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Abstract

The marine archaeological collection at the Mary Rose Museum contains wooden and metal

artefacts displayed inside the same environment. This project investigated acidic emissions

from archaeological wood to evaluate if they could cause chemical damage to the metal arte-

facts displayed alongside.

Thermogravimetric analysis (TGA) was used to quantify biopolymers within sound and ar-

chaeological wood from the Mary Rose Museum. In addition to good relative agreement with

traditional methods, TGA detailed chemical changes of the biopolymers and interactions with

PEG, which could be used to evaluate future treatments.

Solid phase micro extraction-gas chromatography-mass spectrometry identified PEG treatment

of sound wood near eliminated emissions by acting as an impenetrable barrier. In contrast, PEG

treated wooden artefacts from the Mary Rose Museum emitted a greater array of compounds

compared to sound oak, including acetic acid and sulfur compounds, which corroded pure lead

and silver, highlighting that emissions from archaeological wood can accelerate metal corrosion.

However, environmental monitoring inside display cases at the Mary Rose Museum identified

no relationship between the presence of archaeological wood and accelerated lead corrosion.

Rather, smaller cases had higher acidic concentrations despite the cases being modern and hav-

ing sodium hydroxide impregnated activated carbon charcoal filters to remove acidic vapours.

The causes of corrosion are complex and depend on other factors, such as case materials, filtra-

tion systems and surface area.

To enable quick risk assessments of display environments, a real-time acetic acid sensor was

developed. This self-contained, affordable device used lead oxide coated quartz crystal mi-

crobalances, which quickly reacted to acetic acid vapour at ppm concentrations. Moreover,

the rate of signal change correlated with volume of acetic acid injected into the test chamber.

Therefore, this sensor design has potential to monitor acetic acid build up inside cases and fur-

ther development is recommended to increase the repeatability of this sensor.
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Impact Statement

This project will inform the guidelines for storage of marine archaeological collections, such

as that displayed in the Mary Rose Museum. It will focus on the potential for damage to be

caused to metals by volatile emissions from wooden artefacts inside display cases. Therefore,

exploring the implications of displaying organic materials alongside inorganics. This is an area

where scientifically driven guidelines are lacking and “a better understanding of the environ-

mental parameters that are critical to the survival of waterlogged archaeological remains” has

been identified in the National Heritage Science Strategy as an area requiring more research.

This project will work towards sustainable display, not only for the Mary Rose Museum, which

is a key attracter for Hampshire’s £3.27 billion tourist economy (2016), but for other museums

across Europe housing similar collections, such as the Vasa Museum, Sweden.

New analytical methods were developed during this project, which include characterising poly-

mer composition in archaeological wood, monitoring emissions from marine artefacts, and as-

sessing the efficiency of display case filters. The former method will enable a more accurate

evaluation of wood degradation and hence better inform conservation treatments. The latter

methods have wider applications for the Heritage Field. The sources and sinks of pollutants

within showcases are not widely understood, and hence these methods can be used to evaluate

what pollutants are emitted by the artefacts, and how well the display case can remove corrosive

compounds generated from within. These methods have the potential to drive future research

in developing effective mitigation measures for elevated pollution concentrations, which is an

under-researched area. These methods were communicated to the field through presentations

at key conferences. Additionally, to communicate the research to conservators working in the

field, who may not have funding to access conferences or academic journals, I contributed to

blog posts and promoted my research via the @seahaCDT twitter feed, which has 1390 follow-

ers.

The new technology developed to affordably detect acetic acid in real time could enable wide

spread monitoring of this pollutant inside display cases, which is of interest to the wider Her-

itage Sector. This would allow for improved evaluation of acetic acid built up inside display

cases, which can cause permanent damage to collections. Furthermore, using the technology to
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test display case design prior to installation could mitigate this issue. The collaboration with

an electronic engineer resulted in further miniaturisation of the electronics, and a company es-

tablished. This will enable access to the technology used in this project and hence aid further

advancements and applications. Additionally, this research was used as evidence in the UK’s

National Commission for UNESCO report, which shows how the UK is world-leading in inno-

vation in the cultural heritage sector.

Engagement with the general public was generated through outreach events at New Scientist

Live and to visitors at the Mary Rose Museum. This increases the awareness of Heritage Sci-

ence and promotes the Mary Rose Museum as a world leader in scientific methods for marine

archaeological collections.
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Chapter 1

The Mary Rose Museum

1.1 Introduction

This project has worked with archaeological material from the Mary Rose collection to help

inform optimum display parameters for long-term sustainable display. Hence, this chapter in-

troduces the Mary Rose collection, which is displayed in the Mary Rose Museum in Portsmouth.

A brief history of the collection, the historical importance, conservation procedures and current

display parameters will be outlined. Uncertainties regarding optimum display parameters will

drive the research questions for this work, which are outlined at the end of this Chapter.

1.2 A Brief History of the Mary Rose

The Mary Rose Trust, Portsmouth, cares for the salvaged wooden hull and contents of the Mary

Rose – a ship which served in the Tudor Navy for 34 years and was the flagship for Henry VIII.

The purpose-built carrack warship was built in Portsmouth in 1511 and was state-of-the art – it

was equipped with large guns which required gunports, an invention which eventually changed

how battles at sea were fought. Due to the reformation causing tense relationships with Europe,

Henry VIII invested in the Navy and south coast sea defences, such as Southsea castle on Port-

sea Island, Hampshire, where Henry VIII reportedly watched the sinking of the Mary Rose. A

refit of the Mary Rose was commissioned in 1536. After this, the ship was then anchored in

Deptford, South East London, ready to defend the Thames from potential invasions from the

Catholic powers of Europe. Although, fears of an invasion never materialised.

In 1542 Henry entered an alliance with Spain, which consequently started a war with France. It

was during this campaign that the Mary Rose sank. On the 19th July 1545, A 200 strong French

fleet, significantly outweighing the 80 ships in the English fleet, entered the Solent. The Mary

Rose, alongside other large ships, was led out. However, during a turn, the Mary Rose heeled

over, the open gun ports went below the waterline and the ship sank. Over 500 men were on

board, however only around 35 survived. The Mary Rose was the only ship lost during the bat-
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tle and there was a deadlock between the two fleets. After four days, the French Fleet retreated

with no significant victories for either side. Failed salvage attempts of the Mary Rose in the 16th

century were believed to have resulted in the loss of the fore and mainmast and after this, the

wreck was not rediscovered until 1836.

The hull of the Mary Rose lay on its starboard side, at a 60◦ angle. Silt was deposited in

the hull, which then compacted into a light grey clay. Soft silt on the seabed protected the star-

board side. In contrast, the exposed port side was thinned and weakened by silt-laden currents.

Additionally, it would have also been quickly colonised by bacteria and soft-rot fungi, which

are capable of wood degradation. After the port side had been eroded, a harder layer of clay

was deposited over the site, which sealed in the wreck and its contents1. The condition of the

burial site of the Mary Rose, which was 10 m below sea level, was found to have little dissolved

oxygen and was hence anoxic. However, anaerobic heterotropic bacteria (which uses sources of

organic carbon for nutrition), sulfate reducing bacteria, and cellulose degrading bacteria were

present in the sediments, which were capable of degrading organic materials in the burial site. In

general, an increase in sediment depth correlated to an increase in bacterial numbers and hence

different burial locations caused variations in the rate of bacterial degradation1.

1.3 The Excavation of the Mary Rose

The excavation of the hull was performed between 1979 to 1982. After the site was disturbed,

the uncovered timbers and artefacts were exposed to an aerobic environment which can catal-

yse degradation – for example the hydrogen sulfide generated by the sulfate reducing bacteria

can react with oxygen to form sulfuric acid, which will accelerate the hydrolysis of cellulose

material2. Additionally, biological organisms colonised the exposed timbers. Bacteria, some

of which were identified to degrade the cellulosic polymers within the wood, particularly at the

surface, were identified within days of re-exposure. Additionally, Actinomycete bacteria were

identified after the wood had been re-exposed for a month, which are capable of degrading both

cellulose and lignin within wood1.

After the excavation of artefacts from within the hull, the internal structural timbers were dis-

mantled and removed, and infrastructure to remove the remaining hull was put in place. This

consisted of a steel frame placed around the hull on the seabed, which was attached to the tim-

ber frame of the hull. Hydraulic jacks in the steel frame were used to elevate the hull from the

seabed and lifted into position directly above a now iconic yellow cradle. The steel frame was

lowered and the yellow cradle, packed with water bags, took the weight of the hull and the steel

frame was secured in place. This was then lifted onto a barge, which took the hull and support-

ing frames to shore3. This was watched by 60 million people worldwide!
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The register of finds includes over 19,000 artefacts and the collection was described by David

Starkey as “the English Pompeii, preserved by water, not fire. All Tudor life is there; it is like

stepping inside a Holbein painting”4. Alongside the hull, a vast array of artefacts and human

remains were lifted. This includes wooden items, leather, textiles including cotton, wool, hemp

and silk, rope, glass, ceramic, stone, bone and ivory and metals encompassing lead and pewter

alloys, iron, copper and its alloys, silver and gold. In addition to different materials, a vast ar-

ray of personal and professional objects were identified. This includes fine pewter plates and

tankards, combs, shoes, musical instruments, weaponry, a backgammon set and books. Also,

large brick ovens which heated cauldrons were found, as well as casks containing meat. This

gave historians insight into food during this period – the cooking facilities were recreated to gain

a better understanding of how the food was cooked. Additionally, the largest single find of En-

glish longbows was also raised, which were in very good condition. Due to the vast collection,

some were tested to provide insight into the draw weights of the bows.

1.4 Conservation of Wooden Artefacts in the Mary Rose Collection

Wood is a very prevalent material in the Mary Rose collection – approximately 50% of the

collection (encompassing the ships timbers and artefacts) is, or contains, wood. After excavation

of the artefacts, the objects were placed in passive storage prior to active conservation work. To

prevent the wood from drying prior to treatment, which would cause irreversible distortions,

the wood was kept wet. Microscope analysis was performed to evaluate the nature and state of

wood degradation. Additionally, water content was used to categorise the wood into classes:

• Class I: over 400% water

• Class II: 185–400% water

• Class III: less than 185% water.

with a greater water content indicating more extensive damage5. However, as this is commonly

estimated from a small fragment of the artefact, the results may not be representative of the

entire object6.

For conservation, the woods were first gently washed in fresh water to remove sediments and

chloride ions. Due to its size, the hull was sprayed with fresh water during passive storage for

twelve years. The removal of mineral inclusions, such as iron pyrite, is also required as they can

prevent the penetration of conservation treatments. Also, in a humidity fluctuating environment,

salt crystals can form at the surface during periods of low humidity7. Iron (III) can chelate to

tannins and cellulose in some artefacts making them challenging to remove, with the former

complex resulting in a black appearance8,9. Iron pyrite, is also challenging to remove due to its
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insoluble nature. Although, the promising development of magnetic nanoparticles which bind

to iron within the wood could be used on artefacts in the future10. Both the particles and bound

iron are removed from the wood after treatment using a magnetic field. As the nanoparticles

are removed from the wood after treatment, their long term stability within archaeological wood

does not need to be considered.

In general, degraded archaeological wood has a loss of cell wall strength and is depleted in hemi-

cellulose and cellulose11. Therefore, uncontrolled drying would lead to irreversible shrinkage

and splitting, which could lead to collapse of the artefact. To prevent this, bulking treatments are

applied to the wood. Polyethylene glycol (PEG) was the most common bulking agent used on

both small and large artefacts in the Mary Rose collection, including the hull. For impregnation,

the wooden object was placed in a low concentration of PEG solution, which was gradually

increased. The PEG concentration and molecular weight was decided depending on the extent

and type of degradation. Low molecular weight PEG (200–600) can penetrate into the wood cell

walls, which reduces the vapour pressure of water inside the pores and hence aids water reten-

tion. Therefore, low molecular weight PEG helps the structure keep its shape through hydraulic

support. However, it cannot strengthen the cell wall and hence these treatments may not prevent

collapse if cellulose is heavily depleted. Higher molecular weight PEGs (>1000) are used as

lumen filling treatments. In contrast to bulking agents, these fill larger void spaces within the

structure to provide mechanical strength. However, they can make the object look shiny. Even

greater PEG molecular weights (such as PEG 4000 and PEG 6000) can be applied as surface

treatments to improve the surface quality and prevent leeching of low molecular weight PEG

from the artefact.

After treatment, controlled drying is required to remove water. The Mary Rose Trust used

air and freeze drying. Whilst air drying is the simplest technique, it can still result in cell wall

shrinkage and collapse – as water is removed by evaporation, this draws water from the wet core

by capillary action, which creates stress within the object, with the core under compression and

the surface under tension. Due to its weakened mechanical strength at the surface, along with

the anisotropic nature of wood, these forces can cause deteriorated marine archaeological wood

to crack or collapse. Freeze drying is used to reduce the stresses on the artefact caused by evap-

orating water. To achieve this, the water in the structure is frozen followed by sublimation. The

presence of a low molecular weight PEG reduces water expansion by acting as a cryoprotectant.

A two-step PEG treatment was used on the hull – PEG 200, followed by PEG 2000. Due to

the size of the hull, the PEG solutions were sprayed onto the ship. Between 1994–2006 the hull

was sprayed with around 30% PEG 200 to bulk out the cell and prevent shrinkage. From 2006

to 2010, the hull timbers were sprayed with PEG 2000 to improve the mechanical properties of
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the outer wood. This also seals in the PEG 200. A surface treatment of PEG 4000 was applied

where required. Between 2013–2015 the hull was air dried. Finally, in 2016 the active conser-

vation of the hull was completed, and it went on full display in the ship hall of the purpose-built

museum in Portsmouth, close to where it was initially built.

1.5 Display of the Mary Rose Collection

The excavation and conservation of the Mary Rose was a huge process – arguably one of the

largest and most expensive archaeological projects undertaken. It has emulated into a truly

unique insight into Tudor life. Therefore, it is important that the collection is sustainably shared

with the public. Preventative conservation, which encompasses control over lighting, temper-

ature, humidity, pests and pollutants, is required to maintain the artefacts in a stable state and

prevent deterioration. However, these measures should not reduce from the purpose of the col-

lection, which is as a world-class visitor experience and a scientific and educational resource

for this and future generations. The context of the museum is such that artefacts are grouped by

their location in the ship, or by who they belonged to. Therefore, there is commonly a range of

materials within one display case.

To reduce the risk of damage to the artefacts, the environment in the museum is carefully con-

trolled. The museum has low lighting (50 Lux) to reduce light driven damage. Stable tempera-

ture and humidity are maintained at 19±1 ◦C and 54%±4% RH, with these parameters logged

every 15 minutes inside most display cases and in various locations in the ship hall. These condi-

tions have been optimised for organic materials within the collection, rather than metal artefacts,

as they are deemed more fragile. The majority of artefacts on display are inside air-conditioned

showcases, with humidity control, which were commissioned in 2012. The cases are tightly

sealed closed systems and hence have a very small exchange with the gallery air. Additionally,

they are held under slight positive pressure to prevent unfiltered gallery air entering the case.

