Characterization of
Emissions from Display
Case Materials

RIKSANTIKVARIEÄMBETET

Swedish National Heritage Board
P.O. Box 1114
SE-621 22 Visby
Tel +46 8 5191 80 00
www.raa.se
registrator@raa.se
Riksantikvarieämbetet 2019
Characterization of Emissions from Display Case Materials
Authors: Elyse Canosa, Anna Wiman, Sara Norrehed &
Marei Hacke
Copyright according to Creative Commons licens CC BY,
unless otherwise stated.
Terms on https://creativecommons.org/licenses/by/4.0/deed.en

Characterization of Emissions from Display Case Materials

Table of Contents
Contributors ................................................................................ 5
Svensk sammanfattning............................................................. 6
Abstract ....................................................................................... 7
Introduction................................................................................. 9
Background............................................................................... 12
Medium density fiberboard properties ............................................. 12
Polyvinyl chloride properties ............................................................ 13
History and processing of PVC ................................................ 13
PVC additives................................................................................... 14
Theoretical deterioration of PVC ............................................. 16
Experimental observations of PVC deterioration ..................... 17
Properties specific to Forex Classic White uPVC .................... 19
Material emissions analysis techniques ........................................... 20
The Oddy Test ......................................................................... 22
Evolved gas analysis – gas chromatography – mass
spectrometry (EGA-GC-MS) .................................................... 24
Emissions chamber analysis ................................................... 25
Other techniques for emissions testing ................................... 28
Prior MDF and uPVC Oddy tests ............................................. 31

Materials and Methods ............................................................. 33
The Oddy test................................................................................... 33
Light aging Oddy test ....................................................................... 37
Scanning electron microscopy – energy dispersive x-ray
spectroscopy .................................................................................... 40
X-ray fluorescence spectroscopy ..................................................... 40
Evolved gas analysis – gas chromatography – mass spectrometry 41
Emissions chamber analysis............................................................ 41
Research Institutes of Sweden (RISE) analysis ...................... 42
The BEMMA Scheme tests at BAM ......................................... 43

Results and Discussion ........................................................... 45
The Oddy test................................................................................... 45
Light aging Oddy test ....................................................................... 48
Scanning electron microscopy – energy dispersive x-ray
spectroscopy .................................................................................... 49
X-ray fluorescence spectroscopy ..................................................... 50
Evolved gas analysis – gas chromatography – mass spectrometry 53
Emissions chamber analysis............................................................ 55

Conclusions .............................................................................. 62
References ................................................................................ 64

3

Characterization of Emissions from Display Case Materials

4

Characterization of Emissions from Display Case Materials

5

Contributors
The contents of this report were written by Elyse Canosa with technical support
from Anna Wiman, Sara Norrehed, and Marei Hacke at the Swedish National
Heritage Board (Riksantikvarieämbetet). Kriste Sibul, Joakim Werning and
Veronika Eriksson at Nationalmuseum in Stockholm provided material test
samples and practical information on how the studied materials are used in
museum contexts. Gregory Dale Smith at the Indianapolis Museum of Art and
Michael Samide at Butler University contributed EGA-GC-MS analysis of Forex
PVC samples. Finally, Maria Rådemar at RISE and Wolfgang Horn at BAM
provided emission chamber analysis of Forex PVC samples.

Characterization of Emissions from Display Case Materials

6

Svensk sammanfattning
Material kan ge ifrån sig emissioner. En del av dem kan ha en nedbrytande effekt
på objekt i museisamlingar. När man väljer material för utställning, packning och
förvaring av museiföremål är det därför viktigt att överväga emissionsrisken.
Producenter gör ofta emissionsanalyser för att upptäcka ämnen som är skadliga för
människors hälsa. Tyvärr är det inte alltid samma emissioner som är skadliga för
kulturarvsobjekt. Det är därför mycket relevant för museer att ha kunskap om vilka
emissioner som är skadliga för samlingar och hur man kan analysera och begränsa
dem.
Denna rapport beskriver metodik och analyser som finns tillgängliga för att
undersöka emissioner från material, med särskild hänsyn till museimiljöer.
Rapportens syfte är att ge kulturarvsinstitutioner vetenskapligt underbyggt stöd för
bättre beslut kring materialval och materialanalyser. Metoderna som beskrivs
exemplifieras genom två konstruktionsmaterial som är vanliga i museimiljöer –
MDF (medium density fiberboard) och Forex® PVC (polyvinylklorid).
Problematiken med emissioner från MDF är välkänd sedan tidigare, medan PVC
inte har varit välstuderat ur ett kulturarvsperspektiv. Ett syfte med denna
undersökning var därför också att utveckla en bättre förståelse för eventuella
emissioner från Forex® PVC.
De analysmetoder för emissioner som beskrivs i denna studie är Oddytest,
BEMMA-test samt provtagning via emissionskammare. Analyserna utfördes på
Riksantikvarieämbetets Kulturarvslaboratorium och i samarbete med Indianapolis
Museum of Art, Butler University, Research Institutes of Sweden (RISE) och
Bundesanstalt für Materialforschung und -prüfung (BAM). Nationalmuseum
bidrog med testmaterial.
Denna rapport är avsedd för läsare med intresse för de vetenskapliga aspekterna av
emissionsanalys kring material som används för utställning, packning och
förvaring av objekt i museisamlingar. Viss förkunskap om material och analytiska
laboratorietekniker är till hjälp vid tolkning av de resultat som presenteras här.
Kortare, praktiska rådgivningsblad på svenska har utformats utifrån denna rapport
och ingår i Riksantikvarieämbetets serie med Vårda väl-blad.
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Abstract
When choosing construction and decoration materials to include in display cases,
storage facilities, galleries, and transport containers for cultural heritage, it is
important to consider the emissions they produce. Materials can produce emissions,
some of which may react negatively with museum collection objects. Emissions
testing is a common procedure for indoor construction and decoration materials to
ensure that they do not produce gases harmful to human health. Unfortunately,
emissions that negatively react with cultural heritage are often different from those
that affect humans. It is therefore important for museum professionals to
understand which emissions are most harmful to a collection and how to test for
these emissions. This report focuses on testing emissions from two particular
materials, medium density fibreboard (MDF) and Forex® poly(vinyl chloride)
(PVC). They were of particular interest because they are often used inside museum
display cases.
Emissions from MDF materials have been widely characterized, but emissions
from Forex PVC (at least in a cultural heritage context) have not. The primary
purpose of this investigation was therefore to develop a better understanding of
emissions from Forex PVC as its deterioration and off-gassing properties are not
well understood. MDF was used as a comparative material with generally known
emission properties. Several different emission analysis techniques were explored
in this study, including the Oddy test, evolved gas analysis – gas chromatography –
mass spectrometry (EGA-GC-MS), emission chamber tests, and the BEMMA
scheme test. Analysis was performed in-house at the Swedish National Heritage
Board (Riksantikvarieämbetet, RAÄ) as well as in collaboration with the
Indianapolis Museum of Art, Butler University, Research Institutes of Sweden
(RISE) and the German Federal Institute for Materials Research and Testing
(Bundesanstalt für Materialforschung und –prüfung, BAM). Through the various
testing techniques, it was determined that Forex may produce low concentrations of
emissions harmful to cultural heritage objects. Measurement conditions that
involved high temperature, high humidity, or high ultraviolet light exposure
showed evidence of sulfur emissions, organic acids, and organic chlorine
compounds from Forex. Measurement conditions at room temperature, 50%
relative humidity, and low ultraviolet light exposure indicated the presence of low
acetic acid concentrations. Long-term monitoring is necessary to assess the full
effects of Forex emissions with certainty. A secondary purpose of this investigation
was to gather information about several different methods used for emissions
testing and compare their capabilities when applied to museum materials. Such
information will provide cultural heritage institutions with scientifically supported
knowledge to make material decisions for their collections.
This report is intended for readers with an interest in the scientific aspects of
emissions analysis for materials used in cultural heritage collections. This can
include (but is not limited to) museum conservators and conservation scientists.
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Some technical knowledge about materials and analytical laboratory techniques
(such as scanning electron microscopy, x-ray fluorescence spectroscopy) is helpful
in interpreting the report results. Shorter, practical, and non-technical documents in
Swedish have been adapted from this report and are available through
Riksantikvarieämbetet’s Vårda-väl blad series.
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Introduction
Museum display cases are intended to protect cultural objects, but can also act as
the source of deterioration. Materials used to construct display cases can produce
volatile compounds that may react with cultural objects, causing corrosion,
discoloration, and cracking, among other issues. The space within a display case is
commonly referred to as a microenvironment. This is in comparison with large
gallery spaces, which are typically known as macroenvironments. Potentially
harmful gasses can become trapped within microenvironment spaces, producing
high gas concentrations and corrosive atmospheres. It is therefore important to
choose display case construction materials that do not react with the collection
objects they contain. Such a policy can be applied to any materials that are in close
proximity with cultural heritage collections. This includes materials for construction, decoration, storage, transport, and display. For appropriate use in museum
environments, materials must not react with collection objects when in physical
contact, and must not produce volatile emissions known to deteriorate collections.
While emissions testing is a common practice for construction materials, such tests
look for the presence of emissions that are harmful to human health. It is often the
case that the compounds which deteriorate cultural objects are not the same as
compounds which harm humans. Museums must therefore perform emissions tests
themselves or find other ways to assess the safety of materials. Additionally, the
properties and additives of materials vary depending on manufacturer and production batch. Recipes and processing techniques of material manufacturers can
change over time as well. Due to the overwhelming variety of available materials
and their potential properties, emissions testing procedures should ideally be
efficient, inexpensive, and effective at identifying harmful gases. While there is no
current procedure that is ideal in this sense, this report outlines a variety of
available techniques. The presented information is intended to help institutions and
collection managers make informed decisions concerning emission testing.
Two commonly used materials for display case construction are medium-density
fiberboard (MDF) and unplasticized polyvinyl chloride (PVC) boards. This study
focuses on measuring and comparing potential emissions from both materials.
MDF is composed of wood fibers combined with wax and resin binders under high
temperature and pressure. PVC is a synthetic polymer, the raw materials for which
are derived from chlorine and ethylene. They are both accessible, inexpensive
materials that are easily shaped and are typically used as plinths upon which
museum objects are placed. If used within display cases, it is highly recommended
that MDF boards are coated with a barrier film such as paint or a polymer sheet as
MDF is known to produce volatile compounds that corrode cultural materials. PVC
is produced by various manufacturers using a number of additives including
stabilizers, plasticizers, and processing aids. Rigid boards typically used for display
case platforms are composed of unplasticized PVC, the properties of which are
discussed under Polyvinyl chloride properties. The effect that unplasticized PVC
has on cultural materials at room temperature is not well studied. Thus, emissions
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testing is appropriate, especially if the material is intended for use inside a display
case.
The decision to investigate unplasticized PVC boards derives from material choices
made by Nationalmuseum in Stockholm during a multi-year renovation. The
extensive renovation process involved incorporating a number of new construction
and decoration materials into the museum’s gallery spaces. In the past,
Nationalmuseum used alder laminated fir or pine coated with a barrier film inside
display cases. As part of the renovation, the museum chose to find alternatives to
wood-based plinths. Forex®, a brand of unplasticized PVC, was suggested as a
potential alternative and was therefore investigated. As MDF is a material that is
often used inside display cases, it functioned as a comparative material with known
emission properties for this study. Additionally, Nationalmuseum uses MDF as a
structural and support material within gallery spaces. Pollutants in larger spaces
such as galleries are generally of less concern for collections due to dilution effects
from the inherently large volumes and the use of air filtration systems. Conversely,
small levels of pollutants can have dramatic effects in microenvironments such as
display cases. One of the main concerns for this investigation is the potential for
Forex to produce chlorine-based gases (due to PVC degradation) and sulfur-based
gases (from stabilization additives). The overall purpose of this study is to
characterize the chemical compositions of the volatile emissions from Forex PVC
boards and to provide suggestions for their appropriate use in Nationalmuseum. As
both MDF and PVC are commonly used in museums, the results and suggestions
from this study may be translated to other cultural heritage environments.
For the investigation, we have chosen to investigate uncoated MDF, plain Forex,
glued Forex, coated Forex, and light aged Forex. The coating materials and
adhesives used for the investigation were suggested by Nationalmuseum as they
were materials intended for the renovation. Emissions were examined using a
variety of methods, including the Oddy test; a modified Oddy test using light
aging; an emissions chamber test based on the ISO 16000-9:2006 standard; and the
BEMMA scheme (Bewertung von Emissionen aus Materialien für Museumsausstattungen, “assessment of emissions from materials for museum equipment”)
(International Organization for Standardization 2006, AZO Materials 2014). Both
the Oddy test and the BEMMA scheme are methods to screen for harmful volatile
emissions from materials intended for display, storage, construction, and
decoration in cultural heritage collections. More detailed information on the two
techniques as well as on specific materials used is provided under the section
Materials and Methods. In addition to emissions tests, we also investigated the
composition of Forex using x-ray fluorescence (XRF) spectroscopy. The Oddy test,
light aging Oddy test, and XRF analysis were performed within the Heritage
Laboratory at Riksantikvarieämbetet. The ISO 16000-9:2006 emissions chamber
test was performed in collaboration with RISE (Research Institutes of Sweden),
and the BEMMA tests were performed by BAM (German Federal Institute for
Materials Research and Testing). Results from all forms of analysis provided
complementary information. For example, the RISE emissions test and BEMMA
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scheme produced data on the concentrations of specific volatile compounds that
emit from the samples, while the Oddy tests indicated if volatile emissions from
materials adversely reacted with cultural materials.
This report discusses general information about material emissions testing as well
as analytical results from the Forex PVC and MDF investigation. The information
provided is intended to elucidate the capabilities of emissions testing techniques so
that cultural heritage institutions can make scientifically-informed decisions. In
addition, the information provided is also intended for those who are interested in
learning more about material properties of MDF and PVC. As such, the Background section of the report begins with general information about the properties of
MDF and PVC, with an emphasis on the history, processing, and deterioration of
PVC materials that are similar to Forex. Following this, general information is
provided on the four different emissions testing techniques used for the
investigation. This includes the Oddy test, evolved gas analysis – gas chromatography – mass spectrometry (EGA-GC-MS), RISE emissions chambers, and the
BEMMA scheme. Other available emissions testing techniques are also briefly
discussed. Under Materials and Methods, the specific materials, analytical
techniques, and processes used to study MDF and Forex are detailed. Results and
Discussion interprets the data received from both in-house analysis of MDF and
Forex, as well as from external collaborators. In-house analysis includes the Oddy
test, scanning electron microscopy – energy dispersive x-ray spectroscopy (SEMEDS), and x-ray fluorescence spectroscopy (XRF). External analysis is performed
via EGA-GC-MS from the Indianapolis Museum of Art and Butler University, and
from emissions chambers at RISE and BAM. Results and Discussion details any
evidence that MDF or Forex could produce an emission that may negatively react
with cultural heritage collections. Emissions from MDF include acetic acid and
formic acid, which are inferred from Oddy test results. Potential emissions from
Forex at room temperature include acetic acid (possibly as a secondary emission,
discussed under Theoretical deterioration of PVC), as well as sulfur and organic
chlorine compounds at elevated temperature and high UV exposure. Long-term, insitu tests are necessary to confirm whether these emissions will adversely affect
cultural heritage collections. While this report does focus on two particular
products, the methodology and results can be adapted to other materials to ensure
that they are appropriate for use with collections.
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Background
Medium density fiberboard properties
As it is heavily composed of wood products, MDF is known to produce acetic acid
gas, a volatile organic compound (VOC) that corrodes metals (particularly lead),
calcareous materials (shell, limestone, fossils), soda-rich glass, and cellulose.
Acetic acid emissions in MDF and other types of wood-based materials result from
the hydrolysis of hemicellulose acetyl groups and lignin side chains (Schumann, et
al. 2012). Wood products used for MDF production also undergo physical stresses
(elevated temperature, high pressure, water addition) that can facilitate deacetylation of hemicellulose (British Standards Institution 2009). In addition, formaldehyde resins are commonly used as binders in MDF. As MDF is a composite
wood material, it has been known to produce greater concentrations of volatile
emissions than wood due to the use of these binders and resins. Volatile
formaldehyde can oxidize to formic acid at high relative humidity and in the
presence of oxidants, which then reacts with metals and calcareous materials
(Grzywacz 2006). Other volatile compounds from MDF include pentanal, hexanal,
t-2-octenal, formaldehyde, benzaldehyde, hexanoic acid, and terpenes (Schumann,
et al. 2012).
Health and safety regulations for MDF focus primarily on the reduction of formaldehyde emissions. There exist a few European classifications for MDF products.
For example, E1 MDF classification requires a maximum release of 0.1 ppm
formaldehyde in a 40 m3 emissions test chamber (British Standards Institution
2009). A number of companies also offer zero-added formaldehyde (ZF) MDF,
which is manufactured using formaldehyde-free glues and resins. Formaldehyde
emissions from these products are low but not zero due to the natural formaldehyde
emissions from the MDF wood fibers (Schieweck and Salthammer 2009). While
formaldehyde and formic acid are concerns for museum environments, other gases
such as acetic acid are not regulated in MDF materials as they do not pose threats
to human health. It is therefore not valid to assume that low formaldehyde E1 or ZF
MDF products will not cause damage to cultural objects.
To mitigate emissions issues in museums, MDF boards are often wrapped or
coated with a heat-sealed polymer film, liquid sealant, or powder coated barrier
(Thickett and Lee 2004). The effectiveness of a barrier is dependent on its
materials and application method. It may therefore still permit the volatilization of
acetic and formic acid, and may produce its own harmful pollutants. Prior to using
an MDF coating, it is advised to test its suitability in museum environments, if
possible. Generally speaking, an effective barrier coating for museum environments is one that forms a surface film that will not react with MDF or its volatile
emissions to form new compounds, and does not permit diffusion of gas molecules.
Diffusion is typically reduced in coatings that are composed of highly crosslinked
polymers or contain permeability barriers such as pigment particles. Additionally,
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coatings that contain additives such as calcium carbonate and mica flakes adsorb
VOCs and increase the film impermeability (Tétreault 1999).

