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PREFACE

Over the last few decades, many observations of the impact of airborne pollutants on materials in museums
and laboratories have provided a better understanding of potential interactions and their kinetics. At the same
time, the risk management field has developed new approaches for evaluating risk. The combination of these
two sciences has provided valuable tools for preservation assessment and for the development of pragmatic
strategies and policies to counter pollution in the context of museums, galleries, and archives. These tools can
be used by museum directors, building and collection managers, conservation professionals, material scientists,
exhibit designers, HVAC engineers, indoor air consultants, and architects to help them make decisions
regarding the preservation of collections.

The goals of this book are to:
. define key airborne pollutants for indoor museum environments
. supply tools based on the exposure-effect relationship to assess the risk to collections exposed to pollutants
. establish guidelines for control strategies that give flexible, pragmatic solutions
. offer guidelines for assessing the degree of protection of collections
. provide a basic tool for cost-benefit analysis that fulfils the principles and the policy of the museum
. propose an investigative approach for evaluating the degree of preservation of collections in terms of the

aggressiveness of pollutants and for identifying causes of damage

Even though the effect of pollutants on some materials remains equivocal and the effectiveness of some
control strategies is not fully known, this book provides a basis for making judgments about a situation
and better cost-benefit decisions.

This book does not cover the effects of pollutants on human health and on outdoor cultural property, the effects
of non-airborne pollutants (such as pollutants transferred from one material to another at a contact point), or the
degradation of objects through their own internal pollutants.

Jean Tetreault
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KEY AIRBORNE POLLUTANTS 1
Many airborne pollutants*' cause adverse effects
on collections in an indoor environment. These

pollutants have been arranged into eight distinct
chemical groups; particles (dust) form a ninth
group. Table 1 shows the sources and effects of these
different groups of pollutants on objects. Pollutants
originate both from outside and inside a building.
Indoors, pollutants are typically from products,
indoor activities (such as cleaning), visitors, and
even objects in the collection. Outdoors, pollutants
are mainly related to human activities such as
industrial processes and vehicular traffic. Table 2
shows the effects of pollutants on objects in an indoor
environment or in model experimental conditions.
Different objects are susceptible to different airborne
pollutants and deteriorate at varying rates depending
on the parameters involved. In some cases, damage is
caused by more than one pollutant. For example, the
analysis of corrosion compounds on a metal often
confirms the presence of more than one pollutant.

From a management point of view, airborne
pollutants (most of which are listed in Table 1)
can rarely be controlled and monitored individually.
Doing so would require far too much time and too
many resources. One way to narrow down the
number of pollutants is to use the 80-20 Rule
(Pareto's principle*) whereby 80% of pollutants can
be controlled in museums by controlling the 20% of
pollutants known to be the most significant. Based on
this principle, seven pollutants have been designated
as key pollutants for museums. The remaining
airborne pollutants do not require the same close
level of control because their sources, reactivities,

and permissible concentrations are equal to or
less than those of the key pollutants of the same
chemical group. Consideration of a limited number
of pollutants also simplifies the risk assessment of
the adverse effects of pollutants on the collection.
The seven key airborne pollutants - acetic acid,
hydrogen sulphide, nitrogen dioxide, ozone,
fine particles, sulphur dioxide, and water
vapour - are described below.

In this book, the level or concentration of pollutants
is expressed in ̂ g m . For information on the
conversion of concentration units, consult Box 1.

1. All terms marked with an asterisk are defined in the Glossary.

BOX 1. CONCENTRATION UNITS

The terms "level" and "concentration" are used as

synonyms in this book, although the term "level'
can also be used in a more general sense, e. g. the level
of protection or the level of risk. In risk assessment,
the level is normalized and has the same meaning
as concentration.

Two different units can be used to quantify the
concentration of most airborne pollutants:
. parts per billion (ppb or ppbv) is a measure of

the volume fraction of pollutants in the ambient air;
1 ppb means there is 1 pollutant molecule present in a
group of 1 billion air molecules (equivalent to 1 x 10-!))

. micrograms per cubic metre (jUg m~3) represents
the quantity of a pollutant per unit volume

The two units are related in the following way
(21°C and atmospheric pressure of 101. 3 kPa):

ppb = i.ig m-3 x 24.04 - (molecular weight)

For example, to convert 2.5 ,ug m~3 acetic acid into ppb,
multiply 2.5 by 24.04 (the molar volume of a perfect gas)
and divide by 60. 05 g/mol (the molecular weight of
acetic add). The result is 1 ppb (or 0.0000001%).

As a general mle of thumb, for most pollutants 1 ppb is
equivalent to 2 ^(g m-3. The exact conversions for some
key pollutants are provided below.

Key pollutants Conversion factor

Acetic add

Hydrogen sulphide

Nitrogen dioxide
Ozone

Particles-1 FM^g

Sulphur dioxide

Water vapour1'

1 ppb = 2.50 ittg m-3

1 ppb = 1.42 ̂ g m-3

lppb=1.91 ̂ gm-3
1 ppb = 2. 00 fig m-3

1 ppb = 2.67 ̂ g m-3

1 ppb = 0.75 jug m-3

a: The concentration of particles cannot easily be
converted to ppb due to the different molecular
weights of the fine particles.

b: The level of water is usually reported in
relative humidity (RH) as a percentage.

A program to convert concentration
units can be found on the Internet

<iaq. dk / papers/conc_calc. htm> (Ryhl-Svendsen 2001).

K£Y AIRBORNE POLLUTANTS



AIRBORNE POLLUTANTS IN MUSEUMS, GALLERIES, AND ARCHIVES

TABLE 1. SOURCES OF AIRBORNE POLLUTANTS

Airborne pollutants Indoor and outdoor sources3

Amines (RNR)b

Aldehydes (RCOH)
and carboxylic acids
(RCOOH)

Nitrogen oxide
compounds (NOx)

Oxidized sulphur
gases* (SOx or S+)

Oxygen (Oz) and
ozone(Os)

Particles
(fine and coarse)

Peroxides (ROOR)

Reduced sulphur
gases* (S-)

Water vapour (H20)

Ammonia (NHs): alkaline-type silicone sealants, concrete, emulsion adhesives and paints, household
cleaning products, visitors, animal excrement, fertilizer and inorganic process industries, underground
bacterial activities.

Cyclohexylamine (CHA), diethylamino ethanol (DEAE), and octadecylamine (ODA): corrosion irihibitor
in humidification systems, some vapour corrosion inhibitors.
Aliphatic amines: epoxy adhesives.

Aldehydes: Acetaldehyde (CHsHCO): some poly(vinyl acetate) adhesives, wood products.
Formaldehyde (CH20): carpet finishing components, fungicide in emulsion paints, fabric-finishing
components, gas ovens and gas burners, natural history wet collections, ozone-generating air purifiers,
urea formaldehyde-based adhesive products, tobacco smoke, vehicle exhaust, other combustion.
Carboxylic acids: Acetic acid (CH3COOH): add-type silicone sealants, degradation of organic materials (general)
and objects such as cellulose acetate-based objects (vinegar syndrome) and wood products, many emulsion
paints, Qooring adhesives, human metabolism, linoleum, microbiological contamination of air-conditioning
filters, oil-based paints, photographic developing products, some "green" type cleaning solutions.
Formic acid (HCOOH): degradation of organic materials (general), oil-based paints, wood products.
Fatty acids* (RCOOH): burning candles, cooking, flooring adhesives, human metabolism, linoleum,
lubricant in HVAC systems, microbiological activities from air-conditioning or on objects, objects made
of animal parts (including skins, furs, taxidermy specimens, insect collections), oil-based paints, papers,
skins, paper and wood products, vehicle exhaust.

Nitric oxide (NO): agricultural fertilizers, fuel combustion from vehicle exhaust and thermal power plants,
gas heaters, lightning, photochemical smog.
Nitrogen dioxide (NOz): degradation of cellulose nitrate and same sources as for NO but mainly from
oxidation of NO in the atmosphere.
Nitric acid (HNOa) and nitrous acid (HNOi): oxidation of N02 in the atmosphere or on a material's surface,
possibly the degradation of cellulose nitrate.
Sulphur dioxide (SOz): degradation of sulphur-containing materials and objects such as proteinaceous fibres,
pure pyrite or mineral specimens containing pyrite sulphur dyes, sulphur vulcanized rubbers, petroleum
refineries, pulp-and-paper industries, combustion of sulphur-containmg fossil fuels.
Sulphuric acid (H2S04>: oxidation of 502 in the atmosphere or on a material's surface.
Oxygen: 21% of the atmosphere.
Ozone: electronic arcing, electronic air cleaners, electrostatic filtered systems, insect electrocuters,
laser printers, photocopy machines, UV light sources, lightning, photochemical smog.
General: aerosol humidifier, burning candles, concrete, cooking, laser printers, renovations, spray cans,
shedding from clothing, carpets, packing crates, etc. (due to abrasion, vibration, or wear), industrial
activities, outdoor building construction, ozone-generating air purifiers, soil.
Ammonium salts: ammonium sulphate and nitrate: reaction of ammonia with S02 or NOz in indoor
or outdoor environments or on solid surfaces.

Biological and organic compounds: micro-organisms, degradation of materials and objects, visitor and
animal danders, construction activities.
Chlorides: sea salt aerosol, fossil combustion.

Soot (organic carbon): burning candles, fires, coal combustion, vehicle exhaust.

Hydrogen peroxide (HOOH): degradation of organic materials such as rubber floor tiles, wood products,
micro-organism activities, oil-based paints.
Feroxyacetyl nitrate (PAN): automobile exhaust particularly from alcohol-based faiels, photochemical smog.

Carbon disulphide (CS2): polysulphide-based sealants, fungal growth, rotting organic matter in the oceans,
soils, and marshes.

Carbonyl sulphide (OCS): degradation of wool, coal combustion, coastal ocean, soils, and wetlands,
oxidation of carbonyl disulphide.
Hydrogen sulphide (HzS): arc-welding activities, mineral specimens containing pyrite, sulphate-reducing
bacteria in impregnated objects excavated from waterlogged site, visitors, fuel and coal combustion,
marshes, ocean, petroleum and pulp industries (kraft process), vehicle exhaust, volcanoes.
Visitors, water-based paints and adhesives, wet cleaning activities/ outdoor environment.

a: Refer to Appendix 1 for quantified data and references.
b: Expressions in parentheses are either the chemical symbol or a common acronym. R represents either a hydrogen bond (H)

or a radical such as CH3(CHz)x (or even more complex).

KEY AIRBORNE POLLUTANTS



AIRBORNE POLLUTANTS IN MUSEUMS, GALLERIES, AND ARCHIVES

TABLE 2. ADVERSE EFFECTS OF AIRBORNE POLLUTANTS

Airborne pollutants Effects on materials'1

Amines

Aldehydes and
carboxylic acids

Nib-ogen oxide
compounds

Oxidized sulphur
gases*

Oxygen and ozone

Particles

Peroxides

Reduced sulphur
gases*

Water vapour

Ammonia: blemishes on ebonite, corrosion of metal by an ammonium salt, efflorescence
on cellulose nitrate. If combined with sulphate or nitrate compounds, it can form a white
deposit on the surface of objects.
Other amines: thought to be responsible for the blemishes on paintings, corrosion
of bronze, copper, and silver.

Acetaldehyde and formaldehyde: possible oxidation of the aldehyde to carboxylic acids
in high RH and/or in presence of strong oxidants.
Acetic and formic acids: corrosion of copper alloys, cadmium, lead, magnesium, and
zinc, efflorescence on calcareous materials such as seashells, corals, limestones, and
rich calcium-based fossils, efflorescence on rich soda glass objects, lowering of the
degree of polymerization of cellulose.
Fatty acids: blemishes on paintings, corrosion of bronze, cadmium, and lead, ghost
images on glass, yellowing of papers and photographic documents.

Corrosion of copper-rich silver, deterioration of leather and paper, fading of some
artists' colorants.

Acidification of paper, corrosion of copper, fading of some artists' colorants,
weakening of leather.

Oxygen with (UV, visible) radiation: brittleness and cracking of organic objects,
fading of colorants.
Ozone: fading of some artists' colorants, dyes, and pigments, oxidation of organic
objects with conjugated double bonds such as rubber, oxidation of volatile compounds
into aldehydes and carboxylic acids.

General: abrasion of surfaces (critical for magnetic media), discoloration of objects
(especially critical for those with surfaces with interstices that entrap dust, e. g. with
pores, cracks, or often micro-irregularities), may initiate or increase corrosion processes
due to their hygroscopic nature, or may initiate catalysis forming reactive gases.
Ammonium salts: corrosion of copper, nickel, silver, and zinc, blemishes on furniture
varnished with natural resins and on ebonite.

Chlorine compounds: increase of rate of metal corrosion.
Soot: discoloration of porous surfaces (painting, frescoes, statues, books, textiles, etc. ),
increase of rate of metal corrosion.

Discoloradon of photographic prints, fading of some artists' colorants, oxidation
of organic objects and pollutant gases.

Corrosion of bronze, copper, and silver, darkening of lead white pigment, discoloration
of silver photographic images.

Hydrolysis reaction on organic objects such as cellulose acetate- and nitrate-based objects,
some dyes in colour photographs, polyurethane-based magnetic tape or polyurethane
foam/ photographic gelatine, many type of papers/ natural varnishes, flexible (plasticized)
PVC. It also increases the rate of other deterioration such as corrosion of metals,
efflorescence on calcium-based materials, and photo-oxidadon of artists' colorants.

a: Refer to Appendix 2 for quantified data and references.
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ACETIC ACID

Acetic acid vapour is a common and reactive
indoor-generated pollutant often classified in the
chemical group of carbonyls*. It can be released
by various products, such as paints, varnishes,
poly(vinyl acetate) adhesives/ acid-cured silicone,
wood products (especially oak and cedar), and
some cleaning products. Acetic acid (CH3COOH) can
even be released by some organic objects . Many lead
objects have been damaged when displayed or stored
in an enclosure* in the presence of products emitting
acetic acid, such as wood products and paints. Visible
corrosion on lead can happen in a new display case
made of products that emit acetic acid after only
1-3 months of exposure. An example is shown in
Figure 1. White powder on the lead coin was caused
by acetic acid released by an oak display case. In
extreme cases, lead objects can be completely
destroyed after a few years, leaving only a white
powder. Lead is commonly found as seals on historic
documents, small figurines, medals, coins, bullets,
modern sculptures, part of composite objects, solder
in metal objects, and in metal alloys. In some cases,
bronze objects have also deteriorated due to acetic

Figure 1. Corroded lead medals in an oak display case.
Courtesy of the Musee du seminaire de Sherbrooke.
[A colour version of Figure 1 is available on p. 91.]

add (Tennent and Baird 1992). Where objects are
not in a small enclosure, but are in an open room
(except where there are very large surfaces of acid
emissive products and inadequate ventilation), there
have been very few reported problems caused by
acetic acid. The two main strategies to protect
acetic acid-sensitive objects are to select non- or
low-acid-emissive enclosure products and avoid
mixing acid-sensitive objects with acid-emissive
objects in the same enclosure.

It is worth mentioning the "vinegar syndrome."
This is a typical problem of internal pollutant
generation by an object; acetic acid is released by
cellulose acetate films (negatives or soundtrack
movies) or three-dimensional cellulose acetate
objects, especially after reaching a critical phase
of hydrolysis* degradation (Reilly 1993).

Formic acid and formaldehyde are two other
common indoor pollutants considered harmful
by the conservation community. However, they
do not have the same wide spectrum of reactivities
as acetic acid. The adverse effects of these two

compounds can be minimized by avoiding their
major sources, such as oil or alkyd paints, and
unsealed urea formaldehyde-based glue on wood
products in enclosures. Paints formed by oxidative
polymerization, such as oil-based, alkyd, and
oil-modified urethanes, release both formaldehyde
and peroxide vapours during the curing process.
A certain amount of the formaldehyde can become
oxidized by the peroxide during the first few
days after the paint application. Formaldehyde
is discussed in the section "Other Pollutants."

HYDROGEN SULPHIDE

Hydrogen sulphide (Hfi), a reduced-sulphur
gas with a characteristic "rotten egg" odour, is
a key pollutant due to its great capacity to tarnish
silver and copper within a year, even in remote areas
and at levels far below the human olfactive threshold
(1-10 jug m-3). Figure 2 shows the typical tarnishing
effect of Hy5. It is also known to darken lead white
pigment on paintings. The main anthropogenic
sources of N28 are the pulp-and-paper and
petroleum industries. Outside the urban
environment, H2S is emitted by oceans/ volcanic
and geothermal activities, marshes, and vegetation
(Watts 2000). Inside buildings, elevated levels of
HzS can be found when many people are present.
It has been found that a person in a classroom
releases about 100 ̂ g of H^S per hour (Wang 1975).
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Figure 2. Tarnished silver-plated copper key ring.
Continued cleaning of tarnish compounds will

eventually remove the thin silver layer.
[A colour version of Figure 2 is available on p. 91.]

Silver objects can tarnish quickly when displayed
with waterlogged archaeological objects contaminated
by sulphate-reducing bacteria (Little et al. 1998;
Green 1992). Carbonyl sulphide (OCS), another
common reduced-sulphur compound, is generated
mainly in the countryside. It has a lower reactivity
on metals than H^S.

There is a common notion that wool is harmful to
silver, and some people have reported fast tarnishing
of their silver collection in a room with a wool carpet.
On the other hand, silver medals exhibited in display
cases with military wool costumes have shown little
tarnish after many years. A similar observation was
made at the Canadian Conservation Institute (CCI)
where silver coupons did not tarnish in a test
chamber with a wool sample at about 50% relative
humidity* (RH) for more than 8 yrs. In fact, wool
does not release significant levels of reduced-sulphur
compounds at room temperature. To the contrary, it
is rather good at adsorbing sulphur compounds
(Crawshaw 1978), which explains the low tarnishing
rate of silver in airtight enclosures in the presence
of wool. However, the scenario is different with a

wool carpet in a room. Wool does tend to release
reduced-sulphur compounds when strongly
illuminated (Brimblecombe et al. 1992). These
compounds, combined with dust and salt with
which the carpet may be contaminated and with
reduced-sulphur compounds originating from the
outside air and visitors, may cause accelerated
tarnishing of a silver collection in a carpeted
room exposed to direct sunlight.

NITROGEN DIOXIDE

Nitrogen dioxide (NOz) is the most common
compound of the nitrogen oxides group (N0^)
in the atmosphere. N02 is responsible for the
reddish brown colour above cities, especially
during a period of photochemical smog*. It is
an important precursor of ozone. NOz is rapidly
formed in the atmosphere by the action of ozone
on nitric oxide (NO). Nitric oxide is the major NOx
emitted by fuel combustion in vehicles (about 50%
of emissions), power plants, and industrial activities.
Direct emission of NOz in the atmosphere accounts
for a small fraction of total N0^ emissions. Since
the beginning of the industrial age, the emission
of NOx has seriously increased. The national trend
of NOx emission in the United States during the
20th century is shown in Figure 3, which also
shows the long-term trends of other pollutants
in the United States and a few short-term

trends of pollutant levels in Canada and Europe.
However, in the last few years in the United States
and Europe, there has been a slight decrease in
NOx emissions. Usually, the emission and
concentration of outdoor pollutants follow a
similar trend for a specific location. This is borne
out in some cities in the United States and Canada,
where extensive monitoring programs that were
begun in the 1980s show a slight decline in the
levels of NOz. Knowing the levels and trends
of outdoor pollutants is important because
these pollutants infiltrate museums at a
fraction of the outdoor levels.

a: NHgUS
b: PM^ 5 US

NO. CDN

1900 1920 1940 1960

Years
1980 2000

Figure 3. Pollutant emission trends in the United States,
Europe, and Canada (EPA 2001c, 2000, 1996; EMEP nd).
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Box 2.
ACID DEPOSITION

The term "acid rain" was initially used to refer to
abnormal acidity found in precipitation. Eventually, to
allow for a more global comprehension of the problem
of acid compounds falling out of the atmosphere, the
term "acid deposition" became more appropriate.

The add compounds originate mainly from sulphur
dioxide (802) and nitric oxide (NO) gases that are
emitted as a result of combustion of coal and fossil

fuel and smelting activities. In the atmosphere, these
gases react with water, oxygen, and other chemicals to
form gases and aerosols* (acids, salts, and radicals) of
SOx and NOx compounds (see Figure 4). They are also
frequently adsorbed on other particles. Some reactions
will be dominant under solar radiation or in the presence
of water droplets (clouds, fog) (Harrison 1996), while
others will be dominant at night with the oxidation
of N02 by ozone.

The sulphate and nitrate aerosol compounds reduce
visibility in urban as well as rural areas while they

remain in suspension. Eventually they will be deposited
on earth in dry or liquid form. About half the
compounds in the atmosphere fall back to earth
through dry deposition as gases or particles in areas
of high pollution close to the sources of emission. It is in
this dry form that most airborne pollutants infiltrate the
openings or ventilation system of a museum. The other
half will fall as wet deposition in the form of acid rain,
fog, or snow precipitation. Depending on weather
conditions, compounds can be carried hundreds of
kilometres before falling through precipitation. During
the rain, dry deposited compounds are washed from
trees and other surfaces. When that happens, the
run-off water adds the acids to the acid rain, making
the combination more acidic than the falling rain alone.

Other compounds such as ammonia, carboxylic acids,
hydrogen sulphide, hydrogen chloride, and hydrogen
Huoride can contribute to the acidity of the atmosphere.
These compounds may be from either anthropogenic
or natural sources and play a secondary role.

Long-rangejransportation

(Os + N20 + hv)^
+ OH

1>*.
OH+/IV

,^ Wet
;. ', deposition

RH = hydrocarbons or aldehydes
ROO = peroxide radicals
hv = electromagnetic radiation

Figure 4. M.ain anthropogenic origins of SOx and NOx deposition.
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In the past, NOx has been known to be the second
most important pollutant, after sulphur dioxide
(SOz), responsible for acid rain problems, more
accurately known as acid deposition. With the
progressive reduction of SO^ in North America
and some European countries, NOx may eventually
become the major precursor of acid rain. See Box 2.

In the atmosphere, a fraction of N0^ can be further
oxidized to its acid form: nitric acid (HNOs). Both
HN03 and N0^ cause artists' colorants to fade and

can contribute to the degradation of paper and
vegetable-tanned leather. It is also expected that
the NOz absorbed by objects becomes oxidized
to nitric acid, the latter being responsible for most
of the ensuing deterioration. Nitrous oxide (NzO)
and NO are not considered directly harmful to
collections. A well-known effect of N02, as an
internal pollutant, is the deterioration of cellulose
nitrate-based films (negatives or soundtrack movies)
or three-dimensional objects (e. g. combs, barrettes,
imitations of turtle shell), the film itself being
the source of NOz as well as other NOx gases
(Selwitz 1988).

Targeting NOz as the key compound of the NOx
family is convenient for monitoring purposes.
Many methods detect both NOz and NO without
discernment. The methods cause the oxidation* of

NO to NO; on a sorbent*, or they require oxidation
of NO by ozone for chemiluminescence analysis.

OZONE

Ozone (03) is a strong oxidant* that is normally
present in the stratosphere and protects us against
intense, harmful ultraviolet radiation. At ground
level (within a few hundred metres), it is formed
during photochemical smog. Photochemical smog
is the result of multiple chemical reactions between
nitrogen oxides and hydrocarbons, and their
oxygenated derivatives in the presence of sunlight,
as shown in Figure 5. The level of ozone increases
after the morning traffic rush which is a source of
ozone precursor compounds. With stronger sunlight,
the ozone level reaches a peak in the afternoon.
During the photochemical process, other harmful
pollutants such as acids and fine particles are
formed. In parallel with the presence of precursors,
meteorological factors (i. e. solar radiation/ rains,
wind speed, and wind direction) strongly influence
the formation of ozone at ground level. High
surface temperatures from strong solar radiation
cause greater effects on the peak level of ozone

500

400
Hydrocarbons

Aldehydes

Ozone

10 12 14

Time of day (hours)

16 18

Figure 5. Daily evolution of smog (adapted from Manahan 1994).
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Figure 6. Ozone levels versus temperature in Neiu York City.
The values on this graph represent the maximum daily ozone
levels and the maximum daily temperature in Neiv York City

from May 1988 to October 1990 (NAST 2001).

than changes in the precursor concentration. Figure 6
illustrates this correlation between ozone levels and

temperature for New York City. In Canada, the
United States, and central Europe, many smog
periods happen during the summer, while in
coastal European countries such as England and
The Netherlands the peak ozone levels happen in
spring (EC 1999; Hjellbrekke 2000). In Canada/ the
Windsor-Quebec City corridor has the highest levels
of ozone. This is due to the high population density
and the industrialization of the corridor, and to
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the dominant southwest winds that carry ozone
precursors, especially from the immediate area south
of the Great Lakes. The transport of ozone precursors
in the atmosphere causes high levels of ozone in
remote areas where there are no major human
activities. Over the last decade, ozone level trends

at ground level have been fairly stable in the United
States and Europe but have seemed to increase
slightly in Canada, despite the efforts of both the
American and Canadian governments to reduce
the emission of two major ozone precursors:
hydrocarbons and NOz (EPA 2001; EC 1999;
Hjellbrekke 2000).

Inside buildings, the main sources of ozone are
electrostatic precipitators* in the heating, ventilating,
and air-conditioning (HVAC) system , electronic
air cleaners (ozone generators), and photocopiers.
In theory, ozone can attack materials by breaking
apart any double bonds between carbon atoms.
The degradation of vulcanized natural
rubbers under stress and the fading
of artists' colorants are the most

studied phenomena. Even though
organic objects have a high potential
for deterioration, little quantitative
data exist to support the widespread
assumption that they are significantly
altered by ozone under normal
conditions.

outdoors (EPA 2001). They are discharged directly
into the atmosphere or formed in the atmosphere
from secondary reactions. Canada and the United
States show decreasing levels over the last 15-20 yrs
(EPA 2000; EC 1999). Because smaller particles can
lodge in the smaller interstices on an object's surface,
PM^ 5 is the most harmful particle size, and its control
will also reduce significantly the levels of gaseous
pollutants which tend to be grouped by nucleation
or be adsorbed by the particle. As shown in Figure 7,
fine particles having a diameter between 0.05 and
2 ^m tend to accumulate in the environment due

to their low deposition velocity. They can be in the
ambient air* for a few days. Due to their small size,
they are also the most challenging particle size to
control. Any attempt to control the level of PMz.5
must consider a priori the control of levels of PM^
and some super coarse particles (>10 ̂ (m) which
still contain some potentially reactive compounds,
such as combustion residues, human danders,

and microbiological specimens. Compared to

0. 001 0. 01 0.1 10 100

FINE PARTICLES

It is common to characterize

particulate matter (dust) in terms of
diameter. This property is important
because it determines behaviour and
control. Particles have been divided

into a few groups based on their
aerodynamic diameter*. For the
control of pollutants, the fine particle
(PM2.5: suspended particle matter
having an aerodynamic diameter
equal or less than 2.5 jum) and the
coarse particle (PMio: aerodynamic
diameter between 2. 5 and 10 f.im) are

commonly used as indicators. Figure 7
shows size and mass distribution,

formation processes, and the deposition
velocity* of different particles. Sulphate
and nitrate compounds, organic carbon,
crustal* materials, and salts are the

major harmful compounds from fine
particulate matter (PM^^) from

I
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Figure 7. Dust distribution. Particle diameters are taken from various sources.

The diameter of a human hair is shown for reference only. Deposition
velocity adapted from Slinn et al. (1978).
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fine particles, particles larger than 10 ̂ m have a
short suspension time*. They are found close to their
sources if not carried by strong winds. Fine particles
are particularly damaging, because they discolour or
soil surfaces. Soiling changes the visual perception
of objects. The more fragile, porous, or altered the
surfaces, the more difficult they are to clean. Any
control strategy designed to maintain low levels of
particles is beneficial to objects since cleaning fragile
or porous objects can be difficult. Object cleaning is
a delicate process that requires time and trained
conservators. The ivory sculpture and delicate First
Nations hat made of feathers and down shown in
Figures 8 and 9 are two good examples of objects that
are challenging to clean. Another example would be
filamentous mineral specimens, which are probably
impossible to clean using conventional methods.

Figure 8. Jnuit ivory sculpture with soot encrusted in the cracks.
[A colour version of Figure 8 is available on p. 92.]

Figure 9. Native American feather headdress. The fragility
of the materials makes this object very hard to clean.

Deposition of hygroscopic, oily, or metallic
particles on a surface can initiate or accelerate
deterioration as well as the formation of harmful

compounds/ such as acids. Except for particles
generated by cooking activities in a museum's
cafeteria or burning combustibles (candles), most
indoor-generated particles are composed of soil,
dust, and carpet and cloth fibres. Fibres are not
generally considered to have direct adverse
effects on a collection, with the exception of
magnetic media such as audio and video tapes
where abrasive dusts are an issue during handling
and playing. Dust accumulation can also provide
an attractive foraging place for insects and mould.
Another adverse consequence from a wider
viewpoint is the impact of the perception by
visitors, including potential donors, that there
is a basic lack of care for the collection.

Filtration of outdoor fine particles should be
considered as an important control strategy.
However, not all particle sizes are evenly controlled.
The most dense and the biggest indoor-generated
particles (probably bigger than an aerodynamic
diameter of 50 ,um) do not easily reach filters of
a HVAC system. Their suspension times (a few
seconds) are too short to be trapped by the air filter
system and they fall with gravity. These dust particles
can eventually resuspend with air movement from
human activity. Dust can also be released by objects
and products due to vibrations and dimensional
changes from RH fluctuations. Periodic vacuum
cleaning is needed and the vacuum cleaner should
have a high-efficiency filter. Airtight enclosures and
those with a positive pressure system are two good
options to prevent dust deposition on objects.

SULPHUR DIOXIDE

Since 1900, most energy consumed by industries,
transportation, and heating in North America
has originated from fuel or coal combustion.
Figure 3 shows the rise and fall of sulphur dioxide
(SOz) levels in the United States. SO; is the main
compound responsible for acid deposition (see Box 2).
In areas with high levels of SO^, acid precipitation
has had serious negative impacts on building
structures, outdoor monuments, and the overall
ecosystem. Many leather books stored in urban
archives from the start of the industrial age have
been severely damaged (Figure 10). It is also
expected that SOz oxidizes to its acid form (H;2S04)
on objects in the presence of metallic ions or salts.
Fortunately, the regulation of SO^ emissions
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Figure 10. Browning of the edges of a page from a French book

printed in 1929. The pollutants (mainly SOz) were adsorbed oil
the edges and are slowly diffusing to the centre of the page. The

pH of the darker zones is about 3. 5 and the pH in the centre of the
pages is 6. 2. [A colour version of Figure 10 is available on p. 92.}

in the 1970s greatly reduced its atmospheric
level. Today, power plants based on coal, and oil
combustion in the United States and in Europe are
the major sources of SOz, followed by industrial
processes and transportation (EPA 2000; Clean
Air 2000; EEA 2001). Only small quantities of SO^
come from gasoline-fuelled motor vehicle exhaust.
In Canada, industrial activity, specifically metal
smelting, is the main source of SOz (Stadler-Salt
and Bertram 2000; MOE 1999). According to the
World Resource Institute, emissions of SO^ should
remain stable during the next few decades in
Canada, the United States, and Europe if no major
environmental policies change. Unfortunately, an
important increase in SO^ is expected in Asian
countries where economic development is increasing
without being followed by strict pollutant emission
regulations (WRI nd).

Material inside enclosures (i. e. proteinaceous materials,
sulphur-vulcanized rubbers, and oxidizing sulphides
in geological specimens and some dyes) are sources
of sulphur compounds. While damage to objects has
been attributed to them, the sulphur compound gases
generated by these objects and products in enclosures
have not been monitored closely.

WATER VAPOUR

Water (H^O) is included as a key airborne pollutant
even though there are well-established guidelines
for RH levels for museums to prevent physical
deterioration caused by incorrect levels (too dry or
too humid) or by excessive fluctuations. The action of
water relates to both physical and chemical damage.
Water vapour can directly damage, by hydrolysis,
cellulose-based materials* which are usually an
important part of collections. Materials that are
sensitive to the hydrolysis action of water vapour
include cellulose acetate and nitrate (Figures 11,

Figure 11. Negative cellulose acetate sheet at advanced stage of
degradation. The anti-curl layer and the emulsion layer have turned

i/ello-ansh, and are 10% chaiinelled and 100% blistered. The film
base is yellozved and very brittle. It has completely degraded and
converted from the ester to cellulose (i. e. regenerated cellulose).

[A colour version of Figure 11 is available on p. 93.]
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Figure 12. Negative cellulose nitrate sheets at advanced
stage of degradation. The sheets have turned broiun-yellozu.

[A colour version of Figure 12 is available on p. 93.]

An increasing number of visitors in a poorly
ventilated room can increase water vapour levels
inside buildings. Inside an enclosure, newly applied
liquid products* (such as water-based paints or
adhesives) can elevate humidity levels. The control
of water vapour in the room or in the enclosure is not
always obvious. However, the drier the better (as low
as 20% RH) in terms of preserving many objects, such
as metals, shells, paper-based materials, and many
plastics. Often, target levels must consider the RH
specification of a composite collection or a composite
object, not forgetting the historical average RH levels
in the building. For example/ antique furniture
displayed for a very long time in a humid historical
house cannot easily be moved to a drier environment
without risk. Important dimensional changes of the
furniture components will occur during the
acclimatization to the new environment.

Another problem related to high RH is the possibility
of mould. Figure 14 shows the number of days it
takes, at room temperature, for the onset of mould
at various RH levels. The lowest humidity shown
to produce mould very slowly is 60%. At 70% RH,
it takes months for mould to grow.

The issue of incorrect RH is touched on only slightly
in this book as it is extensively covered elsewhere
(Michalski 2000; ASHRAE 2003; Erhardt and
Mecklemburg 1994).

OTHER AIRBORNE POLLUTANTS

:^fS

Figure 13. Highly brittle cellulose nitrate comb made in the 1960s.

12, and 13), especially in the form of thin sheets
or rolled films, papers, and polyurethane-based
magnetic tapes. Water vapour also greatly influences
the deterioration processes caused by other pollutants
(see section "Factors Affecting the NOAEL and
LOAED"). Based on the 80-20 rule and the great
impact of water vapour on the collection, it is
inevitable that it would be a key pollutant.

Besides the seven key airborne pollutants
already described, other pollutants may need

1000
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Mould growth
(obsen/able adverse effect)

50 70 80
Relative humidity (%)

90 100

Figure 14. Time required for visible mould grozuth, assuming
a highly susceptible material at about 25 °C and RH that

has climbed (not fallen) to these values. The cross indicates
no growth in 1300 days at 60% RH (Michalski 2000).
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to be investigated and controlled, if they are present
in unusually high levels or if the museum houses a
collection that is particularly sensitive to them. Tables
1 and 2 can be consulted for a preliminary risk
assessment of these specific cases. Keep in mind
that adding new pollutants to the environmental
control specifications will increase costs and resources
associated with long-term monitoring programs. It
may not be worthwhile to monitor a pollutant
extensively when a designated "key" airborne
pollutant of the same chemical group is already
controlled: the control of one or two key airborne
pollutants will often control the pollutant of concern.
However, the identification of potential pollutants
in new products or in objects remains an important
task. By identifiying incompatible products, control
strategies can be adapted to prevent or minimize
deterioration of the collection. Also, the effects of

some gases or vapours on collections are still not
clear or are the object of debate among researchers
in the field. The rationale for the exclusion of

ammonia, carbon dioxide, formaldehyde, oxygen,
and volatile organic compounds as key pollutants
is explained below.

AMMONIA
The main outdoor sources of ammonia (NHi) are

livestock agriculture and fertilizers (EPA 2000). In
an indoor environment, a high level of ammonia can
result from a large number of visitors (Dahlin et al.
1997). Periodic peak levels of ammonia may occur
if cleaning products used for housekeeping contain
this pollutant (e. g. window-cleaning fluids). In
indoor environments, most damage from ammonia
is associated with ammonium salts which cause

corrosion or a whitish deposit on an object's surface.
The salts are formed by nucleation of ammonia with
other compounds, such as sulphate or nitrate
compounds. By controlling the levels of SO^,
N02, fine particles, and RH, the adverse effects of
ammonia should be negligible. However, in some
cases ammonia reacts directly with a component of
an object and forms a salt - such as some cellulose
nitrate objects as shown in Figure 15.

CARBON DIOXIDE

Carbon dioxide (COz) is another gas that is
monitored more for its human health impact than
for the preservation of collections. Monitoring C02
levels in a building operating an HVAC system helps
establish the optimal human comfort level with a
minimum rate of air ventilation. It has been shown

that COz in its gas phase has very little adverse
effect on an indoor collection even at high levels

Figure 15. Eyeglasses ivith a cellulose nitrate frame. (Top) The
classes ill their leather case; (bottom) a close-up of the cellulose

nitrate frame showing the presence of ammonium nitrate filaments.

as long as RH is below 75%. Much atmospheric
research underlines that an increasing amount of
C02 is an important consequence of climate change.
More information can be found on the following
Web sites: Climate Trends and Variations Bulletin from

Environment Canada (EC, nd). Climate Change from
the NewScientist (nd), and Global Warming from the
Cooler Heads Coalition (nd).

FORMALDEHYDE

This aldehyde has been, perhaps unfairly,
extensively publicized for its harm in conservation.
Since the 1970s, with the increased use of wood

product panels and urea formaldehyde insulation
foam, formaldehyde (CH20) has been known for
its adverse effects on human health. In a museum

18 KEY AIRBORNE POLLUTANTS



AIRBORNE POLLUTANTS IN MUSEUMS, GALLERIES, AND ARCHIVES

context, some people have observed the corrosion
of lead objects in enclosures (Leveque 1986) with
urea formaldehyde-based wood products. Curiously,
it is hard to reproduce this problem in laboratories
without extreme conditions (Tetreault et al. 2003;
Thickett 1997). With the exception of lead, very
few case studies support the harmfulness of
formaldehyde to collections in a museum
environment. By comparison, acetic acid
seems to be a more aggressive indoor organic
compound for a larger range of objects, but does
not show serious harmful effects on human health.
Formaldehyde often has a minor role in the corrosion
of metal (Tetreault et al. 2003; Thickett et al. 1998),
and the same minor role is also expected in the
efflorescence of calcium carbonate-based materials,
such as eggs or shells. The oxidation of formaldehyde
into formic acid (HCOOH) is negligible in the
atmosphere without the abnormal presence of
oxidants. However, it is possible that some oxidation
of formaldehyde to formic acid happens on a
material's surface; this can be stimulated by deposits
or the morphology of the object's surface, and can lead
to the growth of formate or carbonate compounds.
This possibility has not been demonstrated clearly.
With North American regulations on the amount
of formaldehyde in products, control strategies
for ambient air levels of acetic acid will generally
control the level of formaldehyde.

OXYGEN

Oxygen (0^) is naturally part of the atmosphere.
Without necessarily being the initiator, oxygen
is involved in many deterioration processes of
organic materials, such as some colorants, polymers,
cellulose-based objects, and skins. The deterioration
is caused by the oxidation of a compound after
being photo-exdted by UV or visible radiation.
The resulting oxidation leads to physical changes,

such as brittleness and cracking, as well as chemical
changes, such as yellowing and fading. In the
presence of moisture, metals such as iron will rust.
Obviously, there are many advantages in having an
oxygen-free environment. Up to now, low oxygen or
anaerobic environments have been used mainly for
disinfestation and for long-term storage of individual
objects in airtight bags. There are few case studies of
the use of low-oxygen environments for large
enclosures. This is partly due to problems related to
airtightness, maintenance costs, and access. Because
of the limited use of low-oxygen environments and
the unnecessary need to include oxygen in basic
monitoring campaigns, oxygen has not been
classified as a key pollutant.

VOLATILE ORGANIC COMPOUNDS

Volatile organic compounds (VOCs) are a class of
chemical compound mixtures that contain one or
more carbon atoms and tend to evaporate at room
temperature. They are solvents released by such
things as cleaning products, paints, and wood
products. People tend to assume that pollutants
that are harmful to human health are also harmful
to objects, but high levels of VOCs do not necessarily
mean a high risk to a collection. Most individual
VOCs are not harmful to objects/ with the exception
of aldehydes and carboxylic acids as already
identified in Table 2. However, even a low level

of VOCs in an enclosure can be dangerous if a
high proportion of harmful pollutants is present.
Minimizing the release of VOCs from different
consumer products and from industrial and
combustion processes is important because
some of them, such as hydrocarbons, contribute
to the formation of ozone outdoors at ground
level. Efforts have been made to reduce VOC

emissions in the United States since the 1970s,
and results have been encouraging (see Figure 3).
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QUANTIFICATION OF THE
EXPOSURE-EFFECT RELATIONSHIP

To establish defensible exposure guidelines, it is
essential to determine the quantitative relationship
between a given pollutant and its effect on materials.
Two approaches have been chosen to determine the
exposure-effect relationship: the no and lowest
observed adverse effect levels (NOAEL and LOAEL)
of an airborne pollutant surrounding an object, and
the doses* (concentration x length of time). These
approaches are the foundation of contemporary
quantitative risk assessment (ACS 1998). The
notion of deterioration of objects needs to be defined
precisely in the context of these concentrations and
doses. First, deterioration is a complex function
involving many environmental parameters.
Fortunately, in indoor environments, many
parameters can be considered as pseudo-constant.
This assumption simplifies the determination of the
effect over time of a single parameter, such as the
main airborne pollutant. The second point relates
to which chemical and physical characteristics of
the objects are the most significant expression of an
adverse effect or loss of value. This is a subjective
notion and depends on the pollutant-object system*.
The characteristics and the method used must be the
most reliable and meaningful for the decision-makers
in the museum. For a comprehensive evaluation of
a specific pollutant-object system, more than one
characteristic may need to be monitored. More
information on these two issues is reported in
Boxes 3 and 4. This chapter explains the approaches
based on the concentration or dose of pollutants
where no or minimal adverse effects are observed,
as well as the factors affecting their values. In the
following chapter, these approaches will serve as
assessment tools to determine the risk to a

collection of the presence of pollutants.

DETERMINATION OF NOAEL AND LOAED

A no observed adverse effect level can be defined as

the highest level of a pollutant that does not produce
an observable adverse effect on a specific chemical
or physical characteristic of a material in a specific
experimental set-up (analytical method, exposure
time, temperature, RH, etc. ). To determine the most
reliable NOAEL, the materials should be exposed to
different concentrations of pollutants. The NOAEL
is the level just below the concentration where an
adverse effect or a predefined loss is observed.
Figures 16 and 17 provide two examples of the

Box 3.
DETERIORATION IS A COMPLEX FUNCTION

Specific airborne pollutants can react with
specific materials in an object to cause deterioration
at a given rate. This rate can be expressed as the
summation of many chemical and physical
parameters.

The rate of deterioration depends on the nature
of the object (including the state of the materials
and surface morphology), level of the specific airborne
pollutant, level or amount of other airborne pollutants
such as oxidants, sorbed water, and deposited particles'
(salts, oily and metallic compounds), temperature,
radiation, and air movement.

For risk assessment of the adverse effect of airborne

pollutants on materials to be feasible, some assumptions
must be made to simplify the complex function of
deterioration. The prediction of adverse effects can
be helped by reducing the number of variables,
which can be accomplished by treating some of
them as "pseudo" constant. For example, visible
and ultraviolet radiation can be kept low and the
temperature kept between 20 and 30°C. Porhinately,
museums already avoid extreme environmental
conditions, such as direct exposure to sunlight, large
fluctuations of RH, and high temperatures. Ideally, the
complex function of deterioration can be simplified to
the point where the only variable parameters are the
level of the main pollutant for a specific material
and the exposure.

The effect of environmental parameters on collections
reinforces the need for global, balanced preservation
strategies. It would be wrong to pretend that acute
control of two or three environmental parameters
constitutes a long-term preservation plan. Also, it
has to be recognized that although fire, water (e. g.
damage from broken pipes), theft, and mishandling
are intermittent, they can cause a great loss of value
in a very short time compared to the loss due to
airborne pollutants.
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Box 4.
LOSS OF VALUE

The notion of "loss of value" or "damage" is subjective
(i.e. can vary depending on person and time). For
example, an artwork created on paper that has yellowed
may look normal or acceptable to some people since no
information seems altered, but others will be bothered

by the yellowing and view it as a sign of net loss of initial
properties. For scientists, even before the paper turns
yellow, measurable decreases in the chemical and
physical properties can provide information on the
long-term behaviour of the paper.

Some terms merit clarification. The deterioration or

degradation of an object can be defined as a change in
its material state. On the other hand, a damage or loss
of value is the consequent loss of attribution or value
(aesthetic, scientific, historic, symbolic, monetary,
spiritual, etc. ) of the object. In risk analysis in the
fields of health/ safety, and environmental policy,
the term adverse effect is commonly used. This term
refers to an abnormal or undesirable effect on objects,
and usually reflects a change in a specific chemical
or physical characteristic of the material.

The quantification of adverse effects is not easy
due to the lack of standard protocols, incomplete
documentation, or incomplete or indecisive
understanding of the exposure-effect relationship.
Still, some kind of quantification must be available for the
decision-makers. A change in colour of a paper document
is, in some cases, a simpler issue than all the different
chemical and physical properties (e.g. pH, degree of
polymerization, folding endurance, and tensile strength)
used to characterize damaged papers. The concepts of
NOAEL and LOAED are well adapted for quantifying
changes in chemical or physical properties of objects, but
not necessarily adequate for the overall evaluation of loss
of value. Dyes from a textile may be completely faded
due to past exposure to pollutants and light, and from
the point of view of the colour itself this textile may look

like a total loss. But the object still remains. At this point
the control strategy should shift to focus on maintaining
the physical strength and cleanliness of the textile.

The impact of an adverse effect on the value of an object
will vary depending on the state of the damaged material
and its role in the object. In some cases, the loss of value can
depend on how easy it is to recover the object. For example,
it is easier to retrieve the aesthetic appearance of a tarnished
silver drinking glass without much design than a tarnished
tiny silver ornament on an antique costume.

Some types of deterioration are changes to the original
state of the material that are not considered to be adverse

effects by some people. In fact, in some cases they are
considered to improve the artwork. The best example
of this is the natural formation of patina on bronze
sculptures. This is not usually made by the artist/ but
probably anticipated. For the public, patina gives a
sense of historic value. For conservation scientists, it is an

alteration or a corrosion that usually provides protection
against further corrosion if the corrosion layer is made of
low-soluble compounds. A second example is the small
lead bullets of a whitish or greyish colour that are often
found on display in military museums. Some of these
bullets may have corroded while they were still in the field,
but most of them probably corroded inside the display case
or the wooden storage cabinet. Some curators are so used
to seeing them this way that it looks normal to them.

As yet there is no quantitative way to assess loss
of value, so this book focusses mainly on the loss of

physical or chemical properties of the materials. Work
is still needed to define the most critical adverse effects

for various materials.

For more information on the issues of value and

damage, see Ashley-Smith (1999: pp. 81-119) and
Michalski (1994c).

determination of NOAEL of acetic acid for metals

(lead and zinc, respectively). Metal plate samples
were exposed to different levels of acetic acid vapour,
and the weight gain was monitored monthly. After
a few months of exposure to acid, a NOAEL could be
determined for each metal. As expected, lead shows
a higher vulnerability to acetic acid than does zinc,
with respective NOAELs of 400 and 22 000 iUg m~3.
The NOAEL approach relies on thermodynamic

, -3

limitations (Brimblecombe 1994). However, a
NOAEL found experimentally can be quite different
from theoretical calculations. So far, few NOAELs

have been reported for pollutant-object systems;
this may be due to the difficulty in monitoring minor
changes over long periods, or because the NOAEL
approach is not applicable to some pollutant-material
systems*. When the NOAEL cannot be determined
with confidence, the lowest observed adverse effect
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Figure 16. Weight gain over time for untarnished lead exposed
to various concentrations of acetic acid at 54% RH. The insert

;s a close-up of the concentration of acetic acid at zvhich
an adverse effect is observed (Tetreault et al. 1998).

dose (LOAED) can be used to quantify the
exposure-effect relationship.

LOAED is the cumulative dose (LOAEL x time) at
which the first signs of adverse effects are observed.
With only one concentration, the LOAEL is this value
by default. Figure 18 illustrates how to determine
the LOAED using the example of the fading of basic
fuchsin (a green pigment) as a result of exposure to
450 4g m-3 (LOAEL) of sulphur dioxide. The critical
exposure time is the time required to observe the
adverse effect. This period is found at the intersection
of the fading curve and the significant loss: AE = 2.
Colour changes of AE greater than 2 are commonly
perceived as adverse effects for colorants. The
LOAED is 450 4g m-3 x 11 days. A dose of
14 ,ug m-3 yr is obtained after normalization. For
other types of experiments, a change of 5% in the
initial chemical and physical properties has often
been used. With an experiment using different
concentrations of pollutants, the lowest concentration
causing detectable deterioration should be chosen to
determine the dose. The LOAEL used to determine
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Figure 17. Weight gain over time for untarnished zinc
exposed to various concentrations of acetic acid at
54% RH (Tetreault 1992a). Corrosion takes place

under the same conditions as in Figure 16.

