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Abstract This paper presents an examination of the
timescale of phase transition behaviour of a series of
salts known to cause damage to wall paintings and
other cultural property. The rate of deliquescence and
crystallisation of single salts (nitromagnesite and ha-
lite) under different RH regimes, and the extent to
which this was affected when mixed with other salts
(niter, nitratite and gypsum), was investigated. The
study was conducted using simple conventional tech-
niques (mass measurements over time) and also using
an innovative new method: timelapse video imaging
with online data annotation. The results demonstrate
the synergy gained from combining video imaging with
environmental data in reference to time in the study of
salt phase changes: where it revealed new information
concerning the kinetics of deliquescence and crystalli-
sation. The implications of these results for the
implementation of environmental control measures
within historic buildings are discussed.
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Introduction

Soluble salts are a major cause of damage to wall
paintings and other porous materials, but their com-
plex behaviour remains insufficiently understood.
Among the variables that affect the nature of the
deterioration and the possibilities for passive envi-
ronmental control are the kinetics of phase changes
and the influence of salt mixtures on this behaviour.
Although there are phase diagrams to predict the
behaviour of mixed salt systems, there is a paucity of
information available on the kinetics of phase chan-
ges. By using time-lapse video imaging—to visibly
accelerate motion—it was possible to record these
dynamic processes in combination with thermohygro-
metric data to provide critical information for the
characterisation and potential control of these mech-
anisms. This study is the result of two complementary
research projects, the experimental parameters for the
salts set by Sawdy (1995) and those for the imaging by
Heritage (1995).

Wall paintings and architectural polychromy are
particularly susceptible to salt damage. This suscepti-
bility arises from their inherent fragility and location
at the interface between the external environment of
the building and he internal environment of the wall.
Thus the comparatively thin paint layers and their
immediate support are the primary site both of
evaporation and salt accumulation, and also moisture
sorption which in turn mobilises salts as aqueous ions
(see Fig. 1). Although this problem is extreme for wall
paintings it is also common, and of key importance,
for the preservation of a vast range of cultural prop-
erty. The damage caused by soluble salts is often so
severe that remedial measures are required, of which
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Fig. 1 a Monasterio de San Jerénimo, Granada. Interior view of
Church (Capilla del lateral Izquierdo del Crucero). b Monasterio
de San Jer6énimo, Granada. Detail showing salt damage to
stonework and wall paintings within church interior

the isolation of the supply of soluble salts to the ob-
ject is a desirable component. However, this is not
always achievable, nor will it necessarily ensure the
cessation of deterioration, since those soluble salts
that are already present may be activated by their
environment. Consequently, in the treatment of this
condition there are currently three principal ap-
proaches, the choice of which is primarily dependant
on the object’s material composition and condition,
and the salt type, phase (i.e. whether in solid or
aqueous solution), and distribution. These treatment
methods are: mechanical removal; aqueous extraction
typically by poulticing or rarely by electro-osmosis;
and conversion (in the case of sulfation, whereby
gypsum is converted to calcite and barium carbonate
using the so-called ‘barium method’) (Matteini 1991).
Current research into the potential use of crystallisa-
tion inhibitors is also underway, in the form of the EU
FP6 project ‘Saltcontrol’ (Prevention of salt damage
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to the built cultural heritage by the use of crystalli-
sation inhibitors (Saltcontrol) EU FP6 programme
priority 8.1B, 3.6, project number SSP1-CT-2003-
501571).

However, there are many problems associated with
these methods, particularly since salt deteriorated ob-
jects are typically very friable and do not readily lend
themselves to treatment, during the course of which
the risk of causing further mechanical damage is great.
Moreover, the use of water as an extraction medium
brings with it potential risks, such as the re-distribution
of salts and the activation of salt damage processes.
Another major problem facing the treatment of mon-
umental objects such as wall paintings, unlike smaller
objects where is may be possible to carry out treatment
via partial or total immersion, is that current treat-
ments are primarily efficient only at the object’s sur-
face, and may not produce any significant effect at
depth. In view of these problems, the obvious, and
most desirable, alternative to remedial treatment is
passive intervention as a preventative measure. To this
end, for interior wall paintings and architectural poly-
chromy, environmental control has been proposed as a
means to avoid salt damage by limiting the building
climate to ranges of relative humidity (RH%) and
ambient temperature (T °C) under which phase tran-
sitions do not take place (Arnold and Zehnder 1991).
The achievement of this stability requires the selection
and maintenance of a suitable environment, but
determining appropriate ranges for environmental
parameters is fraught with difficulties. Much valuable
work has been undertaken in recent years in the area
of ‘environment selection’, notable contributions being
the work of Price, Brimblecomb, Clegg and Steiger,
and the development of the ECOS programme (Price
and Brimblecombe 1994; Steiger 1994, 1996a, b, 2003;
Steiger et al. 2000; Price 2000; Sawdy and Price 2005).
However, such models relate to the ideal case of salt
behaviour in bulk solutions, and as such do not nec-
essarily overcome the problems associated with the
alteration of salt and moisture behaviour within porous
media, and the effects of salt mixture fractionation, and
solution supersaturation.