Air flows into the casing from the top ducting and out through ducting below the case. It then

flows through the air handling unit (AHU) where the humidity and temperature can be adjusted

if required. It then passes through a sodium hydroxide impregnated activated carbon charcoal

filter, which is designed to remove volatile organic compounds and acidic gasses. There is also

a fine particle filter, which removes particles between 1–10 µm. The air flow then re-enters the

case through the top ducting. The air flow through the case is determined by the pump speed

which is manually set for each case. An example of the display cases at the Mary Rose Museum

is shown in Figure 1.1. It shows two cases that are controlled by the same AHU, which is a

common design in the museum.

The materials used in construction of the display cases were chosen carefully to prevent the
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(a) Schematic of the display cases

(b) Air flow through the display cases

Figure 1.1: Example of two cases at the Mary Rose Museum controlled by one air handling unit
(AHU).
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build up of internally generated pollutants inside the tightly sealed cases, a well reported issue12.

Acetic acid, which is documented to be damaging to a wide array of heritage materials (partic-

ularly metals), is known to be emitted from sound wood and hence this material is generally

avoided for use inside display cases13. However, it is not known what testing was performed,

if any, on the materials used inside the Mary Rose display cases for off gassing of damaging

volatile compounds. In addition to steel, aluminium and glass, the cases also contain 19 mm

MDF, which has been previously reported to emit known damaging volatile compounds12. An-

other suspected source of corrosive volatile compounds is the archaeological wood itself. Due

to a mix of organic and inorganic artefacts being displayed inside cases, acidic emissions from

the wood could accelerate corrosion to the metal artefacts displayed alongside, and hence have

negative consequences for the long-term display and stability of the collection.

1.6 Thesis Research Aims

The aim of this project is to evaluate the air quality inside the display cases at the Mary Rose

Museum and understand the sources of damaging volatile compounds, particularly acidic gases

due to their known damaging affect to heritage materials. As PEG treated archaeological wood

is very prevalent in the Mary Rose collection, this study will focus on the volatile emissions

from this material and the affect they have on air quality inside display cases at the Mary Rose

Museum.

The research questions are:

• Is there a relationship between wood composition and wood emissions? If so, can wood

composition analysis be used to predict corrosive emissions from archaeological wood?

These questions are addressed in Chapter 2 and 3.

• Do the modern display cases at the Mary Rose Museum have elevated concentrations of

acidic pollutants? If so, what are the sources of these corrosive vapours and does the

presence of archaeological wood have negative influences on the corrosive nature of the

environment inside the display cases? These questions are addressed in Chapter 3.

• Can a self contained sensor be developed to monitor the build up of acidic vapours inside

a display case in real time? This question is addressed in Chapter 4.
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Chapter 2

Multi-Method Analysis of Polymer
Ratios within Sound and
Archaeological Wood

Chapter Summary
Analysis of waterlogged archaeological wood samples is necessary to determine their extent

of decay and stability, and hence inform their conservation requirements. However, due to

the plethora of techniques capable of analysing wood samples, and the lack of protocols, it

is challenging to determine the most appropriate technique to gain the required information

for informing conservation decisions. Therefore, this study investigated the use of three comple-

mentary techniques: Fourier transform infra-red (FTIR), thermogravimetric analysis (TGA) and

dynamic vapour sorption (DVS) to determine the holocellulose to lignin ratio in wood samples.

Due to potential interferences within archaeological wood, such as conservation treatment, ele-

vated ash content and degraded biopolymers, multiple different methods are required. Moreover,

disagreements between methods should be used to make further conclusions about the impuri-

ties within the wood.

The methods were successfully used to estimate the relative holocellulose to lignin ratios within

sound oak and archaeological wood from the Mary Rose Museum, with, in general, good rel-

ative agreement between the different methods. Discrepancies were caused by extractives and

PEG present in wood. However, these were removed by washing the wood in cold water. TGA

provided the greatest information about the polymers present in the wood, including PEG, how-

ever, due to its non-specificity, it had to be used in conjunction with FTIR to initially identify the

peaks correlating to holocellulose and lignin thermal degradation. Once this was established,

there was good agreement with the biopolymer ratios in sound oak wood and literature val-

ues. Additionally, changes in biopolymer thermal stability were probed using modulated TGA

33
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methods, which suggested chemical modifications to cellulose and lignin in some of the archae-

ological wooded artefcats analysed. Furthermore, chemical interactions between conservation

treatment and cellulose was measured in sound wood, and hence the suitability of future con-

servation treatments could be evaluated using this method.

2.1 Introduction

2.1.1 The Structure of Sound Wood

Wood is a complex biomaterial which can be analysed on a variety of scales. At the macroscale,

the observed ring structure of wood can be classified into: from outside in, bark, cambium,

sapwood, heartwood, and the pith, with each of these having a different function to support the

growth of the living tree. Conversely, understanding the cellular structure of wood, can elude

to the physical and mechanical properties of this widely used material. Wood is generally split

into two categories – hard and soft. Softwoods have a simpler basic structure compared to hard-

woods; they have only two cell types with little variation in structure. In contrast, hardwoods

have a greater structural complexity due to a greater number of basic cell types and more vari-

ability within these1. However, for both wood types, mature wood cells consist of two main

parts – the cell wall and the lumen. As the latter is a void space in the interior of the cell, it is

the cell wall which is responsible for most properties of the wood. It has a consistent structure

between species and consists of three main regions: the middle lamella, the primary wall (of-

ten not distinguishable from the middle lamella) and the secondary wall, as shown in Figure 2.1.

The chemical structure of the cell wall mainly consists of cellulose, hemicellulose and lignin

(a) Simplified diagram showing the primary and secondary wall of
wood. The lines on each layer represent the direction of cellulose
microfibrils. Adapted from2.

(b) Scanning electron micro-
graph of transverse sections
from sound cedar wood show-
ing the lumen and cell wall.
Taken from3.

Figure 2.1: Cell wall structure of wood.
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(a) Monomer unit of cellulose (b) Xylose (left) and mannose (right) monomers

Figure 2.2: Chemical units of cellulose (a) and hemicellulose (b).

polymers. In general, soft wood consists of 40–45% cellulose, 15–25% hemicellulose and 25–

35% lignin4. Hard wood species have a similar percentage of cellulose; however, hemicellu-

lose content is greater (between 15–35%) and lignin smaller (between 17–25%). Additionally,

wood also contains extractives, which includes gums, resins, sugars, tannins and fats, and varies

widely between species. They are deposited within the cell wall and lumen and do not contribute

to the structural properties of the wood. Poplar wood is estimated to have an extractive content

of less than 1% of the dry wood mass, whereas oak species can have an extractive content of

10%5. Additionally, inorganic materials present in the wood are called ash. Unlike extractives,

they are generally not soluble in water or solvents, but are sometimes still classified as extrac-

tives.

Cellulose is a biopolymer consisting of a linear chain of β-(1,4) linked D-glucose units, shown

in Figure 2.2a. This monomer unit builds up the cellulose polymer, and the degree of polymeri-

sation (DP), a measure of the number of glucose units in a cellulose molecule, is between 8,000

to 10,000 in wood. Cellulose molecules within wood form larger supporting network struc-

tures, called microfibrils, which are bundles of cellulose chains, arranged lengthways along the

microfibril axis. The high order and intermolecular bonding in cellulose microfibrils results

in poor solubility in most solvents and a high resistance to hydrolysis. In sections where the

chains are parallel to each other, strong hydrogen bonds form and a highly crystalline region is

observed. Amorphous regions occur where the chains have a more random arrangement. The

degree of crystallinity, which is the ratio of crystalline to amorphous cellulose, varies between

wood species. However, it has been estimated that around 70% of the cellulose is crystalline,

though measurement of the degree of crystallinity is challenging and variations in methodology

can produce different results4.

Hemicellulose is chemically very similar to cellulose, however, the DP for hemicellulose is

smaller, typically around 150. Unlike cellulose, which has a linear chain, hemicellulose is a

branched polymer. It is also not confined exclusively to glucose monomers – other monosac-

charides are present, whose structures are shown in Figure 2.2b. In soft woods, the units are

mostly mannose, whereas in hard woods, they are predominantly xylose. Additionally, the acid-

ified sugars are also present, resulting in carbonyl groups within the polymer. Hemicellulose

has a lower order, and hence is more soluble and readily hydrolysed compared to cellulose. Hy-
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(a) Alcohol monomers of lignin: p-
coumaryl alcohol (top), coniferyl al-
cohol (middle) and sinapyl alcohol
(bottom).

(b) Schematic representation of a hardwood lignin struc-
ture. Adapted from6.

Figure 2.3: Chemical structure of lignin, encompassing the monomers (a) and how these bond
to form the structure of hardwood lignin (b).

drolysis breaks the relatively weak β-l,4-glycosidic bonds, which gradually lowers the DP of

the polymer. The term holocellulose is used to describe all carbohydrates present in the wood

(cellulose and hemicellulose combined).

Lignin is a complex amorphous material containing aromatic functionality, however, the chemi-

cal structure is not completely known which is partly due to the difficulty in isolating it, without

chemically altering the structure7. It is synthesised from p-coumaryl alcohol, coniferyl alco-

hol and sinapyl alcohol units, shown in Figure 2.3a, which polymerise to form guaiacyl lignin

(polymer of coniferyl alcohol) and guaiacyl-syringyl lignin (copolymer of coniferyl and sinapyl

alcohol). The former is dominant in softwoods and the latter in hard woods, however, there is a

wide variation in structures between different wood species8. An example of hard wood lignin

is shown in Figure 2.3b.

Lignin and hemicellulose occupy the gaps between cellulose microfibrils, which helps bind the

cells together and provides compressive strength which supports the framework generated by

cellulose. Additionally, lignin is known to form covalent bonds with holocellulose and form

lignin-carbohydrate complexes – mainly with hemicellulose9. Benzyl ether, ester, and phenyl

glycosidic are the most typical lignin-carbohydrate linkages and are shown in Figure 2.4. Addi-

tionally, lignin is more resistant to hydrolysis compared to cellulose, which is due to its aromatic

nature and strong ether and carbon-carbon bonds.
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(a) Benzyl ether (b) Benzyl ester (c) Phenyl glycosidic

Figure 2.4: Carbohydrate-lignin complexes which have been identified in wood.

These biopolymers are present in varying ratios within the cell wall. The middle lamella pro-

vides adhesion between adjacent cells and has a high lignin content. The secondary cell wall is

composed of three layers, commonly denoted as S1, S2 and S3 with the latter being the inner

layer. Each of these is cellulose rich with a small lignin content. Therefore, in general, the

relative lignin content decreases going from the edge of the cell wall to the lumen, and hence

the holocellulose content increases4. The first secondary wall layer (S1) has a large microfib-

ril angle – this is a measurement of the angle between the direction of the helical windings of

cellulose microfibrils and the long axis of the cell. Therefore, an angle of 90◦ will result in

the cellulose microfibrils running perpendicular to the cell axis. For S1, the microfibril angle is

around 60◦ 10. The next wall layer, S2, is the thickest and hence strongly influences the proper-

ties of the cell and thus, the wood properties. It has a low lignin content and a small microfibril

angle – around 30◦ 10. The S3 layer is similar to the S1 layer as it has a high microfibril angle.

However, the direction of the helical windings is opposite to that of the S1 layer. Additionally,

it has the lowest lignin content of all the layers. As lignin is hydrophobic, a low lignin content

aids adhesion between water molecules and the inner most layer of the cell and hence facilitates

transpiration – the process of water movement through a plant. The varying microfibril orienta-

tions in the different layers causes a hard stiffness in the cell, with the small microfibril angle in

the S2 layer resulting in a high tensile strength in the longitudinal direction. Conversely, the S1

and S3 layers contribute to the mechanical properties in the transverse direction11.

2.1.2 The Structure of Waterlogged Archaeological Wood

In this chapter, waterlogged archaeological wood is used to refer to wooden man-made objects

which have been excavated from a marine or wet terrestrial environment. Compared to sound

wood, archaeological wood is very different in its structure, physical properties, and additional

contaminants, such as salts from sea water4. The extent of change compared to sound wood

can vary significantly, which will depend on the wood species and nature of the burial site,

with artefacts ranging from sound to disintegrating12,13. However, understanding the change
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Figure 2.5: Oak wood with a sound core but a heavily degraded outer layer, which appears
darker. Image credit: Glenn McConnachie

in structure, which is determined by the extent and type of degradation, is required to inform

preservation and conservation. In general, waterlogged archaeological wood will have an outer

decayed layer, a transition zone which has decayed and sound cells, and then a non-decayed

core, as shown in Figure 2.514. The wood overall will be more porous and will have a greater

water content compared to sound wood due to the decay4. However, the mechanism and type

of decay will determine which parts of the cell wall are degraded.

There are four main classes of wood-destroying microorganisms: bacteria, brown-rot fungi,

white-rot fungi, and soft-rot fungi15. Commonly, bacterial decay is slow compared to fungi

driven decay. Bacterial degradation of wood can occur in aerobic and anaerobic environments,

however, it is the only common microbial agent that can decay wood under anaerobic conditions.

Therefore, they are the prevalent microbial agents in waterlogged, sedimentary environments,

which wreck sites are commonly found in16–18 . They preferentially attack the holocellulose

components in the wood over lignin, with hemicellulose being degraded the fastest. Moreover,

it is believed that lignin acts as a physical barrier to bacteria and hence its presence slows the

rate of holocellulose degradation4.

There are two main types of bacterial attack: erosion and tunneling. The erosion mechanism

starts in the lumen and attacks the S3 layer, working towards the middle lamella, which is not

degraded by bacteria. The cellulose in the S2 and S3 regions are converted into an amorphous

mass, and there is a uniform thinning of the cell walls. Conversely, tunneling bacteria penetrate

into the S2 layer, with each bacterium having a unique tunnel, which creates a branched pattern

in the wood. Most of the degradation occurs in the S2 layer, however, the S3 and middle lamella

can also be degraded4. Wood degraded by erosion bacteria is commonly darker in appearance,

whereas tunneling bacteria only slightly discolours the wood, but extensive decay can result in

a soft, butterlike texture4.

Similarly, brown-rot fungi also preferably degrades holocellulose over lignin, resulting in a
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(a) Bacteria decay (b) Brown-rot decay (c) White-rot decay (d) Soft-rot decay.

Figure 2.6: SEM images of wood structure after microbiological decay. Adapted from3,15.

lignin rich structure, with the hemicellulose content being severely depleted. However, unlike

bacterial decay, the DP of cellulose is reduced. Additionally, brown-rot fungi chemically mod-

ifies the lignin, causing demethylation of aromatic methyl groups4. Therefore, the resulting

structure has a high proportion of lower molecular weight compounds. The lignin rich structure

appears brown, and the secondary cell wall layers are not easily distinguishable. The loss of

holocellulose occurs uniformly across cells, starting in the S2 layer and then progressing to the

S1 and S3 layers. A very brittle and malleable lignin skeleton remains, which may result in the

wood breaking apart into cubes.

In contrast, white-rot fungi can degrade all major wood components, including lignin. During

degradation, the lignin is oxidised, which increases the number of carboxyl and acidic groups4.