Polyvinyl chloride properties
Polyvinyl chloride (PVC) is of interest to this study because it has acted as a
general replacement for MDF in recent years, and was chosen for use inside
Nationalmuseum display cases. PVC is regarded as an inexpensive, durable, and
versatile material. In a commercial sense, PVC can be fabricated into rigid or
flexible materials with a wide range of optical properties and conductivities, all
made possible by the incorporation of different types of additives during
processing. One of the reasons PVC is versatile is the presence of chlorine in its
chemical structure, shown in the polymer repeat unit below.

Figure 1: Repeat unit for polyvinyl chloride (PVC).

The polar chlorine groups provide inherent fire resistance and increase the ease of
coloring, printing, and adhesion processes. In addition, the amorphous structure of
PVC allows for ease of mixing with additives that alter product flexibility,
elasticity, and impact resistance (The European Council of Vinyl Manufacturers
n.d.). Despite the versatility and stability of PVC, many cultural heritage institutions advise against its use in museum environments, primarily because added
plasticizers in PVC are known to evaporate, causing discoloration, unpleasant
odors, and surface tackiness (Shashoua 2012). Forex, the PVC product investigated
in this report, does not contain such added plasticizers and is therefore referred to
as an unplasticized PVC (uPVC) product. PVC is also known to produce hydrogen
chloride gas during thermal decomposition at elevated temperatures. It was
suggested that PVC may produce low levels of hydrogen chloride gas at room
temperature over long periods of time, although this is not experimentally
confirmed (Tétreault 2003). Presented below is collected information on chemical
and material properties of PVC, its deterioration in a cultural heritage context, its
effect on indoor air quality, and current known information on Forex. As a note,
the additives discussed are those which are more commonly found in unplasticized
PVC.
History and processing of PVC
Industrial production of PVC began in the late 1930’s, yet it was first polymerized
in the 1870’s. This delay in use and production was the result of processing
difficulties. Synthetic polymers like PVC first need to be heated to become useful
during processing, but PVC thermally decomposes at temperatures between 160 °C
and 180 °C. This results in the evolution of hydrogen chloride gas, a process which
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rapidly accelerates once it is initiated. It was discovered that the addition of heat
stabilizers inhibited initial thermal decomposition, thus facilitating practical,
industrial processing of PVC. Additionally, the incorporation of plasticizers
lowered the softening temperature of PVC, allowing for milder processing
temperatures (Shashoua 2012). Contemporary processing of PVC still requires
such additives, and a variety of additives are used for different purposes. All PVC
products require stabilizers and lubricants, while flexible PVC products require
plasticizers. Other additives include fillers, processing aids, impact modifiers,
blowing agents, and pigments (The European Council of Vinyl Manufacturers
n.d.). Prior to processing, PVC particles in the form of a solution or powder are
physically mixed with the desired additives through high-speed blending or
melting. These resulting compounded mixtures are then processed using a variety
of techniques.

PVC additives
Beyond heat processing, stabilizers in PVC can provide resistance to physical
weathering and light degradation. Heat stabilizers are primarily metal soaps, metal
salts, or organometallics. The major types of stabilizers are lead-based, organotin,
calcium-zinc, and barium zinc (The European Council of Vinyl Manufacturers
n.d.). Lead-based stabilizers are being phased out and replaced by calcium-zinc
stabilizers, particularly in European countries. Organotin heat stabilizers are
produced as either organotin mercaptides or organotin carboxylates. The former
contain at least one tin-sulfur bond and are also known as sulfur-containing tin
stabilizers, or thiotins. The latter contain organotin salts of carboxylic acids,
primarily maleic acid or maleic acid half esters, and are sometimes referred to as
sulfur-free tin stabilizers (Bacalogulu, et al. 2001). Due to polymer discoloration,
calcium-zinc stabilizers require organic co-stabilizers such as organophosphites or
epoxy compounds during processing (Shashoua 2012). Nevertheless, they are
gaining popularity as replacements for more toxic compounds in PVC. Similar to
calcium-zinc compounds, barium-zinc heat stabilizers also require the same
organic co-stabilizers. The sulfur-containing tin stabilizers are of particular interest
to this study. Recent research suggests that such additives are commonly found in
uPVC products used for museums and may produce sulfur emissions (Smith 2018,
Samide, et al. 2018).
Light stabilizers are also found in PVC and are used to prevent ultraviolet
degradation through screening, absorbing, or quenching. Such materials include
pigment particles (e.g. carbon black), o-hydroxybenzophenones, o-hydroxyphenylbenzotriazoles, and salicylates (Shashoua 2012). Pigments work to screen ultraviolet light at the surface while the latter three preferentially absorb ultraviolet light
and dissipate light energy in the form of heat. Titanium dioxide in particular is
heavily used as a PVC additive, partially because it provides excellent opacity
through light scattering, but also because it can act as a screen against ultraviolet
radiation (Capocci 1989, Yang, et al. 2016). Titanium dioxide is also known as a
photoreactive material. It accelerates the surface deterioration of polymers through
the production of free radicals when activated by ultraviolet light, water, and
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oxygen (Day 1990). There are two primarily commercial forms of titanium
dioxide: anatase and rutile. Both are strong UV light absorbers, and can therefore
cause photo-catalyzed deterioration of organic molecules (Rouquerol, et al. 2012).
Anatase has high photoreactivity and is unsuitable for surface layers or protective
films. Rutile is more stable and is therefore often coated with alumina or silica
before use to reduce oxidation (Valente and Butler 1994).
Lubricants are necessary additives to manufacture PVC as they help to prevent the
polymer from sticking to metal processing equipment. They are applied either
externally or internally and most PVC employs both. Paraffin wax is commonly
used as an external lubricant because it is a large non-polar material that is not
chemically compatible with PVC. Polar molecules such as acid esters of fatty
alcohol are compatible with PVC and can be used internally to lower the polymer
melt viscosity during processing (Decker 1996). Other common lubricants are
stearic acid, calcium, lead, and cadmium and barium salts. Some conservation
issues with lubricants in aged PVC have been noted. For example, stearic acid (an
external lubricant) has appeared as a white surface bloom on PVC museum
collection objects (Shashoua 2012).
Plasticizers are significant additives for PVC as they have considerably increased
the commercial usefulness of the polymer. They reduce the processing temperatures of plastics, making them easier to handle while inducing flexibility in the
final product. Rigid foam PVC products such as Forex do not contain plasticizers.
Nevertheless, plasticizers are necessary to mention briefly as they are important
additives and play a significant role in the deterioration and conservation of many
PVC objects. At room temperature, PVC is a rigid material with strong intermolecular forces. Added plasticizer molecules diffuse between the PVC molecules,
increasing intermolecular space, thus allowing for more flexible movement of the
PVC polymer chains. Plasticizers must be compatible with the polar nature of PVC
molecules, and must have low volatility as well as low migration properties. The
most common plasticizers are diisononyl phthalate (DINP), diisodecyl phthalate
(DIDP), and di-2-ethylhexyl phthalate (DEHP). Such phthalate-based plasticizers
have raised health concerns since the 1980’s, particularly with respect to indoor air
quality and human endocrine disruption (The European Council of Vinyl
Manufacturers n.d.). Types of non-phthalate plasticizers include epoxidized soya
bean oil (ESBO), trioctyl trimellitate (TOTM), and tri-isononyl trimellitate
(TINTM) (Shashoua 2012). Plasticized PVC objects in museum collections have
exhibited noticeable degradation as little as 5 years after acquisition, in the form of
plasticizer migration to the object surface.
A variety of additives are incorporated into PVC during processing, and this review
has only covered the basics, focusing primarily on what may be found in rigid,
unplasticized PVC such as Forex. Other types of additives that were not mentioned
in detail but may be included into PVC are blowing agents (e.g. azocarbonamide,
used to create foamed plastics), antioxidants, impact modifiers, fillers, pigments,
biocides, and flame retardants.
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Theoretical deterioration of PVC
Unplasticized PVC products such as Forex are regarded as being stiffer and more
durable than plasticized PVC and are therefore more common for outdoor
applications. Additionally, as they do not contain phthalate-based plasticizing
agents, uPVC products are more commonly used for medical applications.
Nevertheless, unplasticized PVC does degrade upon exposure to heat, ultraviolet
radiation, and ionizing radiation, mechanisms well explored in the scientific
literature. In typical museum environments, PVC will not be exposed to elevated
temperature, extensive ultraviolet light, or x-rays, but it is still important for
conservation professionals to understand the basic deterioration process. PVC
degradation mechanisms are highly complex and debated, but the general process,
known as dehydrochlorination, results in the evolution of hydrogen chloride (HCl).
This process is initiated at structural irregularities in the PVC chemical structure,
which can include chain end groups with unsaturated bonds, tertiary chlorine
atoms, oxygen-containing structures, and random unsaturated groups with allylic
chlorine among other potential sites (Braun 1971). During the dehydrochlorination
process, a chlorine atom is liberated through the breaking of a C-Cl bond at these
weaker initiation sites, followed by hydrogen removal. This forms free hydrogen
chloride and a double bond in the PVC structure. The double bond creates a highly
reactive chlorine, which is also released to form more free hydrogen chloride. The
continuation of this process results in the “unzipping” of neighboring PVC bonds,
forming polyene sequences in the polymer and liberated hydrogen chloride.
Discoloration in thermally degraded PVC is connected to the formation of polyene
sequences, resulting in a darkening of the material as it begins to absorb longer
wavelengths of light. Further degradation results in chain scission (breaking of the
polymer chain backbone) as well as crosslinking (linking of polymer chains,
reducing chain mobility). Stabilizing additives inhibit the dehydrochlorination
process. Primary stabilizers (organotin compounds, for example) react with
chlorides in the PVC structure, while secondary stabilizers scavenge liberated
hydrogen chloride. Thermal dehydrochlorination and release of HCl from PVC
occurs upon exposure to elevated temperatures. This process occurs on a
significant level at temperatures above 200 °C, but very low levels of HCl have
been shown to evolve from stabilized PVC at 90 °C over the course of one year.
Based on this data, kinetic reaction rates were modeled for stabilized PVC at
40 °C. It was calculated that it would take over 2 billion years for 1% of the PVC
mass as HCl to evolve. The calculations are considered conservative as they
ignored the higher activation energy of the dehydrochlorination process below
PVC’s glass transition temperature (Hirschler 2005). The glass transition
temperature (Tg) of PVC depends on a number of factors, including the processing
temperature and the amount of plasticizer added, but the Tg for unplasticized PVC
is generally regarded as around 85 °C. This is the temperature at which an
amorphous or semi-crystalline material transitions from being hard and brittle
(below Tg) to viscous or rubbery (above Tg).
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Elevated temperature is not the only parameter related to PVC deterioration.
Studies have found that dehydrochlorination can occur upon exposure to ultraviolet
light. In the presence of oxygen, the process is known as photo-oxidation. PVC has
poor light stability upon exposure to wavelengths in the 253–310 nm range (Yousif
and Hasan 2015). Fortunately, a range of UV stabilizers are incorporated into
commercial PVC products to inhibit this form of deterioration. Ultimately, such
conditions (elevated temperature and high UV exposure) are not applicable to
museum environments, but the studies and calculations attest to the relative
difficulty of HCl evolution from PVC at typical atmospheric temperatures. Less
explored is the degradation mechanism of unplasticized PVC at room temperature
and under low UV exposure over long periods of time, conditions more commonly
encountered in museum display cases.
Experimental observations of PVC deterioration
Conservation-related PVC degradation studies primarily focus on PVC materials
containing plasticizers. Deterioration of plasticizers used in PVC causes significant
conservation and human health issues, and is therefore more commonly
investigated than the breakdown of the PVC backbone under typical end-user
conditions. Studies focusing on plasticizers will not be heavily discussed in this
review; information concerning plasticizers can be found elsewhere (Shashoua
2012, Shashoua 2003, Shashoua 2001). In the plastics industry, hydrogen chloride
(HCl) gas evolution is a primary concern for thermal degradation of PVC during
processing and waste incineration. Such temperatures are much higher than those
found in typical indoor or outdoor end-user environments. Nevertheless, industries
which use uPVC are also interested in dehydrochlorination and deterioration,
typically under outdoor conditions where weathering and ultraviolet light exposure
are concerns. Of major importance to the field of heritage conservation is the
potential emission of HCl from PVC as it slowly deteriorates. No published
research exists on HCl emissions from PVC under long-term, room temperature,
low UV exposure conditions. There are studies that investigate chlorine emissions
from PVC under accelerated indoor conditions and long-term outdoor environments. Such conditions are not perfectly comparable to typical museum situations,
but can provide some insight into the long-term behavior of PVC. Unfortunately,
the studies do not use similar testing or analysis techniques, making the data
difficult to compare. In general, the studies find that PVC does not show noticeable
breakdown under accelerated or real-time conditions, except for under long-term
UV exposure. Descriptions of some experiments are given below.
Curran, et al. observed the effects that volatile degradation products from plastics
have on pure cellulose, a process known as “cross-infection”. Samples of PVC
were sealed in a glass vial along with cellulose. The vial was heated to 80 °C for 14
days. Deterioration of the cellulose was measured using viscometry to calculate the
degree of polymerization. Pure cellulose can undergo oxidative and hydrolytic
degradation when exposed to certain emissions, reflected in the degree of polymerization. When exposed to acidic emissions, cellulose undergoes acid-catalyzed
degradation, yet the samples enclosed with PVC showed very little or no changes
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in degree of polymerization. This suggests that there was little or no hydrogen
chloride evolution during accelerated aging (Curran, et al. 2014).
There are some investigations into the degradation and leaching properties of PVC
in landfills and their effect on the environment. Such studies are typically long term
(over the course of several years) and at temperatures much lower than those used
for PVC processing. Using lysimeter measurements of the leachate and evolved gas
from PVC in controlled laboratory environments over several years, a study by
Mersiowski et al. found that no vinyl chloride monomer was detected in the gas.
Additionally, the molecular weight distribution of the PVC samples had not
changed over time (Mersiowski, Stegmann and Ejlertsson 1999). Another study by
Yabannavar and Bartha used gas chromatography, residual weight determination,
chloride release, and viscosity measurements to assess the degradation of
plasticized PVC in soil over a three month period. They found that only the
plasticizer experienced degradation while PVC polymer structure remained
unchanged (Yabannavar and Bartha 1993).
In contrast to the above studies in which there was no evidence of PVC breakdown,
some experiments show the presence of chlorine compounds under certain PVC
aging conditions. A study of unplasticized PVC for outdoor construction investigated the differences in VOC emissions between uPVC samples that had been
exposed to direct sunlight in Ottawa for 11 years, and uPVC samples that were
stored indoors. The samples contained titanium dioxide and a tin stabilizer.
Thermal desorption GC-MS was used to analyze the VOC emissions and detected
1-chlorobutane and 1,1-dichloroacetone emitting only from the outdoor samples,
indicating that breakdown of the PVC structure was possibly occurring during light
exposure. Additionally, the outdoor exposed samples produced a white surface
powder over time (Carlsson, et al. 1999). This phenomenon is referred to as
chalking, and is commonly noted among PVC materials subjected to long-term
outdoor light exposure (Curran and Strlic 2015). Additionally, a study by Shashoua
used moistened universal indicator pH paper to periodically test for acidic environments of naturally aged (approximately 15 years) plasticized PVC subjected to 70
°C for 65 days. 70 °C is above the glass transition temperature for the plasticized
PVC samples used in this study. After exposure to the enclosed environments
created by the plasticized PVC samples, the pH paper showed a color change
indicating a pH of 3 or 4, suggesting that acidic emissions were evolving from the
samples. Such emissions could be due to HCl, but this is not confirmed (Shashoua
2001).
Such studies are closer in theory to museum environments than those created in
high temperature, high irradiance degradation experiments, but are still not truly
representative. The best course of action for heritage applications is to perform
long-term emission studies of unplasticized PVC in enclosed microenvironments.
The British Museum is engaging in an ongoing long-term monitoring of uPVC in
museum display cases, although no published results exist at this time. Additionally, researchers at the National Museum of Denmark have maintained a collection
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of naturally aged rigid uPVC at ambient conditions since 2000.
As a brief note, plasticized PVC is a large concern for indoor air quality, primarily
due to the effects of migrating and off-gassing plasticizer. Such studies focus
primarily on the collection and identification of volatile organic compounds
(VOCs) rather than hydrogen chloride. Particular attention focuses on emission of
2-ethylhexanol as an oxidation byproduct of DEHP (di-2-ethylhexyl phthalate)
plasticizer. Additionally, phthalates from plasticizers are a large concern in indoor
air quality, both in the form of volatile compounds and in the form of sediments
and dust particles. The effects of pollutants such as hydrogen chloride, dioxin, and
organochlorine compounds are only an issue to human health during manufacturing
and disposal of PVC products (Thornton 2002). As the rigid PVC products used in
this study do not contain plasticizers, such indoor air quality concerns will not be
further discussed.
Properties specific to Forex Classic White uPVC
Public information on Forex is available through the 3A Composites technical
sheets as well as the Forex Material Safety Data Sheet (MSDS). Forex is primarily
a PVC product, but does contain a thin sheet of polyethylene (PE) on one side. The
glass transition temperature of Forex is 80 °C (typical for unplasticized PVC), the
thermal decomposition temperature is 180 °C, and the ignition temperature is 450
°C. During thermal decomposition, hazardous gaseous products include
hydrochloric acid (HCl), carbon dioxide (CO2), and carbon monoxide (CO).
According to the MSDS, Forex is composed of expanded PVC, produced using
chemical blowing agents and nitrogen gas. Other additives include processing aids,
organic color pigments, inorganic fire retardants, and stabilizers. The final product
may contain residues of the chemical blowing agents (3A Composites GmbH
2006).
PVC materials are poorly soluble in non-polar solvents. The technical data sheet
for Forex therefore provides information on appropriate or inappropriate
compounds to use as cleaning or bonding agents. Forex will swell or dissolve in
aromatic compounds, chlorinated hydrocarbons, ether, esters, and ketones.
“Dangerous” solvents (those that will cause swelling and dissolution) include
acetone, petrol, methyl ethyl ketone, tetrahydrofuran (THF), and toluene. For
constructional bonding, a UV-stabilized THF adhesive is recommended, although
such adhesives will require emissions testing if used in museum environments and
may not be suitable for display cases. To clean the surfaces of Forex, isopropyl
alcohol is recommended. All other cleaning agents must first be tested for
suitability. Common solvents such as acetone, methylated spirit, and those which
contain aromatic compounds have been known to leave residues and cause
embrittlement (3A Composites GmbH n.d.).
3A Composites also provides suggestions for appropriate paints to use on Forex.
For indoor applications, it is suggested to use water-dilutable one-component
systems. Additionally, acrylate paints, acrylic-PVC paints, and acrylate-PU
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(polyurethane) paints can be used. The drying temperature for painted Forex must
not exceed 50 °C (3A Composites GmbH n.d.). The British Museum published
suggestions for use of rigid, unplasticized PVC boards in display case
environments and recommended using fabrics rather than paints as coverings. Such
suggestions are based on the knowledge that many acrylate, acrylic-PVC, and
acrylate-PU paints do not pass emissions requirements for museum environments.
In particular, solvent-based or multi-component paint mixtures are not
recommended for use at the British Museum. If paints are used, the surface must
dry for at least 4 weeks before use (The British Museum 2013). Table I provides
data on the physical properties of Forex Classic White, as determined by 3A
Composites (3A Composites GmbH n.d.).
Table I: Physical properties of Forex Classic White from the 3A Composites technical sheets (3A
Composites n.d.).