Nevertheless, assuming the appropriate thermohy-
grometic ranges can be identified, the question of
maintaining these conditions remains to be answered.
To control the microclimate to within a narrow range
may not be feasible in many cases, particularly in re-
spect to historic buildings. Significant and potentially
expensive alterations may be required to control the
environment: and this may not be considered desirable
given the building usage and/or the extent of altera-
tions required. It is therefore imperative to determine
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the level of control needed to have an appreciable
benefit. In this regard, knowledge of the kinetics of salt
phase transitions is clearly of crucial importance. The
rate at which a transformation takes place is an
important factor governing whether it will occur under
specific conditions. For instance, an object contami-
nated with sodium chloride may be considered at risk
of damage if the RH falls below 75%. However, were
the RH to drop to 70% for 30 min would damage take
place? Or is a significantly longer time (and/or a much
lower RH) needed—in which case the requirements
for environmental control are much less stringent. It is
clear then, that the timescale of salt phase transitions,
and the factors that may alter this timescale have to be
adequately determined in order to ensure that the level
of environmental control that is feasible within historic
buildings is in fact effective.

At present, the evidence from phenomenological
studies in situ regarding the rate of salt phase transi-
tions is somewhat conflicting: for example, the alter-
ation of efflorescences to an aqueous solution (and vice
versa) has been recorded as occurring on a seasonal
basis (Arnold and Zehnder 1991; Laue 1996), while
other observations show the occurrence of daily cycles
of crystallisation and hydration state change (Arnold
and Kiing 1985). Indeed, in laboratory experiments salt
deliquescence has been shown to take place well within
this time period (Piqué et al. 1992). This highlights a
particular problem hampering in situ studies: the
monitoring carried out is intermittent, and therefore
the perception of the rate of phase changes is depen-
dant on the time interval of observation, the level of
magnification possible on site, and whether the phase
transitions are occurring at an exposed surface. Events
of partial dissolution or crystallisation may therefore
go unnoticed.

Experimental

The aims of the study were to assess the kinetics of
crystallisation and deliquescence of a range of salts
known to cause damage to wall paintings and other
cultural property; and to determine the extent to
which this behaviour is moderated in the presence of
other salts. The principal experimental variables were
(a) RH, and (b) the composition of simple two-salt
mixtures. Other factors which could also exert an
influence on the rate of phase transitions, such as
temperature, air movement, and variation in salt sur-
face area (crystal size and morphology), and the type
of phase transition occurring (i.e. crystallisation or
hydration state change) were kept constant. Conse-
quently, the experiments were run at a constant
temperature of 20 + 3°C (maintained by means of air
conditioning in the laboratory), and the salt crystals
were sieved to obtain uniform crystal size. Moreover,
care was taken to choose salts that did not undergo
hydration state change under the experimental con-
ditions selected, in order to restrict the study to
transformations around a single phase boundary for
each salt.

The salts selected for the study—nitromagnesite
(Mg(NOs;),-6H,0), halite (NaCl), nitratite (NaNO3),
niter (KNO3) and gypsum (CaSO;2H,0O)—are repre-
sentative of those known to cause damage to wall
paintings, and cover a wide range of solubilities and
equilibrium relative humidities (RHeq). See Table 1
Gypsum was included in this study, although due to its
sparingly soluble nature it is not generally considered
to be a deliquescent salt. Nevertheless, given the in-
crease in gypsum solubility when in the presence of
other salts, and the extensive damage caused by this
salt, it was considered worthy of inclusion.

Table 1 Solubility and vapour pressure data of salts selected for study

Name Formula Solubility Solubility Water vapour pressure
(g/100 g solution) (moles/1 solution) over saturated solution
at 25°C? at 25°C at 25°C (RHeq)®

Nitromagnesite Mg(NOs3),-6H,O 42.5 2.87 52.9

Halite NaCl 26.43 4.52 75.3

Nitratite NaNO; 47.8 5.62 74.3

Niter KNO; 27.5 2.72 93.6

Gypsum CaS0O42H,0 0.208 1.29 x 107 99.96

Although the experiments were conducted at 20 + 3°C, the values presented here are for systems at 25°C, due to availability of
published data at this temperature. Nevertheless, despite this slight temperature difference, the values given are sufficiently repre-
sentative of the range of solubilities and RHeqs of the salts used under the experimental conditions

# From Linke 1958

® The data for gypsum is from Price and Brimblecombe 1994, all others from Arnold and Zehnder 1991
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Table 2 Salt combinations and experimental RH levels

Mixture composition

Primary salt (A) Secondary salt (B)