Variations in white-rot species and tree variety will alter the proportions to which the main

biopolymers are depleted. If all components of the cell wall are degraded, the wood will appear

white. However, cells are not uniformly degraded and hence pockets of white are commonly

observed.

Finally, soft-rot fungi also has the capability to decay both holocellulose and lignin, however,

individual fungal species will have different preferences4. Similar to bacterial degradation,

hemicellulose is preferably degraded over cellulose. Cavities form within the cell wall, usually

in the S2 layer. As they grow, they consume the S2 layer, resulting in its total destruction. The

primary wall, middle lamella and S3 layer remain. The decayed wood commonly has cracks

along the grain and is dark brown or black in colour4. As the macrostructure remains intact,

the wood may appear sound and hard. However, there is usually a loss in strength, even when

only a small amount of the wood has been decayed. Also, due to its loss of structure, when it is

broken soft-rot wood does not splinter like sound wood4.

Waterlogged archaeological wood also has an elevated ash content19–21. This is partially due

to a decrease in cellulosic wood components and hence a relative elevation in the ash content.

Additionally, ash can be added to the wood during burial – the type and concentration of ash is

dependent on the burial conditions. One important example is reduced sulfur compounds, such

as pyrite, produced by sulfate reducing bacteria. This has great conservational consequences

as exposure to oxygen can convert reduced sulfates to sulphuric acid, which will catalyse the

acid hydrolysis of remaining holocellulose components within the wood, thereby increasing the
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extent of degradation22.

Whilst in general, waterlogged archaeological wood has elevated lignin and ash contents, other

chemical trends are not consistent, for example cellulose crystallinity and change in DP4. This is

due to variation in burial conditions, re-exposure conditions, age of artefact, wood species, and

artefact history. These variables also inhibit accurate prediction of the extent of wood degrada-

tion for individual objects. Therefore, analysis of individual artefacts is required to understand

the extent of decay and evaluate the chemical and mechanical properties of archaeological wood,

which can be used to inform the most suitable conservation treatment.

2.1.3 Treatments for Waterlogged Archaeological Wood

The main aims of a treatment is to chemically, biologically and mechanically stabilise the wood,

reduce the extent of further degradation and ensure physical integrity to make the artefact suit-

able for its intended use. Due to the void space created in the cell wall during burial, archaeo-

logical wood is prone to shrinkage and collapse during drying. The voids created after loss of

biological material during waterlogging will be filled with water. This provides osmatic pressure

to the structure and hence enables it to retain its shape. However, during drying, the supporting

water is lost and hence the material collapses. If this process occurs at different rates in a piece

of wood, cracking can occur. Therefore, before drying, the wood is commonly treated to prevent

damage.

Bulking agents, such as polyethylene glycol (PEG) or mannose, are added to the wood to pre-

vent collapse. They enter the cell wall and maintain the swollen state. These treatments only

hydrogen bond to the holocellulose and therefore could theoretically be removed if they were

found to accelerate damage23. However, as the wood can be severely holocellulose depleted,

interactions between the treatment and the wood may be limited. Reactive treatments have

also been used, such as thermosetting resins, however, these are undesirable for conservation

due to their irreversible nature. Currently, PEG is the most common bulking agent applied to

waterlogged archaeological wood. The PEG molecular weight and concentration are chosen de-

pending on the wood species and the extent of deterioration. In addition to providing the most

suitable conservation treatment, an understanding of the archaeological woods’ properties will

allow for better knowledge of why treatments work and aid improvements in waterlogged wood

conservation treatments.

Surface treatments, such as high molecular weight PEG or linseed oil, are also applied. These

do not penetrate into the wood, but rather consolidate the surface. This is important when low

molecular weight PEG has been used as a bulking agent as it will tend to migrate and then bleed

from the surface. To prevent this, a high molecular weight PEG surface treatment is commonly

applied.
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2.1.4 PEG Degradation

Whilst PEG is a commonly used conservation treatment for waterlogged wood, there are con-

cerns about its long-term suitability due to the products it forms as it degrades24,25. It is well

known that PEG degrades in the presence of heat and air – the molecular weight of PEG de-

creases and formaldehyde products form via the formation of hydroperoxides26. However, as

the use of heat during PEG treatment of archaeological wood can be avoided, and the PEG

treated artefact is stored in museum conditions, there is interest in understanding the extent of

PEG degradation in ambient conditions over long time periods.

A study of the Vasa warship in Sweden, a PEG treated wooded shipwreck raised in the 1960’s,

highlighted that the PEG molecular weight profile in the archaeological wood 30 years after it

was applied was similar to its original specification24. However, this study also consistently

found higher concentrations of formic acid in PEG treated archaeological wood from three dif-

ferent ships compared to corresponding samples which had not been PEG treated. The average

concentrations of formic acid in the Vasa, the Oberländer boat, the Skuldelev Viking ships and

the Bremen cog were between 0.012% and 0.063% by weight27. Therefore, this study proposed

that the PEG treatment resulted in increased formic acid concentrations in the wood. Conversely,

acetic acid concentrations were found to be consistent between the PEG treated and untreated

samples, suggesting that the source of acetic acid was not from the PEG, but more likely to

originate from the archaeological wood. Another study supported these findings – the presence

of PEG oligomers correlated with increased concentrations of formic acid, indicating oxidative

degradation of PEG producing formic acid.

Whilst the extent of PEG degradation in wooden ships is though to be small – it would take

approximately 70,000 years to completely degrade all the PEG that is estimated to be in the

Vasa ship – even slow decomposition of PEG to shorter fragments will increase the hygroscop-

icity and softness, and hence redue the efficiency of the PEG stabilization27,28. Moreover, the

presence of acids in archaeological wood, such as formic acid, is problematic as it can accelerate

acid hydrolysis of cellulose.

2.1.5 Chemical Analysis of Wood

Physical Methods

To determine the extent of wood degradation and hence apply the most suitable conservation

treatments, physical methods, such as maximum water content, density and sorption character-

istics are used to categorise the wood into broad classes of degradation, as outlined in Chapter

1, Section 1.4.
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The density of wood can be used as a measure of extent of degradation, with a decreasing

density indicating loss of biological material. Basic density is defined as the oven dried weight

divided by the volume. However, if measurement of the volume is challenging, the maximum

water content can be used instead. The conventional density of the wood is calculated by split-

ting the density into two components – the wood and the void space. The former is assumed to

be constant for all sound wood species – 1.5 g/cm3. The volume of the void space is estimated

by the maximum water content. Therefore, the conventional density (d) equates to

d =
( M

100
+

1

1.5

)−1
(2.1)

where M is moisture content in percent and estimated using

M =

(
Ww −Wd

Wd

)
102 (2.2)

where Ww and Wd are the waterlogged and oven dried weights respectively. As the moisture

content of waterlogged wood is generally very high, small variations in the density of the cell

wall are insignificant. Care needs to be taken when comparing densities for waterlogged wood

due to the shrinkage of the wood during drying. Hence, basic density will potentially result

in elevated values compared to conventional density. Whilst density and maximum water con-

tent measurements are simple indices of the degree of degradation of archaeological wood, they

do not provide information about which components have been lost or any chemical changes

that have occurred, which will influence how conservation treatments interact with the wood.

Additionally, density measurements are likely to be influenced by impurities in the wood – for

example, pyrite (formed by the reaction between hydrogen sulfide produced by sulfate reducing

bacteria and iron ions from the corrosion of fixtures in the wood), which is difficult to remove

from archaeological wood. This will increase the density of the wood sample and hence po-

tentially result in an underestimation of the extent of decay. Therefore, conclusions about the

chemical and physical properties are difficult to ascertain solely from these physical methods.

Sorption characteristics can also be used to infer the composition of waterlogged archaeolog-

ical wood. Sorption of water is generally greater for archaeological compared to sound wood

– the equilibrium moisture contents for recent oak were found to be consistently lower com-

pared to oak samples from the Bremen Cog4. This is due to the loosening of the secondary cell

wall, which increases the accessibility of water into the structure. This appears to be the dom-

inant factor rather than a higher concentration of hydrophobic materials such as lignin, which

would reduce absorption. Like density and water content measurements, this physical method

is simple, however, lacks in-depth information about the polymer composition of the wood,

thus making appropriate conservation decisions difficult. However, it is a useful assessment of

water absorption and desorption from an artefact, which will indicate dimensional change if
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it is stored in an environment with fluctuating humidity. This can be used to define allowable

humidity fluctuations which will not cause mechanical stress within the object.

Wet Chemical Methods

To evaluate the ratio of biopolymers within a sound wood sample, and hence better understand

the chemical properties, wet chemical methods are traditionally used. The Technical Associa-

tion of the Pulp and Paper Industry (TAPPI) developed standardised chemical procedures for the

analysis of sound wood. For example, T222 is used by industry to measure the acid-insoluble

lignin (Klason lignin) content in wood and pulp. Extractives can be determined by washing with

solvents (TAPPI T204), ash content by burning in air at 600 ◦C (TAPPI T211) and holocellu-

lose content by washing with sodium hydroxide solutions (TAPPI T203), which can be used to

quantify cellulose and hemicellulose concentrations in delignified wood. Whilst these methods

do not require expensive equipment to provide a good assessment of the ratios of components

in the wood, regardless of extent of decay, they are destructive, and require large sample sizes

– commonly around 5 g29. They are also time demanding and are dependent on the solubility

and chemical nature of the biopolymers. Hence, these methods are not ideal for use with ar-

chaeological material due to limited availability of sample, and hence the preference for testing

to be non-destructive. Additionally, chemical changes to the biopolymers during ageing may

affect the solubility and hence the accuracy of these methods – it is commonly observed that the

total percentage weight of the main chemical components of decayed wood does not reach the

theoretical value of 100%30,31. Therefore, the remainder of this section will discuss alternative

methods developed to quantify lignin, cellulose and hemicellulose within wood, which are more

suitable for the heritage sector. This information can be used to determine the extent of wood

decay and hence inform conservation decisions.

Fourier transform Infrared

The introduction of commercial fourier transform infrared (FTIR) instruments in the 1960s al-

lowed for faster infrared analysis, with improved spectral quality and reproducibility compared

to dispersive instruments. Furthermore, the coupling of attenuated total reflection (ATR) with an

FTIR spectrometer enables samples to be examined directly in the solid or liquid state without

further preparation. Hence, FTIR-ATR is a powerful tool, and due to its accessibility is now

widely used across the chemical and biological sciences. It can provide functional group in-

formation, hence allowing for identification and chemical analysis to be performed quickly and

easily. The main wood constituents – hemicellulose, cellulose and lignin – have been previously

separated from the wood matrix and analysed individually by IR spectroscopy. Therefore, the

identification of many of the absorption bands observed in wood samples is known. Table 2.1

details the commonly observed peaks in wood spectra. Whilst assignments of groups reflect

the main origin of the IR absorbance, it is often not totally exclusive to that assignment. An
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Table 2.1: IR frequency bands identified in wood, which have been assigned to lignin (L),
hemicellulose (H) and cellulose (C).

IR Peak (cm-1) Assignment

1731 C=O vibration of esters, ketones, aldehydes (H)32–35

1647 Absorbed O–H, due to moisture in the sample
1593 C=C aromatic skeletal vibration (L)32

1508 C=C aromatic skeletal vibration (L)32,34,36,37

1456 Asymmetric C–H deformation (L)32,34,36,37

1423
Aromatic skeletal combined with C–H in-plane deforming
and stretching (L and C)17,32,36,37

1367 C–H symmetric deformation in carbohydrates (C and H)17,34

1320 CH2 wagging (C and H)32,34,36

1232 C–O stretching in hemicelluloses (H)34,36

1157
C–O–C stretching in pyranose rings, C–O stretching in
aliphatic groups (C and H)36

1106 Antisymmetric in-phase ring stretching (C and H)36

1031 C–O–C deformations (C and H)34,36

896 C–H deformation (C and H)32,34,36

example is the carbonyl band, which is commonly ascribed to hemicellulose. However, lignin

and some extractive compounds (such as tannins) can also contain carbonyl functionality and

may also contribute to this peak38.

Studies have compared the IR spectra of hard and soft woods37,38. Elevated lignin peaks were

observed in soft wood spectra compared to those of hard wood. This is due to their greater

lignin content. Furthermore, an increase in lignin content is associated with a shift of the car-

bonyl vibrational frequency band. In general, softwoods have a carbonyl absorption lower than

1739 cm−1, whereas hardwoods have a carbonyl absorption higher than 1739 cm−1 38. This is

postulated to be due to hemicellulose containing predominantly ester and acid carbonyl groups

(peaks around 1750–1735 cm−1), whereas lignin carbonyl groups are mostly aldehydes and ke-

tones, which have a lower stretching frequency. Therefore, a higher lignin content will shift the

carbonyl peak to a lower frequency, which is observed for softwoods. Additionally, the differ-

ence in lignin moieties between hard and soft wood also creates observable differences in the

IR spectra – lignin extracted from soft woods absorbs near 1270 cm−1 and 1230 cm−1, whereas

hardwood lignin only absorbs at 1230 cm−1. This difference is driven by softwood containing

mostly guaiacyl lignin whereas hardwood is predominantly guaiacyl-syringyl lignin37,38.

Further to identification, quantitative studies have been undertaken. In the late 80’s, it was

identified that the IR peak at 1508 cm−1 had a linear relationship with lignin concentration39,40.

More recent studies have used multivariate models to estimate cellulose, hemicellulose and
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lignin in wood samples36,41–43. Models which use multiple peaks for calibration should avoid

errors due to peaks not being solely due to one component. Furthermore, multivariate models

can also overcome the non-linear relationships between absorption and concentration that may

be encountered in the IR signal.

Due to the small sample size and also potential to be non-destructive, archaeological wood sam-

ples have been analysed by FTIR-ATR to characterise, monitor changes and estimate the extent

of degradation17,21,34,44. Like sound wood, the holocellulose to lignin ratio of wooden artefacts

can be measured and hence their extent of decay estimated20,45,46. However, as archaeologi-

cal wood can vary significantly depending on the presence of treatments, inorganic impurities

and high variability in terms of chemical structure of the decayed material, care must be taken

when interpreting spectra – especially when attempting to quantify results. For example, a FTIR

partial least squares model which quantified holocellulose and lignin content of archaeological

wood samples was found not to work if the sample had a high ash content, which is not uncom-

mon for archaeological wood42. Therefore, it is not possible to develop a quantitative IR model

which will be valid for all archaeological wood due to the huge variability present. To overcome

this issue, other analytical methods should be used to evaluate archaeological wood samples,

which can give complementary information to IR analysis, or provide evidence that certain IR

models may not be suitable.

Nuclear Magnetic Resonance

Solid state carbon 13 Nuclear Magnetic Resonance (NMR) can be used to provide detailed

information about the carbon environments within wood, and has been performed on archae-

ological samples16,47,48. Compared to liquid state NMR, which generally yields sharp peaks

due to molecular tumbling, solid state NMR commonly has broader peaks. To partially over-

come this issue, magic angle spinning (MAS) is used, which attempts to mimic the effect of

molecular tumbling observed in liquids. The sample is spun at 54.74◦ with respect to the mag-

netic field, which averages the orientation dependent interactions and hence generates narrower

peaks. Additionally, as carbon 13 nuclei are weakly coupled, cross polarisation (CP) is used

to enhance the signal. When this is combined with MAS, the technique is called carbon 13

cross-polarisation magic angle spinning (CPMAS), which is the most common NMR technique

applied to archaeological wood. This technique requires around 400 µg of powdered sample,

which is not destroyed during the analysis.