Property

Standard

Unit

Average result

Apparent density

DIN EN ISO 1183-1

kg/m3

500–700

Surface hardness

DIN 53 505

Shore D

40–44

Max. service temperature

-

°C

55

Coefficient of linear
expansion

DIN EN ISO 75-2

mm/(m·K)

0.07

Water absorption

DIN EN ISO 62

%

<1

Behavior in fire

DIN EN 13501-1
Euroclass

C-s3, d0

NF P 92-501
France

M1

BS 476-7
Great Britain

Class 1

Material emissions analysis techniques
There are a number of existing techniques for material emissions testing, some of
which are simple and inexpensive, some of which are expensive and require
technical skill. In industry, most material emissions studies are performed for
human health and safety purposes. Emissions requirements for a material used in
display case construction are different from those needed for a safe human
environment. For example, acetic acid, otherwise known as vinegar, is not a
concerning health hazard but strongly reacts with lead and calcareous materials to
produce corrosion and general deterioration, categorizing it as a harmful museum
pollutant (Grzywacz 2006, Tétreault 2003). In addition, cultural materials often
produce visible reactions to extremely low concentrations of pollutants. Silver
noticeably corrodes upon exposure to parts per trillion (ppt) concentrations of
hydrogen sulfide gas (Watts 2000). Such low levels are oftentimes not measured or
considered for human health. Nevertheless, advanced chemical techniques and
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material emissions analysis can be tailored for suitability in the museum environment.
International standards for measuring material emissions are not originally
intended for cultural heritage, but can be used and adjusted (if necessary) to reflect
the needs of the museum environment. The following international standards
within the ISO 16000 series can prove useful for developing and executing a
material emission test and indoor air quality test for museums, but are not directly
intended for cultural heritage applications:
•
•
•

•
•

•

•

•

ISO 16000-1: 2004 Indoor air – Part 1: General aspects of sampling
strategy.
ISO 16000-2: 2004 Indoor air – Part 2: Sampling strategy for
formaldehyde.
ISO 16000-3: 2011 Indoor air – Part 3: Determination of formaldehyde
and other carbonyl compounds in indoor air and test chamber air – Active
sampling method.
ISO 16000-5:2007 Indoor air – Part 5: Sampling strategy for volatile
organic compounds (VOCs).
ISO 16000-6:2011 Indoor air – Part 6: Determination of volatile organic
compounds in indoor and test chamber air by active sampling on Tenax TA
sorbent, thermal desorption and gas chromatography using MS or MS-FID.
ISO 16000-9:2006 Indoor air – Part 9: Determination of the emission of
volatile organic compounds from building products and furnishing –
Emission test chamber method.
ISO 16000-10:2006 Indoor air – Part 10: Determination of the emission of
volatile organic compounds from building products and furnishing –
Emission test cell method.
EN 16516:2017 Construction products: Assessment of release of
dangerous substances – Determination of emissions into indoor air.

Several different techniques were used in this study to investigate emissions from
MDF and Forex, some of which used the above standards or modified standards.
The processes used include the Oddy test, evolved gas analysis with gas
chromatography – mass spectrometry (EGA-GC-MS), and emissions chamber
analysis. These techniques assessed MDF and Forex under controlled laboratory
conditions, and can easily be used to test other materials for museum environments.
The following section will outline the working concepts behind each technique and
the type of information they provide from their results. Table II gives a brief
overview of the four different methods used in this study along with some
comparative points related to emissions analysis for cultural heritage environments.
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Table II: Brief descriptions as well as comparative points of the four different emissions analysis
techniques used in this study.

Technique

Brief description

Major notes

• Qualitative.
• Accelerated aging, 4
weeks.
• Metal corrosion used
to determine
emissions.

• Simple.
• Inexpensive.
• Tailored for cultural heritage
materials.
• Long process.
• Subjective visual results.
• Uses high T and RH.
• Not compound specific.
• Not standardized.

• Sample heated to high
T in chamber.
• Emissions analyzed by
GC-MS.
• Semi-quantitative.

• Compound specific identification.
• Rapid results.
• Requires advanced equipment,
technical expertise.
• High T not representative of
museum conditions.

RISE emissions
chamber

• Sample 3 weeks in
chamber, room T, 50%
RH, no air exchange.
• Emissions collected on
adsorbent.
• Quantitative analysis
by various instruments.

• Quantitative, compound specific.
• Requires advanced equipment,
technical expertise.
• Need some prior knowledge of
expected emissions.
• Results interpreted by end-user.

BEMMA scheme

• Paid service with
pass/fail results.
• Sample placed in
microchamber, room T.
• Emissions collected on
adsorbent.
• Analysis by various
instruments.

• Rapid, easy to interpret results
• Tailored for cultural heritage
materials.
• Compound specific.
• May not allow for secondary
emission buildup.
• No measurements for HCl.

Oddy test

EGA-GC-MS

The Oddy Test
The Oddy test is an accelerated corrosion screening method commonly used in
cultural heritage institutions. Initially developed in 1973 at the British Museum, the
test is a simple, inexpensive technique to determine the general classes of volatile
pollutants produced by museum construction, display, and storage materials (Oddy
1973). Since its inception, the Oddy test has undergone a number of revisions, but
the basic principle of the process remains the same. A representative sample of the
material to be tested is enclosed in a small space along with one or more metal
coupons. The sample and coupons are subjected to an accelerated environment
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with elevated temperature and relative humidity to increase the rate of deterioration. As the sampled material degrades, it may release volatile compounds that
react with the metal coupons. After an extended period of time, typically 28 days,
the coupons are removed and the extent of corrosion is visually inspected. The
level of corrosion on the coupons is used to classify the sampled material under one
of three categories:
•

Pass (P): No corrosion, suitable for permanent use.

•

Temporary (T): Slight corrosion, suitable for temporary use.

•

Fail (F): Obvious corrosion, unsuitable for use.

The Oddy test variation employed for this study is the “3 in 1” accelerated
corrosion test, used by the British Museum (Robinet and Thickett 2003, Thickett
and Lee 2004). It involves sampling 2 g of the test material. One silver, one copper,
and one lead coupon, all measuring 1 x 3.5 cm in size, are prepared for each test
material by light surface abrasion followed by acetone degreasing and subsequent
drying between tissue paper. The coupons are fitted into slits cut into the base of a
silicone stopper. A small 0.8 mL glass vial is partially filled with distilled water
and stoppered with a cotton buffer. The test material, water vial, and silicone
stopper with coupons are assembled within a glass boiling tube, as shown in Figure 2.

Silicone stopper

Metal coupons
Ag

Cu

Pb

Glass boiling tube

Cotton
Glass vial + water

Test material

Figure 2: Schematic of the assembled test tube for a 3-in-1 Oddy test. Image: Elyse Canosa/RAÄ.

The assembled boiling tubes for each sample are positioned vertically inside an
insulated oven set to 60 °C for 28 days, during which the water vial produces a
relative humidity of 100%. After 28 days, the tubes are removed from the oven and
disassembled, and the coupons are visually inspected for corrosion. If one or more
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of the coupons is classified as a “fail”, the test material is categorized as not
suitable for use. A material is suitable for temporary use only if all coupons are
classified as “temporary” or a mixture of “temporary” and “pass”. All coupons
must be corrosion free for the material to be deemed suitable for permanent use. As
the formulas or production methods of manufactured materials often change,
results from the Oddy test are generally considered valid for four years, although
this is an arbitrary value (Thickett and Lee 2004).
Oddy test conditions are typically not found in realistic museum environments, but
are meant to simulate the long-term deterioration behavior of tested materials. One
must consider that elevated temperature and humidity may incite reactions and
deterioration mechanisms from the test material that do not occur in typical
museum settings. It is still advantageous to screen for materials that may produce
harmful pollutants, even if those pollutants are not produced at room temperature
or moderate relative humidity. Some issues with the Oddy test include the lengthy
time needed to complete the test (28 days) and the qualitative, non-specific nature
of final visual analysis. The purpose of the test is to determine different classes of
volatile gases produced by a test material, dictated by the visual characteristics of
corrosion found on the coupons. While the specific corrosion products, and thus the
specific pollutants, cannot be determined by visual analysis, useful inferences can
be made. For example, typical lead corrosion indicates the production of organic
acids such as acetic or formic acid. Silver and copper corrosion indicate the
production of sulfur or chlorine-based gases. Chemical identification of the
corrosion products can be performed using analytical techniques such as Raman
spectroscopy, x-ray diffraction, or electrochemical reduction, but these methods are
not necessary to properly execute the Oddy test.
Evolved gas analysis – gas chromatography – mass spectrometry
(EGA-GC-MS)
Evolved gas analysis (EGA) collects and analyzes the volatile emissions from a
material at elevated temperature. The test material is placed in a sealed chamber
and heated to a given temperature for a short period of time (on the order of
seconds or minutes). EGA is often coupled with complementary instruments such
as thermogravimetric analysis (TGA), differential scanning calorimetry (DSC),
mass spectrometry, and gas chromatography - mass spectrometry (GC-MS). These
additional techniques identify chemical compounds that off-gas from the sample in
the EGA chamber. In the case of GC-MS, emissions from the sample are fed
directly into the GC by means of a transfer line. Such chemical analysis is
generally semi-quantitative because it provides relative compound abundance, but
can be made quantitative. EGA-GC-MS provides more specific information about
material emissions than the Oddy test, but is still not fully representative of a
typical museum environment due to the high temperatures used.
Recent communication with Dr. Gregory Dale Smith, Senior Conservation
Scientist at the Indianapolis Museum of Art (IMA) indicated that volatile sulfur
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compounds may emit from certain PVC materials used in display case construction. One of the most commonly used types of PVC heat stabilizers are organotin
mercaptides, also called sulfur-containing tin stabilizers or thiotins. Of available
sulfur-containing tin stabilizers, liquid thioglycolates are the most predominant
commercially available compounds (Bacalogulu, et al. 2001). Using EGA-GC-MS,
researchers at IMA and Butler University analyzed emissions from Sintra, another
PVC material manufactured by 3A Composites and distributed to North America.
They found that it produced 2-ethylhexyl thioglycolate at 180 °C, a byproduct of
sulfur-containing tin heat stabilizers (Samide, et al. 2018). Additionally, noticeable
tarnishing occurred on silver coupons at IMA when they were placed in a wooden
display case with large planks of Sintra. The thioglycolate byproduct was also
detected on these silver coupons (Smith 2018). Based on this investigation,
Nationalmuseum chose to send some samples of Forex to IMA for EGA-GC-MS
emissions analysis.
Emissions chamber analysis
Similar to the evolved gas analysis (EGA) method described in the previous
section, emissions chamber analysis involves placing a sample inside a sealed
chamber, collecting the volatile emissions from the sample followed by chemical
identification of the collected compounds. While emissions chambers can operate
at elevated temperatures, this study used room temperature emissions collection.
Unlike EGA, the emissions in this case are collected on an adsorbent connected to
the chamber and transferred to an analytical instrument. Two different emissions
chamber techniques were used in this study. The first technique was performed at
Research Institutes of Sweden (RISE) and involved leaving the samples inside the
chamber for three weeks without air exchange, allowing emissions to accumulate
over time. The second technique was performed at the German Federal Institute for
Materials Research and Testing (BAM) using the BEMMA Scheme (Assessment
of Emissions from Materials for Museum Equipment). This involves using a
Micro-Chamber/Thermal-ExtractorTM (µ-CTETM) connected to adsorbent tubes.
Unlike RISE analysis, samples remained in the chamber only for the length of time
it took to collect the necessary volatile emissions, a total of 45 hours. Another
major difference between the two techniques is that RISE measured for the
presence of hydrogen chloride gas, while the BEMMA Scheme did not. Neither
techniques test for hydrogen sulfide (H2S) gas, which is a major concern for both
silver and copper objects. Table III gives a brief comparative overview of the two
techniques, indicating the compound classes that were included in analysis as well
as the adsorbents and instrumentation used.
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Table III: Comparative assessment of the two emissions chamber techniques used in this study. Under
the RISE and BAM columns, an “X” indicates that measurements were performed for the particular
compounds, an “-“ indicates that measurements were not performed.

