absorb moisture from the atmosphere, or lose moisture
and crystallize out of solution.
The experiment was set-up to establish the water absorption and
desorption curves for selected salts, untreated stone (without salt), and stone laden
with salt by exposing the samples to different levels of relative humidity. This
was in order to establish the relative humidity at which dissolution and
crystallization occurred for the salt samples, and to compare the practical result
with the behavior predicted in theory. It was also to observe how long it took for
crystallization or dissolution to occur above and below the ERH of the salts.
Four salts were chosen to give a range of equilibrium relative humidity values
(44%-85%).
Two types of limestone , Combe Down, and Monks Park were chosen for
the stone samples. Both stones are oolitic limestones which consist of round
grains of calcium carbonate cemented in a matrix of calcium carbonate. Combe
Down is an oolitic shelly limestone of buff colour. Shelly limestones which
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include shell fragments amongst the oolites are structurally coarser, and are
therefore usually considered more durable. Monks Park is an even textured, fine
grained oolitic limestone of similar colour. The two limestones were used in
order to make a comparison of a fine-grained limestone with one of a coarser, or
larger pore structure in terms of moisture pick-up and loss. Salt was added to two
samples of Monks Park stone to compare the amount of moisture pick-up and loss
with the untreated stone samples.

10.2. Experimental.

1. The four salts chosen were calcium nitrate (Ca(N03)2, ammonium nitrate
(NH 4 NO 3 ), sodium chloride (NaCl), and potassium chloride (KCl) for a range
of ERH values.
2. Three one gram samples (approximately) of each salt were weighed out and
placed in a petri dish of known weight.
3. Each salt sample was placed in an oven at 50°C overnight, and then weighed
again before being placed in the dessicator.
4. Six samples of stone, two of Combe Down, and four of Monks Park, were cut
to approximately 2 cm cubes.
5. All stone samples were washed in distilled water and then dried in an oven at
50°C overnight. After drying they were weighed, and placed in glass petri
dishes of known weight.
6 . Two

of the Monks Park samples were treated with salt. One was placed in a
saturated solution of calcium nitrate, and one in a saturated solution of sodium
chloride. These samples were dried again, and excess salt removed before
placing in glass petri dishes in the desiccator.

7. A saturated salt solution of calcium chloride (RH 33%)was made by
adding salt crystals to deionized water until there was an abundance of salt
crystals. This solution was placed in the bottom of the desiccator, under the
screen separating the samples from the salt solution. The samples were
weighed daily until their weight stabilized at that RH.
8.

Other saturated salt solutions used to regulate the relative humidity in the
desiccator were, potassium carbonate (44% RH), calcium nitrate (55% RH),
ammonium nitrate (65% RH), sodium chloride (75% RH), potassium chloride
(85% RH), and potassium sulphate (98% RH).

9. The same salt were used for the elevation and lowering of the relative humidity
in the desiccator.
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10. The desiccator was placed in a laboratory where the average room temperature
was 20°C, +/- 2°C. A relative humidity strip was also placed on the screen in
the dessicator with the samples to make sure the relative humidity was
maintained.
11. The stone and salt samples were weighed daily until it was realized that
stabilization of the samples at the various relative humidity levels was taking
longer than one day. Consequently, the samples were then weighed every
other day.
12. To establish the percentage weight gain due to moisture pick-up by the
samples, the following equation was used:

W3- W2
W2-W1

X 10 0
(12)

wi is the weight of the petri dish
Wo is the initial weight of the petri dish and salt or stone sample (dry).
W3 is the weight of the petri dish plus salt plus moisture at any given time.
W3 -W0 is the weight of the moisture gained or lost,
wo-w 1 is the weight of the dry salt or stone alone.

10.3. Results and discussion.

Tables 10.1, and 10.3 through 10.8. show the final, stabilized weights, and
the percent weight gains of each sample at each relative humidity. The mean of
the percentage weight gains for sodium chloride have been plotted with the
theoretical curve in figure 10.1. These numbers correspond to those in table 10.2.
This data was taken from the International Critical Tables (National Bureau of
Standards, Washington, DC, 1926 (Price, in press). The points for the mean of
the sodium chloride samples in the experiment are plotted in figures

1 0 . 1.

and

10. 2 .
All the salt samples picked up moisture and were saturated salt solutions
with crystals at their equilibrium relative humidity. Most of the salts dissolved
rapidly when the RH in the dessicator was above the ERH of the salt. However,
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sodium chloride, although mostly dissolved at 85% RH, was not completely
dissolved until the RH was 98%. This is due to the salt taking a longer time than
expected to dissolve completely. Although the samples were left for 27 days in
85% RH, this was not a long enough for them to dissolve. This can be seen in the
raw weight data, as the percentage moisture content was still increasing by
approximately
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percent, even though the actual weight increase was

approximately,

0 .1

gram.

The comparison of the data for the sodium chloride

samples on the theoretical curve to the curve from the experiment are similar in
the upper portion where the relative humidity level is high. The experimental
sample did increase in moisture content gradually as can be seen by looking at the
raw data in Appendix A.
The samples of potassium chloride crystals never dissolved completely at
98% RH, although they remained in the dessicator for 35 days at that RH.
Potassium chloride has the highest ERH of the four salts. Like the sodium
chloride samples at 85% RH, the samples were not left in 98% RH long enough.
One of the KCl samples had been at approximately the same weight for about
seven days, although the others were still showing approximately 7-10% moisture
gain. In looking back, the removal of the samples should have been delayed until
the rise of the moisture content leveled out. Some of the ammonium nitrate
samples were lost due to spillage when in lowering RH, and this is the reason for
the negative numbers. Therefore, the chart for this salt is incomplete. Due to
lack of time the values for ammonium nitrate could not be repeated.
Most of the salt samples lost moisture and crystallized out in a similar time
frame as they did in gaining moisture and dissolving. The potassium chloride
crystals lost moisture more rapidly, and the calcium nitrate samples took far
longer to completely lose their moisture. It took one week over silica gel for the
calcium nitrate samples to crystallize out completely. The resulting crystals were
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not like the loose crystals initially placed in the petri dishes, but were larger
masses of crystals stuck together.

10.3.1. Stone samples.
Stone will pick-up moisture through capillary condensation, meaning
moisture is absorbed in the stone from the atmosphere in the dessicator through
capillary action, and will lose water as the relative humidity is reduced. The
untreated stone samples of Combe Down and Monks Park picked up very little
moisture, less than one gram. The Monks Park sample with sodium chloride and
calcium nitrate picked up more moisture with the stone with calcium nitrate
having the highest percentage weight gain. The negative moisture gain as the RH
was lowered, was similar in the stone samples without salt present, with the
second sample of Combe Down equilibrating slightly more quickly than the
others. The Monks Park sample with sodium chloride lost moisture more rapidly
in the final two levels of RH. The stone sample with calcium nitrate lost weight
more rapidly from the end of the 65% RH cycle. The difference in behaviour of
the samples without salt and those with salt were as was expected as stone with
salt will pick-up more moisture due to the hygroscopicity of the salts present,
(table 10.7 and 10.8). The negative "weight gain due to the loss of moisture of the
two salt-laden samples became negative quantities in the last two levels of relative
humidity. The reasons for this could be that the samples were not entirely dry
when they were placed in the dessicator at the beginning of the experiment, or
some salt had been lost in the handling and removal of the samples from the
dessicator. Therefore, the weight of the samples was less than that recorded at
the beginning of the experiment.
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The following theoretical data is of vapour pressure of water over
solutions of sodium chloride at 20°C. Column 1 is the weight (%), of the sodium
chloride in lOOg of solution. Column three is the relative humidity (%), which is
equivalent to the vapour pressure (mm Hg), in column 2. Column 4 is the weight
(g), of solution containing

1

gram of sodium chloride.
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Table 10.2. Vapour pressure of water over solutions of sodium chloride at 20°C
(after Price.in press).
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Figure 10.1. Theoretical curve plotting RH against the equilibrium weight of 1
gram of NaCl and the moisture it picks up at that RH, from the values in table
10. 2 .
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10.4. Conclusion.

The intent of the experiment was to show that moisture pick-up by certain
salts, at different levels of relative humidity can be significant. The length of
time it takes for some salts, specifically, sodium chloride and potassium chloride
to absorb enough water to dissolve took longer than was expected. The
experiment did show that an increase of moisture in the atmosphere is enough for
salts to dissolve, and the lowering of atmospheric .humidity can cause salts to
crystallize out of solution, although it may take longer than expected for these
particular salts. . The experiment can be applied to what occurs in exposed stone
and other related porous materials. In terms of preventive conservation, the
cycles may not be as rapid for the salts as initially thought. Disintegration of
salts can still be prevented through the control of the levels of RH however, it
must be considered that it may take several days to a month for some salts to
equilibrate.
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11. Salt crystallization tests for limestone.

11.1. Introduction.

The degree to which crystallization affects stone depends mainly on the
size and distribution of the pores, permeability, mechanical strength of the stone,
and the salts present. A test which attempts to reproduce the weathering effects
of soluble salts in stone has been established by the Building Research
Establishment (BRE). This experiment was originally designed to test the
durability of various stones, and to classify them accordingly. The crystallization
test was developed in the early nineteenth century by Brard as an accelerated
simulation of stone to frost susceptibility (Ross and Butlin. 1989.2). The test
specified by BRE is a modification of Brand's test. It is used to simulate the
behaviour of various limestones in polluted atmospheres. The BRE test is
considered the most appropriate one for the British climate (Ross and
Butlin. 1989.2). The test is mainly for use on limestone, but can also be used for
some sandstone. It is important to bear in mind that this is an accelerated aging
test. It is a test which comes closest to simulating the natural aging and
disintegration of building stone. What may take fifty years to occur in building
stone, is reproduced in one to three months.
The experiment which follows is not a test of durability. The ability of
Monks Park to withstand salt crystallization has been recorded, specifically by
Leary (1983). Instead it is an experiment set up to examine the effects that
sodium sulphate and sodium chloride have on the pore walls of the stone. Since
it is known that both these salts will disintegrate limestone, they were thought
ideal, as disintegration was inevitable. After samples had been through a number
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of crystallization/hydration cycles, the increase in microcracking of the interior
pores could be observed through thin section analysis under the microscope, and
in the an Hitachi S-570 scanning electron microscope (SEM). Originally, it was
hoped that a procedure for sectioning which would not disturb the salts in the
pores would be possible. Therefore, the salts and type of crystal deposition could
be observed. However, this was not possible at the time these experiments were
undertaken.

11.2. Method.

The crystallization test was accomplished by repeated soaking of the
samples in a salt solution, either a percentage solution or a saturated solution, and
drying in a humid oven for a specific amount of time. Initially samples would
gain weight due to the accumulation of salt in the pores. After several cycles, the
samples would begin to lose weight because of surface loss, and cracking.
Eventually, the samples did disintegrate to different degrees.
Monks Park was chosen because it is a fine-pored stone which would tend
to disintegrate more rapidly under the conditions, therefore making it easier to
complete the goals of the experiment. Micro-cracking and disintegration were
easily seen in the analysis of the samples. Monks Park was also easily available.
The theory of the disintegration of the stone samples immersed in sodium
sulphate, and then dried in an oven is adapted from Bonnell’s theory (1965). The
solution is absorbed into the stone during soaking. When the stone dries, the salt
redistributes itself in the stone, and concentrates in the smaller pores. The salt
hydrates in the next soaking cycle inside the stone, and the increase in the volume
causes disintegration. The rate of salt accumulation in the stone depends on the
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rate of diffusion of the salt from the stone to the solution. The rate of diffusion is
related to the pore size distribution in the stone, and the diffusion rate decreases as
the pore size decreases. The higher the rate of diffusion during soaking, the
greater the amount of salt in the solution , and the lower the amount of salt still in
the stone. Stone with smaller pores will tend to accumulate salt, and a stone with
large pores, or a more even distribution of large and small pores will have a higher
diffusion rate, and less salt accumulation. (Bonnell. 1965.10).

11.3. Experimental procedure.

1. Cut Monks park limestone into 15 , 4 cm cubes.
2. The samples were dried for 36 hours in an oven at 100°C.
3. Remove samples from the oven and place them in a desiccator for two hours,
until they reach room temperature.
4. Weigh the samples to determine their initial starting weight, and mark each one
with a number.
5. Immerse each sample in a 200 ml saturated solution of saturated sodium
sulphate for two hours.
6.

Remove samples, and drain them for 10 minutes, and then place in a humid
oven for 20 hours. A humid oven is accomplished by placing a pan of
approximately 500 ml of water in the oven 30 minutes before placing the
samples inside. This is one cycle completed.

7. Remove samples from oven, place in desiccator until they reach room
temperature, and weigh them to determine weight gain or loss.
8

. Place all samples in beakers with saturated sodium sulphate solution, except for
number 1 .