Similar to IR frequencies, NMR shifts indicate the chemical groups present in the sample, but

more specifically, the carbon skeleton, with shifts indicating the methyl carbon of the acetyl

group in hemicellulose, crystalline and amorphous cellulose, and the methoxy groups of aro-

matic lignin units23,47,49 . Due to overlapping moiety groups between the biopolymers, the
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chemical shifts are commonly not unique. However, pure peaks have been identified, and hence

an estimate of the holocellulose to lignin ratio can be obtained47. Due to no band broadening

observed, there is not thought to be extensive chemical rearrangements of the biopolymers in

archaeological wood, however, this could also be due to leaching of the degradation products

from the wood in a wet environment. Analysis of PEG treated wood has also been performed

by solid state NMR, with PEG having a clear peak at 72 ppm47. Additionally, by increasing

the contact time, the signal from the PEG CH2 carbons decreases, and hence the wood chemical

features can be observed, even if the sample has a high PEG concentration47. In contrast, this is

not possible by FTIR analysis, where a high PEG content would mask the signals from the wood.

Comparison of NMR spectra can only be compared if the method is kept the same between

different analyses, hence comparison between studies can be problematic. Only limited quan-

titative studies have been performed, however, no strong calibration evidence was observed50.

Moreover, this technique is specialised and requires expert personnel, along with expensive

equipment, to design the experiment and analyse the results. Whilst solid state NMR can pro-

vide more detail on the chemical bonds within archaeological wood, and differentiate between

crystalline and amorphous cellulose, which is challenging to evaluate by IR methods, it is cur-

rently unclear how this information can be used by conservators to inform conservation practice.

Rather, NMR is an in-depth technique which can provide information regarding archaeological

wood degradation pathways.

Pyrolysis-gas chromatography-mass spectrometry

Similar to NMR, pyrolysis-gas chromatography-mass spectrometry (pyr-GC-MS) has also been

used for in-depth analysis of wood and its isolated biopolymers51–53. Generally, a small sam-

ple (around 50 µg) is rapidly heated above the thermal degradation temperature of the sample.

The volatile compounds are swept onto the GC column, where they are separated and then

identified by the MS. It has been observed that the pyrolysis products of archaeological wood

are similar to that of sound wood, however, the ratios of cellulose to lignin pyrolysis products

are different54,55. This reflects previous findings that archaeological wood commonly has an

elevated lignin content, with minimal chemical changes to the biopolymers observed. A com-

parison of the holocellulose to lignin ratio calculated by pyrolysis GC-MS and wet chemical

methods had good agreement for archaeological wood54. However, there were discrepancies

for sound wood, which were thought to be due to an over estimation of the lignin content due

to the presence of aromatic extractive compounds in the wood, which are measured as lignin in

the pyrolysis method.

The ratios of cellulose, guaiacyl and syringyl lignin products can also be estimated using pyr-

GC-MS56. Minor differences between sound and archaeological lignin were observed, includ-

ing lignin side chain reduction, an increase in oxidised units and preferential demethoxylation
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of guaiacyl units over syringyl57. However, whilst running a pyrolysis GC-MS experiment is

arguably less complex compared to NMR, interpretation of the data is still challenging.

X-Ray Diffraction

X-ray diffraction (XRD) analysis of archaeological wood can provide information about the

crystalline component of the wood (cellulose), and identify crystalline impurities, such as salts.

This technique provides complementary information to the other techniques discussed and hence

has been performed on archaeological wood samples31,58. The cellulose crystallinity index (CI)

can be measured using XRD and is the ratio of crystalline to amorphous cellulose in a sample.

The simplest method used is the difference between the height of the main cellulose diffrac-

tion peak and the amorphous baseline, divided by the intensity of the main cellulose diffraction

peak59. However, as it is peak area, rather than peak intensity, which is a better estimate of

crystaline content, this method may not be accurate and should only be used as a relative indi-

cation of crystallinity60. Despite this, it is still used as it can be easily implemented with data

collected from powder diffraction experiments. Other methods, such as Rietveld modelling has

been used to estimate CI in pure cellulose samples, however, this has not been performed on

archaeological wood samples, possibly due to the more complex matrix of the material60.

Some studies have found no differences in the CI between ancient and sound woods, which

implies that crystalline and amorphous cellulose is lost at the same rate31. However, other

studies have identified a reduction in CI58. The presence of additional peaks from crystalline

compounds, such as calcite, aragonite and hematite due to waterlogging, can interfere with the

measurement and hence make quantification difficult.

Thermogravimetric Analysis

Thermogravimetric analysis (TGA) has been used in a few studies to measure the ratio of holo-

cellulose to lignin in wood samples61–63. It has not been used to provide in-depth detail on

degradation of lignin or holocellulose, but rather act as a complimentary technique for IR anal-

ysis to estimate the holocellulose to lignin ratio. It relies on temperature of degradation of each

of the wood components rather than identification through functional groups. A plot of weight

loss against temperature has three main regions of mass loss. These correspond to loss of mois-

ture, holocellulose degradation (between 160 ◦C and 370 ◦C) and lignin oxidative combustion

(between 370 ◦C and 500 ◦C). The remaining residual is ash content. Therefore, TGA can pro-

vide moisture, holocellulose, lignin and ash residue contents and only requires milligram sample

sizes, which is significantly smaller compared to the chemical TAPPI methods. Additionally,

different PEG molecular weights within archaeological wood could be identified as they will

have different evaporation temperatures. This is not possible with FTIR, as it cannot distinguish

between different PEG molecular weight polymers. However, further work needs to be per-

formed to better evaluate the suitability and accuracy of this method for archaeological wood
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due to limited studies being conducted. One study has shown strong agreement between the

holocellulose and lignin ratios for sound woods between TGA and IR analysis62. In addition

to wood content, changes in the temperature at which degradation occurs can detail changes

in the structures or interactions between the components. However, few archaeological wood

studies have commented on these changes61. Finally, by utilising varying heating rates (either

directly, or through modulation) the activation energy for the sample at different temperatures

can be measured64. Hence, apparent activation energies for holocellulose and lignin can be

estimated. This has been successfully calculated for sound wood, but not with archaeological

samples, which could be used to infer changes to the biopolymers within the sample65,66.

2.2 Research Aims

Physical methods in isolation do not provide sufficient detail regarding the ratio of polymers

present in the artefact for optimum conservation decisions or to drive successful innovation in

new treatments. Additionally, differences in analytical procedure will result in variation in mea-

sured chemical composition for the same wood. Hence, comparing literature results can be chal-

lenging due to the wide range of techniques used and different methods applied. Equally, due to

the complexity of archaeological wood, it is important not to rely on one analytical method to

analyse archaeological wood samples, as commonly observed in the literature50,57,67–71. More-

over, wood (both sound and archaeological) is not a homogeneous material. This has implica-

tions for developing analytical methods as sampling will introduce natural variance which could

mask or distort apparent instrument variability.

The ratio of holocellulose to lignin is a critical parameter in understanding the extent of de-

cay and influences the choice of conservation treatment. Therefore, it is an important parameter

for museums to be able to measure quickly and with limited sample destruction. IR methods

have been developed, however, these techniques have limitations – mainly its inability to be

quantitative for a wide range of samples. Hence, complimentary techniques which provide the

holocellulose to lignin ratio, with a strong understanding of the limitations of the method, need

to be further developed. Ideally, these methods should have similar sample requirements as IR

analysis – micrograms of powdered sample, which would enable multiple techniques to be per-

formed on the same sample and hence minimise the amount of wood destroyed. Also, many

museums do not have extensive analytical equipment in house, therefore techniques should be

developed on low cost and/or equipment commonly found within labs; increasing the potential

for conservators to find access to the relevant equipment.

Therefore, this chapter will use FTIR, TGA, XRD and moisture absorption experiments to assess

the composition and extent of change of archaeological samples compared to sound oak. All

analysis will be performed on ground samples. The holocellulose to lignin ratio will be calcu-
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lated by FTIR and TGA and qualitatively inferred by moisture absorption. TGA and XRD will

be used to further investigate the PEG content of the wood samples. Agreements and discrepan-

cies observed between the methods will be discussed, alongside the limitations and advantages

of the techniques, to inform future practice. This research will benefit conservators working

with marine archaeological wood and enable them to more accurately measure extent of wood

degradation, and hence make more informed treatment decisions. Equally, a greater knowl-

edge of the techniques will prevent over analysis, and only the most appropriate technique(s)

performed to gain the most relevant information required for informing conservation.

2.3 Sound and Archaeological Wood Samples

Sound wood cubes of English oak, with a volume of 1.5 cm3, were used in this study. Some of

the cubes were soaked in 40% PEG solutions, either 200, 400 or 600 molecular weight, for ap-

proximately four years. They were left to air dry for two days prior to analysis. After treatment,

the cubes had shrunk to around 1.0 cm3, became darker and softer.

Additionally, surface samples were taken from four sections of archaeological wood from the

Mary Rose Museum. The wood species was identified by cutting thin sections of the wood in

the transverse, radial and tangential directions and then comparing them to references under a

microscope. Artefact 87A0068 could not be identified, however, was thought to be either elm

or beech, with the former a greater match to references. Details about the selected artefacts

and sound wood samples are summarised in Table 2.2. Three of the artefacts have a unique

reference, which was assigned after they were excavated. The first number indicates the year of

recovery, the letter A represents that it is an artefact as opposed to timber or a sample, and the

final number is the find number for that category for the corresponding year. The Barge Deck

object does not have a reference number, but it is known to be part of the hull structure.

The artefacts were all treated with PEG – with three of the objects having the same PEG treat-

ment, which was applied at the same time, whereas, the Barge Deck object had the same PEG

treatment as the hull of the Mary Rose. Artefacts 83A0637 and the Barge Deck object were very

dense and hard to cut. Conversely, 90A0049 and 87A0068 were lighter and had a soft, foam

like texture during cutting. This difference also correlated with a difference in appearance and

basic density. The latter measurement was calculated for each artefact based on its dimensions

and weight. However, as the samples were not uniform shapes, this is a very approximate esti-

mation. In contrast, as the sound samples were cube shaped, the volume can be more accurately

estimated. The density of the untreated oak was in agreement with that quoted in the literature1.

As the PEG treatment fills the void space within the wood, the treatment increases the density of

the wood. Commonly, degraded archaeological wood samples have a lower density compared

to sound wood, however, due to the PEG treatment, some of the archaeological samples had a

greater density compared to the sound untreated wood.
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Table 2.2: Artefacts and sound wood samples from the Mary Rose Museum, which were used
in this study.

Sample Species Treatment Appearance Cutting
texture

Approximate
Basic

Density (kg/m3)

83A0637 Oak

10% PEG 600,
20% PEG 600,
30% PEG 4000,
freeze dried,
surface PEG 4000 treatment

Dark brown
Hard, with
observed
fracturing

1040

90A0049 Ash

10% PEG 600,
20% PEG 600,
30% PEG 4000,
freeze dried,
surface PEG 4000 treatment

Dark brown outside,
lighter on the inside

Foam like 410

87A0068
Elm or
Beech

10% PEG 600,
20% PEG 600,
30% PEG 4000,
freeze dried,
surface PEG 4000 treatment

Dark brown outside,
lighter on the inside

Foam like 650

Barge Deck
object

Oak
Sprayed with 40% PEG 200,
sprayed with 65% PEG 2000,
air dried

Dark brown
Hard, with
observed
fracturing

1370

Sound
wood

Oak No treatment Light brown Hard 630

Sound
wood

Oak
40% PEG 200
air dried

Dark brown Soft and compressible 780

Sound
wood

Oak
40% PEG 400
air dried

Dark brown Soft and compressible 680

Sound
wood

Oak
40% PEG 600
air dried

Dark brown Soft and compressible 650
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Prior to analysis all woods were powdered using course aluminum oxide paper, p40 grade.

Some samples were also washed with water to remove the PEG treatment. A suspension of

0.1 g of powdered wood to 20 ml water was prepared, which was stirred at room temperature for

1.5 hours. The wood was then filtered through an 80 µm sieve and washed with 500 ml distilled

water. The washed samples were allowed to dry at room temperature prior to analysis.

2.4 Methods

2.4.1 Attenuated Total Reflection Fourier Transform Infrared Spectroscopy

FTIR spectra of ground wood samples were collected using a Spectrum 100 (Perkin Elmer)

with a Universal ATR accessory. The tower arm was used to compress the sample against the

diamond/ZnSe crystal and the pressure for each sample was kept constant by using the pres-

sure gauge on the software. A resolution of 4 cm−1 was used and four scans were recorded per

sample in the range 4000–650 cm−1. Spectra were not normalised prior to quantitative analysis.

However, for ease of visual comparison, some plots in this chapter have been normalised to the

most intense peak in the spectrum.

To estimate the hemicellulose to lignin ratio, the peak intensity of the most intense spectral

peak at 1030 cm−1, indicative of the C–O stretching band in cellulose and hemicellulose, was

measured. This was divided by the peak height at 1508 cm−1, indicating the presence of the

aromatic skeletal vibrations in lignin17. Peak heights were used rather than peak areas as they

will have a smaller interference from distorted peak shapes, which could be caused by the pres-

ence of impurities in archaeological wood, which will vary greatly between samples. A straight

baseline was used, calculated from the start and end of the peak. Due to the small range of

samples analysed, no calibration was performed in this study and hence only relative changes

between samples will be discussed.

2.4.2 Thermogravimetric Analysis

TGA was performed using a Discovery TGA (TA Instruments). This instrument’s microbalance

has a sensitivity of <0.1 µg and a temperature precision of ±1 ◦C. Sound wood samples were

loaded into 100 µl platinum crucibles and heated from room temperature to 600 ◦C at 30 ◦C/min

in air, with a sample flow rate of 25 ml/min. The initial weights of the wood samples were

between 4–6 mg, which was enough sample to cover the bottom of the pan in a thin layer of

wood powder. The differences in starting mass did not appear to affect the thermograms – each

sample was run in duplicate and good repeatability was observed despite differences in initial

mass. Trios software (TA Instruments) was used to calculate the first derivative of the mass,
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with respect to temperature. Untreated wood and PEG 400 treated wood were also analysed in

duplicate under a nitrogen gas flow to investigate the effect of heating the samples under an inert

environment.

Sound wood samples were also analysed at heating rates of 1, 2, 10 and 20 ◦C/min, with a

sample size between 3–6 mg. Each sample was analysed in duplicate at each heating rate. This

data was used to calculate activation energies using the Flynn-Wall-Ozawa method, which is a

model free analysis and can be used to determine activation energies without any knowledge of

the reaction mechanisms. It is an isoconversional method, which assumes that the reaction rate

at a constant extent of conversion is a function of temperature only.