Measurement

RISE

BEMMA Scheme

Adsorbent / Instrument

Time in chamber

3 weeks

45 h

Not applicable

VOCs

X

X

Tenax TA® / TD-GC-MS

Acetic acid

X

X

Silica gel / ion chromatography

Formic acid

X

X

Silica gel / ion chromatography

Hydrogen chloride

X

-

Silica gel / ion chromatography

Aldehydes

-

X

DNPH cartridge / HPLC

TD-GC-MS = Thermal desorption – gas chromatography – mass spectrometry
DNPH = 2,4-Dinitrophenylhydrazine
HPLC = High-performance liquid chromatography

As a note, acetic acid, formic acid, and volatile aldehydes are also categorized as
volatile organic compounds (VOCs). The Tenax TA adsorbent used for VOCs
paired with thermal desorption GC-MS is not very effective at collecting and
analyzing acetic acid, formic acid, and aldehydes like formaldehyde and acetaldehyde. Other techniques are therefore required to identify these specific compounds, as indicated in Table III.
Research Institutes of Sweden (RISE) analysis
The emissions chamber used by RISE collected volatile organic compounds
(VOCs), light organic acids (acetic and formic acid), and hydrogen chloride
produced by Forex under typical display case conditions. The gaseous compounds
were collected onto an adsorbent material connected to the chamber. The adsorbent
was then desorbed and analyzed using advanced chemical techniques. VOCs were
collected on a Tenax TA adsorbent and analyzed using thermal desorption – gas
chromatography – mass spectrometry (TD-GC-MS). For VOC collection, RISE
follows procedures outlined by ISO 16000-9:2006. Light organic acids and
hydrogen chloride were collected on a silica adsorbent and analyzed using ion
chromatography. The emissions chamber is necessary to provide a clean, uncontaminated, low-background environment maintained at a constant climate. Climate
variables which can be controlled within the chamber are temperature, humidity,
air exchange, and air velocity over the sample.
To receive practical results, it was important for the chamber test conditions to
reflect real life conditions. The interiors of display cases experience little air
exchange as well as moderate humidity and temperature (typically around 20 °C
and 50% RH). Allowing the samples to remain inside the chamber for three weeks
without air change under moderate temperature and humidity conditions provided a
more realistic environment than EGA-GC-MS and the Oddy test. After three
weeks, the air change rate and air mixing were started to initiate the emissions
analysis procedure. This lengthy time inside the chamber may also allow for the
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buildup of delayed secondary emissions. Secondary emissions are the result of
reactions between gaseous compounds. For example, in humidified environments,
carboxylic esters and glycol esters off-gassed by a material can hydrolyze over
time to carboxylic acids (such as formic and acetic acid) and alcohol (Schieweck
and Salthammer 2009).
The results from the RISE emissions chamber assessment are presented as
quantitative concentrations (in units of µg/m3) of each compound detected. This
gives more compound specific information than the Oddy test, but requires prior
knowledge about the types of emissions expected from a material and how
emissions adversely react with cultural heritage. Additionally, the data provided
does not indicate whether a particular concentration of gas will visibly corrode a
cultural object.
The BEMMA scheme tests at BAM
The BEMMA scheme is an emissions analysis process developed for cultural
heritage applications, specifically display case construction. It was created by the
German Federal Institute for Materials Research and Testing (Bundesanstalt für
Materialforschung und –prüfung, BAM) and utilizes parts of the ISO 16000 series
paired with tests that detect pollutants of interest to museums, such as acetic acid
and formic acid. BAM performs the BEMMA scheme as a paid service for clients.
The following tests are part of the BEMMA scheme (Bundesanstalt für
Materialforschung und –prüfung 2017):
• VOC and SVOC (semi-volatile organic compound) collection using Tenax® as
adsorbent, TD-GC-MS as the analytical technique. 10 minute sampling
duration, 0.25 liter sampling volume. Sampling and analysis done according to
ISO 16000-6:2011.
• Aldehyde collection using a cartridge containing DNPH as reagent, HPLC as
the analytical technique. 1200 minute sampling duration, 30 liter sampling
volume. Sampling and analysis done according to ISO 16000-3: 2011.
• Formic acid and acetic acid (among other volatile, short-chain, organic acids)
collection using silica gel as adsorbent and ion chromatography as the analytical
technique. 1200 minute sampling duration, 30 liter sampling volume. Sampling
and analysis is based on the Association of German Engineers standard VDI
4301-7: Measurement of indoor air pollutants - Measurement of carboxylic acids.
All samples are placed in a Markes’ Micro-Chamber/Thermal ExtractorTM (µCTETM) for emissions collection. The Micro-Chamber contains several cylindrical
chambers in which samples are enclosed (chamber volume: 44 cm3). Emission
collection occurs at room temperature (23 °C) during BEMMA testing, but the
Micro-Chamber has the ability to apply a steady elevated temperature if desired.
The appropriate sorbent tube is fitted outside each individual chamber. Pure air or
nitrogen gas is pumped into each individual chamber, allowed to equilibrate with
the sample, and then sorbed into the tube. The tube is removed after collection and
the contents appropriately analyzed.
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Results from the BEMMA Scheme test are presented as a pass or fail assessment.
For a material to pass the BEMMA test, it must exhibit the following criteria
(Glasbau Hahn GmbH n.d.):
• Formic acid, acetic acid, formaldehyde, oximes, and piperidine derivatives must
not be detectable. Quantification limits are under Results and Discussion in
Table XVII.
• The sum emission figures for Σ VVOCs (very volatile organic compounds)
must not exceed 100 μg/m3. This sum is determined from formic acid,
formaldehyde, acetaldehyde, acetone and propanol sorbed on DNPH plus the
VOCs before n-hexane (C6) sorbed on Tenax (nonpolar column, using toluene
equivalent).
• The sum emission figures for Σ VOCs must not exceed 500 μg/m3 with the
exception of sealing materials which must not exceed Σ VOCs = 2000 μg/m3
due to their small application surface. This sum is determined from compounds
with retention time between n-hexane (C6) and n-hexadecane (C16) (nonpolar
column, using toluene equivalent) plus aldehydes and ketones between
crotonaldehyde to undecanal sorbed on DNPH as well as acetic and hexanoic
acid.
• The sum emission figures for Σ SVOCs must not exceed 100 μg/m3. This sum
is determined from compounds with retention times between n-hexadecane
(C16) and docosane (C22) (nonpolar column, using toluene equivalent).
All listed conditions must be reached, otherwise the tested material fails the
BEMMA scheme test and is not suitable for display or storage of cultural objects.
While the BEMMA scheme can produce quantitative results similar to the RISE
analysis, it only does so if emissions from a material exceed one of the above
criteria. With the criteria in place, this makes interpretation easier for people who
do not have prior experience with emissions analysis. Such a policy is not ideal for
an end-user interested in low concentrations of a particular VOC, as an example.
Additionally, the BEMMA scheme only permits a short time for emission buildup.
This may reduce the ability to detect secondary emissions.
Other techniques for emissions testing
A number of methods exist for collecting and testing volatile emissions from
materials, many of which are not used within this project. Additionally, some
techniques used for monitoring air quality can be modified to detect material
emissions. Below is a list of other possible options for emissions testing:
•
•
•
•
•

Chemical tests
Passive air samplers
Dosimeters
Solid phase microextraction (SPME) with GC-MS
Field and laboratory emission cell (FLEC)
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Chemical tests involve the preparation of chemical reagents that react to specific
compounds or classes of compounds. They can be used as qualitative assessments
if there is not sufficient time to perform an Oddy test. Some of the tests react with
volatile emissions and some react with the sampled material. The latter determines
if the material contains compounds (i.e. sulfur, chlorine) that may off-gas. Many of
the tests provide results through visual color changes in the prepared reagents. For
example, filter paper impregnated with the reagent for the cresol test will appear
red, yellow, or purple depending on the pH of the emissions. As many of the tests
are intended for specific compounds, some prior knowledge about possible
emissions is therefore required before performing the tests. Many of the tests use
toxic compounds or concentrated. All reagents must therefore be prepared in an
appropriate laboratory setting and with caution. Additionally, chemical test
reagents can experience interference from light exposure or other volatile compounds that are not intended to be part of the test, potentially producing false
positive results. It is important to be aware of such interferences before testing.
More detailed descriptions and directions for chemical tests used in cultural
heritage environments are found in the following publications, some of which are
open access:
Hatchfield, P. (2004). Pollutants in the Museum Environment: Practical Strategies
for Problem Solving in Design, Exhibition and Storage. WAAC Newsletter, 26(2),
10–22. https://cool.conservation-us.org/waac/wn/wn26/wn26-2/wn26-204.pdf
(2019-03-21).
Odegaard, N., Carroll, S., & Zimmt, W. (2000). Material Characterization Tests
for Objects of Art and Archaeology. London, United Kingdom: Archetype
Publications.
Thickett, D., & Lee, L. (2004). Selection of Materials for the Storage or Display of
Museum Objects. London, United Kingdom: The British Museum.
https://www.britishmuseum.org/pdf/OP_111%20selection_of_materials_for_the_st
orage_or_display_of_museum_objects.pdf (2019-03-21).
Passive air samplers and dosimeters are primarily used for air quality analysis.
They could be adopted to test for volatile compounds from a material in an
enclosed space, like an emissions chamber or a closed display case. Passive air
samplers work by natural air diffusion through a vessel (i.e. a cylindrical tube)
containing an adsorbent or reagent. Volatile compounds are slowly collected
without pumps or forced air flow over several days or weeks. As passive samplers
work though diffusion, a small amount of airflow is needed for proper collection.
Such airflow could be produced through a small fan, as an example. Certain
adsorbents or reagents are tailored to trap or react with different volatile compounds or classes of compounds. Samplers can either be direct-read or laboratory
analyzed. The former typically makes use of a color code dependent on the
concentration of a particular compound (ozone, for example). Such devices are
very user-friendly and require no post-collection analysis beyond color code
interpretation. The A-D Strip, for example, is a dyed strip of paper that changes
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color in the presence of acidic gases. Laboratory analyzed passive samplers cannot
be interpreted on-site and must be analyzed using advanced laboratory techniques.
Similar to adsorbents used with emission chambers, these samplers require
extraction and compound quantification using GC-MS, ion chromatography,
HPLC, or UV-Vis spectroscopy. If quantitative results are obtained, they are
presented as concentrations of specific compounds.
Dosimeters are devices that indicate how a particular material reacts with its
environment, and can be as simple as a polished copper coupon. If the coupon is
placed in a closed environment and is in close proximity to a material that emits
sulfur or chlorine gases, it will visibly tarnish. Other materials such as lead and
silver can also be used. This process is therefore similar to the Oddy test, but
without accelerated aging. Dosimeters can also be highly complex, incorporating
devices such as quartz crystal microbalances or internal corrosion meters. Such
dosimeters are generally very sensitive to their environment and provide
quantitative data on electrical resistance or mass change, but do not measure
emissions directly. A number of research groups have fabricated and tested
dosimeters specifically intended for cultural heritage (Grøntoft, et al. 2010, Dahlin,
et al. 2013, Thierry, et al. 2013). Currently, these dosimeters are not commercially
available beyond a prototype. Existing and commercially available dosimeters from
industry have been used to assess material emissions and museum environments.
For example, companies such as Purafil and Camfil sell corrosion coupons adhered
to a plastic base. These coupons can be placed in an enclosed space with a material
for testing. The suggested exposure time is 1 to 3 months, during which the
coupons react to the material emissions. After exposure, the coupons are returned
to their respective company for analysis by electrochemical reduction. The results
describe the corrosion products that formed on the coupons, which help to infer the
emissions produced by the material.
Solid phase microextraction (SPME) paired with GC-MS is gaining popularity in
heritage science applications as either a method to complement the Oddy test,
analyze emissions from collection objects, or assess air quality (Stephens,
Buscarino and Breitung 2018, Desauziers, et al. 2015, Bembibre and Strlic 2017).
SPME consists of a thin fiber coated with a sorbent material. The fiber is exposed
to a volume of air for a short period of time, on the order of several minutes.
Similar to passive samplers, the sorbent has an affinity for certain classes of
volatile compounds which are collected and trapped by the fiber coating. Different
coatings can be used for different compounds. After collection, the fiber is inserted
into a gas chromatograph and thermally desorbed, followed by analysis with a
mass spectrometer. The results can be quantitative if a standard calibration is used;
without the standard, the results are qualitative. Such a process offers compound
specific data about collected volatiles, and is typically used for VOC analysis.
The field and laboratory emissions cell (FLEC) is a portable material emissions
technique that can be utilized in both a controlled laboratory setting and at on-site
locations (Wolkoff, et al. 1991, Wolkoff, et al. 1993). Composed of stainless steel,
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the FLEC instrument is placed in direct contact with the material of study, creating
a small emissions chamber with the study material surface acting as the fourth wall
of the chamber (Fjaestad and Englund 2010). A stream of air is pumped into the
miniature chamber and flows over the material of study. The exhaust gases are
collected by an adsorbent, typically in the form of a Tenax TA tube, although other
adsorbents can be used. The sorbent tube is then analyzed using appropriate techniques, including thermal desorption (TD) GC-MS, ion chromatography, and HPLC.
Prior MDF and uPVC Oddy tests
Volatile emissions from both MDF and PVC materials have been previously
studied by a variety of cultural heritage institutions. The easiest and therefore most
popular form of testing is through the Oddy test. Data from such tests is often
available through public databases such as the American Institute for Conservation
(AIC) Oddy Tests Material Database (available through the AIC Wiki) and the
British Museum Oddy test database, available through the British Museum website.
Table IV is a compilation of publicly-listed Oddy tests performed on MDF and
coated MDF. As expected, all uncoated MDF samples failed. While the type of
corrosion observed is not specified by the AIC Wiki results, MDF is known to
readily produce lead acetate on lead coupons as the result of acetic acid emissions.
The most notable case in Table IV is that of the MDF coated with three layers of
polyurethane gloss, which produced no noticeable corrosion during the test.
Table IV: Prior Oddy test results for MDF and coated MDF in which P = Pass, T = Approved for
temporary use, and F = Fail. All collected from the AIC Oddy Test Material Database.

Material

Tester

Year
Tested

Notes

Test
Result

MDF + 3 coats Resene
Lumbersider paint, white

AWMM

2006

None

F

MDF + 3 coats Resene
Polythane polyurethane gloss

AWMM

2006

In vitrine or case

P

MDF

AWMM

2006

None

F

Dow MDF

CAM

2006

Tested for 21 days

F

Dow MDF

CAM

2006

Tested for 21 days

F

Medex MDF

IMA

2016

None

F

AWMM = Auckland War Memorial Museum
CAM = Cincinnati Art Museum
IMA = Indianapolis Museum of Art

Table V is a compilation of publicly-listed Oddy tests performed on PVC
materials. Unlike the Oddy tests for MDF, the results for PVC materials appear far
more mixed and unpredictable. There are a variety of additives in PVC which
differ between brands and can be replaced or changed by a company over time.
This could account for the range of results. All samples of Forex PVC passed the
Oddy test, but were all tested by the British Museum. Sintra PVC, tested at
different institutions, had both pass and fail results. It is possible that the varying
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results are due to differences in Oddy testing procedures, It must also be noted that
the only recorded “fail” is from a 2016 test while all “passes” are from 2011 and
2012. This may indicate a change in Sintra’s formula, emphasizing the need to test
material batches regularly for museum suitability.
Table V: Prior Oddy test results for PVC materials in which P = Pass, T = Approved for temporary use,
and F = Fail. All collected from the AIC Oddy Test Material Database.