Mixture compositions

Experimental regime

Exposure RH (based on Salts undergoing

(A:B by weight) RHeq of salt A at 20°C) deliquescence
Nitromagnesite Halite (NaCl) RHeq-10% 45
(Mg(NOs3),-6H,0) Nitratite (NaNO3) A alone RHeq-5% 50
Niter (KNO3) 2:1 Rheq 55 A
Gypsum 4:1 RHeq + 5% 60 A
(CaS042H,0) RHeq + 10% 65 A
Halite (NaCl) Nitromagnesite RHeq-10% 66
(Mg(NO3),-6H,0) A alone RHeq-5% 71
Nitratite (NaNO3) 2:1 RHeq 76 A + nitratite
Niter (KNO3) 4:1 RHeq + 5% 81 A + nitratite
Gypsum RHeq + 10 % 86 A + nitratite
(CaS04-2H,0)

Methodology

The loss and uptake of moisture by salts and the
associated alterations in their appearance were first
monitored by mass measurements, and then subse-
quently using timelapse video imaging with online data
annotation. By these techniques, the kinetics of deli-
quescence and crystallisation of different salt mixture
combinations were observed with respect to time and
RH change.

Mass measurements: experimental conditions

To assess the influence of the difference between the
ambient RH and the RHeq of the salt, the following
RH regimes were selected:

RH = RHeg;

RH = RHeq + 5% RH;
RH = RHeq + 10% RH;
RH = Rheq-5% RH;
RH = Rheq-10% RH.

Given that niter and gypsum both have RHeq values
of over 90%, the experimental design was arranged to
follow the moisture sorption and desorption behaviour
of halite and nitromagnesite, with the other salts used
as secondary salts to combine with these.

Consequently, the rate of moisture adsorption (due
to deliquescence) and desorption (due to evaporation)
were monitored for the following salt combinations:

e Nitromagnesite (Mg(NOs3),-6H,0) + second salts
(halite; niter; gypsum);

e Halite (NaCl) + second salts (nitratite; niter; gyp-
sum).

Since the differential between the RHeqs for all of
these salt combinations apart from halite-nitratite is
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greater than 10% RH, it was possible to observe
the influence of the presence of a second salt with-
out interference due to its deliquescence. This could
then be compared to the behaviour of the individual
salts, and also to the instance of halite—nitratite
combinations where both salts are deliquescing (see
Table 2).

Deliquescence

The sample mass of the primary salts was kept con-
stant at 16 g, and the secondary salts added in either
of two combinations—1:2 and 1:4 (second-
ary:primary) by weight. The crystalline salts (previ-
ously stored at RH values well below their RHeq)
were sieved and weighed to correct proportions,
mixed and placed in non-porous glass supports of
identical shape and size. The samples were then
placed in an environmental chamber conditioned to
the correct RH and temperature relevant to each
experimental run.! Quantitative monitoring was
undertaken by recording the mass change of the salt
combinations (using a Sartorius toploader LC1200
balance sensitive to 0.001 g placed within the envi-
ronmental chamber) at 15 min intervals over a 2 h
period. By the end of the experiment all samples had
undergone some degree of deliquescence, but none
of the salts had completely dissolved.

! The RH within the climate chamber was controlled using a
micro climate technology (MCT) generator (model: 92MCG.
TC), and MCG Monitoring Software via a laptop. The climate
chamber had its own humidity sensor, however the RH and T
data recorded was acquired from a higher quality Vaisala
HMP233 transmitter.
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Crystallisation

The desorption experiments were conducted on satu-
rated salt solutions (i.e. in the case of the salt mixtures,
the solution was saturated with respect to both salts).
This was achieved by using the partially deliquesced
samples from the previous experiments, which had
been conditioned at RH > RHeq of the primary salt,
such that the samples had a continuous film of satu-
rated solution over the solid salts. In the case of the salt
mixtures, care was taken that neither of the salts
completely dissolved, so that the solutions remained
saturated with respect to both salts. The sample holder
size was kept constant, and thereby also the surface
area for evaporation. By the end of the experiment all
samples had undergone some degree of re-crystallisa-
tion, but none of the solutions had evaporated com-
pletely.

Timelapse experiments

Following the experiments described above, a further
series of adsorption and desorption experiments were
undertaken, this time qualitatively monitored using
timelapse video imaging with online data annotation.
During these timelapse experiments, the visual alter-
ation of the salts due to deliquescence and crystallisa-
tion was recorded together with the RH and
temperature conditions of exposure.” For the purposes
of the timelapse video recording, a four chamber
sample holder was constructed to allow simultaneous
monitoring of four different salt combinations, and
hence direct comparison between the behaviour of the
single salt, and that of the mixtures. The temperature
during these experiments was again maintained con-
stant, but was slightly higher (averaging around 23°C)
than previously by virtue of the laboratory air condi-
tioning. Following each experiment, the re-crystallised
salt mixtures were examined using polarising light
microscopy, to confirm the identity of the salt species
present.

Deliquescence and crystallisation cycles were re-
corded for:

2 While it would have been optimal to undertake the mass
measurement and timelapse experiments simultaneously, this
was not possible as the mass measurements necessitated the
movement of samples on and off the balance, hence precluding
the possibility for timelapse imaging. Moreover, the timelapse
experiments were able to provide different, but complimentary
information through the use of a four chamber sample holder,
which allowed simultaneous imaging of four different combina-
tions of salt, thus providing direct visual comparison between the
behaviour of each.