9. Continue daily cycles, removing the next numbered sample after each cycle
until sample fifteen has been through 15 crystallization and hydration cycles.
10. Place samples in a container which is sealed at the bottom and the sides (1
liter juice containers cut in half).
11. Add epoxy resin (araldite MY753 and hardener HY 951 thinned with acetone
up to 30%), and place in a vacuum chamber for one to two days, or until resin
has set.
12. Remove samples from vacuum chamber and container.
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13. Samples were then cut in to sections with a saw until one eighth (top left) of
the sample was free and could be placed on a standard glass microscope slide.
14. The interior face of the sample was then placed in a container with 2 ml of
Epoteck 301 resin, and hardener which is a cold setting resin, mixed with blue
powder pigment. The pigment was used so that the pores would be more
visible.
15. After drying in 24 hours, the sample was sanded down on a grinder to remove
excess resin and obtain a flat surface which could be attached to the glass
slide with Epoteck 301 and hardener.
16. Once the sample was set on the glass slide, the excess on the top was removed
by gradual grinding until approximately 1 mm was left.
17. The remaining sample was then manually polished to 30 microns by using
three grades of aluminium oxide powder (2 0 0 , 600, 1 0 0 0 ) in water.
18. Polished thin sections were observed and photographed under a binocular
microscope.

11.3.1. Further experimental procedures.
A sample of the same size (one eighth) of the original sample was also
placed in the scanning electron microscope. A surface was polished by hand to
remove the majority of surface scratches due to the sawing. These samples were
compared to the numbered samples in thin section to see to what degree the
number of cracks increased. One such example can be seen in figure 11.8.
The same experiment was repeated with two sets of fifteen samples of
Monks Park of the same, original measurements. They were placed in a 14%
solution of sodium sulphate. Each cycle was one immersion in solution and then
drying in a humid oven. This was done mainly because it was found that a
saturated solution of sodium sulphate was too aggressive, and many of the
samples failed before they had completed enough cycles. Therefore, it was
thought that the sample selection would be too small.
The experiment was also repeated with sodium chloride. Sodium chloride
was used because it is often present in stone, and is known to be effective in the
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disintegration of porous building materials, although not as aggressive as sodium
sulphate. An article by Rossi-Manaresi ( 1976) also showed marked
disintegration of tuff, a rock composed of fine particles of volcanic remains. This
was in order to simulate weathering due to sea salt.
Fifteen samples of Monks Park were alternately soaked in a saturated
solution of sodium chloride in water, and then dried in a humid oven. Two more
sets of fifteen samples each of the same stone, and same measurements were
soaked in a 14% solution of sodium chloride. The main difference is that sodium
chloride is not as aggressive as sodium sulphate, possibly due to the fact that it
does not form hydrates, and that therefore the expansion of the anhydrous to
decahydrate in sodium sulphate does not occur. Therefore, each sample of
Monks Park with sodium chloride was put through five cycles before being
removed from the test. All other procedures remained the same.

11.4. Results and discussion.

The results of the crystallization tests can be seen in figures 11.3-11.8 . The
number of cracks in the interior of the samples increased with the increase in the
number of cycles the stone was subjected to. Samples which went through the
cycling with sodium chloride were less damaged on the interior and on the
exterior than those in the sodium sulphate tests. Yet the greater number of cycles
the samples were subjected to in the sodium chloride test, the greater the interior
disintegration. The control sample against which the test samples were measured
(optically), was not put through cycles of wetting and drying in water. This was
an oversight, however, if this were to be done, the sample would have to be
separated from other samples to make sure it did not pick up from the other
samples.
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Cracks produced in the samples made paths around the oolites, as well as
through them.

The samples which went through cycles of a saturated solution of

sodium sulphate and a 14% solution of sodium sulphate showed the most damage
which includes cracking through the interior of the oolites. The samples in
saturated solution and 14% solution of sodium chloride also showed some
cracking through the oolites, but mostly in the higher numbered samples which
went through more cycles of hydration and crystallization. This corresponds to
findings recorded by Robertson. In the article, it was found that Bath stone
which contained oolites with recrystallized calcium carbonate, that the cracks took
a circular path between concentric layers of the oolite or passed directly through it
(Robertson. 1982.265). Unfortunately, the salt crystals were not visible. This is
thought to be due to sectioning techniques.
It is important to note that, the humidity of the oven was controlled by
placing a pan of water at the bottom of the oven, and that the oven had no fan, so
that the moisture would be contained in the oven. The reason for creating a
humid oven was so that the salts would not ooze out and effloresce on the surface,
but would instead remain in the pores. The solution quantity for soaking was 200
ml as this was sufficient to cover the stone samples. All samples were placed
numbered side up, so that they were always in the same position when soaked and
dried. This was done because it was thought that the orientation might affect the
deterioration of the sample, and so that afterwards, sections could be cut from the
same area Weights of the samples were taken after each cycle. Initially, the
samples gained weight due to the accumulation of salt, however, when
disintegration of the sample starts, this accumulation can no longer be followed
(Nottage and Harper. 1965.2). It is also thought that salt accumulation in the
samples does not increase continuously, but will reach a limited value (Nottage
and Harper. 1965.2).
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The Araldite epoxy resin MY 753, and hardener HY 951 were used
because they have low viscosity, and therefore better penetration into the samples.
Penetration was not as good as was expected (up to 3 mm). Unfortunately, by
introducing a resin, or any other solution into the stone, and placing under
vacuum, it is possible that the salts moved. Sectioning of the samples also added
to the disruption of the salts in the samples both from the sawing, and grinding,
particularly as this had to be done with water. The sample preparation made it
impossible to retain the salts. The cold-setting Epoteck resin was used in order to
avoid the use of heat which may have caused added damage to the disintegrated
samples, and because of the epoxy already present.
Some blocks did break up into pieces as more cycles were repeated. This
was partially due to the salt building up on the interior, but it also due to grain
boundaries and defects inherent in the stone samples before testing was begun.
Thin sectioning also created a few problems in terms of observing the damage due
to the salt crystallization and hydration cycles. Sometimes cracks produced in
sectioning are difficult to differentiate from these original cracks. Polishing can
also interfere with crack investigation as it may etch out grain boundaries so that
only a groove is visible, and the abrasive may fill the void.
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Figure 11.1. Cubes of Monks Park limestone samples in a destCcator between
soaking and drying cycles with sodium chloride.

«

Figure 11.2. Samples of Monks Park limestone soaking in a 14% NaCl solution.
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Figure 11.3. Thin section of Monks Park limestone without salt,
magnification x 10.

«
Figure 11.4. Thin sect ion of Monks Park limestone which has been through six
hydration/crystallization cycles with a 14% sodium sulphate solution,
magnification x 10.

Figure 11.5. Thin section of Monks Park limestone which has been through 12
hydration/crystallization cycles with a 14% sodium sulphate solution,
magnification x 10.

Figure 11.6. Thin section of Monks park limestone which has been through 3
hydration/crystallization cycles in a saturated sodium sulphate solution,
magnification xlO.
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Figure 11.7. Thin section of Monks Park limestone which has been through 9
hydration/crystallization cycles with 14% sodium chloride solution,
magnification x 10.

Figure 11.8. Scanning electron micrograph of a section of Monks Park limestone
which has been through 12 crystallization/hydration cycles in a 14% sodium
sulphate solution.
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11.5. Conclusion

Although the intention of observing the salt crystals in the pores of the
stone samples was not accomplished, the differences and increase in
disintegration of the interior of the stone due to cyclical crystallization and
hydration were observed through thin sections and from observation under the
scanning electron microscope (Hitachi S-570). As expected, the disintegration
increased as the stone samples went through more cy cles of crystallization and
hydration. This was most obvious with the samples soaked in sodium sulphate,
but could also be seen in the samples soaked in sodium chloride. Sectioning
techniques for the samples eliminated the possibility of seeing salt crystals
actually in place however, the increased number of cracks is considered to be due
to their presence during the wetting and drying cycles.
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12. The application of crystallization inhibitors, and an anti-caking agent
Part A.

12.1. Introduction.

Removal of salts can be achieved to some degree through cleaning. The
deteriorated stone can also be made more adherent with the application of
consolidants.

The experimental research here concerns the prevention of the

deterioration from the normal crystallization and hydration cycles through the
introduction of crystallization inhibitors, and an anti-caking agent.
Crystallization inhibitors are used to eliminate crystal growth, or to modify the
habit (exterior shape) of the crystal. An anti-caking agent is used to prevent
dissolution of salt crystals to the presence and absorption of moisture.
Most inhibitors have been produced for industrial use, particularly for
water treatment where salt scale is often a problem. Salts are also often present
in corrosion. Several types of inhibitors have been tested on various salts as
covered in chapter nine. Most of the recent experimental work has been done in
the oil industry to reduce barium sulphate scale as a result of off shore drilling.
Anti-caking agents have been used on road salt so that it can be more easily
spread. They have also been tested as inhibitors with some degree of success
(Petrov. 1969).
Salts often present in stone include sodium chloride, potassium chloride,
calcium sulphate, and sodium sulphate. This of course depends on the location of
the stone, and other salts have also been found in samples, and discussed in
published case studies. In reviewing the literature, it was thought that as many of
the inhibitors and anti-caking agents had been tested on sodium chloride.
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potassium chloride, and barium sulphate (which relates to calcium sulphate in
terms of its low solubility in water), that the use of several of the inhibitors might
be applicable to the problem of salt in stone.
As a result of the literature survey, it was decided that experimental work
would be undertaken. Four inhibitors were chosen, and one anti-caking agent to
be tested with sodium chloride and sodium sulphate. Both salts were chosen
partly for the continuity of experiments. Sodium sulphate, as mentioned before,
is one of the more aggressive salts in terms of deterioration of stone when present.
Sodium chloride is often present, and had already been used in previously
published experiments.
One article by Gill and Varsanick (1986), looked at the theoretical
application of five different inhibitors on a range of calcium scales. Rizkalla
(1983) tested some of the same phosphonate inhibitors on barium sulphate. Of
the inhibitors the authors modeled, four of them were based on phosphonic acid.
These are manufactured and sold by Monsonto Chemicals, and are part of their
DEQUEST range. Other authors (Benton etal.1994) and (Black et.al. 1991),
found that the phosphonates performed the best in terms of inhibiting, and
modifying the salt crystals. O f the phosphonates, their functional properties were
important, in terms of on what compounds they had been successful. It was
decided that three of the phosphonates, based on their ability to inhibit calcium
sulphate, and good general purpose scale inhibitors would be tested. General
purpose inhibitors were chosen because the experiment involved the testing of
inhibitors on salts different from much of the published work, and it was thought
that a tailored, or an inhibitor with more specific intentions would be more likely
to fail. These inhibitors, and the anti-caking agent are listed in appendix A. The
anti-caking agent, potassium ferrocyanide has been shown by Phoenix (1961), to
prevent caking of sodium chloride and potassium chloride. It has also been tested
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in its ability to inhibit sodium chloride crystals from precipitating out of solution
by Phoenix (1966), and Glasner and Zidon (1974).

12.2. Method.

Two different experiments were carried out to test the effectiveness of the
chosen inhibitors. The first experiment was based on a test published by Lewin
(1982). Although the point of Lewin's experiment was not to test inhibitors, the
design of the experiment was thought to be appropriate for testing the inhibitors.
Lewin's experimental design was to place a column of stone in a beaker of salt
solution so that the solution would be absorbed by capillary action. The salt
solution moves up the capillaries, and migrates toward the surface due to
evaporation. Depending on the rate of migration of solution to the surface, salt
will deposit near or on the surface or deeper in the stone. When salt deposits just
below the surface, deterioration to the surface is greater than if the salt deposited
as efflorescence. The design of the experiment was used because it would
simulate the rise of salt solutions in stone, and because it would give a visual
result in terms of how much salt crystallized out onto the surface. It was also to
compare differences in deterioration of the stone with different inhibitors and
concentrations of inhibitors. Different stone columns with different inhibitors
with the same amount of salt solution could be compared. The crust from some
of the samples could also be observed in the scanning electron microscope.
Monks Park stone was used again to keep the continuity of the experiments, and
sodium sulphate and sodium chloride, for the same reason. The inhibitor and the
anti-caking agent solutions were made up in 5 part per million (ppm), 50 ppm,
and 100 ppm concentrations. They were all dissolved in deionized water.
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12.3. Experimental Procedure for stone and inhibitors.

1. Cut 37 columns of Monks Park stone into columns of 5 cm in width and depth,
and 25 cm in height.
2. Make-up solutions of the three inhibitors, ethylene diamine tetra methylene
phosphonic acid (inhibitor C), hexamethylene diamine tetra methylene
phosphonic acid, (inhibitor D),diethylene triamine penta methylene phosphonic
acid, (inhibitor E), sodium tripol y phosphate, (inhibitor B), and potassium
ferrocyanide (inhibitor A) into solutions of 5 ppm, 50 ppm, and 100 ppm in
deionized water.
3. Make-up saturated salt solutions of sodium sulphate and sodium chloride in
deionized water.
4. Place 300 ml of sodium sulphate and 100 ml of an inhibitor solution in a
beaker, and place a stone column into the beaker with solution. Repeat until 15
columns are submerged in different solutions of inhibitor concentrations.
5. Place 300 ml of sodium chloride and 100 ml of an inhibitor solution in a
beaker, and place a stone column into the beaker with solution. Repeat until 15
columns are submerged in different solutions of inhibitor concentrations.
6 . Place 5 of the stone columns in five beakers containing 300 ml of deionized
water, and 100 ml of each of the five compounds at concentrations of 100 ppm
as control samples.
7. Place one column each of Monks Park in a solution of 300 ml of sodium
sulphate saturated solution and 100 ml of deionized water, and another in
300 ml of saturated sodium chloride solution and 100 ml of deionized water.
These were also control samples for salt.
8 . Place all samples in a fume cupboard with the fan off, so that evaporation of the
solution is slowed down.
9. Top up beakers with 200 ml of deionized water once a week for six weeks to
prevent the samples form drying out.
10. After six weeks, the samples were removed form the beakers, and
photographed. Some of the salt skin (efflorescence) was removed on several
samples and observed under the SEM.
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12.4. Results and discussion.