In general, the rate of reaction is dependent on three factors: the temperature (T ), extent of

conversion (α) and pressure (P ), as defined by

dα

dt
= k(T )f(α)h(P ) (2.3)

However, it is assumed that pressure remains constant throughout TGA experiments and does

not influence the rate. Hence, this equation can be simplified to

dα

dt
= k(T )f(α) (2.4)

where k(T ) is the rate constant and f(α) is the dependence on the extent of conversion. The

Arrhenius equation is commonly used to describe the rate constant,

k(T ) = Zexp

(
−Ea
RT

)
(2.5)

where Z is the pre-exponential factor,Ea the activation energy andR the universal gas constant.

The combination of equations 2.4 and 2.5 gives

dα

dt
= Zexp

(
−Ea
RT

)
f(α) (2.6)

For constant heating rates, β, this equation becomes

dα

dT
=

(
Z

β

)
exp

(
−Ea
RT

)
f(α) (2.7)

Integrating equation 2.7 results in the integral form of the reaction model, g(α)

g(α) ≡
∫ α

0

dα

f(α)
=

(
Z

β

)∫ T

0
exp

(
−Ea
RT

)
dT (2.8)
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which has no analytical solutions and hence approximate solutions have to be used72. For the

Ozawa-Flynn-Wall method, the approximation is

ln(β) = C − 1.052

(
Eaα
RTα

)
(2.9)

Hence, a plot of the natural logarithm of the heating rate against the reciprocal of temperature

will result in a straight line plot with the gradient equal to −1.052(Eaα/R). In this study, acti-

vation energies were estimated at the location of the two derivative peaks for all samples.

Both sound and archaeological wood samples were analysed using a high resolution, modu-

lated TGA (MTGA) method using the same instrumentation as described above. The maximum

ramp rate was 10 ◦C/min, with a 5 ◦C temperature amplitude, a period of 200 s and a resolution

of six. Samples were loaded into 100 µl platinum crucibles and heated from room temperature

to 600 ◦C in air, with a sample flow rate of 25 ml/min. The initial weights of the wood samples

were between 1–2 mg. However, the unwashed archaeological samples were run with a sample

mass between 5–6 mg due to the small cellulose and lignin content in the samples. To achieve

high resolution data, whilst maintaining sensible run times, TA Instrument’s high resolution

method varies the heating rate as a function of sample weight loss. Hence, fast heating rates are

used during periods of no weight loss, and slow heating rates during mass transitions, resulting

in improved resolution. Each sample was analysed in duplicate.

A modulated temperature cycle can be used to estimate the activation energy from a single

experimental run, hence reducing the analysis time and sample required compared to variable

heating rate methods. Similarly to the Ozawa-Flynn-Wall method, it is model free and hence no

knowledge of the mechanism is required. For a sinusoidal heating method, equation 2.6 can be

expressed as the ratio for adjacent peaks (subscript p) and valleys (subscript v), such that

dαp/dt

dαv/dt
=
Zexp(−Ea/RTp)f(αp)

Zexp(−Ea/RTv)f(αv)
(2.10)

However, as the half cycles occur over small time intervals, there is little change in the reacted

fraction. Hence, it can be assumed that f(αp) is very similar to f(αv) and their ratio approaches

unity64. Therefore, equation 2.10 can be simplified and rearranged to

Ea =
RTpTvln(dαp/dαv)

Tp − Tv
(2.11)

This equation can be further simplified by equating Tp and Tv with (T + A) and (T − A)

respectively, where A is the amplitude for temperature oscillation. In addition, Tp − Tv equates
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(a) Derivative TGA plot showing where the start
and end of the cellulose (1) and lignin (2) regions
were measured from.

(b) TGA plot showing how the ranges defined in
the derivative plot are used to estimate the per-
centage cellulose (1) and lignin (2) in the sample.

Figure 2.7: Example calculation for percentage cellulose and lignin from TGA data.

to twice the amplitude. Therefore,

Ea =
R(T 2 −A2)L

2A
(2.12)

where L equates to ln(dαp/dαv). By using deconvolution techniques, this method can be used

to calculate activation energies continuously. This was performed by the Trios software (Ta In-

struments).

To estimate the cellulose to lignin ratio, the calculated derivative plot was used to estimate the

temperature range over which mass losses occurred. The main mass loss observed, centering

around 285 ◦C (for MTGA analysis of untreated wood), was assigned to cellulose73. The mass

loss occurring at higher temperatures, centering around 430 ◦C (for MTGA analysis of untreated

wood), was assigned to lignin. Then, the TGA plot was used to calculate the change in mass

which occurs between the temperature range of degradation observed. The holocellulose to

lignin ratio was calculated by extending the cellulose temperature range to lower temperatures

to include the hemicellulose shoulder peak in the derivative plot. An example measurement is

shown in Figure 2.7.

2.4.3 X-Ray Diffraction

XRD patterns of all powdered wood samples were collected on a MiniFlex 600 diffractometer

(Rigaku), supplied with Cu Kα radiation. Data was collected over the 2θ range 5 to 50◦, at a

rate of 0.5 ◦min−1. Each sample was analysed in duplicate.
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2.4.4 Dynamic Vapour Sorption

Dynamic Vapour Sorption (DVS) was performed on all wood samples using a Q5000 Sorption

Analyser (TA Instruments) under a nitrogen atmosphere. The instruments microbalance has a

sensitivity of<0.1 µg and a humidity accuracy±1%. Samples were loaded into 180 µl metalized

quartz pans and were stabilised at 0% relative humidity (RH) at 25 ◦C for one hour under a flow

of nitrogen, with the balance purge flow set at 10 ml/min. This equilibrium time is shorter

compared to previous similar methods74. This was due to instrument availability. The dry and

wet flows were adjusted by the instrument’s software to achieved the desired RH, with the total

flow kept constant at 200 ml/min. The RH was then increased to 98%, held for 5 hours, and

then reduced back to 0% for a further 5 hours. Each wood sample was run three times, with the

sample mass between 1–3 mg once stabilised at 0% RH. The weight change results are reported

in percent, relative to the mass recorded 10 min prior to the first RH increase.

2.5 Results and Discussion

2.5.1 FTIR Analysis of Sound Wood

The FTIR spectra of the treated and untreated wood samples are very similar to each other, as

seen in Figure 2.8. There is good agreement with previously reported FTIR spectra of wood – in

the fingerprint region there is a main peak around 1030 cm−1, a carbonyl peak around 1730 cm−1

which coalesces with a peak at 1590 cm−1, and a small sharp peak at 1508 cm−1, which is indica-

tive of the aromatic skeletal vibrations in lignin75,76. The similarity between the PEG treated

samples and the untreated wood indicates a low PEG content in the treated samples. Unlike

decayed wood, sound wood does not have large pores in its structure and hence less void space

in the wood results in a lower PEG content23. However, there are small differences between the

spectra, for example there is an additional peak in the treated woods at 1349 cm−1, which is due

to hydroxyl group bending in PEG molecules77.

An additional difference between the treated and untreated woods is the relative intensity of the

two peaks centered around 1650 cm−1, which is more intense for the untreated wood compared

to the treated samples. Furthermore, the relative intensities of these peaks decrease after the

untreated wood sample is washed, indicating that extractive components in the wood contribute

to peak intensity at these frequencies, as these compounds are partially removed with aqueous

washing. Additionally, FTIR analysis of the dried aqueous solution used to wash the untreated

wood also had these peaks present – peaks at 1744 cm−1 and 1604 cm−1. The results are shown

in Figure 2.9a and have been overlaid with tannic acid, a water soluble compound present in

oak wood. Hydrolysable tannins are known to exhibit a distinctive peak between 1750 cm−1

to 1740 cm−1 for carbonyl stretching78,79. Additionally, the 1610 cm−1 peak can be attributed
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Figure 2.8: FTIR spectra of untreated and PEG treated sound wood samples. Each spectrum is
an average of three spectra for each sample. The inset highlights the additional peak present in
the treated wood spectra, which occurs at 1349 cm−1, and is due to the presence of PEG.

to aromatic structures bearing hydroxyl groups found in tannins79. There is strong agreement

between the two spectra, which highlights that the washing contains tannic acid, and/or other

similar tannin compounds. Hence, soaking the wood in PEG solutions is likely to be washing

out extractables from the wood which have FTIR peaks in this region, such as tannins. To further

prove this, samples of the PEG solutions used to treat the wood were dried at room temperature

and analysed by FTIR. Whilst the spectra are dominated by PEG peaks, as seen in Figure 2.9b,

the tannin doublet is still present. Similarly, the spectrum of the dried solution used to wash the

PEG 600 treated wood is also dominated by PEG peaks, but with the tannin doublet present,

as also shown in Figure 2.9b. This is strong evidence that soaking the wood in water removes

tannin compounds during PEG treatment. Moreover, further washing will remove additional

tannin material.

Consequently, care needs to be taken when comparing spectra of treated and untreated woods

as extractive removal can influence peak intensities. The peak at 1744 cm−1 is commonly used

to quantify hemicellulose content as this biopolymer contains carbonyl functionality, unlike the

other main polymers present in the wood. Whilst this may not be problematic for waterlogged

archaeological wood, as they will have no significant tannin content due to the wet burial con-

ditions, it may result in overestimation of hemicellulose in the sound wood it is being compared

to, and hence an over estimation of the amount of hemicellulose lost67,80.
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(a) Dried solution used to wash untreated wood,
overlaid with tannic acid.

(b) Dried PEG 200 treatment solution and dried
solution used to wash PEG 600 treated wood,
compared to chemical grade PEG 200.

Figure 2.9: FTIR spectra of dried soluions from: washing of untreated wood, washing of PEG
600 treated wood and PEG 200 treatment solution. These are compared to tannic acid and
chemical grade PEG 200.

Previous research has shown that the lignin peak at 1508 cm−1 is linearly correlated to Kla-

son lignin content in the wood40. Therefore, the heights of the 1508 cm−1 peaks were measured

and divided by the height of the main peak in the spectrum at 1030 cm−1, which is predom-

inantly due to the presence of holocellulose. The results, relative to washed untreated wood,

are shown in Figure 2.10, and are an estimate of the relative holocellulose to lignin ratios for

the samples. It is clear that PEG in the sample interferes with the measurement – the error is

much larger for PEG treated woods compared to untreated. This could be due to differences

in PEG concentration between samples, caused by an non-uniform distribution of PEG in the

structure81. The spectrum of chemical grade PEG has a main peak at 1095 cm−1, which is very

close to the main cellulose peak in the wood. As seen in Figure 2.8, this affects the baseline for

the measurement of the cellulose peak height and hence different PEG concentrations will cause

greater variability in the measurement. Additionally, the variability in the ratio for washed sam-

ples of PEG 600 treated wood were similar to the untreated, unwashed wood sample. Hence,

removing the PEG appears to reduce the variance of the measurement and provides further evi-

dence that PEG is interfering with the calculated holocellulose to lignin ratios. Therefore, FTIR

measurements are susceptible to changes in other parameters in the wood and care should be

taken when interpreting results.

The PEG treated woods, and the washed PEG 600 wood sample, have smaller mean ratios

compared to the untreated wood samples. This could indicate that hemicellulose degradation

occurs during the treatment process. As hemicellulose is readily hydrolysed, hydrolysis of this

biopolymer may occur in the wood when it is soaked in water for a long period of time. One



58 CHAPTER 2. MULTI-METHOD ANALYSIS OF POLYMER RATIOS

Figure 2.10: FTIR peak height at 1030 cm−1 divided by the peak height at 1508 cm−1 for PEG
treated and untreated sound wood. Reported values are relative to washed untreated wood. The
box represents the range of the data, with the line representing the mean value. The values
are calculated from three repeats for all samples, except the untreated wood which has been
calculated from six.
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(a) TGA of untreated wood (b) DTG of untreated wood

Figure 2.11: TGA and DTG of untreated oak analysed in air and nitrogen at a heating rate of
30 ◦C/min. i) corresponds to water loss, ii) the degradation of hemicellulose and cellulose and
iii) the combustion of lignin. Two replicates are shown for each environment, with a starting
mass difference of 2 mg for the samples analysed in air.

study found that there was a 10% conversion of hemicellulose into its sugars after being in water

at 34 ◦C and pH 4 for 100 hours82. Therefore, as these samples were stored for a much longer

time, and the PEG solutions were found to be between pH 3–5 (shown in Chapter 3, Table 3.7

and postulated to be due to PEG degradation), which catalyses the hydrolysis of hemicellulose,

the soaking process may reduce hemicellulose content as suggested by the smaller FTIR ratio.

The difference in ratio is not thought to be due to interference from extractives as washing does

not significantly change the ratio for untreated wood. However, further evidence is required

to prove the cause of the difference due to the large error bars observed. Finally, a calibration

will be required to convert the ratios obtained into actual mass values. This has been previously

achieved, however, producing a valid model capable of estimating the ratio for a wide variety of

woods will be extremely challenging46.

2.5.2 Thermal Analysis of Sound Woods

TGA analysis of wood has been shown to successfully differentiate between the main compo-

nents of wood – hemicellulose, cellulose and lignin – as they thermally degrade at different

temperatures83. The derivative of mass, with respect to temperature, further aids the separation

of the components62. If the derivative is plotted against the temperature, the resulting plot is

called the DTG. Figure 2.11 shows the results of TGA analysis performed on untreated pow-

dered oak samples in air and nitrogen. Excellent repeatability was observed between repeat

experiments despite variations in initial starting mass used, indicating that the sample prepara-

tion produced a constant product for analysis.
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(a) MTGA of sound treated and untreated wood (b) DTG of sound treated and untreated wood

Figure 2.12: MTGA and corresponding DTG of sound wood samples with and without PEG
treatment analysed in air. Only one analysis shown for each sample.

The small mass loss occurring below 100 ◦C, labeled as i in Figure 2.11, is thought to be due to

loss of moisture from the sample. The largest loss in mass, accounting for approximately 50%

of the mass of the sample, occurs around 325 ◦C and is due to holocellulose degradation84. The

DTG plot shows this mass loss occurs in two stages, indicating the presence of hemicellulose

and cellulose, with the latter being more thermally stable due to its ordered macrostructure84,85.

The presence of air lowers the temperature at which holocellulose degradation occurs, evidenced

by the shift to lower temperatures for the DTG peak, highlighting that this process is accelerated

by the presence of oxygen. Finally, in air, there is a third decrease in mass, centering around

500 ◦C, which corresponds to the combustion of lignin73.

The temperature at which the derivative peaks occur will depend on the heating rate and sample

size, in addition to material properties86. Therefore, the onset temperature is usually quoted,

which is less dependent on the experimental parameters. This is defined as the intersection of

the tangent of the peak with the extrapolated baseline. However, this is challenging to measure

if there is no flat baseline, as observed in the wood samples. Hence, in this study, the derivative

peak location will be used, but comparison of samples will only be performed which have been

analysed with the same heating program and similar initial starting mass. Also, all further anal-

ysis was performed in air to observe the lignin oxidation.