¢ Nitromagnesite (Mg(NO3),-6H,O) + second salts
(niter; halite; nitratite);

e Halite (NaCl) + second salts (niter; nitratite; gyp-
sum).

Deliquescence

The deliquescence experiments were undertaken
using dry crystalline salts. The sample preparation for
these experiments differed slightly from those of the
mass measurements study, in that the salt mixtures
were made up in equimolar proportions. Each salt
was sieved to a uniform grain size, and the mixtures
were ground gently in a pestle and mortar to ensure
even mixing. The same mass of each mixture (4 g)
was then placed in separate sample chambers, and
the surface smoothed. As a preliminary to the deli-
quescence experiments, the RH in the chamber was
initially set to just below the RHeq of the primary
salt (Rheq-5% RH). This was maintained for a
number of hours to determine whether any alteration
of the salt mixtures occurred. Following this, the RH
was then raised to levels above the RHeq of the
primary salt, and the deliquescence behaviour moni-
tored.

Crystallisation

Following the deliquescence of the salt mixtures (apart
from the halite—-gypsum combination, in which the
gypsum did not completely dissolve), the RH in the
chamber was then lowered to below the RHeq of the
primary salt, and the evaporation and crystallisation of
the salt solutions was monitored.

One of the principal advantages offered by the
timelapse experiments was that it was possible to re-
cord the behaviour of different salt combinations
simultaneously. Thus, while these experiments did not
exactly replicate the mass measurements experiments,
nevertheless, they provided very useful complimentary
information regarding the variation in behaviour of the
salt systems under study.

The timelapse video imaging system was developed
by Heritage for this study and other research, and is
described in Heritage 1995, 1999 and Rodriguez Nav-
arro and Doehne 1999. Two principal aims of the study
were to assess the potential of using time-lapse video
imaging to record dynamic processes in conservation,
and to superimpose data—numerical and text infor-
mation—on to video images in real-time to allow
process monitoring. This method of direct annotation
accomplished during the capture process is desirable
because it directly synchronises the image and data
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components, providing a crucial time reference’ (see
Figs. 2-4).

Results

The results of the experiments recorded using mass
measurements are summarised in Fig. 5-6.*

In general, it can be seen that all samples underwent
some degree of deliquescence and crystallisation dur-
ing the 2 h period, however, the extent to which this
took place was strongly dependent on the conditions of
exposure (RH), and also the salt mixture composition.
Once the deliquescence of one salt species commenced
(and so a solution was present), the rate of moisture
uptake and loss was seen to vary between the different
sample mixtures.

3 The time lapse system comprised of an Infinivar™ Video
Inspection Microscope attached to a Sony DX-930 video cam-
era. Build around a multitasking Apple Macintosh computer, the
system was required to automate procedures and fulfil the
technical requirement of obtaining images at time intervals and
mixing computer video with computer graphics. Thereby, adding
to the captured images the environmental and time data that was
simultaneously being received. Hardware included a Truevision
NuVista + framegrabber for digitisation and overlaying graphics
and video. Software for data acquisition, manipulation, and
presentation included the following: ZTerm (a communication
software for modems. It runs in the background and was used to
log data readings to file independently of LabVIEW); LabVIEW
for Macintosh (National Instruments) using VIs (Virtual
Instruments: these software-created modules can be assembled
to perform the same operations as physical instruments) for di-
rect processing of the data; O’Clock (to provide an analogue
clock face). Software for macro programming: Quickeys. Soft-
ware for VCR and digital capture control: Video Online; An-
imaq. The Sony UVW-1800 Betacam edit/recorder was a
compromise at the time in lieu of an affordable, practical digital
solution. Nonetheless, together with the animation controller
board it was capable of sequential recording of single or multiple
frames, and frame-accurate retrieval and editing. The Sony
UVW-1800 was computer-controlled via an RS-422 9-pin inter-
face by the DiaQuest DQ-Animaq edit controller board and
software. The NuVista + board handled all video imaging as-
pects, while LabVIEW’s role was to run in the background,
updating data in real-time or at regulated intervals on to a
computer graphics display. Precise live video overlay with com-
puter graphics is only possible using genlock circuitry. Therefore
the camera, VIR controller, frame buffer card, transcoder, VIR,
and monitors need to be driven (or regulated) from a single
source of sync.

4 During the mass measurement experiments it was found that
while the rate of moisture uptake and loss of the samples differed
dependent on the salt mixture composition, nevertheless, this
rate did not vary throughout the course of the 2 h monitoring
period (i.e. all plots of adsorption and desorption over time were
linear). Consequently, the results of these experiments are pre-
sented here in terms of the total moisture exchange that took
place over 2 h.
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Deliquescence

It is clear that the presence of a second salt affected the
rate of deliquescence, though the relative humidity at
which the primary salt began to deliquesce did not
appear to be altered.”