10 15 20
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25

Figure 18. Determination of the LOAED of sulphur dioxide
for basic fuchsin. The adverse effect is determined by a change

in colour using the CIE L* a* b* colour system. Pigment
was exposed to 450 ̂.ig m-3 ofSOz at 50% RH and 21 °C.
Tc = critical time to reach an observable adverse effect.

LOAED = 502 concentration xTc= 450 ̂ ig m-3 x
11 days x (1 yr/365 days) =14 fig m-3 yr.

the LOAED can be a reliable estimate, since it is
usually calculated on the linear portion of the
deterioration pattern. Figure 19 shows the fading
of basic fuchsin by SO^ over a short range of
concentration (450-1300 ,ug m-3) and exposure
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Figure 19. Discoloration of basic fuchsin by various doses
of SO, at 50% RH, 21-23°C, in the dark. Doses zcew

obtained from three different concentrations and exposure
periods varying from 1 to 67 days. Colour measurement
ivas done with a Minolta CR200 chromometer usinf; the
CIE L* a* b* colour system. A£ compares the colour of the

sample with its initial colour (Tetreault and Lai 2001).

period (1-67 days). The change in colour as a
function of the dose follows the linear reciprocity
principle*. The linear reciprocity principle is also

<"

Soil dust Elemental carbon

A Floor deposition A
D Wall deposition

well characterized for the corrosion of silver and
copper under hydrogen sulphide and carbonyl
sulphide environments over 2 or 3 orders of
magnitude* (Graedel et al. 1985). This demonstrates
that, to some extent, the linear reciprocity principle
can be used for the approach of LOAED.

The linear reciprocity principle allows for the
estimation of the time required to observe an adverse
effect on a material at lower pollutant concentrations.
For example, copper has a significant tarnish layer
after being exposed to an average level of 1 f.(g m of
hydrogen sulphide for 1 yr. Based on the reciprocity
principle, it takes about 10 yrs to obtain the same
deterioration at a level of 0. 1 ,ug m'3. Figure 20
illustrates a good correlation between fine particle
soiling and the time required to observe visible signs
of soiling over 3 orders of magnitude of fine particle
concentrations. The approach of LOAED has some
potential for the assessment of the deposition of
particles and for the adverse effects of a gaseous
pollutant on materials.

While some pollutant-material systems follow
a linear reciprocity principle according to an
experiment, this reciprocity is not usually linear

over an extended range
of doses. The deterioration
versus the dose can follow

auto-retardant patterns
where fast deterioration
is observed at the

beginning and is
reduced progressively
over time. This type of
reciprocity pattern has
also been observed for

light fading of some
colorants (Saunders and

Kirby 1996). The concept
of LOAED can also be

applied to other agents of
deterioration. Appendix 8
provides a comprehensive
application of LOAED
associated with light
fading.

100

Particle concentration (pg m-3)

Figure 20. Estimated time (years) before soiling due to soil dust and elemental carbon deposition
;s observed. Adapted from a model. Because elemental carbon is the most important fine particle,

PMz.5 will give the same darkening (less than 5-20%) as elemental carbon alone. The model
assumes homogeneous air distribution (Nazaroffet al. 1993; Bellan et al. 2000).

It should be emphasized
that LOAED allows only
estimations. Caution is

required in using the
reciprocity principle over
a few orders of magnitude
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of an exposure period due to increasing uncertainties.
Figure 21 shows other examples of reciprocity of
some materials at different levels of water vapour.
Accelerated ageing experiments* show an acceptable
linearity of the dose for the least stable dyes on
photographs and for cellulose acetate film in the
range of 20-80% RH. However, there is a weak
correlation for the polyurethane videotape based
on the extractable compound method. Physical tests/
such as the peel force, seem more adequate for
lifetime estimations of polyurethane tapes.

-100

D Least stable dyes of photographic materials

Cellulose acetate films

Polyurethane videotapes

0 LOAED(1600 RH%yr)
1.... li,,. l i. ili i. L

20 30 40 50 60 70 80

Relative humidity (%)

Figure 21. Estimated time (years) before adverse effects
are observed on objects at 21 °C and various RH levels.

The objects and critical adverse effects chosen zuere: cellulose
acetate films, 0. 5 free acidity; early 1990s colour slides,

negatives, and prints, 30% (dark) fading of least stable dyes',
and high-grade VHS urethane tape, 12% hydrolysis.

The line joined by the white diamonds shows the
linearity of the LOAED of water vapour applied to cellulose

acetate (80% RH x20 yrs = 20% x 80 yrs). For the conditions
below the various curves, no adverse effects are

observed. Data were obtained by accelerated ageing
(Reilly 1993, 1998; Van Bogart 1995).

For a given pollutant-material system, it is possible
to predict the rate of observation of the first signs
of an adverse effect on the material (i. e. an adverse

effect every 1 or 10 yrs) by knowing the average
level of a pollutant. If the average concentration of
the pollutant changes significantly, the interval of the
observed adverse effect will change proportionally.
There is no justification for very low concentrations
of pollutants where processes such as oxidation,
hydrolysis, and thermal degradation become the
dominant factors of deterioration. For example, it
is unnecessary to specify very low levels of sulphur
dioxide (<0. 1 ^ug m-3) for the long-term preservation
of acidic papers, because water vapour and
temperature are the dominant agents of

deterioration*. What the acceptable rate of
deterioration for a material really is in the context
of the preservation of the object is a complex decision,
and will be discussed in Chapter 5.

A critical review of detailed in situ observations,

combined with laboratory studies, has provided
substantial quantitative information on the adverse
effects of pollutants on materials. An extensive list of
NOAELs and LOAEDs extracted from the literature

is given in Appendix 2 and summarized in Table 3.
The bottom of the table is a reciprocity scale that
extrapolates LOAEL over time for a specific LOAED.
Some materials are more vulnerable than others.

However, the possibility of a rapid, observed
adverse effect will depend on the level of the
pollutant. More information on the notion of
vulnerability is covered in Box 5.

Box 5.
VULNERABILITY

An object can be made of more than one material, and
the vulnerability or sensitivity of the object will depend
on the vulnerability of each material. The risk of
adverse effectis a different issue.

A material is considered vubierable or sensitive to

a specific pollutant if it reacts to a low NOAEL or
LOAED of that pollutant. But the object can be
vulnerable or sensitive without necessarily being
at risk of deterioration, because risk depends on
the level of pollutants or the probability of an
adverse consequence.

For example, the NOAEL of acetic acid is high for lead
(400 ]Ug m'3) (i.e. lead is not vulnerable or sensitive to
acetic add). In an open room where the levels of acetic
acid are usually well below its NOAEL, lead is not at
risk. However, in an enclosure having acid-emissive
products, it is at risk. In contrast, the LOAED of
hydrogen sulphide is low for silver (0. 1 jUg m-3 yr)
(i.e. silver is highly vulnerable). In an open room silver
objects are likely to tarnish easily in 6-12 months,
whereas in an enclosure the adverse effect will take

much more time to be observed. The difference betiveen

lead with its high NOAEL compared to silver with its
low LOAED is that lead may never corrode if the acetic
acid is kept below its NOAEL, while shiny silver
will eventually tarnish significantly: it is just a
question of time.
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TABLE 3. QUANTIFIED ADVERSE EFFECTS OF AIRBORNE POLLUTANTS ON VARIOUS MATERIALS'

Dose

dug m-3 yr)
0.1 10 100 1000 10000

Acetic acid

Carbonyl sulphide

Formaldehyde

Formic acid

Hydrogen black-and-white photo 1
peroxide

lead 400 jug m-3 b tarnished lead 3000 ,ug m-3
copper 1000 zinc 20 000 ̂ ug m-3

cotton rag paper 4000 jug m-3
caldum-based mat 10 000 ̂ ug m-3

copper 30 silver 500

copper 600

lead 200 fig m-3

zinc 6000

copper 8000 fig m-3

Hydrogen
sulphide

Nitric acid

Nitrogen
dioxide

Ozone

0. 1 silver copper 1

0. 1 sensitive colorants

sensitive colorants 1 micrograph film dyes 100

50% faded sensitive colorants 10 copper 50
cotton rag paper 10 newspapers 50

silver image 2000

sensitive colorants 1 micrograph film dyes 300
alizarin crimson (AC) 2 AC covered by acrylic film 50

AC in acrylic binder 8

AC in acrylic binder covered bv acrylic film 60

<-0. 005 stressed vulcanized natural rubber

wet cotton 3 dry cotton 80

Particles

(2. 5 ^m)

Sulphur dioxide

Water vapour

horizontal surfaces 10

vertical surfaces 50

bleached kraft papers 10 40 vegetable-tanned leather
sensitive colorants 10 newspapers 50

cotton rag paper 10 copper 50

mould growth 60% RH cellulose acetate 2000% RH yr
most sensitive photographic dyes 2000% RH yr

Max. allowable levels of airborne pollutants (^ig m~3) to maintain a low risk of damage to materials for the indicated exposure periods
(based on LOAED):

1 yr exposure:

10 yrs:

100 yrs:

0.1

0. 01

0. 001

1

0.1

0.01

10

1

0.1

100

10

1

1000

100

10

10000

1000

100

a: NOAEL and LOAED are estimated based on the most reliable data from Appendix 2 at 50-60% RH and 20-30°C,
with a clean collection. If these conditions are not met, the values will change. For example, if the average RH
is much above 60%, the preservation target (in yrs) could be reduced by an order of magnitude.

b: Values in bold are the NOAEL of the pollutant and are expressed in f.(g m-3; all other values are the LOAED
and are expressed in ,ug m-3 yr.
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FACTORS AFFECTING
NOAEL AND LOAED

Some assumptions on environmental variability
have to be made to determine NOAEL and
LOAED (i.e. cleanliness of the collection and
a control of the environment, such as ensuring
an average RH between 50 and 60% and a
temperature range between 20 and 30°C). If
these requirements are not met, NOAEL and
LOAED values may need to be re-evaluated.
The potential effects of the state of the material
and abnormal or unacceptable levels of the
most critical environmental parameters on
the NOAEL and LOAED need to be assessed.

RELATIVE HUMIDITY

Water vapour has been selected as a key
pollutant due to its significant impact. Even
when water is not directly involved in the
deterioration, it often has a major influence
on adverse effects from other pollutants.
Figure 22 shows a compilation of the relative
LOAED shift of different pollutant-material
systems at different RHs. The effect of RH
seems rather specific for each system. The
strongest effect of RH has been observed for
N02-curcumin (a red pigment) system for
RHs above 50% and for a hydrogen peroxide
- black-and-white photograph system at RHs
below 50%. Some systems show no significant
shift. The LOAED of about half of the

pollutant-material systems compiled has
been reduced by half with a 10% increase in RH.
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Figure 22. Effect ofRH on LOAEDfor: (a) acetic acid or formic acid on copper;
(b) COS, H^S, or SO^ on copper; (c) acetic acid or formic acid on lead;

(d) acetic acid on tarnished lead; (e) COS or HzS on silver;

(f) hydrogen peroxide on a silver image; and (g) N0^ on colorants.
All measurements done at 20-25 °C. Data from Appendix 2.

10000

TEMPERATURE

In 1889, Arrhenius developed a mathematical
relationship between reaction rate and temperature
(Arrhenius 1889). This relationship has often been
used to predict the behaviour of organic materials
over time. Sufficient experiments on thermal
degradation were done to confirm the Arrhenius
relationship for the degradation of paper by
hydrolysis. The deterioration rate decreased by
about 50% for each 5°C reduction at a constant RH

(Wilson 1995). Some cyan and yellow colour dyes on
photographs and cellulose acetate films show similar
trends, as shown in Figure 23. The adverse effects
observed after a few decades at room temperature
will take more than 100 yrs at 10°C.

It is often more convenient to combine RH and

temperature parameters when attempting to predict
the deterioration of organic materials. Figure 24

1000 |-

I 1°°

I
h-

10

Cel. ac. at 50% RH
Cel. ac. at 30% RH
Cyan dye at 50% RH
Cyan dye at 30% RH

10 15

Temperature (°C)
20 25

Figure 23. Effect of temperature on the time needed to
observe adverse effects on cellulose acetate films and colour

dyes in photographs at 30 and 50% RH. Data from the Image
Permanence Institute, Rochester, Neif Yorfc. The critical adverse

effects chosen were 0. 5 free acidity for cellulose acetate films and

30% (dark) fading of the least stable dyes (cyan) for early 1990s
colour slides, negatives, and prints (Reilly 1993, 1998).
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Figure 24. Prediction of observable adverse effects on materials
sensitive to hydrolysis at various combinations ofRH and

temperature. Data based on accelerated ageing of cellulose acetate film.

shows the time required for some organic materials
sensitive to hydrolysis (e.g. magnetic recording tape,
colour prints, and flexible PVC) to suffer observable
adverse effects at various combinations of RH and

temperature (see Table 2 for additional moisture-
sensitive materials). The prediction of observable
adverse effect is based on cellulose acetate film,
which is quite sensitive to hydrolysis [activation
energy: 92 kj/mol; adverse effects are noticed after
44 yrs at 20°C and 50% RH according to Reilly et al.
(1995)]. Figure 24 can be useful in determining the
most cost-effective RH and temperature set-up
for preservation.

RADIATION

Radiation, especially UV and visible, can
initiate and speed up some deterioration
processes. Photo-oxidation is a good example of
the action of radiation on materials. Photo-oxidation
can happen in the presence of light (hv) and water
vapour and/or oxygen. When a molecule of the
material (M) is photo-excited (M*), it can undergo
various photochemical reactions, as simplified

below. It can react with water and hydrogen
peroxide (HOO-) formed in a second step
from oxygen, and the hydrogen radical (H-)
can destroy the molecule. It can also react
with oxygen leading to singlet oxygen, a
highly reactive excited state of the oxygen
molecule (0^*), which can also destroy
the molecule directly or indirectly.

M+hv->-M*

M* + HzO ̂  -MOH + H.
H. + Oz ̂  HOO.

M* +QZ -^ M+ D;*
Oz* + HzO -^ HO. + HOO.

DIRT ON OBJECTS
Even without supportive data, it is safe to
assume that depositions of salt, oils, metal
particles, and cleaning product residues
have a significant affect on the NOAEL and
LOAED. In many cases, corrosion begins
when a particle is deposited on a metal
surface. Salts are hygroscopic and are active
in corrosion or efflorescence processes.
Salt-contaminated seashells can probably
have a NOAEL of acetic acid vapour that
is 3-100 times lower than that for "clean"

shells (Figure 25). Decontamination of
shells and low fire ceramics can eventually become
an important specification for their preservation.
Oily residues tend to absorb airborne pollutants,
and metal particles can behave as catalysts* in
the deterioration process.

MIXTURES OF POLLUTANTS

The possible adverse effects of gas mixtures on the
NOAEL and LOAED for different airborne pollutant
- object systems can be found in the literature.
Though experiments were often made at abnormally
high levels, synergistic effects* on the LOAED were
not generalized apart from the water vapour (RH)
as shown above. The opposite effect is actually
observed in a few experiments. For example, the
corrosion rates of lead by acetic acid decreased with
the addition of formic acid (Tetreault et al. 2003).
No change was observed on lead and copper when
formaldehyde was added to the formic acid rich
environment. However, a high concentration of
pollutants can influence the rate of deterioration
and, in some cases, the nature of the alteration layer
on the object's surface without a significative impact
on the NOAEL and LOAED. A compiled list of the
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Figure 25. Efflorescence on seashells. The shell on the left
has been exposed to acetic acid vapour and high RH.

The shell on the right is the control sample. This type of
deterioration is also known as Byne's disease in honour of
Mr. Loftus St. George Byne who was the first to describe
it in 1899 (Byne 1899). This type of efflorescence should

not occur as long as RH is controlled, the sample is kept clean,
and there are no materials nearby that emit high levels of acids.

[A colour version of Figure 25 is available on p. 94.]

influence of gas mixtures on the first signs of
adverse effects on objects is presented in Appendix 3.

STATE OF MATERIALS

Other parameters that can influence the NOAEL
and LOAED include the actual state of the materials

and their level of protection. Already faded artists'
colorants have a higher resistance to pollutants
(higher NOAEL or LOAED) than do new colorants.
The LOAED for a Half-faded colorant will shift up
by about 1 order of magnitude. This is due to the auto-
retardant pattern where the colour change is faster
in the early stages of fading than in the final stage.
The same magnitude of shift happens for half-faded
colorants under visible light. In a similar way, silver
will deteriorate more slowly (slower formation of

silver sulphide) if partly tarnished. Unfortunately,
the opposite scenario has also been observed for
other objects which deteriorate in an autocatalytic
way when the formation of new products speeds
up the deterioration process. This is the case for
cellulose acetate- and nitrate-based films and

acid papers in airtight enclosures.

Most of the characterizations of pollutant-material
systems reported in Table 3 are based on new
materials. In reality, objects often have been exposed
to an uncontrolled environment before acquisition by
a museum. Once they become part of the collection,
the environmental control offered by the museum
does not necessarily provide adequate control of
pollutants or other agents of deterioration. The past
exposure of many books to high levels of sulphur
dioxide must be kept in mind when extrapolating
their future preservation condition.

An induction period for some pollutant-material
systems has been noticed where, even in the presence
of a substantial amount of pollutants, no adverse
effect was noticed for periods varying from a few
months to a few years. Most documented induction
phenomena have been observed related to the
hydrolysis of organic objects, particularly with
cellulose acetate- and nitrate-based films containing
plasticizers, stabilizers (such as antioxidants in
polyethylene), and other possible additives which
have given temporary protection. This induction can
falsify the determination of the NOAEL or LOAED.

Stresses or static forces on objects can provoke
deterioration at lower NOAEL or LOAED. This has
been well observed with stress vulcanized natural
rubbers, such as inflated automobile tires.

BARRIERS AND BINDERS

In some cases, a vulnerable object is protected
from pollutants with a barrier material (binder or
film). A colorant can be mixed with a resin (binder).
The thicker the binder, the more difficult it is for the

pollutant to diffuse itself through it. Only the very
top pigment layer will fade and the under layers
will be much less affected. For this reason,

watercolours are more sensitive to fading than
oil paints. Any film at the surface of a colorant acts
as a barrier against pollutants and other agents of
deterioration. This can be, for instance, an oil or

acrylic varnish on the surface of a painting or a lacquer
applied on silver. The effect of a protective film or
binder has been quantified with the fading action of
ozone on the colorant alizarin crimson (see Table 3).
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To determine the risk of deterioration for a particular
object in a specific environment, it is necessary to
identify the nature of each material in that object as
well as the level of each possible harmful pollutant
in the surrounding environment. This type of
assessment, called "micro-scale" risk assessment

(object level), can be quite time consuming for a
mixed collection. Although a few homogeneous
objects can easily be characterized in detail, a
heterogeneous collection requires much more work.
When the material science knowledge is limited or
when the types of objects are varied/ a "macro-scale"
risk assessment (collection or room level) should be
considered. A conservator can provide valuable help
for both micro- and macro-scale risk assessment.

MlCRO-SCALE RISK ASSESSMENT

The potential risk to a specific object can be
evaluated by comparing the NOAEL or LOAED of
airborne pollutants for each relevant component of
the object with the pollutant levels in the surrounding
environment. A list of typical levels of pollutants
generated by different sources in enclosures or in
rooms has been summarized in Table 4. Outdoor
levels have also been included as a reference. These

levels represent current knowledge. They may not
reflect the reality of a specific museum, but they
can serve as a preliminary step before starting an
exhaustive monitoring program. A more extensive
list can be found in Appendix 1.

Example 1 shows how the assessment can be done
for the preservation of lead and copper in acetic acid
environments. The NOAEL and LOAED of acetic

acid for both metals have been juxtaposed with
the probable levels of acetic acid generated
by different sources. As can be seen in the example,
acetic acid at levels higher than 400 jUg m-3 can be
harmful for lead objects. This means there is a
good probability that lead will corrode in wooden
enclosures. In contrast, copper reacts with acetic acid
at a LOAED of 1000 ,ug m-3 yr, and only the most
acidic wood species, fresh paint, silicone caulking,
or cellulose acetate films with a strong odour will
cause adverse effects to copper in enclosures over
the short term. By excluding these products, there
is little risk of short-term deterioration of copper.

When an object is composed of more than one
material, the risk assessment should be made on

the most sensitive pollutant-material system or in
relation to a reference material, such as a moderately
sensitive material. When many objects have to be
assessed, this can become a very demanding task.
In some cases it may be preferable to conduct the
risk assessment on a macro scale as discussed below.

MACRO-SCALE RISK ASSESSMENT

It may be feasible to consider a set of objects or the
overall collection in a specific location as having a
similar vulnerability to pollutants. Although

EXAMPLE 1.

VULNERABILITY OF LEAD AND COPPER IN VARIOUS ENVIRONMENTS (DATA FROM TABLES 3 AND 4)

Level 0.1 10 100 1000 10000 100 000

Acetic acid

|L(g m-3 0.3. 30 outdoor clean/polluted sites
rooms 40-100 oak 300. 7000

wooden enclosures 80 . 2000
oil paint dried 5 weeks 20 000 -70 000

emulsion or two-part epoxy paint dried 5 weeks 3000 - 20 000
acid-type silicone cured 7 and 29 days 100 -'. -1000

smelly cellulose acetate film collection 90& -100 000

Lead NOAEL: 400 ̂ g'm-3

Copper LOAED: 1000 f^g m-3 yr: 10 ̂ g m-3 100 ̂ g m-3 1000 ̂ g m-3
for 100 yrs for 10 yrs for 1 yr
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TABLE 4. LEVELS OF AIRBORNE POLLUTANTS3

Level

(fxg m-3)
0.1 10 100 1000 10000

Acetic acid

Ammonia

0. 3 - 30 outdoor clean/polluted sites
rooms 40 -100 oak 300 -_-_- 7000

wooden enclosures 80 - 3000

oil paint dried for 5 weeks 20 000 - 70 000
emulsion or two-part epoxy paint dried for 5 weeks 3000 - 20 000

acid-type silicone cured for 7 and 29 days 100 -1000
smelly cellulose acetate film collection 900 - 100 000

0.7

rooms 0.6 -

--20 outdoor clean/polluted sites
-60

400 to 3000 visitors per day in a building 10 -30

Carbonyl
sulphide 0.03

Formaldehyde

Formic acid

0. 7 - 1 outdoor clean/polluted sites
-1 wool in a room (dark and sunlight)

0.5

0.1

0.1
wooden enclosures 2

Hydrogen sulphide
<- 0. 01

0. 03-

Nitric acid 0.4
rooms 2

30 outdoor clean/polluted sites
rooms 10 - 70

wooden enclosures 50 -- 500

wood products with urea formaldehyde 500

-20 outdoor clean/polluted sites
30 rooms

. 6000

10 outdoor clean/polluted sites
- 40 rooms (including visitors)

2000

30 outdoor clean/polluted sites

Nitrogen outdoor clean/polluted sites 2
dioxide rooms 2

Ozone outdoor clean/polluted sites 2
rooms 0.1

rooms with ozone generator 4
or photocopy machines

Particles, outdoor clean/polluted sites 2
coarse (10 jum) rooms 1

Particles, fine

(2.5 ^m) outdoor clean/polluted sites 1
rooms 1

Sulphur dioxide 0.1
rooms 0.1

100

90
cellulose nitrate negative films 4000

400

100

600

-70

100

50
-30

50
- 100 outdoor clean/polluted sites

0.1 10 100 1000 10000

a: Details of the sources and monitoring conditions are in Appendix 1. If not specified, the levels of pollutants are generated
by the material inside airtight enclosures.
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convenient, this approach must be used cautiously.
Table 5 addresses this issue. It shows the maximum

allowable concentration for each key airborne
pollutant to provide minimal risk to most materials
for the indicated exposure periods. The targets
are based on the LOAED of pollutants. These
maximum levels of pollutants have been grouped
in three preservation targets*: 1, 10, and 100 yrs.
The 100-yr target provides the greatest preservation
and means that most objects should not show adverse
effects for 100 yrs when exposed to the maximum
level of pollutants allowed in the respective column.
As already mentioned, with the exception of water
vapour, it is probably unrealistic and unreliable to
specify pollutant concentrations lower than those
allowed by the preservation target for 100 yrs.
Intermediate targets can also be adopted.
Another way to visualize preservation targets is
to refer to the rate of observable adverse effects

(number of adverse effects per unit time), as shown
in Figure 26. A preservation target of 1 yr has an
observed adverse effect after 1 yr. With each
successive year additional adverse effects will be
observed. For a preservation target of 10 yrs, the
adverse effects will be seen after 10 yrs, and will
be cuinulative with each successive 10-yr period.

It is important to stress that hypersensitive
materials (e. g. lead, silver, vulcanized natural rubber,

12

^10
I
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% 4

<82
oh

Preservation target of 1 year

40 60

Time (years)

Figure 26. Rate of accumulation of adverse effects
for preservation targets of 1, 10, and 100 yrs.

polyurethane magnetic tapes, cellulose acetate- and
nitrate-based objects, and some colorants) have not
been included in Table 5. These are so sensitive that

they should be dealt with individually, with proper
control strategies. Details of their preservation are
addressed in Table 15 (p. 62). By excluding the
materials that are hypersensitive to each key
pollutant, the LOAED of a pollutant for a mixed
collection is shifted up by an order of magnitude.
In other words, the preservation targets are based

TABLE 5. AIR QUALITY TARGETS FOR MUSEUM, GALLERY, LIBRARY, AND ARCHIVAL COLLECTIONS

Key airborne
pollutants

Maximum average concentrations for indicated
preservation targets", jug m-3 (ppb)

lyr lOyrs 100 yrs

Reference average concentration
range, ^tg m -3

Clean low

troposphere
Urban area

Acetic acid

Hydrogen sulphide

Nitrogen dioxide
Ozone

Sulphur dioxide
Fine particles (PM2. 5)

Water vapour

1000 (400)

1

10

10

10

10

(0. 71)
(5.2)
(5. 0)
(3. 8)

100

0.1

1

1

1

1

keep below 60% RHd

100°

0. 01

0.1

0.1

0.1

0.1

0.3-5

0.01-1

0.2-20

2-200

0. 1-30

1-30

0. 5-20C

0.02-1

3-200

20-300

6-100

1-100

a: Preservation target is the length of time (in years) for which the objects can be exposed to the indicated level of pollutants with
minimal risk of deterioration. These targets are based on the LOAED for most objects and assume that average RH is kept between
50 and 60%, temperature ranges between 20 and 30°C, and the collection is kept clean (if not, the maximum levels of key airborne
pollutants for each class of targets may need to be readjusted). These values are not applicable to hypersensitive materials.

b: Because most objects have high NOAEL of acetic add, concentrations below 100 f^g m-3 are not mandatory.
c: Acetic acid levels can be as high as 10 000 ̂ ig m-3 inside enclosures made with inappropriate materials, such as fresh

acid-cured silicone.

d: For permanent collections where the average RH has not been between 50 and 60%, maintain the historical conditions.
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on moderately sensitive objects and not on those
that are the most sensitive. This rule does not apply
to sulphur dioxide because paper-based materials are
very sensitive to SOz but also very common. Another
exception is the LOAED approach for water vapour.
This can hardly be applied to a mixed collection
because, although reducing the humidity levels
can be beneficial for materials prone to hydrolysis,
many composite objects can be physically damaged
by changes in RH.

The maximum concentration of key airborne
pollutants allowed in Table 5 for the preservation
targets of 1 and 10 yrs should be considered effective
and relevant for preservation purposes. Many objects
will not show the first signs of deterioration until
after the designated exposure period. The targets
of 1 and 10 yrs are useful and feasible for many
museums and, in fact, the best achievable in most
historical buildings. Achieving pollutant levels
associated with a preservation target of 1 yr in
a room can significantly contribute to better
preservation in an enclosure if there are no
significant emissive sources of pollutants inside.

Monitoring technology to measure all the key
pollutants at levels as low as those required for the
preservation target of 100 yrs is available (details
of monitoring techniques are given in Chapter 6).
However, most sensitive techniques require expensive
instruments or sampling and laboratory analysis.

Not all museums can justify the cost related to
monitoring. Fortunately, it is possible to provide
an estimation of preservation targets based on some
assumptions. Table 6 shows possible preservation
targets for most collections in different museum
locations, including rooms and enclosures.
Parameters, such as public access, filtration and
barrier capacity of the building, and emissive and
sorbent materials in enclosures, have been considered

for the establishment of these possible targets. The
museum location is assumed to be in a moderately
polluted urban area. The preservation targets have
been assessed by comparing the maximum pollutant
levels allowed for each preservation target in Table 5
with the data in Appendix 4, which reviews actual
knowledge about the possible levels and reduction
ratios of pollutant levels by different building
features and enclosure designs. These potential
targets may not reflect the reality of a specific
museum; however, they can be used as a starting
point for monitoring as well as a good reference for
institutions which cannot afford a comprehensive
monitoring campaign. If the resources are available,
some monitoring may help to improve the estimation
of the potential preservation.

The NOAEL and LOAED approaches can
become sources of rational decision-making for
the development of the institutional preservation
policy*. The use of micro- and macro-scale risk
assessment is dealt with further in Chapter 5.

TABLE 6. POTENTIAL PRESERVATION TARGETS FOR MOST COLLECTIONS

Potential preservation target (in yrs)
In enclosures

with EMb
In enclosures

without EM

Air quality control in building In rooms Without ESC With ES Without ES With ES

Natural ventilation or HVAC system with 1-10 <1
moderate-efficiency particle filter, no gas filter

HVAC system with gas and good-effidency 10-100 s,W
particle filters'1, building membranes that are
good gas barriers, and basic control of visitor flow

HVAC system with gas and high-efficiency slOO <10
particle filters, building membranes that are
good to very good gas barriers, and limited access

10-100

10-100

10-100

10-100

>100

sioo

slOO

>100

sioo

a: Adverse effects of water vapour and hypersensitive materials are excluded.
b: Emissive materials (products and objects).
c: Efficient sorbent (enclosures are assumed to have an air exchange rate of once per day).
d: Assumes periodic replacement of the filters.
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Control strategies are co-ordinated measures
to reduce or maintain one or many agents of
deterioration at a certain level, thereby limiting
the risk or the rate of deterioration to objects
exposed to the harmful agents. These measures
can be derived from specifications (which are
accurate descriptions of technical requirements
for the performance of building features, portable
fittings, and procedures). Table 7 summarizes
the various control strategies that can be used
to prevent adverse effects of airborne pollutants.
It shows the possibilities for control at different
stages. Avoid, block, dilute, and filter/sorb are
strategies to reduce the levels of the pollutants
in the ambient air; reduce reaction is a strategy to
minimize the adverse effects of the pollutants on
objects; and reduce exposure is a strategy to limit
the deterioration by limiting the exposure of objects
to the harmful environment. Whenever feasible,
avoiding sources of pollutants is the best option.
However, there are few options available to avoid
outdoor pollutants, the most realistic being the
blocking strategy. For indoor-generated pollutants,
the avoid strategy (i.e. avoiding exposure by
selecting safe products) is the most efficient
choice for enclosures. If this cannot be done, the
dilution strategy will provide a partial reduction
in pollutants. Monitoring is an integral part of
the control strategy, and is discussed in Chapter 6.

It is important to note that control strategies do
not have to be uniformly applied throughout the
museum. They can be tailored to the value and
need for preservation of the objects as well as
to different rooms and different enclosures;
see Table 8 for examples of the many possible
locations of objects (such as on display, in storage,
in use, etc. ). Control strategies are not intended to
offer solutions to specific problems, as there are
too many possible scenarios. Chapter 5 provides
tools for selecting control strategies that meet
the required performance. The current chapter
proposes general guidelines followed by a focus
on environmental control at the building, room,
and enclosure levels. Some specifically adapted
control measures are proposed for the preservation
of hypersensitive objects. However, before discussing
the possible control strategies, some general
principles and guidelines are described to help
explain the global physics and chemistry of
pollutants in the museum.

GENERAL PRINCIPLES AND GUIDELINES

SPATIAL GRADIENT AND

STEADY-STATE CONCENTRATIONS

Airborne pollutants can be emitted by some
materials and sorbed by others. Figure 27 (p. 38)
illustrates the mass transfer of airborne pollutants
in ambient air including infiltration and exfiltration
through different envelopes and from emission
and sorption by various materials. All these
parameters induce spatial gradients* in a pollutant's
concentration in the room and provide a steady-state
concentration in a small enclosure. For simplicity,
the influence of air movement (draft or pressure
gradients) and thermal gradients are excluded
in this schema. Because museums have natural
ventilation due to periodic opening of doors
or windows, the concentration of pollutants is
reduced as they infiltrate deeper into the building
(Blades et al. 2000). Pollutants get sorbed along their
pathways by the surface of the walls, floors, and
furniture as well as by the collection itself. A similar
pattern can be seen in enclosures. Pollutants can
infiltrate an enclosure through gaps or by diffusion
through the envelope. Only a small percentage of
the ambient pollutants will succeed, and these
will be sorbed by the interior surfaces of the
enclosure's products and by the objects. Only
those sorbed by the object have the potential
to cause adverse effects.

"100, 10, 1" RULE FOR THE
LEVEL OF OUTDOOR POLLUTANTS
Based on a review of the literature and a model

of the levels of pollutants found outside and inside
enclosures, the "100, 10, 1" rule of thumb can be

used to approximate the levels of outdoor pollutants
passing through successive protection envelopes.
Through each envelope, the concentrations of
pollutants are reduced by 1 order of magnitude.
For example, if there are 200 ,L(g m of nitrogen
dioxide outside, the level inside a room in a building
will be 20 ,ug m and the level inside an enclosure in
the room will be 2 ,ug m . This assumes the absence
of indoor-generated pollutants and the presence of
good building barrier controls, collections in the
rooms, and good airtight enclosures. If a room has
windows that are left open a few hours a day, there
will be no significant difference between levels on
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TABLE 7. CONTROL STRATEGIES TO PREVENT THE ADVERSE EFFECTS OF AIRBORNE POLLUTANTS

AVOID outdoor sources

. Select proper locations for new buildings based on surrounding sources of airborne pollutants such as pollution-emitting
industries and dominant winds.

. Minimize the generation of pollutants, e. g. pave the parking lot, limit traffic in the immediate vicinity of the building.

. Support any proposal for reduced coal energy consumption and support enviromnentally friendly initiatives.

AVOID sources in rooms/building
. Minimize dust- and gas-generating activities close to the collection or in the same ventilation zone.
. Limit the number of visitors per room depending of the ventilation capacity.
. Carefully select and use products based on their chemical components.

AVOID sources in enclosures
. Carefully select and use products based on their chemical components.

BLOCK infiltration of pollutants in rooms/building
. Consider wise distribution of collections in the different air quality zones of the building

(including the possibility of using enclosures).
Improve airtightness of the building membrane or some rooms.

. Add vestibules for the main doors and open windows wisely.

. Select proper location for the air intake of the HVAC system, provide different positive pressure zones with
a minimum air intake ratio. Insert efficient gas and particle filters. Change filters periodically.

BLOCK infiltration of pollutants in enclosures
. Use airtight enclosures or use air-filtered positive pressure systems. Change filters periodically.
. Wrap objects with sorbent tissues, such as acid-free tissues or cotton fabrics.

BLOCK emission of pollutants from products in rooms/enclosures
. Apply a barrier film on the surface of emissive wood products.

BLOCK transfer (deposition or sorption) of pollutants on objects
. Apply a barrier film on the surface of objects (limited option).

DILUTE, FILTER, or SORB pollutants in rooms/building
. Consider wise distribution of collections in the different air quality zones of the building (including the possibility of using an enclosure).
. Increase the distance between objects and the source of the airborne pollutant or its point of infiltration.
. Use local exhaust for the most polluting activities (cooking, workshop, chemical store).
. Use portable fans to push the air out of the rooms/building (for short-term high emission such as freshly painted walls or floors).
. Filter the recirculating air of the HVAC system or use a portable filter unit. Change filters as recommended by the manufacturer.

DILUTE or SORB pollutants in enclosures
. Consider stack pressure design of the enclosure if the environment of the room is well controlled or use air-filtered

positive pressure systems.
. Dilute (flush) air with a non-reactive gas such as argon, helium, or nitrogen.
. Use passive or active sorbent methods (can include gas, particles, water vapour, or oxygen sorbent).

Change the sorbents periodically.

REDUCE REACTIONS on objects
. Decrease the level of RH, the temperature, or the ultraviolet, visible, and infrared radiation (where appropriate).
. Neutralize pollutants absorbed into the objects (e.g. alkaline compounds in papers inhibit acid deterioration).

REDUCE EXPOSURE TIME
. Limit exposure of objects to the inappropriate environment.

MONITOR the collection

. Inspect for signs of deterioration on objects and on the enclosure and building products periodically.

MONITOR pollutants in rooms and in enclosures
. Do appropriate in situ monitoring of pollutants.

MONITOR performance of control features
. Verify efficiency of the gas and dust filter systems periodically.
. Measure the leakage rate of the building and enclosures.

RESPOND to the detection of pollutants or damage on objects
. Protect objects from the harmful environment.
. Re-evaluate the avoid, block, and reduce strategies; consider cost-benefit analysis.
. Remove dust accumulation on objects, in the building, and on portable fitting surfaces periodically. Minimize resuspension of dust.

TREAT damaged objects
. Clean and treat objects, if necessary, to limit further deterioration.
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TABLE 8. VARIOUS POSSIBLE LOCATIONS OF OBJECTS

Function (duration3) Room Enclosure with typical products

Storage
(long term)

Mixed or specific collection room
(staff or expert access)1'
Cool room (10°C) (limited access)
Cold room (-20°C) (limited access)
Dry room (<40% RH)
Attic and basement of historical
houses, shed

Wood or metal cabinets

Wood, cardboard, metal, or plastic boxes/containers
Plastic bags
Plastic, paper, cardboard pockets/envelopes
Wood product transportation boxes
Sealed glass jars (wet collection: ethanol
or formaldehyde)
Piaster (some untreated fossil specimens)

Exhibition

(short to long term)
Exhibition room (possible location
of receptions)
"Storage-exhibition" room (public access)
Public area (subway, shopping mail)
Political and diplomatic offices
Private residences, religious building

Display cases, glass frames:
Window: glass or plastic
Base: metal, wood, plastic
Frame/boards: metal, wood, plastic, cardboard

In use

(very short to
short term)

Ceremonies and events (spiritual, cultural, etc.)
Maintenance

Conservation

laboratory
(very short to
long term)

Short- to long-term presence of an object
in treatment or in analysis

Wood, cardboard, or plastic boxes
Clear plastic or paper envelope (encapsulation)

Consultation or

preparation room
(very short term)

Immediate or short-term use of objects Wood, cardboard, or plastic boxes
Clear plastic or paper envelope (encapsulation)

Transit
(short term)

Loading bay
Quarantine room

Metal, wood, or cardboard transportation boxes
(inside: soft and rigid foams, plastic sheet,
papers, etc.)

Non-collection Cafeteria, workshop room, main hall
(reception), auditorium, and offices

Construction activities

(very short to long term)
New building, new room (mainly for
exhibition), or retrofitting (renovation)

Mainly new display cases or retrofitting
(various fresh products including those that
release solvants)

Outside

(moderate to long term)
Outside of heritage institutions, public and
private areas (storage or exhibition):
Open structure, sheathed post and beam

Large display cases (glass, plastic, metal,
wood products)

a: Duration: very short term = less than a day; short term = 1 day to a few weeks; moderate term = a few weeks to 1 yr;
long term = more than 1 yr.

b: Some collections, such as organic ethnographic, taxidermal, and study skins, some minerals, wet collections
(fluid preserved) and cellulose acetate and nitrate film collections, tend to release significant amounts of pollutants
that could affect the objects themselves.
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Figure 27. Schema of mass transfer of airborne pollutants in a museum. E = emissive; S = sorptive.

the inside and outside. The "100, 10, 1" rule for

outdoor pollutants is a generalization and may
seem simplistic, but it does satisfy the needs of many
museums that cannot afford expensive monitoring
but still require some idea of the order of magnitude
of pollutant levels. Environmental departments of
different levels of government disseminate (through
their Web sites) the levels of pollution of major cities,
and this information can be used to establish indoor

levels using the "100, 10, 1" rule. See Chapter 6 for
more information.

The "100, 10, 1" rule cannot be applied to indoor-
generated pollutants such as acetic add, which can
reach high steady-state concentrations inside airtight
display cases or storage cabinets made with emissive
products. Research on formaldehyde in the 1970s and
1980s found levels in the range of 500-6000 ,Lig m-3
inside enclosures made from wood products with
urea formaldehyde-based glue. Formaldehyde levels
were 10 times lower in rooms with a large number of
wooden panels (Meyer and Hermanns 1986; Newton
et al. 1986), and would have been much lower still

if exfiltration of formaldehyde from an enclosure
had been the only source of formaldehyde.

USEFUL LIFETIME OF PRODUCTS

Some products, especially those composed of organic
materials, release pollutants in typical patterns. These
patterns are related to their nature, the way the
products are formed, and the deterioration processes.
Based on each product's emission rate at different
stages of its existence, the use of the products can be
allowed under some conditions or can be prohibited
completely. Figure 28 represents some possible
patterns, based on products emitting acetic acid.
Pollutant levels can be quite high in the early stages
when products are made or being applied. This is
the case for liquid products such as solvents or water-
based paints and adhesives, glued wood products
and in situ chemically made products such as room
temperature vulcanization (RTV) silicones, and
two-part products (urethane and epoxy) in the form
of paint, adhesive, or moulding resins. It takes about
3-4 weeks for most of the off gassing to reach a
minimal rate (Tetreault 1999a, 1992b). Much of the

38 CONTROL STRATEGIES



AIRBORNE POLLUTANTS M MUSEUMS, GALLERIES, AND ARCHIVES

damage reported in the
literature as being caused
by emissions from products
concerned objects that were
stored or displayed in newly
made enclosures. Damage
was noticed within the
first 3 months.
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After the initial period of
curing or evaporation, some
of these products release
only a low steady level of
pollutants due to the ongoing
deterioration process of
hydrolysis or oxidation.
Many products are safe to
use in enclosures in the

"stable" phase. Most wood
and plastic products that
release acetic acid fall into

this category, tending to
create steady levels of
pollutants that are sometimes below the detection
limit. However, oak and cedar release very high
amounts of acetic acid vapour. Their emissions
are highest when freshly cut, and decrease slightly
over time due to alterations to their surfaces

(photo-oxidation, dust deposition). But even the
reduced emission rates are significant, and a
50-yr-old piece of oak will still have a noticeable
smell of vinegar. Because of the high levels of acetic
acid generated by oak and cedar of any age, these
woods are not appropriate for use in an enclosure
that contains lead objects.

While some products are not recommended for use
during their early stage of life, for others the scenario
is the opposite. For example, some objects or products
deteriorate after a period ranging from a few years
to a few decades/ and this deterioration causes an

increase in the rate of emission of pollutants. Acidic
papers and cellulose nitrate and acetate objects
which suffer accelerating deterioration due to
acid hydrolysis fall into this category.

It is important to consider the aspect of useful lifetime
when choosing products, especially for enclosures.
This may help to prevent the common adverse effects
caused by various emissive products or objects at
various points in their life span.

ADVERSE EFFECTS BY CONTACT

Another important aspect to consider when selecting
products is their potential adverse effects when placed

silicone sealant, acid type

cellulose acetate film

oak panel

emulsion paint

0.1
(36 days)

10 100
Years

Figure 28. Useful lifetime of products. Based on the rate of acetic add emission
from various materials (Tetreault 1999a; Ryhl-Svendsen 2000).

in contact with objects. One potential problem
is staining of an object at the contact point after a
certain time. Therefore, it is important to ensure that
no product can transfer any of its components to an
object by contact. The products most likely to cause
staining include products made of acidic components,
such as acidic papers (Figure 29); paints formed by
oxidative polymerization; poly(vinyl acetate) (PVAc)
adhesives; dyes that are not colourfast; sulphur
compounds; and products with high amounts of
plasticizers such as flexible poly (vinyl chloride) (PVC).
Polyurethane foams will also eventually cause
staining by contact. They can maintain their initial
properties for a few years but gradually turn yellow,
brittle, and sticky. At this stage, they stain anything
in contact with them. Contact between two objects
or between components of the same object can also
result in deterioration. The protection of products in
contact with museum objects is also important. Acidic
or oily objects can stain labels or their containers,
which could lead to vital information related to
the history or identification of the objects being
lost. When a piece of metal is in contact with an
acidic product, such as a wooden panel, most of
the damage will occur at the edge of the metal
rather than at the contact point. Moisture in
the ambient air speeds up this deterioration.

An object can also damage its enclosure or
container, which can lead to damage to other
objects if the damaged product is re-used. For
example, containers can be rusted or stained by
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'A'»"

Figure 29. Paper artwork stained by
an acidic matboard after many years of contact.

[A colour version of Figure 29 is available on p. 94.]

oils from a mineral, ethnographic, or industrial object.
If the container is used again for other objects, they
may deteriorate due to contact with the contaminated
container or by desorption of pollutants from it.

ADVERSE CONSEQUENCES OF CONTROL STRATEGIES
No control strategy should improve the preservation
of one object at the expense of others, and no control
strategy to reduce the risk of deterioration by
pollutants should increase the risk of deterioration
by other agents. These are two idealistic principles.
In some circumstances, the selected control strategy
is the lesser of two evils. Human health and safety
should, of course, be mandatory.

MACRO VERSUS MICRO ENVIRONMENTAL CONTROL
The decision of whether to exercise environmental
control in an entire room or in selected enclosures

depends on several parameters: the preservation
needs of the objects, their sizes and quantities,
aesthetic considerations, and resources. One

common approach is to offer basic control at

the room level that can fulfil the institutional

mandate of preservation and accessibility. Valuable
objects at high risk can then be identified and receive
extra control measures, such as displaying them in
enclosures with a more highly controlled environment
or limiting their display time. Museums with a large
collection can group objects based on the degree of
preservation desired, and then provide efficient
control measures at the room level to meet these
goals. A cost-benefit analysis can help with the
decision to control the environment at the room

or enclosure level. The issue of airtightness of
enclosures is an important consideration and
is covered below.

Conservation professionals can assist in grouping the
collection based on sensitivity or common materials,
and then apply specially adapted controls. Over
time, some objects reaching an advanced state of
deterioration may have to be relocated to avoid
adverse effects on other objects. This is the case
with objects made of cellulose acetate - they must
be isolated from the rest of the collection when they
reach a critical acidity to avoid cross-contamination.

CONTROLS AT BUILDING/ROOM LEVEL

The main issues at the building level are the
infiltration of outdoor gaseous and particulate
pollutants, and the emissions from indoor products,
visitors, and, in some cases, the collection itself.

Common or important control strategies are
outlined in Table 7 and discussed below.

AVOID

There is usually very little that can be done to control
the levels of pollutants outside buildings. However,
some measures that can be applied locally include
having paved parking spaces and a paved entrance
way to avoid resuspension of dust, and limiting
heavy traffic close to the museum. For indoor
sources, there are many more possibilities.

Control of Visitor Density
In a crowded exhibit room with inadequate
ventilation, the level of pollutants such as
ammonia, hydrogen sulphide, dust, and
water vapour may increase; likewise the
temperature may rise. For the comfort of both
visitors and the collection, limiting the maximum
density of visitors per room is recommended. For
popular exhibits, this can be done by allowing
only a certain number of visitors to enter the
exhibition every half hour.
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TABLE 9. PARAMETERS OF HVAC SYSTEMS RELATED TO THE CONTROL OF POLLUTANTS

Parameters Advantages Limitations

Low air . Can be maintained to the minimum required
intake ratio for human health.

« Avoids infiltration of outdoor pollutants and
maintains the conditioned RH and temperature.
The air intake location should be away from
the street, exhaust vents, sources of pollution
(chemical store, garbage containers), and the
truck loading entrance.

No air . Avoids introduction of a large amount
economizer of untreated outdoor air.
(no relief air)

Multi- . Provide different performances adapted to the
environmental needs of the collection. The highest positive
control zones pressure is usually applied to the cleanest room.

Variable air . Airflow can be adjusted to the need: an
volume (VAV) increase of flow with a high number of visitors

or renovation activities and a reduction during
the low occupancy period. The option of having
constant air volume is possible.

. The following airflow rates are proposed
as guidelines (Thomson 1986):
ceiling height <3 m: 8 air exchanges/h
ceiling height 4-5 m: 6 air exchanges/h
ceiling height 7m: 4 air exchanges/h
These airflows can be reduced by 50% during
non-occupancy.

Use of high- . Allows better filtration of fine particles.
performance See Table 10.
particle filters . Delays the need for cleaning HVAC components.

Use of gaseous . Allows filtration of gaseous and vapour
and vapour pollutants (may need a combined chemical
sorbents sorbents filter system). See Table 11. For new

construction projects, consider leaving space for
future installation of a gas filter box or bag even
if it is not currently requested by the client.

. Important to avoid elevated levels of C02 [<1800 ug m-3 (<1000 ppm)
(ASHRAE 2001a)], so a C02 sensor is recommended. Typical
background level of C02 is around 400 ppm, and it is increasing.
Also must avoid elevated levels of indoor-generated pollutants
[total VOC (TVOC) below 200 and 300 f^g m-3 during occupancy
as suggested by Molhave (1990) and Seifert (1990), respectively.]