Compared to the TGA analysis, MTGA analysis of the sound wood samples resulted in more

defined weight losses, which center at lower temperatures. This is due to the slower heating

rate and smaller initial sample mass used (∼1.5 mg compared to 5 mg). The treated woods had

similar weight loss profiles to the untreated wood sample, but with evidence of PEG in the

structure. The MTGA and corresponding derivative DTG plots are shown in Figure 2.12. The

holocellulose weight loss occurs around 285 ◦C, which has a clear shoulder peak around 250 ◦C

corresponding to hemicellulose. Finally, the lignin weight loss centers between 400–430 ◦C. For
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(a) FTIR spectra of untreated wood after being
heated in the TGA.

(b) DTG plot of untreated wood, highlighting the
main hemicellulose mass loss.

Figure 2.13: Combined FTIR and TGA analysis of untreated wood. The DTG was collected at
a heating rate of 30 ◦C/min in air.

PEG 200 treated wood, there is a clear additional mass loss centering at 140 ◦C, most likely due

to the evaporation of PEG and accounts for approximately 20% of the sample mass. Similarly

for PEG 400 treatment, weight loss starts to occur at lower temperatures compared to untreated

wood. This is most likely due to PEG evaporation, which occurs at higher temperatures with

increasing molecular weight. However, as the weight loss merges with that observed for holo-

cellulose, an estimation for the weight loss due to PEG 400 can not be determined. No clear

PEG evaporation can be observed for PEG 600 treated wood, most likely due to it occurring

over a similar temperature range to cellulose degradation, as evidenced by the increasing mass

loss over the hemicellulose region.

Whilst these results agree with the literature, there have been limited studies providing evidence

that these weight changes correlate to the degradation of the three main wood components62.

To confirm the chemical changes that occurred during heating, FTIR analysis was performed on

untreated and PEG 400 treated oak samples, after heating in the TGA to various temperatures.

The FTIR spectra of untreated oak samples, heated to different temperatures, along with the

collected DTG are shown in Figure 2.13. For untreated wood, the cellulose FTIR peak at

1030 cm−1 could not be measured after heating up to 350 ◦C. Up to this temperature, the spectra

of the untreated wood all have cellulose as their main component. However, the lignin peaks

(1510 cm−1, 1593 cm−1 and 1456 cm−1) gradually increase in relative intensity, which indicates

a relative loss in cellulosic content. This agrees with the DTG plot, shown in Figure 2.13b,

which highlights that hollocellulose starts to degrade around 240 ◦C and ends around 350 ◦C.

Additionally, after heating, the carbonyl peak at 1732 cm−1 shifts toward lower wavelengths.

This is due to a decrease in the relative content of hemicellulose compared to lignin and thus

increases the concentration of ketones compared to esters and carboxylic acid groups, which
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Figure 2.14: Normalised change in mass measured by TGA (between 150 ◦C and 350 ◦C) com-
pared to the holocellulose to lignin FTIR ratio normalised between no heating to 350 ◦C for
untreated wood. Error bars represent the range from three measurements.

have lower vibrational frequencies38. Therefore, this DTG peak corresponds to holocellulose

loss, encompassing hemicellulose and cellulose.

Additionally, the observed weight loss measured by TGA was normalised between 150 ◦C and

350 ◦C to estimate the extent of holocellulose degradation. This was overlaid with the change in

holocellulose to lignin ratio over this region calculated from the FTIR data (normalised between

no heating and 350 ◦C). Due to the small sample after heating, FTIR analysis was repeatedly

performed on the same sample and hence smaller errors are observed compared to previous

FTIR analysis. There is good agreement between the decreasing mass of the TGA and the

change in holocellulose to lignin ratio of the FTIR, as shown in Figure 2.14. This further sug-

gests that it is holocellulose which is being depleted over this temperature range. It is assumed

that the TGA shoulder is due to hemicellulose degradation and the more defined peak cellulose,

due to the latter being known to have a greater thermal stability.

The indicative aromatic FTIR lignin peak at 1508 cm−1 is not present after the sample is heated

to 380 ◦C. As TGA indicates that the third weight loss occurs from 350 ◦C, it could be partially

due to lignin combustion. However, the TGA degradation peak reaches its fastest rate of mass

loss at 510 ◦C. Therefore, other extractive compounds which have aromatic functionality, could

also undergo oxidation degradation in this temperature region, forming carbon dioxide87. Con-

sequently, this mass loss may not solely represent lignin.
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Figure 2.15: Normalised change in mass measured by TGA (between 150 ◦C and 350 ◦C) com-
pared to the FTIR holocellulose to lignin ratio normalised between no heating to 350 ◦C for
PEG 400 treated wood. Error bars represent the range from three measurements.

The same analysis was performed on PEG 400 treated wood. Conversely, up to 330 ◦C, no

decrease in the holocellulose to lignin ratio was observed in the FTIR data with increasing tem-

perature. This is shown in Figure 2.15. The indicative PEG peak in the FTIR, at 1349 cm−1,

decreases in intensity from the first temperature point measured (230 ◦C) and the peak is not

present above 290 ◦C. This indicates that evaporating PEG is causing the mass loss in this tem-

perature region as opposed to holocellulose degradation. Additionally, the FTIR holocellulose

to lignin ratio also increases during the PEG evaporation temperature range, which highlights

that the presence of PEG in the wood structure reduces the apparent holocellulose to lignin peak

ratio. It is not likely to represent a true increase in the hemicellulose to lignin ratio, but rather

indicates that PEG interferes with the baseline and hence affects the peak height measurement.

Above 330 ◦C, the ratio decreases to zero faster than the untreated wood, which implies that

holocellulose degrades over a narrower temperature range compared to untreated wood. Evi-

dence for this is also observed in the DTG plot shown in Figure 2.13b – for PEG treated wood

the cellulose peak is narrower compared to untreated wood, which highlights that holocellu-

lose degradation occurs faster for the treated wood samples. This could be a result of partial

holocellulose degradation during soaking, which was also observed in the FTIR data. Similar to

untreated wood, the indicative lignin peak is not present after the sample is heated above 380 ◦C.

Hence, it is also unclear if this DTG peak corresponds solely to lignin.

Combined TGA and FTIR analysis has provided evidence that the main DTG peak is due to

cellulosic material and hence estimates of hemicellulose and cellulose content can be calculated.
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However, the suspected lignin peak could also incorporate other aromatic materials in the wood,

such as tannin compounds. Therefore, the application of TGA analysis to estimate the cellulose

to lignin ratio may only be used to produce gross estimates due to the lack of uniqueness of

the weight losses observed. However, as holocellulose and lignin are the major biopolymers

in sound wood, errors associated with the presence of minor compounds in the wood should

be small in comparison – the extractive content of oak is around 10%, therefore, the estimated

lignin content could be elevated by around 10%88. Additionally, although archaeological woods

may contain high concentrations of impurities, these are commonly inorganic materials such as

salts, which will not thermally degrade below 600 ◦C and hence are not likely to interfere with

the analysis. Also, other analysis, such as FTIR and/or XRD, could be performed to assess the

wood for other major impurities.

There are some subtle differences in the DTG traces of the sound wood samples. Interestingly,

the main cellulose peak for untreated wood and PEG 200 treated wood occurs at lower temper-

atures compared to PEG 600 and PEG 400 treated woods, as shown in Figure 2.12b. This is not

thought to be simply due to a difference in mass of sample present over the cellulose degradation

region – there was no correlation between peak position and absolute mass change of sample

over the cellulose degradation temperature range. Rather, this difference is postulated to indicate

the presence of hydrogen bonds between PEG and cellulose microfibrils49. This causes thermal

stabilisation of the cellulose in PEG 400 and 600 treated samples, and hence results in a greater

cellulose degradation temperature. This stabilisation effect is not observed for PEG 200 treated

wood as the PEG evaporates out of the wood prior to cellulose degradation. Additionally, pure

PEG 400 and 600 are expected to degrade at lower temperatures than observed in the DTG of

the treated woods – TGA of the dried PEG solutions heated at 30 ◦C/min start evaporating at

100 ◦C, 150 ◦C and 179 ◦C for PEG 200, 400 and 600 respectively. Whilst PEG 200 evaporates

at a similar temperature in the wood and in isolation when heated at 30 ◦C/min, PEG 400 and

600 evaporate at lower temperatures in isolation. Hence, this is evidence that PEG 400 and

600 are also being stabilised by hydrogen bonding within the wood and hence they evaporate

at higher temperatures when incorporated into the wood structure. PEG 600 molecular weight

treatment appears to have a greater stabilising effect compared to PEG 400.

The third DTG peak, thought to mainly comprise of lignin, is smaller for the PEG treated woods

but has a similar onset point for all samples. This is shown in Figure 2.12b and indicates a

reduction in material as opposed to a chemical change. FTIR analysis evidenced that the treat-

ment process removes extractables, such as tannins, from the wood. Therefore, as tannin com-

pounds have oxidised aromatic groups, they will also contribute to the third DTG peak. Hence,

their removal during the treatment process could explain the difference between the treated and

untreated woods in this region – a smaller peak for the treated woods due to the removal of

extractives.
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(a) DTG of washed PEG 600 treated wood com-
pared to unwashed PEG 600 treated wood.

(b) DTG of washed untreated wood compared to
unwashed untreated wood.

Figure 2.16: The effect of washing on the DTA plot of sound oak samples, generated from
MTGA analysis in air.

To investigate these differences further, MTGA was performed on washed samples of PEG

600 treated wood and untreated wood. The washing removed the PEG treatment – as confirmed

by the FTIR spectra (no peak at 1349 cm−1). The cellulose DTG peak in the washed PEG 600

treated wood sample shifted to lower temperatures and the temperature of the peak center was

similar to that of untreated wood, as shown in Figure 2.16a. This indicates that the cellulose

is no longer stabilised by the PEG treatment and hence its degradation shifts to lower temper-

atures. In contrast, the lignin peak still occurs at the lower temperature, which indicates that

the change to the lignin is a permanent change – such as the removal of compounds during the

treatment process which degrade in this region. For the washed untreated wood, as expected

the cellulose peak does not move. However, the third DTG peak becomes smaller relative to

the cellulose peak after washing, as shown in Figure 2.16b. This provides further evidence that

washing removes compounds that decompose in this temperature region.

The change in peak magnitudes observed in Figure 2.16 is due to the change in ratios of com-

ponents in the wood. The removal of PEG 600 results in an increase in the measured relative

amounts of holocellulose and lignin and hence their peak intensities increase. Also, sharpness

and thermal stability of the hemicellulose peak increases after washing of the PEG 600 sample.

This is due to the removal of PEG and hence less matter is degrading within this temperature re-

gion, resulting in a sharper peak. For the washed untreated wood, the third DTG peak decreases

and hence the relative holocellulose content increases and an increase in the corresponding peaks

is observed.
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(a) Absolute values (b) Normalised values

Figure 2.17: Estimated hemicellulose, cellulose, lignin and residual content for sound wood
samples calculated from MTGA data. Each bar represents an average of two analyses and are
compared to expected results for English oak taken from literature values89.
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The cellulose, hemicellulose and lignin content were estimated by measuring the weight loss

over the region of the three derivative peaks. Additionally, the PEG content was estimated for

PEG 200 treated wood. PEG content was not estimated for PEG 400 and 600 treated wood

as the PEG evaporation peak coincides with the holocellulose degradation region, and hence a

pure PEG peak cannot be isolated. The results are shown in Figure 2.17a and are compared to

literature values for English oak, which is expected to have: 39–42% cellulose, 19–26% hemi-

cellulose and 25–34% lignin, with the remaining mass expected to be due to extractives as it has

a near zero ash content89. There is good agreement between the literature values for English

oak and the washed wood samples. However, with increasing PEG molecular weight treatment,

the holocellulose content of the wood increases, which is due to PEG evaporating over the same

temperature range as cellulose and hemicellulose and being incorporated into the measurement.

The changes in mass were normalised and are shown in Figure 2.17b. As expected, PEG 400

and 600 treated wood overestimate the holocellulose component of the wood. The untreated

wood sample has a greater lignin content compared to the washed untreated wood sample,

which is due to tannin compounds oxidatively degrading over the same temperature range as

lignin, hence elevating the lignin peak for the unwashed sample. The tannin compounds are

reduced after washing and hence a smaller lignin content is observed for the washed untreated

wood sample. Additionally, the washed samples have good agreement with each other. There-

fore, washing the wood prior to analysis removes compounds present in the wood which may

interfere with the cellulose to lignin ratio, and hence are expected to provide more accurate esti-

mations. The hemicellulose to lignin ratios are between 2.0–2.3 for untreated wood, 2.5–2.8 for

PEG 200 treated wood, 2.7–2.8 for washed untreated wood and around 2.5 for washed PEG 600

wood. They are all within the expected range for oak wood, which lies between 1.7–2.854,89,90.

Moreover, the latter three samples have similar values, highlighting that PEG 200 does not in-

terfere with the measurement. However, wet chemical analysis of the samples used in this study

would be required to further evaluate how the MTGA holocellulose to lignin ratio compares to

this standard method. As MTGA analysis reports changes in weight, these calculated ratios are

expected to represent the weight/weight ratio of holocellulose to lignin in the sample and hence,

unlike FTIR analysis, no calibration should be required.

2.5.3 Comparison of FTIR and MTGA Methods

To compare the holocellulose to lignin ratios calculated by the two techniques, the values rela-

tive to washed untreated wood were calculated. These are shown in Figure 2.18. Unlike Figure

2.14 which evidenced good agreement between the rate of holocellulose degradation measured

by MTGA and FTIR methods, Figure 2.18 shows poor agreement between the magnitude of

the hollocellulose to lignin ratio between the two methods. These differences are thought to be

driven by the presence of extractives and PEG in the wood, which interfere with the MTGA
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Figure 2.18: Estimation of holocellulose to lignin ratio by FTIR and MTGA methods. The
box represents the range of the data, with the line indicating the mean value. FTIR values are
calculated from three repeats (except untreated wood which is six). MTGA data is calculated
from two repeats and hence no mean result is reported.

results as this method has poor specificity compared to FTIR. As extractives contribute to the

lignin region in the MTGA analysis for the untreated wood, this sample has a lower value com-

pared to that calculated by FTIR. This has been previously identified by a GC-MS study, which

found that aromatic extractive compounds also elevated the lignin signal54. In contrast, the PEG

400 and 600 treated woods have elevated ratios for MTGA, which is due to the PEG in the sam-

ple evaporating at a similar temperature to holocellulose degradation.

The FTIR method has little variation in the results between all the samples – this is expected

as the samples are all from the same source and are not expected to have extensive changes in

biopolymer content. However, for both methods, the washed PEG 600 sample has a smaller

ratio compared to the washed untreated wood, which could indicate that the soaking treatment

process accelerates the hydrolysis of hemicellulose and hence lowers the holocellulose to lignin

ratio compared to wood not stored in water. Additionally, the reported first step in non-biological

degradation of oak wood in water is the swelling of the secondary cell wall. This loosens the
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(a) Cellulose (b) Lignin

Figure 2.19: Arrhenius plots for thermal degradation of cellulose and lignin in sound wood
samples generated using the Flynn-Wall-Ozawa method in air.

lignin and hemicellulose away from the cellulose microfibrils, allowing for hydrolysis of hemi-

cellulose to occur4. Further investigation would be required to determine if the treatment pro-

cess promotes the degradation of hemicellulose, such as extraction of the holocellulose from

the wood and DP analysis performed. However, as this trend was identified by both FTIR and

MTGA, it is unlikely to be caused by interferences with the measurements.