Material

Tester

Year
Tested

Notes

Test
Result

Foam PVC

AWMM

2016

None

F

Celtec expanded PVC foam, white

Autry

2015

None

F

Celtec expanded PVC foam, white

Autry

2015

None

T

Celtec PVC, white

Autry

2014

Bought 2013

F

Freefoam PVC, white

Autry

2014

Bought 2013, test 1 of 3

F

Freefoam PVC, white

Autry

2014

Bought 2013, test 2 of 3

F

Freefoam PVC, white

Autry

2014

Bought 2013, test 3 of 3

F

Sintra PVC, white

Autry

2011

None

P

Palight ST-10 foamed PVC, white

BM

2014

None

P

Forex Classic PVC, white

BM

2013

None

P

Forex Color PVC, black

BM

2013

None

P

Forex Color PVC, blue

BM

2013

None

P

Forex Color PVC, dark blue

BM

2013

None

P

Forex Color PVC, dark yellow

BM

2013

None

P

Forex Color PVC, green

BM

2013

None

P

Forex Color PVC, gray

BM

2013

None

P

Forex Color PVC, orange

BM

2013

None

P

Forex Color PVC, red

BM

2013

None

P

Forex Color PVC, yellow

BM

2013

None

P

Excel Free Foam PVC, white

BM

2013

None

T

Excel Integral Foam, white

BM

2013

None

P

Intecel extruded PVC, white

BM

2012

None

P

Komacel extruded PVC, white

BM

2012

None

P

Sintra PVC, white

BM

2012

None

P

Foamalux, GSM9100, white

BM

2010

None

P

Forex Classic PVC, black

BM

2009

None

P

Sintra PVC, white

CMA

2012

spotty irridescent areas

P

Sintra PVC

IMA

2016

None

F

Komatex PVC

IMA

2016

None

T

AWMM = Auckland War Memorial Museum
Autry = Autry Museum of the American West
BM = British Museum
CMA = Cleveland Museum of Art
IMA = Indianapolis Museum of Art
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Materials and Methods
The Oddy test
Oddy tests were used in this study to determine general classes of volatile
pollutants and to understand how material emissions may react with cultural
objects. Typically, Oddy tests investigate the emissions of a single material, but we
are also interested in the synergistic effects of Forex combined with adhesives and
Forex coated with barrier layers. Oddy tests were therefore performed on single
materials and combinations of materials. The test materials were chosen by
Nationalmuseum. Table VI provides general information for all single building
materials tested.
Table VI: Manufacturer and preparation information for single materials used in Oddy test.

Material name

Material
category

Manufacturer

Number of
samples

Preparation notes

Medite Ecologique MDF

Base material

Medite

2

Cut into 2.5 g blocks

Medite Premier FR
(Flame Retardant) MDF

Base material

Medite

2

Cut into 2 g blocks

Forex Classic White PVC

Base material

Airex AG
Switzerland

4

Cut into 2 g blocks

Painted Forex PVC

Base material

3M Composites

4

Cut into 2 g blocks

Painted Forex PVC,
sanded

Base material

3M Composites

2

Nordsjö Pro 5 S1050Y10R Gul Base Medium

Barrier
material, paint

AkzoNobel

2

Nordsjö Helmatt 5
S3502-Y Grå Base White

Barrier
material, paint

AkzoNobel

2

Thin layer on Melinex,
4 week drying time

Tangit PVC-U

Adhesive

Henkel

1

Thin layer on Melinex,
4 week drying time

Cut into 2 g blocks,
sanded to remove
paint
Thin layer on Melinex,
4 week drying time

Two separate batches of Forex Classic White were tested, making four total
samples. A sample of Forex painted by the Nationalmuseum display case manufacturer was tested three separate times. The Forex was manufactured by 3M
Composites, but the paint layers were applied by the case manufacturer. All tests
used 2 g samples of Forex similar in shape and size. The first test was performed in
November 2017 and used a sample of the painted Forex as received. The second
test was performed in March 2018 and used a sample of painted Forex as received.
The third test was performed in March 2018 and used a sample of painted Forex
with the painted layer sanded off. For the purpose of this study, painted Forex is
considered a single material because it does not undergo any surface alterations
after distribution by the case manufacturer. One adhesive was tested, Tangit PVC-U,
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which is a THF-based adhesive intended for PVC. Paint layers and the Tangit
adhesive were prepared by spreading a thin layer of the material onto a sheet of 6 x
12 cm Melinex polyester film and allowing the material to dry for four weeks. An
example is shown in Figure 3a. During Oddy test assembly, the Melinex sheet was
rolled and fitted into a test tube. Melinex was also assessed in a previous Oddy test
and had passed.

a
Figure 3: Examples of a) dried paint sample coated onto a Melinex sheet, and b) paint sample rolled
and placed in base of test tube for Oddy test. Photographs taken by Elyse Canosa/RAÄ.

Table VII lists the Oddy tests which contained combinations of the materials
provided in Table VI. Eight tests with Forex Classic White PVC as the base
material were performed, four of which included Tangit adhesive and four of
which used paint as a barrier material. All Forex + Tangit samples were composed
of two separate Forex pieces joined together with the adhesive, as shown in Figure
4. Two samples used 1.9 x 1 x 1 cm pieces with a glued area of 1 cm2, and two
others used 4 x 0.5 x 1 cm pieces with a glued area of 4 cm2. All samples dried for
5 weeks prior to Oddy testing. The four painted Forex pieces were cut into 5 x 1.5
x 0.5 cm blocks, two of which were covered with a single layer of Nordsjö Pro 5
S1050-Y10R Gul Base Medium paint, and two of which were covered with a
single layer of Nordsjö Helmatt 5 S3502-Y Grå, Base White paint. The final pieces
are shows in Figure 5. All painted samples dried for 2 weeks prior to Oddy testing.

b
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Table VII: Material and preparation information for combined samples used in Oddy test.

Material combinations

Material
categories

Number of
samples

Preparation notes

Forex Classic White PVC +
Tangit PVC-U

Base +
adhesive

2

2 PVC pieces adhered with 1 cm2
glued area, 5 week drying time

Forex Classic White PVC +
Tangit PVC-U

Base +
adhesive

2

2 PVC pieces adhered with 4 cm2
glued area, 5 week drying time

Forex Classic White PVC +
Nordsjö Pro 5 S1050-Y10R Gul

Base + paint

2

1 paint layer, 2 week drying time

Forex Classic White PVC +
Nordsjö Helmatt 5 S3502-Y Grå

Base + paint

2

1 paint layer, 2 week drying time

a

b

c

d

Figure 4: Forex Classic PVC pieces joined with Tangit adhesive, used for the Oddy test. Samples a and
b have a 4 cm2 glued area, samples c and d have a 1 cm2 glued area. Photograph taken by Elyse
Canosa/RAÄ.
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d

Figure 5: Forex Classic White PVC pieces covered with a layer of paint, used for the Oddy test.
Samples a and b are painted with Nordsjö Helmatt 5 S3502-Y Grå, Base White, samples c and d are
painted with Nordsjö Pro 5 S1050-Y10R Gul Base Medium. Photograph taken by Elyse Canosa/RAÄ.

After appropriate sample preparation and drying, each sample was placed into its
own Pyrex® borosilicate glass boiling tube with Quickfit® ground socket (54 mL
volume, 150 mm length, 24/29 socket size, VWR). As per the British Museum
Oddy test protocol, each boiling tube was supplied with a soda lime glass Durham
tube (0.5 mL volume, 25 x 7 x 0.7 mm, VWR) half-filled with HyCloneTM HyPure
Molecular Biology Grade water. The Durham tube was stoppered with cotton to
create a buffer. Each boiling tube was also equipped with a silver coupon (0.3 mm
thick, half hard, Cooksongold), copper coupon (0.15 mm thick, 99.9%, annealed,
Goodfellow), and lead coupon (0.25 mm thick, EMSURE®, VWR), all measuring 1
x 3.5 cm. The coupons were hand polished using a Detail Master 1800 grit
polishing abrasive and degreased in HiPerSolv CHROMANORM® acetone (HPLC
grade, VWR). Following degreasing, the coupons were individually patted dry
between Kimwipes and fitted into slits cut into the base of a silicone stopper used
to seal the top of the boiling tube (Versilic Silicone, style 27D, Universal
Biologicals). All coupon handling was performed using metal tweezers. After
sealing, the tubes were supported upright by a stainless steel rack and placed into
an insulated oven at 60° Celsius, in which they remained undisturbed for 28 days.
Each Oddy test batch contained two control test tubes in addition to the samples.
These control test tubes contained only the small, half-filled Durham tube with
cotton and the three metal coupons fitted into the silicone stopper. Controls were
subjected to the same environmental conditions as all samples (100% RH, 60 °C)
for 28 days. After 28 days, all samples were removed from the oven, the boiling
tubes disassembled and metal coupons removed from the silicone stopper.
Corrosion on the metal coupons was analyzed as pass (P), temporary (T), or fail (F)
according to the British Museum Oddy test procedure.
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Light aging Oddy test
Like many materials, PVC deteriorates under exposure to ultraviolet light. Some
studies indicate that photodegradation of PVC produces hydrochloric acid (HCl)
and carboxylic acids. HCl in particular can react with cultural materials composed
of silver and copper (Grzywacz 2006). While strong ultraviolet light in cultural
heritage environments is discouraged, it is still important to understand how PVC
may deteriorate and produce harmful volatile compounds. According to the British
Museum Oddy test procedure, samples are not subjected to light during the four
week accelerated aging process despite the importance that light exposure plays in
material deterioration. We have therefore devised a simple aging test similar to the
Oddy test that incorporates ultraviolet light exposure as a variable.
Six samples were prepared for the light aging Oddy test: two control test tubes, two
MDF samples, and two sets of 2 grams shaved Forex Classic. The Forex was
shaved to increase the surface area, thus increasing reactions between ultraviolet
light and the PVC surface. As MDF is known to corrode lead during typical Oddy
tests, it was used in this light aging investigation to gauge if the test is properly
functioning. Table VIII provides information on the materials tested and
preparation notes. Like the British Museum Oddy test, all boiling tubes contained a
small Durham tube half filled with biology grade water and stoppered with cotton,
as well as a silicone stopper fitted with hand-polished 1 x 3.5 cm coupons of silver,
copper, and lead. Each test tube contained one of each metal coupon. Figure 6
depicts two test tubes prepared for the light aging Oddy test, one containing MDF
and one containing 2 g of shaved Forex Classic.
Table VIII: Materials and preparation information for the light aging Oddy test.

Material name

Material
category

Manufacturer

Number of
samples

Preparation notes

MDF

Base material

Unknown

2

Cut into blocks

Forex Classic White PVC

Base material

Airex AG
Switzerland

2

2g, shaved

Characterization of Emissions from Display Case Materials

38

Figure 6: Examples of test tubes prepared for the light aging Oddy test, a modified version of the British
Museum Oddy test procedure. Tube a) contains a sample of MDF, tube b) contains 2 g shaved Forex
Classic. Photograph taken by Anna Wiman/RAÄ.

All six test tubes created for the light aging Oddy test were positioned horizontally
on a table beneath a Honle SOL 500 metal halide light source, the spectrum of
which is close to that of natural sunlight. The irradiance of the lamp across the
ultraviolet, visible, and near infrared spectral regions was measured using an Ocean
Optics Flame spectrometer. Light is collected by a cosine corrector at the end of an
optical fiber connected to the spectrometer. The cosine corrector was placed inside
a glass test tube at 25 cm distance to the lower rim of the SOL 500 light source, to
account for any light filtration that occurs from the test tube. The resulting
spectrum is provided in Figure 7. Table IX lists the irradiances of spectral categories
and total exposures for each sample. Also included is total exposure data for light
aged samples of Forex used for emissions chamber analysis at RISE. These
samples were exposed to ambient conditions.
We are particularly interested in the impact of ultraviolet radiation on PVC
materials. It is more energetic than visible and near infrared light and can initiate
the breakdown of chemical bonds and production of free radicals, producing
brittleness, color change, and acidic volatile compounds. Ultraviolet radiation
extends from 10 nm to 400 nm within the electromagnetic spectrum. The sun emits
all wavelengths of ultraviolet radiation, but the vast majority are blocked by
Earth’s atmosphere. Thus, the wavelengths of greatest concern for museums are
from 315 to 400 nm, otherwise known as UV-A radiation. According to the
spectrum in Figure 7 and the data in Table IX, the Honle SOL 500 lamp with H2
filter produces UV-A and UV-B irradiance similar to that of natural sunlight,
making it an acceptable light source for accelerated light aging.
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Figure 7: The measured light spectra of direct sunlight in May 2016 in Visby (green spectrum); the
Honle SOL 500 metal halide lamp with H2 filter (red spectrum) and through test tube glass as used
during the light aging Oddy test (blue spectrum).

Table IX: ISO 21348 solar irradiance spectral categories and exposure.

Irradiance [W/m2]
Measurement
171128 SOL500 H2 through Oddy tube
171128 SOL500 H2
160503 sunlight, slightly cloudy

Sample
28 days: shredded Forex in glass tubes
28 days: MDF in glass tubes
14 days: Forex not enclosed

Vis

UV-A

UV-B

(760 nm – 380 nm)

(400 nm- 315 nm)

(315 nm – 280 nm)

442.5
526.2
831.2

71.4
86.7
61.6

1.7
3.8
1.4

Vis

Exposure [kWh/m2]
UV-A

UV-B

(760 nm – 380 nm)

(400 nm- 315 nm)

(315 nm – 280 nm)

297.4
254.9
176.8

48.0
41.1
29.1

1.1
1.0
1.3

To mimic the Oddy test, all test tubes were exposed to accelerated light conditions
for 28 days. The air temperature surrounding the test tubes was also continuously
measured, and was maintained at 60 ± 2 °C. Figure 8 shows the lamp and table
used for the light aging Oddy test (left) and spectral measurement setup (right) with
the light source, test tubes, spectrometer and temperature sensor. After the light
measurement was performed, the table height was moved to give a sample to lamp
distance of 25 cm.
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b

Figure 8: Setup for the light aging Oddy test, including test tubes, Honle SOL 500 light source, Ocean
Optics Flame spectrometer, and temperature sensor. Photographs taken by Anna Wiman and Elyse
Canosa/RAÄ.

After accelerated light exposure, all tubes were disassembled and coupons visually
inspected according to the British Museum procedure. Universal pH indicator paper was
also used to test the pH of water which condensed on the interior surface of the tubes.

Scanning electron microscopy – energy dispersive x-ray
spectroscopy
Scanning electron microscopy – energy dispersive x-ray spectroscopy (SEM-EDS)
was used to investigate the elemental composition of corrosion products found on
the light aged Oddy test coupons. The instrument used was a variable pressure
JEOL JSM-IT500 with a tungsten filament. All images and EDS were performed
under high vacuum mode. Secondary electron images were captured using an
accelerating voltage of 15.0 kV at a working distance of 10 mm. Elemental
mapping (EDS) was performed using an accelerating voltage of 15 kV at a working
distance of 10 mm with a resolution of 512 x 384. The mapping results are
presented as an overall area elemental spectrum.