Photographs of the stone samples after removal from the beakers
containing salt and inhibitor can are seen in figures, 12.1-12.6. Minor differences
between the inhibiting action of the salts can be seen in terms of levels of
deterioration on the stone columns.

12.4.1. Columns with sodium sulphate and inhibitor.

As expected, the control samples in beakers with inhibitor and deionized
water showed no change. The sample with a saturated salt solution of sodium
sulphate and deionized water showed efflorescence on the surface starting from
11 cm up from the base to the top. This efflorescence was mostly of anhydrous
sodium sulphate, very dry and powdery. After washing, the column showed
visible disintegration of the surface from to 14 cm to the top, and the top
crumbled off. On the samples in a saturated salt solution and inhibitor diethylene
triamine penta methylene phosphonic acid, which was labeled as inhibitor E, salt
crust started from 14-16 cm from the base to the top. On each sample,
deterioration to the surface was visible because of the narrowing of the sample
towards the top. This can be seen in figure 12.4. on the sample an the right (100
ppm inhibitor), when comparing it to the other samples, ft appears that the
greater amount of inhibitor present had less of an effect than the samples with salt
and 5 ppm and 50 ppm of inhibitor. This is in keeping with published research
which has found large concentrations of inhibitor are not necessarily more
effective (Glasner and Zidon. 1974) On samples with salt and inhibitor
hexamethylene diamine tetra methylene phosphonic acid, labeled as inhibitor D,
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salt crust was visible starting from 13 cm from the base to the top, and from 17
cm on the solution with 100 ppm of inhibitor. Surface loss was apparent on the
top half of the sample. Samples in salt solution with inhibitor ethylene diamina
tetra methylene phosphonic acid, labeled as inhibitor C, showed salt crust
formation starting at 12 cm from the base to the top. After rinsing, deterioration
of the surface can be seen where the salt crust was present. The top of two of the
samples were also crumbling (figure 12.2.). Samples w ith salt and sodium
tripol y phosphate inhibitor, labeled B, had heavy billowing crust formation on
samples with 5 ppm and 50 ppm of inhibitor, and a more even crust on the 100
ppm sample. The amount of crust varied from starting at 8 cm from the base to
14 cm from the base, and on all covering the top of the sample. The samples are
pictured in figure 12.3. after rinsing. The anti-caking agent potassium
ferrocyanide. labeled A, had the most crust. Salt formed on the outside of the
samples from 8 cm from the base to the top, and 10-14 cm from the base to the
top on samples with 50 ppm and 100 ppm of inhibitor.
The base or lower half of the samples had not crust as the base was
constantly wet. I^ter all the samples were left to dry out in a fume cupboard, and
efflorescence was visible on all of the samples from the base to the top, although
the efflorescence was much lighter.
The samples of stone with sodium chloride behaved very similaily. The
main distinction was that on only a few of the samples did the salt efflorescence
cover the top of the samples. One explanation is that the visible grain boundaries
in the samples appear to have blocked the height of the efflorescence as can be
seen in the photographs numbered. After initial photographs were taken, and the
samples were rinsed, some of the crust was difficult to remove from the stone and
NaCI samples. Several of the crusts were distinctly sm oother than others.
Therefore, several samples of crust were observed in the scanning electron
microscope to see if the crystals were in any way different from the normal cubic
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habit of NaCl crystals. A scanning electron micrograph shows part of the crust
from the column with sodium chloride and 50 ppm of inhibitor D (hexamethylene
diamine tetra methylene phosphonic acid) can be seen in figure 12.16. Above
this figure is a unaltered sodium chloride crystal as seen under the scanning
electron microscope. The crystals from the crust appear to be altered cubes, with
rounded edges, and incomplete faces. W hat caused the crystals to crystallize out
in this way is impossible to say without further analysis. The substrate (stone) on
which the crust grew must be taken into consideration amongst other things. To
show that the crystal formations are due to the inhibitor, more tests would have to
be carried out.
There was very little distinction in the behaviour of the samples in terms
of how much efflorescence was recorded. The main difference between the two
sets of samples is that the sodium sulphate efflorescence was more powdery, and
the sodium chloride efflorescence was harder. Since the pH of the inhibitor
solutions in the literature is considered important by some of the authors, although
dismissed by others, initial pH readings were taken.
The pH of deionized water is approximately 7.O., the pH of the sodium
sulphate solution was approximately 9.5., and the pH of the three methylene
phosphonic acid inhibitors ranges from

6-8 neat solution and <2 in a 1%

solution for diethylene triamine penta methylene phosphonic acid. The pH
values for all the sodium sulphate and inhibitor solutions ranged from 8-9.5. The
pH of the sodium chloride solution with deionized water was approximately 8.5,
and for sodium chloride with inhibitors, the pH ranged from 8-8.5. It was
decided that the pK readings of the salt and inhibitor solution did not differ
greatly from the pH reading of deionized water to warrant repeated readings.
Several difficulties became apparent while the experiment was running.
The first one was that it became obvious that the columns should be taller so that
there would be a point at the top where no efflorescence was visible, making
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comparison of surface deterioration easier. Questions as to the ratio of salt
solution to inhibitor solution also arose since the efflorescence on many of the
samples was abundant. However, some of the efflorescence from the sodium
chloride samples varied enough to make a slight differentiation between the
inhibitors.
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Figure 12. 1. Samples of Monks Park limestone with sodium sulphate and ethylene
diamina tetra methylene phosphonic acid. The samples from the left are, salt only,
inhibitor only, salt and 5 ppm inhibitor, salt and 50 ppm inhibitor, salt and 100 ppm
inhibitor.

Figure 12.2. The samples after washing which show the effectiveness of the different
percentages of added inhibitor.
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Figure 12.3. Samples of Monks Park limestone after the removal of sodium sulphate
and sodium tripolyphosphate crust. The samples from the left are, salt only, inhibitor
only, salt and 5 ppm inhibitor, salt and 50 ppm inhibitor, salt and 100 ppm inhibitor.

fi

Figure 12.4. Samples of Monks Park limestone after removal of sodium sulphate and
diethylene triamine penta methylene phosphonic acid crust. The samples from the
left are in the same order as in 13.3.

Figure 12.5. Samples of Monks Park limestone with sodium chloride and
hexamethylene diamine tetra methylene phosphonic acid crust. Samples from the
left are, salt only, inhibitor only, salt and 5 ppm inhibitor, salt ans 50 ppm inhibitor,
salt and 100 ppm inhibitor.

Figure 12.6. Samples of Monks Park limestonewith sodium chloride and
hexamethylene diamine tetra methylene phosphonic acid after removal of the crust.
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12.5. The application of crystallization inhibitors, and an anti-caking agent
Part B.

12.6. Introduction to inhibitors and salt solution in petri dishes.

A second set of experiments was set up, eliminating the stone as a factor,
in order to look at the salt and inhibitor reactions only. These experiments were
carried out in petri dishes with the same inhibitors and salts at the same
concentrations, but in much smaller quantity. By eliminating the stone, it was
possible to make sure that the salt and inhibitor would mix and be limited to a
specific area, at it was easier to see what was happening. These samples were
dried in a dessicator over silica gel. After drying, some samples were observed
under the microscope and in the SEM. After the samples were dry, the silica gel
was replaced with beakers of water to see if the rise in relative humidity would
cause the salts and inhibitors to absorb enough moisture to dissolve. The point of
this experiment was to see if the different concentrations of inhibitor had marked
effects on the crystal habits, and how these effects differed from other inhibitors at
the same concentrations. It was also to see if the ratio of more inhibitor to salt
solution or more salt solution to inhibitor had a greater or less effect on the crystal
habits.

12.7. Experimental procedure

1. 1 5 petri dishes containing 1 ml saturated sodium sulphate salt solution and
3 ml of inhibitor. 3 petri dishes per inhibitor with 5 ppm, 50 ppm, and 100 ppm

of inhibitor. The inhibitors are the same as in part A.
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2. 15 petri dishes containing 3 ml saturated sodium sulphate salt solution and
1 ml of inhibitor. 3 petri dishes per inhibitor with 5 ppm, 50 ppm, and 100 ppm
of inhibitor.
3. 15 petri dishes containing 1 ml saturated sodium chloride salt solution and
3 ml of inhibitor. 3 petri dishes per inhibitor with 5 ppm, 50 ppm, and 100 ppm
of inhibitor with salt.
4 .1 5 petri dishes containing 3 ml saturated sodium chloride salt solution and
1 ml of inhibitor. 3 petri dishes per inhibitor with 5 ppm, 50 ppm, and 100 ppm
of inhibitor.
5. 5 petri dishes containing 1 ml water and 3 ml inhibitor solution (one for each
inhibitor) were placed in the dessicator a controls. .
6 . 5 petri dishes containing 3 ml water and 1 ml inhibitor solution (one for each
inhibitor) were placed in the dessicator as controls.
7. 2 petri dishes containing 1 ml water and 3 ml saturated sodium sulphate
solution, and saturated sodium chloride solution(one fore each salt) were placed
in the dessicator.
8 . 2 petri dishes containing 3 ml water and 1 ml saturated sodium sulphate
solution, and saturated sodium chloride solution (one fore each salt) were
placed in the dessicator.
9. All of the petri dishes were placed in two dessicators with silica gel. The
silica gel was changed periodically, until the solutions were dry.
10. When the solutions dried, photographs were taken of the dishes, and several
samples were placed in the scanning electron microscope.
11. The petri dishes were then replaced in the dessicators with beakers containing
water, and were left until the salt/inhibitor compounds dissolved.

12.8. Results and discussion.

The sodium chloride salt mixed with the anti-caking agent, potassium
ferrocyanide (3:1) (inhibitor A), were most affected when mixed with 50 ppm,
and 100 ppm of the compound. In the

5 ppm mixture, they crystallized out as

large and small cubic crystals (figure 12.9, 12.10). in the two other dishes, the
sodium chloride deposited as large cubic crystals with branches of smaller crystals
growing out. Under the binocular microscope, these branches appeared to be
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made up of many small cubic crystals. This observation is similar to that made
by, Glasner and Zidon (1974). The authors observed that at low concentrations
of potassium ferrocyanide, smooth, perfect cubic crystals of Sodium chloride
precipitated. When the concentration of potassium ferrocyanide was increased,
star-like crystals were formed. These were dendritic outgrowths from each of the
eight comers of the cube. They were also made up of perfectly formed cubes of
diminishing sizes (Glasner and Zidon. 1974.302).
The sodium chloride and potassium ferrocyanide mixture (1:3), the
behaviour was similar, except that the smaller crystals appeared in the center of
the dish with larger crystals on the perimeter. The petri dish with 5 ppm
inhibitor, showed the same as the 50 ppm but with the larger crystals smaller than
in the other two samples. The sodium chloride and 100 ppm of potassium
ferrocyanide can be seen in figures 12.11 and 12.12. Although, it is difficult to
see, the crystals are much smaller, and although some of them are visible cubes
(figure 12.11 ), the other crystals are hair-like crystals which make branch-like
formations. This is not entirely unexpected as in the research by Zehnder and
Arnold (1989), growth of salt crystals on a non-porous substrate will produce
crystal in non-equilibrium growth forms, particularly hair-like crystals, and other
whisker crystal formations.
Sodium chloride with sodium tripolyphosphate (3:1) (inhibitor B),
crystallized out as large and small cubic crystals in all of the different inhibitor
concentrations. In the petri dish with 5 ppm of inhibitor, some of the larger
crystals appeared slightly distorted at the edges. The samples of sodium chloride
and sodiuni tripolyphosphaie (1:3), almost all of the crystals were small and cubic
with only a few larger ones on the perimeter.
Sodium chloride with the inhibitor, ethylene diamine tetra methylene
phosphonic acid (3:1) (inhibitor C), crystallized out with a few large cubic
crystals, and many small ones. In the 5 ppm and salt mixture, some of the