2.5.4 Estimation of Activation Energy for Sound Wood

Kinetic parameters, such as the activation energy of cellulose and lignin thermolysis, have po-

tential to model rates of thermal degradation at different temperatures91. Apparent activation

energies can be calculated directly from the MTGA data. This has the advantage over more tra-

ditional variable heating rate methods, such as the Flynn-Wall-Ozawa method, as the activation

energy can be calculated from one analysis rather than requiring multiple samples to be run at

varying heating rates. This is particularly important for the analysis of archaeological material

as TGA is a destructive method and hence less sample will be required to gain the same infor-

mation. Additionally, an MTGA method has been shown to produce comparable values to more

conventional variable heating rate methods64. The activation energy at the lignin and cellulose

derivative peaks were used to estimate the apparent activation energy for the degradation of

these components in wood.

The Flynn-Wall-Ozawa method requires a plot of the natural log of the heating rate against

the reciprocal of temperature for the extent of conversion of interest – either the location of the

cellulose or lignin derivative peak. These are shown in Figure 2.19. For cellulose, a strong linear

fit is observed in the Arrhenius plot (R2=−0.99 for all samples), hence the gradient can be used

to estimate the apparent activation energy. However, for the lignin plot, there is greater vari-
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Figure 2.20: Apparent activation energy for lignin and cellulose in sound oak wood samples,
calculated using the Flynn-Wall-Ozawa method. Error bars represent the uncertainty associated
with the gradient from the linear fit. Note that the cellulose activation energies for PEG treated
wood are reduced due to the presence of PEG which evaporates at a similar temperature to
cellulose degradation.

ability between the repeat measurements for the samples, especially at slower heating rates for

the PEG treated samples (R2=−0.93 for PEG 600 treated wood). This is postulated to be due to

the broad, shallow lignin peak, which increases the variability in identifying the peak position.

This is less so for the untreated wood as the lignin derivative peak is larger and hence the peak

is more defined. Additionally, there is more noise in the derivative plot at slower heating rates,

which also contributes to the increased variability between samples.

The calculated activation energies using the Flynn-Wall-Ozawa method are shown in Figure

2.20 for the sound woods. For cellulose, PEG treated samples have a lower value compared to

untreated wood. This trend is most likely due to rapidly evaporating PEG whilst cellulose is de-

grading, hence lowering the activation energies for the treated samples. Therefore, the apparent

activation energies calculated for the PEG treated samples are unlikely to be a true reflection of

cellulose degradation in the wood. This effect is expected to be greatest for PEG 600 treated

wood, however, there is no significant difference observed between PEG 400 and 600 treated

woods. This could be due to a large error compared to the differences between samples which

masks subtle differences.

The activation energies for lignin increase with increasing PEG molecular weight treatment.

At the temperature of lignin degradation, it is unlikely that there will be large concentrations of
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Figure 2.21: Overlay of MTGA, DTG and activation energy calculated for PEG 200 treated
wood analysed in air.

PEG or other wood biopolymers present. However, the suspected presence of other aromatic

extractive compounds may influence the calculated apparent activation energy. Due to a poor

linear fit for PEG 600 and 400 treated wood, these apparent activation energies have large errors

which could contribute to the differences observed between samples.

Apparent activation energies were also estimated directly from the MTGA data. The activa-

tion energy reach local minima over the temperature range corresponding to cellulose and lignin

mass losses. This can be seen in Figure 2.21, which shows the overlay of the TGA, DTG and ac-

tivation energy for PEG 200 treated wood. As the activation energy plot contains a lot of noise,

a median value was calculated over the temperature range of the cellulose and lignin derivative

peaks. An average value from two repeats was then calculated. The results are shown in Figure

2.22. Similar trends are observed between the two methods used to calculate apparent activa-

tion energies. The MGTA activation energies are also lower for the PEG treated wood samples,

but with an increasing difference for increasing PEG molecular weight treatment. As discussed

in Section 2.5.2, this is due to PEG 600 molecular weight predominantly decaying within the

cellulose degradation range, whereas PEG 200 mostly evaporates before and hence has no sig-

nificant influence on the cellulose activation energy. Furthermore, the removal of PEG 600 after

the sample has been washed results in an increase in the apparent activation energy for cellulose,

which provides further evidence that PEG is reducing the apparent activation energy obtained.

However, it is unclear why the washed samples have greater apparent activation energies com-

pared to unwashed, untreated wood. Therefore, as washing is not thought to alter the chemical
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Figure 2.22: Apparent activation energy calculated by MTGA for cellulose and lignin. The error
bar represents the range of the median value calculated from two repeats.

structure of cellulose, the changes in the sample preparation prior to MTGA activation analysis

can significantly affect the result. Hence, only comparison between samples which have been

prepared in the same manner can be performed. This has strong consequences for applying this

technique to archaeological woods as they will have undergone variations in treatment, drying,

and washing, which may affect the apparent MTGA activation energy, however, may not neces-

sarily indicate a difference in cellulose structure.

Similarly to the Flynn-Wall-Ozawa method, no significant differences between the apparent

MTGA activation energies for lignin were observed between the wood samples. As these sam-

ples are all from the same source, it is not expected that they will have significantly different

activation energies. However, the values for lignin in untreated wood are significantly different

between the two methods: between 173–190 kJ/mol for Flynn-Wall-Ozawa and 157–158 kJ/mol

for the MTGA method. Due to the poor Arrhenius fit for the Flynn-Wall-Ozawa, the MTGA

method is expected to be more accurate. Conversely, for untreated wood, there is good agree-

ment between the two methods for the apparent activation energy for cellulose: between 179-

–190 kJ/mol for Flynn-Wall-Ozawa and 186–188 kJ/mol for the MTGA method. The error is

smaller for the MTGA method, additionally, the MTGA data was produced from two analyses,

compared to eight for the Flynn-Wall-Ozawa method. Therefore, comparable apparent activa-

tion energies can be obtained between the two methods, but with the MTGA being quicker, less

variable and uses a smaller amount of sample.
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In a similar study, MTGA was used to estimate the activation energies of combustion for micro-

crystalline cellulose. It was found that the activation energy in air was 153 kJ/mol73. This value

is significantly different to those observed in this study. However, values reported for activa-

tion energy for cellulose vary significantly in the literature, due to differences in methodology,

heating program, sample size, crystallinity and gaseous environment, which are likely to con-

tribute to the discrepancies66,92–94. A theoretical study suggested that cellulose degrades in two

steps – oxidation of chain ends, which has an activation energy of 90–167 kJ/mol, followed by

depolymerisation of cellulose by transglycosylation, which is the rate limiting step and has an

activation energy of 200 kJ/mol95. Hence, the activation energy calculated for the sound wood

samples in this study could represent the depolymerisation of cellulose. The activation energies

for lignin from the literature also vary greatly depending on method and lignin sample. One

study found that hard wood Kraft lignin and Organosolv lignin had activation energies around

210 kJ/mol96. Whereas, another study found that Organosolv lignin had an activation energy of

147 kJ/mol73. Therefore, similar to cellulose, the estimated activation energy will vary greatly

depending on the method, and hence only relative comparisons between samples can be made

which have been analysed using the same method and have the same sample preparation.

It is not recommended that these apparent activation energies are used for artefact lifetime pre-

dictions, as has been performed for other materials97. In addition to the uncertainty of the actual

value, as they have been calculated under dry conditions, they will not encompass hydrolysis,

which is known to be an important decay mechanism occurring in wood. In a museum envi-

ronment, hydrolysis driven degradation is likely to be more significant compared to thermal98.

Therefore, whilst calculation of apparent activation energies cannot be used to provide accurate

kinetic estimations, they could potentially provide further insight into relative chemical changes

which have occurred in archaeological wood compared to sound. However, this will require

similar pre-treatment of the samples prior to analysis.

2.5.5 Conclusions for Sound Wood Samples

FTIR is an extremely valuable tool for identifying functional group differences between sam-

ples and can be used to estimate changes in holocellulose to lignin content. However, it requires

calibration to convert relative values to absolute values – something which will be wood spe-

cific and unlikely to be valid for a wide variety of samples due to the presence of extractives

and impurities which could interfere with the measurement. Additionally, subtle differences

between samples can be difficult to interpret. Therefore, analysis of the samples by MTGA can

be used to estimate the actual holocellulose to lignin ratio in the wood and concentration of the

biopolymers was found to be similar to literature values for oak wood. By washing the wood

samples, which removes the PEG treatment and extractives, similar relative changes in the wood

components were observed. Therefore, this method has potential to provide conservators with

more insight into the extent and type of degradation compared to the currently used physical
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(a) Archaeological wood samples (b) Compared to PEG 600

Figure 2.23: FTIR spectra of archaeological wood from the Mary Rose Museum. Average of
five spectra for each artefact is shown.

methods. Moreover, the changes in the MTGA derivative peak locations can indicate molecular

interactions between the wood and conservation treatment, which may be useful for determin-

ing suitability of future consolidants. Finally, MTGA analysis allows for the simple calculation

of activation energies for cellulose and lignin in the wood. Whilst it is not recommended that

these are used for artefact lifetime predictions, they can potentially reflect chemical changes in

the biopolymers. These methods will be used on archaeological wood samples from the Mary

Rose Museum to validate if complimentary results can be obtained for archaeological samples

by FTIR and MTGA, and used to characterise the artefacts.

2.5.6 FTIR Analysis of Archaeological Wood

The FTIR spectra of the four archaeological woods are similar to each other, as shown in Fig-

ure 2.23a. The spectra are dominated by PEG peaks, as highlighted in Figure 2.23b, which

masks some of the wood peaks that were observed in the sound wood samples in Figure 2.8.

This indicates that the archaeological woods have a more open structure compared to sound

wood and hence can accommodate a greater proportion of PEG molecules19. Therefore, to gain

insight into the chemical properties of the wood, the PEG was removed, which was achieved

by aqueous washing. The resulting spectra are dramatically different and better resemble the

spectra of the sound wood samples, as shown in Figure 2.24. However, unlike sound wood,

the archaeological wood samples do not have an FTIR peak at 1730 cm−1, which is commonly

used to indicate hemicellulose content17. It is well reported that hemicellulose is readily de-

graded in waterlogged woods47,70,99. Therefore, the archaeological woods are likely to have

a smaller hemicellulose content compared to sound wood. Additionally, analysis of the sound

wood highlighted that this peak also represents aromatic aqueous extractives, such as tannic

acid. However, as the archaeological woods were waterlogged for hundreds of years, these
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(a) Washed archaeological wood samples (b) Compared to washed untreated sound wood

Figure 2.24: FTIR spectra of washed archaeological wood from the Mary Rose Museum. Aver-
age of three spectra for each artefact is shown.

compounds are likely to have already been washed from the structure80. To confirm this, the

aqueous wash solutions from all the archaeological wood samples were dried and analysed by

FTIR – all the spectra were dominated by PEG peaks, and no peaks at 1744 cm−1 and 1604 cm−1

were present, indicating that, unlike sound wood, no further aqueous extractives were washed

from the samples.

Visual comparison of the archaeological wood spectra splits the woods into two groups – 87A0068

with 90A0049, and 83A0637 with the Barge Deck object. These groupings also reflect the den-

sity and hardness of the wood – the former group are less dense and easy to cut, whereas, the

latter group is harder. Hence, the differences in the FTIR spectra are likely to indicate differ-

ences in degradation, which alters the physical properties of the artefacts. Apart from the already

discussed difference at 1730 cm−1, there is good agreement with the archaeological and sound

wood spectra, particularly for 83A0637 and the Barge Deck object. The other two archaeologi-

cal samples have similar spectra, however, the peak ratios are different. Samples 87A0068 and

90A0049 have more pronounced peaks at 1417, 1459, 1504 and 1593 cm−1. These peaks are

indicative of lignin and hence indicate that the relative lignin content is greater in these samples

compared to the other archaeological wood samples17. Additionally, the peak at 1122 cm−1 is

also elevated. This peak indicates an increase in concentration of syringyl and guaiacyl C–H

groups37. In contrast, 83A0637 and the Barge Deck object have more pronounced peaks at

1158, 1366 and 897 cm−1, which indicates a greater relative holocellulose content. This could

indicate that artefacts 87A0068 and 90A0049 have undergone more degradation during burial as

they contain less holocellulose, which is preferentially decayed over lignin by anerobic bacteria

and are known to have been present on the Mary Rose wreck site16. However, this assumes that

all samples had similar initial holocellulose and lignin contents prior to degradation, and that
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there has been no significant change in the lignin content between the two groups. However,

as evidence of soft-rot fungi decay has been identified on some Mary Rose wood and Acti-

nomycete bacteria were identified after the wood had been re-exposed, which can potentially

degrade lignin, the lignin content could have also partially degraded in the samples16. Addi-

tionally, the age and condition of the woods prior to sinking are not known, which will influence

their initial biopolymer ratio. Also, 83A0637 and the Barge Deck object are oak, however,

87A0068 is thought to be elm and 90A0049 ash. Although, sound ash and elm woods have a

greater initial holocellulose to lignin ratio compared to oak, and hence, variation in wood species

is not the cause of the smaller biopolymer ratio observed for 90A0049 and 87A006889.

An estimation of the holocellulose to lignin ratio was calculated from the spectra. As expected,

the archaeological objects 87A0068 and 90A0049 have a significantly lower holocellulose to

lignin ratio compare to washed untreated wood – with ratios of 2.6 ± 0.04 and 2.3 ± 0.1 re-

spectfully, compared to 7.8± 0.4 for washed sound wood. This agrees with previous findings for

other marine archaeological wood – that the holocellulose content is lost faster than lignin, re-

sulting in a smaller holocellulose to lignin ratio, accompanied with a decrease in density57,67,100.

Interestingly, 83A0673 has a similar ratio to washed untreated wood, with a value of 6.6 ± 0.8.

This suggests there has been minimal change in the ratios of the biopolymers and that the lignin

and holocellulose have decayed at similar rates to each other, or have not significantly decayed.

Finally, the Barge Deck object has a greater holocellulose to lignin ratio compared to washed

untreated wood, with a value of 9.1 ± 0.3, which implies that lignin has degraded faster com-

pared to holocellulose, which can be caused by white-rot and soft-rot fungi15,101. This only

occurs in aerobic conditions, and hence could have happened shortly after the Mary Rose sunk

and prior to it being covered in a layer of silt or after excavation16. Conversely, this unexpected

increase could be due to other compounds present in the wood, which interfere with the FTIR

measurement22. Therefore, different analytical techniques need to be performed to validate

these findings.

2.5.7 Thermal Analysis of Archaeological Wood Samples

The MTGA and DTG of washed archaeological wood samples are shown in Figure 2.25. As

PEG has been removed from the structure, these traces should reflect the thermal properties of

the wood. The residual content of the washed woods after heating to 600 ◦C is between 2 and

10%. The sound washed wood samples had a much smaller residual content – around 0.5%.