This observation can be explained as the result of a
combined deliquescence—dissolution process: the deli-
quescence of one salt providing an aqueous solution
into which the other can then dissolve. While the
presence of two salts sharing a common ion may
experience a mutual decrease in solubility, neverthe-
less, the overall ionic concentration of the resulting
solution is increased. Since the reduction of the solu-
tion vapour pressure below that of pure water is a
colligative property dependent on the number of salt
ions present, it therefore follows that higher ion con-
centrations lower the vapour pressure of the solution to
a greater extent. The magnitude of this effect can be
predicted using the ECOS programme, but was dem-
onstrated empirically during this study by measuring
the RH over the saturated mixed salt solutions (satu-
rated with respect to both salts), all of which had a
lower vapour pressure than the RHeq of the compo-
nent salts—some more so than others (see Table 3).
Consequently, the difference between the ambient RH
and the solution RHeq was greater for the mixed salt
solutions than for the single salts. The experimental
results indicate that this increase in RH interval had a
marked influence on the rate of deliquescence, causing
a corresponding rise in the rate of moisture uptake by
the salt mixture.

5 The results for the behaviour of the salts at the RHeq of the
primary salt (see Figs. 5, 6) do indicate that some degree of
adsorption takes place. However, the accuracy of RH control
within the chamber was +2.5% RH, and so this slight degree of
moisture uptake could be attributed to temporary and slight
fluctuations of RH above the RHeq, and therefore cannot be
conclusively attributed to deliquescence behaviour below the
RHeq. Indeed, it is important to note that in the case of the salt
mixtures here described, once deliquescence has started the
mixed salt solution formed will have a lower RHeq than that of
the pure salt. Consequently, moisture uptake may proceed even
if the RH once again falls below the RHeq of the single salt. As a
preliminary to the timelapse experiments, the salt mixtures were
held at RH values close to, but slightly below the RHeq of the
primary salt (RHeq—5% RH). For the nitromagnesite mixtures,
some slight degree of moisture deliquescence was observed for
the nitromagnesite-halite combination after a period of about
three and half hours. However, again, this might have been to
temporary RH fluctuations above the RHeq of nitromagnesite.
For the halite mixtures, no apparent deliquescence was observed.
Consequently, the evidence indicates that deliquescence com-
mences only when the RHeq of the primary salt is ex-
ceeded—albeit temporarily.
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Fig. 2 Equipment set-up for monitoring salt moisture sorption
by mass measurements. Detail showing environmental chamber
(with controlled RH air supply), mass balance and salt samples

Fig. 4 Detail of Fig. 3 showing four chambered sample holder,
environmental monitoring sensors (RH and temperature), and
microscope

Crystallisation

It appeared from the experimental results that in
comparison to single salt solutions, those formed by the
salt mixtures had a reduced rate of moisture loss.
Again, this may be explained by the reduction in
solution vapour pressure due to the presence of addi-
tional salts. Consequently, under the conditions for
evaporation, the interval between the ambient RH and
the solution vapour pressure is reduced, and as such
the rate of moisture loss is less.

The degree to which additional salts affect the rate
of moisture sorption and desorption is thus clearly re-
lated to the RHeq of the mixed salt solution. Indeed,
on closer inspection of the results given in Fig. 5, it can
be seen that the rate of moisture uptake and loss of
nitromagnesite is most strongly affected by the pres-
ence of halite, but that the presence of niter and ni-
tratite produce a much smaller effect. This reflects the
degree to which the RHeq is reduced by the presence
of these salts: halite-nitromagnesite mixture having a
RHeq of around 35% RH, in comparison to the ni-
tromagnesite—niter and nitromagnesite—nitratite com-
binations which both have a RHeq of about 52%RH.
A similar pattern of behaviour can be observed for the
halite (see Fig. 6), such that the rate of moisture up-
take and loss is most strongly affected by the presence
of nitratite (RHeq halite-nitratite = 67% RH), fol-
lowed by niter (RHeq halite-niter = 6§% RH), while
almost no effect is observed for the presence of gypsum
(RHeq halite-gypsum = 75% RH) (see Table 3).

Timelapse video imaging

The benefits afforded by imaging multiple samples
mixtures simultaneously allowing comparative visual
interpretation are evident. The recordings made using
the timelapse video imaging system proved extremely
informative: clarifying the order in which the phase
transitions of the four sample mixtures progressed, and
also providing a dramatic visualisation of their relative
rates of deliquescence/dissolution and crystallisation.
This technique was therefore both illustrative and
illuminating, since it was possible, for example, to
determine the actual onset and rate of crystallisation
(see Figs. 7-10).