' Sufficient amounts of outdoor air are required to provide positive
pressure. This avoids the undesirable introduction of untreated
air from open doors and leak points. These leak points should be
sealed as much as possible.

' High ratios of outside air to remove (flush out) VOCs from
new products are not recommended if the collection is present.

A minimum flow is required to avoid gradients of temperature
and RH and to control indoor-generated pollutants and avoid
elevated levels of C02

The efficiency of the gas sorbents decreases when the airflow
increases; noise will also increase.

ASHRAE has concerns related to efficiency and reliability of
the VAV mode and recommends the constant air volume mode

(ASHRAE 2003). It is also more difficult to maintain pressure
relationships betv^'een adjacent HVAC zones with VAV than
it is with constant systems.

* Performance can be lower than predicted if inadequately installed.
. Indoor-generated dense particles are not trapped by the HVAC

system due to their short suspension times.
. A more powerful pressure fan may be needed for higher efficiency

filters (more energy consuming).
. Electrostatic air cleaners cannot be used because they generate

ozone.

. Performance can be lower than predicted if inadequately installed.

. Lifetime determination of some filters can be done by sampling
analysis. If lifetime is unknown, the filter should be replaced at
least once per year. Some released sorbent particles are trapped
by the fine filter downstream while a very small amount pass
through. Some of these particles can oxidize material surfaces.
Fixed-bed filters do not tend to release sorbent particles.

. Some filters require a more powerful pressure fan, which is
more energy consuming.

. More energy consuming.Filtration of * In addition to the filtration of outdoor

the rehirn air pollutants, indoor-generated pollutants such
as H2S, ammonia, and particles emitted or shed
from visitors will be filtered.

Regular . By conducting regular inspection and maintenance, it is possible to ensure proper efficiency and to minimize the risk of
inspection and microbiological growth. Newly installed HVAC systems should be cleaned before being operated. HVAC systems often
maintenance become dirty during construction activities within a building, and should be cleaned. The air handling unit should be

inspected by visual means every year and the supply and return ductwork every 2 yrs. Before beginning cleaning work,
staff conservators should be informed of the protocol.

. Do not use acid or oxidant solutions to clean cooling coils and ducts.

. Avoid vegetable oil-based lubricants and keep the oil residues on HVAC components to a minimum.

. Dusty filters are known to be more efficient at reducing particle infiltration than clean filters. However, dusty filters
cause the pressure of the system to drop and the dust accumulated on the filter can be a source of pollutants and moulds.
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Figure 30. Typical HVAC system.

Selection and Use of Products

Due to the high dilution capacity of a room
(from natural or forced ventilation), pollutants
generated by products do not tend to reach
high levels beyond a few weeks following their
application. However, three products should be
avoided in large quantities: oil or alkyd-based
paints and varnishes (see Table 13, p. 53); wool carpet;
and uncoated wood products such as particleboard
or waferboard made with urea formaldehyde-based
glue. Noticeable smells in a room are often related
to the collection itself on open shelves or to moisture
problems. If there are silver and copper objects in a
room with wool tapestries or carpets/ these metals
should be protected. There is usually no need to
replace old oil-based paints or old uncoated
wood panels if there is not a pronounced smell.

However, as a precaution, objects having lead
components should be protected.

BLOCK, DILUTE, FILTER, OR SORB

Control with an HVAC System2
Large new buildings control the level of
pollutants through a central HVAC system
especially designed for this purpose. Such systems
must fulfil requirements for human health and for
the preservation of the collection at a minimum cost.
Basic HVAC systems tend to concentrate on a stable

2. Since 1999, the manual of the American Society of Heating,
Refrigeration, and Air-Conditioning Engineers (ASHRAE)
has had a chapter dedicated to museums and libraries which
focusses mainly on RH and temperature issues. In the 2003
version, controlling airborne pollutants has been added.
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Figure 31. Efficiency of filters versus particle size based on the dust spot test (ASHRAE 2001d).

and uniform climate with modest control of dust.

In historic houses, the climate control performance
depends not only on the HVAC system but
sometimes even more on the vapour/gas barrier
and thermal isolation capacities of the building
and on human activities. Accurate control of

pollutants requires expert assessments to determine
the combined performance of the HVAC system
and the building envelope.

Many parameters of the HVAC system are involved
in the control of pollutants. Table 9 (p. 41) summarizes
these parameters and Figure 30 gives a visualization
of them. Variants of this schematic system exist. The
air intake should be the lowest possible that will
still be sufficient to keep levels of CO^ and indoor
pollutants low by dilution and to pressurize the
different control zones of the building. Because
weather and indoor activities are not constant and

the cost of energy is increasing, airflows based on
demand (variable air volume system) have gained
in popularity. Although these systems are satisfactory
in many applications, they may not be suitable for
museums because the low and variable airflows

could result in temperature gradients that in turn
create incorrect RH during warm or cold days, and
because they may be incapable of reaching the
required environmental performance (ASHRAE 2003).
When a variable air volume system is not the best
option, museums should consider having different
environmental control zones optimized for the
preservation of different types of collections and

for the functions of individual rooms. ASHRAE
refers to different methods for the measurement
of the airflow rate of rooms (ASHRAE 2001b).

Filter systems are important in the control of
pollution in new or retrofit buildings. An H VAC
filter system can have different filter configurations
ranging from a simple water spray with a coarse
particle filter to a complex series of specialized gas
and high-performance particulate filters. ASHRAE
and the European Committee for Standardisation
(CEN) have developed new performance standards
for dust filters: the ANSI/ASHRAE Standard 52.2
(ASHRAE 1999a) and the EN 779 (CEN 2002).
Unfortunately, there is no direct equivalency between
these two standards. The previous standard dust spot
test and the (old) EN 779 (ASHRAE 2001 d) are based
on the same measurement method and can be used to

make approximate correlations between the two new
standards. Figure 31 shows the typical efficiency of
filters for different particle sizes based on the dust
spot test. These efficiencies serve as estimations, since
the real efficiency varies depending on such physical
parameters as airflow and saturation of the filter.
For example, a filter with an efficiency of 80% blocks
half of the 0.3-^m particles and more than 95% of
the 2.5-jum particles. As shown in Figure 7, blocking
infiltration of fine particles is important since the
most harmful particles for museums are those
having an aerodynamic diameter between 0.01
and 1 jUm, such as carbon black, salt, and sulphate
and nitrate compounds.
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TABLE 10. SPECIFICATIONS FOR HVAC FILTER SYSTEMS

First-stage particle filter,
minimum efficiency based on

Class of ASHRAE Dust spot EN 779C
specification 52.2 efficiency1'

(MERVa)

Gas filterd

Final-stage particle filter,
minimum efficiency based on

ASHRAE
52.2
(MERV)

Dust spot
efficiency

EN 779 Return aire

AA

A

B

D

>12

11

10

a70%

60-65%

50-55%

40-45%

30-35%

>F6

F6

F5

F5

G4

1 or 2 stages

1 stage

1 stage
(preferable)

sl6

15

14

13

12

>99%

>95%

90-95%

80-85%

70-75%

aHlO

F9

F8

F7

F6

filtered

filtered

filtered

filtered

(preferable)

unfiltered

a: MERV: Minimum efficiency reporting value from ANSI/ASHRAE Standard 52. 2 (ASHRAE 1999a).
b: Performance of the filter based on the atmospheric dust spot test ASHRAE 52. 1 (included for reference) (ASHRAE 1992).
c: EN 779 from the CEN (CEN 2002).
d: See Table 11 for the selection of gas filters.
e: Return air is filtered when it is recirculated through the filter system.

The performance of the filter system should
be proportional to the building capacity and the
function of the room. Even with the most efficient

filter system, the deposition of fabric lints or human
danders will remain an issue if there is too much

human activity or circulation in the room. Table 10
shows five progressive specifications related to the
performance of filter systems. When a museum has
a centralized HVAC system, a final stage filter with
at least 70-75% efficiency (dust spot test) should be
specified. This filter performance corresponds to
Level D, and represents a performance slightly above
that expected for office buildings. However, at this
level only about 40% of the fine particles are filtered.
Subsequent classes represent more progressive,
balanced performance levels. At Level B, a gas
filter should be considered for more global pollutant
control. Level A is the optimum level. It provides
superior control of fine particles (a reduction of
more than 80%, with an acceptable pressure drop).
Different configurations of filters are also possible
as long as the minimum performance required
is respected.

Due to the high cost of high-performance filters/
a lower-performance, first-stage filter is often
installed upstream to extend the useful life of the
high-performance final filter. The final filter must
be installed downstream of the fan for optimal
efficiency in positive pressure. It is also possible

to add, before the first-stage filter, a prefilter for very
coarse particles such as sand, insects, and dead
leaves. However, the use of medium-performance
first filters is more common, partly because the
price of these filters has fallen but also due to the
long-term benefit of postponing the need to clean
the climatization unit (e.g. heat exchanger or cooling
coils). Reasonable energy consumption, the extended
life for the final-stage filter, and dust abatement
procedures leading to finer particles with less mass
have all promoted the use of medium-performance
filters. Furthermore, air intakes are most often placed
at the roof level rather than close to the dust-loaded

ground level. The use of medium-performance filters
as first-stage filters has been well documented in
some engineering standards, such as the Swiss
(SWKI 96-4), German (VDI 6022), and Canadian
guidelines (Societe Suisse 1998; Verein 1998;
Nathanson et al. 2002).

With increasing concerns about viruses, bacteria,
and metallic toxic dust, HEPA filters have become

more popular and readily available. A true HEPA
filter removes 99. 97% of all O.S-^m particles while a
near-HEPA filter removes particles with an efficiency
between 90 and 99.97%. Because of the high pressure
drop, HEPA filters are very energy demanding.
HEPA filters are mainly used for the pharmaceutical
or semi-conductor industries where staff must wear

special clothing and masks. Obviously, this is not
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TABLE 11. GASEOUS SORPTION PERFORMANCE OF FILTERS3

Sorbent Imp regnant Acetic H2S N02 Os S02 Water Formal- NHs

acid vapour dehyde

Activated carbon None Goodb

Potassium carbonate (KCOa) or Good
potassium hydroxide (KOH)

Poor Poor Good Good Poor Poor Poor

Good Good Medium Good None Poor Poor

Activated charcoal
cloth

None Good Poor Poor Good Medium None Medium Poor

Activated alumina Potassium permanganate Good Very Medium Good Good None Medium Poor
(KMn04) good

Sodium bicarbonate (NaHCOs) Good Medium Good Medium Good None Poor Poor

Fixed-bed composite
materials

(multi-layered
sorbent media)

None

Catalysis/potassium carbonate Good

Metal salt

lon-exchange resin

Medium Poor Poor Good Good None

Good Good Medium Good None

Medium Very Medium Medium Medium None
good

Good Medium Medium Medium Medium None

Poor Poor

Poor Poor

Medium Good

Poor ! Very

good
Molecular
sieves0 (zeolite)

None Medium Medium Poor Poor Medium Very

good
Poor Poor

Silica gel None Medium Poor Medium Medium Medium Very
good

Poor Medium

Zinc oxide catalyst None None Very
good

None

Water spray
(wet scrubber)

Good Poor Medium Poor Good Medium Medium

a: Performance in active mode. Manufacturers can provide a blend of some sorbents; their net performance will be
the average performance of each single sorbent.

b: Medium performance for formic acid.
c: Highly dependent on moisture content.

Sources:

Adapted from ASHRAE (1999b); Muller (nda, ndb); Purafil (1999); Waller (1999); Charcoal Cloth Limited (1990); Kames (2000, 2002).

the case for museums offering public access to
their collection. In some special cases, restricted
access collections will benefit by having very
high-performance filters if the use of enclosures
is not an option. This performance is referred to
as specification Class AA in Table 10. If the gas
filter releases sorbent particles, it is recommended
to include a pre-final-stage filter in front of the
expensive final filter.

For controlling gas and vapour pollutants, a gas filter
is added between the first- and final-stage particle
filters. Table 11 shows the relative performance of
some gas filters to different key pollutants based

on the main sorbent3 medium and additional active

impregnants. This comparative table can be useful
for selecting the proper sorbent systems for general
performance or for tight control of a specific
pollutant. Unfortunately, few systematic comparisons
between sorbents from various manufacturers exist.

Some performance ratings are based on theoretical
performance and on experts' judgment. According
to the table, only three sorbents provide good general
control of key gaseous pollutants (excluding water

3. Basic information on physical and chemical sorption phenomena
can be found in various reference documents such as ASHRAE
(1999b).
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vapour). They are activated carbon impregnated with
potassium carbonate or with potassium hydroxide,
activated alumina impregnated with potassium
permanganate, and fixed-bed filters* having a
catalytically active carbon and potassium carbonate
impregnant. Few filters can provide high-level
performance for specific pollutants. For example,
only three gas filters can capture hydrogen sulphide
very well. They are activated alumina impregnated
with potassium permanganate, fixed-bed filters
with metal salts, and the zinc oxide catalyst. For a
high-performance filter system, an HVAC engineer
may suggest two-stage gas filters to improve overall
performance (e.g. two fixed-bed filters: one with
catalytically active carbon and one with potassium
carbonate in series with metal salts). A second

possibility is an activated carbon sorbent impregnated
with potassium carbonate coupled with activated
alumina impregnated with potassium permanganate.
In some cases, special sorbents can be blended into
one single gas sorbent. Besides choosing the right
sorbent for the filter system, the filters should be
designed to provide high single-pass efficiencies
for intake air at reasonable energy costs.

The use of sorbents impregnated with strong oxidant,
acid, or alkaline compounds in an HVAC system can
be a concern if there is any possibility of very small
amounts of sorbent powders escaping the final filter
and spreading through the galleries. It has been
reported that sorbent medium can corrode the metallic
filter-holding trays or modules (ASHRAE 1999b).
However, these filters are not new to the market and

are widely used in the high technology field without
noticeable problems. It seems the undesirable
consequences are negligible compared to the
benefit of low levels of gaseous pollutants. A
close look at the nature of dust deposition and
its possible adverse effects on objects is suggested.
Fixed-bed filters do not have this disadvantage
as shown in Figure 32.

It is usually easy to know when particle filters are
saturated and need replacement: the pressure of
the HVAC system drops, the filter gains substantial
weight, or dust can be seen on the filter. Apart
from the browning of potassium permanganate
impregnated active alumina, it is much more difficult
to know when gas and vapour sorbent media are
saturated. Even if there is no standard protocol to
determine the lifetime of these filters, there are three

common methods to verify if they are exhausted:
1) metal coupons can be placed downstream of the
filter for 1-3 months and then the coupons sent for

. ;.,.-. it. ^- 
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Figure 32. Fixed-bed filter. Note the distribution
of sorbents within the fibrous structure and the bond
between fibre and sorbent particles. Courtesi/ of AQF

Technologies, a division ofBBA Filtration.

quantification of the corrosion development
(Purafil 1998a, b); 2) samples of the sorbent medium
can be taken and sent for analysis (the means of
sampling of the sorbent is critical: if the sample is
taken only at the surface, the analysis will always
show a degree of saturation); 3) some key pollutants
can be monitored downstream of the HVAC system.
All these methods require laboratory services. The
results of these analyses will indicate the service life
of the filter system, which can then be changed at
fixed intervals. If no testing can be done, replacing
the gas filters every year is suggested.
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Electrostatic air cleaners incorporated into HVAC
systems are not appropriate for museums. With this
type of cleaner system, particles acquire a charge as
they pass through a high voltage. Negatively charged
particles are then attracted by oppositely charged
surfaces from which they may be removed later.
However, the ionization produces substantial
amounts of ozone/ a strong oxidant.

A wet scrubber or water spray system incorporated
into an HVAC system partly removes particles and
gases by bringing them into contact with water.
Such a system, by itself, does not reduce the water
vapour infiltration into the building. It has an uneven
efficiency for gaseous pollutants but it does reduce
the level of fine particles (PM^ 5) by about 50% and
particles having a diameter of more than 10 j.im by
more than 99% (Air Pollution Training Institute 2000).
The main disadvantage of wet scrubbers is that they
need periodic cleaning to avoid calcareous deposition
and mould contamination.

Control with Portable Filtration Units

Portable filtration units are an efficient way to
control the climate at the room level for a moderate

cost. They provide, locally, good preservation of
sensitive objects. The environmental performance
maintained by a portable unit will be optimal if the
room is well isolated, such as a collection storage
room. Most particle and gas filters can be adapted
for portable units.

Control with Natural Ventilation

Museums without an HVAC system can take
advantage of the spatial gradients (dilution and
sorption) through their corridors and rooms by
placing objects vulnerable to outdoor pollutants far
from entrances or windows which are periodically
opened. However, this approach will not provide
sufficient performance for well-visited museums
where adequate fresh air is required for the health
of visitors and staff.

Vacuum Cleaning
Proper housekeeping is important. When vacuuming
floors be sure to use proper filter bags as vacuum
cleaning can resuspend about half of the fine particles
(PM2.5) when the filter's efficiency is below 75%. This
means that, in a museum without an HVAC system,
each time vacuuming is done only about half the
deposed fine particles will be captured while the
others may settle down in hard-to-clean places such
as an object's surface. Fortunately, it is now easier
to get vacuum cleaners designed for high-efficiency
filtration (Stavroudis 2002a/ b).

REDUCE REACTIONS

Relative Humidity
Where tight climate controls are difficult to achieve,
museums in countries having cold seasons should
take advantage of them by maintaining a dryer
environment in the room throughout the cold period
(e.g. cold season RH 10% less than warm season RH)
(ASHRAE 2003). This will be beneficial to most

collections as shown in Figure 21. However, RH
transitions must be done gradually. Before reducing
the RH, objects sensitive to humidity fluctuations (such
as miniatures or fragile composite objects) should be
identified as they may have to be dealt with separately.

Temperature
Temperatures are set for human comfort.
However, organic objects benefit when stored at
cold temperatures. The main drawback is that cold
temperatures necessarily imply limiting access to
the object. Also, many organic objects stored below
10°C become more brittle and must be handled with

care. Low-temperature rooms are mainly used for
large hypersensitive collections, such as nitrate and
acetate cellulose collections, colour photographic
materials, and skin and fur ethnographic collections.

More information related to the risk associated

with low or fluctuating RH and temperature can
be found in CCI Technical Bulletin No. 23 Guidelines

for Humidity and Temperature for Canadian Archives
(Michalski 2000) or "Museums, Libraries, and
Archives" (ASHRAE 2003).

REDUCE EXPOSURE TIME

Another option to minimize the rate of
deterioration or risk over time is to expose objects
only intermittently to pollutants. The rest of the time
they should be stored in a cleaner environment.

CONTROLS AT ENCLOSURE LEVEL

Pollutants (except particles) do not usually cause
rapid deterioration to objects in a room with minimal
environmental control. However, this situation is not

true for display cases or storage cabinets. Although
enclosures have a high potential to block the
infiltration of outdoor pollutants, they may also
trap harmful pollutants released inside the enclosure.
This can lead to a high risk of deterioration for objects
as they are exposed to levels of pollutants that are
higher than normally found in rooms. Pollutants
within an enclosure may originate from the use
of inappropriate products or from objects in
heterogeneous collections that release compounds
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TABLE 12. ISSUES RELATED TO AIRTIGHTNESS OF ENCLOSURES

Leaky enclosures
(>10 air exchanges/day)

Semi-airtight enclosures
(10-1 air exchanges/day)

Airtight enclosures
(Sl air exchange/day)

Pollutants generated
in the room or from

the outside

' Relies on the control

provided in the room.
. Dust deposition is

a problem.

Weak to good protection. . Best protection against outdoor pollutants
and pollutants related to human activities
in the room.

Pollutants generated
inside the enclosure

from the objects
or products

. The leaks allow levels

to remain low inside.
Levels inside will be low
to medium.

. Mainly a concern for objects sensitive
to carbonyls or sulphur compounds.

. Can reach maximum levels

(pseudo equilibrium).
. Sorbents may help to reduce the levels
if the rate of emission is not too high.

Relative humidity Will be same as the room.

. Humidity in room should
ideally be <60% RH.

. Risk of high localized RH if
there is a cold enclosure wall.

' Moisture-buffering products
will have low to moderate

efficiency.

. Risk of high RH or large RH fluctuations,
if there is not a large surface of moishire-
buffering products and if there are
fluctuations of more than 5°C in

temperature or a cold enclosure
wall (see temperature).

. Don't store damp objects in enclosures.

. Don't place objects in enclosures during
damp periods (s75% RH)

Temperature Will be same as the room. . Same as the room with a delay

depending on the thermal
insulation of the enclosure walls.

. Lamps inside enclosures
increase the temperature
(which will affect the RH).

Same as semi-airtight.
Keep the enclosure at least 10 cm away
from an exterior (cold) wall or from
the floor if the enclosure panel facing
the wall or the bottom is not thermally
isolated.

Insects No protection from risk
of infestation.

. Little protection from risk
of infestation.

Usually good protection from risk of
infestation (insects can perforate and
go through thin plastic sheet).

Water leaks . Weak protection . Weak to good protection . Best protection.
(depends on the design), (depends on the design).

. Consider leakproof enclosure tops; raise enclosures 10 cm above the floor.

Other agents . For physical forces, thieves/vandals, no major differences are observed between airtight
of deterioration and leaky enclosures.

. For radiation, see comments about temperature.

. For fire, see comments about outdoor pollution and temperature.

Design and
maintenance

Made naturally by stack
pressure (a dust screen is
desired) or by a positive
pressure filter system.
Filtration systems are

shown in Figure 39.
Filters must be replaced
periodically.

. Can use a positive pressure
filter system.

. Ensure proper air circulation
between objects and any
sorbents present.

. Must use sealed seams and

closed cell gaskets.
. Ensure proper air circulation

between objects and sorbents.
. Frequent need for access may

limit the airtightness.
. Sorbents will provide additional

long-term protection.
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that are harmful to other objects. The most common
pollutants emitted inside enclosures from products
or objects are acetic acid, fatty acids, formic acid,
hydrogen sulphide, nitrogen oxides, peroxides,
and sulphur dioxide. Most damage to objects inside
enclosures is the result of decision-making mistakes,
such as an underestimation of potential problems,
a lack of information, or a lack of product control
when the enclosure was built.

AlRTIGHTNESS

"Should our display cases breathe or be airtight?"
The issue of making enclosures airtight to provide
optimal preservation for objects displayed within
them is often brought up. In the past, the answer was
mainly based on either pollution or humidity factors.
However, both issues should be considered along
with others such as pest management. Table 12
summarizes the issues related to airtightness.

In general, there is an advantage to airtight enclosures,
but two main conditions must be respected: first, no
harmful pollutants should be generated inside the
enclosure (pollutants can originate either from the
enclosure products or from the objects within the
enclosure) and second, RH fluctuations inside the
enclosure must be minimal (this is related to the

possible risk of elevated RH if ever there is a
significant drop in temperature). To minimize
the adverse consequences of RH fluctuation,
moisture-buffering products (e. g. acid-free matboard,
cotton cloth) should be laid out over large surfaces
within the enclosure, and the daily fluctuation of
temperature in the room should be less than 5°C.
Enclosures should also be located at least 10 cm
from an exterior (cold) wall or from the cold floor
if the panel of the enclosure facing the wall or the
bottom is not thermally isolated. This separation
distance is necessary to avoid temperature gradients
inside the enclosure. If not respected, condensation
may appear on the colder surface within the
enclosure. When the risks related to emissive

products and possible high RH cannot be solved,
filtered positive pressure systems or micro-climate
generators should be used. If these systems are too
expensive, it is better to keep the enclosure very
leaky and let the room's environment work
within the enclosure.

The interior environment of display cases made
with intentional 0.5- to 2-cm gaps along the edges

4. For crowded storage areas keeping a distance of 50 cm
between enclosures and walls is recommended for fire safety.

will be similar to the room environment, and will

rely on the control facilities in place in the room.
However, leaky cases will accumulate large size
particles (mainly hair and fabric lint) due to the
stack pressure* phenomenon. It should be recognized
that the interior of a leaky display case requires more
routine maintenance than that of an airtight case. It is
common to observe display cases with clean outside
surfaces but dust accumulation inside. The resources

and handling risks related to cleaning the interior of
leaky enclosures should be taken into account when
this option is considered.

For travelling crates, objects should be wrapped
with cotton or tissue paper and sealed in plastic
bags with a minimum of free air space within the bag
and the crate. These recommendations are, of course,

in addition to the objects' padding and cushioning
requirements. The case should be thermally isolated.

Some objects are considered "self-destructive." This
is the case for acidic papers and cellulose nitrate and
acetate objects, which are destroyed by hydrolysis in
a process that is sped up by the accumulation of the
degradation products. By keeping the enclosure dry,
the decay of these objects can be reduced. The best
way to maintain a dry environment is to minimize
the water vapour infiltration through the enclosure
and provide desiccants inside; otherwise, a positive
pressure climate control system or overall control in
the room should be considered to remove harmful

products. The addition of pollutant sorbents is useful
in preventing the accumulation of acidic products
inside airtight enclosures. For even tighter control,
reducing the temperature inside the enclosure
should be considered.

AVOID

Avoiding sources of pollutants relies directly on
the nature of objects and products in enclosures.

Selection of Products

As mentioned previously, emissions from enclosure
products can have serious adverse effects on a
collection. The most conamon products known to
cause adverse effects are acidic products (such as
wood products), paints, adhesives, RTV silicones, and
products having sulphur-based compounds (such as
some rubbers and dyed fabrics)/ as shown in Tables 2
and 4. The objects most vulnerable to the pollutants
released by these products are lead, copper alloys,
silver, and paper. To avoid the most common adverse
effects, adhere to the following two basic strategies
when selecting and using products.
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1. As much as possible, wait 3 or 4 weeks before
installing objects within airtight enclosures that
have been painted, sealed, or joined with liquid
products (water- or solvent-based paints and
adhesives) or products that are chemically cured
in situ (two-part epoxies, two-part urethanes, RTV
silicones) (see Figure 28). During this delay, keep
the enclosure open in a well-ventilated area to assist
the off gassing.

2. 1n general, avoid products containing sulphur-based
compounds. The presence of sulphur compounds in
a product can be identified with the lead acetate test
as shown in Table 26, but this test will not indicate

the possible concentration of sulphur compounds
generated by the products in the enclosure. An
alternative is to look at the material safety data
sheets (MSDS). These sheets provide information
related to safety and they can be obtained directly
from the manufacturer or distributor. The

information sheets list all major gases released
during the combustion of the product. If sulphur
dioxide (SO^), hydrogen sulphide (H^S), or
sulphuric acid (H2S04) are identified, the
product contains sulphur-based compounds.

Incompatible Collection
Difficulties can occur when one object affects others
in the same enclosure. This most often takes place
when there is contact between two objects or between
different components of the same object. In airborne
modes, degraded cellulose acetate films can affect
other films, mineral specimens containing pyrite or
sulphur-based compounds can discolour papers or
tarnish silver, and ethnographic objects made with oily
materials can discolour photographs and paper. These
types of objects should be identified (examine Tables 1
and 2 carefully) to avoid undesirable clusters of objects.
Another type of incompatible object is one that has
absorbed pollutants in a previous environment and
then emits these pollutants in a new environment. The
same scenario can happen if products or enclosures are
re-used after being contaminated. This scenario is not
always obvious if the previous location or use of the
products is unknown.

BLOCK

The two main objectives are to block the infiltration
of pollutants from outside the enclosure and to block
the emissions from materials inside the enclosure.

Improving Airtightness of Enclosures
A well-made display case designed to be airtight
typically has an air exchange rate of once per day.

Clear
panel

Wood
panel

Air infiltration

a

Not
sealed

^
b

Not
sealed

Sealed with a
compressed

gasket

Figure 33. Gasket compressed betiveen two movable
parts of a display case. The gasket helps to reduce

air infiltration. Ideally, it should be held in a recessed

channel. For a hollow gasket, the channel depth should
allow for up to 40% compression of the gasket.

This airtightness is reached by sealing the seams of
the interior panel and using gaskets where there are
movable parts (Figure 33). It should be impossible for
a single sheet of paper to be inserted inside any crack
of the case (or gaps between two parts). Gaps can be
sealed, but there is a limit to airtightness due to gas
diffusion through the enclosure structure. With a
well-sealed display case made of acrylic windows
(Plexiglas or Perspex), the major path of infiltration
becomes the diffusion of pollutants through the
plastic windows. Glass windows should be used
instead. Ultimately, the airtightness of the enclosure
will be limited by the interior pressure caused
by atmospheric pressure and temperature
fluctuations. Appendix 5 contains a compilation
of the permeability of various films and panels
to specific gases.
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100The Victoria and Albert

Museum specifies that
its display cases have
an airtightness of 0.1 air
exchanges per day (Cassar
and Martin 1994; Martin
2000) and the U. S.
National Park Service

requires an air exchange
rate of 0.3 for its airtight
enclosures (Raphael et al.
1999). To reach such low

air exchange rates, display
cases made of glass
instead of plastic should
be considered. The benefit

of this level of airtightness
depends greatly on the
capacity of the enclosure
products to adsorb
pollutants. Figure 34
shows the possible
reduction in pollutants
inside the enclosure, at
different air exchange
rates, compared with
the levels outside the
enclosure. These
simulations are based

on a deposition velocity*
(or the mass transfer
coefficient) of the pollutant-material
systems, as shown in the following equation.

Equation 1 (Weschler et al. 1989)

CI/CO=N/(KS/V+N)

0.1 1 10

Air exchange rate (1/day)

^here Ci and Cr

N

K

s

v

Ideally, the surface and the deposition velocity
of the enclosure products should be as high as
possible compared to the objects. With the least
sorptive products* (0. 1 m/h), such as non-reactive
metals or gloss-painted surfaces, a reduction of
80% in the outside pollutants is expected at an air

Figure 34. Inside I outside concentration ratio (d/Co) versus air exchange rate (N) of an
enclosure for various deposition velocities. This simulation is based on a storage cabinet
filled ivith objects where the objects and cabinet interior are assumed to have the same

deposition velocity (K), the total exposed surface of the objects plus the cabinet (S) is 21.2 m2,
the net volume of the enclosure (V) is 1.37 m3, and no significant emission occurs inside

the enclosure. The plotted values were obtained using Equation I: C[/CQ = N/(K S/V + N).

exchange rate of once per day while a reduction
of 99. 7% is possible with the better sorptive products
(1 m/h), such as porous materials (parameters
based on Figure 34). The deposition velocities are
determined experimentally and influenced by the
experimental conditions. The deposition velocity
tends to decrease as the product gets saturated
with pollutants. This may cause an overestimation
of the reduction capacity of the products at low air
exchange rates. Deposition velocities found in the
literature are compiled in Appendix 6.

The initial target for airtightness should be an air
exchange rate of equal to or less than once per day
(I/day). Until recently, measurement of the leakage
rate could not be done easily. The procedure required
the presence of a hole, and the determination was
often done by external services. However, the author
has collaborated with Micro Climate Technology to
develop a simple leakage tester based on carbon
dioxide measurement. This will help the makers of
display cases and cabinets as well as museum staff to
verify, by themselves, whether or not the airtightness
of their cases fulfils the impermeability requirements

= inside and outside

concentrations (itig m-3)
= air exchange rate (1/h)
= mass transfer coefficient

(deposition velocity; V^ep)
of a pollutant-material
system (m/h)

= surface of the material (m )
= net volume of air in the

enclosure (m3)
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g

Figure 35. Textiles icrapped wit1i cotton or acid-free tissues
are well protected against airborne pollutants: (a) Mylar

(Melinex) type D or type 516 covering a plastic or
cardboard tube; (b) acid-free tissue or preiuashed cotton

sheeting over Mylar; (c) interleaving of neutral pH tissues
or prewashed cotton sheeting (d) textile with pile on outside;

(e) preiuashed cotton cover; (f) cotton tape; (g) identification tag.

(Keepsafe 2002a). Other non-commercial methods
exist, and are shown in Appendix 7.

Protective Wrapping
When an object is in storage and does not have
to be visible, wrapping it with sorbent fabrics is
a low-cost, very efficient way to provide long-term
protection against outdoor pollutants such as
particles and oxidants. As shown in Figure 35, textiles
can be rolled with two or three layers of cotton fabrics
or acid-free tissues. An alkaline-buffered cardboard

box is adequate to maintain low levels of outdoor
acids even if the box is just moderately airtight. Silver
objects wrapped with sorbent fabrics such as Pacific
Silverdoth or activated charcoal cloth remain

untarnished for more than 10 yrs. Even in a simple

Figure 36. A jet and space rockets zvrapped
in plastic during renovations.

polyethylene plastic bag, the protection of silver or
any metal object is greatly improved (Figure 36). The
polyethylene bag is probably the most cost-effective
solution. However, the lifetime of plastic sheets for
indoor use is usually limited to 10-20 yrs.

Sealing Wooden Panels
The selection and use of wood products and paints
is covered in detail in CCI Technical Bulletin No. 21

Coatings for Display and Storage in Museums (Tetreault
1999a). Table 13 shows a simplified version of the
guidelines for selecting and using coatings.

Wood product panels emit organic compounds. They
may be a major source of airborne pollutants, but can
be easily (although sometimes inefficiently) sealed
with paints. In a ventilated enclosure, a non-emissive
paint can greatly reduce the pollutant emissions
from the wood substrate. However, in an airtight
enclosure, as the pollutants released by the wood
products diffuse slowly through the paint they
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TABLE 13. GUIDELINES FOR THE SELECTION AND USE OF COATINGS

Wood products Metals Concrete'1

Enclosures such as display
cases and storage cabinets

Open structures such as
storage shelves (no doors),
walls, and ceilings

Floors (special case of
open structures)

Contact between objects
and paint film

Display and storage of lead
objects in a newly painted
enclosure or room

Avoid addic woods such as oak

and cedar.

All pamts except oxidative paintsb
are acceptable (varnishes may
need many layers).
All paints and varnishes must be
allowed to dry for 4 weeks.

Powder coatings need 1-day
drying period. With two-part
epoxy or (properly) baked
alkyd paints wait 4 weeks

Not commonly used.

All paints except oxidative paintsb are acceptable for all surfaces. Let the paint film dry for 4 days.
Check with the distributor or look at the technical data to ensure the paint is appropriate for the
surface to be painted. RH should be kept lower than 65% during the drying period.

All paints except oxidative paintsb are acceptable for all surfaces. Select paints recommended
for this purpose. Let the film dry for 4 days or more if specified by the manufacturer.

For direct contact between objects and painted surfaces, wait 4 weeks after paint application.
Interleaves, i.e. plastic sheets such as polyethylene and Mylar (Melinex) type D or type 516
(no polyurethane foam or PVC) or alkaline papers, can be used after 4 days of drying. For coated
metal surfaces, contact between objects and paint dried for 1 day is possible with powder coatings
and baked alkyd paints.

Even after selecting a suitable coating and allowing an adequate drymg period, some lead objects
or rich lead alloy metal objects can be altered by carboxylic acid vapours, especially acetic add released
by coatings or wood products. Avoid the use of these products for displaying or storing lead.

a: New concrete surfaces will need to be etched by a muriatic solution to improve paint adherence. For old concrete surfaces,
a TSP soap (trisodium phosphate solution, a common soap for cleaning concrete surfaces) should be sufficient.

b: Oxidative paints include the following: oil-based, oil-based urethane, alkyds, and epoxy ester (i.e. epoxy in one paint can).

Source: Tetreault (2001).

will eventually reach a significant level. It is just
a question of time. It is, therefore, more effective
to avoid products that release harmful pollutants
than to seal them with paint. Another alternative
is to apply laminated aluminum foil as a seal. This
product forms an excellent gas barrier. It is known
in North America mainly by the trade name
Marvelseal 360, but is also available under other

names. Its popularity has increased throughout
the 1990s. Although not everyone likes to work
with the foil, it eliminates the problem of the long
drying period required for liquid paints. A low-cost
alternative to commercial products such as
Marvelseal can be created using aluminum foil
and polyethylene grocery bags, garbage bags/
or sheeting (ensure the plastic has the triangle
recycling logo with the letters PE or LDPE).
Assemble the barrier as shown in Figure 37, being
sure to insert a paper sheet between the iron and

Iron

Paper

Plastic

Aluminum Wood

Figure 37. Applying aluminum foil
and polyethylene sheets to a wood panel.
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0. 01

the foil to protect it from tearing. Plain
aluminum foil is even more susceptible
to scratches than commercial products that
have a plastic film covering, so special care
is important; any scratches or perforations
that do occur can be repaired by adding
an aluminum foil polyethylene sheet patch.
Once completed, the foil should be covered
with fabric or an acid-free matboard

(Tetreault 1999b). Examples of the use
of commercial laminated aluminum foil

are described in various publications
(Bosworth 2001; Phibbs 2001). It may
not always be necessary to seal wood
panels - it depends on the nature of the
objects that will be introduced to the
enclosure. Many organic objects are not
harmed by emissions from wood. In some
cases the use of wood may be beneficial
as wood provides good control of
RH fluctuations.

DILUTE, FILTER, OR SORB
When the avoid and block control
measures are not feasible or not

completely successful, reducing the
level of pollutants inside the enclosure
must be considered. Two basic approaches
are possible: increasing the leakage of the
enclosure (dilute) or using sorbents inside
the enclosure (sorb).

The great advantage of airtight enclosures is that
they reduce the infiltration of outdoor pollutants,
i.e. block the pollutants. However, when the source of
pollutants is mainly inside, it can be more advantageous
to have a high rate of infiltration into the enclosure,
i. e. dilute the pollutants. Equation 2 shows the possible
reduction of a pollutant generated inside the enclosure.
The equation assumes the level of the pollutant outside
the enclosure is negligible.

Equation 2 (Meyer and Hermanns 1985)

0. 1 1 10

Air exchange rate (1/day)

100

Figure 38. Reduction of a pollutant generated inside an enclosure at
various air exchange rates. The plotted values were obtained rising Equation 2:

C,;/C,,, = (K S/V)/(N + K S/V), where K (deposition velocity) ivas 0. 5 m/h
(the typical value for formaldehyde and porous products; Mattheivs et al. 1985), S

(surface) was 10, 1, and 0. 1 m2, V (net volume of the enclosure) was 1 m3,
and there loas no significant sorbent inside the enclosure.

Qt/Ceq

where Cgt and Ceq

K

N

s

v

=(KS/V)/(N+KS/V)

= steady-state and equilibrium
concentrations (f.(g m~3)

= mass transfer

coefficient (m/h)

^ air exchange rate (1/h)
= surface of the material (m )
= net volume of air in the

enclosure (m3)

Figure 38 is based on Equation 2, and
shows the reduction in pollutant concentration
at various leakage rates. An enclosure that has
an air exchange rate below 0.1 per day will allow
the maximum level of a pollutant to accumulate.
This level is the equilibrium concentration*
(some equilibrium concentrations of various
pollutant-material systems are listed in Table 4).
The reduction in the concentration of the pollutant
that can be achieved by increasing the leakage rate
of the enclosure will depend on the load (surface of
the emissive product divided by the volume of the
enclosure). For example, if the air exchange rate in
a 1-m3 enclosure is increased from 1/day to 10/day,
the concentration of pollutants (with a mass transfer
rate of 12 m/day) will be reduced by about 40% if the
emissive product is 1 m2 but will be reduced by 80%
if the emissive product is only 0. 1 m2. As can be seen
from this example, increasing the air exchange rate
is more effective when the surface area of emissive

products is small. However, although increasing
the leakage rate of the enclosure can reduce the
concentration of internally generated pollutants, it
can also allow the infiltration of outside pollutants.
Therefore, if possible, the incoming air should
be filtered (e.g. with a dust screen).
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A variety of techniques have been developed to
filter the air from outside and to reduce the level

of internally generated pollutants. Figure 39 shows
three different control measures to reduce pollutants:
filtration (sorption) systems that are passive, internally
active, and externally active (positive pressure).

A passive system is simply a sorbent that traps
pollutants by diffusion (Figure 39a); there is nothing
mechanical involved. This situation can be viewed

as a competition where the pollutants are reduced
through selective sorption inside the enclosure; large
surface areas of the sorbent compared to those of the
object will minimize the sorption of pollutants by the
object. Sorbents can be very effective in controlling the
level of pollutants inside an enclosure, but they have
traditionally been underused (with the exception
of oxygen and water sorbents).

Equation 1, introduced previously, provides an
estimation of the reduction of the concentration

of pollutants inside an enclosure based on constant
deposition velocities. However, it does not account
for the fact that the sorption capacity of materials is
reduced as they become saturated. To compensate
for this limitation, further parameters must be
considered. Equation 3, derived from Equation 4
(p. 58), factors in the sorption capacity of materials
(sorption isotherm), and can be used to determine
the quantity of sorbent required to maintain
the pollutants inside an enclosure below
a specific level.

Equation 3 Q- (CoVN + E S) t /(PCi)

where Q = quantity of sorbent recommended (g)a
Co = concentration of the pollutant outside

the enclosure (/.ig m-3)
V = net volume of air in the enclosure (m3)
N = air exchange rate (1 / day)b
E = area-specific emission rate of

the polluting material (iLtg m-2 day-l)c
S = exposed surface of the

emitting material (m2)
t = minimum number of days the

pollutant level inside the enclosure
must be maintained below Q (day)

P = specific sorption capacity of the
sorbent dug g-i ̂ g-1 m3)

Ci = maximal acceptable concentration of the
pollutant inside the enclosure (^g m-3)

Notes:

a: Assuming the sorbent has a thickness of
<2 cm and is well spread throughout the enclosure
(otherwise a little fan may be required); the sorbent
in question is the only significant sorbent material
in the enclosure; and the difference between the
level of the pollutant outside the enclosure and
the level inside is at least 1 order of magnitude.

b: Leakage rate normalized to the pollutant of
interest.

c: Ideally, this value should be determined in a
situation similar to the one used in the model,
i.e. similar leakage rate (N). For example, where
N varies between 8 and 13 / day, the following

Diffusion

Optional
fan

ik, _^,
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E | |S
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?
iMaistuffiJuffel' \)

Passive filtration
system

A

Forced air
exfiltration

A

^

lkj_n
^Dij

Active internal
filtration system

Active external
filtration system

Figure 39. Design of filtration systems for enclosures. E=emissive objects; S=sorptive objects.
Note: the filtration unit in "c" can be located inside the enclosure.
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area-specific emission rates have been found:
a 15-year-old oak panel released 1300 4g m-2 d'1
of acetic acid; acid-type silicone cured for 9 days
released 50 000 ̂ g m-2 d-l of acetic acid; smelly
cellulose acetate film released 100 000 ,ug m-2 d-1
of acetic acid; and a medium-density fibreboard
panel or wooden coin drawer released about
3000 4g m-2 d-1 of formic add (Ryhl-Svendsen 2000).

In determining the quantity of sorbent required,
Equation 3 considers the infiltration of pollutants
outside the enclosure (terms Co, V, and N) and the
emission of pollutants from materials inside the
enclosure (terms E and S). The term P is the specific
sorption capacity of the intended sorbent; its unit is
"]Ug g-l 4g-l m3" (f-ig/g per jL(g/m3), which represents
the number of micrograms of the pollutant that
can be sorbed by one gram of the sorbent for each
microgram per cubic metre of the inside pollutant
concentration (Ci). The bigger the P value, the better
the capacity of the sorbent to trap the pollutant. This
value is specific for each pollutant-sorbent system
and can be determined experimentally. Ideally, this
determination should be done at (or close to) the

desired range of concentration of the pollutant in
the enclosure. Alternatively, the P value can be
estimated from good quality sorption isotherm
curves. Although P values have not currently been
determined precisely for most pollutant-sorbent
systems, the following values can be estimated
for activated carbon in relation to some key pollutants
(based on the work of Parmar and Grosjean 1989,
1991): P - 5.2 ^g g-i fjg-i m3 for acetic acid; 7.5 for
HzS; 7.9 for N02; 5.2 for Os; and 5. 1 for S02. Activated
carbon is a common and inexpensive sorbent; it has
shown good performance for most key airborne
pollutants and it can be regenerated for future
use (unlike sorbents with active chemical agents).

The following example demonstrates the use
of Equation 3:

The average concentration of N02 outside an
enclosure (Co) is 10 ̂ (g m-3. The net air volume of
the enclosure (V) is 1 m3, it has a leakage rate (N)
of 1 / day, and there is no significant generation of
NOz inside it (i.e. E = 0). The goal is to maintain
the N02 concentration inside the enclosure (Ci)
below 1 f.ig m-3 for at least a year (t = 365 days) using
activated carbon (P = 7. 9 p.g g-1 ̂ ug-1 m3 for NO;)
as sorbent. Using Equation 3, the amount of
sorbent required (Q) to meet these requirements is:

Q=(CoVN+ES)t/(PCi)
-((10xlxl+0)x365) / (7. 9x1)
= 460 g " 500 g

Therefore, 500 g of activated carbon will maintain
the NOz concentration inside this enclosure below
1 jug m-3 for a period of 1 yr. After the 1-yr period, the
carbon sorbent will have to be regenerated or replaced.
If the Ci target was 0. 1 ^g m-3 (i.e. 10 times lower),
10 times more carbon (i. e. 5000 g) would be required.

From this example it can be seen that 500 g of
activated carbon is sufficient to reduce the level of

key pollutants infiltrating a moderately airtight 1-m3
enclosure (N s: I/day) by a factor of 10 compared
to the outside level. This is a conservative estimate
as this amount of carbon sorbent did not become

saturated during the experiments of Parmar and
Grosjean (1989). If the pollutant levels in a room
are sufficient to meet a preservation target of 1 yr for
the collection, 500 g of activated carbon sorbent will
reduce the pollutants inside a 1-m3 enclosure to a
level that will meet a preservation target of 10 years
for a 1-yr period, and 5000 g will lower the level
to meet a preservation target of 100 years. These
quantities of carbon sorbent will also control
pollutants such as acetic and formic acids that are
generated inside the enclosure, as long as there are
no major emissive materials (E x S ^ 1000 pg/day).
To meet this condition, uncoated wood panels, fresh
paints, and acid-type silicone should be avoided.
Also, the internal emission (E x S) of 502 should

remain below 1 ^g/day, HzS should remain below
0. 5 ^g/day, and N02 should remain below 5 jUg/day.

To ensure optimal performance of sorbents, it is
important to have good air circulation throughout
the enclosure. One common design is to place the
objects in the top part of a display case, and the
moisture-buffering products and pollutant sorbents
in the lower part. This arrangement requires sufficient
openings at the interfaces to facilitate air exchange,
and may include a fan to increase air circulation.

The second filtration system for reducing pollutant
levels inside enclosures is an internally active
air filter (Figure 39b). This type of system is based
on recirculation of the air (air is blown through a
series of gas and particle filters with the help of a
fan). When the pollutant levels inside an enclosure
are high, either from infiltration or from emissive
materials, active systems are more efficient than
passive systems in lowering the pollutants but they
will saturate faster. The disadvantage of this type
of system is the presence of electric wire in the
enclosure/ which increases the risk of fire.

The third system is based on a positive pressure
system (or forced external air infiltration) (Figure 39c).
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This type of system is used when the enclosure
is not airtight or when there are important internal
sources of pollutants. A ventilation system forces
the air from the ambient room to go through filters
before it infiltrates the enclosure (Raphael et al. 1999).
The positive pressure created inside the enclosure
forces the interior (enclosure or object's) pollutants
to exit through leakage. It also effectively blocks the
infiltration of outside pollutants through gaps. This
system was found to be very efficient at avoiding dust
deposition inside cases. Instead of having visible dust
inside the case in 1 yr, no dust deposition is observed
for more than 10 yrs. Some commercialized systems
(micro-climate generators) that are designed primarily
to control the RH of an enclosure work in a similar

fashion (Michalski 1982; Keepsafe 2002b).

If the main source of pollutants is located inside
an enclosure, a positive pressure system should be
the first choice; otherwise, an internally active air
filtration system would be more suitable - although
in this case the sorbent can saturate quickly if the
source emits a high level of pollutants. For both
systems, the filtration of the lower part of display
cases should ideally be excluded to ensure optimal
filtration of the upper part, where the objects are
located (see Figures 39b and 39c).

In addition to the sorbents typically used for
HVAC systems (activated carbon and potassium
permanganate impregnated alumina), there are
many other sorbents capable of reducing the level
of pollutants in enclosures. Porous products such
as wood products, cotton, silica gel, and limestone
naturally absorb specific or general pollutants.
Homemade small filter systems can be made using a
car dust filter in addition to Pacific Silvercloth (Figure
40) or activated charcoal cloths (Raphael et al. 1999).

The frequency with which filters must be replaced in
the two active filtration systems should be based on
the performance of the filter or on measurement of
the saturation level of the filters as described earlier
in the "Control with an HVAC System" section.

Water vapour and oxygen are sometimes the main
pollutants or at least major players in the deterioration
of objects, and they can be controlled by various
methods. RH fluctuations can be minimized and/or
actual levels reduced using either an active system
(Michalski 1982; Keepsafe 2002b) or a passive method
such as placing preconditioned silica gel in the
enclosure. [For information related to the conditioning
of silica gels at the targeted RH, consult Lafontaine

Figure 40. Microscopic detail of Pacific Silvercloth. The cloth is
made of cotton fabric impregnated with fine silver particles.