153

smaller crystals stacked up in a herringbone shape, but were all small cubes. The
salt and inhibitor mixture (3:1), crystals were all small with one or two larger
ones. These samples can be seen and compared in figures 12.7, and 12.8.
Sodium chloride with the inhibitor, hexamethylene diamine tetra
methylene phosphonic acid (3:1) (inhibitor D), crystallized out as many small
cubic crystal and several larger cubic crystals. In the 1:3; mixture of salt to
inhibitor, the crystals were almost all small and cubic as pictured in figure 12.13.
Under the SEM, in figure 12.14, the salts appear to be largely cubic with rounded
edges, and look as though they are coated. It is impossible, however, to know
where the inhibitor is attached without surface analysis.
Sodium chloride with the inhibitor, diethylene triamine penta methylene
phosphonic acid (3:1) (inhibitor E), crystallized out as many small cubic crystals
with one or two smaller ones in all the samples. In the salt and inhibitor ( 1:3),
there were many tiny cubic crystals in all the samples.
The sodium chloride samples with inhibitors all dried out at a similar rate.
Dissolution after drying out was also similar, except for sodium chloride with the
inhibitor hexamethylene diamine tetra methylene phosphonic acid at 100 ppm
(3:1 ) sample. This sample took two more days to dissolve completely. The
sodium chloride samples with potassium ferrocyanide ( 1:3) did dissolve at the
same rate, however the solution was milky. Therefore, not all of the salt may
have dissolved to the same extent as the others.
The sodium sulphate crystals mixed with the five inhibitors dried out at a
similar rate as the sodium chloride, first as hydrated sodium sulphate and then
became anhydrous sodium sulphate. The sodium sulphate crystals lesembled the
sodium sulphate mixed with deionized water (control sample). The sodium
sulphate and inhibitor solutions crystallized out at about the same rate, however,
the sodium sulphate samples took longer (approximately two weeks), to pick-up
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water when replaced in the dessicator with beakers of w ater (rising RH). It
appeared to take these samples longer to absorb enough moisture to become a
hydrate. After they had hydrated, and the crystals were no longer powdery, but
clear, dissolution was faster.
The difference between the sodium chloride and the sodium sulphate is
that the cubic habit of the sodium chloride was easier to see, and therefore
changes in habit, more obvious. With the sodium sulphate samples, it was more
difficult to compare their crystallization habits, especially as they dried to the
anhydrous state, where the samples became too powdery to make specific
distinctions. In retrospect, it might have been useful to look at several samples in
the SEM and compare them to one another, and to the control sample. Due also
to the time limit of these experiments, it was decided that examination of the
samples would be centered on the sodium chloride samples.
For examination, the samples were placed under a binocular reflective
light microscope in order to look at the crystal habits more closely. This was
mainly for the sodium chloride samples, where the cubic habit could be
distinguished from any crystals with a distorted habit. Se\ eral of the samples can
be seen in photographs numbered
Some of the sodium chloride and inhibitor samples were also placed in the SEM
for closer examination. This was to see if there were slight changes to the cubic
habits of the salt which could not be seen under a microscope.
In order to observe the salt samples under the SEM, the samples were gold
coated. This prohibited analysis by the EDAX system attached to the SEM.
However, the amounts of inhibitor were considered too small to be detected
through EDAX analysis to find out how much inhibitor was attached to the
ciystals.
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Figure 12.7. Samples of sodium chloride and inhibitors, ratio 3:1. Samples from the
left are, salt and water, first row of three is salt and inhibitor A, salt and inhibitor, B,
salt and inhibitor C, salt and inhibitor D, salt and inhibitor E.

Figure 12.8. Sodium chloride crystals in inhibitor C. Samples from the left are,
(samples with ratios of 3:1 salt to inhibitor), salt only, row of sodium chloride and
inhibitor from top, 5 pprn, 50 ppm, 100 ppm, then salt only ratio 1:3, from the top,
salt and 5 ppm inhibitor, 50 ppm, and 100 ppm.
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Figure 12.9. Sample of sodium chloride and inhibitor A in ratio 1:3, and 5 ppm of
inhibitor.

Figure 12.10. Sample of sodium chloride and inhibitor A, ratio 3:1, and 5 ppm of
inhibitor.
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f
Figure 12.11. Sample of Sodium chloride and 100 ppm of inhibitor A in ratio of 1:3,
magnification x 10.

m

Figure 12.12. Sample of sodium chloride, and 100 ppm of inhibitor A.
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Figure 12.13. Sample of sodium chloride and 50 ppm of inhibitor D, ratio 1:3.

Figure 12.14. Scanning electron micrograph of sodium chloride crystals and 50 ppm
of inhibitor D, ratio 1:3.
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Figure 12.15. Sample of an unaltered sodium chloride salt crystal under the scanning
electron microscope.
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Figure 12.16. Part of the sodium chloride and 50 ppm of inhibitor D crust from the
sample of Monks Park limestone.
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12. 9. Conclusion.

The experiment with the columns of stone was intended to try to observe
any possible inhibiting effect on the salt which was absorbed from solution into
the pores. Some differences in the amount of stone which was lost, and surface
roughening could be seen on the samples with sodium sulphate and inhibitors.
The sodium chloride samples were not markedly different, however, this was
expected since sodium chloride is less immediately aggressive, as can be seen in
the experiments in chapter 11. The stone samples were only left for six weeks.
Possibly a longer time period would have had more dramatic results, however,
time was limited.
Differences in the effects of several of the inhibitors on the size of the
sodium chloride crystal was observed in terms of the crystals being smaller or
larger as well as distinctly cubic or not. The differences in the crystallization of
NaCl when the ratio of salt and inhibitor was changed was also noticeable. This
can be seen particularly in the mixture of sodium chloride and ethylene diamine
tetra methylene phosphonic acid (inhibitor C), in figure 12.7. Although there was
less extensive examination of the sodium sulphate samples, observations of the
sodium chloride samples produced differences in the behaviour of the inhibitors to
the salt crystal habit.
The main objectives in the application of inhibitors is to inhibit or at least
interfere w ith the crystallization of salts in and on stone and other porous
materials. This would be done by changing the solutions in which the salt
crystals exist and grow out of with additives. Changes to the conditions o f the
solution from which salt crystals grow is an area in which more research could be
done. The experimental work included here was limited in terms of materials,
time, and knowledge of the field of crystallography and inhibitors. However, it
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would be interesting to see what further testing with the same inhibitors, and
possibly others would disclose.
It must be mentioned that as with all chemicals, the health and safety for
the user as well as the environment and others must be taken into consideration.
The data sheets for the three methylene phosphonic inhibitors are in appendix A.
A table of the inhibitors used, the manufacturers, purpose, and the reference
articles is also in appendix A.
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13. Conclusion

This thesis set out to look at the principles of salt deterioration in stone.
A literature survey of the theories concerning salt disintegration were compared,
and supported with several practical experiments. The research was also
intended to survey the literature concerning the application of salt crystallization
inhibitors used to prevent salt scale in industry, and to apply some of the same
inhibitors, and principles to salts commonly found in stone.
The literature survey also included geological information on the main
types of stone used in building and sculpture as well as bricks, mortars and
cement. This was important as the physical charcteristics of stone are important
in their susceptibility to salts. The possibility of polishing some stone like
marble, and therefore, and altering the surface, also affects the weathering habits
of the material.
The movement of water through porous materials is important when
considering the transport of salt in stone, as the movement of salts often due to the
salt being in solution. The flow of solution through capillaries is governed by
Poiseuille's law, and this can be applied to the rate of evaporation of a salts in
solution through the pores of stone (Lewin.1982). Degradation of the stone can
also be linked to the location of salt deposits, and whether they deposit as
efflorescence, or subflorescence, and this is determined by evaporation and
capillarity.
it is apparent through experimental work carried out in scientific and
conservation literature (Everett. 1962) and (Rossi-Manaresi and T u cci.l9 9 i) that
there are several factors which will determine the deterioration of stone, and
related porous materials. The physical factors include the porosity, permeability,
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and pore-size distribution (arrangement, size and shape). These physical aspects
provide valuable information on the movement of liquids, moisture, and vapors
through the material. It has generally been found that stone with a distribution of
predominately large pores is less susceptible to the pressures produced during salt
crystallization. A stone with a mixture of large and small pores is much more
likely to disintegrate as a result of crystallization pressure.
In terms of disintegration due to the presence of salts, the types of salt,
how they were transported to the stone, and the concentration, is important in
determining their effect on the material. To identify the salts present is the
beginning of any conservation treatment, active or passive. The salts commonly
found in stone are listed in chapter 2. The identification of the types of salt
which are present will give an indication of the type and aggressiveness of the
deterioration which may occur. Salts and other pollutants which can develop into
salts, can be deposited from the atmosphere, ground water, conservation
treatments, incompatible replacement materials, plants and some bacteria. Salts
attack different geological types of stone differently. Weathering effects to the
stone may be greater or less depending on their physical characteristics.
Degradation of the material also depends on temperature, and relative humidity of
the environment, regardless of whether the stone is on the exterior or interior
(Arnold and Zehnder. 1989). Changes in temperature and relative humidity will
affect the salts by raising or lowering the amount of moisture in the atmosphere.
This can cause them to crystallize out of solution, or to dissolve back into solution
as the temperature and RH fluctuate.
The two main theories which describe the disruption of stone by salt are
degradation due to hydration pressures and crystallization pressures. Evidence of
the deterioration to stone due to the types of salts present can be seen particularly
in the practical and theoretical work which has been published on the
crystallization and hydration pressures of salts. Although crystallization
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pressures are thought to be greater than hydration pressures, several articles have
concluded that salt such as sodium sulphate can be very disruptive when
hydrating from the anhydrous to the decahydrate (Doehne.1994) (Bonnel and
Nottage. 1939). Crystallization of a salt out of solution in a confined space is
known to be disruptive of the interior pores. The theories to explain the pressure
date back to Thomson ( 1862), and the equation developed by Correns ( 1949)
based on Thomson's theory that a crystal under pressure in a supersaturated
solution would be able to exert pressures higher than the tensile strength of stone.
However, as this depends on the supersaturation of the solution, and no other
crystals to reduce the supersaturation of the solution, others have considered the
equation, and believe that pressure created in this way would be difficult to
produce in stone (Price. 1994). More recent theories by Zehnder and Arnold
(1989), consider that cracks and fissures may appear from lower pressures as the
salts crystallize out of solution, and as the crystallization continues, and crystals
become larger, greater pressures from increased evaporation rates, and disruption
of the pore walls occurs.
The initial experimental work carried out has displayed similar findings to
those published by other authors in terms of the absorption and desorption curves
for selected salts, and the accelerated aging test of Monks Park limestone when
exposed to sodium sulphate and sodium chloride hydration and crystallization
tests. Both of these experiments were important for establishing some behavioral
patterns of certain salts. The effects of moisture absorption in stone is greater
when salt is present as shown in the results of experiment

1

(chapter

1 0 ),

where

the difference between stone without salt present, and stone with salt present can
be seen in the data.
The experimental work, specifically, the accelerated aging tests carried out
were intended to show the increase in cracking of the internal pores of limestone.
The results of the experiment were able to indicate the type of deterioration which
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might be expected from sodium sulphate and sodium chloride after a set number
of hydration and crystallization cycles. The results were very much what was
expected in relation to experimental work in the literature. The deterioration
rates of sodium sulphate in comparison the sodium chloride were much higher,
and could be clearly seen in the thin sections from the samples.
The cleaning of stone can help to remove some of the salts present
(Ashurst. 1994). However cleaning measures must be carefully thought out so
that they do not create more salts, or even salts which are less soluble, and
therefore considered less harmful or damaging to the material. Although some
cleaning techniques have been successful in removing salt deposits, it was
decided to look at other possibilities for reducing the effects of salts in porous
materials.
From the literature survey of inhibitors used in industry, and some of the
similarities in salt scale (barium sulphate and calcium sulphate), it was decided to
try to apply similar inhibitors and anti-caking agents to two salts. Several
inhibitors appeared in the literature as successful on specific salts, or less specific.
Potassium ferrocyanide has been used in the manufacture of industrial salts (road
salt), to prevent caking by prohibiting the dissolution of salts. Phoenix (1966)
also reported the possibility of potassium ferrocyanide as an anti-caking agent as
well as an inhibitor for crystallization of sodium chloride. Inhibitors
manufactured by Monsanto were used by several authors (Gill and
Varsanik.1986) (Rizkalla.1983), in their theoretical and experimental work.
Several of the compounds were found to be either good inhibitors for specific
salts or able to inhibit several salts, depending on the compatibility and flexibility
of the inhibitor's molecular structure.
The inhibitors were chosen based on their success documented in articles
in the literature survey. The information from Monsanto, the supplier of
phosphonate inhibitors, also highlighted several inhibitors which are considered
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good calcium sulphate scale inhibitors. As was explained in chapter 12, the
experiment combining salt and inhibitor in stone was based on an experiment in
an article by Lewin (1982). This test was carried out to see if the inhibitors
would affect the amount of salt crust formation in comparison to a control sample
with only a salt solution. The results were not dramatic, in terms of crust and
efflorescence reduction, however, the type of crust formed varied slightly with the
samples soaked in sodium chloride and inhibitor. It is possible that larger
quantities of inhibitor would have a greater inhibiting effect, or that inhibition
would not improve. However, this is possibly worth pursuing.
As a result of the outcome of the first inhibitor experiment, another test
was set up. This experiment was on a smaller scale, and eliminated the stone so
that it was easier to see what would occur. The different ratios of saturated salt
solutions of sodium sulphate and sodium chloride to the five different inhibitors
did show more visible effects of the inhibitors on salt crystallization. This can be
seen in the figures in chapter 12. From these results, it appears that inhibitors can
be applied to salts commonly found in stone. More experimental work would
need to be done in this area to make the application of inhibitors in stone
conservation possible. Further research in this area is certainly a possibility.
The prohibitions of using inhibitor chemicals must always be borne in mind, as
with any chemical or material.