X-ray fluorescence spectroscopy
X-Ray Fluorescence (XRF) was used to investigate the elemental compositions of
Forex Classic White PVC samples. There was particular interest in identifying tin
and sulfur as both elements could suggest the presence of sulfur-containing tin heat
stabilizing additives. XRF was performed on all samples using a Bruker ARTAX
portable µ-XRF spectrometer with molybdenum anode, using a voltage of 50 kV,
current of 600 µA, and collection time of 100 seconds. All measurements were
performed in air. The specimens investigated include one plain Forex Classic
White sample and one painted Forex Classic White sample provided by
Nationalmuseum’s display case manufacturer.
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Evolved gas analysis – gas chromatography – mass spectrometry
A sample of plain Forex Classic White was sent by Nationalmuseum to the
Indianapolis Museum of Art for analysis via EGA-GC-MS. Dr. Gregory Dale
Smith, Senior Conservation Scientist at the Indianapolis Museum of Art (IMA)
began a collaboration with Dr. Michael Samide at Butler University to investigate
emissions from a range of display case materials using EGA-GC-MS. The results
from Forex analysis will be included in a database of rigid foam materials at the
Indianapolis Museum of Art. Evolved gas analysis was performed using a Frontier
PY-2020iD ‘doubleshot’ pyrolyzer. Forex was placed in a stainless steel sample
holder and exposed to 180 °C for 60 seconds. VOCs were transferred through a gas
chromatography inlet and trapped on a 40 °C Thermo TG-5MS capillary column
(30 m × 0.25 mm × 0.25 µm). Chromatographic separation was performed through
a Thermo Trace GC Ultra and ion detection was accomplished using a Thermo ISQ
mass spectrometer (Samide, et al. 2018). No quantification was performed for
EGA-GC-MS analysis.

Emissions chamber analysis
Emissions chamber tests of Forex were performed at both Research Institutes of
Sweden (RISE) and the German Federal Institute for Materials Research and
Testing (BAM). Tests at the two institutions differed in terms of the chamber
volume, sample surface area, air exchange rate during emissions collection, and the
length of time the sample sat in the chamber before air collection. The most
significant difference between the institutions was that RISE allowed the samples
to sit in the enclosed emissions chamber for three weeks without air exchange
while BAM, which followed the BEMMA Scheme, placed the samples in the
chamber only for the length of time required to collect air samples, 45 hours. The
samples sent to each institution also differed slightly. Samples sent to RISE
included blocks of untreated Forex and blocks of light aged Forex. In contrast,
samples sent to BAM included blocks of untreated Forex, and shaved light-aged
Forex. All samples at RISE and BAM were tested at room temperature. Test
chamber conditions are presented in Table X. The sampling time durations
indicated are based on the compound measured. As stated in the background
information for BEMMA scheme, VOCs were sampled for 10 minutes, while
aldehydes, acetic acid, and formic acid were sampled for 1200 minutes. For RISE,
VOC sampling was performed for 30 minutes while formic acid, acetic acid, and
hydrochloric acid sampling was performed for 60 minutes.
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Table X: Chamber test conditions for RISE and BAM emissions analysis.

RISE Analysis

BAM Analysis

Parameter

Forex,
untreated

Forex, light
aged

Forex,
untreated

Forex, light
aged, shredded

Chamber volume (m3)

0.030

0.030

0.000044

0.000044

Temperature (° C)

23 ± 1

23 ± 1

23 ± 2

23 ± 2

Relative humidity (%RH)

50 ± 5

50 ± 5

Not measured

Not measured

(m2)

0.095

0.079

0.00152

Not measured

3.2

2.6

35

Not measured

3 weeks

3 weeks

2 hours

2 hours

1.5

1.5

41

41

Sampling time duration (minutes)

30–60

30–60

10–1200

10–1200

Area specific air flow rate during
sampling (m3/m2h)

0.47

0.57

1.2

1.2

1.8

1.8

Not measured

Not measured

Sample surface area

Loading factor (m2/m3)
Time in chamber before sampling
Air change rate during sampling

(h-1)

Air rate (L/h)

Not measured Not measured

Air velocity at sample surface during
sampling (m/s)

0.1–0.3

0.1–0.3

Research Institutes of Sweden (RISE) analysis
In collaboration with RISE, VOCs, lighter organic acids, and hydrochloric acid
from Forex samples were collected and quantified using an emission test chamber
according to ISO 16000-9:2006. Two Forex Classic White samples were sent to
RISE, one of which was light aged at Riksantikvarieämbetet under the Honle SOL
500 light source for 14 days. On the final day of light aging, a black spot appeared
on the Forex surface, the result of light exposure. Descriptions of the two samples
are provided in Table XI.
Table XI: Materials and preparation information for the emissions chamber tests at RISE.

Material name

Material
category

Manufacturer

Number of
samples

Preparation notes

Forex Classic White
PVC

Base
material

Airex AG
Switzerland

1

Cut into 20 x 20 x 1.9 cm block

Forex Classic White
PVC

Light aged
base
material

Airex AG
Switzerland

1

Two pieces, cut into 10 x 15 x
1.9 cm blocks, light aged 14
days

Display case interiors typically have very little exchange with air outside the case.
The emission test procedure was therefore tailored to replicate conditions
commonly found in display case environments. Deviating slightly from ISO
16000-9:2006, both Forex samples in this study were allowed to sit in the
emissions chamber for a period of 3 weeks without air exchange, replicating a
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longer-term microenvironment inside a contained space. Before placing the
samples within the chamber, background measurements of the chamber were performed using an air exchange rate of 1.5 h-1, temperature of 23 ± 1 °C, and
humidity of 50 ± 5 % RH. Following the background measurements, a sample was
placed within the chamber and the air exchange rate and air mixing were stopped.
Following three weeks in the chamber, air mixing was initiated and the samples were
measured with an air change rate of 1.5 h-1. The untreated Forex sample and the light
aged Forex sample were measured using the same chamber but at different times.
During emissions collection for both untreated and light aged Forex, Tenax TA
was used as an adsorption medium for collecting both VOCs and volatile
carcinogenic compounds according to EU Regulation No. 1272/2008 Annex VI,
cat 1A and 1B. Following collection, the Tenax TA tubes were thermally desorbed
and analyzed in accordance to RISE method 0601 (similar to ISO 16000-6:2011).
Analysis was performed using a gas chromatograph with a flame ionization
detector (FID) and a mass spectrometer. The capillary column was coated with 5%
phenyl/ 95% methylpolysiloxane. Acetic acid, formic acid, and hydrochloric acid
were collected using silica gel adsorbent tubes and analyzed with an ion
chromatograph. Both collections were performed in parallel for both samples, with
a collection time of 30 seconds. Photographs of the samples in the emissions
chamber are given in Figure 9.

a

b

Figure 9: Forex test samples provided to RISE for emissions analysis, placed within the emissions
chamber. Image a) is the untreated Forex Classic White PVC, and image b) is of the two light aged
Forex Classic White PVC samples. Images reproduced with permission from RISE. Photographs by
Maria Rådemar/ RISE.

The BEMMA Scheme tests at BAM
Two sample sets of Forex Classic White were sent to BAM for BEMMA Scheme
testing. One sample set was composed of two untreated Forex pieces cut into a disc
shape, each measuring 4.5 cm in diameter and 1.9 cm thick. Only one of these was
used for emissions analysis. The second sample was shredded and light aged under
the Honle SOL 500 lamp for 28 days. This shredded sample was originally used for
the light aging Oddy test and was reused for the BEMMA scheme tests. Sample
and preparation information for all BEMMA tested samples is given in Table XII.
Additionally, images of the samples are given in Figure 10.
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Table XII: Materials and preparation information for the BEMMA Scheme tests at BAM.

Material name
Forex Classic White PVC
Forex Classic White PVC

a

Material
category
Base
material
Light aged
base
material

Manufacturer

Number of
samples

Preparation notes

Airex AG
Switzerland

2

Cut into disc with d =
4.5 cm, t = 1.9 cm

Airex AG
Switzerland

1

4 g, shaved, light
aged 28 days

b

Figure 10: Forex samples sent to BAM for BEMMA testing: a) untreated Forex Classic White PVC cut
into disc shapes, b) Light aged, shredded Forex previously used for light aging Oddy tests. Images
courtesy of BAM. Photographs taken by Wolfgang Horn/BAM.

During the Micro-Chamber/Thermal Extractor analysis for the BEMMA scheme,
the samples were placed into a disc-shaped chamber. Two separate tests were
performed on the samples: one at 23 °C and a second set of analysis at 80 °C.
Results from the test at 23 °C were quantified, while results from the test at
elevated temperature were qualitative.
VOC and SVOC collection and analysis were executed in accordance with ISO
16000-6:2011, using a Tenax TA adsorption tube, 0.25 liter sampling volume, and
10 minute sampling time. Analysis was performed using thermal desorption of the
Tenax tube, followed by gas chromatography - mass spectrometry. Individual peak
evaluation was performed using a toluene calibration adjusted via an internal
standard given prior to sampling on the Tenax tube. Oxime and piperidine
compounds were quantified using a second Tenax sampling tube; collection was
performed using a 40 minute sampling time and 1 liter sampling volume. For
aldehydes and ketones, sampling was performed on a DNPH cartridge using a 30
liter sampling volume and 20 hour sampling time in accordance with ISO 160003:2011. Additionally, short chain organic acids (acetic and formic acids) were
adsorbed on to silica gel using a 30 liter sampling volume and 20 h sampling time.
Analysis was performed with an ion chromatograph.
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Results and Discussion
The Oddy test
Based on the descriptions provided by the British Museum assessment guide, all
Oddy test coupons were visually analyzed. This assessment was carried out by
three separate individuals. The final group consensuses are presented in the tables
below. Table XIII provides Oddy test results for the single materials.
Table XIII: Oddy test results for single samples in which P = Pass, T = Approved for temporary use, and
F = Fail.

Material name

Sample
number

Ag

Cu

Pb

Medite Ecologique MDF

1

P

P

F

Medite Ecologique MDF

2

P

P

F

Medite Premier FR (Flame Retardant) MDF

3

P

T

F

Medite Premier FR (Flame Retardant) MDF

4

P

P

F

Forex Classic White PVC, April 2017

5

P

P

P

Forex Classic White PVC, April 2017

6

P

P

P

Forex Classic White PVC, November 2017

7

P

P

P

Forex Classic White PVC, November 2017

8

P

P

P

Painted Forex PVC, November 2017

9

T

F

F

Painted Forex PVC, November 2017

10

T

F

P

Painted Forex PVC, March 2018

11

P

P

P

Painted Forex PVC, March 2018

12

P

P

P

Painted Forex, paint removed, March 2018

13

P

P

P

Painted Forex, paint removed, March 2018

14

P

P

P

Nordsjö Pro 5 S1050-Y10R Gul Base Medium

15

P

P

T

Nordsjö Pro 5 S1050-Y10R Gul Base Medium

16

P

P

T

Nordsjö Helmatt 5 S3502-Y Grå Base White

17

P

P

T

Nordsjö Helmatt 5 S3502-Y Grå Base White

18

P

P

P

Tangit PVC-U

19

P

P

P

Figure 11 shows the photographed Oddy test coupons from one of the MDF
samples (number 2) and one of the plain Forex samples (number 5).
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Figure 11: Photographs of the Oddy coupons from a) Medite Ecologique MDF (sample number 2) and
b) Forex Classic White PVC, tested in April 2017 (sample number 5). Photographs taken by Elyse
Canosa/RAÄ.

All four MDF samples (numbers 1 through 4) produced noticeable corrosion on the
lead (Pb) coupons, as can be seen in Figure 11a. This is expected as MDF is
composed of wood fibers. Wood is known to emit acetic acid vapors which readily
react with lead to produce lead acetate corrosion. In addition, formic acid and
formaldehyde vapors potentially emitted from the MDF binders can react with the
lead coupons to produce lead formate. The specific corrosion products formed on
the lead coupons cannot be discerned through visual analysis.
None of the plain Forex Classic White samples (numbers 5 through 8) produced
visible corrosion on any metal coupons. All batches and samples passed the Oddy
test. As mentioned previously, scientists at the Indianapolis Museum of Art noted
silver corrosion in the presence of PVC products processed with sulfur-containing
tin heat stabilizers. A number of volatile sulfur compounds react with silver and
copper to produce corrosion products such as silver sulfide (Ag2S) and copper(I)
sulfide (Cu2S). While the Oddy test acts as a general screening method for common
museum pollutants, it is an accelerated environmental study and is not fully
representative of typical cultural heritage conditions. To truly comprehend the
effects of sulfur-containing heat stabilizers on sensitive cultural materials such as
silver and copper will require long-term vigilant monitoring. Such monitoring can
be accomplished using simple tools such as the Purafil Corrosion Classification
Coupons (CCC), which contain silver and copper strips. The surfaces of these
strips are more reactive to atmospheric pollutants than typical metallic cultural
heritage objects and can indicate a potentially corrosive environment before it
affects collection objects.
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Interestingly, the first Oddy test of painted Forex (numbers 9 and 10, November
2017) caused corrosion on nearly every coupon. The paint used is currently
unknown, and may be the cause of corrosion. The second set of painted Forex
Oddy tests (numbers 11 and 12, March 2018) passed with no visible corrosion on
any coupons. All painted Forex samples were from the same board sent by the
display case manufacturing company. Between November 2017 and March 2018,
the painted board was stored at room temperature inside a sealed polyethylene bag.
It is possible that the second batch passed the Oddy test because the paint on the
surface had a much longer drying period, allowing some emissions to volatilize. As
noted by Nationalmuseum, there was no information provided by case
manufacturing company as to when the board was painted or type of paint used.
Despite four weeks of drying time, the majority of Nordsjö paint samples (numbers
15 through 18) produced noticeable but slight corrosion on the lead coupons,
indicating the presence of volatile carbonyl or acidic compounds such as acetic or
formic acid. Finally, the Tangit PVC-U adhesive (number 19) successfully passed
the Oddy test.
Table XIV provides Oddy test results for the combination samples, created from
the same materials individually tested in Table XIII.
Table XIV: Oddy test results for combined samples in which P = Pass, T = Approved for temporary use,
and F = Fail.

Material combinations

Sample
number

Ag

Cu

Pb

Forex Classic PVC + Tangit PVC-U, 1 cm2 glued area

20

P

P

P

Forex Classic PVC + Tangit PVC-U, 1 cm2 glued area

21

P

P

P

Forex Classic PVC + Tangit PVC-U, 4 cm2 glued area

22

P

P

P

Forex Classic PVC + Tangit PVC-U, 4 cm2 glued area

23

P

P

P

Forex Classic PVC + Nordsjö Pro 5 S1050-Y10R Gul

24

P

P

T

Forex Classic PVC + Nordsjö Pro 5 S1050-Y10R Gul

25

P

P

P

Forex Classic PVC + Nordsjö Helmatt 5 S3502-Y Grå

26

P

P

P

Forex Classic PVC + Nordsjö Helmatt 5 S3502-Y Grå

27

P

P

P

The combination tests passed except for some slight corrosion noticeable on
sample 24, the Forex painted with Nordsjö Pro 5 S1050-Y10R Gul Base Medium
paint. As this paint caused slight corrosion on its single tests (numbers 15 and 16),
it seems likely that the paint layer is the cause of the combination test corrosion. It
is interesting to note that the majority of single Nordsjö paint tests caused lead
corrosion while the majority of Forex + Nordsjö paint combination tests passed.
This may have occurred because the single Nordsjö paint samples used a larger
amount of paint and had a greater exposed surface area than the Forex + Nordsjö
paint combination samples. A sample with larger paint volume and surface area
would produce a higher concentration of corrosive emissions inside the Oddy
boiling tube.
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Light aging Oddy test
Table XV provides the light aging Oddy test results. As an additional measurement, the pH of the samples used for the light aging Oddy test were assessed. Due
to the high level of relative humidity within the test tubes, some condensation
formed along the tube walls after they were removed from the light and heat
source. Using universal indicator pH paper, the pH of the condensation on the inner
test tube walls was measured for the Forex samples, MDF samples, and a control.
Table XV: Oddy test results for light aged samples in which P = Pass, T = Approved for temporary use,
and F = Fail.

Material name

Sample
number

Ag

Cu

Pb

pH

Forex Classic White PVC

28

F

T

P

6

Forex Classic White PVC

29

F

P

P

N/A

MDF

30

T

P

F

5

MDF

31

T

P

F

N/A

Control

32

P

P

P

7

Control

33

P

P

P

N/A

Figure 12 shows the photographed Oddy test coupons from one of the light aged
MDF samples (number 31) and one of the light aged Forex samples (number 28).