(1984) or Weintraub (2002). ] Oxygen levels in an
enclosure can be reduced by using special sorbents or
by diluting the oxygen with nitrogen or inert gases.

Controlling RH can prevent deterioration processes
that occur or speed up in high humidity, e.g. some
corrosion processes or migration of soluble salts into
objects. [A conservator should be consulted to identify
which objects require storage or display in a dry
environment. ] One of the most common methods
to control RH in display cases is the use of silica
gel. Silica gel, like organic materials, remains in
equilibrium with the surrounding RH by adsorbing
and desorbing water. However, there is still some
confusion regarding the amount of silica gel required
to control RH within an enclosure. Thomson (1977)
recommends 20 kg of regular density silica gel per
cubic metre, whereas Art-Sorb claims that only 0.5 kg
is necessary for its products. Since regular density
silica gel and Art-Sorb have similar RH buffering
capacities within an RH range between 33 and 60%,
the same amount of either type of silica gel should
be required for comparable performance.

Silica gels can be compared by looking at their
respective "specific moisture reservoir" values
(Thomson 1977). This variable (M) is the amount of
water (in grams) that is gained or lost by 1 kg of silica
gel for each 1% change in RH. Yu et al. (2001) used this
approach to evaluate the efficiency of various silica
gels that are commonly used to control RH. Their
results indicated that the value of M varied depending
on the RH range studied, and on whether the silica
gel was adsorbing or desorbing. In some cases, the
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difference in the adsorption and desorption curves
(referred to as hysteresis) was quite significant. For
example, the M value of regular density silica gel was
4.5 when adsorbing water between 33 and 60% RH,
but only 3.4 on the desorption curve. Over a relatively
large range of RH, it is important to account for this
difference. A hysteresis corrected M value, referred to
here as MH (Weintraub 2002), can be derived using the
equilibrium moisture content (EMC) on the adsorption
curve at the high end of the RH range and the EMC on
the desorption curve at the low end of the RH range.
Using this approach and the experimental data from
Yu et al. / MH values were determined for a variety
of silica gels (see Table 14).

The actual amount of silica required to control the
RH in an enclosure depends on more than just the
specific moisture reservoir of the gel. Many variables
are involved (see Equation 4). This equation was
developed by Weintraub and Tetreault; it is adapted
from equations in Perkins (1987) and Thomson (1977).

Equation 4
Q=(CeqDVNt)/(MHF)

where Q = quantity of silica gel recommended (kg)a
Ceq = concentration of water vapour at

equilibrium (g m-3)b
D = decimal difference between the RH

outside the enclosure and the targeted
RH inside (no unit)c

V = net volume of air in the enclosure (m3)

N = air exchange rate (1 / day)d
t = minimum number of days the targeted

RH range must be maintained (day)
MH = specific moisture reservoir of silica gel,

including the effect of hysteresis
(g kg-i %RH-i)<-

F = targeted range of RH fluctuation (%)f

Notes:

a: For sorbents available in a sheet format, the

density of silica gel (g m-2) in the sheet must
be known to determine how much is required.

b: The equilibrium concentration of water
vapour (100% RH) will vary depending on
the temperature, e. g. 17. 3 g m-3 at 20°C; 20. 0 g m-3
at 22. 5°C; and 23. 1 g m-3 at 25°C.

c: For example, if the average minimum RH in the air
surrounding the enclosure is 30% and the targeted
inside RH is 50%, the difference is 20% and D = 0.20.

d: The leakage rate is normalized to water vapour;
if a precise measure of the airtightness of the
enclosure is not available (Appendix 7), a value
of 1 air exchange per day is commonly used to
represent a typical, moderately sealed exhibit case.

e: This takes into account the effect of hysteresis within

the RH range maintained within the enclosure.
f: For example, if the maximum allowable RH

fluctuation is ± 5%, then F = 10.

Thomson's calculation used a formula that takes into

account the fact that air exchange is more accurately
described by exponential decay. However, if the
greatest change in RH (from high to low) occurs
in 90 days. Equation 4 gives results that are
approximately the same as Thomson's. In fact,
using Thomson's M value of 2 gives a result of
18 kg at 22. 5°C (Thomson calculated 18. 75 kg,
and rounded it off to 20).

Figure 41 illustrates how Equation 4 can be used
to determine the amount of silica gel required in an
enclosure. The three diagonal lines represent different
acceptable ranges of humidity fluctuation within the
enclosure. This figure is based on the following
assumptions:
. RH fluctuations inside the enclosure are based

on regular silica gel with MH ̂  3 (values in
parentheses are based on double performance
silica gel with MH = 6)

. the RH outside the enclosure is in the range
30-70% with a maximum fluctuation of ±20%

. the RH within the enclosure is maintained

at 50% within a range of F
. the thickness of the silica gel is s;2 cm, and it

should ideally be spread evenly throughout
the enclosure

. the water buffering capacities of the enclosure
materials (products and objects) are negligible
and there is negligible spatial RH variation
inside the enclosure

. temperature inside the enclosure
is fairly stable

TABLE 14. SPECIFIC MOISTURE RESERVOIR

Moisture sorbents Specific moisture reservoir, MH
(gkg-i%RH-1)a

Rhapid gel

Artengel
Art-Sorb

Regular density silica gel

Wood (unpainted)

Cotton, linen, paper

7.0

5.7

3.7

2.8

<2

$1

a: For RH range 30-60%.

Sources: Thomson (1986); Yu et al. (2001); Weintraub (2002).
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Objects vulnerable to photo-oxidation
can be protected in an anoxic
environment . In the 1990s, an oxygen
sorbent known under the trade name

Ageless (Figure 43) was commonly
used for the long-term preservation
of rubber and some plastic objects. This
oxygen sorbent is based on iron powder,
and is quickly exhausted in ambient air
due to the high level of oxygen. To
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Another important factor that affects the RH
buffering performance of silica gel is the nature
of the objects contained within the enclosure, and
their relative volume compared to the volume of air
surrounding them. Organic materials are hygroscopic,
and can assist in reducing RH fluctuations. Organic
objects that are thick, such as a wooden sculpture,
require a long time to respond fully to changes in
RH. However, if there is a significant amount
of organic material with a large surface,
the object(s) will have a major impact
on the RH within an enclosure. Any
other hygroscopic materials within
the case (such as cloth and wood

products) will also have a buffering
effect. If all the hygroscopic materials
are conditioned to the targeted RH
level, the buffering effect can be quite
advantageous. Although silica gel
has a higher buffering capacity than
organic materials in the low to mid
range of RH, the hygroscopic
materials can serve as

a supplement.

Figure 42 shows another application
of Equation 4. The four diagonal lines
represent different periods of time
for which the specific targeted RH
(20% below the average RH outside
the enclosure) can be maintained within
a +5% range within the enclosure
(target F of 10%). This figure is
based on the same assumptions as
Figure 41. If the enclosure is leaky
(N > 1 / day) and a low maintenance
protocol is required (i. e. the silica gel
will not be replaced/regenerated for
at least 1 yr), the use of silica gel may
not be the best option for a large
enclosure. In this case, an active

system may be more suitable for
controlling the RH.

increase the useful life of this sorbent it is

necessary to slow down the oxygen infiltration
into the enclosure. This requires an adequate oxygen
barrier and proper sealing (Appendix 5 provides
a list of the permeability of various products to
selected pollutants). When tridimensional objects
are to be stored in an enclosure, it should be flushed

with nitrogen or other inert gases to avoid shrinkage

-I-\ I I I T

Maximum RH fluctuation with a

silica gel having a M^ = 3 (MH = 6)
inside the enclosure:

0. 5 1. 0 1.5
Air exchange rate (1/day)

Figure 41. Amount of silica gel required to maintain stable
RH conditions within a fixed range over an annual cycle.

2.0

Period of time of targeted
level for a silica

Maintain 20% below
the average outside RH

with a permissive increment
of 5% in the enclosure

0. 5 1. 0 1.5
Air exchange rate (1/day)

Figure 42. Amount of silica gel required to maintain
a specific RH level over different periods of time.
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of the enclosure volume due to oxygen
reduction. Figure 44 shows an example of the
use of oxygen sorbent for the preservation of a
small oxidant-sensitive object. The object is enclosed
in two plastic bags, which provide two good barriers.
The inner bag contains the object, oxygen sorbent
packets, and an oxygen dosimeter (a pink tablet
that turns blue when the concentration of oxygen
becomes higher than 0.5%). Between the inner and
outer bags, additional packets of oxygen sorbents are
added with another oxygen dosimeter. This design
offers two levels of protection for the object. It is
protected against possible pin holes in one of the
two bags or from the slow exhaustion of the
oxygen sorbents. In that case, only the oxygen
dosimeter in the first level of protection will
turn blue and the oxygen sorbents between the
inner and outer bags can be replaced without
disturbing the atmosphere of the inner bag.
There are only a few examples of the use of an
oxygen-free environment for objects in display
cases; these include the Charters of Freedom of
the United States, the Constitution of India,

and some mummies in a helium or nitrogen
atmosphere (Calmes 1985; Maekawa 1998).
Nevertheless, anoxic environments offer great
potential for preventing fading of works of art
in airtight glass frames. More information on
the use of oxygen sorbents and their limitations
can be found in Shashova (1999). Oxygen-free
environments can also be used successfully
to deal with objects infested with insects
(Maekawa 1998; Selwitz and Maekawa
1998; Chaumier 1998; Pacaud 1998, 1999).

REDUCE REACTIONS

The most efficient way to minimize the adverse
effects of pollutants is to reduce the RH. This
also reduces deterioration when water vapour
is the primary pollutant. As shown in Figure 22,
RH has a large impact on the deterioration of
materials. Reducing the temperature also reduces
the rates of deterioration from pollutants. Although
valuable objects are seldom displayed in cold
enclosures (Padfield et al. 1984), cold storage
using commercial refrigerators is more common.
The Canadian Museum of Civilization stores its

^^s^^

Figure 43. Ageless (oxygen sorbent) sachets containing fine iron powder
covered with sea salt and a natural zeolite impregnated with sodium chlorine.
The little tablet sealed in the dear plastic bag (left) is the oxygen dosimeter.

Fixed object

Gas barrier
plastic bags

Oxygen
sorbent

Rigid
protective box Oxygen

dosimeter

Figure 44. An object preserved in an anoxic environment.
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PVC dolls in refrigerators or freezers to prevent
their deterioration and the migration of the
plasticizers in the PVC. Reducing either or both
RH and temperature decreases the emission rate
of materials. With fewer pollutants emitted in the
enclosure and a lower capacity to react with
objects, fewer adverse effects take place.

REDUCE EXPOSURE TIME

See the discussion on controlling building/room
levels.

RESPOND

Most reported cases of sudden deterioration due to
pollutants have occurred in enclosures. The problem
was usually corrosion caused by emissive products.
If any corrosion is noticed, all metal objects should
be removed until the problem is solved. The other
common problem is the discovery of a suspicious
smell. An unpleasant smell does not necessarily
indicate the presence of harmful compounds,
but when an odour is detected it is

prudent to remove vulnerable objects
from the enclosure until the pollutant(s)
and source(s) are identified. If the

objects cannot be removed, periodic
monitoring should be carried out.
Resolving the off-gassing problem in
enclosures is usually difficult but there
are several possible strategies (Figure 45
summarizes the various mitigation
solutions). The first option is to replace
the emissive products or objects. If a
wooden panel is the main source, it
should be sealed properly. The second
option is to increase the ventilation or
air exchange rate of the enclosure. Also,
if paints or adhesive are applied inside
the enclosure they should be dried for
3-4 weeks before sensitive objects are
installed. Although ventilating the
enclosure is a very efficient approach to
reducing the level of internally generated
pollutants/ unfiltered ventilation allows
for the introduction of outside pollutants
- which is the opposite goal of airtight
enclosures. Also, it is not always easy to
make display cases or storage cabinets
leaky, even temporarily. The third option
is the use of sorbents, and this requires
that the enclosure be airtight. However,
passive sorbent systems cannot work
miracles. If there are high emissions of
pollutants, the sorbent may not reduce

the pollutants to a satisfactory level and it may
saturate quickly. The fourth option is to reduce
reaction rates. This does not reduce the amount of

pollutants but it does minimize their adverse effects.
In some cases it is possible to combine more than one
option. However, increasing ventilation cannot be
combined with the use of sorbents or the reduction of

RH or temperature as ventilation may introduce more
moist polluted air to the enclosure than the pollutant
and moisture sorbent can handle. If these options are
not satisfactory, it may be necessary to reconsider the
products that were used in the enclosure.

Objects or products that have been impregnated
with an unpleasant smell will take a long time
to desorb the vapours/ especially if the object has
been exposed to the vapours for a long time.
Also, if the object or product is relocated to
another enclosure it could lead to contamination
of other objects.

Inspect the actual
conditions

Damaged object observed
or high pollutant levels

expected in an enclosure

Remove or block
emissive materials

Remove objects
at risk or

monitor closely

And/or

Increase ventilation

Or

Use sorbents

And/or

Reduce

relative humidity and/or
temperature

End -Yes Reconsider
first option

Figure 45. M. itigation options for emissive materials.
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CONTROL STRATEGY FOR

HYPERSENSITIVE OBJECTS

It is important to identify objects that are
hypersensitive to pollutants (e. g. cellulose
acetate- and nitrate-based objects, some colorants
such as curcumin and alizarin crimson, lead, silver,

natural rubbers, polyurethanes (Figure 46), objects
difficult to clean, and salt-contaminated objects).
Under basic environmental controls, these objects
usually deteriorate at unacceptable rates. Table 15
describes typical types of damage along with some
efficient control strategies and ethical considerations
related to the treatment or replacement of
hypersensitive objects. Figure 46. A VHS videotape ivith degraded

polyurethane binder. Note the flaking.

TABLE 15. CONTROL STRATEGIES FOR THE PRESERVATION OF HYPERSENSITIVE OBJECTS

Hypersensitive
materials

Most harmful

airborne pollutants

Control strategies3 Damage and ethical considerations

Cellulose

acetate

Cellulose nitrate

Most sensitive
colorants

Lead

Water vapour,
acetic acid

Water vapour, nitrogen
oxides (NOx)

Keep dry (but not below 20% RH)
(Reilly 1998) and cold.

. Isolate objects that have reached the
critical acidity (Reilly 1993). Provide
adequate ventilation and a special
vault/enclosure. Add sorbents in the

enclosure (long-term efficiency is not
well documented). Monitor regularly to
identify those objects that have reached
the fast deterioration process.

. Keep dry (but not below 20% RH)
and cold.

. Follow NFPA standards for

storing large quantities of rolled
films (NFPA 2001).

Films and sheets from the 1950s and 1960s
shrink, and become brittle and sticky. If
resources permit, it is best to make copies
for use and store the originals at low
temperature and RH.

' Use airtight enclosures, store them
in the dark, and display in low light
intensities.

. Keep dry and add sorbents in the
enclosures.

Nitrogen dioxide,
ozone, sulphur
dioxide, and also

oxygen + radiation.
LOAED for N02, 03,

or SOz: 1 Ug m-3 yr

The most common hypersensitive colorants are alizarin crimson, basic
fuchsin, curcumin, and pararosaniline base (from Appendix 2).

Films and sheets (produced mainly in the
United States from 1896 to 1952) become

powdery or sticky. Heavily deteriorated
rolled films stored above 38°C are at high
fire risk. If resources permit, it is best to
make copies for use and store the originals
at low temperature and RH.

High probability that colorants are
already partly faded if objects are usually
exhibited. When half faded, the LOAED

shifts up by one order of magnitude.
Make a copy for frequent consultation.

Acetic acid

NOAEL: 400 ?ig m--3
. Consider enclosures that do not contain

products that emit carboxylic acids or
formaldehyde (wood, paint) and ensure
there is no contact with papers or
cardboards.

. Keep dry.

. Passivation of lead objects is a possibility.

Surface information can be lost quickly if
efflorescence occurs. Lead objects that have
a stable film layer and are clean are much
more resistant to acetic acid attack.
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TABLE 15. CONTROL STRATEGIES FOR THE PRESERVATION OF HYPERSENSITIVE OBJECTS {CONTINUED)

Hypersensitive
materials

Most harmful

airborne pollutants
Control strategies'* Damage and ethical considerations

Natural rubber

Silver

Polyurethane
magnetic tapes

Moisture-

sensitive

objects

Objects that
are difficult to
clean

Salt-
impregnated
objects

Ozone, oxygen
LOAED of ozone
for stress rubber:

0.005 ̂ g m-3 yr

Hydrogen sulphide
LOAED: 0. 1 f^g m-3 yr

Water vapour, particles
LOAED of particles:
10 iiig m-3 yr

Water vapour
LOAED: 1600% RH yr
for cellulose acetate

. Maintain low air pressure for inflated
rubber objects.

. Use airtight enclosures.

. For long-term storage of most valuable
objects, consider low-oxygen enclosures
or keep cold.

. Use airtight enclosures; ensure there
are no materials that emit sulphur.

. For storage, wrap with sorbent fabrics.

. Keep dry and use sorbents.

. Use airtight enclosures and keep
them dry.

. Minimize handling and use of tapes.

. For long-term storage of most valuable
objects, keep cold.

. Keep dry (but not below 20% RH)
and cold (Figure 24).

Stressed rubbers are highly sensitive to
ozone. Original rubbers need special care.
Most original rubbers from machinery or
instruments are usually replaced by new
materials.

Tarnish removal methods often remove
original silver and are a problem with thin
or fragile silver surfaces.

Tapes deteriorate by photo-oxidation,
hydrolysis, and abrasion of dust. If resources
permit, make copies of rolled tapes for use
and save the originals at a low temperahire
and RH.

Maintaining low temperature will limit
access to the collection. Vibration and

handling are not recommended for dry and
cold objects. Some composite objects cannot
be kept drier than their usual environment.
Most moisture-sensitive objects stored or
displayed at 50% RH and 20°C will show
adverse effects after 40-50 years
(15-25 years for flexible PVC).

Moisture-sensitive objects include cellulose acetate and nitrate plastics, colour photographic prints, photographic
gelatine, magnetic recording tapes, many types of papers, natural varnishes, flexible (plasticized) PVC.

Super coarse to fine
particles
LOAED of PM2.5:
10 ̂ g m-3 yr

. Keep a distance of 1-2 m between objects
and visitors.

. Choose a filter specification of at least
Class B for the HVAC system (Table 10).

. Use airtight enclosures and avoid large
RH fluctuations.

Particle deposition can be very hard and
time-consuming to remove, and there is
a high risk of damage to the object during
the cleaning and handling. See below.

Objects that are difficult to clean include those with powdery pigments or surfaces such as some painted ethnographic
objects or some butterfly wings; physically fragile objects such as insect collections and filamentous mineral
specimens; objects in which fine particles could become lodged in microcracks or interstices (e. g. ivories or painted
objects with cracks); objects with sticky surfaces such as some deteriorated plastics and some polyethylene glycol
treated wooden waterlogged objects; objects that cannot be easily cleaned by vacuum cleaning, immersion baths, or
poultices; and objects with numerous small components that would be difficult and time-consuming to clean well.

Internal salt and . In general, keep RH below 40% and
water vapour minimize fluctuations; for rich soda

glasses keep RH between 20 and 35%.

. Avoid materials that emit acetate and
formate compounds, and avoid contact
with the unsealed ground.

. Desalination is recommended if feasible.

Some salt or acetate compounds are inherent
to the object. The complete deflagration of
contaminated archaeologic glass or ceramic
objects has been observed after excavation
and drying.

a: Whenever possible, monitoring should be done as an integral part of the control strategy.
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PRESERVATION MANAGEMENT 5
The next step in controlling airborne pollutants is to
determine what can be achieved in terms of protecting
a collection, and how much it will cost. This chapter
proposes various ways to assess protection and to
conduct a basic cost-benefit analysis.

PRESERVATION AND
PERFORMANCE TARGETS

Protection can be assessed using targets based
on the quality of the preservation of objects
(preservation targets) or on the quality of the
environment (performance targets).

. Preservation targets: the focus is on the object
or collection and its risk or rate of deterioration.

. Performance targets: the focus is on the
environment (assessed on the basis of the

maximum concentration of pollutants,
various semi-quantitative methods, or
a set of specifications).

These targets are interrelated. The preservation
target dictates the required performance target for
the environment, which in turn dictates what control
strategies can be used to meet the requirements.
Unfortunately, specifications and semi-quantitative
methods do not always provide predictable
results in terms of environmental performance
or preservation of objects. Until recently there
has been little knowledge of the exposure-effect
relationship of pollutant-material systems, making
it very difficult to assess the degree of preservation
of a collection. However, the concepts of NOAEL
and LOAED allow the museum community to
establish targets that offer a relevant indication
of the preservation status of a collection. This
information can then be communicated to the
key decision-makers (e. g. senior executives and
government ministries) who set the policies for
protecting cultural property. The following
examples are provided to better explain the
application of these targets.

PRESERVATION TARGETS

The first well-known approach to establishing
guidelines for pollution levels was made by
Carry Thomson in the 1970s. He reported that
the books in archives in rural areas of the United
Kingdom were in much better condition than those

in urban areas. The damage in the urban
archives had occurred mainly at the beginning
of the 20th century when the primary source
of energy was coal combustion. Based on this
observation, the average levels of SO^ and NOz in
the rural areas became the recommended levels for
museums to ensure long-term preservation. This
guideline has been used for more than 20 yrs.
Guidelines based on the preservation of objects allow
some freedom regarding what control strategies are
used to meet the environmental targets. In the end,
there is often a need to compromise between the
degree of preservation desired and the means at
hand to attain it. The following preservation targets
start with a simple pollutant-material system and
continue to a mixed collection exposed to multiple
airborne pollutants.

No Adverse Effect on

a Material Caused by a Pollutant
The designation of a preservation target is greatly
simplified when an object is made of one single
material with a well-documented NOAEL for a
specific pollutant. In this case, the preservation target
is zero damage, i. e. an absence of significant adverse
effects by the pollutant. However, in terms of risk
management, the NOAEL does not pretend to
guarantee the complete absence of deterioration but,
rather, provides some certainty that for an extended
time there will be no significant observable or
measurable adverse effect. The British Museum has

done extensive monitoring of display cases made of
painted wood products, and found that cases with less
than 317 ̂ g m-J of acetic acid could contain lead
objects for more than 11 yrs without the objects
showing any signs of adverse effects (Thickett et al.
1998). If the preservation target of lead objects is zero
damage, this can be met by keeping the level of acetic
acid below its NOAEL. As a second example, no
mould growth is observed when the RH is kept below
60%. In this case, humidity is not the direct pollutant
but is the critical parameter in the development of
specific airborne compounds - moulds.

Rate of Adverse Effects on

a Material Caused by a Pollutant
If it becomes difficult to reduce a pollutant below
its NOAEL or if the vulnerability of a material relies
on the LOAED approach, its preservation target
assessment relies on the empirical notion of a
"reasonable" deterioration rate. This can be
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expressed as one observable adverse effect per
period of time. A preservation target of 10 yrs
supposes there will be no sign of adverse effect for
10 yrs. The deterioration of vegetable-tanned leathers
by SOz (Figures 47 and 48) can be used to illustrate
a preservation target based on a rate of adverse
effects. The LOAED of SO, for leather treated with

tannins is 40 jUg m yr. If an adverse effect on the
leather every 10 yrs is chosen as the target, the leather
should be exposed to a level of SOz below 4 ,ug m-3 yr
(assuming linear reciprocity of the dose). To respect
this target, leather books located in urban museums
should be exhibited in open display only 1 month
per year (or 3 months every 3 yrs) and kept in airtight
boxes or covered with sorbent tissues the rest of the

year. It is also possible to exhibit them in glass
display cases or store them in acid-free cardboard
boxes. This solution should provide a preservation
target beyond 10 yrs. The LOAEDs for various
pollutant-material systems are provided in Table 3.

The same approach is used to protect objects
against light fading. Appendix 8 shows examples
for various light-sensitive colorants. The indicated
light exposures satisfy the rate of observed fade per
exposure period. It takes an accumulation of about
10 small observed fades (LOAED) to cause a 50% rate

of fading, and after 20 observed fades the colorant
should be practically all faded.

Assessing the preservation of every single object in
an entire collection with NOAEL and LOAED is not

Figure 47. A book covered with vegetable-tanned leather shoius
significant deterioration, known as red rot. This deterioration
i's caused by the transformation of sulphur dioxide into add
in the leather. The acidified leather surface chips off, and the
underlying desiccated layer poiuders off when lightly rubbed.

[A colour version of Figure 47 is available on p. 95.]

Figure 48. Another example of red rot damage. The acidic
vegetable-tanned leather turned black after being in contact with

water. [A colour version of Figure 48 is available on p. 95.]

practical. However, such assessments can be very cost
effective when applied to the most vulnerable and
most valuable objects in the collection.

Rate of Adverse Effects on

a Composite Object or Mixed
Collection Caused by a Pollutant
This is similar to the situation described above

except that there are many different materials
to consider. In this case the preservation target
can be chosen on the basis of the deterioration

of the most sensitive material or a particular one.
For example, for a watercolour drawing exposed
to nitrogen dioxide, a possible preservation target
could be the observation of small amounts of fading
on the most sensitive colorant every 10 yrs. The
determination of the preservation target for a
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mixed collection in the same room can follow

the same logic by basing it on the deterioration
rate of one key material - the most sensitive,
or the most common, or any intermediate between
these two. If based on the most sensitive material
of the collection, it may be very expensive to meet
the preservation target and some objects will be
overprotected. However, if based on the most
common material, more sensitive materials may
deteriorate at an unacceptable rate. In this scenario,
it may be advantageous to isolate the most sensitive
objects and offer them special protection. The Image
Permanence Institute has developed sets of useful
tools for establishing the preservation performance
and using a preservation target-like concept
(Reilly 1993, 1998). These tools are shown in
Figure 49. For predicting
the fading of colour
photographic films under
different combinations of

temperature and RH, the
Institute selected 30% fade

for the least stable dye
as the criterion. The
decision-maker has
to determine, as a

preservation target, the
time it will take to reach
this level of deterioration.

A slide wheel provides
some possible RH and
temperature conditions
as performance targets.
If the time to reach 30%
fading of the most sensitive
dye is established as 40 yrs,
the preservation target
can easily be achieved
at 50% RH and 21°C
(see Figure 23). Any
preservation target
beyond 40 yrs will require
tighter climate control.
A similar approach has been taken for predicting
the lifetime of both new and degraded cellulose
acetate films.

The application of this approach against light
fading is based on a preservation target for objects
with medium sensitivity (ISO 4: 10 Mix hr). As
shown in Appendix 8, less sensitive objects will be
very well protected but more sensitivite objects will
fade 10 times faster. Some museums may consider
dealing with highly sensitive objects separately.

Rate of Adverse Effects on

a Composite Object or Mixed Collection
in the Presence of Multiple Pollutants
There are two ways to determine the
preservation targets of a mixed collection
exposed to a full set of all possible harmful
pollutants: micro- or macro-scale risk assessments
as described in Chapter 3. The micro-scale approach
refers to the individual pollutant-material system
and the possible risk to the specific object in that
environment (Tables 3 and 4), and the macro-scale

approach refers to the vulnerability of most of the
collection in the pollutant levels in the museum
(Tables 5 and 6). When using a macro-scale risk
assessment, the preservation target relies mainly
on a reasonable" rate of observed adverse effects

' wift F'nstef typs, dtiii^s tei
'...sweisfsvS^vii't

Figure 49. Life expectancy wheels. The Image Permanence Institute in Rochester, Neiu York, has
produced two circular slide rules that can be used to predict the life expectancies of colour photographic

materials (left) and cellulose acetate films (right) for various temperature and RH conditions.

on the collection. The rate of deterioration chosen
will dictate the average maximum levels of each
key pollutant. When relying on a macro-scale
risk assessment, it is important to identify all
hypersensitive objects (Table 15) and provide
special control measures for them as their
protection will not be assured by the general
classes of preservation targets.

Preservation targets can also be established as
a function of the roles of the various rooms and
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enclosures, as shown in Table 8. Preservation

targets do not have to be uniform for all objects in
the collection. Instead, collections can be categorized
based on value criteria developed by the museum. In
that way the very valuable objects can receive closer
control. Monitoring is recommended to ensure that
the level of key pollutants (actual performance)
matches the preservation target. As already
mentioned, it becomes meaningless to seek
extremely low concentrations of a pollutant for
long exposure periods if that pollutant's effects
become negligible at these concentrations in
comparison to other deterioration processes,
such as photo-oxidation, hydrolysis, and thermal
degradation, which often become the dominant
factors for organic materials. This would add
extra cost for little or no benefit.

For agents of deterioration (such as fire, flood, or
thieves) whose actions are sporadic, the preservation
target of the collection can be based on the frequency
of events (adverse effects). The projected frequency
should be based on data provided by experts on the
respective agents. For example, if a collection in a
specific location statistically loses 0.4% of its material
(or value) every 100 yrs due to fire, and a significant
adverse effect is defined as a loss of 0. 1%, the

preservation target of this collection will be 25 yrs.
That does not necessarily mean there will be a
small fire every 25 yrs, but that is a probability.
If the museum improves the building by adding
fire-resistant walls or a sprinkler system, the
probability of fire will be reduced and the
preservation target will be improved.

PERFORMANCE TARGETS

The increasing popularity of centralized HVAC
systems in the 1980s resulted in a new way to define
the permissible level of some outdoor pollutants in
museums based on the possible performance of the
HVAC system. "Use the best technology available"
or "the lowest levels possible" were both proposed,
and maximum levels were assigned to some
traditional museum pollutants based on typical
HVAC filter performance and on the limit of
detection of the monitoring technology. However,
this approach has limited meaning without
performing a cost-benefit analysis as the required
performance targets can vary at different gallery
locations due to the nature, value, or use of the
collection, or simply due to the filtration capacity
of the building. Within any given location, the
decision-maker may use enclosures to improve
the performance targets.

Performance targets can be divided in three groups:
targets based on the maximum average concentration
of pollutants in the ambient air surrounding
collections obtained by quantitative methods;
targets obtained by semi-quantitative monitoring
methods; and targets based on specifications.

Performance Targets Based on
the Maximum Level of Pollutants

When the NOAEL is known for a pollutant-
material system, this concentration can become
the performance target required for its long-term
preservation. For example, a level of acetic acid
below 317 iLig m is The British Museum's
performance target for lead objects in display cases
(p. 65). This performance target provides long-term
preservation for the lead objects.

The required air quality targets for various pollutants
to meet different preservation targets are given in
Table 5. This table can serve as a reference for the
maximum allowable level of pollutants when there
is no specific knowledge available for a particular
collection. Another alternative is to target the
maximum allowable pollutant levels empirically.

The information in this book is not intended to set

standards for museums in regard to environmental
performance targets. Such standards must be decided
by legal or government authorities, and their
large-scale implementation would be very
difficult given the different resources and
constraints of individual museums.

Performance Targets Based on
Semi-quantitative Monitoring Methods
Semi-quantitative methods offer an alternative to
expensive quantitative monitoring campaigns. Semi-
quantitative methods rely on the quantification of one
or many pollutants based on an empirical scale. Some
of these methods are shown in Chapter 6.

Methods based on metal coupons are popular for
evaluating the air quality in enclosures. Lead, copper,
and silver coupons are typically used, and alterations
due to pollutants in the ambient air are monitored
by visual observation, weight gain, or thickness as
measured by electrochemical processes. These metal
sensors are very efficient in determining whether
or not the environment is corrosive. However,

without specific analysis, they give little indication
as to which pollutants are present and at what
concentration - although copper and silver
coupons are very good sensors for hydrogen
sulphide due to their small LOAED value.
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ISA standard 571.04-1985 "Environmental Conditions
for Process Measurement and Control Systems:
Airborne Contaminants" (ISA 1986), which is used to
verify the efficiency of an HVAC system's filtration
unit, can be helpful in assessing the results of
semi-quantitative monitoring methods as shown
in Table 16. For example, the cleanest category for
copper corrosion in this standard is Class Gl. This
class (which corresponds to maximum levels of
4 ^g m-3 for HzS/ 30 ̂ g m-3 for SOz, 100 ̂ g m-3 for
NOz, 4 4g m-3 for 03, and 50% for RH) can be roughly
related to a preservation target of 1 yr in Table 5.
Even when conditions meet Class Gl, dust deposition
may remain an issue. Although there is no direct
correlation between these ISA classes and

preservation targets, the corrosion of metal coupons
can be a useful method for providing an indication
of improvement after a change in control strategy or
for semi-quantifying different environments.

TABLE 16. ISA ENVIRONMENTAL CLASSES

ISA classes

Copper coupon
film thickness

(nm)

Gl G2 G3 GX

0-29 30-99 100-199 S200

Gas concentrations (yg m-3), RH <50%
H2S

S02, S03

Cl2
NOx

NHs

03

<4 <10 <70 a70

<30 <300 <800 >800

<3 <6 <30 s30

<100 <200 <2000 a2000

<400 <7000 <20000 2:20000

<4 <50 <200 >200

Source: ISA (1986).

TABLE 17. PURAFIL ENVIRONMENTAL
CLASSIFICATION

Silver corrosion Copper corrosion

Amount of

corrosion

(nm/30 days)

Class Air quality
classification

Class Amount of

corrosion

(nm/30 days)
<4

<10

<20

<30

s30

Sl

S2

S3

S4

S5

Extremely
pure

Pure

Clean

Sightly
contaminated

Polluted

Cl

C2

C3

C4

C5

<9

<15

<25

<35

a35

Source: Purafil (1998a).

Corrosion thickness can be measured with a
sensor known as OnGuard which uses a copper-
or silver-coated quartz crystal (increasing corrosion
thickness is monitored by the decreasing frequency
of the coated quartz) (see Table 24). This system can
provide real-time and network readings, and the
rates of tarnish film thickness.

The corrosion film thickness can also be determined
by cathodic/electrolytic reduction (Purafil 1998a).
After the samples are exposed, they must be sent for
analysis. The results are reported on the scale shown
in Table 17. Class C4 is designated as "slightly
contaminated," and corresponds roughly to a
preservation target of 1 yr in Table 5. Class Cl,
the "extremely pure" category, is equivalent to a
preservation target of about 4 yrs for most collections.

Performance Targets Based on Specifications
A performance target based on specifications relies on
an accurate description of the technical requirements
for the performance of the building features, portable
fittings, or procedures. This approach is popular
because it is easier to meet specifications for
individual machines, products, or procedures
than to ensure performance or preservation targets.
However, it is difficult to correlate a specification
with a performance target. The quality of air pushed
from the HVAC system through the air diffusers may
not necessarily be what is monitored in the middle
of the room. For example, a high specification for the
performance of the HVAC system, such as Class A
from Table 10, may not necessarily sustain low levels
of pollutants in a room if the building is leaky and
often crowded with visitors. Fortunately, at the
enclosure level, specifications such as "The
product must be exempted of sulphur compounds
according to the lead acetate test" (Table 26) or "No
vulcanized rubbers, urea-formaldehyde based glue
wooden panels and paints formed by oxidative
polymerization should be used" are very reliable.
At the HVAC system level, it is important to prohibit
the use of corrosion inhibitors based on amine
compounds, as these will result in a white film
deposit on the surface of objects.

Targets based on specifications can help to avoid
common undesirable scenarios such as the presence
of highly emissive products or high amounts of
unfiltered air entering the building.

COMBINATION OF TARGETS

In practice/ different preservation and performance
targets can be used at the same time. Specification
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targets combined with performance targets based on
the measured pollutant levels or on semi-quantitative
methods can be as good as a single preservation
target, since it can be difficult to verify the actual
value of the target (in years).

COST-BENEFIT ANALYSIS

Before any improvement in the preservation
of collections is made, different options should
be considered. Each one will have advantages,
limitations, and short- or possibly long-term impacts
on the budget. A final decision can then be made after
considering the various scenarios or options, some of
which may resolve only some aspects of the problem.
It will often be necessary to compromise between
what the decision-maker really wants, what the
ideal solution is, and what can actually be done
with a minimum of uncertainty.

A cost-benefit analysis is an analytical method
designed to evaluate different scenarios in terms
of their likely cost and potential benefit. Such
an analysis can provide a systematic approach
to the decision-making process. There are
several well-known methods for conducting
a cost-benefit analysis, some of which have been
established since the 1950s. One example is the
classic method proposed by Charles Kepner and
Benjamin Tregoe (1976) in The Rational Manager
(originally published in 1956). This method is the
inspiration for the approach used in the simple
case study discussed below. Alternative methods
such as the decision-tree (Ashley-Smith 1999;
Caple 2000) also exist.

Before starting an extensive cost-benefit analysis of
the control of pollutants, it is important to determine
if pollution control is a high priority compared
to the control of other agents of deterioration,
e. g. prevention of fire or improvement of security.
For assistance in evaluating the risk of the different
agents of deterioration, principles and guidelines that
have been adapted for the conservation field should
be consulted (Ashley-Smith 1999; Michalski 1994a;
Waller 1999).

There are seven steps in a cost-benefit analysis:
1. Define the problem or context.
2. Set and weight the criteria.
3. Develop options and evaluate them

against the weighted criteria.
4. Compare the costs and benefits of the

options, and make a tentative decision.

5. Assess the adverse consequences of the
tentative option.

6. Control the adverse consequences ot
the final decision.

7. Monitor and re-evaluate.

DEFINE THE PROBLEM OR CONTEXT

The first stage is to define the problem or context;
to solve any problem efficiently, it must first be
specified or described precisely. Questions such as
what, where, when, or how can be used. In our case

study, the problem and context can be defined as
follows: an historical house where the concern is

dust deposition inside four old-fashioned, leaky
display cases in which small fragile objects that
are difficult to clean are permanently displayed.

SET AND WEIGHT THE CRITERIA

Defining and weighting criteria is a very important
step as the criteria are the reference points on which
the dedsion-making process will be based. Criteria
usually derive from concepts associated with results
and resources. They should reflect, as much as
possible, the institutional objectives in terms of time,
place, and quantification of a desired performance.
In the field of cultural property, there are a number
of well-recognized principles (some of them are
described in Box 6).

A variety of professionals (e. g. curators, educators,
conservators, and managers) should be involved in
generating the criteria. Someone from a government
heritage or preservation policy agency could be
invited to provide an additional perspective. Start by
holding a brainstorming session to generate possible
criteria. After the ice is broken there will probably
be a lot of good ideas. Group the suggestions to
eliminate redundancy. When finished, there should
be no more than about 10 criteria.

Once the criteria are identified, it is necessary to
assess their relative importance. When the issue
is simple and there are only a few participants,
this can be done through an informal exchange on
the various options leading to a consensus. When
the issue is complex and could have a significant
impact on the budget or on the institutional
goal, the analytical hierarchy process (AHP) is
recommended. AHP is a mathematical model that
includes and measures all tangible and intangible,
quantitatively measurable and qualitative criteria.
Developed in the early 1970s by Thomas Saaty (1990),
the model calibrates criteria into a numerical scale

with a sequence of compared pairs of criteria.
A simple AHP program can be found on the
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CCI Web site (CCI 2003). Participants are asked
to rank, on a scale from 1 to 9, how one criterion
is important compared with another one. The
mathematical model gives a relative weight for
each criterion. The summation is normalized to 100%.
The model also provides a consistency ratio, which
shows how consistent the evaluation of the criteria
was during the comparison. A low value is proof of
good consistency. Before starting the exercise, it is
important to ensure that all participants understand
the meaning of each proposed criterion.

Table 18 shows examples of some possible weighted
criteria. The criterion related to the health and safety
of the staff and visitors has been included in the list

as a must. If an option doesn't fulfil this mandatory
condition, it is rejected. In our case study, this
mandatory criterion is easily respected. The same
criteria can be used for many different cost-benefit
analyses as long as they fulfil the purpose - although
they may need to be weighted differently for different
purposes, e.g. aesthetics would be rated higher for
exhibition than for storage.

Box 6.
PRINCIPLES OF PRESERVATION

For any specific problem, different people will have
different answers depending on their experience, values,
and principles. However, there are some basic principles
that many heritage communities agree to consider closely
for all cultural property.

Integrity, Access, and Preservation
Figure 50 illustrates the three main (and interrelated)
principles associated with cultural property:
. the integrity of the object should be respected

as much as possible
. the object should be presented (access)

as much as possible
. the object should be preserved as much

as possible (access for future generations)
In many cases, it is impossible to fulfil all three
conditions at the same time. Depending on the scenario
and the people, these three principles will be ranked
differently. No universality of values is expected. Some
societies will put emphasis on one criterion; others will
tend to be more diversified.

Prohibition of the Preservation

of One Object to the Detriment of Others
There are situations where focussing on the preservation
of one object puts others at increased risk. One example of
this is the preservation and display of objects in historical
houses. Keeping the RH of an historical house at 50%
during the winter can be very good for the furniture
but can progressively damage the building's structure.
Article 5 of the New Orleans Charter adopted by the
Board of Directors of the American Instihite for
Conservation of Historic and Artistic Works (AIC) and
the Association for Preservation Technology International
(APT) covered this issue by stating: "Measures which
promote the preservation of either the historic structure

or the artifacts, at the expense of the other, should
not be considered."

Precautionary Principle
When there are uncertainties about the adverse

consequences of a control strategy, prudence suggests
the risk of a possible short- or long-term adverse effect
should not be overlooked. When the sensitivity of objects
to airborne pollutants is not well quantified, it is prudent
to consider these objects to be more sensitive than
average. But not all objects with an unknown sensitivity
should be classified as hypersensitive objects. A
conservator should be consulted to minimize the

uncertainty. Precaution is also required when initiating
a control strategy. A new method doesn't have to be
banned until it can be proven harmless, but the possible
impact on the collections should be monitored more
closely than would be the case for a tried-and-true
strategy. Some mitigation strategies should be available
in the event that adverse consequences are observed.

Integrity

^
Preservation

Visibility

Figure 50. Principles of preservation.

PRESERVATION M. ANAGEMENT
71



AIRBORNE POLLUTANTS IN MUSEUMS, GALLERIES, AND ARCHIVES

TABLE 18. DECISION ANALYSIS WORKSHEET

Context: improve the
protection of small objects
in four display cases
against outdoor pollutants.

Criteria (as an example)

Maintain the value

of the object (preservation
target of 10 yrs or more)

Keep accessible to public
(visibility, education, etc.)

Respect integrity of
the objects

Respect integrity of the
historical building

Long-term solution (>10 yrs

Low maintenance (>1 yr)

Easy access for cleaning,
upgrading, or monitoring

Model for the museum

community (innovation,
good practice, etc.)

Health and safety of the
staff and visitors

Total of the scores

(maximum of 500)

A

Weighted
:riteria (%)
(CR: 0.09)£

20

20

20

20

7

6

4

3

A must

Option 1
Leaky display cases

(status quo)

!

>core

1 to 5)b

2

3

3

3

2

2

2

2

yes

C=AxB
Weighted
score

40

60

60

60

14

12

8

6

260

Option 2
Portable air filters
with leaky cases

B

Score

4

3

3

3

4

3

2

4

yes

c

Weighted
score

80

60

60

60

28

18

8

12

326

Option 3
Retrofitting

the cases (make
them airtight)

B

Score

5

3

3

3

5

5

2

4

ves

c

Weighted
score

100

60

60

60

35

30

8

12

365

Option 4
Make new

airtight cases

B

Score

5

3

^

3

5

5

2

4

yes

c

Weighted
score

100

60

60

60

35

30

8

12

365

a: Consistency ratio obtained from the analytical hierarchy process. Ideally, it should be below 0.10.
b: Performance score: 1 = very poor; 2 = poor; 3 - neutral; 4 = good; and 5 - very good.

TABLE 19. COST-BENEFIT ANALYSIS WORKSHEET

Context: improve the protection of small objects
in four display cases against outdoor pollutants.

Options:

1. Status quo: Four leaky display cases in the gallery

2. Keep the leaky cases and add a portable filter unit in the room
(need to change the filter twice a year, electricity cost)

3. Retrofit the four leaky cases to make them airtight

4. Make four new airtight display cases

Estimated

cost

(CANS)

0

2000 +
150/yr

1000

5000

Priority

Weighted score

(max. 500)

260

326

365

365

(%)

52

65

73

73

Ranking
order

3

2

1

1
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DEVELOP OPTIONS AND EVALUATE
THEM AGAINST THE WEIGHTED CRITERIA

When facing a specific problem, a variety of options
(preventive or contingency actions from the control
strategy) should be proposed and evaluated. This
exercise does not necessarily involve the same
people as those involved in choosing and
weighting the criteria.

Begin with a brainstorming session to generate
options and reduce them to a reasonable number.
Once the options have been chosen, each one must
be evaluated against the weighted criteria. This
should be done one option at a time, as follows:
. Each participant judges the performance of the

option against the first criterion using scores of
1 to 5 (1 is very poor performance and 5 is
very good). The group score for the option vs.
first criterion can be obtained by consensus or
by averaging the individual scores. In some cases,
it may be necessary to consult an expert on a
specific assessment.

. The group score of the option vs. first criterion
is then multiplied by the weight of the first
criterion to obtain a weighted score.

. The option is subsequently evaluated against
all the criteria in the same manner so that a
weighted score is obtained for each criterion.

. The weighted scores for each criterion are then
added together to obtain a final score for the option.

In this way a numerical score is obtained for all the
proposed options. This procedure is demonstrated
in our case study.

Four options are identified for the leaky display cases:
keep the status quo (keep the leaky display cases);
add a portable filter unit in the room; retrofit the four
leaky cases; and build new display cases. The scores
for these different options are shown in Table 18.
These scores are repeated in Table 19, where
they are expressed as percentages and ranked.

COMPARE THE COSTS AND BENEFITS OF THE
OPTIONS, AND MAKE A TENTATIVE DECISION

After evaluating the options against the criteria,
the option having the highest score is presumably
the best solution. In some cases it may simply be
the "least worst" scenario. At this stage, this option
is a tentative decision. Now its feasability must
be carefully reconsidered in light of its direct and
indirect costs (maintenance, electricity, etc. ). With
our example (Table 19), options 3 and 4 both have
the same score, but the retrofitting option is cheaper
than buying new display cases. When one of the
best options is also the cheapest solution, the choice

becomes quite simple. However, when the best
solution is the most expensive, dedsion-makers must
judge if finding the necessary funding is really the
best approach. It may be that a second- or third-best
option could be a suitable alternative (it must be
remembered that the final score is dependent on
what criteria were chosen and how they were
weighted; with different criteria or different
weighting, the best option might have turned
out to be quite different). There is another important
element of this exercise that participants must keep
in mind: even after an exhaustive analysis, someone
at higher levels of management may decide to choose
a completely new solution. To avoid this frustrating
scenario, any potential decision-makers should be
included in the cost-benefit analysis process.

ASSESS THE ADVERSE CONSEQUENCES
OF THE TENTATIVE OPTION

Before proceeding with the tentative decision it
is important to evaluate any potential risks/ e.g.
problems related to people, the organization, external
influences, facilities, or money. These problems
should be assessed based on their seriousness and
probability, as shown in Table 20. For each potential
adverse consequence, possible mitigation strategies
should be explored. With our example/ the potential
adverse consequences include the risk that the
display cases cannot be made completely airtight and
the possibility of elevated levels of indoor pollutants
within the display cases. Mitigating these risks would
require monitoring the airtightness of the display
cases, identifying possible emissive products, and
possibly adding some sorbents.

CONTROL THE ADVERSE CONSEQUENCES
OF THE FINAL DECISION

Adequate mitigation strategies must be put in place
to prevent or minimize the impact of any adverse
consequences of the final decision.

MONITOR AND RE-EVALUATE
Regular monitoring of the actual benefit of the
chosen option should be conducted as there is often
a difference between what is expected and what is
obtained. If the adopted solution is not satisfactory,
the problem or context should be re-evaluated.

ASSESSMENT OF THE UNCERTAINTIES
The example used here to illustrate the cost-benefit
analysis was quite simple and provided a clearly
feasible option. However, in reality, decision-making
is often much less obvious. Even when the options
are evaluated with a high level of competence and
good judgment, some level of uncertainty remains.

PRESERVATION MANAGEMENT
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TABLE 20. POSSIBLE ADVERSE CONSEQUENCES WORKSHEET

Defined risks related

to Option #3
(retrofitting the leaky cases)

Bad retrofitting; not airtight enough

Lack of time or resources to

retrofit cases

Condensation in the cases

High levels of pollutants generated
inside the cases

Disruption of the exhibition

Seriousness

(1 to 5)a
A

5

4

2

3

1

Probability
(1 to 5)a
B

3

1

1

3

5

Priority
AxB

15

4

'-)

9

5

Mitigation

Measure leakage rate; it should be below 1 air
exchange per day and no visible cracks should
be observed.

Plan a budget and dedicate statt time.

Include humidity sorbent in the cases.

Assess the risk of adverse effects of off-gassing

from products present inside the cases. If
necessary, keep the cases drier or use pollutant
sorbent. Remove objects at high risk.
Retrofit cases one at a time. When the museum
is closed for the day, empty a display case and
bring it to the workshop for retrofitting.

a: Scores:1 = very low; 2 - low; 3 = medium; 4 = high; and 5 - very high.