14. Suggestions for further research.

Some aspects of the experimental methods would be improved due to what
was learned during the process, and new tests designed to continue where
improvements and new applications could be made. As a result of the
experimental work carried out, ideas and considerations for further research
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formed. One of the predominant needs in all the experiments it to look at the
behaviour of mixtures of salts. Mixtures of salts in the absorption desorption
experiment to find the ERH of salt mixtures commonly found in stone. This was
carried out by Price and Brimblecombe (1994), although more mixtures could be
tested. Better sectioning techniques for looking at the pores on the interior of
stone samples so that the deterioration is not due to sectioning of the sample
would be advantageous for looking at the crystallized salt. Different proportions
of inhibitor and salt mixed together and left to crystallize in order to find
appropriate proportions of inhibitor for specific amount of salts. It would also be
interesting to look at specific salts and compounds to see how well the two fit
together as was done by Gill and Varsanik ( 1986), as different inhibitors need to
be tested. Accelerated tests like the crystallization test carried out in chapter 12
pose difficulties because inhibitors may be poisonous when heated. Therefore,
an accelerated aging test for inhibitors, like the one used by Cimitan et.al. (1994),
to test the susceptibility of coated calcareous stone to sulphur deposits could be
carried out for different stones with various salts or pollutants present. Surface
analysis of salt crystals with inhibitor by XPS would be useful to look at trace
amounts of inhibitor, and where it has attached to a crystal. This would help
indicate how effective the inhibitor is for a specific salt or salt compound.
Differing pH levels for inhibitor and salt solutions should be carried out in order
to assess the changes in the effectiveness of the inhibitor on the growth of the salt
crystals. Finally, another method for applying inhibitor to the stone so that the
penetration of the inhibitor was more controlled would be useful.
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Appendix

NaCl one

Date

RH

Temperature

CaCI
8 /3 /9 3
9 /3 /9 3
1 0 /3 /9 3
1 1 /3 /9 3
1 2 /3 /9 3

33%
33%
33%
33%
33%
33%

RH
RH
RH
RH
RH
RH

20 C

K2C03
1 5 /3 /9 3
1 6 /3 /9 3
1 9 /3 /9 3
2 2 /3 /9 3
2 3 /3 /9 3
2 4 /3 /9 3
2 5 /3 /9 3
2 6 /3 /9 3

44%
44%
44%
44%
44%
44%
44%
44%
44%

RH
RH
RH
RH
RH
RH
RH
RH
RH

20 C

Ca(N03)2
3 0 /3 /9 3
3 1 /3 /9 3
1 /4 /9 3
5 /4 /9 3
6 /4 /9 3
7 /4 /9 3

55%
55%
55%
55%
55%
55%
55%

RH
RH
RH
RH
RH
RH
RH

20 C

NH4N03
1 4 /4 /9 3
1 5 /4 /9 3
1 6 /4 /9 3
1 9 /4 /9 3
2 0 /4 /9 3
2 1 /4 /9 3
2 2 /4 /9 3
2 3 /4 /9 3

65%RH
65%RH
65%RH
65%RH
65%RH
65%RH
65%RH
65%RH
65%RH

20 C

NaCI
2 6 /4 /9 3
2 7 /4 /9 3
2 8 /4 /9 3
2 9 /4 /9 3
3 0 /4 /9 3
4 /5 /9 3
5 /5 /9 3

75% RH

20 C

KCI
6 /5 /9 3
7 /5 /9 3
1 0 /5 /9 3
1 1 /5 /9 3
1 2 /5 /9 3
1 3 /5 /9 3
1 4 /5 /9 3
1 8 /5 /9 3
1 9 /5 /9 3
2 0 /5 /9 4
2 1 /5 /9 3
2 4 /5 /9 3
2 5 /5 /9 3

85% RH

Weight

Moisture Cent.

12.90310g
12.90315g
12.90315g
12.90320g
12.90326g

0.01
0.02
0.02
0.03
0.03

12.90327g
12.90312g
12.90304g
12.90321g
12.90300g
12.90301g
12.90301g
12.90295g

0.03
0.02
0.01
0.03
0.01
0.01
0.01
0.00

12.90317g
12.90346g
12.90337g
12.90341g
12.90340g
12.90331g

0.02
0.05
0.04
0.04
0.04
0.04

12.90327g
12.90323g
12.90338g
12.90336g
12.90346g
12.90348g
12.90335g
12.90345g

0.03
0.03
0.04
0.04
0.05
0.05
0.04
0.05

12.90331g
12.90341g
12.90352g
12.90343g
12.90340g
12.90321g
12.90333g

0.04
0.04
0.05
0.05
0.05
0.03
0.04

12.99121g
13.01860g
13.19877g
13.28009g
13.36030g
T3.45833g
13.54079g
14.04038g
14.10958g
14.20825g
14.31526g
14.54986g
14.61816g

7.61
9.97
25.49
32.50
39.41
47.88
54.97
98.01
103.98
112.48
121.70
141.92
147.80

20 C
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NaCI one
Date

RH

Temperature

2 7 /5 /9 3
2 /6 /9 3
3 /6 /9 3

K2S04
4 /6 /9 3
7 /6 /9 3
8 /6 /9 3
9 /6 /9 3
2 9 /6 /9 3
3 0 /6 /9 3
1 /7 /9 3
5 /7 /9 3
6 /7 /9 3
7 /7 /9 3
8 /7 /9 3

98% RH

Weight

Moisture Cont.

14.80786g
15.36356g
15.48863g

164.15
212.03
222.81

15.69881 g
16.33001 g
16.46070g
16.63015g
18.20512g
18.22465g
18.24534g
18.31464g
18.30008g
18.30013g
18.30155g

240.92
295.31
306.57
321.17
456.88
458.57
460.35
466.32
465.07
465.07
465.19

20 C
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NaCI Two
RH

33% RH

44% RH

55% RH

Temperature

Weight

20 C
12.80963g
12.80972g
12.80970g
12.80965g
12.80973g

0.02

12.80964g
12.80961 g
12.80992g
12.80974g
12.80966g
12.80960g
12.80952g
12.80954g

0.02
0.02
0.05
0.03
0.02
0.02
0.01
0.01

/5% RH

85% RH

0.03
0.03
0.02
0.03

20 C

20 C
12.80974g
12.80967g
12.80972g
12.80988g
12.80982g
12.80970g

65% RH

Moisture

0.03
0.02

0.03
0.04
0.04
0.03

20 C
12.80973g
12.80973g
12.80977g
12.80995g
12.80990g
12.80997g
12.80987g
12.80982g

0.03
0.03
0.03
0.05
0.04
0.05
0.04
0.04

12.80983g
12.80984g
12.80984g
12.80998g
12.80999g
12.80981 g
12.80974g

0.04
0.04
0.04
0.05
0.05
0.04
0.03

12.86327g
12.89541 g
13.12274g
13.20394g
13.28373g
13.38164g
13.45761g
13.89309g
13.94940g
14.05254g
14.14751g
14.39633g
14.48443g

4.69
7.49
27.29
34.37
41.32
49.85
56.46
94.40
99.30
108.28
116.56
138.23
145.90

20 C

20 C
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NaCI Two
Date

RH

Temperature

2 7 /5 /9 3
2 /6 /9 3
3 /6 / 9 3

K2S04
4 /6 /9 3
7 /6 /9 3
8 /6 /9 3
9 /6 /9 3
2 9 /6 /9 3
3 0 /6 /9 3
1 /7 /9 3
5 /7 /9 3
6 /7 /9 3
7 /7 /9 3
8 /7 /9 3

98% RH

Weight

Moisture

14.69442g
15.31604g
15.44785g

164.20
218.34
229.82

15.62792g
16.24788g
16.39420g
16.54221g
18.09750g
18.10703g
18.11742g
18.17556g
18.17663g
18.17656g
18.16997g

245.51
299.51
312.26
325.15
460.62
461.45
462.36
467.42
467.52
467.51
466.85

20 C
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NaCI three
RH

33% RH

Temperature

20 C

55% RH

20 C

75% RH

85% RH

Moisture Cont.

20 C

44% RH

65%RH

Weight

12.97235g
12.97252g
12.97238g
12.97241 g
12.97259g

0.02

12.97241 g
12.97239g
12.97233g
12.97239g
12.97234g
12.97232g
12.97235g
12.97231 g

0.03
0.02
0.02
0.02
0.02
0.02
0.02
0.02

12.97236g
12.97238g
12.97237g
12.97255g
12.97255g
12.97242g

0.02
0.02

12.97243g
12.972389
12.97252g
12.97254g
12.97262g
12.97262g
12.97262g
12.97253g

0.03
0.03
0.04
0.04
0.05
0.05
0.05
0.04

12.97248g
12.97251g
12.97250g
12.97255g
12.97246g
12.97247g
12.97261g

0.03
0.04
0.04
0.04
0.03
0.03
0.04

13.00283g
13.02803g
13.17955g
13.23562g
13.28390g
13.24421 g
13.39355g
13.67991 g
13.72195g
13.81018g
13.88997g
14.13164g
14.21832g

2.83
5.15
19.12
24.28
28.73
34.29
38.84
65.23
69.10
77.23
84.59
106.86
114.85

0.04
0.02
0.03
0.04

0.02
0.04
0.04
0.03

20 C

20 C

20 C
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NaCI three
Date

RH

Temperature

Weight

Moisture Cent.
175

2 7 /5 /9 3
2 /6 / 9 3
3 /6 /9 3

K2S04
4 /6 /9 3
7 /6 /9 3
8 /6 /9 3
9 /6 /9 3
2 9 /6 /9 3
3 0 /6 /9 3
1 /7 /9 3
5 /7 /9 3
6 /7 /9 3
7 /7 /9 3
8 /7 /9 3

98% RH

14.42099g
15.01041g
15.14321g

133.52
187.84
200.08

15.33306g
16.10634g
16.33261g
16.50006g
18.00782g
18.01134g
18.01957g
18.06601 g
18.06440g
18.05483g
18.03004g

217.58
288.84
309.70
325.13
464.08
464.40
465.16
469.44
469.95
468.41
466.13

20 C
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Inhibitor
ethylene diamine tetra
rhethylenë phbsphohic acid
(penta sodium salt)

Abbreviation
n s

;

e d t m p a

Manufacturer

Purpose and Recommendations

" Monsonto 2046 very good CaSOi^inhibition
DEQUEST..... .

general purpose ihhibitor

excellent CaSQjinhibition
recommended in systems
with high alkalinity & pH

References
Gill and Varsanik 1986

Gill and Varsanik 1986

hexamethylene diamine tetra
methylene phosphonic acid
(hexa potassium salt)

K^HDtMPA

Monsanto 20M
DËQÜËSt

Diethylene triamine penta
methylene phosphonic acid
(acid solution)

DTPMPA

Monsanto 2060S Very good CaSO inhibition
good general inhibitor
1DËQUËST
second best against BaSOt^

potassium ferrocyanide

KFe(CN.)“-

BDH

known anti-caking agent for
sodium and potassium chloride

Phoenix 1961
Glasner & Zidon Ï974

sodium tripolyphosphate

S

BDH

inhibitor used on strontium
sulphate, and barium sulphate

Sang & Raphael 1972
Rizkalia 1983

t p

Gill and Varsanik 1986
[____________

_
.................................. ... .....

O)

Ill
^NY: C a r g o F l e e t Chem i c a l C o m p a n y L t d . , P i n e S t r e e t , S o u t h B a n k
— F l e e t , M i d d l e s b r o u g h , C l e v e l a n d . T S 3 8BD T e l : 0 6 4 2 - 2 2 7 3 8 8
T e le x : 58185 Fax: 0642-242609

ERCIAL PRODUCT NAME:

DEQUEST 2 0 4 6

WM E R C I A L C H A R A C T E R I S A T I O N :
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ODOUR:

SICAL

Aqueous

AND.CHEMICAL

CHANGE I N

PHYSIC AL
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1 .3

COLOUR;
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B o ilin g
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p o in t

-

N /A

-

1 .3
N /A
N/A
N /A
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6 -8 (Neat s o lu tio n )
N/A
N /A
N /A
N /A

-

-

Upper
Lower
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Other

UN N o ;
R ID /A D R ;
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‘ 1

la b e l

S a lt.
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DENSI TY
BULK D E N S I T Y
VAPOUR PRESSURE
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S O L U B I L I T Y I N WATER
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FLASH P O I N T
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EXPLOSI ON L I M I T S ;

is FURTHER

rd .,C a rg o

re q u ired .
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AINR;

Phosphates
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A b s o r b w i t h san d o r e a r t h and b u r y i n a p p r o v e d l a n d f i l l i n
a c c o r d a n c e w i t h l o c a l a u t h o r i t y r e g u l a t i o n s and C o n t r o l o f
P o l l u t i o n Act 1974.

CASE OF A C C I D E N T S AND F I R E

s p illa g e /le a k a g e /g a s

leakage:

E x tin g u ish in g

m edia

F ir s t a id :
S K I N CONTACT:
EYE CONTACT :
INGESTION
:

Wash t h o r o u g h l y w i t h s o a p a n d w a t e r .
F l u s h w i t h w a t e r f o r 15 m i n u t e s . S e e k
Seek m e d ica l a t t e n t i o n .

Further

s u it a b le : W ater

Wash a w ay s m a l l s p i l l s w i t h w a t e r .
L a r g e s p i l l s a b s o rb w i t h sand o r e a r t h .

in fo rm a tio n :

F ire

fig h te rs

Spray,

should

C02,

wear

Dry

C hem ical

m edical

b reath in g

a tte n tio n .

apparatus.