For the nitromagnesite combinations, it was ob-
served that the deliquescence of the nitromagnesite—
halite commenced first, while the other mixtures all
started to deliquesce at about the same time, some 10 h
later. Conversely during the desorption experiment,
nitromagnesite was the first salt of this series to start to
re-crystallise (after approximately 1 h at RH < RHeq
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Rate of moisture exchange of mixtures of nitromagnesite and a second salt on a non porous support with

respectto RH
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Fig. 5 Moisture sorption of nitromagnesite with and without additional salts
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Table 3 RHeq (measured

and calculated) for solutions
saturated with respect to two
salts in comparison to single

Solid salts present RHeq measured

at 20°C (%RH)

RHeq at 20°C
calculated using
ECOS (%RH)

Reduction in vapour

pressure due to presence of
second salt (%RH) calculated
using ECOS values

salts

Halite 75 75

Halite + gypsum 77 75 0
Halite + niter 70 68 7
Halite + nitratite 68 67 8
Nitromagnesite 55 56

Nitromagnesite + nitratite 52 52 4
Nitromagnesite + niter 52 53 3
Nitromagnesite + halite 34 35 21

A)

Salt moisture sorplion on non-porous support : cycle 1

C)

Fig. 7 Timelapse video recordings of moisture uptake by
nitromagnesite (with and without additional salts). a At start of
experiment, b after 30 min exposure above the RHeq of
nitromagnesite at 60 + 2% RH (7 h from the beginning of the
experiment): the nitromagnesite-halite sample has begun to
show signs of moisture uptake, ¢ after 13 h exposure at
RH > RHeq of nitromagnesite: dissolution of the nitromagne-
site—halite sample is well progressed, that of the nitromagnesite—
nitratite has commenced, while the other samples are only just

For the halite combinations, the deliquescence of
the halite-nitratite and halite—niter mixtures starts at
about the same time (after approximately seven and a
half hours of exposure at RH > RHeq), well ahead
of halite and the halite—gypsum mixture (some 10 h

beginning to deliquesce, d after fourteen and a half hours
exposure at RH > RHeq of nitromagnesite: solution is visible in
all four samples. It can be seen in this video series that the
deliquescence and dissolution of the nitromagnesite-halite
mixture takes place much more rapidly than the other samples.
The sequence in which solution formation is observed is as
follows: I nitromagnesite-halite, 2 nitromagnesite—nitratite, 3
nitromagnesite—niter and 4 nitromagnesite

later). The reverse sequence is then observed during
the evaporation experiment, during which halite and
the halite—gypsum mixture are the first to show signs of
crystallisation (after five and a half hours at
RH < RHeq halite), followed by the halite-niter
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A) Sait moisture desorption on non porous support: cycle 1

B) Salt moisture desorption on non porous support: cycle 1

Fig. 8 Timelapse video recordings of evaporation by nitromag-
nesite solutions (with and without additional salts). a After 45
min exposure at RH < RHeq of nitromagnesite: sample has
started to crystallise, b after 2 h and 15 min at RH < RHeq of
nitromagnesite: the nitromagnesite—nitratite sample has started
to crystallise, ¢ after 3 h and 15 min at RH < RHeq of
nitromagnesite: crystallisation has commenced in all samples

combination (at 7 h), and finally the halite-nitratite
mixture (at 9 h).

Conclusions

The results of this study demonstrate that the compo-
sition of a salt mixture has a significant effect on the
kinetics of the deliquescence and crystallisation
behaviour of its components. This is most likely due to
the lower vapour pressure of a mixed salt solution, in
comparison to that of single salts. The most salient
consequences of these observations were:

e in general the rate of deliquescence/dissolution of
the salt mixtures increased;

e deliquescence only began when the RH was above
the lowest individual RHeq of the salts in the
mixture;

@ Springer

except the nitromagnesite-halite, d after four and a half hours at
RH < RHeq of nitromagnesite: the nitromagnesite—halite sam-
ple still shows no sign of crystallisation. In this video series it can
be seen that the sequence of crystallisation for the samples is the
reverse of their dissolution: I nitromagnesite, 2 nitromagnesite—
niter, 3 nitromagnesite—nitratite (nitromagnesite-halite remains
in solution)

e the rate of evaporation from mixed salt solutions
was reduced, thus delaying the onset of crystallisa-
tion.

The implication of these results for the deterioration
of wall paintings and other cultural property affected
by soluble salts is that generally, the presence of
additional salts promotes the formation of an aqueous
solution. This effect is achieved both thermodynami-
cally (the lower vapour pressure of the mixed salt
solution thus extending the range of RH under which
the salts are in the aqueous phase) and also kinetically
(by increasing the rate at which moisture sorption
takes place, and reducing the rate of moisture
desorption). Consequently, when more than one salt is
present (as is most typically the case) and the climate
fluctuates around the RHeqgs of the individual salts
present; it is more likely that the salts will form a
saline solution than if only one salt were present. For



Environ Geol (2007) 52:303-315

313

A) Salt moisture sorpti

on non p PP

pport: cycle 2

Fig. 9 Timelapse video recordings of moisture uptake by halite
(with and without additional salts). a At the start of the
experiment, b after 9 h at RH > RHeq of halite (fourteen and
a half hours from the beginning of the experiment): the halite—
nitratite and halite-niter samples have started to deliquesce, ¢
after 17 h at RH > RHeq of halite: the halite sample is just

crystalline salt mixtures, deliquescence may occur
rapidly if the RH rises temporarily above the lowest
RHeq of the salts present. However, should the RH
subsequently fall to a similar degree below the RHeq
for an equivalent time period, a reciprocal crystallisa-
tion may not necessarily result.