Collection

Preservation target

Actual preservation

Any experimental
measurement or

judgment has some
degree of uncertainty.
In the example of
the four leaky display
cases, if the error or

the uncertainty for
each performance
score (column B
in Table 18) was
estimated at ±0. 5, the

total weighted score
for the status quo
(260 ± 50) would not be significantly different
from the total weighted score for the retrofit
option (365 ± 50). Assuming the status quo was
unacceptable and some improvement had to be
made, new options or weighted criteria would have
to be proposed or the evaluation (or uncertainties)
of the chosen options vs. each criterion would have
to be reconsidered.

COLLECTION PRESERVATION
MANAGEMENT

Figure 51 synthesizes the information presented in
this book. It illustrates the interconnections between
risk assessment, control strategies, and cost-benefit
analysis, and their impact on degree of protection of
the collection. It can be used to analyse the impact
of change to one element on the other elements.

Risk assessment

Control strategy

Cost-benefit analysis

Museum

Performance target

Actual performance

Preservation policy

Figure 51. Collection preservation management.

The analysis can start with a goal, such as the
preservation of objects or the performance of the
environment, or a specification (control strategy),
and lead to a consideration of the cost-benefit
impact of any defined element or target decision.
These preservation or performance targets and their
rationale should become part of the institutional
preservation policy. Examples of issues that can
be analysed are provided below.

. For the given preservation target (e.g. an adverse
effect to a metal collection every 10 yrs), what
is the maximum allowable level of pollutants?
What control strategies could be used to achieve
the performance target? Are they feasible within
the building facilities? Are the necessary resources
available? Can the required preservation target
be reached?
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Box 7.
PRIORITY PRESERVATION ACTION INDEX

To determine which objects need primary actions,
a logarithmic scale based on the empirical value of
an object (or a collection) multiplied by its rate of
deterioration is proposed. The value of the object or
group of objects is ranked on a scale from 1 to 100 (with
100 being the highest value). The rate of deterioration
is based on the number of adverse effects caused by an

agent of deterioration in 100 yrs in a specific environment
or context. Interinediate values between decades are also

accepted for both value and deterioration scales. An
object having a very low rate of deterioration (or NOAEL)
should get a score of 1. In very few cases, the rating of
value or the rate of deterioration can be either below 1
or higher than 100 but never zero.

The following examples demonstrate how to use the priority index.

Example 1.
An object has been ranked as one of the most valuable objects in the museum and its value score is 100. The object's rate of
deterioration caused by a pollutant has been estimated as 1 adverse effect every 10 yrs so its rate of deterioration score is 10
(10 adverse effects over a period of 100 yrs). The product is therefore 1000 (100 x 10) and the index value is 3 (the logarithm
of 1000 is 3). When the index is applied to different objects or collections in the museum, a trend should be observed on
which objects should receive priority action to improve their preservation. Objects having an index of 3 (score of 1000)
or higher need attention while objects having an index of 1 (score of 10) or below should not be considered a priority.

Value of the object
(highest is 100)

100
10
1

Rate of deterioration

(# adv effects per 100 yrs)
100
10
1

Score

(Value x Risk)

1000

Index

(log (score))

Example 1. An object exposed to one pollutant in a specific context.

Example 2.
This example shows how the priority index can be used to consider more than one agent of deterioration. In this case,
the rate or risk of deterioration of the object must be evaluated separately for each agent. Because defining adverse effects
(or loss of value) for each agent and assessing the rate deterioration in a specific environment are not always obvious, it
may be necessary to consult experts. In this fictitious example, the index for each agent shows that, in this specific
context, the object needs improved protection against water damage before protection against pollutants. The total
index (log(total score)) can be used to compare this object's need for preservation with the needs of other objects.

Agents
of deterioration

Rate of
deterioration

physical forces 10
thieves, vandals, displacers 3
fire 3

water (liquid) 30
pests 10
pollutants 10
radiation 10

incorrect temperature 1
incorrect RH 10

Total
score

2610

Total
index

3.4

Example 2. An object exposed to various agents of deterioration in a specific context.
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. For a given level of some key pollutants, what
is the possible preservation target for a mixed
collection? Which objects would be at higher
risk of deterioration?

. How much care should be given to the most
valuable objects compared to the overall collection?
What should their respective preservation targets
be, and how could these targets be achieved?

. How much will the preservation target of
the collection be improved if one aspect of the
building or fitting is upgraded? Is the benefit
substantial enough to warrant the cost of
the investment?

While many analyses can be done, it is important to
focus on improving the preservation of the collection
and identifying the highest-priority objects. The
priority preservation action index can be used to

assist in determining the priorities. This index
is based on the value of objects and their risk of
deterioration. More details about the index are

given in Box 7. During a cost-benefit analysis,
giving criteria related to the highest-priority
objects a heavy weighting will allow for the
most significant improvement.

NOAEL and LOAED are new tools in conservation

for quantifying an object's risk of adverse effects
due to airborne pollutants or other agents of
deterioration. These tools are useful for preservation
or performance assessments, and can provide
substantial proof of the need for improvements.
Cost-benefit analyses can assist in selecting the
most appropriate control strategy to reach a new
preservation or performance target. Collections of
objects of similar value should have similar degrees
of preservation applied to all agents of deterioration.
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MONITORING 6
Monitoring is an important element of the
control strategy. It can provide information
about the environmental performance/ the degree
of preservation of collections, or the cause of any
damage. Methods for monitoring the air quality
in museums have not yet been standardized, and
are not extensively used. In the past, the lack of
sensitivity and the high cost of some techniques
have discouraged monitoring on a large scale. There
was also no clear correlation between the level of

pollutants and their impact on the collection. This
situation should improve in the future. This chapter
provides guidelines for general and specific surveys,
with an emphasis on an investigative rather than
a test approach.

INVESTIGATIVE APPROACH

There are many pollutants, and there are many
ways to qualify and quantify them. No single
method or test can provide a complete picture of
the situation. As running tests can be quite expensive
and time-consuming, it is important to conduct an
investigation* of the nature of the damage and the
potential sources of pollutants before monitoring
begins; this will narrow down the nuniber of
elements to be monitored as much as possible.
Monitoring should focus on the most probable
or most critical (key) pollutants. An indoor air
consultant or a conservation scientist should be

contacted to select the pollutants to be monitored
and the methods. Although it can provide useful
data, monitoring is not always mandatory.

New monitoring techniques will soon replace
those developed in the 1980s and 1990s. However,
regardless of the methods used, the protocol for the
investigation and the format of the report should
be standardized. As a guideline, Table 21 provides
information on the different stages of investigation.
This protocol can be useful in comparing the level
of pollutants from one site with those on other
sites or with future investigations.

MONITORING TECHNIQUES

Table 22 shows various monitoring techniques
grouped by their typical sampling time - ranging
from a few seconds (for direct readings) up to a few
weeks. The table shows the expected results and
limitations of each technique for different sampling
periods. More details on the various monitoring
techniques/ along with references, are provided
in Tables 23 and 24. These tables show techniques
that quantify levels of specific pollutants and those
providing a semi-quantitative evaluation of one or
a group of pollutants. Some of these quantitative
and semi-quantitative methods are illustrated in
Figures 52 and 53. Some semi-quantitative techniques
are well designed for specific purposes, and are quite

Figure 52. Quantitative monitoring: (a) Drager tube; (b) diffusion sampler,
(c) diffusion tubular sampler; (d) liquid reagent sampler, (e) SPME syringe.
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accessible (e. g. the A-D strip for the determination of
the critical free acid content in cellulose acetate films).

Before using expensive monitoring techniques,
low-cost methods using a short sampling period
(a few minutes to a few days) should be considered
for preliminary assessment of the presence of
abnormal levels of indoor-generated pollutants.
The final choice of monitoring technique often will
be determined by parameters such as the expected
level of pollutants, the number of sites to be
surveyed, and the time available. Tables 21-24
should be carefully examined before making
a decision.

Monitoring inside small enclosures is not always
easy due to the limited volume for air sampling.
Opening the enclosure disturbs the concentration
of pollutants, which must be allowed to return to
their steady-state levels before carrying out the
short-term sampling. Depending on the materials
present and the volume size of the enclosure,

it may take a few hours to a few days to reach
90% of the steady-state concentration. Ignoring
this fact will cause an underestimation of the actual

level of pollutants.

GENERAL INVESTIGATION

A general investigation can play a role in prevention
by helping to establish the overall performance of
the building, the enclosures, and the procedures. As
a preliminary step, the information in Tables 1, 4,
and 6 can provide a rough idea of the levels of
pollutants in the outdoor environment, in a room, or
in enclosures, and can help in establishing possible
preservation targets. The level of outdoor pollutants
can also be obtained from public environmental
agencies. Many of these agencies provide daily
levels and trends of pollutants for major localities,
and these data are often available on the Web.

However, different agencies use different air
quality indices to quantify various pollution levels.
Because these air quality indices are not standardized,

Figure 53. Semi-quantitative monitoring: (a) metal coupons; (b) dosimeter coated with egg tempera; (c) metal-coated piezoelectric quartz
(OnGuard); (d) piezoelectric quartz sensor; (e) accelerated corrosion test (Oddy test); (f) real-time particulate monitor (quantitative).
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a careful examination of the calculation methods is

required (Hewings 2000). Fortunately, this situation
will soon change as air quality indices in North
America are currently undergoing a standardization
process. Pollutant levels found at the closest
monitoring station will most likely be different
from those at the actual museum location; therefore,
the stated level of pollutants provides only an
estimation of the levels surrounding the museum.
The indices include information on the levels of

some key pollutants, which allows their levels to
be estimated not only outside the museum but
also inside by using the "100, 10, 1" rule (see section
" '100, 10, V Rule for the Level of Outdoor
Pollutants"). Indoor levels can also be estimated

by referring to Appendix 4. Due to the high cost
of extensive monitoring, many museums must
be content with these approximate levels.

When doing a general assessment of a building's
performance, monitoring of both outdoor and
indoor pollutants should be considered. Nitrogen
dioxide (NOz) and fine particles (PMz 5) are two
good candidates for monitoring. The outdoor levels
of NOz tend to remain high compared to sulphur
dioxide and, indoors, NO; does not have the same
capacity to be adsorbed by a material's surface. Its
infiltration through the museum will be easy to track.
Monitoring particles with a diameter less than 2.5 jum
allows for the determination of the actual efficiency
of the particle filter system and the barrier capacity of
the building. Ozone can be added to the monitoring
campaign where pertinent. There is usually not
much ozone during the winter in Canada, but in
the summer there are an increasing number of
ozone alerts in the Quebec City - Windsor corridor.
Hydrogen sulphide (H^S) should be monitored if the
building houses a precious metal collection. Because
it has such a great effect on the deterioration rate
(even if it is not the main pollutant), the level of water
vapour expressed as a percentage of RH should be
systematically included in all investigations.

The time at which the sampling is conducted can
have a great impact on the results. For example,
monitoring campaigns are often conducted in new
buildings before the collection is moved in, and
an empty room will always give higher levels of
outdoor pollutants than a room full of collections
(this difference is due to the presence or absence of
high-sorbent materials in the room). Weather and
human activities also influence the level of pollutants:
ozone levels become high in the afternoon during
sunny days, and pollutants due to car traffic increase

during rush hours - early in the morning and at the
end of the afternoon. During busy periods (weekends
and mid-afternoons are the busiest periods for many
museums), the high numbers of visitors can release
substantial amounts of water vapour, hydrogen
sulphide, and ammonia. There are also seasonal
fluctuations. The most conservative approach to
monitoring is to sample during the worst-case
scenarios when the highest levels are expected.

It is sometimes beneficial to know the daily
fluctuations of some key pollutants as well as their
average levels outside and inside the building over
the course of a week. Monitoring daily fluctuations
provides information such as how well the HVAC
system controls the ozone cycles and what the impact
of a high numbers of visitors is, while the weekly
or monthly average levels of pollutants provide
information about the overall environmental

performance. Seasonal levels are also innportant,
especially for water vapour.

The interior environment of enclosures may also need
to be monitored. If the enclosure contains objects that
are sensitive to acetic acid, this pollutant should be
watched closely. Likewise if the enclosure contains
a hypersensitive collection (Table 15) or an object
of special interest or value, any pertinent pollutants
should be monitored as well as the state of the

collection or the specific object. Daily fluctuations
in RH inside the enclosure require monitoring,
but there is seldom a need to measure the daily
fluctuations of other pollutants as it is their average
levels and long-term trends that are more significant.

During a general investigation, an examination
of the overall collection and some specific sensitive
objects will yield important information on the
general preservation performance of the building.
Any damage that is identified should be reported. If
it is necessary to determine the cause of the damage,
this should be considered as a specific investigation.

SPECIFIC INVESTIGATION

A specific investigation responds to a particular
concern (such as specific damage or a high level of
pollutants), to the identification of a specific source
of pollutants, or to the need to quantify any change
in environmental performance. The typical types
of damage suspected to be due to pollutants are
listed in Table 25. Damage may also be caused by
other agents of deterioration working alone or in
combination with pollutants. Some types of damage
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reported in Table 25 are so well known that further
measurements become meaningless. To avoid
wasting time and money, specific investigations
should be limited to situations where unusual

damage has occurred while the environmental
conditions have remained constant.

Monitoring is often requested after observing damage.
However, it is uncertain whether or not monitoring
will be able to provide any useful information about
the cause. Sometimes, it is unclear when the damage
occurred. The current environmental conditions may
not be the same as the conditions that caused the

damage. However, even if the level of pollutants that
caused the damage cannot be found with confidence,
the source can usually be traced. The nature of the
(past) activities, products, and objects around the
damaged object, and the nature of the damage itself
can provide valuable clues. In some cases, a sample
from the altered surface can be taken and sent for

analysis. The results of the analysis may then help in
identifying the major pollutant involved. Tables 1-4
should also be consulted for typical sources and
levels of pollutants, and the reactions they may
cause. While these reference tables and Table 25 may
not provide enough information to identify the cause
of the specific damage or concern, they can help to
point out the most probable pollutants involved. As
with a general investigation, the RH level should
also be monitored.

For objects located in a room, damage due to
pollutants originating outside will usually appear
slowly (after a few years or even many decades).

The probability of damage due to other agents of
deterioration is much higher. However, in a few
cases, damage may occur within a few months due
to a high level of new emissive products (including
cleaning liquids), the presence of previously
deposited pollutants (such as residues from
cleaning or impregnated salt), or the placing of
emissive collections in inadequately ventilated rooms.
Inside an enclosure, damage is mainly caused by the
emission of new products or objects and can happen
within a few months. Mould growth can also happen
easily inside uncontrolled moist and cool enclosures.

If it is necessary to identify the nature of
the products or the presence of their harmful
components, this can be done quantitatively and
semi-quantitatively using various methods. For
example, the presence of sulphur can be identified
with the lead acetate test as described in Table 26.

Some common methods for testing paints as well
as other types of products are discussed in CCI
Technical Bulletin No. 21 Coatings for Display and
Storage in Museums (Tetreault 1999a).

Another aspect of monitoring is to verify or
quantify physical performance, such as airtightness
of enclosures or the efficiency of filters used in an
HVAC system or inside an enclosure. A review
of methods used to measure airtightness is given
in Appendix 7, but there is as yet no standardized
measurement to determine the efficiency of filters,
especially gas filters. However, some possible ways to
determine when they need replacement are covered
in the section "Controls at Building/Room Level."
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TABLE 21. PROTOCOL FOR INVESTIGATING AIR QUALITY

Before

investigation

Preliminary
mvestigation

Sampling

Shipping and
storage of samples

Report

. Ensure that the investigation can fulfil the expectation of the client given the time, resources,
and technology available.

. Explain the results to be delivered and provide possible future interpretations and actions.

. Do an exploratory survey of the area to identify outside sources of pollutants (traffic, industries), activities
in rooms, and nature of materials (products and objects) in enclosures (refer to Tables 1-4 and Appendix 4A).
Estimate airtighbiess of the structures and identify sorbent materials and, if present, identify the HVAC
parameters related to air quaUty (refer to Tables 9-11). For damage, consult Table 25 to try to estabUsh a link
behveen the actual damage observed on objects and the common problem scenarios, and get information on
possible exposure time. An investigation based on good knowledge of the som-ces of pollutants, their typical
levels and reactivities, and the physics and chemistry of the environment, combined with an examination
of the most common damage reported, can often provide sufficient information to establish the level of
performance or to resolve a spedfic problem to the satisfaction of the client without further monitoring.

General

. Do short-term measurements during the worst possible conditions: room full of visitors in early afternoon,
enclosures closed for at least 1 day before sampling. Exploratory short-term monitoring at different places
may be necessary to determine the need and best sites for a more comprehensive monitoring campaign.

. In order of priority, measure levels of N02, particles, and acetic acid (for enclosures). It can be important to
know the daily fluctuations of some key pollutants and the average levels outside and inside the building
over a few weeks. If the monitoring focusses on specific collections, monitor the most harmful pollutants
associated with them (refer to Tables 3 and 15).

. As much as possible, measurement or sampling of pollutants should be done both outside and in rooms,
and should be done simultaneously to allow for comparisons. Sampling over 1 week is preferable to minimize
fluctuations or improve limit of detection. Pollutant levels measured with direct reading monitors should be
recorded constantly or at least taken every 4 h. If relevant, consider redoing the pollutant monitoring both
outside and in rooms for each season as well as for changes in the RH and temperature.

Outdoors

. Possible monitoring sites are close to the air intake of the HVAC system, and areas protected from rain
and wind. To avoid particle deposition (if applicable), place the head of sampling devices face down.
Monitor three sites and take triplicate samples or measurements in each. Record meteorological parameters
during the monitoring (e. g. wind direction frequencies, wind velocity, last days of rain, RH, temperature,
smog period, date).

Room

. For global assessment, choose rooms with different functions such as low access storage, popular exhibit,
and entrance hall. Do sampling close to the objects of interest; avoid dead corners or high airflow areas. Take
triplicate samples or measurements for each site. Identify major materials in the room (type of floor, shelf units,
etc. ) and record the nature of the collection and the activities in the room during the sampling, such as group
visits, evening ceremonies, days when the museum is closed.

Enclosure

. To monitor the highest possible levels of inside-generated pollutants, the enclosure should be kept closed
for at least 1 day before sampling. Do sampling close to the objects of interest and avoid dead corners. Take
triplicate samples or measurements for each enclosure. Identify the nature of the collection and the products
inside the enclosure.

. Place samples in a container, then seal the container securely and identify it clearly. Follow manufachirer's
instructions concerning maximum temperatiu-e for shipping and storage, and respect the maximum delay
allowed before analysis.

. The report should include the following elements:
- Average levels of airborne pollutants with standard deviation for each site in ̂ g m-3 or ppb.
- Sampling conditions (sampling date, time of the day, sampling time, sampling flow rate) and meteorological

and topographical conditions (if applicable).
- Sampling and analytical methods (including apparatus, calibration procedures, interferences) with references

or with detailed procedures. Include limit of detection of the technique.
- Date of analysis, analyst's name and address.
- If requested, report the activities in the room during the sampling and identify the collection and products

present in room as well as in the enclosure tested.
- If mandated to assess the risk, consult Chapter 3.

Many parameters are optional or they can be applied only to certain sites or certain sampling methods.
For more details on protocol consult ASTM (2001a, b) and Kozdron (1995).

MONITORING 81



AIRBORNE POLLUTANTS ;.\! MUSEUMS, GALLERIES, AND ARCHIVES

TABLE 22. TECHNIQUES FOR MONITORING AIR QUALITY BASED ON SAMPLING PERIOD

Sampling
period

Sampling and
detection'1

Pollutants

targeted
Sensitivity13 Comments, limitations

A few minutes
to a few hours

Gives only current
levels. The enclosure

must be in steady-
state equilibrium
before the sampling
(1-3 days).

Solid-phase
microextraction (SPME)
with chromatographic
analysis
Air sample bags and
chromatographic analysis
Forced trapping sampler
with chromatographic or
spectrometry analysis
Forced diffusion through
sampler, direct reading
(such as short-term
Di-ager tubes)

Particle sampler,
direct reading

Formaldehyde, High to very Constraints with enclosuresc. Multi-analysis
formic and acetic high with portable GC-MS for in situ analysis will
acids, and soon be useful.
most pollutants
Most pollutants Low to medium Not commonly used. The sensitivity can

be high if SPME of the air sample is made.
Inorganic High to The volume of air is pumped; not suitable
pollutants very high in small enclosures.

Most pollutants Low Easy testd. The volume of air is pumped;
not suitable in small enclosures. Only gives
indication of high levels of formaldehyde,
formic and acetic acids. Cannot differentiate
the acids. Constraints with enclosures.

Fine and coarse Low to medium Low limit of detection due to short sampling
particles _period. Constraints with enclosures.

8-24h

Gives average or
daily average levels.
Enclosures must

be in steady-state
equilibrium
(1-3 dai/s)
before sampling.

Diffusion hibular sampler
and chromatographic
analysis
Diffusion through sampler,
direct reading (such as
Drager diffusion tubes)
Particle sampler, direct
reading
pH-sensitive dosimeter
(pH strip)

Most pollutants

Most pollutants

Fine and coarse

particles
Acid and alkaline

compounds

Low

Low

High to
very high
Low to medium

Low limit of detection due to short sampling
period. Gives an indication of high levels of
pollutants.
Easy test. Only gives indication of high levels
of formaldehyde, formic and acetic acids.
Cannot differentiate the acids.

Constraints with enclosures.

Easy test. Gives indication of moderate

to high levels of carboxylic acids. Cannot
differentiate the acids. Not appropriate
for long-term exposure due to sensitivities
to oxidants.

1-3 weeks
(or more)

Gives weekly (or
more) average levels.

Diffusion tubular sampler
with chromatographic
analysis

Metal coupons (Ag or Cu)
with electrochemical

analysis
Metal coupons (Ag or
Pb), direct observation

Glossy or sticky surfaces
with microscopic or
reflectance measurement

Any well characterized
materials with (usually)
laboratory analysis

Most pollutants High to
very high

Corrosive pollutants High to
and RH very high

Corrosive pollutants Medium to
and RH high
Coarse and super Unknown
coarse particles

Agents of
deterioration reacting
with the material

Medium to

very high

Gives average levels of the pollutants.

Not necessarily more sensitive than objects
made of same metal. Can prevent damage
to less sensitive objects.
Easy test. As above.

Low sensitivity to fine particles.

Not always an easy test. As for metal
coupons with electrochemical analysis.

Continuous

(direct reading)

Gives current levels,
usually shows levels
over time.

Particle sampler

Various technologies

Hygrometers

Piezoelectric crystal
coated with metal

(Ag or Cu) (OnGuard)

Fine and coarse

particles
Inorganic pollutants,
formaldehyde,
oxygen
RH

Corrosive pollutants
and RH

Low Low limit of detection if data are not
cumulative. Constraints with enclosures.

Medium to Limited mobility of the instrument.
very high Constraints with enclosures. Need periodic

calibradon.

Medium to Easy test. Not cheap but a must for
very high museums. Tends to be inaccurate in

extremely low and high RH conditions.
Needs periodic calibration.

High to very More sensitive than objects made of
high same metals.

a: Methods for most of the techniques are in Tables 23 and 24.
b: Sensitivity refers to pollutants at roughly the levels expected for a preservation target of 10 yrs (Table 5).
c: Refers to the problems of inserting the sampler while preserving the steady-state equilibrium within the enclosure, the small volume

of an enclosure, making a hole, the need for electric wires, or the lifetime of the battery.
d: Easy test refers to low cost and the ability to obtain results without the need for outside expertise. All the other methods require an

environmental professional for analysis in a laboratory or for an in situ investigation with special instruments.
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TABLE 23. TECHNIQUES FOR SAMPLING AND DETECTING AIRBORNE POLLUTANTS

Airborne
pollutants

Sampling techniques (exposure time) Detection techniques Limit of References1'
detection
(jug m-3)a

Acetic add SPME (30 min)

Diffusion tubular sampler (14 days)
Diffusion through sampler (8 h)

Ammonia None; continuous airflow

Diffusion through sampler (8 h)
Carbonyl sulphide Diffusion tubular sampler (few weeks)

Formaldehyde None; continuous airflow

Diffusion (through porous tube) sampler (24 h)
SPME (10 min)
None

Liquid reagent sampler (24 h)
Diffusion tubular sampler (7 days)
Diffusion sampler (8 h)

Formic acid SPME (30 min)

Diffusion tubular sampler (14 days)
Forced diffusion through sampler
(few minutes)

Hydrogen peroxide Forced diffusion tubular sampler (24 h)
Hydrogen sulphide Diffusion tubular sampler (few weeks)

Nitric acid

Nitrogen dioxide
(usually include
all NOx)

Ozone

Particles

Sulphur dioxide

None; continuous airflow

Diffusion through sampler
Forced diffusion tubular sampler; PLV d (24 h)
Simple sampler (30 days)
Forced diffusion hibular sampler; PLV (24 h)
None; continuous airflow

Diffusion tubular sampler (14 days)
Liquid reagent sampler; FLV (1 h)
Diffusion through sampler
None; continuous airflow

Diffusion tubular sampler (30 days)
Simple sampler (30 days)
Diffusion sampler (8 h)
Cyclone separator and filters; PLV (24 h)

Cyclone separator; PLV (1 mm)
Forced filter sampler; PLV (90 min)
None; continuous airflow

Diffusion sampler (30 days)
Diffusion through sampler

GC/MS 2

HPLC 44

Graduated scale c 3100

FTIR spectroscopy 6
Graduated scale 1800
Fluorescence 0.3

spectroscopy
Fluorescence 0.1

spectroscopy
HPLC 0.2

GC/FID 1

Electronic resistance 10

Colorimetry 10

HFLC 130
Graduated scale 400

GC/MS 7

HPLC 13

Graduated scale 1900

Chemiluminescence 0. 03

Fluorescence 0. 04

spectroscopy
Electrical resistance 3

Graduated scale 1800

Ion chromatography 0.1
Ion chromatography 0. 06
Ion chromatography 0.1
Chemiluminescence 0.1

Colorimetry 3
Colorimetry 4
Graduated scale 2400
Chemiluminescence 0.2

Colorimetry 0.6
Ion chromatography 1
Graduated scale 160

Gravimetry 0. 05

Photometric 0.1

Ion chromatography 0.1
Fluorescence 0.1

spectroscopy

Ion chromatography 3
Graduated scale 1700

Van Bommel et al. (2001);
Ryhl-Svendsen et al. (2002)
Gibson et al. (1997a)
Leichnitz (1989)

Griffith et al. (2000)

Leichnitz (1989)

Ankersmit et al. (2000)

Areo-Laser (nd)

Uchiyam et al. (1999)
Koziel et al. (2001)

Mazurkiewicz (2001);
Environmental Sensors Co. (nd)
ASTM D5014 (2001c)

Gibson et al. (2001)
K & M ChromAir (nd)

Van Bommel et al. (2001);
Ryhl-Svendsen et al. (2002)
Gibson et al. (1997a)
Leichnitz (1989)

Strigbrand et al. (1996)
Ankersmit et al. (2000)

Arizona Instrument (nd)
Leichnitz (1989)
Marshall et al. (1992)
Yamada et al. (1999)

De Santis et al. (1996)
Aero-Laser (nd); Bernard
et al. (1997)

Bernard et al. (1997)
ASTM D1607 (2001d)

Leichnitz (1989)
Aero-Laser (nd)

Bernard et al. (1999)
Yamada et al. (1999)

K & M ChromAir (nd)
Nazaroff et al. (1992);
EPA (1998)
MIE (2002)

Ferek et al. (1997)

Ferek et al. (1997);
Luke (1997)

Yamada et al. (1999)

Leichnitz (1989)

a: For most techniques, the limit of detection can be reduced by increasing the exposure period.
b: These references are not necessarily considered standard or even widely used; other valuable methods also exist.
c: Just read the graduated scale, no analysis required, cost is low.
d: PLV means pump large volume; accumulation of pollutants by air pumping is required. This method may not be appropriate

for monitoring a small enclosure due to decreasing amounts of pollutants in the enclosure during the sampling.
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TABLE 24. SEMI-QUANTITATIVE MONITORING METHODS

Airborne

pollutants

Name Sampling techniques
(exposure time)

Detection techniquesa References

Specific pollutants

Acetic acid A-D strips pH-sensitive colorant (24 h)
from cellulose

acetate films

Danchek film indicators pH-sensitive colorant (24 h)

Graduated colour scale Image Permanence Institute
(1997)

Graduated colour scale Conservation by Design
Limited (nd)

Groups of pollutants

Acidic and
alkaline

compounds

Particles

Pollutants
contained in

a product

A-D strips pH-sensitive colorant (7 days) Graduated colour scale Nicholson and O'Loughlin
(1996, 2000)

pH strip with glycerol pH-sensitive colorant (24 h) Graduated colour scale Tetreault (1992b, 1999a)

Dust deposition
measurement

Accelerated corrosion

test (Oddy test)

Dust deposition on glass
slides or sticky pads
(7 days or more)

Metal coupons (Ag, Cu, Pb);
evaluate off-gassing of a
product at 60°C, 100% RH
(28 days)

Gloss surface reflectance Adams et al. (2001);

Eremin et al. (2000)

Visual observation

compared to blank
samples

Green et al. (1995);
Tetreault (1999a)

Environment (pollutants, radiation, RH, and temperature)

Corrosive

gases, RH

"Total
environment"

(various
environmental

agents of
deterioration)

Metal coupons

OnGuard

Organic-coated
piezoelectric crystal13

Silver, copper, nickel, or
zinc coupons (1-3 months)

Piezoelectric quartz
crystal coated with metal
(Cu or Ag) (30-90 days)

Piezoelectric quartz crystals
coated with egg tempera or
varnish (direct reading)

Colloidal silver film strip Colloidal silver film strip
(few weeks to few months)

Electrochemical analysis Purafil (1998b);
(corrosion film thickness Johansson et al. (1998)
measurement)

Crystal frequency
measurement

Crystal frequency
measurement

Purafil (1998a)

Odlyha et al. (2002)

Dosimeter coated with Various pigments in
egg temperab egg tempera medium

(9 months)

Visual comparison with Weyde (1972); Wilhelm 1993
a control or density
measurement

Reflectance spectrometry Bacci et al. (2000)

Glass sensorb Potassium- and calcium-rich

glass slides (3-12 months)

Paint-based dosimeters1' Pigmented and non-
pigmentedwhole egg and
mastic medium (9 months)

IR spectrometry

Mass spectrometry

Pilz (2000); Leissner (1997);
Roemich (2002)

Van den Brink et al. (1998)

Any materials1' Any well-characterized
materials such as acid-free

papers, leather (few months)

Adapted to the material used

a: Most methods do not have a lowest limit of detection or it is not provided with the methodology.
b: These materials are well characterized and are similar or the same nature as the objects to be preserved. Chemical analysis

or physical tests will be done on the dosimeter to observe any early stages of deterioration caused by all the environmental
agents of deterioration. These methods are still under development and are not yet widely available.
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TABLE 25. TROUBLE-SHOOTING COMMON PROBLEMS RELATED TO AIRBORNE POLLUTANTS

Possible causes of damage related to airborne pollutants are in italic; most damage occurs very slowly and cannot be noticed with confidence
without appropriate documentation; sometimes newly reported damage on an object is "stable" and was caused by a previous
inappropriate context/environment or inappropriate treatment. Refer to Appendix 2 for some quantified data or for references.

Common causes, comments, and possible monitoring
Causes: Acid-emissive products inside display cases, especially liquid products such as paints, adhesives, or silicone sealants,
wood products, and possibly other organic objects in the enclosure {some ethnographic objects).
Comments: Wood products and paint inside enclosures do not usually provide safe condidons for lead especially
in high relative humidity (>70% RH).
Possible monitoring'1: Identify add-emissive products, and monitor acetic adds, formic add, and RH
in the enclosure.

Causes: Sulphur-based products such as sulphur vulcanized rubbers in an enclosure, other objects in the enclosure (fatty acids
from organic ethnographic objects, pyrite or sulphate-reducing bacteria in impregnated objects), high RH, high number of visitors
in inadequately ventilated rooms.
Comments: Any sulphur-based materials in an enclosure have the potential to tarnish silver especially when the RH is high.
Possible monitoring3 : Identify possible sulphur-based materials, and monitor hydrogen sulphide, carbonyl sulphide, and RH.

Causes: Salt contamination of objects, high RH and large fluctuadon of RH levels, acid-emissive products inside display cases,
especially liquid products such as paints, adhesives, and silicone sealants, and wood products.
Comments: This is a common problem when the object has been impregnated with salt either from contact with the ground
or from salt having been included during its fabrication. Fluctuations in RH probably cause the efflorescence. Absorbed
acetate (mainly) and formate compounds may initiate new efflorescence or contribute to a higher rate of formation due
to their high solubility.
Possible monitoring a: Monitor RH, temperature, salt contamination.
Causes: Slow process of hydration of alkali-rich glass (>10% soda content) is the most common deterioration process. In
some cases, acetic and formic acids and possibly formaldehyde react with alkali glass to form a salt. However, salts based
on carbonate, sulphate, and chloride are more common.
Comments: The hydration process can cause loss of transparency, cracks, flaking, and spalling of areas of glass.
the RH below 60%.

Causes: Light fading (photo-oxidation), thermal degradation, other objects in the enclosure (organic ethnographic objects),
outdoor airborne pollutants, damage on object due to contact with other materials.
Comments: Common forms of discoloration are yellowing, browning, and fading.
Possible monitoringa: Monitor visible and UV radiation, RH, and temperature; identify nature of products in contact
with the object; identify any sources of heat.
Causes: Photo-oxidation, outdoor airborne pollutants, visible and UV radiation, high RH or large fluctuation of RH levels,
thermal degradation.
Comments: Examples of embrittlement are tears in textiles and in papers, and plastic objects or components turning into
powder or shattering.
Possible monitoring": Monitor primary visible and UV radiation before considering ozone and nitrogen dioxide. Consider
anoxic enclosures for the most valuable or vulnerable objects.
Causes: Damage due to contact with another material, fatty materials, internal pollutants such as plastidzers in plastics and
adhesives, water damage, insect or mould activities.
Possible monitoringaa: Identify nature of object and/or products in contact, consider analysis of the altered compound.
Causes: Internal pollutants such as plasticizers in PVC flexible objects; damage due to contact with another material; slow
hydrolysis or oxidation of some plastics; polyethylene glycol impregnated waterlogged wood objects.
Possible monitoring"': Identify nature of object and/or products in contact.
Causes: Deposition of amine compounds, transfer of salt by contact, or deposition of fatty acid on a surface from paint
media very dose to it (a few micrometres).

Causes: Usually lint from carpets or from visitor clothing. Renovation activities/maintenance (generation or resuspension of dust)
can also be a source.

Comments: Coarse particles are not necessarily harmful to objects; however, they may have an impact on their aesthetics.
Deposited fine particles can be hard to remove.
Possible monitoring'1: Identify possible unusual sources of dust, such as from renovations, and isolate objects from the source.
Causes: Damage by contact or by airborne mode zoith mineral objects with acid components or fatty ethnographic objects.
Comments: Example of this is a label that becomes discoloured by being in the same enclosure as a pyrite spedmen,
which releases sulphur compounds.
Possible monitoring"': Identify nature of object and/or products in contact.
Causes: Vinegar odour from black-and-white cellulose acetate (CA) filml microfilm or some tri-dimensional CA objects, new or
deteriorated plastic products, deteriorated natural organic objects (ethnographic objects, books, etc. ), mould in humid environment.
Comments: Smell does not necessarily mean significant risk of damage to objects.
Possible monitoring'3: Identify nature of object and products; monitor VOC, but keep focus mainly on key pollutants
or the most probable one.

Corrosion on

lead objects
or lead alloy
component
of an object

Fast tarnishing
of silver (within
2-3 months)

Efflorescence on
carbonate-based

objects

Grizzling
(corrosion)
on glasses

Discoloration

of colorants or
materials

Cracks,
deformation,
or embrittled

organic objects

Stains or

residues on

objects
Sticky objects

Blooms on

objects or
ghost image on
protective glass
Dust deposition
on objects or in
the bottom of

display cases

Damage to
products caused
by an object

Unusual smell

a: Take action according to the following steps: protect objects from the harmful environment; re-evaluate the control strategies
(avoid, block, reduce); treat objects, if necessary, to limit further damage; and monitor after the improvements.
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TABLE 26. LEAD ACETATE TEST

Purpose
of test

Sample
preparation

Reagents
to be used

Comments

Acceptable

To determine the presence of sulphur. Products containing sulphur compounds are known
to discolour, corrode, and weaken some objects.

Liquid samples should be dried on aluminum foil for 1 day; solid samples such as a gasket or fabric need
no preparation.

Lead acetate strip dispenser: BDH Chemicals, 350 Evans Avenue, Toronto ON M8Z 1K5, and in some drugstores.
Hydrogen peroxide 3-10% solution: available at any local drugstore.

Wet the lead acetate test strip with
one or two drops of clean water. Put
the wet strip and a small test sample
in a glass tube as shown to the right;
the test strip and sample should not
be in contact. Use a flame to pyrolyse
the sample in the glass tube; tilt the
tube horizontally during pyrolysis
to make sure the dense smoke reaches

the test strip. The test strip will turn
brown in the presence of sulphur.
Remove the brown test strip from
the glass tube and add one drop of
hydrogen peroxide. The presence
of sulphur compounds in the sample
will be confirmed if the brown test

strip turns white.

This test can produce strong irritant
odours and should be conducted

under a fume hood.

Stopper

Lead acetate

test strip

Glass test tube

10 mL

Test sample
»10mg

Flame

Alcohol or

propane burner

Figure 54. Schematic representation of the lead acetate test.

The product should not be used if the test strip turned white after being stained during pyrolysis.

Products, such as vulcanized rubber, containing sulphur should not be used in contact with objects and should
not share the same airtight or leaky enclosure.

Alternative test: Azide test: Daniel and Ward (1982).
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POLLUTION AND CONSERVATION

Indoor Air Quality in Museums and Archives.
<iaq.dk/>

CONSERVATION
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for Information on Cellulose Acetate).
<www.nla.gov.au/anica/index.html>

Canadian Conservation Institute.

<www.ca-icc.gc.ca>
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Minister of the Environment, Ontario.

<www.ene. gov. on. ca / air.htm>
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<www.me.umn.edu / courses / me5115 / notes / >.
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Risk World. <www. riskworld. com/>

Society for Risk Analysis.
<www.sra.org/>
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Figure 1. Corroded lead medals
in an oak display case. Courtesy of
the M. usee du seminaire de Sherbrooke.

(See p. 10 for more information.)

Figure 2. Tarnished
silver-plated copper key rin^.
Continued cleaning of tarnish
compounds will eventually
remove the thin silver layer.
(See p. 11 for more information.)
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Figure 8. Inuit ivory sculpture
zuith soot encrusted in the cracks.

(See p. 15 for more information.)

Figure 10. Browning of the edge's of
a page from a French book printed in
1929. The pollutants (mainly SOi) were
adsorbed on the edges and are flowly
diffusing to the centre of the page. The
pH of the darker zones is about 3. 5 and
the pH in the centre of the pages is 6. 2.
(See p. 16 for more information.)
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Figure 11. Negative cellulose acetate sheet at
advanced stage of degradation. The anti-curl
layer and the emulsion layer have turned
yellowish, and are 10% channelled and 100%

blistered. The film base is yellowed and very brittle.
It has completely degraded and converted from
the ester to cellulose (i. e. regenerated cellulose).
(See p. 16 for more information.)

Figure 12. Negative cellulose nitrate
sheets at advanced stage of degradation.
The sheets have turned brown-yellozu.
(See p. 17 for more information.)
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Figure 25. Efflorescence on seashells. The
shell on the left has been exposed to acetic
acid vapour and high RH. The shell on the right
is the control sample. This type of deterioration
is also knozun as Byne's disease in honour of
Mr. Loftus St. George Byne ivho loas the first
to describe it in 1899 (Byne 1899). This type of
efflorescence should not occur as long as RH is
controlled, the sample is kept clean, and there are
no materials nearby that emit high levels of acids.
(See p. 29 for more information.)

Figure 29. Paper artwork stained by an
acidic matboard after many years of contact.
(See p. 40 for more information.)
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Figure 47. A book covered zuith
vegetable-tanned leather shows
significant deterioration, knoiun as
red rot. This deterioration is caused

by the transformation of sulphur
dioxide into acid in the leather. The

acidified leather surface chips off,
and the underlying desiccated layer
poivders off when lightly rubbed.
(See p. 66 for more information.)

Figure 48. Another example of red rot
damage. The acidic vegetable-tanned leather
turned black after being in contact zvith ivater.
(See p. 66 for more information.)
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APPENDIX 1. SOURCES AND LEVELS OF VARIOUS POLLUTANTS

Acetic acid (p. 99)
Amines (DEAE, ODA) (p. 100)
Ammonia (p. 100)
Ammonium sulphate (p. 100)
Carbon disulphide (p. 100)
Carbonyl sulphide (p. 100)

Formaldehyde (p. 101)
Formic acid (p. 101)
Hydrogen chloride (p. 102)
Hydrogen peroxide (p. 102)
Hydrogen sulphide (p. 102)
Nitric acid (p. 102)

Nitric oxide (p. 102)
Nitrogen dioxide (p. 103)
Oxygen (p. 103)
Ozone (p. 103)
Particles, super coarse (p. 104)

Particles, coarse (p. 104)
Particles, fine (p. 104)
Peroxyacetyl nitrate (PAN) (p. 105)
Propionic acid (p. 105)
Sulphur dioxide (p. 105)

The levels of pollutants generated by materials (products or objects) are usually obtained using a test chamber. Some references
arc^"cl.uded_eventhc'ugh "° dataare/ePorted, but they describe the source and process of generation of ~the-poUutantTn"the''
outdoor or indoor environment. X - data not reported/determined, or found. E3or E6 = exponent 3 or-6.
Airborne

pollutants/sources
Description Concentration

range, fig m~3
References

Acetic acid

Troposphere

Tropical forest

Urban sites

Indoors

Adhesives

Cellulose acetate film

Coatings

Linoleum

Medium density
fibreboard (MDF)

Mould growth
Oak

Silicone sealants

Upper troposphere 0. 3-0.9

Wet and dry season range, daytime, 1999 0.9-9
Amazon, Brazil 1. 7-4.5

0. 5-2.5

Claremont, California, September 1985 9-18, peak at 24
Cuidad Juarez, Chihuahua, Mexico, summer and winter 14, 35
Sao Paulo, Brazil, July 1996 1.2-20
Storage and exhibition rooms 38-96

Galleries of the Musical Instrument Museum 82-106
(Brussels) and the Plantin-Moretus Museum
(Antwerp), Belgium
Different acrylics and PVAc X

Cardboard storage boxes containing PVAc 2600-4700

Flooring products X

Smelly silver gelatine sheet negative in a sealed 150 000
jar for 24 h

Smelly silver gelatine sheet negative with an 920
air exchange of 10/day

Oil-based paints, dried for 5 weeks, sampling made 20E3-65E3
at equilibrium

Emulsion, moisture-cured urerhane or two-part 3000-22 000
epoxy, dried or cured for 5 weeks, sampling made
at equilibrium

New samples X

Trade name: Sylvapan (Denmark) 220

Cultured mould X

Oak, solid wood, at least 15 yrs old 310

Bostik Glass 2680 silicone, acid type, cured for 3 days 14 000
Bostik Glass 2680 silicone, acid type, cured for 7 days 880
Bostik Glass 2680 silicone, acid type, cured for 29 days 94
Bostik Industrial 2695 silicone, neutral type, <20
cured for 27 h

Red oak, solid wood, about 10 yrs old, sampling 6700
made at equilibrium

Reiner et al. (1999)

Kuhn et al. (2001)

Souza et al. (1999)

Graedel(1987a)

Grosjean (1988)

Popp and Martin (1999)

Souza et al. (1999)

Grzywacz and Tennent
(1994)

Kontozova et al. (2002)

Down et al. (1996)

Dupont and Tetreault
(2000b)

Wilke et al. (2002)

Hollinshead et al. (1987)

Ryhl-Svendsen (2000)

Tetreault and
Stamatopoulou (1997)
Tetreault and

Stamatopoulou (1997)

Jensen et al. (1993)

Ryhl-Svendsen (2000)

Bayer (1993)

Ryhl-Svendsen (2000)

Ryhl-Svendsen (2000)

Ryhl-Svendsen (2000)

Ryhl-Svendsen (2000)

Ryhl-Svendsen (2000)

Tetreault and

Stamatopoulou (1997)
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Airborne

pollutants/sources
Description Concentration

range, fig m'3
References

Acetic acid (continued)

Wooden enclosures Various storage and display cabinets made of or
having wooden panels
Various storage and display cabinets made of
or having wooden panels
Various storage and display cabinets made of
or having wooden panels

80-1800

350-1800

110-3200

Grzvwacz and Tennent

(1994)

Gibson et al. (1997)

Kontozova et al. (2002)

Amines, see also Ammonia

Diethylamino ethanol (DEAE)
HVAC system Used as corrosion inhibitor

Octadecylamine (ODA)
HVAC system Used as corrosion inhibitor

Volent and Baer (1985)

About 1 in steam Organ (1967)

Ammonia

Clean troposphere
Urban sites

Indoors

Human

Concrete

Silicone sealants

Outside the Viking Ship Museum, Oslo

Library, gallery in a church, storage area and
room in pulp-and-paper mill

Exhibit and storage room in Japanese museum

Newly finished building

Museum without HVAC system, 200 persons in museum

Museum without HVAC system, 400 persons in museum

Museum without HVAC system, 1000 persons in museum

Site built: emission rate: 30-70 fig m-2 h

Low odour type (i.e. Silicone GE II) or neutral type

0.7

7-18
7

0. 6-15

16-40

20-60

15

22

30

x

Seinfeld (1986)

Seinfeld (1986)

Dahlin et al. (1997)

Johansson et al. (1997)

Sano (2000)

Jarnstrom and Saarela
(2002)

Dahlin et al. (1997)

Dahlin et al. (1997)

Dahlin et al. (1997)

Jarnstrom and Saarela
(2002)

Tetreault (1990)

Ammonium sulphate

Outdoors Formed by reaction with ammonium and sulphur
compounds; same reaction may also happen indoors

Seinfeld and Pandis (1998)

Carbon disulphide

Clear troposphere

Mould growth
Urban sites

Wool

Cultured mould

Curtains in room exposed to the sunlight
Carpets, 900 g of wool in a room

Dry clothing, 20 persons (500 g of wool)
Wet clothing, 20 persons (500 g of wool)

0. 05

x

0.5

0. 35

0. 03 (simulated)

0.009 (simulated)

0. 035 (simulated)

Brimblecombe et al. (1992)

Baver (1993)

Brimblecombe et al. (1992)

Brimblecombe et al. (1992)

Brimblecombe et al. (1992)

Brimblecombe et al. (1992)

Brimblecombe et al. (1992)

Carbonyl sulphide

Clear troposphere

Urban sites

0.7

1.0-1.1

0.7

Brimblecombe et al. (1992)

Graedeletal. (1981)

Brimblecombe et al. (1992)
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Airborne

pollutants/sources
Description Concentration

range, jug m~3
References

Carbonyl sulphide (continued)

Wool Curtains in room exposed to the sunlight
Carpets, 900 g of wool in a room

Dry clothing, 20 persons (500 g of wool)
Wet clothing, 20 persons (500 g of wool)

1.4

0. 12 (simulated)

0.035 (simulated)

0. 14 (simulated)

Brimblecombe et al. (1992)

Brimblecombe et al. (1992)

Brimblecombe et al. (1992)

Brimblecombe et al. (1992)

Formaldehyde

Clean troposhere
Urban sites

Indoors

Urea formaldehyde-
based wood products
Wooden enclosures

Claremont, California, September 1985
Six cities in California, 1-yr average

Outside of office buildings and schools
Storage and exhibition rooms

Office building and schools

Newly occupied building in Australia with
HVAC, carpet, and furniture, avg. for first year
Newly finished buildings
(source: mainly floor covering)
Study made in the 1970s or 1980s

Various storage and display cabinets made of
or having wooden panels

0.5

2. 0-14

6.3-7.1

5-19

14-26

11-46

13-70

32-42

13-37

500-6000

50-470

Seinfeld (1986)

Grosjean (1988)

Grosjean (1991)

Graedel(1987a)

Cavallo et al. (1993)

Grzywacz and Tennent
(1994)

Cavallo et al. (1993)

Dingle et al. (1993)

Jarnstrom and Saarela
(2002)

Meyer and Hermanns

Grzywacz and Tennent
(1994)

Formic acid

Troposphere

Tropical forest
Urban sites

Indoors

Wooden enclosures

Adhesives

Upper troposphere

Wet and dry season range, daytime, 1999
Claremont, California, September 14-18, 1985

Upland, California, avg. of fifty-five 24-h samples
in a 1-yr period (September 1988-1989)

Sao Paulo, Brazil, July 1996

Cuidad Juarez, Chihuahua, Mexico, winter

Storage and exhibition rooms

Galleries of the Musical Instrument Museum (Brussels)
and the Plantin-Moretus Museum (Antwerp), Belgium
Various storage and display cabinets made of
or having wooden panels
Coin collection drawer

Storage and display cabinets made of or having
wooden panels

Various storage and display cabinets made of
or having wooden panels

Cardboard storage boxes containing PVAc

0. 1-0.4

0. 73-8.0

6. 1-15, peak at 20
3.5

1. 1-18

3.2

<0. 6-28

21-25

2-120

500

<40-1600

16-440

1300-2900

Reiner et al. (1999)

Kuhn et al. (2001)

Grosjean (1988)

Grosjean (1991)

Souza et al. (1999)

Popp and Martin (1999)

Grzywacz and Tennent
(1994)

Kontozova et al. (2002)

Grzywacz and Tennent
(1994)

Rvhl-Svendsen and

Glastrup (2002)

Gibson et al. (1997)

Kontozova et al. (2002)

Dupont and Tetreault
(2000b)
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AlRBOR\'E POLLUTANTS IN MUSEUMS, GALLERIES, AND ARCHWES

Airborne

pollutants/sources
Description Concentration

range, ̂ ug m-3
References

Hydrogen chloride

Urban sites 0. 76-3.0 Graedel (1987a)

Hydrogen peroxide

Desert and grassland

Urban sites

0. 14-4.2

14-42

Graedel (1984)

Graedel (1987a)

Hydrogen sulphide

Clean troposphere

Urban sites

Indoors

Human

0.014-14

0.01-0.02

0.007-0.07

0. 05-1.0

Outside four Dutch museums in coastal and 0. 068-0. 19
agricultural areas

0. 14-0.7

0. 02-7

Outside four Dutch museums in urban and industrial areas 0. 12-0.59

Outside the Sainsbury Centre for Visual Art, UK 0. 13

Two industrial sites (petrochemical and pulp-and-paper) 0. 3-1.3
in Quebec, Canada, annual avg. from 1990 to 1994

Four Dutch museums in different areas: urban, industrial,

coastal, and agricultural

Sainsbury Centre for Visual Art, UK

Based on 2. 8 mg per person
per day in a room

Reported without precise dataSulphur-based
paint components

Sulphur-contaminated Reported without precise data
artifacts

0. 03-1.4

0. 15

16 (simulated)

x

x

Graedel(1984)

Watts (2000)

Graedeletal. (1981)

Brimblecombe et al. (1992)

Ankersmit et al. (2000)

Graedel (1987a)

Graedel et al. (1981)

Ankersmit et al. (2000)

Camuffo et al. (2001)

Ministere de
1'Environnement et de la

Faune (1997)

Ankersmit et al. (2000)

Camuffoetal. (2001)

Brimblecombe et al. (1992)

Miles (1986)

Green (1992)

Nitric acid

Clean troposphere

Urban sites California

Indoors

Outside eight institutions in California

Inside eieht institutions in California

0.04-0.6

1-8

3-30

8-130

7-26

2-16

Seinfeld (1986)

Salmon et al. (1990)

Graedel(1987a)

Seinfeld (1986)

Hisham and Grosjean
(1991a)

Hisham and Grosjean
(1991a)

Nitric oxide

Urban sites Claremont, California, Sepember 1985 2-40 Grosjean (1988)
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Airborne

pollutants/sources
Description Concentration

range, jug m'3
References

Nitrogen dioxide

Clean troposphere

Urban sites

Indoors

Cellulose nitrate
film collection

Rural sites in USA, annual avg. level in 1990s

Rural sites in central and east European countries, 1997
Urban sites in USA, annual avg. level in 1990s,
some sites are higher

Canadian cities in 1990s, annual avg. range
Urban sites in central and east European countries, 1997
Claremont, California, September 1985, includes all
NOx less NO

Outside eight institutions in California

Inside eight institutions in California

In the room, value includes all NOx

Cellulose negative films inside a plastic bag

0.2-1

15-19

2-23

42-48, 100

100-500

32-42

3-66

Seinfeld (1986); Graedel
(1984)

EPA (2001c)

Fiala et al. (2002)

EPA (2001c)

Seinfeld (1986)

EC (1999)

Fiala et al. (2002)

28-120, peak at 250 Grosjean (1988)

40-130

20-90

20 Erickson (1990)

3800 Hollinshead et al. (1987)

Hisham and Grosjean
(1991a)

Hisham and Grosjean
(1991a)

Oxygen

Atmosphere

Ozone

2. 8E8 (20. 95%)

Clean troposphere

Urban sites

Electrostatic

precipitator

Photocopier

Photocopier / laser
printer

Ozone generator

Rural sites in USA in 1990s, annual avg. range
Rural sites in central and east European countries, 1997

California, summer, avg. of 12 days of 24-h avg.