NFORMATION ON T O X I C I T Y
ic tic a
ic tic a
g h tly
g h tly

l l y Non
l l y Non
Irrita t
Irrita t

In fo rm a tio n
"ent

Acid

F u rth er

is

H a r m f u l by I n g e s t i o n L D 5 0 > 5 0 0 0 m g / k g
H a r m f u l by S k i n A b s o r p t i o n L D 5 0 > 5 0 0 0
i n g t o S k i n (RABBIT)
i n g t o Eyes (RABBIT)

on

e c o lo g ic a l

:-

( RAT)
mg/kg

(RABBIT)

effects

P ra c tic a lly
P ra c tic a lly

N on-Toxic
N on-Toxic

to
to

F ish
B ird s

in fo rm a tio n

REFERENCE NUMBER:

580 2/2

DATE:

March

1991

SAL D I S C L A I M E R
’ T h e a b o v e i n f o r m a t i o n i s b a s e d on t h e p r e s e n t
a t e o f o u r k n o w l e d g e and e x p e r i e n c e of- t h e p r o d u c t a t t h e d a t e o f
b l i c a t i o n . ' I t i s g i v e n i n g o o d f a i t h b u t no w a r r a n t y i s i m p l i e d w i t h
s p e c t ; to t h e q u a l i t y and s p e c i f i c a t i o n o f t h e p r o d u c t .
T he u s e r must
t i s f y h im s e lf t h a t the product is e n t i r e l y s u ita b le f o r h is purpose’ .

144
top half of the sample. Samples in salt solution with inhibitor ethylene diamina
tetra methylene phosphonic acid, labeled as inhibitor C, showed salt crust
formation starting at 12 cm from the base to the top. After rinsing, deterioration
of the surface can be seen where the salt crust was present. The top of two of the
samples were also crumbling (figure 12.2.). Samples with salt and sodium
tripolyphosphate inhibitor, labeled B, had heavy billowing crust formation on
samples with 5 ppm and 50 ppm of inhibitor, and a more even crust on the 100
ppm sample. The amount of crust varied from starting at 8 cm from the base to
14 cm from the base, and on all covering the top of the sample. The samples are
pictured in figure 12.3. after rinsing. The anti-caking agent potassium
ferrocyanide. labeled A, had the most crust. Salt formed on the outside of the
samples from

8

cm from the base to the top, and 10-14 cm from the base to the

top on samples with 50 ppm and 100 ppm of inhibitor.
The base or lower half of the samples had not crust as the base was
constantly wet. Later all the samples were left to dry out in a fume cupboard, and
efflorescence was visible on all of the samples from the base to the top, although
the efflorescence was much lighter.
The samples of stone with sodium chloride behaved very similarly. The
main distinction was that on only a few of the samples did the salt efflorescence
cover the top of the samples. One explanation is that the visible grain boundaries
in the samples appear to have blocked the height of the efflorescence as can be
seen in the photographs numbered 12.5 and 12.6. After initial photographs were
taken, and the samples were rinsed, some of the crust was difficult to remove
from the stone and NaCl samples. Several of the crusts were distinctly smoother
than others. Therefore, several samples of crust were observed in the scanning
electron microscope to see if the crystals were in any way different from the
normal cubic habit of NaCl crystals. A scanning electron micrograph shows part
of the crust from the column with sodium chloride and 50 ppm of inhibitor D
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(hexamethylene diamine tetra methylene phosphonic acid) can be seen in figure
12.16. Above this figure is a unaltered sodium chloride crystal as seen under the
scanning electron microscope. The crystals from the crust appear to be altered
cubes, with rounded edges, and incomplete faces. W hat caused the crystals to
crystallize out in this way is impossible to say without further analysis. The
substrate (stone) on which the crust grew must be taken into consideration
amongst other things. To show that the crystal formations are due to the
inhibitor, more tests would have to be carried out.
There was very little distinction in the behaviour of the samples in terms
of how much efflorescence was recorded. The main difference between the two
sets of samples is that the sodium sulphate efflorescence was more powdery, and
the sodium chloride efflorescence was harder. Since the pH of the inhibitor
solutions in the literature is considered important by some of the authors, although
dismissed by others, initial pH readings were taken.
The pH of deionized water is approximately 7.0, the pH of the sodium
sulphate solution was approximately 9.5, and the pH of the three methylene
phosphonic acid inhibitors ranges from pH

6 -8

neat solution and <2 in a 1%

solution for diethylene triamine penta methylene phosphonic acid. The pH
values for all the sodium sulphate and inhibitor solutions ranged from 8-9.5. The
pH of the sodium chloride solution with deionized water was approximately 8.5,
and for sodium chloride with inhibitors, the pH ranged from 8-8.5. It was
decided that the pH readings of the salt and inhibitor solution did not differ
greatly from the pH reading of deionized water to warrant repeated readings.
Several difficulties became apparent while the experiment was running.
The first one was that it became obvious that the columns should be taller so that
there would be a point at the top where no efflorescence was visible, making
comparison of surface deterioration easier. Questions as to the ratio of salt
solution to inhibitor solution also arose since the efflorescence on many of the
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samples was abundant. However, some of the efflorescence from the sodium
chloride samples varied enough to make a slight differentiation between the
inhibitors.
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12.5. The application of crystallization inhibitors, and an anti-caking agent
Part B.

12.6. Introduction to inhibitors and salt solution in petri dishes.

A second set of experiments was set up, eliminating the stone as a factor,
in order to look at the salt and inhibitor reactions only. These experiments were
carried out in petri dishes with the same inhibitors and salts at the same
concentrations, but in much smaller quantity. By eliminating the stone, it was
possible to make sure that the salt and inhibitor would mix and be limited to a
specific area, at it was easier to see what was happening. These samples were
dried in a desiccator over silica gel. After drying, some samples were observed
under the microscope and in the SEM. After the samples were dry, the silica gel
was replaced with beakers of water to see if the rise in relative humidity would
cause the salts and inhibitors to absorb enough moisture to dissolve. The point of
this experiment was to see if the different concentrations of inhibitor had marked
effects on the crystal habits, and how these effects differed from other inhibitors at
the same concentrations. It was also to see if the ratio of more inhibitor to salt
solution or more salt solution to inhibitor had a greater or less effect on the crystal
habits.

12.7. Experimental procedure

1. 15 petri dishes containing 1 ml saturated sodium sulphate salt solution and
3 ml of inhibitor. 3 petri dishes per inhibitor with 5 ppm, 50 ppm, and 100 ppm
of inhibitor. The inhibitors are the same as in part A.
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2. 15 petri dishes containing 3 ml saturated sodium sulphate salt solution and
1 ml of inhibitor. 3 petri dishes per inhibitor with 5 ppm, 50 ppm, and 100 ppm
of inhibitor.
3. 15 petri dishes containing 1 ml saturated sodium chloride salt solution and
3 ml of inhibitor. 3 petri dishes per inhibitor with 5 ppm, 50 ppm, and 100 ppm
of inhibitor with salt.
4. 15 petri dishes containing 3 ml saturated sodium chloride salt solution and
1 ml of inhibitor. 3 petri dishes per inhibitor with 5 ppm, 50 ppm, and 100 ppm
of inhibitor.
5. 5 petri dishes containing 1 ml water and 3 ml inhibitor solution (one for each
inhibitor) were placed in the desiccator a controls.
6.

5 petri dishes containing 3 ml water and 1 ml inhibitor solution (one for each
inhibitor) were placed in the desiccator as controls.

7. 2 petri dishes containing 1 ml water and 3 ml saturated sodium sulphate
solution, and saturated sodium chloride solution(one fore each salt) were placed
in the desiccator.
8.

2 petri dishes containing 3 ml water and 1 ml saturated sodium sulphate
solution, and saturated sodium chloride solution (one fore each salt) were
placed in the desiccator.

9. All of the petri dishes were placed in two desiccators with silica gel. The
silica gel was changed periodically, until the solutions were dry.
10. When the solutions dried, photographs were taken of the dishes, and several
samples were placed in the scanning electron microscope.
11. The petri dishes were then replaced in the desiccators with beakers containing
water, and were left until the salt/inhibitor compounds dissolved.

12.8. Results and discussion.

The sodium chloride salt mixed with the anti-caking agent, potassium
ferrocyanide (3:1) (inhibitor A), were most affected when mixed with 50 ppm,
and 100 ppm of the compound. In the

5 ppm mixture, they crystallized out as

large and small cubic crystals (figure 12.9, 12.10). In the two other dishes, the
sodium chloride deposited as large cubic crystals with branches of smaller crystals
growing out. Under the binocular microscope, these branches appeared to be
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made up of many small cubic crystals. This observation is similar to that made
by, Glasner and Zidon (1974). The authors observed that at low concentrations
of potassium ferrocyanide, smooth, perfect cubic crystals of Sodium chloride
precipitated. When the concentration of potassium ferrocyanide was increased,
star-like crystals were formed. These were dendritic outgrowths from each of the
eight comers of the cube. They were also made up of perfectly formed cubes of
diminishing sizes (Glasner and Zidon. 1974.302).
The sodium chloride and potassium ferrocyanide mixture (1:3), the
behaviour was similar, except that the smaller crystals appeared in the center of
the dish with larger crystals on the perimeter. The petri dish with 5 ppm
inhibitor, showed the same as the 50 ppm but with the larger crystals smaller than
in the other two samples. The sodium chloride and 100 ppm of potassium
ferrocyanide can be seen in figures 12.11 and 12.12. Although, it is difficult to
see, the crystals are much smaller, and although some of them are visible cubes
(figure

1 2 . 1 1 ),

the other crystals are hair-like crystals which make branch-like

formations. This is not entirely unexpected as in the research by Zehnder and
Arnold (1989), growth of salt crystals on a non-porous substrate will produce
crystal in non-equilibrium growth forms, particularly hair-like crystals, and other
whisker crystal formations.
Sodium chloride with sodium tripolyphosphate (3:1) (inhibitor B),
crystallized out as large and small cubic crystals in all of the different inhibitor
concentrations. In the petri dish with 5 ppm of inhibitor, some of the larger
crystals appeared slightly distorted at the edges. The samples of sodium chloride
and sodium tripolyphosphate (1:3), almost all of the crystals were small and cubic
with only a few larger ones on the perimeter.
Sodium chloride with the inhibitor, ethylene diamine tetra methylene
phosphonic acid (3:1) (inhibitor C), crystallized out with a few large cubic
crystals, and many small ones. In the 5 ppm and salt mixture, some of the
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smaller crystals stacked up in a herringbone shape, but were all small cubes. The
salt and inhibitor mixture (3:1), crystals were all small with one or two larger
ones. These samples can be seen and compared in figures 12.7, and 12.8.
Sodium chloride with the inhibitor, hexamethylene diamine tetra
methylene phosphonic acid (3:1) (inhibitor D), crystallized out as many small
cubic crystal and several larger cubic crystals. In the 1:3; mixture of salt to
inhibitor, the crystals were almost all small and cubic as pictured in figure 12.13.
Under the SEM, in figure 12.14, the salts appear to be largely cubic with rounded
edges, and look as though they are coated. It is impossible, however, to know
where the inhibitor is attached without surface analysis.
Sodium chloride with the inhibitor, diethylene triamine penta methylene
phosphonic acid (3:1) (inhibitor E), crystallized out as many small cubic crystals
with one or two smaller ones in all the samples. In the salt and inhibitor ( 1:3),
there were many tiny cubic crystals in all the samples.
The sodium chloride samples with inhibitors all dried out at a similar rate.
Dissolution after drying out was also similar, except for sodium chloride with the
inhibitor hexamethylene diamine tetra methylene phosphonic acid at 100 ppm
(3:1) sample. This sample took two more days to dissolve completely. The
sodium chloride samples with potassium ferrocyanide (1:3) did dissolve at the
same rate, however the solution was milky. Therefore, not all of the salt may
have dissolved to the same extent as the others.
The sodium sulphate crystals mixed with the five inhibitors dried out at a
similar rate as the sodium chloride, first as hydrated sodium sulphate and then
became anhydrous sodium sulphate. The sodium sulphate crystals resembled the
sodium sulphate mixed with deionized water (control sample). The sodium
sulphate and inhibitor solutions crystallized out at about the same rate, however,
the sodium sulphate samples took longer (approximately two weeks), to pick-up
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water when replaced in the desiccator with beakers of water (rising RH). It
appeared to take these samples longer to absorb enough moisture to become a
hydrate. After they had hydrated, and the crystals were no longer powdery, but
clear, dissolution was faster.
The difference between the sodium chloride and the sodium sulphate is
that the cubic habit of the sodium chloride was easier to see, and therefore
changes in habit, more obvious. With the sodium sulphate samples, it was more
difficult to compare their crystallization habits, especially as they dried to the
anhydrous state, where the samples became too powdery to make specific
distinctions. In retrospect, it might have been useful to look at several samples in
the SEM and compare them to one another, and to the control sample. Due also
to the time limit of these experiments, it was decided that examination of the
samples would be centered on the sodium chloride samples.
For examination, the samples were placed under a binocular reflective
light microscope in order to look at the crystal habits more closely. This was
mainly for the sodium chloride samples, where the cubic habit could be
distinguished from any crystals with a distorted habit. One. of the samples can be
seen in photograph number 12.11. Some of the sodium chloride and inhibitor
samples were also placed in the SEM for closer examination. This was to see if
there were slight changes to the cubic habits of the salt which could not be seen
under a microscope.
In order to observe the salt samples under the SEM, the samples were gold
coated. This prohibited analysis by the EDAX system attached to the SEM.
However, the amounts of inhibitor were considered too small to be detected
through EDAX analysis to find out how much inhibitor was attached to the
crystals.
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12. 9. Conclusion.