The influence of the degree of RH change was
particularly notable: the results indicate that short but
large swings in RH can have a greater impact than
longer but smaller RH shifts. In particular, a 10% RH
alteration from the RHeq was seen to produce phase
transitions within hours.

These experiments were conducted on nonporous
supports, however it is certain that the porous support
itself will also exert a significant effect on salt phase
transition behaviour. Indeed, recent NMR studies have
demonstrated that salt solution solubility is potentially
strongly affected by pore size: such that within micro-
porous regions, the solubility of sodium carbonate

B) Salt moisture sorption on non porous support: cycle 2

beginning to appear damp, d after 44 h at RH > RHeq of halite:
aqueous solution is visible in all four samples. In this video series
the sequence in which solution formation is observed is as
follows: I halite—nitratite, 2 halite-niter, 3 halite—gypsum and
halite

solutions is enhanced (Rijniers 2004). This, combined
with the incidence of capillary condensation, infers that
the promotion of salt solution formation observed
during the current study is likely to be further en-
hanced within porous media. Furthermore, other re-
search has demonstrated the role of the porous support
and other factors including temperature and air
movement as significant factors in determining the rate
of moisture sorption by salts (Sawdy 2003).

In general, therefore, it can be surmised that in a
northern European context, if environmental control is
to be implemented, given the normal ambient condi-
tions in historic buildings (i.e. there are periods when
the RH rises to levels greater than 70%) and the types
of salts typically found, it may be somewhat more
feasible to maintain the salts as an aqueous solution
than in their crystalline state. This however has clear
implications should the object suffer from other types
of moisture-related damage such as biodeterioration.
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A) Salt moisture desorption on non porous support: cycle 2

Fig. 10 Timelapse video recordings of evaporation by halite
solutions (with and without additional salts). a After 7 h at
RH < RHeq of halite: the halite—-gypsum and halite samples
have started to recrystallise, b after 9 h at RH < RHeq of halite:
crystallisation is beginning to commence in the halite-niter and

Moreover, the results of this study suggest that
salt phase transitions are capable of occurring within
extremely short time periods, and are therefore likely
to be affected by diurnal fluctuations in RH, especially
when more than one salt type is present. However,
should high RH conditions be permissible, the forma-
tion of an aqueous solution of the salts present may
reduce the possible incidence of damage associated
with their transitions, as crystallisation is less likely to
occur in a mixed salt solution than in a single salt
solution should the RH temporarily fall below the
RHeq for a given time period.

This study explored the potential contribution of
timelapse video recording with on-line data annotation
for the study of salt behaviour in relation to environ-
mental conditions, the results of which were highly
rewarding in revealing information relating to the se-
quence, timescale and nature of salt phase transitions.
The value and complexity of phenomenological studies

@ Springer

B) Salt moisture desorption on non porous support: cycle 2

halite—nitratite samples, ¢ after 12 h and 40 min at RH < RHeq
of halite, d after 19 h at RH < RHeq of halite. The sequence of
crystallisation observed is as follows: 1 halite—gypsum and halite
2 halite-niter, 3 halite-nitratite

of salt deterioration in situ have already been demon-
strated, however, site investigations are typically
hampered by the intermittent nature of observations.

The advantages afforded by scientific visualisation
are only beginning to be realised in the field of con-
servation (Heritage 2000). Timelapse video recording
should provide an extremely valuable tool for recording
new information on the dynamics and manner of salt
deterioration that have not previously been observed.
The work carried out during this study was a pre-
liminary, but necessary, step towards wide-ranging
applications in the laboratory and with the eventual goal
of in situ remote time-lapse monitoring.

Acknowledgments This work was undertaken at, and finan-
cially supported by, the Getty Conservation Institute (GCI).
Specific thanks to those at the GCI are due to Marta de la Torre
(former Program Director, Training), Dr. Eric Doehne, Jim
Druzik, Shin Maekawa, Michael Schilling and Herant Khanjian.
Moreover, a great debt of gratitude is owed to Sharon Cather



Environ Geol (2007) 52:303-315

315

(Conservation of Wall Painting Department, Courtauld Institute
of Art) who supervised this project, for her detailed and useful
comments on all aspects of this work. Finally, grateful
acknowledgement must be made of the perceptive observations
and invaluable guidance generously given by Dr. Christine
Bldauer Bohm and Dr. David Saunders.