California, daily range, July 12, 1984

Canadian cities in 1990s, annual avg. range
Urban sites in central and east European countries, 1997
Urban and suburban sites in USA in 1990s, annual
avg. range

System running at 13 kV; measurement from the
output less background level

One machine in a sealed room, running a few hours
Three photocopiers and four laser printers in a room

40-160

2-200

200-220

130-230

18-62

10-350

34-42

130-290

200-240, max 400

200-1000

50

4-300

<6

Run at a high setting in room with and without door open 200-600
Information from an HVAC contractor 40-80

In room (no further information) <100

Increases ambient level by up to 18 f.(g m-3 ambient level +18

Seinfeld (1986)

Graedel(1984)

EPA (2001b)

Fiala et al. (2002)

Hisham and Grosjean
(1991a)

Cass et al. (1989)

EC (1999)

Fiala et al. (2002)

EPA (2001b, c)

Seinfeld (1986)

Thomson (1965)

Claridge (1983)

Schmith Etkin (1992)

EPA (2001a)

Druzik (1999)

Bower (1991)

Bowser and Fugler (2002)
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Airborne

pollutants/souices
Description Concentration

range, fig m~3
References

Particles, super coarse: > PMio

Human danders Modern offices in Oslo, skin scales

Lints Clothing and carpet fibres at indoor sites

x

x

Kruse et al. (2002)

Yoon and Brimblecombe
(2000)

Particles, coarse: PMig

Clean troposphere
Urban sites

Concrete

Rural sites in USA, annual avg. range in 1990s

11 cities in Canada from 1984 to 1993, 24-h avg.

Canadian cities in 1990s, annual avg. range

19 Canadian cities in 1993, avg. range per site

Birmingham, UK, July 1998
Urban sites in USA, annual avg. range in 1990s

Modern offices in Oslo

19-24

2-65

20-30

2-65

5^t0

25-31

x

EPA (2001b)

MOE (1999)

EC (1999)

EC (1997)

Jones et al. (2000)

EPA (2001b)

Kruse et al. (2002)

Particles, fine: FM2.5

Clean troposphere Rural sites in USA, annual avg. level in 1990s

Urban sites

Indoors

Aerosol humidifiers

Burning candles
and incense

Concrete

Cooking

Rural sites in USA, annual avg. range in 1990s

Urban sites in USA, annual avg. range in 1990s

11 cities in Canada from 1984 to 1993, 24-h avg.;
34% of the PM^ ^ is from fuel combustion

Birmingham, UK, July 1998
Five museums in California, summer 1987

Five museums in California, winter 1987

Canadian cities in 1990s, annual avg. range

19 Canadian cities in 1993, avg. range per site

Nine stations in Alberta, 24-h avg. for April
to June 1998

Forest fire at 300 km for the Calgary monitoring
station. May 5, 1998

Office building within Harvard University
(dust deposited on the surface after 5 working days)

Office building within Harvard University
N=13AE/h, avg. time:35h

Office building with possible smokers
N - 14AE/h, avg. time: 6-16 h

Office building with possible smokers
N=58AE/h, avg. time: 8h

Museum: copper and salt was identified on objects

Literature survey

Modern offices in Oslo

House in Birmingham, UK, no HVAC system,
periodically open windows, July 1998, gas cooking

4-12,
(in some sites: >20)

15-30

7-40, some >65

1-45

5-15

-10-40

2-160(peak)

10-13

2-40

12

320

4. 9-5.5

4. 6-5.6

17-27

7. 4-8.6

x

x

x

50

EPA (2001b)

EPA(2001c)

EPA(2001c)

MOE (1999)

Jones et al. (2000)

Nazaroff et al. (1993)

Nazaroff et al. (1993)

EC (1999)

EC (1997)

Alberta Environmental

Protection (1998)

Alberta Environmental

Protection (1998)

Kildeso et al. (1999)

Kildeso et al. (1999)

Kildeso et al. (1999)

Kildeso et al. (1999)

Rogers and Costain
(1980)

EPA (2001d)

Kruse et al. (2002)

Jones et al. (2000)
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Airborne Methods Exposure conditions
pollutants/objects

NOAEL- LOAED,
LOAEL, ̂ g m~3 jttg m~3 yr

References

Acetic acid (CHsCOOH) {continued)

Cellulose

Cotton

Colorant

Basic fuchsin

Metals

Brass

Cadmium

Copper

Iron

Lead

Nickel

Silver

Steel

Zinc

DP 45-50% RH, 786 days, Whatman papers in 4000-X X
acidic box (also presence of other acid
compounds)

DP 54% RH, PO 80 days, on Whatman papers

pH 54% RH, 80 days, on Whatman papers

Dupont and Tetreault (2000a)

3000-20 000 3000 Dupont and Tetreault (2000b)

X-3000 5000 Dupont and Tetreault (2000b)

CM 54% RH, PO 52 days on WC paper 7E3-25E3 3E6 Tetreault and Lai (2001)

WL 100% RH, 30°C 3 weeks X-13 000 70

WL 100% RH, 30°C, 3 weeks 130-1300 20

WL 100% RH, 30°C, 3 weeks X-1300 10

VO Various acid-emissive products X-X X

VO Cadmium plates corroded in display X-X X
case made of fibreboard and oak

WG 54% RH, PO 5 months 37 000-X X

VO 50% RH, PO 120 days 1300-13 000 1100

VO 100% RH, PO 120 days X-1300 90

WL 100% RH, 30°C, 3 weeks 130-1300 10

WL 100% RH, 30°C, 3 weeks X-1300 10

VO, EA 100% RH, 30°C, PO 3 weeks X-25 000 70

WL 100% RH, 30°C, 3 weeks X-1300 0.4

WG 34% RH, PO 6 months 860-2600 X

WG 23-44% RH, 76 days X-1000 10

VO 50% RH, PO 4 months, oak sample in a jar X-6700 300

VO 50% RH, PO 120 days

WG 54% RH, PO 1 yr

VO PO 3.5 yrs, museum indoor environment
(formaldehyde: 500 4g m"3)

WG 75% RH, PO 6 months 520-860 80

WL 100% RH, 30°C, 3 weeks X-1300 4

WG 54% RH, PO 6 months, on tarnished lead 2600-12 000 3000

WG 75% RH, PO 6 months, on tarnished lead 860-2600 700

WL 100% RH, 30°C, 3 weeks 13E3-130E3 100

WL 100% RH, 30°C, 3 weeks 170E3-X X

WL 100% RH, 30°C, 3 weeks 130-1300 0.8

WG 54% RH, PO 11 months 22E3-27E3 X

WL 100% RH, 30°C, 3 weeks 13-130 3

WL 100% RH, 30°C, 3 weeks X-1300 0.6

X-1300 60

430-600 X

320-X X

Clarke and Longhurst (1961)

Clarke and Longhurst (1961)

Donovan and Stringer (1972)

Seabright and Trezek (1948)

Brown (1998)

Tetreault (1992b)

Thickett (1997)

Thickett (1997)

Clarke and Longhurst (1961)

Donovan and Stringer (1972)

Lopez-Delgado et al. (1998)

Donovan and Stringer (1972)

Tetreault et al. (1998)

Eremin and Wilthew (1998)

Miles (1986); Tetreault and
Stamatopoulou (1997)

Thickett (1997)

Tetreault et al. (1998)

Thicket et al. (1998)

Tetreault et al. (1998)

Donovan and Stringer (1972)

Tetreault et al. (1998)

Tetreault et al. (1998)

Donovan and Stringer (1972)

Donovan and Stringer (1972)

Clarke and Longhurst (1961)

Tetreault (1992b)

Clarke and Longhurst (1961)

Donovan and Stringer (1972)
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Airborne Methods Exposure conditions
pollutants/objects

NOAEL- LOAED,
LOAEL, ̂ g m-3 |Ug m-3 yr

References

Amines, see also Ammonia and Ammonium sulphate

Diethylamino ethanol, DEAE ((CHsCH2)2N(CHCH20H))
Linseed oil

Varnished

paintings

CM Indoor environment X-14

VO 2 months, indoor environment X-50 (LD)

VO Vapour release by highly concentrated X-X
solution

10 Oshio (1992)

Biddle (1983)

Williams (2001)

Odadecylamine, ODA (CH3(CH2)i6CH2NH2)

Silver and copper VO Museum x-x Organ (1967)

Ammonia (NHs)

Cellulose nitrate VO Objects in open display and in storage
boxes; compounds identified by FTIR

x-x Tetreault and Williams 2002

Ammonium sulphate ((N114)2804), see also Sulphur dioxide and Particles

Metals

Aluminum

Copper

Zinc

Natural resin
varnishes

XRD 79% RH, 21 days, fine particles 540 ̂ ig cm-2-X X

XRD 93% RH, PO 10 h, fine particles X-2 f^g cm-2 X

XRD 65% RH, 100°C, PO 5 days, fine particles X-X X

XRD 75% RH, 100°C, PO 5 days, fine particles X-X X

XRD 60% RH, 21 days, fine particles 320 f;g cm-2-X X

XRD 65% RH, 21 days, fine particles X-320 f^g cm-2 X
VO Indoor environment, EL X-55 X

Lobnig et al. (1996a)

Unger et al. (1998)

Lobnig et al. (1993

Lobnig et al. (1993)

Lobnig et al. (1996b)

Lobnig et al. (1996b)

Thomson (1986); Persson
and Leygraf (1995)

Anoxic environment

Colorants Red lead becomes darker (photo-reduction*) X-low oxygen X
when exposed to strong light intensities
in a low oxygen environment

Maekawa (1998)

Carbonyl sulphide (COS)

Metals

Copper

Silver

EDXA 52% RJH, PO 18 days
EDXA 80% RH, PO 5 days

EDXA 95% RH, PO 3 days

EDXA 4% RH, PO 54 days

EDXA 70% RH, PO 54 days
EDXA 92% RH, PO 2 months

EDXA 95% RH, PO 14 days

X-8700 30 Graedel et al. (1985)

X-27 000 3 Graedel et al. (1981)

X-8700 1 Graedel et al. (1985)

X-8700 1000 Graedel et al. (1985)

X-8700 400 Graedel et al. (1985)

X-650 200 Franey et al. (1985)
X-8700 80 Graedel et al. (1985)
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Airborne Methods

pollutants/objects
Exposure conditions NOAEL- LOAED,

LOAEL, jug m-3 fig m-3 yr
References

Chlorine (Ck)

Copper WG 0% RH, 30°C, PO 30 h

EA 0% RH, PO 10 days

EA 75% RH, PO 10 days

X-59 0. 008 Schubert (1988)

X-290 0. 6 Fiaud and Guinement (1986)

X-290 0.6 Fiaud and Guinement (1986)

Fatty acids

Glass frames and VO

organic objects
Indoor environment in enclosure causes

bloom or ghost images
x-x Williams (1989); Ordonez

(1998)

Formaldehyde (CHiO)

Colorants CM 44-52% RH, 12 weeks, watercolours
studied: alizarin carmine, alizarin

crimson, aurora yellow, basic fuchsin,
brown madder, cadmium yellow, carmine,
chrome yellow, copper phthalocyanine,
crimson lake, curcumin, disperse blue 3,
French ultramarine blue, gamboge,
Hooker's green light, indigo, indigo
carmine, mauve, new gamboge,
pararosaniline base, Payne's grey,
permanent magenta, permanent rose,
Prussian blue, Prussian green, purple
lake, rose carthame, rose dore, thioindigo
violet, Windsor yellow

150-X Williams et al. (1992)

Glass VO Indoor environment, possibly caused also
by acetic and formic acids

x-x Riederer (1997); Oakley (1990);
Ryan et al. (1993)

Metals

Aluminum

Brass

Copper

Iron

Lead

Silver

Zinc

WG 60±10% RH, 17-30°C, 6 months

FT / SEM 100% RH, 35°C, PO 30 days

WG 60±10% RH, 17-30°C, 6 months

VO 50% RH, PO 120 days
WG 60±10% RH, 17-30°C, 6 months

VO 100% RH, PO 120 days

FT/SEM 100% RH, 35°C, PO 30 days

FT/SEM 100% RH, 35°C, PO 30 days

VO 50% RH, PO 120 days

VO 100% RH, PO 120 days

WG 60±10% RH, 17-30°C, 6 months

WG 60+10% RH, 17-30°C, 6 months

FT/SEM 100% RH, 35°C, 21 days

FT / SEM 100% RH, 35°C, PO 30 days

6300-63 000 30 000 Duncan and Daniels (1986)

5E6-X X Cermakova and Vlchkova

(1966)

X-6300 3000 Duncan (1986)

630-6300 800 Thickett (1997)

63 000-X X Duncan (1986)

X-630 50 Thickett (1997)

5E6-X X Cermakova and Vlchkova

(1966)

X-30 000 100 Cermakova and Vlchkova
(1966)

6300-X X Thickett (1997)

X-630 30 Thickett (1997)

X-630 2000 Duncan (1986)

6300-63 000 10 000 Duncan (1986)

5000-10 000 200 Cermakova and Vlchkova
(1966)

X-30 000 1 Cermakova and Vlchkova
(1966)
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Airborne Methods

pollutants/objects
Exposure conditions NOAEL- LOAED,

LOAEL, fig m-3 ^ig m~3 yr
References

Formic acid (HCOOH)

Glass

Metals

Cadmium

Copper

Iron

Lead

vo

WL

Lead tarnished WG

5-7 yrs

WG

Nickel

Silver

Steel

Zinc

VO Indoor environment, possibly caused also
by formaldehyde and acetic acid

WL 100% RH, 30°C, 3 weeks

WL 100% RH, 30°C, 3 weeks

VO 50% RH, PO 120 days

WG 54% RH, PO 135 days

WG 75% RH, PO 135 days

VO 100% RH, PO 120 days

VO, EA 100% RH, 30°C, PO 21 days

FT / SEM 100% RH, 35°C, PO 30 days

WL 100% RH, 30°C, 3 weeks

FT/SEM 100% RH, 35°C, PO 30 days

VO 50% RH, PO 120 days

WG 54% RH, PO 135 days

WG 75% RH, PO 135 days

100% RH, PO 120 davs

100% RH, 30°C, 3 weeks

54% RH, 33 days, source: particleboard

75% RH, 33 days, source: particleboard

WG 100% RH, 33 days, source: particleboard

WL 100% RH, 30°C, 3 weeks

WL 100% RH, 30°C 3 weeks

WL 100% RH, 30°C, 3 weeks

WL 100% RH, 30°C, 3 weeks

WL 100% RH, 30°C, 3 weeks

WL 100% RH, 30°C, 3 weeks

FT / SEM 100% RH, 35°C, PO 30 days

x-x

X-1100 8

X-3800 100

960-9600 1000

8000-11 000 X

4000-11 000 X

X-960 40

X-19 000 200

X-30 000 40

X-1100

X-30 000

X-960

170-760

760-2000

X-960

X-1100

330-X

X-330

X-330

1100-11 000

130E3-X

3800-13 000

13E3-48E3

X-1100

X-3800

X-30 000

0.2

3

100

x

40

30

x

20

3

30

x

200

1000

3

100

1

Riederer (1997); Oakley (1990);
Rvan et al. (1993)

Donovan and Stringer (1972)

Donovan and Stringer (1965)

Thickett (1997)

Tetreaiilt et al.

(2003)

Tetreault et al.

(2003)

Thickett (1997)

Bastidas et al. (2000)

Cermakova and Vlchkova

(1966)

Donovan and Stringer (1972)
Cermakova and Vlchkova

(1966)

Thickett (1997)

Tetreault et al.

(2003)

Tetreault et a).

(2003)

Thickett (1997)

Donovan and Stringer (1972)
Tetreault et al.
(2003)

Tetreault et al.

(2003)

Tetreault et al.

(2003)

Donovan and Stringer (1972)

Donovan and Stringer (1972)

Donovan and Stringer (1965)

Donovan and Stringer (1965)

Donovan and Stringer (1972)

Donovan and Stringer (1965)
Cermakova and Vlchkova

(1966)

Hydrogen peroxide (HOOH)

Silver image VO 50% RH, 7 days, alkyd paints in X-A2 0.8
indoor environment

CM 30% RH, 18 h, on polyester microfilm X-1.4E6 1000

CM 50% RH, 18 h, on polyester microfilm X-1. 4E6 100

Feldman (1981)

Adelstein et al. (1991)

Adelstein et al. (1991)
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Airborne Methods

pollutants/objects
Exposure conditions NOAEL- LOAED,

LOAEL, jug m-3 fig m-3 yr
References

Hydrogen peroxide (HOOH) (continued)

CM 82% RH, 18 h, on polyester microfilm

CM 82% RH, 18 h, 1950s non-iodide films

CM 82% RH, 18 h, on polyester microfilm

CM 82% RH, 18 h, on gold-treated
polyester microfilm

X-1.4E6 40 Adelstein et al. (1991)

X-1.4E6 300 Adelstein et al. (1991)

X-1.4E6 400 Adelstein et al. (1991)

1.4E6-X X Adelstein et al. (1991)

Hydrogen sulphide (HzS)

Metals

Copper

Silver

EDXA 30% RH, PO 7 days X-5000 3

EDXA 39%RH, P07h X-8400 3

EA 75% RH, PO 10 days X-28 0.9
EA 75% RH, PO 10 days, plus 191 ^g m-3 N02 X-28 0.5

EA 75% RH, PO 10 days X-140 0.9

EA 75% RH, PO 10 days, only with 290 4g m-3 Cl2 X-140 0.6

EA 75% RH, PO 10 days, plus 290 ug m-3 Cl2 X-140 1

EDXA 85% RH, PO 7 days X-21 2
EDXA 95% RH, PO 13 days X-5000 0.1

EDXA 93% RH, PO 2 days, H2S only X-3300 2
EDXA 93% RH, PO 2 days with 400 f;g m-3 Os X-3300 1
EDXA 93% RH, PO 2 days with 400 ̂ g m-3 03 X-3300 1

and sunlight

EDXA 93% RH, PO 2 days, HzS only X-3300 2

EDXA 93% RH, PO 2 days with 340 f^g m-3 Os X-3300 1

EDXA 93% RH, PO 2 days with light (one solar constant) X-3300 1

EDXA 93% RH, PO 2 days with 400 ̂ g m-3 03 and light X-3000 1
WG 0-52% RH, 70 days (faster tarnishing rate) X-57E6 70
WG 52% RH, 70 days X-57E6 70

WG 75% RH, 70 days X-57E6 7

WG 100% RH, 70 days X-57E6 2

ET Indoor environment, dry room, 60 days X-0.28 4

WG Dry and 75% RH, PO 21 days, with or X-28 0.01
without 5300 i^g m-3 S02

EDXA 5%RH, P08days X-5000 600

EDXA 31% RH, PO 60 days X-5000 600

ET Indoor environment, PO 8 days X-0.28 0.1

VO Indoor environment, PO 6 months X-0.57 0.3

CM, RM 50% RH, PO 21 days X-400 1
EDXA 92% RH, PO 130 days X-^500 200

EDXA 95% RH, PO 15 days X-5000 70

CR 30% RH, 30°C, PO 12 days, plus X-1400 8
2900 4g m-3 Ch and 2700 4g m-3 S02

Graedel et al. (1985)

Franey et al. (1980)

Fiaud and Guinement (1986)

Fiaud and Guinement (1986)

Fiaud and Guinement (1986)

Fiaud and Guinement (1986)

Fiaud and Guinement (1986)

Franey et al. (1980)

Graedel et al. (1985)

Franey (1988)

Franey (1988)

Franey (1988)

Graedel et al. (1984)

Graedel et al. (1984)

Graedel et al. (1984)

Graedel et al. (1984)

Backlund et al. (1966)

Backlund et al. (1966)

Backlund et al. (1966)

Backlund et al. (1966)

Bennett et al. (1969)

Pope et al. (1968)

Graedel et al. (1985)

Graedel et al. (1985)

Bennett et al. (1969)

Watts (1999)

Ankersmit et al. (2000)

Franey et al. (1985)

Graedel et al. (1985)

Lorenzen (1971)
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Airborne Methods Exposure conditions
pollutants/objects

NOAEL- LOAED,
LOAEL, fig m-3 ^g m~3 yr

References

Hydrogen sulphide (HzS) (continued)

Silver-copper
alloy

CR 50% RH, 30°C, PO 12 days, plus X-1400 0.4
2900 i^g m-3 Ck and 2700 i.ig m-3 S02

EA 75% RH, PO 10 days X-28 1

EA 75% RH, PO 10 days X-710 1

EA 75% RH, PO 10 days X-140 2

EA 75% RH, PO 10 days, plus 3800 ̂ g m-3 N02 X-140 2

EA 75% RH, PO 10 days, plus 290 ̂ ig m-3 Cl2 X-140 1
CR 85% RH, 30°C, PO 2.5 days X-170 0.7

CR 85% RH, 30°C, PO 2.5 days X-UOO 0.7

CR 85% RH, 30°C, PO 2. 5 days, X-1400 0.5
plus 2700 iug m-3 S02

CR 90% RH, 40°C, PO 2. 5 days, plus X-500 0.2
150 ijg m-3 Ck and 1300 ̂ g m-3 S02

CR 85% RH, 30°C, PO 2. 5 days, X-1400 0. 07
plus 2900 ;(g m-3 Ch

EA Dry air, 50°C, PO 16 h (Ag: 90%-Cu 10%) X-1400 0.4

EA 35% RH, 50°C PO 16 h X-1400 0.4

Lorenzen (1971)

Fiaud and Guinement (1986)

Fiaud and Guinement (1986)

Fiaud and Guinement (1986)

Fiaud and Guinement (1986)

Fiaud and Guinement (1986)

Lorenzen(1971)

Lorenzen (1971)

Lorenzen (1971)

Lorenzen (1971)

Lorenzen (1971)

Simon et al. (1980)

Simon et al. (1980)

Micrograph film dyes

Magenta PD

Yellow PD

PD

50% RH, 50°C, PO 5 weeks, dye on 7100-X
Ilfochrome colour micrograph film CMM

50% RH, 50°C, PO 5 weeks, dye on Eastman 7100-X
5272, colour negative motion-picture film

50% RH, 50°C, PO 5 weeks, dye on Eastman 7100-X
52384, colour positive motion-picture film

X Zinn et al. (1994)

X Zinn et al. (1994)

X Zinn et al. (1994)

Lead white VO
pigment

31-84%, PO 7 days, on cotton paper x-x Hoevel(1985)

Silver image PD 50% RH, 50°C, PO 5 weeks, black-and-white 7100-X
micrograph films

Zinn et al. (1994)

Nitric acid (HNOs)

Colorants: top five most sensitive

Litmus

Pararosaniline
base

CM

CM

Aigami (malonyl- CM
awobanin)

Alizarin crimson CM

Curcumin CM

50% RH, PO 12 weeks, on WC paper X-31 0.09

50% RH, PO 12 weeks, on WC paper X-31 0. 09

50% RH, PO 12 weeks, on WC paper X-31 0.3

50% RH, PO 12 weeks, on WC paper X-31 0.3

50% RH, PO 12 weeks, on WC paper X-31 0.3

Salmon and Cass (1993)

Salmon and Cass (1993)

Salmon and Cass (1993)

Salmon and Cass (1993)

Salmon and Cass (1993)
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Airborne Methods Exposure conditions
pollutants/objects

NOAEL- LOAED,
LOAEL, jug m-3 jttg m-3 yr

References

Nitric acid (HNOs) (continued)

Colorants: traditional natural organic

Aigami (malonyl- CM
awobanin)

50% RH, PO 12 weeks, on WC paper

Bitumen

Cochineal lake

Curcumin

Disperse blue 3

Dragon's blood

Gamboge

Indian yellow

CM

CM

CM

CM

CM

CM

CM

Indigo, synthetic CM

Indigo, natural CM
blue 1

Lac lake

Litmus

Madder lake

Persian berries

lake

Quercitron lake

Saffron

Sepia

CM

CM

CM

CM

CM

CM

CM

Van Dyke brown CM

Weld lake CM

50% RH,

50% RH,

50% RH,

50% RH,

50% RH,

50% RH,

50% RH,

50% RH,

50% RH,

50% RH,

50% RH,

50% RH,

50% RH,

50% RH,

50% RH,

50% RH,

50% RH,

50% RH,

12 weeks, on

12 weeks, on

PO 12 weeks,

PO 12 weeks,

PO 12 weeks,

12 weeks, on

PO 12 weeks,

PO 12 weeks,

PO 12 weeks,

WC paper

WC paper

on WC paper
on cellulose acetate

on WC paper

WC paper

on WC paper

on WC paper

on WC paper

PO 12 weeks, on WC paper

PO 12 weeks, on WC paper

12 weeks, on WC paper

PO 12 weeks, on WC paper

PO 12 weeks, on WC paper

12 weeks, on WC paper

12 weeks, on WC paper

12 weeks, on WC paper

12 weeks, on WC paper

X-31

31-X

X-31

X-31

X-31

X-31

X-31

X-31

31-X

X-100

X-31

X-31

31-X

X-31

X-31

31-X

31-X

31-X

X-31

0.3

x

7

0.3

2

2

4

3

x

0.6

2

0.09

x

1

2

x

x

x

5

Salmon and Cass (1993)

Salmon

Salmon

Salmon

Salmon

Salmon

Salmon

Salmon

Salmon

Salmon

and Cass (1993)

and Cass (1993)

and Cass (1993)

and Cass (1993)

and Cass (1993)

and Cass (1993)

and Cass (1993)

and Cass (1993)

and Cass (1993)

Salmon and Cass (1993)

Salmon and Cass (1993)

Salmon and Cass (1993)

Salmon and Cass (1993)

Salmon and Cass (1993)

Salmon and Cass (1993)

Salmon and Cass (1993)

Salmon and Cass (1993)

Salmon and Cass (1993)

Colorants: synthetic organic colorants

Acridone CM

Arylide CM
yellow 10G

Alizarin crimson CM

Alizarin crimson CM

Aniline black CM

Basic fuchsin CM

Bright red CM

Dioxazine purple CM

Indigo syn. CM

Indigo syn. CM

Paliogen blue CM

Paliogen yellow CM

Pararosaniline CM
base

Permanent CM

magenta

50% RH, 2 weeks, on WC paper

50% RH, PO 12 weeks, on WC paper

50% RH, PO 12 weeks, on Whatman paper

50% RH, PO 12 weeks, on WC paper

50% RH, 12 weeks, on WC paper

50% RH, PO 12 weeks, on WC paper

50% RH, PO 12 weeks, on WC paper

50% RH, 12 weeks, on WC paper

50% RH, PO 12 weeks (Indigotin, vat bluel)

50% RH, PO 12 weeks (Indigotin, vat bluel) X-100

50% RH, 12 weeks, on WC paper

50% RH, 12 weeks, on WC paper

50% RH, PO 12 weeks, on WC paper

31-X

X-31

X-31

X-31

31-X

X-31

31-X

31-X

31-X

50% RH, 12 weeks, on WC paper

31-X

31-X

X-31

31-X

x

0.6

4

0.3

x

2

x

x

x

0.6

x

x

0. 09

x

Salmon and Cass (1993)

Salmon and Cass (1993)

Salmon and

Salmon and

Salmon and

Salmon and

Salmon and

Salmon and

Salmon and

Salmon and

Salmon and

Salmon and

Salmon and

Cass (1993)

Cass (1993)

Cass (1993)

Cass (1993)

Cass(1993)

Cass(1993)

Cass(1993)

Cass(1993)

Cass(1993)

Cass (1993)

Cass (1993)

Salmon and Cass (1993)
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Airborne Methods Exposure conditions
pollutants/objects

NOAEL- LOAED,
LOAEL, jiig m-3 f^g m-3 yr

References

Nitric acid (HN03) (continued)

Phthalocyanine
blue

CM

Phthalocyanine CM
green

Prussian blue CM

Mauve CM

Naphthol CM

Quinacridone red CM

Rose carthame CM

Scarlet lake CM

Thioindigo violet CM

Toluidine red CM

50% RH, 12 weeks, on WC paper

50% RH, 12 weeks, on WC paper

50% RH,

50% RH,

50% RH,

50% RH,

50% RH,

50% RH,

50% RH,

50% RH,

PO 12 weeks.

P012 weeks,

12 weeks, on

12 weeks, on

12 weeks, on

12 weeks, on

12 weeks, on

12 weeks, on

, on WC paper

on WC paper

WC paper

WC paper

WC paper,

WC paper

WC paper

WC paper

31-X

31-X

X-31

X-31

31-X

31-X

31-X

31-X

31-X

31-X

10

3

x

x

x

x

x

x

Salmon and Cass (1993)

Salmon and Cass (1993)

Salmon

Salmon

Salmon

Salmon

Salmon

Salmon

Salmon

Salmon

and Cass (1993)

and Cass (1993)

and Cass (1993)

and Cass (1993)

and Cass (1993)

and Cass (1993)

and Cass (1993)

and Cass (1993)

Colorants: inorganic colorants

Chrome yellow CM

Aureolin, cadmium CM

yellow, manganese
violet, vermilion

Orpiment CM

Orpiment, faded CM

Realgar CM

50% RH, PO 12 weeks, on Whatman paper 31-X X

50% RH, PO 12 weeks, on Whatman paper 31-X X

50% RH, PO 12 weeks, on Whatman paper X-31 5

50% RH, PO 12 weeks, previously exposed X-100 40
to 7 ,ug m-3 yr

50% RH, PO 12 weeks, on Whatman paper X-31 10

Salmon and Cass (1993)

Salmon and Cass (1993)

Salmon and Cass (1993)

Salmon and Cass (1993)

Salmon and Cass (1993)

Colorants: inorganic colorants: inks

Iron ink CM 50% RH, PO 12 weeks, on WC paper
(gallotannate)

Iron ink (tannate) CM 50% RH, PO 12 weeks, on WC paper

X-31 3 Salmon and Cass (1993)

X-31 2 Salmon and Cass (1993)

Colorants: traditional Japanese colorants on silk (with or without mordants)

Beni (orange and CM
red), Kariyasu,
Ai + Enju, Akane,
Ukon, Ai + Kariyasu

Beni (orange), CM
faded

Yama momo CM

Enju (rutin) CM

Kihada, Kuchi

nashi, Woren,
Yamahaji, Zumi,
Shio, Seivo akane,
Enji, Shiko, Suo,
Ai, Shikon,
Ai + Kihada

CM

50% RH, PO 12 weeks

50% RH, PO 12 weeks, previously
exposed to 7 f.ig m-3 yr

50% RH, PO 12 weeks

50% RH, PO 12 weeks

50% RH, 12 weeks

X-31

X-100

X-31

X-31

31-X

/

0.5

x

Salmon and Cass (1993)

Salmon and Cass (1993)

Salmon and Cass (1993)

Salmon and Cass (1993)

Salmon and Cass (1993)
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Airborne Methods Exposure conditions
pollutants/objects

NOAEL- LOAED,
LOAEL, |Ug m-3 fig m-3 yr

References

Nitric oxide (NO)

Silver image SD 50% RH, 30 h, on triacetate support 420E3-X X Carroll and Calhoun (1955)

Nitrogen dioxide (N02)

Calcium carbonate-based materials

90% RH, PO 6 weeks 4300-XLimestone, WG
marble, travertine

Colorants: top 4 most sensitive

Curcumin CM 90% RH, PO 10 days, on silk and on cotton X-1900 1

Enju(rutin) CM 65% RH, PO 10 days, mordant Al, on cotton X-1900 1

Hematoxylin CM 90% RH, PO 10 days, on cotton X-1900 1

Quercitron CM Indoor environment, PO 10 days, on cotton X-70 1
and on silk

Johansson et al. (1988)

Saito et al. (1993)

Saito et al. (1994)

Saito et al. (1993)

Saito et al. (1993)

Colorants: fabric dyes on cotton and on silk

Brazilin, Chinese CM

tannin, Purpurin,
Myricetin

Colorants: plant fabric

Akane CM

(pseudopurpurin)

CM

CM

Benibana CM

CM

Carminic acid CM

CM

CM

CM

CM

CM

Cochineal CM

CM

CM

CM

Curcumin CM

CM

CM

CM

CM

CM

PO 12 months, indoor environment,
on cotton and on silk

dyes on cotton and on silk

65% RH, PO 10 days,
and on cotton

90% RH, PO 10 days,
90% RH, PO 10 days,

65% RH, PO 10 days,

90% RH, PO 10 days,

Indoor environment,

Indoor environment,

65% RH, PO 10 days,

65% RH, PO 10 days,

90% RH, PO 10 days,

90% RH, PO 10 days,

65% RH, PO 10 days,

65% RH, PO 10 days,
90% RH, PO 10 days,

90% RH, PO 10 days,

Indoor environment,

Indoor environment,

65% RH, PO 10 days,

65% RH, PO 10 days,

90% RH, PO 10 days,

90% RH, PO 10 days,

mordant Al, on silk

mordant Al.

mordant Al.

mordant Al.

mordant Al

PO 10 days,

PO 10 days,

on cotton

on silk

on silk

on cotton

mordant Al

mordant Al

mordant Al

mordant Al

PO 10 days,

PO 10 days,

on cotton

on silk

on silk

on cotton

on cotton

on silk

on silk

on silk

on cotton

on silk

on cotton

on silk

on silk

on cotton

on cotton

on silk

X-4.6
(up to 110)

19 000-X

X-1900

X-1900

1900-X

X-1900

X-70

X-70

X-1900

19 000-X

X-1900

X-1900

X-1900

X-1900

X-1900

X-1900

X-70

X-70

X-1900

X-1900

X-1900

X-1900

Kadokura et al. (1988)

30

10

x

5

4

50

40

x

10

7

4

10

5

2

2

4

40

40

1

1

Saito et al. (1994)

Saito et al.

Saito et al.

Saito et al.

Saito et al.

Saito et al.

Saito et al.

Saito et al.

Saito et al.

Saito et al.

Saito et al.

Saito et al.

Saito et al.

Saito et al.

Saito et al.

Saito et al.

Saito et al.

Saito et al.

Saito et al.

Saito et al.

Saito et al.

(1994)

(1994)

(1994)

(1994)

(1993)

(1993)

(1993)

(1993)

(1993)

(1993)

(1994)

(1994)

(1994)

(1994)

(1993)

(1993)

(1993)

(1993)

(1993)

(1993)
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Airborne Methods

pollutants/objects
Exposure conditions NOAEL- LOAED,

LOAEL, fig m-3 jug m-3 yr
References

Nitrogen dioxide (NOi) (contimied)

Disperse blue 3
(CI 61505)

Enju (rutin)

Hematoxylin

Indigo

Logwood
(hematoxylin)

Quercitron

Suou, suo

(Brazilin)

CM

CM

CM

CM

CM

CM

CM

CM

CM

CM

CM

CM

CM

CM

CM

CM

CM

CM

CM

CM

CM

CM

CM

Ukon (curcumin) CM

CM

CM

CM

Yamamomo CM

(myricitrin)

CM

CM

CM

Indoor environment, PO 10 days, on cotton
and on silk

65% RH, PO 10 days,
65% RH, PO 10 days,

90% RH, PO 10 days,

90% RH, PO 10 days,

Indoor environment,

Indoor environment,

65% RH, PO 10 days,
65% RH, PO 10 days,
90% RH, PO 10 days,
90% RH, PO 10 days,

Indoor environment,
and on silk

65% RH, PO 10 days,

65% RH, PO 10 days,

mordant Al, on cotton

mordant Al, on silk

mordant Al, on cotton

mordant Al, on silk

PO 10 days, on cotton

PO 10 days, on silk

on cotton

on silk

on cotton

on silk

PO 10 days, on cotton

on silk and on cotton

mordant Al, on silk

65% RH, PO 10 days, mordant Al, on cotton

90% RH, PO 10 days, mordant Al, on cotton

90% RH, PO 10 days, mordant Al, on silk

Indoor environment, PO 10 days, on cotton
and on silk

65% RH, PO 10 days, on silk and on cotton

65% RH, PO 10 days, mordant Al, on silk

65% RH,

90% RH,

90% RH,

65% RH,

65% RH,

90% RH,

90% RH,

65% RH,

PO 10 days,

PO 10 days,

PO 10 days,

PO 10 days,

PO 10 days,

PO 10 days,

PO 10 days,

PO 10 days,

mordant Al, on cotton

mordant Al, on cotton

mordant Al, on silk

mordant Al, on cotton

mordant Al, on silk

mordant Al, on silk

mordant Al, on cotton

mordant Al, on cotton

X-70

X-1900

X-1900

X-1900

X-1900

X-70

X-70

X-1900

19 000-X

X-1900

X-1900

X-70

19 000-X

X-1900

X-1900

X-1900

X-1900

X-70

X-1900

1900-X

Saito et al. (1993)

.1900

.1900

.1900

.1900

.1900

^1900

.1900

.1900

65% RH, PO 10 days, mordant Al, on silk X-1900

90% RH, PO 10 days, mordant Al, on cotton X-1900

90% RH, PO 10 days, mordant Al, on silk X-1900

1

10

1

4

1

50

3

x

1

10

50

x

10

5

1

5

1

1

x

40

10

6

10

30

3

1

3

9

3

9

Saito et al.

Saito et al.

Saito et al.

Saito et al.

Saito et al.

Saito et al.

Saito et al.

Saito et al.

Saito et al.

Saito et al.

Saito et al.

(1994)

(1994)

(1994)

(1994)

(1993)

(1993)

(1993)

(1993)

(1993)

(1993)

(1993)

Saito et al. (1993)

Saito et al. (1994)

Saito et al. (1994)

Saito et al. (1994)

Saito et al. (1994)

Saito et al. (1993)

Saito et al. (1993)

Saito et al. (1994)

Saito et al.

Saito et al.

Saito et al.

Saito et al.

Saito et al.

Saito et al.

Saito et al.

Saito et al.