Ag

a

Cu

Pb

Ag

Cu

Pb

b

Figure 12: Photographs of the Oddy coupons from a) light aged MDF (sample number 31) and b) light
aged Forex Classic White PVC (sample number 28). Photographs taken by Elyse Canosa/RAÄ.

Like the single Oddy tests, the MDF samples of the light aging test produced lead
corrosion as the result of acid gas evolution. This corrosion was found closer to the
top of the coupon rather than at the base, possibly because the light aging vials
were positioned horizontally rather than vertically. Both aged, shredded Forex
samples produced silver corrosion; slight copper corrosion was observed in one of
the vials. While specific corrosion products cannot be determined visually through
the Oddy test, we can infer that ultraviolet degradation of the Forex samples caused
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corrosion of both silver and copper coupons. The potential culprit could therefore
be hydrogen chloride gas, or sulfur byproducts of sulfur-containing tin heat
stabilizers in the PVC. Much like volatile sulfur compounds, reactions have been
observed between chlorine-based gases (HCl, Cl2) and both silver and copper
(Rice, et al. 1981). Hydrogen chloride gas can be emitted by PVC through
photodegradation. The pH paper results provide additional evidence that acidic
emissions evolved within the MDF and Forex sample boiling tubes, as both papers
indicate a decrease in pH compared to the control.
The large surface area of the Forex board that was exposed to the light source must
also be taken into consideration, as this may have increased the production of
corrosive emissions. Shredding is not representative of the way in which Forex is
used for museum applications, but helps to accelerate the surface reactions we
intended to study. Most heritage institutions understand the high importance of
ultraviolet light filtration for preservation purposes. In realistic situations, it is
unlikely that cultural objects will be exposed to the harsh conditions used during
the light aging Oddy test. Nevertheless, such accelerated aging studies are
important for considering the long-term deterioration mechanisms of storage and
display materials, even when exposed to minimal UV light levels.

Scanning electron microscopy – energy dispersive x-ray
spectroscopy
As the Oddy test only provides visual evidence of corrosion, SEM-EDS was used
to investigate the elemental composition of the corrosion products found on the
silver and copper coupons used during the Forex light aging test. Both coupons
showed visible signs of corrosion, seen in Figure 12b. EDS mapping was used to
study an approximate area of 0.7 x 0.5 mm on one copper and one silver coupon,
both from sample number 28. Using the orientation shown in Figure 12b, the
bottom right corner of the silver coupon and the bottom left corner of the copper
coupon were analyzed. Figure 13 shows the mapped areas of the two coupons.
During the EDS mapping process, an overall spectrum was created for the entire
raster scanned and mapped area. These spectra for both the copper and the silver
coupons are shown in Figure 14.

a

15 kV

150x

100 µm

b

15 kV

150x

100 µm

Figure 13: SEM secondary electron images of a) the silver coupon depicted in Figure 12b and b) the
copper coupon depicted in Figure 12b.
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Ag Lα

Ag Lβ
Ag Mζ
Al Kα

S Kα

Cl Kα

a

Cu Lβ

Al Kα

S Kα

b

Cu Kα

Figure 14: SEM-EDS spectra of the a) silver and b) copper coupons from the light aging Oddy test of
shredded Forex Classic White PVC.

Both the silver and copper spectra show the presence of noticeable sulfur peaks at
2.3 keV, providing evidence that the corrosion compounds are primarily sulfurous
compounds. There is a probable chlorine peak (Cl Kα) visible at 2.62 keV in the
silver coupon spectrum, Figure 14a. This could also be a silver (Ag L1) peak. There
may be a mixture of both sulfur and chlorine corrosion products on the silver
coupon. Conversely, there is no indication of a chlorine peak at 2.62 keV in the
copper coupon spectrum, Figure 14b. As SEM-EDS analysis only provides
elemental composition, the actual corrosion compounds cannot be determined
through this technique.

X-ray fluorescence spectroscopy
XRF was performed to study the elemental composition of Forex Classic White
PVC to learn more about its possible additives. We were particularly interested in
the presence of tin and sulfur. Figure 15a shows the XRF spectrum with the major
peaks found.
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Figure 15: Forex Classic White PVC XRF spectra showing a) all major elements, b) sulfur Kα peaks,
and c) tin and antimony Kα peaks.

Forex contains strong chlorine peaks, as expected, as well as strong calcium and
zinc peaks. Calcium/zinc stearate stabilizers are commonly added to PVC during
processing as HCl quenchers to reduce degradation (Yang, Noguchi, et al. 2014).
They have replaced some heavy metal additives in recent years as a means to
inhibit hydrogen chloride evolution at elevated temperatures (Reddy and Hackett
2002). Titanium is likely from titanium dioxide (TiO2), which is commonly used as
an additive to improve the opacity and appearance of PVC. It is also used as a
screen from UV radiation as TiO2 readily absorbs ultraviolet light energy (Yang,
Noguchi,et al. 2016). The presence of TiO2 is therefore abundant in white plastics
due to its ability to scatter light and give the material a bright, white appearance.
Due to the presence of sulfur peaks in the corrosion products found on light aged
Forex Oddy test coupons, and due to prior knowledge that sulfur-containing tin
additives are often found in rigid PVC, both sulfur and tin were of primary interest
in the XRF study. Figure 15b indicates the energy at which the sulfur Kα peak is

28
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located, showing a small but clear peak at 2.3 keV. The strong presence of chlorine
makes identification of weak sulfur peaks challenging, but by using a long
acquisition time of 100 s, the sulfur peak was made clear. Additionally, tin was
identified, with the Kα peak located at 25.2 keV and the Kβ located at 28.4 keV.
These peaks are visible in Figure 15c. Major Lα and Lβ peaks for tin (3.44 keV and
3.66 keV, respectively) overlap with calcium, making them difficult to discern at
the low keV values. Identification must therefore be confirmed at higher energies,
such as the Kα peaks. The presence of both elements in the Forex Classic White
PVC provides strong evidence that a sulfur-containing tin stabilizer was added,
although the exact compound cannot be identified with only XRF.
A possible antimony peak was also found in Forex. Similar to tin, the major Lα and
Lβ peaks for antimony (3.60 keV and 3.84 keV, respectively) overlap with
calcium. It must therefore be identified by the higher energy Kα peak at 26.36 keV.
Antimony likely exists in the form of antimony oxide, a common flame retardant in
plastics and textiles. While the chlorine content of PVC provides it with inherent
flame retardant properties, additional flame protection may be incorporated through
additives such as antimony oxide (United States Antimony Corporation 2017).
The elemental composition of thin paint shavings from the surface of the painted
Forex sample was also investigated using XRF. A comparative spectrum between the
surface paint shavings and the bulk of the painted Forex board is shown in Figure 16.
The major peaks on both spectra have been identified. Additionally, the peak in the
Forex painted surface spectrum at 9.02 keV is a Ti Kα + Ti Kα sum peak, due to the
strong titanium signals. The primary differences between the paint and the bulk are
the presence of titanium and iron signals in the paint. These are likely indicative of
pigments such as titanium white and iron oxide. As in the non-painted Forex
samples, there is also a sulfur peak at 2.3 keV in the Forex painted interior spectrum.
This sulfur peak may provide insight into why the original painted forex Oddy test
failed (Table XIII, numbers 9 and 10), but the presence of titanium and iron do not.

S Kα

Figure 16: X-ray fluorescence spectra, showing the major elements found in shavings from the surface
paint and the bulk of the painted Forex board.
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Evolved gas analysis – gas chromatography – mass spectrometry
Of primary interest in this study are the sulfur-containing tin heat stabilizers and
their potential to produce harmful emissions in display case environments. The
silver and copper coupons from the light aging Oddy test of Forex indicated the
presence of sulfur corrosion, inferring that a sulfur-based gas was produced inside
the boiling tube. Additionally, XRF analysis identified sulfur and tin in Forex
Classic White PVC, suggesting the presence of organotin mercaptides stabilizers.
Neither techniques provide chemical information about Forex or its emissions
beyond elemental composition. EGA-GC-MS therefore allowed for further
chemical insight into Forex emissions at elevated temperature by identifying evolved organic compounds. The GC-MS spectrum of Forex emissions at 180 °C is
shown in Figure 17. Additionally, the major peaks and their corresponding compounds are given in Table XVI. All data was provided by Dr. Gregory Dale Smith
at the Indianapolis Museum of Art and Dr. Michael Samide at Butler University.
RT: 0.00 - 25.02

NL:
3.84E9
TIC MS
ForexClassi
c_Stockhol
m_180C_60
s_120517

7.45

100

8.43

90
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10.28

Relative Abundance

70
60
50

10.85

6.98
3.61

40
1.57

30

6.96

17.97

20

11.17
2.94

10

0

9.80
5.17
5

11.90
10

14.68 16.96

Time (min)

15

21.00
20

23.38
25

Figure 17: EGA-GC-MS spectrum of Forex Classic White heated to 180 °C, emissions collected for 60
seconds.
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Table XVI: Major identified compounds in the EGA-GC-MS in Figure 17, listed by retention time.

Retention time (s)
2.94
3.24
3.61
4.41
4.49
4.86
5.17
5.93
6.68
6.96
6.98
7.08
7.45
8.43
10.28
10.85
17.97

Identified compound
Butyl alcohol
Isobutyric acid, methyl ester
Methyl methacrylate
Toluene
3-methylheptane
N-octane
Dimethylsiloxane cyclic trimer
N-butyl ether
Butyric acid, butyl ester
Butyl methacrylate
Phenol
Octamethylcyclotetrasiloxane
2-ethylhexanol
2-ethylhexylacetate
Chlorooctane
2-ethylhexyl thioglycolate
2-methyl-nonadecane

The most notable result is the presence of 2-ethylhexyl thioglycolate, a known
byproduct of organotin mercaptide heat stabilizers (also known as sulfurcontaining tin heat stabilizers) that are commonly added to uPVC during
processing. Another potential byproduct of the heat stabilizer is 2-ethylhexylacetate.
Among the organotin mercaptide heat stabilizers available, the predominant
commercial products used for PVC stabilization are alkyltin alkyl thioglycolates.
Within these predominant products, the most important alkyltin derivatives are the
mono and dimethyl-, butyl-, and octyltin, while the most common alkyl
thioglycolates are either ethylhexyl- or iso-octylthioglycolates. The general
reaction scheme between an alkyltin alkyl thioglycolate stabilizer and HCl is
shown in in Figure 18 (Bacalogulu, et al. 2001).

(2)
(1)
(3)
Figure 18: Reaction scheme between alkyltin alkyl thioglycolate heat stabilizers (1) and HCl to produce
alkyl thioglycolate (3) byproducts (Bacalogulu, et al. 2001).

The alkyltin alkyl thioglycolate additives react with HCl to inhibit the dehydrochlorination process that happens in PVC at elevated temperatures. These additives
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exchange thioglycolate groups with chlorine groups from HCl to produce an alkyl
thioglycolate byproduct (part 3 in Figure 18) such as ethylhexyl thioglycolate.
Other notable compounds identified by EGA-GC-MS include chlorooctane, methyl
methacrylate, isobutyric acid ester, and butyric acid ester. Chlorooctane potentially
indicates that the PVC polymer structure is breaking down. Such a compound
could react with metallic cultural objects to produce chlorine corrosion compounds.
1-chlorooctane was detected in accelerated light-aged plasticized PVC samples at
the University of Strathclyde. These samples had yellowed after light aging for 168
days, and the emissions were collected at room temperature using Tenax TA
followed by thermal desorption GC-MS (Mitchell, Higgitt and Gibson 2014).
Methyl methacrylate is of interest because it could indicate the presence of
poly(methyl methacrylate), or PMMA, fillers in Forex. Such practices exist in the
United States to create what is known as economical PVC, or e-PVC. Additionally,
methyl methacrylate is used as a processing aid for PVC to improve mechanical
properties at elevated temperatures and reduce adhesion to metallic processing
machinery. The effects of methyl methacrylate additives on the long-term stability
of PVC is currently unknown.
Finally, isobutyric acid ester and butyric acid ester may be of concern if they
hydrolyze to isobutyric acid and butyric acid, respectively. Some VOCs noted as
potentially problematic in heritage collections include butyric acids, propionic
acids, and ketones such as 2-butanone, 2-pentanone and 2- and 3-heptanone,
although no current studies exist on their direct interactions with cultural materials.
The compounds were found to be characteristic emissions from plastics which also
had a “cross-infection” effect on pure cellulose (explained in the section titled
Experimental observations of PVC deterioration), although there is no direct
correlation to suggest that these specific VOCs caused cellulose deterioration
(Curran, Mozir, et al. 2014). In the literature, these compounds were found as
volatile products from polyethylene materials heated to 80 °C, but were not
detected from heated PVC materials analyzed in the same study.
EGA-GC-MS is a promising screening technique for emissions in cultural heritage
environments, as it produces more chemical-specific information than the Oddy
test. One must always consider that like the Oddy test, evolved gas analysis occurs
at elevated temperatures. This may produce reactions that do not occur under
typical display case conditions, and is therefore not fully representative of real-life,
long term aging. Additionally, EGA-GC-MS will not provide information on how
the identified compounds could react with cultural heritage materials.

Emissions chamber analysis
While the RISE analysis and BEMMA Scheme test were performed separately, one
of the major goals for this project was to compare various emissions testing methods.
The results from both emissions chamber techniques were therefore interpreted
collectively. As the emissions chamber methods used in this study are quantitative,
it is necessary to state their detection limits, which are given in Table XVII.

Characterization of Emissions from Display Case Materials

56

Table XVII: Assessment limits of the BEMMA criteria and detection limits for RISE analysis. The RISE
numbers and BEMMA numbers reported for acetic acid, formic acid, formaldehyde, and oxime are the
quantification limit plus measurement uncertainty of the techniques used.

Compound
Hydrochloric acid
Acetic acid
Formic acid
Formaldehyde
5-Methyl-2-hexanone oxime
4-Methyl-2pentanone oxime
2-Butanone oxime
Ʃ VOC (C6 - C16)
Ʃ VVOC (< C6)
Ʃ SVOC (C16 - C22)

RISE detection
limit, untreated
Forex (µg/m3)
21
21
21
21
24
-

RISE detection
limit, light aged
Forex (µg/m3)
18
18
18
18
20
-

BEMMA criteria
limit (µg/m3)

50
25
5
10
10
10
500
100
100

A material can only pass the BEMMA test if acetic acid, formic acid, formaldehyde, and oximes are not detectable. Thus, if a material emits these compounds
below the BEMMA criteria limit, it has a non-detectable emission rate and passes
the test. These values are calculated by adding the quantification limit and the
measurement uncertainty. As measurement uncertainty is relatively high at the
quantification limit, it is important to incorporate this value into determining the
BEMMA criteria limit for a material. The BEMMA criteria limits for VOCs,
VVOCs, and SVOCs in Table XVII are not the quantification limits of the
technique but rather the limit imposed by BAM for a material to pass the BEMMA
test. When quantified by BAM, the quantification limit (toluene equivalent) for
individual VOCs is 5 µg/m3. The detection limits for RISE measurements are also
presented, similarly calculated by adding the quantification limit and the measurement uncertainty. While the detection limit for total VOCs is 24, it should be noted
that the detection limit for individually quantified VOCs when measured by RISE
is approximately 1 µg/m3.
Table XVIII contains the emissions chamber data from both RISE and BAM for
untreated Forex Classic White PVC and light aged Forex, both measured at room
temperature. Compounds that were not detectable or were below the BEMMA
criteria limit are indicated by a dash.
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Table XVIII: Room temperature emissions data of Forex Classic White PVC from both RISE and BAM
(BEMMA scheme), including the adsorption medium used for the measurements. VOCs for BAM
analysis were only quantified if Ʃ VOC was greater than the BEMMA criteria limit.