The experiment with the columns of stone was intended to try to observe
any possible inhibiting effect on the salt which was absorbed from solution into
the pores. Some differences in the amount of stone which was lost, and surface
roughening could be seen on the samples with sodium sulphate and inhibitors.
The sodium chloride samples were not markedly different, however, this was
expected since sodium chloride is less immediately aggressive, as can be seen in
the experiments in chapter 11. The stone samples were only left for six weeks.
Possibly a longer time period would have had more dramatic results, however,
time was limited.
Differences in the effects of several of the inhibitors on the size of the
sodium chloride crystal was observed in terms of the crystals being smaller or
larger as well as distinctly cubic or not. The differences in the crystallization of
NaCl when the ratio of salt and inhibitor was changed was also noticeable. This
can be seen particularly in the mixture of sodium chloride and ethylene diamine
tetra methylene phosphonic acid (inhibitor C), in figure 12.7. Although there was
less extensive examination of the sodium sulphate samples, observations of the
sodium chloride samples produced differences in the behaviour of the inhibitors to
the salt crystal habit.
The main objectives in the application of inhibitors is to inhibit or at least
interfere with the crystallization of salts in and on stone and other porous
materials. This would be done by changing the solutions in which the salt
crystals exist and grow out of with additives. Changes to the conditions of the
solution from which salt crystals grow is an area in which more research could be
done. The experimental work included here was limited in terms of materials,
time, and knowledge of the field of crystallography and inhibitors. However, it
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would be interesting to see what further testing with the same inhibitors, and
possibly others would disclose.
It must be mentioned that as with all chemicals, the health and safety for
the user as well as the environment and others must be taken into consideration.
The data sheets for the three methylene phosphonic inhibitors are in appendix A.
A table of the inhibitors used, the manufacturers, purpose, and the reference
articles is also in appendix A.
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13. Conclusion

This thesis set out to look at the principles of salt deterioration in stone.
A literature survey of the theories concerning salt disintegration were compared,
and supported with several practical experiments. The research was also
intended to survey the literature concerning the application of salt crystallization
inhibitors used to prevent salt scale in industry, and to apply some of the same
inhibitors, and principles to salts commonly found in stone.
The literature survey also included geological information on the main
types of stone used in building and sculpture as well as bricks, mortars and
cement. This was important as the physical charcteristies of stone are important
in their susceptibility to salts. The possibility of polishing some stone like
marble, and therefore altering the surface, also affects the weathering habits of the
material.
The movement of water through porous materials is important when
considering the transport of salt in stone, as the movement of salts is often due to
the salt being in solution. The flow of solution through capillaries is governed by
Poiseuille's law, and this can be applied to the rate of evaporation of a salts in
solution through the pores of stone (Lewin.1982). Degradation of the stone can
also be linked to the location of salt deposits, and whether they deposit as
efflorescence, or subflorescence, and this is determined by evaporation and
capillarity.
It is apparent through experimental work carried out in scientific and
conservation literature (Everett. 1962) and (Rossi-Manaresi and Tucci.1991), that
there are several factors which will determine the deterioration of stone, and
related porous materials. The physical factors include the porosity, permeability.
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good calcium sulphate scale inhibitors. As was explained in chapter 12, the
experiment combining salt and inhibitor in stone was based on an experiment in
an article by Lewin (1982). This test was carried out to see if the inhibitors
would affect the amount of salt crust formation in comparison to a control sample
with only a salt solution. The results were not dramatic, in terms of crust and
efflorescence reduction, however, the type of crust formed varied slightly with the
samples soaked in sodium chloride and inhibitor. It is possible that larger
quantities of inhibitor would have a greater inhibiting effect, or that inhibition
would not improve. However, this is possibly worth pursuing.
As a result of the outcome of the first inhibitor experiment, another test
was set up. This experiment was on a smaller scale, and eliminated the stone so
that it was easier to see what would occur. The different ratios of saturated salt
solutions of sodium sulphate and sodium chloride to the five different inhibitors
did show more visible effects of the inhibitors on salt crystallization. This can be
seen in the figures in chapter 12. From these results, it appears that inhibitors can
be applied to salts commonly found in stone. More experimental work would
need to be done in this area to make the application of inhibitors in stone
conservation possible. Further research in this area is certainly a possibility.
The prohibitions of using inhibitor chemicals must always be borne in mind, as
with any chemical or material.

14. Suggestions for further research.

Some aspects of the experimental methods would be improved due to what
was learned during the process, and new tests designed to continue where
improvements and new applications could be made. As a result of the
experimental work carried out, ideas and considerations for further research
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formed. One of the predominant needs in all the experiments it to look at the
behaviour of mixtures of salts. Mixtures of salts in the absorption desorption
experiment to find the ERH of salt mixtures commonly found in stone. This was
carried out by Price and Brimblecombe (1994), although more mixtures could be
tested. Better sectioning techniques for looking at the pores on the interior of
stone samples so that the deterioration is not due to sectioning of the sample
would be advantageous for looking at the crystallized salt. Different proportions
of inhibitor and salt mixed together and left to crystallize in order to find
appropriate proportions of inhibitor for specific amount of salts. It would also be
interesting to look at specific salts and compounds to see how well the two fit
together as was done by Gill and Varsanik (1986), as different inhibitors need to
be tested. Accelerated tests like the crystallization test carried out in chapter 12
pose difficulties because inhibitors may be poisonous when heated. Therefore,
an accelerated aging test for inhibitors, like the one used by Cimitan et.al. (1994),
to test the susceptibility of coated calcareous stone to sulphur deposits could be
carried out for different stones with various salts or pollutants present. Surface
analysis of salt crystals with inhibitor by XPS would be useful to look at trace
amounts of inhibitor, and where it has attached to a crystal. This would help
indicate how effective the inhibitor is for a specific salt or salt compound.
Differing pH levels for inhibitor and salt solutions should be carried out in order
to assess the changes in the effectiveness of the inhibitor on the growth of the salt
crystals. Finally, another method for applying inhibitor to the stone so that the
penetration of the inhibitor was more controlled would be useful.
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Appendix

NaCl one

Date

RH

Temperature

CaCI
8 /3 /9 3
9 /3 /9 3
1 0 /3 /9 3
1 1 /3 /9 3
1 2 /3 /9 3

33%
33%
33%
33%
33%
33%

RH
RH
RH
RH
RH
RH

20 C

K2C03
1 5 /3 /9 3
1 6 /3 /9 3
1 9 /3 /9 3
2 2 /3 /9 3
2 3 /3 /9 3
2 4 /3 /9 3
2 5 /3 /9 3
2 6 /3 /9 3

44%
44%
44%
44%
44%
44%
44%
44%
44%

RH
RH
RH
RH
RH
RH
RH
RH
RH

20 C

Ca(N03)2
3 0 /3 /9 3
3 1 /3 /9 3
1 /4 /9 3
5 /4 /9 3
6 /4 /9 3
7 /4 /9 3

55%
55%
55%
55%
55%
55%
55%

RH
RH
RH
RH
RH
RH
RH

20 C

NH4N03
1 4 /4 /9 3
1 5 /4 /9 3
1 6 /4 /9 3
1 9 /4 /9 3
2 0 /4 /9 3
2 1 /4 /9 3
2 2 /4 /9 3
2 3 /4 /9 3

65%RH
65%RH
65%RH
65%RH
65%RH
65%RH
65%RH
65%RH
65%RH

20 C

NaCl
2 6 /4 /9 3
2 7 /4 /9 3
2 8 /4 /9 3
2 9 /4 /9 3
3 0 /4 /9 3
4 /5 /9 3
5 /5 /9 3

75% RH

20 C

KCI
6 /5 /9 3
7 /5 /9 3
1 0 /5 /9 3
1 1 /5 /9 3
1 2 /5 /9 3
1 3 /5 /9 3
1 4 /5 /9 3
1 8 /5 /9 3
1 9 /5 /9 3
2 0 /5 /9 4
2 1 /5 /9 3
2 4 /5 /9 3
2 5 /5 /9 3

85% RH

Weight

Moisture Cent.

12.903 lOg
12.90315g
12.90315g
12.90320g
12.90326g

0.01
0.02
0.02
0.03
0.03

12.90327g
12.90312g
12.90304g
12.90321 g
12.90300g
12.90301 g
12.90301 g
12.90295g

0.03
0.02
0.01
0.03
0.01
0.01
0.01
0.00

12.90317g
12.90346g
12.90337g
12.90341g
12.90340g
12.90331g

0.02
0.05
0.04
0.04
0.04
0.04

12.90327g
12.90323g
12.90338g
12.90336g
12.90346g
12.90348g
12.90335g
12.90345g

0.03
0.03
0.04
0.04
0.05
0.05
0.04
0.05

12.90331g
12.90341g
12.90352g
12.90343g
12.90340g
12.90321g
12.90333g

0.04
0.04
0.05
0.05
0.05
0.03
0.04

12.99121g
13.01860g
13.19877g
13.28009g
13.36030g
13.45833g
13.54079g
14.04038g
14.10958g
14.20825g
14.31526g
14.54986g
14.61816g

7.61
9.97
25.49
32.50
39.41
47.88
54.97
98.01
103.98
112.48
121.70
141.92
147.80

20 C
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NaCl one
Date

RH

Temperature

2 7 /5 /9 3
2 /6 /9 3
3 /6 /9 3

K2S04
4 /6 /9 3
7 /6 /9 3
8 /6 /9 3
9 /6 /9 3
2 9 /6 /9 3
3 0 /6 /9 3
1 /7 /9 3
5 /7 /9 3
6 /7 /9 3
7 /7 /9 3
8 /7 /9 3

98% RH

Weight

Moisture Cont.

14.80786g
15.36356g
15.48863g

164.15
212.03
222.81

15.69881 g
16.33001 g
16.46070g
16.63015g
18.20512g
18.22465g
18.24534g
18.31464g
18.30008g
18.30013g
18.30155g

240.92
295.31
306.57
321.17
456.88
458.57
460.35
466.32
465.07
465.07
465.19

20 C
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NaCl Two
Date

RH

CaCI
8 /3 /9 3
9 /3 /9 3
1 0 /3 /9 3
1 1 /3 /9 3
1 2 /3 /9 3

33% RH

K2C03
1 5 /3 /9 3
1 6 /3 /9 3
1 9 /3 /9 3
2 2 /3 /9 3
2 3 /3 /9 3
2 4 /3 /9 3
2 5 /3 /9 3
2 6 /3 /9 3

44% RH

Ca(N03)2
3 0 /3 /9 3
3 1 /3 /9 3
1 /4 /9 3
5 /4 /9 3
6 /4 /9 3
7 /4 /9 3

55% RH

NH4N03
1 4 /4 /9 3
1 5 /4 /9 3
1 6 /4 /9 3
1 9 /4 /9 3
2 0 /4 /9 3
2 1 /4 /9 3
2 2 /4 /9 3
2 3 /4 /9 3

65% RH

NaCl
2 6 /4 /9 3
2 7 /4 /9 3
2 8 /4 /9 3
2 9 /4 /9 3
3 0 /4 /9 3
4 /5 /9 3
5 /5 /9 3

75% RH

KCI
6 /5 /9 3
7 /5 /9 3
1 0 /5 /9 3
1 1 /5 /9 3
1 2 /5 /9 3
1 3 /5 /9 3
1 4 /5 /9 3
1 8 /5 /9 3
1 9 /5 /9 3
2 0 /5 /9 4
2 1 /5 /9 3
2 4 /5 /9 3
2 5 /5 /9 3

85% RH

Temperature

Weight

Moisture

20 C
12.80963g
12.80972g
12.80970g
12.80965g
12.80973g

0.02
0.03
0.03
0.02
0.03

12.80964g
12.80961 g
12.80992g
12.80974g
12.80966g
12.80960g
12.80952g
12.80954g

0.02
0.02
0.05
0.03
0.02
0.02
0.01
0.01

12.80974g
12.80967g
12.80972g
12.80988g
12.80982g
12.80970g

0.03
0.02
0.03
0.04
0.04
0.03

12.80973g
12.80973g
12.80977g
12.80995g
12.80990g
12.80997g
12.80987g
12.80982g

0.03
0.03
0.03
0.05
0.04
0.05
0.04
0.04

12.80983g
12.80984g
12.80984g
12.80998g
12.80999g
12.80981 g
12.80974g

0.04
0.04
0.04
0.05
0.05
0.04
0.03

12.86327g
12.89541 g
13.12274g
13.20394g
13.28373g
13.38164g
13.45761g
13.89309g
13.94940g
14.05254g
14.14751g
14.39633g
14.48443g

4.69
7.49
27.29
34.37
41.32
49.85
56.46
94.40
99.30
108.28
116.56
138.23
145.90

20 C

20 C

20 C

20 C

20 C
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NaCl Two
Date

RH

Temperature

2 7 /5 /9 3
2 /6 /9 3
3 /6 /9 3
K2S04
4 /6 /9 3
7 /6 /9 3
8 /6 /9 3
9 /6 /9 3
2 9 /6 /9 3
3 0 /6 /9 3
1 /7 /9 3
5 /7 /9 3
6 /7 /9 3
7 /7 /9 3
8 /7 /9 3