(1994)

(1994)

(1994)

(1994)

(1994)

(1994)

(1994)

(1994)

Saito et al. (1994)

Saito et al. (1994)

Saito et al. (1994)

Colorants: natural organic colorants

Aigami (malonyl CM
awobanin)

Bitumen

Cochineal lake

CM

CM

50% RH, 12 weeks, on WC paper

50% RH, 12 weeks, on WC paper

50% RH, 12 weeks, on WC paper

X-960 40 Whitmore and Cass (1989)

960-X X Whitmore and Cass (1989)

X-960 60 Whitmore and Cass (1989)
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Airborne Methods

pollutants/obj ects
Exposure conditions NOAEL- LOAED,

LOAEL, jtlg m-3 jUg m-3 yr
References

Nitrogen dioxide (N02) (continued)

Curcumin

Persian berries

lake

Quercitron lake

Saffron

Sepia

CM

Dragon's blood CM

Gamboge

Indian yellow

Indigo

Lac lake

Litmus

Weld lake

Madder lake

CM

CM

CM

CM

CM

CM

CM

CM

CM

CM

CM

50% RH,

50% RH,

50% RH,

50% RH,

50% RH,

50% RH,

50% RH,

50% RH,

50% RH,

50% RH,

12 weeks,

12 weeks,

12 weeks,

12 weeks,

12 weeks,

12 weeks,

12 weeks,

12 weeks,

12 weeks,

12 weeks,

on WC paper

on WC paper

on WC paper

on WC paper

on WC paper

on WC paper

on WC paper

on WC paper

on WC paper

on WC paper

Van Dvke brown CM

50% RH, 12 weeks, on WC paper

50% RH, 12 weeks, on WC paper

50% RH, 12 weeks, on WC paper

50% RH, 12 weeks, on WC paper

X-960

X-960

X-960

960-X

X-960

X-960

960-X

960-X

960-X

X-960

X-960

X-960

X-960

960-X

20

30

50

x

80

40

x

x

x

60

70

80

100

x

Whitmore

Whitmore

Whitmore

Whitmore

Whitmore

Whitmore

Whitmore

Whitmore

Whitmore

Whitmore

and Cass (1989)

and Cass (1989)

and Cass (1989)

and Cass (1989)

and Cass (1989)

and Cass (1989)

and Cass (1989)

and Cass (1989)

and Cass (1989)

and Cass (1989)

Whitmore and Cass (1989)

Whitmore and Cass (1989)

Whitmore and Cass (1989)

Whitmore and Cass (1989)

Colorants: inodern synthetic

Alizarin crimson CM

Aniline black CM

Arylide yellow G CM

Arylide yellow CM
10G

Bright red CM

Dioxazine purple CM

Mauve CM

Naphthol CM

Paliogen blue CM

Paliogen yellow CM

Permanent CM

magenta

Phthalocyanine CM
blue

Phthalocyanine CM
green

Prussian blue CM

Rose carthame CM

Scarlet lake CM

Thioindigo violet CM

Toluidine red CM

organic colorants on paper, inainly watercolours

50% RH, 12 weeks, on WC paper X-960

50% RH, 12 weeks, on WC paper 960-X

50% RH, 12 weeks, on WC paper 960-X

50% RH, 12 weeks, on WC paper 960-X

50% RH,

50% RH,

50% RH,

50% RH,

50% RH,

50% RH,

50% RH,

12 weeks,

12 weeks,

12 weeks,

12 weeks,

12 weeks,

12 weeks,

12 weeks,

on WC paper

on WC paper

on WC paper

on WC paper

on WC paper

on WC paper

on WC paper

50% RH, 12 weeks, on WC paper

50% RH, 12 weeks, on WC paper

50% RH, 12 weeks, on WC paper

50% RH, 12 weeks, on WC paper

50% RH, 12 weeks, on WC paper

50% RH, 12 weeks, on WC paper

50% RH, 12 weeks, on WC paper

960-X

X-960

X-960

960-X

X-960

960-X

960-X

960-X

960-X

960-X

960-X

960-X

960-X

960-X

80

x

x

x

x

100

50

x

80

x

x

x

x

x

x

x

x

Whitmore and Cass (1989)

Whitmore and Cass (1989)

Whitmore and Cass (1989)

Whitmore and Cass (1989)

Whitmore and

Whitmore and

Whitmore and

Whitmore and

Whitmore and

Whitmore and

Whitmore and

Cass(1989)

Cass(1989)

Cass(1989)

Cass(1989)

Cass(1989)

Cass (1989)

Cass (1989)

Whitmore and Cass (1989)

Whitmore and Cass (1989)

Whitmore

Whitmore

Whitmore

Whitmore

Whitmore

and Cass (1989)

and Cass (1989)

and Cass (1989)

and Cass (1989)

and Cass (1989)
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Airborne Methods Exposure conditions
pollutants/objects

NOAEL- LOAED,
LOAEL, jug m-3 fig m-3 yr

References

Nitrogen dioxide (NOz) (contimied)

Colorants: inorganic pigments

Aureolin CM 50% RH,

Cadmium CM 50% RH,
yellow medium

Chrome yellow CM 50% RH,

Iron ink I CM 50% RH,

Iron ink 11 CM 50% RH,

Manganese violet CM 50% RH,

Orpiment CM 50% RH,

Realgar CM 50% RH,

Vermilion CM 50% RH,

12 weeks, on WC paper

12 weeks, on WC paper

12 weeks,

12 weeks,

12 weeks,

12 weeks,

12 weeks,

12 weeks,

12 weeks,

on WC paper

on WC paper

on WC paper

on WC paper

on WC paper

on WC paper

on WC paper

960-X

960-X

960-X

X-960

X-960

960-X

X-960

X-960

960-X

x

x

x

40

30

x

40

20

x

Whitmore and Cass (1989)

Whitmore and Cass (1989)

Whitmore and

Whitmore and

Whitmore and

Whitmore and

Whitmore and

Whitmore and

Whitmore and

Cass (1989)

Cass(1989)

Cass(1989)

Cass(1989)

Cass(1989)

Cass (1989)

Cass (1989)

Colorants: Japanese dyed silk

Many colorants CM 50% RH, ] 2 weeks, on WC paper 960-X Whitmore and Cass (1989)

Colorants: inicrograph film dyes

Yellow PD 80% RH, 70°C, PO 5 weeks, dye on Eastman X-10 000 20 Zinn et al. (1994)
5272, colour negative motion-picture film

PD 80% RH, 70°C, PO 5 weeks, dye on Eastman X-10 000 90 Zinn et al. (1994)
52384, colour positive motion-picture film

Metals

Copper WG 70% RH, PO 4 weeks

WG 90% RH, PO 4 weeks

X-940 30 Eriksson et al. (1993)

X-940 40 Eriksson et al. (1993)

Papers

Chemical wood TS

(acid-sized)

FE

Chemical and FE

groundwood

CM

Chemical and CM
groundwood
with 5% CaCOa

Chemical wood TS

or cotton

(neutral-sized)

FE

Cotton rag CM

50% RH, 1 day X-5E6

50% RH, 1 dav X-5E6

50% RH, 25°C, PO 4 months, 20% bleached X-1900
softwood kraft pulp and 80% softwood
stone groundwood

50% RH, 25°C, 3 months, 20% bleached X-1900
softwood kraft pulp and 80% softwood
stone groundwood, colour measurement
with only b value

50% RH, 25°C, 3 months, 20% bleached X-1900
softwood kraft pulp and 80% softwood
stone groundwood, colour measurement
with only b value

50% RH, 1 day 5E6-X

50% RH, 1 dav

50% RH, 25°C, 60
with only b value

5E6-X

days, colour measurement 38 000-X

600 Iversen and Kolar (1991)

600 Iversen and Kolar (1991)

40 Reillvetal. (2001)

5 Reilly et al. (2001)

70 Reillv et al. (2001)

X Iversen and Kolar (1991)

X Iversen and Kolar (1991)

X Reillvetal. (2001)
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Airborne Methods Exposure conditions
pollutants/objects

NOAEL- LOAED,
LOAEL, jug m~3 fzg m-3 yr

References

Nitrogen dioxide (N02) (continued)

Cotton rag FE

Cotton rag CM
with 5% CaCOs

Wood-containing TS
paper (acid-sized)

FE

50% RH, 25°C, PO 60 days X-1900

50% RH, 25°C, 60 days, colour measurement X-38 000
with only b value

50% RH, 1 day 5E6-X

50% RH, 1 day 5E6-X

30 Reilly et al. (2001)

7000 Reilly et al. (2001)

X Iversen and Kolar (1991)

X Iversen and Kolar (1991)

Silver image SD 50% RH, PO 20 h, on triacetate film X-l .9E6 2000 Carroll and Calhoun (1955)

Nitrous oxide (NzO)

Silver image SD 100% RH, PO 7 days, on triacetate support 48E6-X Carroll and Calhoun (1955)

Oxygen (Oz)

Colorants RM

CM

Photo-oxidation of samples exposed to
10 000 lx from fluorescent tubes without

UV filter

X-2. 8E8

Samples exposed to 10 000 Ix from fluorescent X-2.8E8
tubes without UV filter, PO 12 000 h

Arney et al. (1979)

Saunders and Kirby (1994)

Ozone(Os)

Colorants: top 6 most sensitive

Curcumin

Jiang huang

Blue 324

Zi cao

CM

CM

CM

CM

Alizarin crimson CM

Disperse blue 3 CM

50% RH, PO 12 weeks, WC on paper X-150 0.1

50% RH, PO 22 weeks, on WC paper X-800 1

65±2% RH, PO 12 days, on nylon 6, 6 X-400 1

50% RH, PO 22 weeks, on WC paper X-800 2

52% RH, 12 weeks, acrylic background X-80 2
binder only

90% RH. 40°Q PO 3 days, CE)B-3 on nylon 6 X-400 0. 07

Whitmore et al. (1987)

Lynn et al. (2000)

Ladisch et al. (1997)

Lynn et al. (2000)

Cass et al. (1988)

Moore et al. (1984)

Colorants

Alizarin CM

Alizarin carmine RM

Alizarin crimson RM

Alizarin crimson CM

Alizarin crimson CM

Bitumen

Brown madder

Carmine

CM

RM

RM

Cochineal lake CM

49.5% RH, 95 days, on WC paper X-710 20
46±6% RH, 90 days, on WC paper X-620 100

47+8% RH, 90 days, on WC paper X-620 200

49. 5% RH, 95 days, dry powder on WC paper X-710 8

49. 5% RH, 95 days, from tube WC on X-710 30
WC paper

50% RH, PO 12 weeks, WC on paper X-150 2

46±6% RH, 90 days, on WC paper X-620 100

46+6% RH, 90 days, on WC paper X-620 100

50% RH, PO 12 weeks, WC on paper X-150 1

Grosjean et al. (1987)

Driskoetal. (1985/86)

Shaver and Cass (1983)

Grosjean et al. (1987)

Grosjean et al. (1987)

Whitmore et al. (1987)

Driskoetal. (1985/86)

Driskoetal. (1985/86)

Whitmore et al. (1987)
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Airborne Methods Exposure conditions
pollutants/objects

NOAEL- LOAED,
LOAEL, ̂ g m-3 ^g m-3 yr

References

Ozone (Os) (continued}

Crimson lake RM

Crimson lake RM

Curcumin CM

Dragon's blood CM

Gamboge CM
Mauve RM

Mauve RM

Indian yellow CM

Indigo RM

Indigo CM
Lac lake CM

Litmus CM

Madder lake CM

Pay ne's grey RM
Permanent rose RM

Persian berries CM

lake

Purple lake RM

Purple lake RM

Quercitron lake CM

Saffron CM

Sepia CM

Van Dyke brown CM
Weld lake CM

Windsor green RM

Windsor yellow RM

Colorants: Chinese plant dyes

Ban lan gen CM
(indigo yellow)

Ban lan gen CM

Da qing ye CM
(indigo leaf)

Hong cha ye CM
(black tea)

Hong cha ye CM

Huang bai CM
(chinese yellow
cork tree)

Huang bai CM
(gardenia)

Huang zhi zi CM

Jiang huang CM
(turmeric)

46±6% RH, 90 days, on

47±8% RH, 90 days, on

50% RH, PO 12 weeks,

50% RH, PO 12 weeks,

50% RH, PO 12 weeks,

46±6% RH, 90 days, on
47±8% RH, 90 days, on

50% RH, PO 12 weeks,

46±6% RH, 90 days, on
50% RH, PO 12 weeks,

50% RH, PO 12 weeks,

50% RH, PO 12 weeks,

50% RH, PO 12 weeks,

46±6% RH, 90 days, on

46+6% RH, 90 days, on
50% RH, PO 12 weeks,

46+6% RH, 90 days, on

47±8% RH, 90 days, on
50% RH, PO 12 weeks,

50% RH, PO 12 weeks,

50% RH, PO 12 weeks,

50% RH, PO 12 weeks,

50% RH, PO 12 weeks,

46±6% RH, 90 days, on

46±6% RH, 90 days, on

WC paper

WC paper

WC on paper

WC on paper

WC on paper

WC paper

WC paper

WC on paper

WC paper

WC on paper

WC on paper

WC on paper

WC on paper

WC paper

WC paper

WC on paper

WC paper

WC paper

WC on paper

WC on paper

WC on paper

WC on paper

WC on paper

WC paper

WC paper

50% RH, PO 22 weeks, on silk

50% RH, PO 22 weeks, on WC paper
50% RH, PO 22 weeks, on silk

50% RH, PO 22 weeks, on silk

50% RH, PO 22 weeks, on WC paper

50% RH, PO 22 weeks, on silk

50% RH, PO 22 weeks, on WC paper

50% RH, PO 22 weeks, on silk

50% RH, PO 22 weeks, on silk

X-620 60 Driskoetal. (1985/86)

X-620 100 Shaver and Cass (1983)

X-150 0. 1 Whitmore et al. (1987)

X-150 0.4 Whitmore et al. (1987)

X-150 1 Whitmore et al. (1987)

X-620 100 Driskoetal. (1985/86)

X-620 100 Shaver and Cass (1983)

X-790 30 Whitmore et al. (1987)

X-620 100 Driskoetal. (1985/86)

X-150 0. 6 Whitmore et al. (1987)

X-150 1 Whitmore et al. (1987)

X-150 2 Whitmore et al. (1987)

X-150 1 Whitmore et al. (1987)

X-620 100 Driskoetal. (1985/86)

620-X X Driskoetal. (1985/86)

X-150 1 Whitmore et al. (1987)

X-620 100 Driskoetal. (1985/86)

X-620 200 Shaver and Cass (1983)

X-150 4 Whitmore et al. (1987)

X-150 2 Whitmore et al. (1987)

150-X X Whitmore et al. (1987)

150-X X Whitmore et al. (1987)

X-150 2 Whitmore et al. (1987)

620-X X Driskoetal. (1985/86)

X-620 200 Driskoetal. (1985/86)

X-800 80 Lynn et al. (2000)

X-800 50 Lynn et al. (2000)
X-800 200 Lynn et al. (2000)

X-800 200 Lynn et al. (2000)

X-800 200 Lynn et al. (2000)

X-800 300 Lynn et al. (2000)

X-800 50 Lynn et al. (2000)

X-800 20 Lynn et al. (2000)

X-800 100 Lynn et al. (2000)
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Airborne Methods Exposure conditions
pollutants/objects

NOAEL- LOAED,
LOAEL, jug m-3 jtig m~3 yr

References

Ozone (Os) (continued)

Jiang huang CM
Jiang xiang CM
(dalbergia wood)

Jiang xiang CM

Ju zi pi CM
(tangerine peel)

Ju zi pi CM

Su mu CM
(sappan wood)

Su mu CM

Wu bei zi CM
(Chinese gall)

Wu bei zi CM

Zi cao (gromwell) CM

Zi cao CM

CMZi ding cao
(violet)

Zi ding cao CM

50% RH, PO 22 weeks, on WC paper X-800
50% RH, PO 22 weeks, on silk X-800

50% RH, PO 22 weeks, on WC paper X-800

50% RH, PO 22 weeks, on silk 800-X

50% RH, PO 22 weeks, on WC paper X-800

50% RH, PO 22 weeks, on silk X-800

50% RH, PO 22 weeks, on WC paper X-800
50% RH, PO 22 weeks, on silk X-800

50% RH, PO 22 weeks, on WC paper X-800

50% RH, PO 22 weeks, on silk X-800

50% RH, PO 22 weeks, on WC paper X-800

50% RH, PO 22 weeks, on silk X-800

50% RH, PO 22 weeks, on WC paper X-800

Colorants: traditional Japanese colorants

Many colorants CM 50% RH, PO 12 weeks, on WC papers, on silk X-800

Colorants: acid dyes

Blue 40 CM

Blue 127 CM

Blue 232 CM

Blue 324 CM

Yellow 17 CM

Micrograph film dyes

Magenta PD

Yellow PD

PD

PD

Silver image PD

vo

vo

and on Japanese woodblock print

65+2% RH, PO 12 days, on nylon 6, 6 X-AOO

65+2% RH, PO 12 days, on nylon 6, 6 X-400

65±2% RH, PO 12 days, on nylon 6, 6 X-400
65+2% RH, PO 12 days, on nylon 6, 6 X-400

65+2% RH, PO 12 days, on nylon 6, 6 X-400

50% RH, 30°C, PO 5 weeks, dye on 10 000-X
Ilfochrome colour micrograph film CMM

50% RH, 30°C, PO 5 weeks, dye on Eastman X-10 000
5272, colour negative motion-picture film

50% RH, 30°C, PO 5 weeks, dye on Eastman X-10 000
52384, colour positive motion-picture film

50% RH, 30°C, PO 5 weeks, dye on Kodak X-10 000
Ektatherm dye diffusion print material
(no gelatine)

50% RH, 30°C PO 5 weeks, black-and-white 10 000-X
micrograph films

50% RH, 30°C, PO 5 weeks, black-and-white X-10 000
micrograph films with unknown amount of H2S

50% RH, indoor environment, PO 1 yr, X-50
microfilm samples

1 Lynn et al. (2000)

80 Lynn et al. (2000)

50 Lynn et al. (2000)

X Lynn et al. (2000)

5 Lynn et al. (2000)

90 Lynn et al. (2000)

30 Lyrm et al. (2000)

300 Lynn et al. (2000)

8 Lynn et al. (2000)

8 Lynn et al. (2000)

2 Lynn et al. (2000)

20 Lynn et al. (2000)

4 Lynn et al. (2000)

Various Whitmore and Cass

4 Ladisch and Rau (1997)

2 Ladisch and Rau (1997)

2 Ladisch and Rau (1997)

1 Ladisch and Rau (1997)

4 Ladisch and Rau (1997)

X Zinn et al. (1994)

300 Zinn et al. (1994)

400 Zinn et al. (1994)

30 Zinn et al. (1994)

X Zinn et al. (1994)

X Zinn et al. (1994)

X Zinn et al. (1994)
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Airborne Methods

pollutants/objects
Exposure conditions NOAEL-

LOAEL, ̂ ig m-:
LOAED,
Mg m-3 yr

References

Ozone (Os) (continued)

Alizarin crimson CM

CM

CM

CM

52% RH, 12 weeks, acrylic background X-80
binder only

52% RH, 12 weeks, pigmented acrylic X-80
binder applied on acrylic background binder

52% RH, 12 weeks, acrylic film applied on X-80
dry powder with an acrylic background binder

52% RH, 12 weeks, acrylic film applied on X-80
pigmented acrylic binder with an acrylic
background binder

50

60

Cass et al. (1988)

Cass et al. (1988)

Cass et al. (1988)

Cass et al. (1988)

Colorants: dyes on nylon

Disperse blue 3 CM

CM

90% RH, 40°C, PO 3 days, CIDB-3 on nylon 6 X-400

90% RH, 40°C PO 3 days, CIDB-3 on nylon 6, 6 X-400

0. 07 Moore et al. (1984)

0. 5 Moore et al. (1984)

Cotton TS X% RH, PO 50 days

TS X% RH, PO 50 days, wet cotton

80-X

X-80

x

3

Jaffe (1967)

Jaffe (1967)

Paper

Chemical and

groundwood

Chemical and

groundwood
with CaCOs

FE 50% RH, 25°C, 4 months, 20% bleached X-2000
softwood kraft pulp and 80% softwood
stone groundwood

CM 50% RH, 25°C 4 months, 20% bleached 2000-X
softwood kraft pulp and 80% softwood
stone groundwood, colour measurement
with only b value

100 Reilly et al. (2001)

Reilly et al. (2001)

Polymers

Vulcanized VO
natural rubber

vo

vo

Polyisoprene VO

X% RH, PO few hours, exposure X-40 0.005
under stresses (without antioxidant)

X% RH, PO few hours, exposure X-X X
without stresses (without antioxidant)

X% RH, 16 h, exposure without stresses 3E6-X X
(without antioxidant)

X% RH, 2 h, exposure under stresses X-36 000 0.8

Jaffe (1967)

Jaffe (1967)

EC and HC (1999)

EC and HC (1999)

Ozone, nitrogen dioxide, and PAN, see also Ozone and Nitrogen dioxide

Colorants

Add red 37 CM

Basic fushin CM

Brilliant green CM

Curcumin CM

46% RH, 8 weeks, on Whatman paper, X-100, 60, ;
NOz, PAN, 03

46% RH, 8 weeks, on Whatman paper, X-100, 60, :
N02, PAN, Os

46% RH, on Whatman paper, NOz, PAN, 03, X-100, 60,
PO 8 weeks

46% RH, on WCs papers, NOz, PAN, Os,
PO 8 weeks

X-100, 60, 80

10, 10 , 10 Grosjean et al. (1993)

3, 2, 3 Grosjean et al. (1993)

3, 2, 3 Grosjean et al. (1993)

0. 4, 0. 2, 0.3 Grosjean et al. (1993)
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Airborne Methods Exposure conditions
pollutants/objects

NOAEL- LOAED,
LOAEL, jtig m-3 fig m-3 yr

References

Ozone, nitrogen dioxide, and PAN, see also Ozone and Nitrogen dioxide (continued)

Disperse blue 3 CM

Indigo CM

Indigo carmine CM

CM

Reactive blue 2 CM

For less fugitive colorants; see reference

Pararosaniline
base

46% RH, 8 weeks, on WC papers, NOz, X-100, 60, 80
PAN, Os

46% RH, on WC papers, N02, PAN, 03, X-100, 60, SO
PO 8 weeks

46% RH, 8 weeks, on Whatman paper, X-100, 60, 80
NOz, PAN, 03

46% RH, 8 weeks, on Whatman paper, X-100, 60, SO
N02, PAN, 03

46% RH, on Whatman paper, NOz, PAN, X-100, 60, 80
03, PO 8 weeks

3, 2, 3 Grosjean et al. (1993)

0.2, 0. 1, 0. 1 Grosjean et al. (1993)

20, 10, 20 Grosjean et al. (1993)

3, 2, 3 Grosjean et al. (1993)

3, 2, 3 Grosjean et al. (1993)

Grosjean et al. (1993)

Particles (fine; PM2.s)

Horizontal VO, M
surfaces

Vertical surfaces VO, M

Indoor environment, floors, based on

elemental carbon deposition

Indoor environment, walls, based on

elemental carbon deposition

X-(4.1-50) 10

X-(4.1-50) 50

Bellan et al. (2000);
Nazaroff et al. (1993)

Bellan et al. (2000);
Nazaroff et al. (1993)

Peroxyacetyl nitrate, PAN (CH3C(0)OON02)

Colorants

Curcumin CM

Basic fuchsin CM

Twelve colorants CM

45% RH, 12 weeks, WC papers

45% RH, 12 weeks, WC papers

45% RH, 12 weeks, WC papers

X-140

X-140

140-X

20 Williams et al. (1993a)

10 Williams et al. (1993a)

X Williams et al. (1993a)

Sulphur dioxide (S02>

Calcium carbonate-based materials

Coral

Limestone

VO Conditions unknown; reported from
the Canadian Museum of Nature

WG 90% RH, PO 6 weeks

GYC 100% RH, PO 20 days

GYC 100% RH, PO 20 days

WL X% RH, outdoor conditions: coastal site,

200 days

WL X% RH, outdoor conditions: inland site,

200 days

Marble FT/SEM, M 100% RH, PO 188 days, LD: 20 ̂ im

Marble WG 90% RH, PO 6 weeks

Travertine WG 90% RH, PO 6 weeks

X-X X Waller (2002)

X-4300 90 Johansson et al. (1988)

2700-X X Moroni and Poli (1996)

X-13 000 80 Moroni and Poli (1996)

X-ll 20 Cooke and Gibbs (1994)

X-21 30 Cooke and Gibbs (1994)

X-27 000 70 Lal Gauri et al. (1989)

X-1300 200 Johansson et al. (1988)

X-4300 200 Johansson et al. (1988)
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Airborne Methods Exposure conditions
pollutants/objects

NOAEL- LOAED,
LOAEL, jug m-3 jug m~3 yr

References

Sulphur dioxide (SOz) (continued)

Colorants

Curcumin

Indigo
Mauve

CM

CM

CM

Reactive blue 2 CM
(Procion blue HB)

Basic fuchsin CM

CM

Brilliant green CM

Parasoaniline base CM

Other colorants CM

46% RH, 12 weeks, on WC paper X-140 10

46% RH, 12 weeks, on Whatman paper X-140 20

46% RH, 12 weeks, on WC paper X-140 10

46% RH, 12 weeks, on Whatman paper X-140 20

46% RH, PO 12 weeks, on Whatman paper X-140 10

50% RH, PO 67 days, on WC paper X-A50 10

46% RH, PO 12 weeks, on Whatman paper X-140 10

46% RH, PO 12 weeks, on Whatman paper X-140 10

46% RH, 12 weeks, on WC paper 140-X X

Williams et al. (1993b)

Williams et al. (1993b)

Williams et al. (1993b)

Williams et al. (1993b)

Williams et al. (1993b)

Tetreault and Lai (2001)

Williams et al. (1993b)

Williams et al. (1993b)

Williams et al. (1993b)

Leathers, SC
vegetable-tanned

vo

sc

sc

sc

Indoor envirorunent, 60 yrs, in countryside X-0. 6 10
enviroi-unent, EL

Indoor environment 60 vrs, in countryside X-0. 6 40
environment, EL

Indoor environment, 60 yrs, compared with X-17 70
countryside environment, EL

Indoor environment, PO 7 yrs, calf leather, EL X-60 40

90% RH, PO 12 weeks, calf leather X-65 000 900

Larsen (1997); Brimblecombe
(1997); Blades (1997)

Brimblecombe (1997);
Blades (1997)

Larsen (1997); Brimblecombe
(1997); Blades (1997)

Chahine (1991)

Chahine (1991)

Metals

Copper AES Indoor environment, PO 10 yrs
(outdoor avg. level: 53, I/O = 0. 88)

WG 70% RH, PO 4 weeks

WG 90% RH, PO 4 weeks

X-47 500 Graedel (1987b); Schubert
and D'Egidio (1990); Hisham
et al. (1991b)

X-1300 70 Eriksson et al. (1993)

X-1300 9 Eriksson et al. (1993)

Micrograph film dyes

Azo-naphthol VO
(cyan)

Magenta

Yellow

PD

PD

PD

PD

72 h X-ll 000

50% RH, 30°C, PO 5 weeks, dye on Ilfochrome 13 000-X
colour micrograph film CMM

50% RH, 30°C, PO 5 weeks, dye on Eastman 13 000-X
5272, colour negative motion-picture film

50% RH, 30°C, PO 5 weeks, dye on Eastman 13 000-X
52384, colour positive motion-picture film

50% RH, 30°C, PO 5 weeks, dye on Kodak 13 000-X
Ektatherm dye diffusion print material
(no gelatine)

90 Leyshon and Holstead (1988)

X Zinn et al. (1994)

X Zinn et al. (1994)

X Zinn et al. (1994)

X Zinn et al. (1994)

Papers

Chemical wood RTT 58% RH, PO 180 days, contains also additives X-27 000 800

RTT 58% RH, PO 180 days, papers made of X-27 000 200
80% groundwood, 20% chemical wood

Edwards et al. (1968)

Edwards et al. (1968)
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Airborne Methods Exposure conditions
pollutants/objects

NOAEL- LOAED,
LOAEL, |ug m-3 |Ug m-3 yr

References

Sulphur dioxide (SOz) (continued)

Chemical and CM 50% RH, 25°C, 4 months, 20% bleached 1300-X
groundwood softwood kraft pulp and 80% softwood
vfi6\ CaCOa stone groundwood, colour measurement

with only b value

Cotton rag pH Indoor environment, avg. 190-230 yrs X^4.7

Cotton rag RTT 58% RH, PO 180 days X-27 000
(purest)

Cotton rag RTT 58% RH, PO 180 days, contains also additives X-27 000

Newsprint SC 62% RH, PO 29 weeks (100% chemical wood, X-140
colophane, starch, kaolin)

Reilly et al. (2001)

2000-6000 Lyth Hudson (1967)

20 000 Edwards et al. (1968)

800 Edwards et al. (1968)

30 Williams and Grosjean
(1990)

Silver image PD 50% RH, 30°C, PO 5 weeks, black-and-white 13 000-X
micrograph films

Zinn et al. (1994)

Sulphur dioxide (SOz) and nitrogen dioxide (N02)

Calcium carbonate-based materials

Limestone GYC 100% RH, PO 20 days

WG 90% RH, PO 6 weeks

GYC 100% RH, PO 20 days

Marble WG 90% RH, PO 6 weeks

Travertine WG 90% RH, PO 6 weeks

S02:2700-X X
N02: 190-X X

S02: X-4300 30
NOz: X-5900 40

S02: X-13 000 60
N02: X-380 2

S02: X-4300 40
N02: X-5900 50

S02: X-4300 30
NOz: X-5900 40

Moroni and Poli (1996)

Johansson et al. (1988)

Moroni and Poli (1996)

Johansson et al. (1988)

Johansson et al. (1988)

Gelatine on

photography
CHR 50% RH, PO 30 days, low tanned gelatine S02: X-27E3 300-500 Nguyen et al. (1999)

N02: X-38E3 400-700

Leathers, pH
vegetable-tanned

pH

PO 7 yrs, indoor environment, calf leather, EL S02: X-60 30
N02: X-18 9

Metals

Copper

Papers

Bleach kraft

WG

WG

DP

FE

90% RH, PO 12 weeks, calf leather

70% RH, PO 4 weeks

90% RH, PO 4 weeks

50% RH, 4 days, aspen or spruce

50% RH, 4 days, aspen or spruce

S02: X-65E3 1000
N02: X-18E3 300

S02: X-1300 30
N02: X-940 20

S02:X-1300 2
N02: X-940 2

S02: X-27E3 10
N02: X-38E3 20

S02: X-27E3 20
N02: X-38E3 20

Chahine (1991)

Chahine (1991)

Eriksson et al. (1993)

Eriksson et al. (1993)

Begin et al. (1999)

Begin et al. (1999)
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Airborne Methods Exposure conditions
pollutants/objects

NOAEL- LOAED,
LOAEL, jug m-3 fig m-3 yr

References

Sulphur dioxide (SOz) and nitrogen dioxide (NOz) (continued)

Buffered bleach SC
kraft

DP

Chemical and

groundwood

TS

pH

FE

DP 50% RH, 4 days, softwood

TS 50% RH, 4 days, aspen or spruce

pH 50% RH, 4 days, aspen or spruce

SC 50% RH, 4 days, aspen or spruce

SC 50% RH, 4 days, softwood

CI/ IS 50% RH, 4 davs, softwood

pH 50% RH, 28°C, PO 9 weeks
(100% chemical wood, colophane,
starch, kaolin)

FE 50% RH, 28°C, PO 9 weeks
(100% chemical wood, colophane, starch,
kaolin)

FE 50% RH, 28°C, PO 9 weeks
(100% chemical wood, colophane, starch,
kaolin)

pH 90% RH, 28°C, PO 9 weeks, preacidified
(100% bleached chemical wood, colophane,
starch, kaolin)

DP 90% RH, 28°C, PO 9 weeks
(100% bleached chemical wood, colophane,
starch, kaolin)

SC 50% RH, 28°C, PO 9 weeks
(100% chemical wood, colophane, starch,
kaolin)

50% RH, 4 days, aspen or spruce, 2% CaC03

50% RH, 4 days, aspen or spruce, 2% CaCOg

50% RH, 4 days, aspen or spruce, 2% CaC03

50% RH, 4 days, aspen or spruce, 2% CaCOy,

50% RH, 4 days, aspen or spruce, 2% CaC03

FE 50% RH, 25°C, PO 6 months, 20% bleached
softwood kraft pulp and 80% softwood
stone groundwood

CM 50% RH, 25°C, PO 6 months, 20% bleached
softwood kraft pulp and 80% softwood stone
groundwood, colour measurement with
only b value

S02: X-27E3
N02: X-38E3

S02: X-27E3
N02: X-38E3

S02: X-27E3
NOz: X-38E3

S02: X-27E3
N02: X-38E3

S02: X-27E3
N02: X-38E3

S02: X-27E3
N02: X-38E3

S02: X-67E3
N02: X-19E3

S02: X-67E3
N02: X-19E3

SOz: X-67E3
N02: X-19E3

502: X-67E3
N02: X-19E3

S02: X-67E3
NOz: X-19E3

SOz:X-67E3
N02: X-19E3

S02: X-27E3
NOz: X-38E3

S02: X-27E3
N02: X-38E3

S02: X-27E3
N02: X-38E3

SOz:X-27E3
N02: X-38E3

S02:27E3-X
N02:38E3-X

SOz: X-130
N02: X-190

S02: X-130
N02: X-190

40
30

60
20

30
50

100
100

100
200

200
400

300
70

600
100

1000
300

1000
300

3000
600

4000
1000

50
80

100
100

100
200

1000
1000

x

x

60
90

10
10

Havermans (1997)

Begin et al. (1999)

Begin et al. (1999)

Begin et al. (1999)

Havermans (1997)

Havermans (1997)

Daniel et al. (1988)

Daniel et al. (1988)

Daniel et al. (1988)

Daniel et al. (1991)

Daniel et al. (1991)

Daniel et al. (1988)

Begin et al. (1999)

Begin et al. (1999)

Begin et al. (1999)

Begin et al. (1999)

Begin et al. (1999)

Reilly et al. (2001)

Reilly et al. (2001)
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Airborne Methods Exposure conditions
pollutants/objects

NOAEL- LOAED,
LOAEL, f^g m-3 ^ug m-3 yr

References

Sulphur dioxide (SOz) and nitrogen dioxide (N02) (continued)

Cotton rag DP

FE

DP

sc

TS

sc

pH

DP

CI/IS

pH

Cotton rag CM
with 5% CaC03

Newsprint FE

pH

pH

sc

sc

CM

50% RH, 4 days

50% RH, 4 days

50% RH, 4 days, 95% cotton and 5% softwood

50% RH, 4 days, 95% cotton and 5% softwood

50% RH, 4 days

50% RH, 4 days

50% RH, 4 days

90% RH, 28°C, PO 9 weeks, Whatman
paper, preaddified

50% RH, 4 days, 95% cotton and 5% softwood

90% RH, 28°C, PO 9 weeks, Whatman
paper, preacidified

50% RH, 25°C, PO 6 months, colour
measurement with only b value

50% RH, 28°C, PO 9 weeks, 60% mechanic
pulp and 40% bleached chemical wood

90% RH, 28°C, PO 9 weeks, preacidified,
60% mechanic pulp and 40% bleached
chemical wood

50% RH, 28°Q PO 9 weeks, 60% mechanic
pulp and 40% bleached chemical wood

50% RH, 28°C, PO 9 weeks, 60% mechanic
pulp and 40% bleached chemical wood

90% RH, 28°C, PO 9 weeks, preacidified,
60% mechanic pulp and 40% bleached
chemical wood

50% RH, 28°C, PO 9 weeks, 60% mechanic
pulp and 40% bleached chemical wood

S02: X-27E3
N02: X-38E3

SOz: X-27E3
N02: X-38E3

S02: X-27E3
N02: X-38E3

S02: X-27E3
N02: X-38E3

S02: X-27E3
N02: X-38E3

S02: X-27E3
N02: X-38E3

S02: X-27E3
N02: X-38E3

SOz: X-67E3
N02: X-19E3

S02: X-27E3
NOz: X-38E3

502: X-67E3
N02: X-19E3

S02: 130-X
N02:190-X

SOz: X-67E3
N02: X-19E3

SOz: X-67E3
NOz: X-l 9E3

SOz: X-67E3
NOz: X-19E3

S02: X-67E3
N02: X-19E3

S02: X-67E3
N02: X-l 9E3

S02:X-67E3
N02: X-19E3

10
10

10
20

20
30

20
30

70
30

30
40

30
50

100
30

300
400

2000
400

x

x

100
30

100
30

200
40

500
10

500
100

600
100

Begin et al. (1999)

Begin et al. (1999)

Havermans (1997)

Havermans (1997)

Begin et al. (1999)

Begin et al. (1999)

Begin et al. (1999)

Daniel et al. (1991)

Havermans (1998)

Daniel et al. (1991)

Reilly et al. (2001)

Daniel et al. (1988)

Daniel et al. (1991)

Daniel et al. (1988)

Daniel et al. (1988)

Daniel et al. (1991)

Daniel et al. (1988)

Water vapour (H20) oRH %RH yr

Cellulose
triacetate film

pH

Break
strain

pH

Accelerated ageing: 6 yrs, end point at pH 4. 0 X-50

X-50

X-20

Accelerated ageing: 70 yrs, end point at
66% retention

Accelerated ageing, criteria: free acidity
level of 0.5

300 Adelstein et al. (1995)

3500 Adelstein et al. (1995)

2000 Reilly (1993)
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Airborne Methods

pollutants/objects
Exposure conditions NOAEL- LOAED,

LOAEL, ̂ g m~3 fig m-3 yr
References

Water vapour (H:20) (continued) %RH %RH yr

Dyes of colour CM
slide, negatives
and prints

Glass (rich VO
soda content)

Organic material VO

Magnetic tape VO

Usable

Poly(ethylene Usable
terephthalate) film

Stress

Videotape
(urethane)

Usable

DH

Peel force

Accelerated ageing, criteria: 30% loss X-20 2000
of the most sensitive dyes

Indoor environment X-X X

Indoor environment, no mould growth 60-X X
after more than 10 vrs

Indoor environment (sticky tape X-50 X
syndrome); also dry tape syndrome

Indoor environment, 12-14 yrs X-50 700

Accelerated ageing: 500 yrs X-50 25 000

Emulsion-coated film, accelerated aging: X-50
2000 yrs, end point at 66% retention

Indoor environment, 40 yrs X-50 2000

Accelerated ageing: 30 yrs X-50 1500

Accelerated ageing: 20 yrs X-50 1000

Reilly (1998)

Riederer (1997); Oakley (1990);
Ryan et al. (1993)

Michalski 2000

Howarth (1998)

Howarth (1998)

Smith (1991)

100 000 Adelstein et al. (1995)

Rodgers (1998)

Van Bogart (1995)

Smith (1991)
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APPENDIX 3. EFFECTS OF MIXTURES OF POLLUTANTS ON DETERIORATION3

Pollutants (|Ug m-3) Materials Effect on LOAEDb
(jug m-3 yr)

Methods and conditions References

Effect of different gases on the deterioration of copper and silver by hydrogen sulphide

28 H2S + 190 N02

140 HzS + 290 Ck

3300 H2S -

3300 H2S .
sunlight

3300 HzS .

3300 H2S .

40003

400 Os .

34003

light

Copper

Copper

Copper

Copper

Copper

Copper

3300 H2S + 400 Os + light Copper

140 H2S + 3800 N02 Silver

140 H2S + 290 Cl2 Silver

28 H2S + 5300 S02 Silver

1400 H2S + 2700 S02 Silver

1400 H2S + 2900 Ck Silver

0.9 (H2S) to
0.5 (H2S + N02)

0.9 to 1.0
(Ck alone: 0. 6)

2 to 1

2 to 1

2 to 1

2 to 1

2 to 1

2 to 2

2 to I

0.01 to 0. 01

0.7 to 0.5

0. 7 to 0. 07: important shift CR, 85% RH, 30°C, 2.5 days

EA, 75% RH, RT', 10 days

EA, 75% RH, RT, 10 days

EDXA, 93% RH, RT, 2 days
EDXA, 93% RH, RT, 2 days

EDXA, 93% RH, RT, 2 days
EDXA, 93% RH, RT, 2 days

EDXA, 93% RH, RT, 2 days

EA, 75% RH, RT, 10 days

EA, 75% RH, RT, 10 days

WG, dry and 75% RH, 21 days

CR, 85% RH, 30°C, 2.5 days

Fiaud and Guinement

(1986)

Fiaud and Guinement

(1986)

Franey (1988)

Franey (1988)

Gradel et al. (1984)

Gradel et al. (1984)

Gradel et al. (1984)

Fiaud and Guinement

(1986)

Fiaud and Guinement

(1986)

Pope et al. (1968)
Lorenzen (1971)

Lorenzen (1971)

Effect of ozone on the deterioration of black-and-white films by hydrogen sulphide

X H2S + 50 Os Silver films High to low:
important shift

VO, 50% RH, RT, 1 yr,
limited documentation

Zinn et al. (1994)

Effect of sulphur dioxide on the deterioration of papers by nitrogen dioxide

1900 N02 + 1300 S02 Acidic paper

1900 N02 + 1300 S02

900 N02 + 1300 S02

Acidic paper

Cotton rag paper

5 to 20 (or +):
improvement

40 to 90: improvement

30 to 300: improvement

CM, 50% RH, 25°C, 4 months Reilly et al. (2001)

FE, 50% RH, 25°C, 4 months

FE, 50% RH, 25°C, 4 months

Reilly et al. (2001)
Reilly et al. (2001)

Effect of nitrogen dioxide on the deterioration of copper and limestone by sulphur dioxide

1300 S02 + 940 N02 Copper 70 to 30 WG, 70% RH, RT, 4 weeks Eriksson et al. (1993)
13 000 SOz + 380 N02 Limestone 80 to 60 GYC, 100% RH, 25°C, 20 days Moroni and Poli (1996)

Effect of sea salts on the deterioration of limestone by sulphur dioxide

S02 + airborne sea salt Limestone 30 to 20 WL, X% RH, outdoor coastal

versus inland sites, 200 days
Cooke and Gibbs (1994)

Effect of nitrogen dioxide and peroxyacetyl nitrate (PAN) on the deterioration of curcumin and indigo by ozone

76 Os + 100 N02 + 60 PAN Curcumin
(03 alone: 150 ̂ g m-3)

76 03 + 100 N02 + 60 PAN Indigo
(03 alone: 150 4g m-3)

0. 1 to 0.3

0.6 to 0.1

CM, 45-50% RH, RT,
8 weeks, the LOAED
difference is possibly lower

CM, 45-50% RH, RT,
8 weeks, the LOAED

difference is possibly lower

Grosjean et al. (1993)

Grosjean et al. (1993)
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Pollutants (fig m-3) Materials Effect on LOAEDb
dug m-3 yr)

Methods and conditions References

Effect of formic acid (FA) and formaldehyde (F) on the deterioration of lead by acetic acid (AA)

500 AA + 380 FA Lead Improved by WG, 75% RH, RT, 140 days

27 000 AA + 15 000 FA Lead

27 000 AA + 15 000 FA Lead
+ 3800 F

Improved by
a factor of 5

Improved by
a factor of 10

Improved by
a factor of 10

WG, 75% RH, RT, 140 days

WG, 75% RH, RT, 140 days

Tetreault et al.

(2003)

Tetreault et al.

(2003)

Tetreault et al.
(2003)

Effect of acetic acid (AA) and formaldehyde (F) on the deterioration of copper by formic acid (FA)
15 000 FA + 27 000 AA Copper No change WG, 75% RH, RT, 140 days

15 000 FA + 27 000 AA Copper
+ 3800 F

No change WG, 75% RH, RX 140 days

Tetreault et al.

(2003)

Tetreault et al.

(2003)

a: LOAED and NOAEL data, experimental conditions, and abbreviations are same as Appendix 2.
b: The first number represents the LOAED of the main pollutant.

The second represents the new LOAED after the addition of other agents of deterioration.
c: RT: room temperature (20-25°C).
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APPENDIX 4. REDUCTION OF THE LEVEL OF AIRBORNE POLLUTANTS

APPENDIX 4A. POSSIBLE REDUCTION OF AIRBORNE POLLUTANT LEVELS IN ROOMS AND ENCLOSURES

Key airborne
pollutants

Reference concentration

range, ̂ ug m-3
Urban Clean low

area troposphere

Range of indoor-outdoor
ratio (%) a

HVAC without
filtersb or NVC

HVAC
with filters

Range of inside-outside enclosure
ratio (%)d

N = 1/d e N = 0. 1/d N = 0. 1-1/d
with sorbents

Acetic acid 0.5-20 0.3-5

Hydrogen sulphide 0. 02-1 0.01-1

Nitrogen dioxide 3-200 0.2-20

Ozone 20-300 2-200

Sulphur dioxide 6-100 0.1-30

Fine particles; PM2.5 1-100 1-30

Water vapour S

slOO

10^:00

1-90

1-100

10-50

10-100

>100

10-300

1-30

1-30

1-10

10-30

»100

1-50

1-50

1-20

1-50

1-50

»100

1-90

1-90

0.1-2

1-90

0.1-5

s or <100t

<il

£.1

<0.1

<1

<1

a: Data based on Appendices 1 and 4B, and on Figures 34 and 38.

b: The HVAC system has no high-performance particles or gaseous filters.
c: NV = natural ventilation.

d: Based on various scenarios using deposition velocity, including possible sources of emissive products and objects.

e: An air exchange rate (N) of 1 per day is typical for a well-sealed display case. A display case with an
N of 0. 1 is considered a high-tech enclosure.

f: Depends if the source is inside or outside the enclosure.

g: Not covered.

APPENDIX 4B. REDUCTION OF OUTDOOR POLLUTANTS INSIDE BUILDINGS

Hydrogen sulphide (p. 131)

Nitrogen dioxide (p. 132)

Ozone (p. 133)

Particles, fine (p. 133)

Sulphur dioxide (p. 134)

Legend: NV = naturally ventilated; N = air exchange rate; STD - standard deviation (95%); LD = limit of detection; HVAC1 - HVAC
system using high-performance gas and dust filters; HVAC2/NV = HVAC without special filters or using only natural ventilation (NV)
(good performance may be due to low infiltration, low intake air).

Design and filter system I/O (%) Descriptions References

Hydrogen sulphide Average ranges of 1/0%: HVAC1 = 10-300 and HVAC2/NV = 10-400

Leaky room without portable carbon filter 60

Leaky room with portable carbon filter <LD

Museum with H VAC and gas filters, 100
N = 1.3/h, 80% redrculation

Museum with HVAC (no special filter) 180-340

Museum of London, UK

Groningen Museum, The Netherlands,
urban area, summer

Blades et al. (2000)

Blades et al. (2000)

Cassar et al. (1999)

Ankersmit et al. (2000);
Ankersmit (2001)
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Design and filter system I/O (%) Descriptions References

Hydrogen sulphide (continued) Average ranges of 1/0%: HVAC1 - 10-300 and HVAC2/NV = 10-400

Museum with HVAC (no special filter) 14-64

Museum with HVAC (no special filter) 22-110

Museum with NV 73-180

Museum with NV 200-450

Museum with NV 44-82

Groningen Museum, The Netherlands,
urban area, autumn

Bonnefanten Museum, The Netherlands,
industrial area, summer

Tromp's Huys, The Netherlands,
coastal area, summer

Huize Doom, The Netherlands,
agricultural area, summer

Huize Doom, The Netherlands,

agricultural area, autumn

Ankersmit et al. (2000);
Ankersmit (2001)

Ankersmit et al. (2000);
Ankersmit (2001)

Ankersmit et al. (2000);
Ankersmit (2001)

Ankersmit et al. (2000);
Ankersmit (2001)

Ankersmit et al. (2000);
Ankersmit (2001)

Nitrogen dioxide Average ranges of 1/0%: HVAC1 = 1-30 and HVAC2/NV = 1-90

Building, NV 90

Large galleries, well sealed N = 2, NV 82-95

Building, HVAC system, particle filter 80

Large galleries, well sealed N = 1, NV 75-93

Large galleries, well sealed N = 0. 1/h 35-70

Medium size rooms, well sealed, N = 2/h, NV 35

Medium size rooms, well sealed, N = 1 /h, NV 20

Medium size rooms, well sealed, N = 0. 1 /h, NV 2

Museums, HVAC system without carbon 50-90
filters

Museum, local filtration 10-30

Museums, HVAC system with carbon filters 7-20

Museums, well sealed, NV, N= 0.3/h 84

Museum with HVAC and gas filters, 19
N - 1.3/h, 80% redrculation

Office, NV, N= 1. 6/h 90

Office, HVAC without recirculation 80
or carbon filters, N = 1.2/h

Museum, NV 40-80

Museum, HVAC with gas filters 4-11

Museum, NV 50

Museum, HVAC with gas filters 8

Museum, small portable HVAC with gas filter 17-47

35Archive, storeroom, HVAC with fine

dust filters

Archive, storeroom, HVAC with fine
dust filters

Archive, storeroom, HVAC with fine
dust filters, 20% recirculation

Archive, storeroom, HVAC with fine

dust filters, 35% recirculation

10

73

65

Birmingham, UK, February 1996
Simulated, no indoor sources

Birmingham, UK, February 1996
Simulated, no indoor sources

Simulated, no indoor sources

Simulated, no indoor sources

Simulated, no indoor sources

Simulated, no indoor sources

Bethnal Green Museum, UK

Museum of London, UK

National Gallery of London, UK

National Gallery of London, UK

National Gallery of London,
Sainsbury Wing, UK

National Gallery of London,
Sainsbury Wing, UK

24-h avg.. Gene Autry Museum,
California, summer

1-week avg.. The Hague, summer

1-week avg.. The Hague, winter

The Hague

The Hague

Kukadia et al. (1996)

Blades et al. (2000)

Kukadia et al. (1996)

Blades et al. (2000)

Blades et al. (2000)

Blades et al. (2000)

Blades et al. (2000)

Blades et al. (2000)

Blades et al. (2000)

Blades et al. (2000)

Blades et al. (2000)

Cassar et al. (1999)

Cassar et al. (1999)

Cassar et al. (1999)

Cassar et al. (1999)

Saunders (1993)

Saunders (1993)

Saunders (1993)

Saunders (1993)

Hisham and Grosjean
(1991a)

Lanting (1990)

Lanting (1990)

Lanting (1990)

Lanting (1990)
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Design and filter system I/O (%) Descriptions References

Nitrogen dioxide (continued) Average ranges of 1/0%: HVAC1 = 1-30 and HVAC2/NV = 1-90

Archive, storeroom, HVAC with fine 35
dust filters, 62% recirculation

Archive, storeroom, HVAC with fine 3
dust filters, 93% recirculation

Museum, exhibit room with tapestry, NV 32

Museum, exhibit room with tapestry, NV 39

The Hague

The Hague

1-week avg., Middelburg,
The Netherlands, summer

1-week avg., Middelburg,
The Netherlands, winter

Lanting (1990)

Lanting (1990)

Lanting (1990)

Lanting (1990)

Ozone Average ranges of 1/0%: HVAC1 = 1-30 and HVAC2/NV = 1-100

Museum, high N (open doors and windows), 50-87
no HVAC system

Office building, ventilation duct, 70-90
no recirculation

Office building, ventilation duct, 50-120
N = about 10/h, no recirculation

Museum, no recirculation during the day 60-80

Office building, ventilation duct, 55-75
30% recirculation

Office building, ventilation duct, 50-100
30% recirculation

Museum, low N, no HVAC system 10-58

Private house, natural convection, open 60-80
windows and periodic open doors
Museum, natural convection-induced N, 10-58

no HVAC system

Museum, HVAC system without gas filter 25-41

Museum, HVAC system with AC filters 4-31

Museum, small HVAC with gas filter 12-42

Archive, storeroom, HVAC with fine <3
dust filters

Archive, storeroom, HVAC with fine 77

dust filters, 20% recirculation

Archive, storeroom, HVAC with fine 70

dust filters, 35% recirculation

Archive, storeroom, HVAC with fine 20

dust filters, 62% recirculation

Archive, storeroom, HVAC with fine 3

dust filters, 93% recirculation

Museum, exhibit room with tapestry, NV <4

2 samples in 2 museums, 8-h avg., day, Druzik et al. (1990)
summer, California

1 sample, 1 office, 1-h avg., at peak level, Sabersky et al. (1973)
summer, California

1 sample, 1 office, 1-h avg., at peak level, Sabersky et al. (1973)
summer, California

Day, summer, UK

Peak, summer, California

Day, summer, California

Day, summer, California
Peak, summer, California

Day, summer, California

Day, summer, California

Day, 8-h avg., summer, California

Gene Autry Museum, California,
summer

1-week avg.. The Hague, summer

The Hague

The Hague

The Hague

The Hague

1-week avg., Middelburg,
The Netherlands, summer

Davies et al. (1984)

Sabersky et al. (1973)

Sabersky et al. (1973)

Druzik et al. (1990)

Sabersky et al. (1973)

Druzik et al. (1990)

Druzik et al. (1990)

Druzik et al. (1990)

Hisham and Grosjean
(1991b)

Lanting (1990)

Lanting (1990)

Lanting (1990)

Lanting (1990)

Lanting (1990)

Lanting (1990)

Particles, fine (PM2.5) Average ranges of 1/0%: HVAC1 = 10-30 and HVAC2/NV = 10-100

Museum, well sealed, NV, N - 0.3 / h, 133
particles <3.5 jum

Museum, H VAC with gas filters, 15
N = 1.3/h, 80% redrculation particles <3. 5 ^m
Museum, NV, N = 1.6-3.6/h, 90-100
particles <2.1 f/m

Bethnal Green Museum, UK

Museum of London, UK

Sepulveda House, CA, USA,
summer and winter

Cassar et al. (1999)

Cassar et al. (1999)

Nazaroff et al. (1993)
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Design and filter system I/O (%) Descriptions References

Particles, fine (PM2.5) {continued) Average ranges of 1/0%: HVAC1 - 10-30 and HVAC2/NV = 10-100

Museum, HVAC without special dust filters, 71-93
N = 0. 3/h, particles <2. 1 i. im

Museum, HVAC without special dust filters, 34-60
N - 0. 3, particles <2. 1 ^m

Museum, HVAC with special dust filters, 13-26
N - 0.4-0. 7/h, particles <2. 1 iiim

Museum, HVAC with special dust filters, 13-24
N = 0.4-0. 7/h, particles <2. 1 ^im

Museum, H VAC without special dust filters, 40-80
N - 0.3-1. 0/h, particles <2. 1 ^m

Museum, HVAC without special dust filters, 13-30
N - 0. 3-1. 0/h, particles <2. 1 ^im

Museum, HVAC without special dust filters, 28-54
N = 1.2-1. 3/h, particles <2. 1 ^im

Museum, HVAC without special dust filters, 8-94
N = 1.2-1. 3/h, particles <2. 1 ,um

Residential building, NV, open window, 40-60
particle diameter range 0.01-1 f.im

Residential building, NV, without 77-88
sorbing products

Houses, reduction compared with ratio 33
with/without HEPA filtration unit

Southwest Museum, based on STD,
CA, USA, summer

Southwest Museum, based on STD,
CA, USA, winter

Norton Simon Museum, based on STD,
CA, USA, summer

Norton Simon Museum, based on STD,
CA, USA, winter

Scott Gallery, based on STD,
CA, USA, summer

Scott Gallery, based on STD,
CA, USA, winter

Cetty Museum, Malibu Museum based
on STD, CA, USA, summer

Gettv Museum, Malibu Museum, based

on STD, CA, USA, winter

Central Copenhagen, 4th Hoar, May-June

Third floor of building in Paris area,
winter and summer

Australia, 15-week measurement, April
(reduction is 40% for PMio)

Nazaroff et al. (1993)

Nazaroff et al. (1993)

Nazaroff et al. (1993)

Nazaroff et al. (1993)

Nazaroff et al. (1993)

Nazaroff et al. (1993)

Nazaroff et al. (1993)

Nazaroffetal. (1993)

Wahlin et al. (2002)

Kirchner et al. (2002)

White et al. (2002)

Sulphur dioxide Average ranges of 1/0%: HVAC1= 1-10 and HVAC2/NV= 10-50

Building, NV 40

Building, HVAC system, particle filter 40

Museums, well sealed, NV, N - 0. 3/h 19

Museum with HVAC and gas filters, 14
N - 1.3/h, 80% redrculation

Office, NY N = 1. 6/h 40

Office, HVAC without recirculation 40
or carbon filters, N = 1. 2/h

Leaky rooin without portable carbon filter 45

Leaky room with portable carbon filter <LD
Archive, storeroom, HVAC with fine <20

dust filters

Archive, storeroom, HVAC with fine 8
dust filters

Archive, storeroom, HVAC with fine 22

dust filters, 20% recirculation

Archive, storeroom, HVAC with fine 10
dust filters, 35% redrculation

Archive, storeroom, HVAC with fine 5
dust filters, 62% recirculation

Archive, storeroom, HVAC with fine 3

dust filters, 93% recirculation

Museum, exhibit room with tapestry, NV <20

Museum, exhibit room with tapestry, NV 12

Birmingham, UK, February 1996

Birmingham, UK, February 1996
Bethnal Green Museum, UK

Museum of London, UK

1-week avg.. The Hague, summer

1-week avg.. The Hague, winter

The Hague

The Hague

The Hague

The Hague

1-week avg., Middelburg,
The Netherlands, summer

1-week avg., Middelburg,
The Netherlands, winter

Kukadia et al. (1996)

Kukadia et al. (1996)

Cassar et al. (1999)

Cassar et al. (1999)

Cassar et al. (1999)

Cassar et al. (1999)

Blades et al. (2000)

Blades et al. (2000)

Lanting (1990)

Lanting (1990)

Lanting (1990)

Lanting (1990)

Lanting (1990)

Lanting (1990)

Lanting (1990)

Lanting (1990)
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APPENDIX 5. PERMEABILITY COEFFICIENTS OF VARIOUS PRODUCTS TO SPECIFIC GASES

(unit: cm3 (STP) cm cm-2 s-1 Pa-1 1013)a

Products Oxygen

at 25°C

Water

at 25°C

H2S

at 20°C

Ammonia

at 20°C

Thin sheets (for bags, envelopes, encapsulation)

Plastic laminated aluminum foil (such as Marvelseal)

Ethylene vinyl alcohol (EVOH)

Poly(vinylidene chloride) (PVDC, Saran)

Regenerated cellulose (Cellophane, cellulose hydrate)

Polyamide 6, 6 (Dartek, nylon 6, 6)

Poly(ethylene terephthalate) (PET, Mylar A, Hostaphan)

Polyethylene, high density (0.964 g cm-3) (HDPE)

Cellulose acetate, plasticized

Polypropylene, low density (0. 907), crystallinity 50%

Polyethylene, low density (0. 914) (LDPE)

0

0. 0002

0. 0038 b

0. 0067

0.029 b

0.03

0.3

0. 59 b

1.7 b

2.2

0. 027

19000

210 b

98

9

5500 b

51 b

7. 0 b

0. 43

0. 14

6.5

4. 6 b

2.4

27

130 c

1.1

6.9

21

Thick sheets (for boxes, windows, supports)

Glass or metal

Polyamide 6, 6 (Dartek, nylon 6, 6)

Poly(vinyl chloride), unplasticized (PVC)

Poly(methyl methacrylate)

Polyethylene, high density (0. 964) (HDPE)

Polycarbonate (Lexan)

Polypropylene, low density (0.907), crystallinity 50%

Polystyrene, biaxially oriented

Polyethylene, low density (0.914) (LDPE)

Poly(chloroprene) (Neoprene G)

Polytetrafluoethylene (PFTE, Teflon)

Acrylonitrile-butadiene-styrene (ABS)

0

0.029 b

0. 034

0. 12 d

0.3

1. 1 b

1. 7 b

1.9

2.2

3

3.2

4

0

210 b

210

480

9

1100 b

51 b

840

68

840

13

0. 14

6.5

2.4

27

3.7

6.9

21

a: Data mainly from Pauly (1989); STP = standard temperature (273. 15K) and pressure (1. 013 x 105 Pa).
The smaller the coefficient value, the better the impermeability; and, as indicated by the unit, the thicker the film
or panel, the better the impermeability. These data do not include the possibility of a pin hole in the film and do not cover
the permeability of foam products. Laminated or composite barrier films will have, at least, the permeability of the best
single barrier film; see also permeability of plastic films to oxygen from Ankersmit et al. (2000).

b: Permeability determined at 30°C.

c: Permeability determined at 25°C.

d: Permeability determined at 34°C.
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APPENDIX 6. DEPOSITION VELOCITY OF VARIOUS POLLUTANTS ON DIFFERENT SURFACES

Airborne

pollutants
Products Deposition velocity

(m/h)
References

Nitrogen dioxide

Ozone

Pardcles, 0. 1 iUma

Particles, 1.0 ^um

Particles, 10 fini

Sulphur dioxide

Various products

Buffered paper (CaCOs)

Cotton rag paper

Cotton fabric (bleached)

Plate glass

Various products

Ash (untreated)

Varnished ash

Linoleum

Stainless steel

Polyethylene sheet

Carpets (nylon, olefin)

Painted gypsum

Various indoors surfaces

Cotton rag paper

Cotton fabric (bleached)

Unpainted gypsum

White paper

Sea and ground surfaces

Sea and ground surfaces

Sea and ground surfaces

Cotton fabric (bleached)

Wool carpets

Buffered paper (CaC03)

Cotton rag paper

Wallpapers

Activated charcoal

Cements

0. 01-4

0.1

0.1

0.1

0. 02

0. 02-4

0. 03

0.3

0. 1-0.3

0.3-0.5

0.4

1-30

1-20

1. 8 (average)

2

7

30

>50

0.4

0.3

40

0.3

0.3-0.7

0.7

0.7

6-20

30

60-90

Cass et al. (1989)

Lanting (1990)

Lanting (1990)

Lantmg (1990)

Sabersky et al. (1973)

Cass et al. (1989); Kleno et al. (2001)

Kleno et al. (2001)

Kleno et al. (2001)

Kleno et al. (2001)

Cass et al. (1989); Kleno et al. (2001)

Sabersky et al. (1973)

Kleno et al. (2001)

Kleno et al. (2001)

Lee et al. (1999)

Lanting (1990)

Lanting (1990)

Kleno et al. (2001)

Kleno et al. (2001)

Slinn et al. (1978)

SUnn et al. (1978)

Slinn et al. (1978)

Lanting (1990)

Crawshaw (1978)

Lanting (1990)

Lanting (1990)

Spedding and Rowlands (1970)

Pavrissat and Beilke (1975)

Judeiki and Stewart (1976)

a: See Figure 7 for the deposition velocity as a function of particle diameter size.