RISE Analysis (µg/m3) BAM Analysis (µg/m3)
Compound

Forex,
untreated

Forex,
light aged

Forex,
untreated

Forex,
light aged,
shredded

-

-

N/A

N/A

49

491

-

-

Acid gases (silica cartidge)
Hydrogen chloride
Acetic acid
Formic acid
Aldehydes and ketones
(DNPH)
Formaldehyde

-

193

-

-

N/A

N/A

-

-

Cyclohexanone

N/A

N/A

-

-

2-Butanone oxime

-

-

-

-

4-Methyl-2-pentanone oxime

-

-

-

-

5-Methyl-2-hexanone oxime

-

-

-

-

130

146

-

-

1-Chlorobutane

-

9

-

-

2-Ethylhexanol

64

67

-

-

2-Ethylhexylacetate

-

2

-

-

Propionc acid

-

40

-

-

Butyric acid

-

14

-

-

Methyl methacrylate

13

9

-

-

Benzaldehyde

4

-

-

-

Hexanal

6

5

-

-

2-Ethylhexanal

-

2

-

-

Octanal

6

-

-

-

Nonanal

19

11

-

-

Decanal

13

5

-

-

Octamethylcyclotetrasiloxane

4

4

-

-

Phenol

-

5

-

-

Benzene

-

2

-

-

Tetrahydrofuran

-

-

-

-

Cyclohexanone

-

-

-

-

4

98

-

-

Oximes (Tenax TA)

Ʃ VOC (C6 - C16) (Tenax TA)

Ʃ VVOC (< C6) (Tenax TA)
2-Butanone
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The compounds are grouped by the medium on which they were adsorbed during
collection – either silica gel, DNPH, or Tenax TA. This was done because different
volatile compounds are collected more efficiently depending on the adsorbent used.
For example, both formic and acetic acid are volatile organic compounds, but are
poorly adsorbed by Tenax TA. Silica gel is therefore the adsorbing medium of
choice. Formaldehyde is very volatile and highly reactive, therefore requiring
stabilization before analysis using a filter impregnated with DNPH (2,4Dinitrophenylhydrazine). Additionally, while they are technically VOCs, oximes
and VVOCs are provided with their own categories because they were deemed
significant groups of study.
RISE was the only institution to measure for hydrogen chloride, which is why N/A
is applied under BAM analysis. Similarly, BAM was the only institution to use
DNPH for collecting aldehydes. As aldehydes are also considered VOCs and can
be adsorbed by Tenax TA, those which were analyzed using Tenax are found under
Ʃ VOCs. Finally, compounds listed beneath Ʃ VOC (C6 – C16) and Ʃ VVOC (< C6)
were only quantified by BAM if the total VOCs or VVOCs exceeded the BEMMA
criteria limits, listed in Table XVII.
No detectable levels of hydrogen chloride were found by RISE, thus the quantified
HCl measurements taken of the Forex samples were below the chamber background levels. Note that this does not indicate that HCl is completely absent. It may
be present at very low levels, or may release upon long-term degradation. Previous
work by Curran et al. also suggested either no or very low emissions of HCl from
PVC. Several PVC samples in a closed environment with a piece of pure cellulose
were heated to 80 °C for 14 days. The cellulose reference, which typically experiences
acid-catalyzed degradation in the presence of acidic gases such as HCl, showed
very little or no changes in its degree of polymerization after exposure to accelerated PVC degradation products (Curran, Mozir, et al. 2014).
1-chlorobutane was detected only in the emissions of light aged Forex, measured at
room temperature by RISE. Along with other chlorinated VOCs, it has been
detected in previous studies of uPVC products under long-term exposure to direct
sunlight (Carlsson, et al. 1999). This can indicate the breakdown of the PVC
polymer structure. During light aging at RAÄ, the Forex samples developed a
black spot on the final aging day, indicating that polyene sequences were forming
as a result of the PVC structure breakdown and evolution of hydrogen chloride.
Such color change is typically noted during thermal aging of PVC (Shashoua
2012).
Similar to the EGA-GC-MS analysis, 2-ethylhexanol was identified in the RISE
emissions test on light aged Forex samples. In PVC containing DEHP (diethylhexylphthalate, the most commonly used plasticizer for PVC), volatile emissions of
2-ethylhexanol have been noted as a plasticizer degradation product when analyzed
at room temperature and elevated temperatures (Curran, Mozir, et al. 2014,
Mitchell, Higgitt and Gibson 2014). According to 3A Composites, Forex contains
no plasticizers and the presence of 2-ethylhexanol must therefore be linked to
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compounds other than DEHP. One potential source is from the hydrolysis of 2ethylhexylacetate, which could either be a byproduct of the organotin mercaptide
heat stabilizer reaction with HCl, or it could be from a high boiling point solvent
that is often found in PVC emissions (Wypych 2017). 2-Ethylhexylacetate can
hydrolyze under typical indoor conditions to form 2-ethylhexanol and acetic acid, a
process known as ester hydrolysis (Uhde and Salthammer 2007, Schieweck and
Salthammer 2009). The scheme for this reaction is given in Figure 19.

(1)

(2)

(3)

Figure 19: Reaction scheme between 2-ethylhexylacetate (1) and water to produce acetic acid (2) and
2-ethylhexanol (Uhde and Salthammer 2007).

As they are products of 2-ethylhexylacetate hydrolysis, both acetic acid and 2ethylhexanol are referred to as secondary emissions in this case. Such reactions and
emissions from materials are often delayed and can last the remainder of the
material lifetime (Schieweck and Salthammer 2009). This phenomenon could
therefore explain the detection of acetic acid in RISE analysis but not in the
BEMMA scheme analysis. As the samples sent to RISE were allowed to remain in
the emissions chamber for several weeks, this allowed for the formation and
buildup of delayed, secondary emissions. BEMMA scheme analysis was performed
only as long as the emissions collection period, the samples remaining in the
chamber for 45 hours. This may not have allowed enough time for acetic acid
accumulation to a detectable level. Additionally, the air inside the RISE emissions
chamber was maintained at 50% RH. This level of humidity may have also
contributed to the hydrolysis process of 2-ethylhexylacetate. Previous research has
shown that 2-ethylhexanol emissions do not have a “cross-infection” effect and
therefore may not negatively react with cultural objects (Curran, Mozir, et al.
2014). Acetic acid, on the other hand, is a well-documented source of deterioration
and corrosion in cultural heritage collections.
Similar to the EGA-GC-MS results, the RISE emissions chamber analysis detected
methyl methacrylate. RISE also detected the presence of propionic acid, butyric
acid, and 2-butanone, which may be problematic in heritage collections as
mentioned in the results discussion for EGA-GC-MS. Butyric acid and propionic
acid were only detected in the light aged Forex samples, while 2-butanone was
detected in both light aged and unaged Forex. Similar to acetic acid, both propionic
acid and butyric acid may be secondary emissions that formed as the result of ester
hydrolysis over time. Finally, hexanal, which was detected by RISE in emissions
from untreated and light aged Forex, has been observed to affect paper materials in
collections (Tétrault, et al. 2013).
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In addition to the room temperature analysis, BAM performed VOC collection with
Tenax TA at 80 °C for untreated Forex and light aged Forex. The results were not
quantified. Rather, spectral peaks were simply identified. Table XIX gives a list of
peaks that were identified, in which an “x” indicates the presence of a peak.
Table XIX: Elevated temperature (80 °C) VOC emissions data of Forex Classic White PVC from BAM
(BEMMA scheme). The compounds were not quantified. An “x” notes an identified peak.

Compound
1,3-Butandiol
n-Butanol
2-Butanone
Tetrahydrofuran
Heptane
Methyl methacrylate
Cyclohexanone
n-Butylmethacrylate
Phenol
Ester
2-Ethylhexanol
1-undecanol
n-Undecane
2-Ethylhexylacetate

Forex, untreated

Forex, light aged,
shredded
x
x

x
x
x

x
x

x
x

x
x
x

x
x

x

Similar to the room temperature emissions tests, the compounds of most interest
are methyl methacrylate, 2-ethylhexanol, and 2-ethylhexylacetate. Like the RISE
test, untreated Forex at 80 °C showed signs of methyl methacrylate and 2ethylhexanol. Analysis at 80 °C also indicated the presence of 2-ethylhexylacetate,
tetrahydrofuran, ester, and 2-butanone, which were not found in RISE tests at room
temperature. Additionally, light aged Forex at 80 °C showed the presence of
methyl methacrylate, phenol, 2-ethylhexanol, and 2-ethylhexylacetate, all of which
were found in RISE room temperature analysis. 1,3-Butandiol, n-butanol, heptane,
and ester were identified at elevated temperature but not room temperature. The
only major difference of interest is therefore the presence of 2-ethylhexylacetate in
the untreated Forex at elevated temperature, which could potentially indicate
further volatilization of a high boiling point solvent present in the PVC.
Prior literature on PVC emissions focuses on plasticized PVC due to the health
concerns surrounding plasticizer emissions. As a comparison, one study used onsite FLEC and an emission chamber, both paired with Tenax TA and TD-GC-MS,
to quantify VOCs from PVC flooring installed in a building 2 years prior to measurements (Reiser, et al. 2002). This study also found elevated concentrations of 2-ethylhexanol, but the source of the compound likely differs from the source of 2-ethylhexanol found in Forex at RISE. In the investigation by Reiser et al., 2-ethylhexanol is
likely due to the presence of DEHP plasticizers, which would not be present in Forex.
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Compared to the untreated PVC analysis by RISE and BEMMA, MDF products
have shown to emit greater concentrations of acetic acid, formic acid, and
formaldehyde, three gaseous compounds known to be corrosive in museum
environments. A study by Schieweck and Salthammer investigated two MDF
products with “zero formaldehyde added” (ZF), indicating that the manufacturer
did not incorporate additional formaldehyde into the product. The sample was
analyzed in an emissions chamber at 23 °C and 50% RH with an air exchange rate
of 0.18 h-1 and a loading factor of 1. This is in comparison to the RISE loading
factors of 3.2 (untreated Forex) and 2.6 (Light aged Forex) for this study. After 24
hours in the emission chamber, the two MDF samples produced formaldehyde
concentrations of 40 and 44 µg/m3, formic acid concentrations of 300 and 350
µg/m3, and acetic acid concentrations of 1078 and 742 µg/m3 (Schieweck and
Salthammer 2009). Formaldehyde in wood is the result of lignin decomposition
under light exposure, and will always be present as secondary emissions in some
form (Meyer and Boehme 1997). Formic acid can be a primary or secondary
emission as it is the product of formaldehyde oxidation. Formic acid is typically
known as the corrosive agent in deterioration studies, while formaldehyde is known
as the precursor to formic acid (Schieweck and Salthammer 2009). Acetic acid is
also present in all MDF samples in high concentrations and is typically a primary
emission, derived from hemicellulose and lignin present in wood products. While it
is unclear at this moment how potential acetic acid secondary emissions from Forex
will affect cultural objects over time, it does appear that the threat of corrosion from
organic acid emissions is significantly less for Forex than for typical MDF materials.
Both emissions chamber techniques provide similar, quantitative data on material
emissions. The primary differences between the two methods are a) the ways in which
emissions are collected, and b) the final presentation of results. In general, RISE
analysis is closer to realistic conditions found in display cases, while BAM analysis is
faster, easier to interpret, and is designed specifically for cultural heritage materials.
Emissions measurements by RISE require some prior knowledge of expected
emissions and provide all measured quantified compounds. While having access to
such quantitative data can be beneficial, it requires interpretation on the part of the enduser and in-depth knowledge about emissions in museum environments. The lengthy
buildup time allowed for accumulation of important secondary emissions such as acetic
acid and the loading factor (ratio of material surface area to chamber volume) is closer
to that of an actual display case. BAM analysis provides results that are generally easy
to understand because they are based on the pass/fail criteria of the BEMMA scheme.
If a material does not produce emissions above the threshold limits set by the BEMMA
scheme, the material passes the test. The rapid analysis is beneficial if results are
needed in a short period of time, but may not allow for the buildup and identification of
secondary emissions. Neither technique measures for inorganic sulfur compounds such
as hydrogen sulfide (H2S). Additionally, BEMMA does not measure for inorganic
chlorine compounds such as HCl. This is because it is difficult to collect and measure
trace levels of these types of emissions. The hydrochloric acid collection process used
by RISE is not an accredited method. It is therefore possible that the technique has
similar difficulties in identifying HCl.
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Conclusions
As an unplasticized PVC product, Forex does not suffer from well-known PVC
deterioration issues such as plasticizer off-gassing and migration. All samples and
batches of Forex passed the Oddy test, suggesting that it is acceptable for use in
cultural heritage environments. Using x-ray fluorescence (XRF) and evolved gas
analysis – gas chromatography – mass spectrometry (EGA-GC-MS), it was
determined that Forex contains sulfur-tin heat stabilizers. Such stabilizers are
commonly used in other types of unplasticized rigid PVC boards. Further
emissions testing of Forex revealed that it has the potential to produce low levels of
organic chlorine emissions, sulfur emissions, acetic acid, and formic acid. Tests
performed at elevated temperature and high ultraviolet light exposure produced
organic chlorine, sulfur, and formic acid emissions, but such conditions are not
found in display case environments. Tests performed at room temperature showed
no indication of sulfur, chlorine, or formic acid, but did show low levels of acetic
acid. Acetic acid may be a secondary reaction, meaning that it is the product of
reactions between other volatile emissions and therefore exhibits a time delay.
Long-term monitoring under actual display case conditions will be necessary to
determine the actual off-gassing properties of Forex.
Long-term air quality monitoring in environments containing Forex can be
performed a number of ways. It is necessary to use monitoring materials (sensors,
dosimeters, air samplers) that are sensitive to sulfur and chlorine gases, as well as
acetic acid and formic acid. Additionally, it is perhaps best to use passive
monitoring tools that remain in a display case for several weeks. These passive
tools are generally simpler and less expensive than tools that require air pumps
(known as active samplers). They also provide time-averaged data of emissions in
an environment. One suggestion for long-term monitoring of Forex is to periodically use both Purafil Corrosion Classification Coupons and an acid gas indicator
such as a polished lead coupon or an A-D Strip inside appropriate display cases.
The Purafil coupons will react with sulfur and chlorine emissions, and are mailed
back for electrochemical analysis after a collection period of one to three months.
As lead corrodes easily in the presence of acetic and formic acid, it can act as an
indicator for these emissions. Acetic acid and formic acid will create lead acetate
and lead formate, respectively, as white crystalline deposits on lead. A-D Strips
change color in the presence of acetic and formic acid gases, but must not be
exposed to light during the collection period. More information about A-D Strips
can be found through the Image Permanence Institute website. Other signs of Forex
PVC deterioration to monitor over time include yellowing or flaking of the board
itself.
Finally, there are multiple techniques for analyzing emissions from materials for
display, storage, and construction, many of which were explored in this study. Of
the techniques used, the Oddy test is the least expensive and simplest, but the
process is not standardized and interpretation is subjective. EGA-GC-MS has the
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ability to identify specific volatile compounds from a sample, but analysis and
interpretation require analytical equipment and technical expertise. Both EGA-GCMS and the Oddy test heat samples to high temperatures. While this can create an
accelerated deterioration environment for the sample of study, it is not fully
representative of realistic conditions found in cultural heritage environments.
Emissions chamber techniques, such as the analysis through Research Institutes of
Sweden (RISE) and by the BEMMA Scheme, can be performed at room
temperature but also require specialized equipment. For most cultural heritage
institutions, this means that samples must be sent to a laboratory and testing cannot
be performed in-house. BEMMA testing is a service offered by BAM and is
tailored for cultural materials to be used in display cases. It is therefore a simpler
option for the end-user as the testing protocol has already been developed and
results are presented as either pass or fail. More basic emissions chamber analysis,
such as that provided by RISE in this study, requires some prior knowledge of
emissions analysis to develop a test process and interpret data. Service-based
institutions such as RISE will be able to offer advice and answer questions to help
formulate an appropriate emissions test. For analysis at RISE, we chose to allow
for three weeks of emissions accumulation inside the test chamber. This was not
performed through BEMMA, but it is likely that the technique can be similarly
tailored for lengthy pre-collection buildup. The differences in emission buildup
time did provide different results, potentially indicating that important secondary
emissions from Forex were allowed to accumulate over the course of three weeks
inside the chamber. If a material resides inside the chamber only for the time
required to collect emissions, secondary emission compounds may not reach a level
of detectability. There is no single technique that can satisfy the needs, budget, and
capabilities of every museum. One must therefore understand the abilities of each
available technique in order to best protect and preserve cultural heritage
collections.
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