98% RH

Weight

Moisture

14.69442g
15.31604g
15.44785g

164.20
218.34
229.82

15.62792g
16.24788g
16.39420g
16.54221g
18.09750g
18.10703g
18.11742g
18.17556g
18.17663g
18.17656g
18.16997g

245.51
299.51
312.26
325.15
460.62
461.45
462.36
467.42
467.52
467.51
466.85

20 C

173

NaCl three
Date

RH

Temperature

CaCI
8 /3 /9 3
9 /3 /9 3
1 0 /3 /9 3
1 1 /3 /9 3
1 2 /3 /9 3

33% RH

K2C03
1 5 /3 /9 3
1 6 /3 /9 3
1 9 /3 /9 3
2 2 /3 /9 3
2 3 /3 /9 3
2 4 /3 /9 3
2 5 /3 /9 3
2 6 /3 /9 3

44% RH

20 C

Ca(N03)2
3 0 /3 /9 3
3 1 /3 /9 3
1 /4 /9 3
5 /4 /9 3
6 /4 /9 3
7 /4 /9 3

55% RH

20 C

NH4N03
1 4 /4 /9 3
1 5 /4 /9 3
1 6 /4 /9 3
1 9 /4 /9 3
2 0 /4 /9 3
2 1 /4 /9 3
2 2 /4 /9 3
2 3 /4 /9 3

65%RH

NaCl
2 6 /4 /9 3
2 7 /4 /9 3
2 8 /4 /9 3
2 9 /4 /9 3
3 0 /4 /9 3
4 /5 /9 3
5 /5 /9 3

75% RH

KCI
6 /5 /9 3
7 /5 /9 3
1 0 /5 /9 3
1 1 /5 /9 3
1 2 /5 /9 3
1 3 /5 /9 3
1 4 /5 /9 3
1 8 /5 /9 3
1 9 /5 /9 3
2 0 /5 /9 4
2 1 /5 /9 3
2 4 /5 /9 3
2 5 /5 /9 3

85% RH

Weight

Moisture Cont.

20 C
12.97235g
12.97252g
12.97238g
12.97241g
12.97259g

0.02
0.04
0.02
0.03
0.04

12.97241 g
12.97239g
12.97233g
12.97239g
12.97234g
12.97232g
12.97235g
12.97231g

0.03
0.02
0.02
0.02
0.02
0.02
0.02
0.02

12.97236g
12.97238g
12.97237g
12.97255g
12.97255g
12.97242g

0.02
0.02
0.02
0.04
0.04
0.03

12.97243g
12.97238g
12.97252g
12.97254g
12.97262g
12.97262g
12.97262g
12.97253g

0.03
0.03
0.04
0.04
0.05
0.05
0.05
0.04

12.97248g
12.97251g
12.97250g
12.97255g
12.97246g
12.97247g
12.97261g

0.03
0.04
0.04
0.04
0.03
0.03
0.04

13.00283g
13.02803g
13.17955g
13.23562g
13.28390g
13.24421 g
13.39355g
13.67991g
13.72195g
13.81018g
13.88997g
14.13164g
14.21832g

2.83
5.15
19.12
24.28
28.73
34.29
38.84
65.23
69.10
77.23
84.59
106.86
114.85

20 C

20 C

20 C
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NaCl three
Date

RH

Temperature

Weight

Moisture Cont.
175

2 7 /5 /9 3
2 /6 /9 3
3 /6 /9 3

K2S04
4 /6 /9 3
7 /6 /9 3
8 /6 /9 3
9 /6 /9 3
2 9 /6 /9 3
3 0 /6 /9 3
1 /7 /9 3
5 /7 /9 3
6 /7 /9 3
7 /7 /9 3
8 /7 /9 3

98% RH

14.42099g
15.01041g
15.14321g

133.52
187.84
200.08

15.33306g
16.10634g
16.33261g
16.50006g
18.00782g
18.01134g
18.01957g
18.06601 g
18.06440g
18.05483g
18.03004g

217.58
288.84
309.70
325.13
464.08
464.40
465.16
469.44
469.95
468.41
466.13

20 C

1
Inhibitor
ethylene diamine tetra
methylene phosphohic acid
(penta sodium salt)

A m eviation
Na^EDTMPA

Manufacturer Purpose and Recommendations
Monsonto 2 0 ^ very good CaSO ^inhibition
... general purpose inhibitor
DEQUEST"

References
Gill and Varsanik 1986

hexamethylene diamine tetra
methylene phosphonic acid
(hexa potassium salt)

K >it)tM P A

Monsanto 2054
'DËQÜËST

Gill and Varsanik 1986

Diethylene triamine penta
methylene phosphonic acid
(acid solution)

DTPMPA

Monsanto 2060S Very good CaSO inhibition
DEQUEST
good general inhibitor
second best against BaSOq

potassium ferrocyanide

KFe(CNJ"-

BDH

imown anti-cafâng agent for
sodium and potassium chloride

Phoenix 1961
Glasner & Zidon 1974

sodium tripolyphosphate

STP

BDH

inhibitor used on strontium
sulphate, and barium sulphate

Sarig & Raphael 1972
Rizkalia 1983

excellent CaSO^inhibition
recommended in systems
with high alkalinity & pH

Gill and Varsanik 1986
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(KHP0^CHg)2N(CH2)gN(CH^P0.K2)2
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■
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m —

—
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* —-• -—
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~—
(Replaces 01/57)
JSH
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liability IS a c ceo ie d il use ol any product in accordance with th e se instructions, recom m endations and suggestions infringes
any paten:
Monsanto Eurooe S A • Avenue oe Tervuren 270 • B 1150 Brusscs Belgium

Tel. (02) ?61 41 it • Tele*. 62.927

Monsanto p i c . Monsanto House. Cneteham Court. Chmeham BasmçstcAe. Hampshee RG24 OUL. Great Bmaut
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PHYSICAL DATA

Snpcffir
: 1.362 at 25°C
pH(as is ) : 6-8
B oi li n g point : 105-108°C

HANDLING

PRECAUTIONS

Avoid contact with eyes.
Wear goggles.
Avoid prolonged or repeated contact with skin.
Wear suitable gloves and eye/ face p rot ect io n.
Avoid breathing vapour.
In case of in s u f fi c ie n t v e n t i l a t i o n , wear suita ble
respiratory equipment.

STORAGE

Store above 15®C or redissove c r y s t a l s before use.
No other special precautions appear necessary.
Keep away f rôrrâ?iTls~ând' o^'d'iTTn'g 'Tubstances'.

SPILLAGE, LEAKAGE

ANDmiRCEAL""""-

DEQUEST 2054/E -

........... —
------------Absorb 1^ earth or-sand.
Sweep up into containers for d is p o s a l .
Burn in proper.incinerator or bury in approved la n d f i l l
Keep out of drains and water courses.
All local end national regulations should be followed.

; n V

ECOLOGICAL INFORMATION

Data obtained from environmental t o x i c i t y studies « '
Dequest 2051 and i t s s a l t s i s discussed below.
V

Dequest 2051 Algae ECr. 96 hour 28mg/litre
14 day 27mg/litre
Algae growth inh ibition due to a b i l i t y of Dequest to
complex materials and not to t o x i c i t y per se.
Invertebrates
P r a c t i c a l l y non toxic
Dequest 2051 Daphnia magna 48 hour ECr« 574mg/litre
bequest 205? Grass shrimp (Palaemonetes vulqaris)
5b hour LCrn 942mg/litre
Fish
50
P r a c t i c a l l y non toxic to fi s h
b l u e s t 2052 Bluegill sunfish (Lepomis macrochirus)
5b hour LC-q > 273mg/litre
Rainbow trout (Salmo q ai rd n eri )
96 hour LCcq > 273mg/li tr e
Request 2054 Sheepshead minnow (CypTjndon varieqatus)
56 hour LCcq > 954 < 1670mg/litre
Channel ca t f is h (Ictalurus punctatus)
96 hour LCrn > 24Gbmg/ li tre
Birds
50
P r a c t i c a l l y non toxic to birds
Dequest 2054 Mallard duck (Anas platyrhynchos)
Acute oral t o x i c i t y LDgQ > 25l0.”g/kg'.
Bobwh'ite quail (to!inuS vir qinianus)
Acute oral t o x i c i t y LDrV > 251Gmg/kg.
(mg/active a c i d / l i t r e ) .
DEQUEST® - Registered Trade Mark of Monsanto.

• . DEQUEST.2054/E

hV:

C a rg o F l e e t C h e m ic a lC o m p a n y L t d . , P i n e S t r e e t , S o u t h Bank
F l e e t , M i d d l e s b r o u g h , C l e v e l a n d . T S 3 8BD T e l : 0 6 4 2 - 2 2 7 3 8 8
T e le x : 5 8 1 8 5 Fax : 0 6 4 2 - 2 4 2 6 0 9
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S

MMERCI AL C H A R A C T E R I S A T I O N :
D e f l o c c u l a n t and s é q u e s t r a n t
i e t h y l e n e T r ia m in e P e n ta (M e th y le n e Phosphonic A c i d ) .
"ORM: A q u e o u s s o l u t i o n
}DOUR: C h l o r i n e l i k e .

1 .3

COLOUR:

C le ar

Amber

p o in t
p o in t

-

rSICAL AND CHEMICAL PROPERTIES:
:HANGE I N

PHYSICAL

STATE

M e ltin g
B o ilin g

ENSITY

BULK D E N S I T Y
^APOUR PR ESSURE
VISCOSITY
S O L U B I L I T Y I N WATER
pH VALUE
(FLASH P O I N T
I G N I T I O N T E M PE RA TU RE :
E X P L O S I ON L I M I T S :

Upper
Lower
I THERMAL D E C O M P O S I T I O N :
- N/A
HAZARDOUS D E C O M P O S I T I O N PRODUCTS:
- CO,
! HAZARDOUS R E A C T I O N S :
! F URTHER

1 .4
N /A
N/A
N /A
C o m p lete ly m is c ib le
( 2 (IX s o lu tio n )
N/A
N/A
N/A
N /A
C02,

POx,

IN FORMATIO N:

lANSPORT:
IVSee/IMDG
I V E / G G VS :
her

code:
>

UN N o ; 1 7 6 0
R ID /A D R:

in fo rm atio n :

[ GU L A T IO N S
'o sive

Hazard

la b e l

re q u ired .

ICAO/LATA-DGR:
. AINR:

NOx

w ith

w ater.

DEQUEST 2 0 6 0 S
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p T E C T I V E MEASURES,

T e c h n ic a l p r o t e c t i v e measures : C o rr o s iv e to m ild s t e e l ,
and p l a s t i c m a t e r i a l s o f c o n s t r u c t i o n re c o m m e n d e d .
P ersonal p r o t e c t iv e equipm ent:
R es p ira to ry
Eye p r o t e c t i o n : G o g g le s
Hand p r o t e c t i o n : G l o v e s
I

In d u s tria l

H yg ien e:

, P ro te c tio n
i

D is p o s al:

EASURES

IN

a g ain st

Good i n d u s t r i a l
H yg ien e.
fire

and

N e u tr a lis e w ith
Large s p illa g e s
land f i l l .

p ra c tic e

in

copper

and

a llo ys ,

p r o t e c t io n : A v o i d fumes.
O t h e r : Use l o c a l e x h a u s t
v e n t i l a t i on.
h o u s e k e e p i n g and p e r s o n a l

e xp lo sio n :

S o d a , Ash o r B i c a r b o n a t e .
a b s o r b w i t h sand o r e a r t h

Flush w ith W ater.
and b u r y i n a p p r o v e d

CASE OF A C C I D E N T S AND F I R E

I

A fte r s p illa g e /le a k a g e /g a s leakag e: N e u tra lis e
b ic a rb o n a te .
F l u s h away w i t h W a t e r .

I

E x tin g u is h in g

m edia

I

F ir s t a id :
S K I N CONTACT:
EYE CONTACT ;
INGESTION
:

Wash i m m e d i a t e l y w i t h w a t e r f o r a t l e a s t 10 m i n u t e s .
F l u s h w i t h w a t e r f o r 15 m i n u t e s . S e e k m e d i c a l a t t e n t i o n .
S e e k m e d i c a l a t t e n t i o n IMMEDIATELY.

I

F u rth er

s u ita b le :

in fo rm a tio n :

W ater Spray,

Causes s e v e re
membranes.

skin

w ith

C02,

dam age,

Dry

Soda,

Ash

or

C hem ical.

c o rro s iv e

to

mu c ou s

INFORMATION ON T O X I C I T Y
jiarm ful i f s w a l l o w e d by c o r r o s i v e a c t i o n .
Iteute O r a l L D 5 0 7 1 8 0 m g / k g ( R A T )
pauses s e v e r e d a m a g e t o s k i n .
H ydr oge n C h l o r i d e T L V / T W A 5ppm Max
0 . E. L .

In form ation

on

e co lo g ic al

e ffec ts

Not t e s t e d - C l o s e l y r e l a t e d p r o d u c t shown
l> ra c tic a lly N o n-To xic to F is h , P r a c t i c a l l y

F u rth er

to b e :—
N on-Toxic

to

B ird s.

in fo rm a tio n
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