References

Arnold A, Kiing A (1985) Crystallisation habits of salt efflores-
cences on walls I: methods of investigation and habits. In:
Félix G (ed) 5th international congress on deterioration and
conservation of stone, I. Presses polytechniques romandes,
Lausanne, pp 255-267

Arnold A, Zehnder K (1991) Monitoring wall paintings affected
by soluble salts. In: Cather S (ed) The conservation of wall
paintings. The Getty Conservation Institute, Los Angeles,
pp 103-136

Heritage A (1995) Imaging dynamic processes in conservation:
time-lapse video microscopy with on-line data acquisition
and direct image annotation. MA thesis, Conservation of
wall painting department, Courtauld Institute of Art,
University of London

Heritage A (1999) Imaging dynamic processes in conservation: on-
line data acquisition and direct image annotation. In: ART
‘99: 6th international conference on non-destructive testing
and microanalysis for the diagnostics and conservation of the
cultural and environmental heritage. AIPnD, Rome, pp 17-20

Heritage A (2000) Documentation in the fourth dimension. In:
Schmidt W (ed) GraDoc graphic documentation systems in
mural painting conservation, Research Seminar, Rome, 16—
20 November 1999. ICCROM, Rome, pp 75-81

Laue S (1996) Climate controlled behaviour of soluble salts in
the crypt of St. Maria im Kapitol, Cologne. In: Preservation
and restoration of cultural heritage: proceedings of the 1995
LCP Congress, Montreux, 24-29 September 1995. Labora-
toire de conservation de la Pierre, Lausanne, pp 447-454

Linke WF (1958) Solubilities of inorganic and metal organic
compounds; a compilation of solubility data from the
periodical literature. Washington DC

Matteini M (1991) In Review : An assessment of Florentine
methods of wall painting conservation based on the use of
mineral treatments. In: Cather S (ed) The conservation of
wall paintings. The Getty Conservation Institute, Los
Angeles, pp 137-148

Piqué F, Dei L, Ferroni E (1992) Physicochemical aspects of the
deliquescence of calcium nitrate and its implications for wall
painting conservation. Stud Conserv 37(1992):217-227

Price CA (2000) An expert chemical model for determining the
environmental conditions needed to prevent salt damage in

porous materials. European Research Report 11 (Technol-
ogies to Protect and Rehabilitate European Cultural Her-
itage), Archetype, London

Price C, and Brimblecombe P (1994) Preventing salt damage in
porous materials. In: Roy A, Smith P (eds) Preventive
conservation: practice, theory & research. The International
Institute for Conservation of Historic and Artistic Works,
London, pp 90-93.

Rijniers LA (2004) Salt crystallization in porous materials: an
NMR study. PhD, Technische Universiteit Eindhoven,
Netherlands (in English)

Rodriguez Navarro C, Doehne E (1999) Time-lapse video and
ESEM microscopy: Integrated tools for understanding
processes in-situ. Am Lab 31:28-35

Sawdy A (1995) The kinetics of the deliquescence and crystal-
lisation of soluble salts. M Sc thesis, conservation of wall
painting department, Courtauld Institute of Art, University
of London.

Sawdy A (2003) The role of environmental control for reducing
the rate of salt damage in wall paintings. In: Gowing R,
Heritage A (eds) Conserving the painted past: developing
approaches to wall painting conservation. James and James,
London, pp 95-109

Sawdy A, Price C (2005) Salt damage at Cleeve. Abbey, England
Part I: a comparison of theoretical predictions and practical
observations. J Cult Herit 6:125-135

Steiger M (1994) Crystallisation properties of mixed salt systems
containing chloride and nitrate. In Preprints of the EC
workshop: Research on the Conservation of Brick-masonry
Monuments. Leuven, Belgium, pp 9

Steiger M (1996a) Crystallisation properties of salt mixtures:
comparison of experimental results and model calculations.
In: Riederer J (ed) Proceedings of the 8th International
Congress on the Conservation and Deterioration of Stone.
Moller Druck und Verlag GmbH, Berlin, 1996, pp 535-544

Steiger M (1996b) Distribution of salt mixtures in a sandstone
monument: sources, transport and crystallization properties.
In: Zezza F (ed) Origin mechanisms and effects of salts on
degradation of monuments in marine and continental
environments. Technomac, Bari, pp 241-246

Steiger M (2003) Thermodynamische Eigenschaften von Salzg-
emischen. In: Leitner H, Laue S, Siedel H, (eds), Mau-
ersalze und Architeckturoberflichen. Dresden, pp 25-35

Steiger M et al (2000) Data compilation and Experimental
Determinations. In: Price CA (ed) An expert chemical model
for determining the environmental conditions needed to
prevent salt damage in porous materials. European Research
Report 11 (Technologies to Protect and Rehabilitate Euro-
pean Cultural Heritage). Archetype, London, pp 1944

@ Springer



	Evaluating the influence of mixture composition on the kinetics of salt damage in wall paintings using time lapse video imaging with direct data annotation
	Abstract
	Introduction
	Experimental
	Methodology
	Mass measurements: experimental conditions
	Deliquescence
	Crystallisation
	Timelapse experiments
	Deliquescence
	Crystallisation

	Results
	Deliquescence
	Crystallisation
	Timelapse video imaging

	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