136 APPENDIX 6



AIRBORNE POLLUTANTS IN MUSEUMS, GALLERIES, AND ARCHIVES

APPENDIX 7. METHODS FOR MEASURING AIR LEAKAGE

Tracer gas
decay testa

Tracer gas Comments References

Carbon dioxide (C02)

Carbon dioxide (C02)

Dinitrogen oxide (N20)

Oxygen(02)

Sulphur hexafluoride (SFs)

Water (H20)

Hole required.

No hole needed, a commercial product.

Hole required.

Hole required.

Commonly used for building, hole required.

No hole required, problem of high moisture
absorption capacity of enclosure products.

Brimblecombe

and Ramer (1983)

Keepsafe (2002a)
Cassar and Martin (1994)

Brimblecombe and

Ramer (1983); Daniel
and Maekawa (1992)

ASHRAE (2001)

Daniel and Maekawa (1992);
Padfield (1966); Thomson
(1977)

Air pressurization Comments
test

References

Values based on average of positive and negative pressure tests. Cassar and Martin (1994);
Padfield (1966); Toishi
and Koyano (1988);
Michalski (1994b)

Theoretical

prediction
Comments References

Simplified tables and charts of leakage are given for 0. 1-, 1-,
and 10-m3 enclosure, as a function of crack width, hole width,
and wall permeability.

Michalski (1994b)

a: Results should be normalized to a reference gas or gas mixture such as air (78% nitrogen, 21% oxygen, and 1% argon);
otherwise the tracer gas should be specified. Values should be expressed in units of air exchange per day (I/day or day4)
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APPENDIX 8. GUIDELINES FOR LIGHT INTENSITIES

APPENDIX 8A. GUIDELINES FOR LIGHT INTENSITIES FOR MUSEUM, GALLERY, LIBRARY, AND ARCHIVE COLLECTIONS

Category LOAED. Preservation targets '
1000 yrs 100 yrs lOyrs

High sensitivity
ISO 1, 2, 3

Medium sensitivity
ISO 4, 5, 6

Low sensitivity
ISO 7, 8, above

ISO 2: 1.0 Mix h
(million lux hour)

ISO 4: 10 Mix h

ISO 7: 300 Mix h

501xfor20h/vr

501xfor25days/yr
5001xfor20h/yr

1001xfor365davs/vr
5001xfor75davs/vr

501xfor25davs/vr
500 lx for 25 h/yr ^

50 Ix for 250 days/yr
500 lx for 25 days/yr

1000 lx for 365 days/yr d
(500 Ix/yr for target 200 yrs)

50 Ix for 250 days/yr
500 lx for 25 days/yr

340 lx for 365 days/yr
500 Ix for 250 days/yr

a: LOAED based on grey scale 4 (British Standard BS1006) (Michalski 1987). Some ISO blue wool standard equivalencies for
colorants and materials are available in Appendix SB.

b: Number of years before observing a low adverse effect. The illuminations allowed are based on 8 h of light exposure per day,
with UV radiation filtered. Intermediate preservation targets can be used as well. Variations in light intensity versus exposure
period are also possible (50 Ix for 300 days/yr = 100 Ix for 150 days/yr).

c: If the object has dark surfaces or low contrast detail, the observers are old, or a difficult task must be performed, light levels
may be increased up to 10 times: about 500 Ix (2 of 4 visibility factors) (Michalski 1997).

d: The practice of having a light intensity higher than 500 Ix may encourage other uninformed museums to use unnecessarily high
light levels without doing a proper light fading risk assessment of the collection.

Half-faded colorants will have their LOAED shift up by an order of magnitude (e.g. a half-faded colorant ISO 2 can be shifted up to
ISO 4). It takes about 10 cumulative adverse effects to cause 50% fading (it will take 100 yrs for a colorant with a preservation target
of 10 yrs to become half faded) and a 90% fade should happen after 18 or 20 adverse effects (a colorant with a target of 10 yrs will be
almost completely faded in about 500 yrs). If an illumination of 50 Ix is applied to all objects, 8 h per day, every day, high sensitivity
colorants will be 50% faded after 20 yrs, medium sensitivity colorants after 200 yrs, and low sensitivity colorants after 6000 yrs.

APPENDIX 8B. ISO BLUE WOOL STANDARD EQUIVALENCIES FOR COLORANTS AND MATERIALS

Category LOAED Materials (Michalski 1997, 1999V

High sensitivity
ISO 1, 2, 3

ISO 2: 1. 0 Mix h
(million lux hour)

Medium sensitivity
ISO 4, 5, 6

Low sensitivity

ISO 7, 8, above

ISO 4: 10 Mix h

ISO 7: 300 Mix h

- Most plant extracts, hence most historic bright dyes and lake pigments
in all media: yellows, oranges, greens, purples, many reds, blues.

- Insect extracts, such as lac (yellow), cochineal (carmine) in all media.
- Most early synthetic colours such as the anilines, all media.

- Many cheap synthetic colorants in all media.
- Most felt tip pens including blacks.
- Most dyes used for tinting paper in the 20th century.
- Most colour prints with "colour" in the name.

- A few historic plant extracts, particularly alizarin (madder red) as a dye on wool
or as a lake pigment in all media. It varies throughout the range of media and can
reach into the low category, depending on concentration, substrate, and mordant.

- The colour of most furs and feathers.

- Most colour prints with "chrome" in the name (silver dye bleach prints).
- Artists' palettes classified as "permanent" (a mix of truly permanent and low light

sensitivity paints, e.g. ASTM D4303 Category I; Winsor and Newton AA).
- Structural colours in insects (if UV blocked).

- A few historic plant extracts, especially indigo on wool.
- Silver/gelatine black-and-white prints, not RC paper, and only if all UV blocked.
- Many high quality modern pigments developed for exterior use, automobiles.

a: See also Ashley-Smith et al. (2002) for other categorizations of ISO blue wool standard equivalencies.
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The following terms are defined on the basis of the
way in zuhich they are used in this book and/or the
field of preservation. Some terms may have wider
or alternate meanings in other fields.

Accelerated ageing (accelerated testing)
A thermal deterioration experiment on materials
that provides an estimation of their loss of physical or
chemical properties over an extended period of time.

Adverse effect

The first visually perceptible change; a specific
chemical or physical characteristic of the material/
object usually considered abnormal or undesirable.
This term is commonly used for risk analysis in the
fields of health, safety, and environmental policy.

Aerodynamic diameter
The diameter of a sphere with a unit density that has
an equivalent aerodynamic behaviour to that of the
particle in question; an expression of aerodynamic
behaviour of an irregularly shaped particle in terms
of the diameter of an idealized particle. Particles with
different dimensions and shapes may have the same
aerodynamic diameter.

Aerosol

A suspension of fine solid or liquid particles
in air or gas that forms a mist, fog, or smoke;
a colloidal system consisting of a gas (usually air)
continuous medium in which particles of solid
or liquid are dispersed.

Agent of deterioration
The active threats to museum collections can be

grouped into nine different agents of deterioration:
direct physical forces; thieves (including vandals and
displacers); fire; water; pests (insects, vermin, mould,
etc. ); pollutants; radiation; incorrect temperature;
and incorrect RH.

Air exchange rate
The rate at which outside air replaces inside air
in a given space (a room or an enclosure).

Airborne pollutant
A gas, vapour, liquid, or solid particle (of either
anthropogenic or natural origin) carried by the air
that is known to cause adverse effects to cultural
property. Implicitly, "airborne" refers to the
mechanism for reaching the object. See also
Adverse effect and Pollutant.

Ambient air

The air surrounding an object. In other fields this
term is often used to refer to the outdoor air or, more

specifically, the air subjected to meteorological and
climatic changes and pollution from combustion
due to automobiles, trucks, power plants,
and incinerators.

Anoxic environment

An environment that has low levels of oxygen;
anaerobic, oxygen-reduced, and oxygen-free
environments are synonyms.

Anthropogenic
The impact of humans oil the environment; induced
or altered by the presence or activities of humans.

Carbonyl
A compound made up of one atom of carbon and one
atom of oxygen connected by a double bound (C=0);
found in aldehydes, ketones, carboxylic acids, and
derivatives. The term includes some chemical groups
(e. g. ketones and polypeptides) that are not known to
cause adverse effects on objects, so its use should be
avoided when discussing harmful pollutants.

Catalyst
A substance used in small proportion that augments
the rate of a chemical reaction without (in theory)
being chemically changed at the end of the reaction.

Cellulose-based material

A material (e. g. paper, rayon, and cellulose lacquers
and films) that is manufactured from cellulose.

Cellulose is a complex carbohydrate that is the
chief constituent of the walls of plant cells. The
main sources of cellulose are wood, cotton, and
other fibrous materials.

Collection

A set of objects that have been brought together
on the basis of common characteristics or are to be
treated as a group. Any set of objects in the same
location can be called, to some extent, a collection.

Control strategy
A co-ordinated combination of measures (e. g.
avoid, block, dilute, filter/sorb, reduce reactions,
and reduce exposure time) to reduce one specific or
many agents of deterioration present at a certain level
or to minimize their adverse effects on objects. These
measures can be based on predefined specifications.

GLOSSARY 139



AIRBORNE POLLUTANTS M MUSEUMS, GALLERIES, AND ARCHIVES

Cost-benefit analysis
An analytical method designed to evaluate different
scenarios in terms of their likely cost and potential
benefit. It contains key steps such as the development
of weighted criteria, the evaluation of different
options (control strategies) against the criteria, and
the assessment of possible adverse consequence of
the tentative options. This tool facilitates the
decision-making process.

Crustal particles
Particles emitted directly from a non-industrial
surface (e. g. paved roads and traffic, construction,
agricultural operations, high wind events) and
some industrial processes.

Damage
See Loss of value.

Deposition velocity (or mass transfer coefficient)
A measure of the rate at which a pollutant reaches
the surface of a material. A common unit is metres
per second (m/s) or per hour (m/h). Visualize the
time it takes a particle to fall a distance of 1 m. If it
takes 2 h, the particle has a deposition velocity of
0.5 m/h (1 m/2 h). This number is determined
experimentally and is used as a constant to simplify
modelling. The deposition velocity refers only to
mass transfer from the ambient air to a surface. The
mass transfer coefficient refers to mass transfer from
the ambient air to a surface, or from a surface to the

ambient air. Its value will be positive or negative
depending on the direction of the transfer.

Deterioration or degradation
A change in the material state of an object.

Dose

The concentration of a pollutant multiplied by
the exposure time. In toxicology, dose refers to
the amount (weight or volume) of a chemical or
biological agent absorbed or inhaled by an
individual. See also LOAED.

Electrostatic precipitator
A type of air pollution control system that uses high
voltage fields to give particulate matter an electrical
charge. When the charged particles approach an
electrically grounded collection plate they accumulate
as a dust layer, which is mechanically removed (at
least partially) on a routine basis.

Enclosure

A collection of products that surrounds a limited
space (e. g. a plastic bag, display case, storage cabinet,
or transportation box).

Environmental performance
See Performance target.

Equilibrium concentration
The maximum concentration a vapour emitted from a
material can reach in an absolutely airtight enclosure;
the emission and sorption rate of the vapour are
equal. Also referred to as saturation concentration.

Fatty acid
A carboxylic acid containing a long hydrocarbon
chain with no double bonds (saturated fatty acid),
one double bond (monounsaturated fatty add),
or two or more double bonds (polyunsaturated
fatty acid) derived from animal or vegetable
fats and oils.

Fixed-bed filter

A filter containing multi-layered fine size sorbents
that are tightly bonded to a three-dinnensional
network of adhering fibres on non-woven carriers
or to open cell polyurethane foam structures
(see Figure 32).

HVAC system
A heating, ventilating, and air-conditioning system
that includes any interior surface of the facility's air
distribution system for conditioned spaces and/or
occupied zones.

Hydrolysis
From Greek, hydro = water and lysis = to break or
separate. A chemical process in which scission of a
chemical bond occurs via a reaction with water. The

degradation weakens or breaks molecular bonds,
thereby leading to embrittlement and discoloration.
Specific hydrolysis processes may be catalysed by
acids, alkalis, or enzymes according to the type of
reaction. The polyester chemical bonds in tape binder
polymers are subject to hydrolysis, producing alcohol
and acid end groups. For other organic materials
highly susceptible to hydrolysis, see "water vapour'
in Table 2.

Institutional preseryation policy
See Preservation policy.

Investigation
A process conducted to prevent damage
or determine cause(s) of damage on objects.
It includes gathering and analysing information
about the physical and chemical environments,
the human activities, and the nature of the objects.
Adequate recommendations should be made
when appropriate.
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Key airborne pollutants
Pollutants whose sources, reactivities, and
permissible concentrations are equal to or less
than the other pollutants of the same chemical group.
In preservation, the key pollutants are acetic acid,
hydrogen sulphide, nitrogen dioxide, ozone, fine
particles, sulphur dioxide, and water vapour.
See also Airborne pollutant.

Linear reciprocity principle
See Reciprocity principle.

Liquid product
A building or enclosure product with high
liquid content characterized by relatively high
water and/or VOC emissions during and immediately
after installation followed by much lower emissions
after drying is complete (e. g. adhesives, cleaning
products, coatings, floor waxes, spray polishes,
and silicone caulks).

LOAED (lowest observed adverse effect dose)
The cumulative dose of a pollutant (concentration
x time) at which the first signs of adverse effects are
observed (measured) on a material. When a NOAEL
(no observed adverse effect level) cannot be determined
with confidence or when it is not feasible, a dose can
be determined as the product of concentration of the
pollutant and the time required to observe the first
signs of an adverse effect. See Adverse effect.

Loss of value

The decrease in attribution or value (aesthetic,
scientific, historic, symbolic, monetary, spiritual, etc.)
of the object. The notion of loss of value is subjective,
i.e. it can vary depending on the person and
the time.

Mass transfer coefficient

See Deposition velocity.

Material

A substance that composes an object or a product,
e.g. copper, oak/cotton are materials. See also Object
and Product.

Museum

A building structure housing objects or collections,
e.g. galleries, archives, libraries, churches, historical
houses, and private houses.

NOAEL (no observed adverse effect level)
The highest level of a pollutant that does not
produce an adverse effect on a specific chemical
or physical characteristic of a material in a specific
experimental set-up (analytical method, exposure
time, temperature, RH/ etc. ). Some effects may be
produced at this level, but they are not considered
adverse, nor precursors to adverse effects.
See Adverse effect.

Nucleation

A process by which gases or fine particle
compounds interact and form aggregates with
the same molecules (homogeneous) or with
different molecules (heterogeneous).

Object (or cultural property)
An item judged by society, or by some of its
members, to be of historical, artistic, social, or
scientific importance. Objects can be composed of
one or more materials, and can be movable (such as
works of art/ artifacts, books, archival-related items,
and items of natural, historical, or archaeological
origin) or immovable (such as architectural interiors
or structures of historical or artistic interest).

Order of magnitude
A 10-fold difference between two quantities.

Organic object or material
Object or material made of compounds containing
carbon atoms, with the exception of carbon dioxide
and carbon monoxide. Organic materials can be
natural or man-made. This term originally referred
to materials derived from living things (i. e. from
plants and animals).

Oxidant

A qualitative term that includes any and all trace
gases that have a greater oxidation potential than
oxygen, e.g. ozone, chlorine, peroxyacetyl nitrate,
peroxides, sulphuric acid, and nitric acid.

Oxidation

A reaction in which oxygen combines chemically
with another substance. Usage of this term has been
broadened to include any reaction in which electrons
are transferred.

Oxidized sulphur gases (S+)
Sulphur compounds that have the sulphur atom in
the oxidation state of +4 or +6, e.g. SOz and HySO^,
respectively.
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Pareto's principle
The 80-20 rule. Vilfredo Pareto (1848-1923) was an
Italian economist who, in 1906, observed that 20%

of the Italian people owned 80% of their country's
accumulated wealth. Over time and through
application in a variety of environments, this has
come to be called Pareto's principle or the 80-20
rule. This 80-20 mix reminds us that the relationship
between input and output is not balanced. In the
context of management, this rule of thumb is a useful
heuristic that can be applied when there is a question
of the effectiveness of increasing effort, expense, or
time versus diminishing returns.

Performance target
The goal or focus of performance based on
maximum average concentration of one or a set
of pollutants surrounding collections in the room
or enclosure. It can be obtained through quantitative
or semi-quantitative monitoring methods, or from
a set of specifications to be fulfilled.

Photo-oxidation

Oxidation reactions induced by radiant energy
(UV or visible), e.g. the loss of one or more electrons
from a chemical species as a result of photo-excitation
of that species, and the reaction of a substance
with oxygen under the influence of radiation.
When oxygen is involved, the process is also
called photo-oxygenation. Reactions in which
neither the substrate nor the oxygen are
electronically excited are sometimes called
photo-initiated oxidations.

Photo-reduction

Reduction reactions induced by radiant
energy, e.g. the addition of one or more electrons
to a photo-excited species, and the photochemical
hydrogenation of a substance.

Physical attrition
The act or process of rubbing together or wearing
down by friction; specifically, the mutual wear and
tear (due to rubbing, grinding, knocking, scraping,
and bumping against one another) that loose rock
fragments or particles undergo while being moved
about by wind, with a resulting reduction in size
and increase in roundness.

Pollutant

A gas, vapour, liquid, or solid particle of either
anthropogenic or natural origin that is known
to cause adverse effects to cultural property. The
adverse effects are particularly associated with

chemical reactions between the pollutant and one
or more components of the object. They also include
the deposition or migration of compounds that can
cause adverse effects on the object (see Adverse effect).
There are three mechanisms for a pollutant to
reach an object: it can be carried by the air
(airborne pollutant); it can be transferred from
one material to another at a point of contact (the
material from which the pollutant originates can
be either an object or a product); or it can be present
as part of the object. In this last mechanism, no
mass transfer occurs because the pollutant is
already present as an intrinsic part of the
original object or it is generated by an internal
degradation process.

Pollutant-material system
The interrelationship or interaction between a specific
pollutant and a specific material (which can be either
the whole object or a part of it).

Pollutant-object system
Same as pollutant-material system, except that the
emphasis is on the museologic character of the object.

Preservation assessment

An evaluation of the degree of protection of an
object or a collection. The preservation assessment
relies on risk assessment tools (NOAEL and LOAED)

and is usually expressed in terms of the risk or rate
of deterioration caused by agents of deterioration
such as pollutants. See Risk assessment.

Preservation policy
The institutional goals and principles in relation
to overall performance in collection preservation.
The policy provides a framework for actions.

Preservation target
A goal or focus on the degree of preservation of
objects; the period of time over which the object
or collection should have no or minimum risk of
deterioration. Minimum risk of deterioration is

determined by using the concept of LOAED.
This approach allows for the extrapolation of the
maximum concentration of pollutants over the time
period to ensure the minimum risk of deterioration.
In a few cases, NOAEL can be used if the data are

available and this approach is feasible. NOAEL
represents the maximum concentration of a pollutant
where no adverse effect is observable on an object. In
this case, the preservation target becomes zero
damage over an undetermined exposure time.
See also LOAED and NOAEL.

142 GLOSSARY



AIRBORNE POLLUTANTS IN MUSEUMS, GALLERIES, AND ARCHIVES

Primary pollutants
Pollutants emitted directly from a source, e.g. SO^ and
NO from combustion, ash from volcanic eruption, and
acetic acid from wood. See also Secondary pollutants.

Product

A manufactured or processed substance made up
of one or more materials that is used in the care

and housing of collections or objects. For example,
plywood is a product made of the materials wood
and adhesive. Specifications for selecting products
use a variety of terms such as inert, stable, safe
(no or low risk), or suitable. These terms are not

standardized, but "inert " almost always refers
to a very high level of stability that is not usually
mandatory in conservation.

Reciprocity principle
The concept that as long as the dose (concentration of
a pollutant x exposure time) is constant, the adverse
effect will be the same, i.e. doses of 450 jiig m-3 for
1 yr, 45. 0 ,ug m-3 for 10 yrs, and 4.50 ̂ ug m3 for 100 yrs
should all produce the same adverse effect. This is
analogous to the relationship between light intensity
and shutter speed in photography, where 1/25 s at fll
produces the same light density as 1/100 s at f5.6. In
extreme conditions, linearity is not always applicable.

Reduced sulphur gases (S~)
Sulphur compounds that have the sulphur
atom in the oxidation state of -2 [e.g. hydrogen
sulphide (H^S), carbon disulphide (CS-^), carbonyl
sulphide (OCS)] or -1 [e.g. dimethyl disulphide
(CHsSSCHs)].

Relative humidity (RH)
The ratio of the amount of water vapour actually
present in a given volume of air and the amount
that would be required to saturate that air at a given
temperature, expressed as a percentage. For example,
the saturation value of air at 20°C is 17.30 g m-3; if the
actual amount of water vapour present is 8. 65 g m ,
the RH is 50%.

Risk assessment

An evaluation of agents of deterioration
in the environment and their potential adverse
effects on the collection. Micro-scale risk assessment
looks at the adverse effects of a particular pollutant
on a particular material, and can be done by
comparing the LOAED or NOAEL value of
the specific pollutant-material system with
the concentration of the pollutant in the
surrounding environment of the object.

Macro-scale risk assessment can be done for

a mixed collection by looking at the adverse
effects of the key airborne pollutants on the
most sensitive or most representative materials.
See also Preservation assessment.

Secondary pollutants
Pollutants not emitted directly from a source
but rather formed in the air by the reactions or
interactions of primary pollutants. One example is
ozone, which is one of many secondary pollutants
that make up photochemical smog. Note that some
pollutants may be both primary and secondary
(i. e. they can be emitted directly or formed from
other primary pollutants).

Smog
A compression of the words "smoke" and "fog." The
term is used to designate pollution problems involving
reduced visibility. Smog can be subdivided into acid
smog which is associated with SOz and particulate
matter, and photochemical smog which results from
increased concentrations of ozone (its principal
component) when precursor pollutants (VOCs and
NOx) react in the presence of ultraviolet radiation.
Add smog usually happens in cold weather due to
meteorological conditions and the high use of heating
systems based on coal combustion. With the reduction
in S02 during the last decades, the major pollutant of
winter smog has become particulate matter.

Sorb

To take up and hold either by adsorption or
absorption. See Sorbent.

Sorbent

A material that provides a sorption function. Sorbents
can extract some compounds present in the ambient
air and retain them by an affinity or reaction process.
They can also be used to collect gases and vapours
during air sampling. A sorbent may work through
absorption (interactions taking place largely within
the pores of solids) or adsorption (interactions taking
place on solid surfaces). The processes involved
can also be divided into chemisorption (chemical
bonding with the substrate) and physisorption
(physical attraction, such as weak electrostatic forces).
Desorption processes can also happen if the sorbed
gases have not already reacted and/or the level
of pollutants decreases in the ambient air. In
conservation, the term "scavenger" is often
used as a synonym for sorbent.

Sorptive material
See Sorbent.
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Spatial gradient
The rate of increase or decrease of a physical or
chemical value through space.

Specification
An accurate description of the technical requirements
for the performance of building features, portable
fittings, or procedures.

SPME (solid-phase microextraction)
A process developed to facilitate rapid sample
preparation both in the laboratory and in situ. A small
amount of the extracting phase associated with a solid
support is placed in the environment of interest for a
predetermined time. SPME is compatible with analytic
separation/detection by gas chromatography or
high-performance liquid chromatography.

Stack pressure
The pressure difference that results when a
temperature difference creates air movement
within an enclosure or duct.

Steady-state concentration
The concentration of airborne compounds in an
enclosure that results from the interaction of all

different parameters involved in the transfer of
compounds (e. g. emission rate, sorption rate,
and air exchange rate).

Suspension time
The average period for which an emitted or
resuspended pollutant stays in the ambient
air or is carried in the atmosphere without
chemical conversion. Also referred to as

atmospheric residence time.

Synergistic effect
A phenomenon in which the effect obtained from the
combined action of two distinct compounds is greater
than that obtained when their independent actions
are added together. The opposite phenomenon is the
antagonist effect in which the effect obtained is less
than predicted by adding their independent actions.

Volatile organic compounds (VOCs)
A class of chemical mixtures that contain one or

more carbon atoms, and exist in vapour form at
room temperature (i.e. with lower boiling point limits
between 50 and 100°C, and upper limits between
240 and 260°C). This definition is based on the
methods used to sample VOCs. The term is generally
applied to organic solvents, certain paint additives,
aerosol spray can propellants, fuels (such as gasoline
and kerosene), petroleum distillates, dry cleaning
products, and many other industrial and consumer
products ranging from office supplies to building
materials. VOCs are also naturally emitted by a
number of plants and trees. This term should be
avoided when discussing preservation of cultural
property as many VOCs are not known to cause
adverse effects on objects. In fact, most VOCs
(except amines, aldehydes, and carboxylic acids)
are considered harmless in a normal museum
environment. TVOC refers to total VOCs.
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INDEX

Absorption, see Sorption

Accelerated ageing 25, 28
definition 139

Acetic acid 7, 10, 19, 22, 25, 31, 38, 39, 49, 65, 79
coatings and adhesives as sources of 8
damage caused by 2, 9, 26, 62, 106

cellulose acetate 10
lead 23, 26, 28, 58
zinc 23, 26

performance targets 33, 68
sorption 56
tests for presence of 82, 83, 84
various sources of 8, 32, 56, 99

wood products as sources of 8, 10

Acid deposition or acid rain 12, 13, 15

Activated alumina 46

impregnated with potassium permanganate 45
see also Filters and Sorbents

Activated carbon 45, 46, 56

activated charcoal cloth 45, 52, 57
see also Filters and Sorbents

Adsorption, see Sorption

Adhesives

acetic acid emission 8, 10, 38, 39, 99

as sources of pollutants 17, 49, 50, 61, 101

Adverse effect 21, 22, 65, 66, 67, 68, 75
criteria 106
definition 139

Aerodynamic diameter 14, 15, 43
definition 139

Aerosol 8, 12
definition 139

Ageless 59
see also Anoxic environment

Agents of deterioration 25, 48, 68, 70, 75, 76, 79, 80, 85
definition 139

Air cleaners 14, 47

Air-conditioning 14, 41, 44, 87
see also HVAC system

Air exchange rate 48, 49, 50, 51, 54, 55, 58, 59, 61, 74
definition 139

leaky cases or enclosures 50, 70
measurement 43, 137

Air quality indices 78, 79

Airborne pollutants 7, 8, 9, 17, 21, 28, 31, 32
definition 139, 142
fluctuation 79

test for presence of 82, 83, 84
see also Key airborne pollutants

Aldehydes 8, 9, 18, 19
see also Formaldehyde

Alkaline 46, 52

Aluminum foil, barrier 53, 54

Ambient air, definition 139

Amines 8, 9, 85, 100, 108

diethylamino ethanol (DEAE), corrosion 108
inhibitor in humidification systems 69, 100

Ammonia (NH3) 12, 18, 79
ammonium nitrate 18

ammonium sulphate 100, 108
damage caused by 9, 108
sources of 8, 32, 40, 100

tests for presence of 83

Analytical hierarchy process (AHP) 70

Anoxic environment 59, 60, 108
definition 139

Anthropogenic sources 10, 12
definition 139

ASHRAE 41, 42, 43, 47, 87
definition 42

standards 44

Balance (effort, targets) 25, 68, 76

Barrier 29, 35, 59

airtightness 49
aluminium foil 53, 54

block on building level 42
block on enclosure level 50

coatings (paints and varnishes), sealing 52, 53, 80
permeability coefficient 135
plastic films or bags 52, 60
protective film on objects 29, 36
see also Air exchange rate

Bronze 9, 10, 22
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Buffers
alkaline 8

moisture 48

see also Silica gel

Calcium carbonate-based objects (eggs, shells) 9, 19, 28,
29, 85

Carbon dioxide ( 02) 18, 41

Carbonyls 10
definition 139

see also Acetic acid. Formic acid. Formaldehyde,
Carboxylic acids, and Propionic acid

Carbon disulphide ( 82) 8, 9, 100, 143

Carbonyl sulphide (OCS) 8, 9, 11, 24, 32, 83, 100, 108, 143

Carboxylic acids (organic acids) 8, 9, 19

Catalysts 9, 28
definition 139

Cellulose acetate, acetic acid and water effects on 10, 16,
25, 29, 39, 47, 49, 50, 56, 62, 67, 84

effect of temperature 26, 27, 28
source of acetic acid 8, 32

Cellulose nitrate, water effects on 9, 13, 16, 17, 18, 29, 32,
47, 49, 62

Cellulose-based material 16, 19
definition 139

Chlorine 109

Cleaning 15, 47, 49
cleaning products 8, 18, 19, 28, 80
vacuum cleaning 15, 47, 63

Coatings, guidelines 52, 53, 80, 87

Colorants 27, 29, 66
alizarin crimson 26, 62

basic fuchsin 23, 24, 62
curcumin 27, 62

pollutant effects (fading, discolouring) on 9, 13, 14,
19, 26, 85

sensitive colorants 26, 62
watercolours 29

Combustion 8, 11, 12, 14, 15, 16, 19

Concrete 53

Contact 39, 40, 50, 53, 85

Control strategies 35, 36, 40, 62, 74, 139

Copper 9, 10, 24, 26, IS, 31, 42, 68, 69

Corrosive gases 82, 84

Cost-benefit analysis 70, 74, 140

Damage 22, 62, 65
see also NOAEL, LOAED, and Deterioration

Deposition velocity 14, 51
definition 140

Deterioration 21, 22, 47
definition 140

rate of deterioration 21, 28, 35, 65, 75

Display cases
airtightness 48
design 50, 55
see also Enclosures

Dose 21, 23, 24, 25, 26, 66
definition 140

see also LOAED

Dust and dirt, see Particles

Dyes 22, 39
dyed fabrics as source of sulphur compounds 16
pollutant effects on dyes on photographs 25, 26, 27, 67

Electrostatic predpitator 14, 47
definition 140

Enclosures 11, 34, 47, 51, 53, 54, 61

airtight, airtightness 48, 49, 50, 51
definition 140

pollutants generated inside 8, 10, 11, 16, 17, 32
wooden enclosures 31, 32, 37

Environment, monitoring total environment 84

Equilibrium concentration 54, 58, 78
definition 140

Ethanoic acid, see Acetic acid

Ethics 62, 71, 87

Fabrics 54

barrier and sorbent 36, 52

cotton 26, 49, 52, 58
fibres and lints 14, 44

sources of particles 8, 49

Fatty acids 8, 9, 49, 109
definition 140
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Filters 15, 34

dust spot test 43, 44
filtration, building level 41, 42, 43, 44, 69
filtration system for enclosures 55, 56, 57
gases 45, 46, 140
HEPA filters 44, 47
particles 46

efficiency of filters 43, 44
see also HVAC system

Fixed-bed filters 45, 46
definition 140

Floors 53

Formaldehyde 10, 18, 28, 38
damage caused by 9, 26, 109
oxidation of 19

sources of 8, 32, 101

tests for presence of 82, 83
urea formaldehyde 8, 42, 69

Formic acid 10, 19, 28

damage caused by 9, 26, 110
sources of 8, 32, 56, 101,

tests for presence of 82, 83, 84

Glass 37, 50, 66, 84, 135
frames 37

objects 9, 85

Handling 15, 49

Historic buildings and houses 17, 33, 34, 43, 70

Human, see People

HVAC system 14, 15, 34, 36, 41, 68, 69, 79, 81
definition 140

filter specification 44, 45
inspection and maintenance 41
standards ASHRAE 52. 2 and EN 779 43, 44
variable air volume 41, 43

Hydrogen chloride, sources 102

Hydrogen sulphide (HzS) 10, 24, 25, 46, 49, 50, 79, 131
damage caused to copper and silver 9, 26, 63, 111
performance targets 33
sorption 56
sources of 8, 32, 102

tests for presence of 82, 83

Hydrolysis 10, 16, 25, 28, 29, 34, 39, 49, 63, 68
definition 140

Hypersensitive object 33, 34, 62, 67, 79

Index

air quality indices 78, 79
priority preservation action index 75, 76

Indoor-outdoor ratios 79, 131

Insects 15, 44, 48, 60

Investigation 77, 78, 79, 80, 81

Key airborne pollutants 7, 32, 56, 67, 141
levels in clean low troposphere 33
levels in urban areas 33

see also Acetic acid. Hydrogen sulphide,
Nitrogen dioxide. Ozone, Particles,
Sulphur dioxide, and Water vapour

Lead

acetic acid effect on 10, 19, 22, 25, 26, 28, 53, 62, 65, 68

lead acetate test; determination of sulphur
compounds 50, 69, 86

Leak, see Air exchange rate

Leathers 13, 15, 26, 66

Lifetime (useful) 25, 46, 52, 67
advanced state of deterioration 16, 17

stage of (objects or product) life 38, 39

Light 11, 13, 21, 22, 28, 143
fading 9, 24, 60, 62, 66, 85
guidelines on light intensities 138
ISO blue wool standard 138
see also Radiation

Liquid products 17, 38
definition 141

see also Cleaning

LOAED (lowest observed adverse effect dose) 21, 62, 63, 65
definition 141
determination 23

Magnetic tapes or media, videotapes 9, 17, 25, 33, 63

Mass transfer coefficient 35, 51, 54

see also Deposition velocity

Material safety data sheets (MSDS) 50

Methanal, see Formaldehyde

Methanoic acid, see Formic acid

Metals 9, 15, 17, 28, 39, 46, 52, 68, 72, 74, 79, 81

metal coupons for monitoring 69, 82, 84
see also specific metals
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Micro-climate 48, 49
micro environmental control 40

generators 57

Mineral specimens 15, 50

Mitigation, see Control strategies

Molecular sieves (zeolite) 45
see also Sorbents

Monitoring, monitor 34, 35, 36, 38, 46, 61, 68, 71, 77, 140
detection techniques 82, 83, 84
diffusion tubes 82, 83
limit of detection 81, 83

sampling methods 81, 82
sampling period 82

Mould 17, 65, 80

Museum 37

definition 141

New Orleans Charter 71

Nitric acid (HNOs) 8, 9, 13, 26, 32, 102, 112

Nitrogen dioxide (NOz) 11, 79, 132, 136
damage caused by 9, 26, 62, 115, 123
performance targets 33
sorption 56
sources of 8, 32, 103

tests for presence of 82, 83
trends 11

Nitrogen oxides compounds (NOx) 9, 11, 12, 13, 49
sources of 8

tests for presence of 82, 83

NOAEL (no observed adverse effect level) 21, 25, 26, 27,
31, 33, 65, 68, 75, 76

definition 141
determination 21

Oddy test (accelerated corrosion test) 84

Odours, smell 10, 31, 39, 42, 56, 61, 85

Oils
oil-based coatings (paints or vanishes) 10, 42, 53
oil residues 15, 28

oily materials, compounds 39, 41, 50

OnGuard monitor 69, 82, 84

Organic acids, see Carboxylic acids

Oxidants 13, 19, 21, 46, 47, 52, 60
definition 141

Oxidation 12, 13, 19, 25, 39
definition 141
see also Photo-oxidation

Oxidative polymerization 10, 39, 53, 69

Oxidized sulphur gases (S+) 8, 9
definition 141

Oxygen (Oz) 12, 19, 28, 59, 103
oxygen-free environment, anoxic environment 59, 60
oxygen sorbents. Ageless 59, 60

Ozone (0-, ) 11, 19, 133, 136

damage caused by 9, 26, 29, 119
performance targets 33
sorption 56
sources of 8, 32, 47, 79, 103

tests for presence of 83
trends 14, 79

Pacific Silvercloth 52, 57

Paintings (artworks) 10, 29, 85

Papers 9, 13, 15, 17, 27, 34, 53
acid paper 25, 26, 29, 39, 49
artwork on paper 11, 40
cotton rag paper 26
tissue paper 52

Particles (particulate matter) 13, 14, 18, 21, 28, 40, 41, 42,
44, 49, 52, 56, 69, 70, 136, 140, 141, 142

dust distribution 14

efficiency of filters versus particle size 43
estimated years to perceptible soiling 24
PMz. 5, fine particles 14, 131

damage caused by 9, 15, 26, 63, 123
performance targets 33
sources of 8, 32, 104

tests for presence of 79
PMio, coarse particles 14, 63, 82, 83, 84

sources of 8, 32, 104
trends 11

super coarse particles (>PMio) 14, 63, 104
see also Filters

People 14, 15, 18, 43, 47
control of visitor density 40
danders 8, 44
human health 1, 71
lints 8, 15, 44, 49, 85

Performance targets 33, 65, 68, 74, 76
definition 142

Permeability 50, 59, 135

Peroxides, hydrogen peroxide (HOOH) 8, 9, 10, 26, 27,
28, 49, 74, 102
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Peroxyacetyl nitrate (PAN) 105, 123

Photographs 9, 50
colour dyes 25, 26, 47, 67
silver images, black-and-white films 26, 27

Photo-oxidation 28, 39, 59, 68, 85
definition 142

Photo-reduction, definition 142

Plasticizers 29, 39, 61

Positive pressure system 15, 41, 49, 55, 57

Preservation assessment 1, 65, 74
definition 142

Preservation policy 34, 70, 74
definition 142

Preservation targets 33, 56, 65, 74
background level (countryside pollutant levels) 65
definition 142

zero damage 65

Primary pollutants, definition 142

Principles
control strategies 35, 38, 39, 40
of preservation 71
Pareto's principle 7

definition 141

precautionary principle 71
reciprocity principle (linear) 24, 26, 66

definition 143

Priority preservation action index 75, 76

Propionic acid 105

PVC (polyvinyl chloride) 9, 28, 39, 53, 58, 61, 82

Radiation 12, 13, 19, 21, 28, 48

(light) fading 9, 60, 66, 67, 85
solar radiation 12

sunlight 21
ultraviolet (UV) radiation 8, 9, 36, 85

see also Light

Radicals 12, 28

Reactions, reduce 35, 36, 47, 60

Reduced sulphur gases (S-) 8, 9
definition 143

see also Hydrogen sulphide

Relative humidity (RH) 17, 26, 47, 48, 49, 57, 60, 62, 79,
81, 82, 83, 84, 85

definition 143

effects on rate of deterioration 27, 28, 33, 34
fluctuation 16, 21, 47, 48, 49, 57, 79

see also Water vapour

Risk 71
assessment 21, 31, 143

of deterioration 25, 26, 33, 35, 40, 65, 74, 75

Rooms 25, 31, 78
control strategies 40
indoor sources or levels 32, 34, 35, 37, 99

Rubbers

sources of sulphur compounds 69, 85, 86
ozone effect on 9, 14, 26, 63

Salts, impregnated objects 9, 14, 18, 21, 28, 63, 80, 85

Scavengers, see Sorbents

Secondary pollutants, definition 143

Showcases, see Display cases and also Enclosures

Silica gel 45, 57
moisture buffer 48

Silicone (acid-cured, sealants, or caulking) 8, 10, 32, 38,
49, 50, 56

Silver, sulphur compound effects on 10, 11, 22, 25, 26,
27, 29, 52, 63, 68, 69, 82, 85

Smog 11, 13
definition 143

Soiling 15, 24

Sorbents 34, 35, 36, 38, 45, 52, 54, 56, 66, 143
activated carbon 45, 56
activated charcoal cloth 45
definition 143

for oxygen, see Anoxic environment
for water, see Silica gel
Pacific Silvercloth 57

Spatial gradient 35, 47
definition 143

Specifications 35, 44, 45, 65, 69, 74
definition 143

Stack pressure 49
definition 144

Standards 33, 43, 44, 68
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Steady-state concentration 35, 38, 54, 78, 82
definition 144

Storage cabinets, see Enclosures

Sulphur dioxide (S02) 12, 13, 15, 23, 25, 34, 50, 131, 136
damage caused by 9, 26, 61, 63, 85, 123
performance targets 33
sorption 56
sources of 8, 32, 105

tests for presence of 82, 83, 84
trends 11

Sulphuric acid (H2S04) 8, 9, 50

Synergistic effect, mixture of gases 28, 129, 144

Temperature 33, 47, 48, 49, 60, 61, 67
cold temperature 27
effect 21, 27, 28
fluctuation 43, 48

incidence on smog 13
thermal degradation 25, 27, 85

Textiles 22, 52

Time 21, 23, 24, 25, 33, 59
exposure period (time) 33, 67
reduce exposure time 36, 47, 61
suspension time 15, 144

Travelling crates, transportation cases 37, 49

Uncertainty, in decision-making 22, 71, 73

Units, conversion 7

Urea formaldehyde, see Formaldehyde

Value, loss of 22, 68, 75
definition 141

Vehicles 8, 11, 16

Ventilation 18, 35, 40, 43, 49, 61
forced 55, 57
natural 34, 47

see also HVAC system and Air exchange rate

Visitors, see People

Volatile organic compound (VOC) 19
definition 144

Vulnerability 22, 25

Water (HzO) vapour 16, 21, 25, 28, 33, 34, 43, 79
control strategies 58
damage caused by 9, 26, 85, 127
leak (liquid) 48
preservation targets 33
sources of 8

tests for presence of 82, 84
see also Relative humidity. Hydrolysis, and Silica gel

Wet scrubber, water spray system 45, 47

Wood products, oak, cedar enclosures 8, 10, 18, 32, 38,
39, 42, 49, 52, 53, 56, 58, 69

Wool 11, 42

Zinc, acetic acid effect on 22, 23, 26

Zinc oxide catalyst 45
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AIRBORNE POLLUTANTS IN MUSEUMS, GALLERIES, AND ARCHIVES:
RISK ASSESSMENT, CONTROL STRATECIF. S, AND PRESERVATION MANAGEMENT

JtA.\ Tl::IKI:AUI I

'It is better to ylo\\' do\vn the rate or the risk of deterioration of valuable object.s than to trcdt them
for dcimnge t)r lose some inh-irmtition permanL'ntl\'."

Airbonic Poiliitiiii^ ai M(;-(. '(/;//S, CnllcriL "-, nial ArLiiivc- pro\'ide? principles and stratygies to ans\\'er

the questions "VVliat are the major polliitant problems in museums?" and "Wliat are the most
efficient methods to solve them?" Priority actions are evaluated to ensure that efforts are balcinced
between available resources and potential benefits. The goals of this book are to:
. define key airborne pollutants for indoor museum enx'ironinents
. supply tools based on the exposure-effect relationship to assess the risk to the collection

exposed to pollutants
. establish guidelines for control strategies that give flexible, pragmatic solutions
. offer guidelines for assessing the degree of protection of the collections
. provide a basic tool for cost-benefit analysis that fulfils the principles and the policy of the museum
. propose an investigative approach for evaluating the degree of preservation of a collection in terms

of the aggressiveness of pollutants and for identifying causes of damages

This book is an ideal reference for anyone (e. g. museum directors/ building and collection managers,
conservation professionals/ material scientists, exhibit designers, HVAC engineers, indoor air
consultants, and architects) involved in making decisions regarding the preservation of collections.
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