This agrees with literature findings that ash content is generally elevated for marine archaeolog-

ical woods19,20.

The Barge Deck object and 83A0637 artefacts have a similar DTG plot to sound oak wood.

There is a main peak at 274 ◦C, which has a much smaller shoulder peak compared to the sound



2.5. RESULTS AND DISCUSSION 77

(a) MTGA (b) DTG

Figure 2.25: MTGA and the corresponding DTA plots for washed archaeological wood from
the Mary Rose Museum analysed in air.

washed untreated wood. This reflects the reduced hemicellulose content of the archaeological

wood samples, as also evidenced by FTIR. The second DTG peak occurs at 348 ◦C and 362 ◦C

for 83A0637 and the Barge Deck object respectively. Both these peaks occur at lower temper-

atures compared to the washed sound wood samples, and hence lignin in these artefacts has a

lower thermal stability, which indicates degradation has occured.

In contrast, 90A0049 and 87A0068 have very different thermal traces compared to sound wood –

there is no clear cellulose peak, but rather multiple smaller peaks that occur between 206 ◦C and

262 ◦C. However, there is a clear lignin peak, which occurs at similar temperatures to the other

archaeological wooden artefacts. This further supports the FTIR analysis which highlighted that

artefacts 83A0637 and Barge Deck object are more similar to the sound wood samples and that

90A0049 and 87A0068 have a smaller holocellulose content.

FTIR combined with MTGA analysis was used to confirm the chemical changes during weight

loss for the 90A0049 and Barge Deck artefacts. Due to multiple smaller peaks present in the

DTG trace compared to the sound wood, an MTGA method was used to maintain good resolu-

tion. An increased mass of around 2 mg was used to balance good resolution with availability of

sample after heating to perform FTIR. After artefact 90A0049 was heated up to the first deriva-

tive peak (200 ◦C), an additional carbonyl peak was present in the FTIR spectra at 1707 cm−1.

Additionally, peaks between 3000–2845 cm−1 became less intense (C–H stretching in sp3 hybrid

orbitals), along with the 1593 cm−1 peak which is indicative of aromatic skeletal vibrations. This

is shown in Figure 2.26a. This suggests that oxidation of lignin has occurred on the methyl side

chains, which has previously been reported for waterlogged archaeological wood57. This will

result in a greater phenol content, as reported in the literature102. The resulting compounds are

easily oxidisable and hence form carboxylic compounds during heating. As this is not observed

in the sound wood samples, it is thought to be due to modifications of the biopolymers within



78 CHAPTER 2. MULTI-METHOD ANALYSIS OF POLYMER RATIOS

(a) FTIR spectra of 90A0049 before and after
heating to 200 ◦C. Arrows indicate peak inten-
sity changes after heating.

(b) FTIR fingerprint region of 90A0049 after
heating to various temperatures.

Figure 2.26: FTIR analysis of washed 90A0049 after being heated in the TGA. Three repeats
shown for each temperature.

the wood during ageing, making then more susceptible to oxidation71. There is no significant

change in the holocellulose to lignin ratio after heating to the first derivative peak.

After heating to the second DTG peak (230 ◦C), there is a further increase in intensity of the

carbonyl peak, however, no other significant changes in the fingerprint region of the spectrum

are observed. After heating to the third DTG peak (260 ◦C), there is a more dramatic change

in the spectrum, with a measurable decrease in the holocellulose to lignin ratio. Therefore, this

peak is thought to represent holocellulose thermal degradation. By the fourth peak (340 ◦C),

there is no measurable holocellulose or aromatic skeletal lignin peaks in the FTIR. Therefore,

this suggests that the forth peak is most likely due to lignin degradation. The changes in the

FTIR spectra are shown in Figure 2.26b.

Similar analysis was performed on the washed Barge Deck object, which also showed an in-

crease in carbonyl peak intensity after heating to 225 ◦C, however not as intense as observed

for the 90A0049 artefact, which could be due to the lower relative lignin content and hence less

oxidisable modifications present. This sample does not have a corresponding derivative peak

at this temperature, which could be due to it being below the limit of detection for the MTGA

analysis. After heating to the first derivative peak (270 ◦C), there is an increase in all peaks

relative to the main holocellulose peak, as shown in Figure 2.27. This indicates a reduction in

holocellulose content. Further heating to after the main derivative peak (290 ◦C) results in no

cellulose peak in the FTIR plot. This strongly suggests that the main DTG peak is due to cel-

lulose degradation. Additionally, after heating to the main derivative peak, the 1510 cm−1 peak

reduces in intensity. As the relative cellulose content is thought to decrease, the lignin peaks
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Figure 2.27: FTIR spectra of the Barge Deck object after heating to various temperatures in the
TGA.

should increase, however, this is not observed. This could be a reflection of the greater ash

content of the wood, which starts to dominate the FTIR spectra after heating to 290 ◦C. Despite

this, there is enough evidence to state that the main peak is due to cellulose degradation. As the

final peak has a similar peak shape and intensity to the identified lignin peak in sound wood, it

is assumed to indicate lignin content. This again highlights how FTIR can be affected by other

components present in the wood.

The contents of the washed archaeological woods were estimated from the MTGA data, using

the same method as for the sound wood. As indicated by the previous MTGA FTIR experiments,

the third DTG peak, centering at 260 ◦C, was used to indicate holocellulose content for artefacts

90A0049 and 87A0068. However, as no separate peak was identified for hemicellulose, this

peak is designated to total holocellulose content, with the peak assumed to be dominated by

cellulose, due to significant hemicellulose degradation suggested by FTIR spectra. However,

due to its broad nature, this MTGA peak may include some hemicellulose content. Whereas,

the main DTG peak around 274 ◦C was used to indicate cellulose content for the other two ar-

chaeological artefacts, with the shoulder indicating hemicellulose. The final DTG peak for all

artefacts was used to indicate lignin content. The results are shown in Figure 2.28. As expected,

90A0049 and 87A0068 artefacts have an elevated lignin content which is generally observed

for waterlogged wood buried in anaerobic environments103. This was also evidenced by FTIR

analysis. However, artefact 83A0637 has a similar holocellulose to lignin ratio compared to the

washed untreated wood, as also evidenced by FTIR analysis. Therefore, unlike 90A0049 and
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Figure 2.28: Estimation of the cellulose, hemicellulose and lignin content of the archaeological
wood samples. They are calculated from two MTGA experiments for each sample and have
been normalised. The hemicellulose content for 90A0049 and 87A0068 was assumed to be
zero.
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Figure 2.29: Comparison of holocellulose to lignin ratios calculated by FTIR and MTGA meth-
ods, relative to washed untreated sound wood.

87A0068 artefacts, the biopolymers in this object decayed at similar rates, or have not signifi-

cantly decayed. Finally, the Barge Deck object has an elevated holocellulose and reduced lignin

content, resulting in an increased holocellulose to lignin ratio compared to sound washed wood.

This was also observed by FTIR. However, MTGA analysis allows for the separation of the

holocellulose components into hemicellulose and cellulose. This shows that the hemicellulose

content for both 83A0637 and the Barge Deck object has reduced compared to sound wood,

which agrees with literature findings that hemicellulose is more degraded compared to cellulose

in waterlogged archaeological wood15,104. Similarly, the FTIR spectra of these artefacts had no

carbonyl peak present, which indicates a very small hemicellulose content. However, this was

observed for all the artefacts, indicating that there is poor sensitivity for hemicellulose content

by FTIR compared to MTGA.

A comparison of the relative holocellulose to lignin ratios calculated by FTIR is compared to

the cellulose to lignin ratio calculated by MTGA in Figure 2.29. There is good agreement be-

tween the two methods for 90A0049 and 87A0068. However, Barge Deck object and 83A0637

have elevated ratios when calculated by MTGA. Although, the same trend is observed for both
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Figure 2.30: Apparent activation energies calculated by MTGA for cellulose and lignin. The
error bar represents the range of two repeats.

methods. This difference could be due to other compounds present in the assigned holocellu-

lose peaks for Barge Deck object and 83A0637 samples, which will increase the holocellulose

to lignin ratio. Alternatively, the FTIR could be under predicting the ratio due to impurities

elevating the lignin peak. Therefore, wet chemical analysis needs to be performed to estimate

the biopolymer concentrations to establish which method provides more accurate results.

2.5.8 Estimation of Activation Energy for Archaeological Wood

Similar to sound wood, apparent activation energies can be calculated directly from the MTGA

data for the archaeological wood samples. The estimations for cellulose and lignin are shown

in Figure 2.30. The apparent activation energy for cellulose in the archaeological wood samples

is lower compared to that of washed sound wood. It is also lower compared to sound unwashed

wood, however, to attempt to keep sample pre-treatment as similar as possible, the results are

compared to washed untreated sound wood. This suggests that the rate at which the cellulose

decays in the archaeological wood is faster, which could be due to degradation of the polymer

during burial and hence loss of cellulose macrostructure. The washed Barge Deck object has

the greatest reduction, whereas the other samples have similar values.

The apparent activation energy for lignin in the archaeological woods is different in the two

woods groups – 90A0049 and 87A0068 have values similar to that of washed sound wood,

whereas 83A0637 and the Barge Deck object have significantly lower values. This implies that

the lignin in the latter samples have chemically or structurally changed compared to sound wood.

These artefacts do not have a reduced holocellulose to lignin ratio, which suggests that soft-rot

decay could have occurred in the samples, which can degrade both lignin and holocellulose
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and have been identified in waterlogged archaeological wood18. Additionally, soft-rot decay

can also chemically alter lignin15. As 90A0049 and 87A0068 have a reduced holocellulose to

lignin ratio, they are more likely to have had extensive bacterial decay, which is not known to

chemically modify lignin. Therefore, both MTGA and FTIR methods splits the four artefacts

into groups, which could be due to different degradation pathways. Imaging cross sections of

the archaeological wood would be required to further validate this. However, it also agrees with

the visual appearance of the wood – wood with soft-rot is usually dark brown, with cracking

and commonly limited to the surface of the wood4. Therefore, as the density of 83A0637 and

the Barge Deck object is similar to that of sound wood, it implies that the core wood is sound.

In contrast, 90A0049 and 87A0068 are less dense and also have a reduced holocellulose to

lignin ratio which is a characteristic of bacterial decay, which is capable of spreading throughout

the wood105. Therefore, in addition to quantifying the biopolymer ratios, MTGA analysis can

potentially provide insight into the macrostructure of cellulose and chemical modification to

lignin, which is not possible to achieve with FTIR spectra. These changes will have an affect on

the strength of the wood, and hence should influence the conservation treatment applied.

2.5.9 Dynamic Vapour Sorption Analysis of Archaeological Wood

As there were similar conclusions about the artefacts from both FTIR and MTGA methods, DVS

analysis was performed on the ground samples to evaluate its potential to provide complemen-

tary information. Conventionally, DVS analysis is performed to indicate how much moisture

is absorbed by the samples, which is a reflection of the samples porosity and composition. Ar-

chaeological wood samples generally have an increased water adsorption compared to sound

woods due to a more porous structure4,106. This increase in void space for archaeological wood

is the dominant factor for increased water absorbance, over changes in composition. However,

as this analysis was performed on ground wood samples, the structure is destroyed and hence

the porosity of the samples should be the same. Therefore, the differences in moisture contents

observed in this study should reflect the chemical composition of the sample. Hemicellulose is

the most hygroscopic biopolymer present in wood, then cellulose, followed by lignin107. Addi-

tionally, the presence of hydroxyl, or other oxygen containing groups, which are known to form

during wood degradation, will have the potential for hydrogen bonding with water and hence

increase the moisture absorption of the wood108.

Good repeatability was observed for each sample. However, the first sample analysis consis-

tently had a greater mass change compared to the second and third run. This is shown in Figure

2.31a. There is no significant change in the initial and final mass at 0% RH and hence this

observation is not driven by moisture being retained in the sample. Additionally, there are no

obvious changes in the FTIR spectra of the wood sample before and after DVS analysis, which

indicates that no large chemical changes occur. Therefore, the difference is most likely to be due
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(a) Repeat analysis of washed 83A0637. (b) Second and third DVS analysis of all archae-
ological artefacts.

Figure 2.31: DVS of washed archaeological wood samples analysed in nitrogen.

to hysteresis of wood samples, which modifies the surface of the sample109,110. For consistency,

the first DVS analysis will be ignored.

As seen in Figure 2.31b, artefacts 87A0068 and 90A0049 both absorbed less water compared to

83A0637 and the Barge Deck object. This indicates that the former artefacts consist of a greater

proportion of hydrophobic compounds. As evidenced by the FTIR and MTGA analysis, these

artefacts are believed to have a greater relative lignin content, with the hemicellulose biopolymer

being severely depleted, hence resulting in a relative decrease in the hydrophobic content of the

wood. This is believed to be driving the decrease in equilibrium moisture content for artefacts

87A0068 and 90A0049 compared to 83A0637 and the Barge Deck object. Furthermore, the

Barge Deck object absorbs more moisture compared to 83A0637. The latter artefact is believed

to have a smaller holocellulose to lignin ratio and hence be less hydrophilic compared to the

Barge Deck object.

The DVS of the sound wood samples, shown in Figure 2.32a, highlights that there is no dif-

ference between washed and non washed modern oak wood. Extractives are known to affect

the equilibrium moisture content of unground samples – with a higher content of extractives

resulting in a lower equilibrium moisture content5,111. However, this is not observed for the

ground samples, most likely due to the small influence of washing on the bulk of the sample.

In contrast, washed PEG 600 wood absorbed less moisture compared to the untreated wood

samples. MTGA and FTIR analysis postulated that PEG 600 treated wood had a lower holo-

cellulose to lignin ratio, due to hydrolysis of hemicellulose during the treatment process, and

hence the decrease in moisture content could be due to a greater relative content of hydrophobic

biopolymers. The unwashed sample of PEG 600 treated wood, shown in Figure 2.32b, has a

much larger equilibrium moisture content. This is due to the hydrophilic nature of PEG.
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(a) Archaeological and sound woods. (b) Washed and non washed PEG 600 treated
wood.

Figure 2.32: DVS of archaeological and sound wood samples analysed in nitrogen.

Object 83A0637 and the Barge Deck artefact have similar moisture contents to the sound wood

samples. FTIR and MTGA analysis of 83A0637 indicated it had a similar ratio of holocellulose

to lignin compared to sound wood. However, the Barge Deck object has an increased holocel-

lulose to lignin ratio compared to washed untreated wood. This should result in an increase in

moisture absorbance, however this artefact has an unknown ash composition, which will affect

moisture absorption and could account for the similar value observed. Despite this, the results

of the powdered DVS experiments support the FTIR and MTGA data as they also evidence that

the four archaeological samples are split into two groups, with object 83A0637 and the Barge

Deck artefact being more similar to the sound oak samples compared to the artefacts 87A0068

and 90A0049, which had a reduced holocellulose content and hence absorb less moisture.

In isolation, DVS analysis results will be difficult to interpret due to the plethora of factors

which could cause the observed differences in water adsorption. However, as it requires the

same volume of ground sample as FTIR and MTGA analysis, and is non-destructive, it can

provide further confirmation of the relative biopolymer ratios, which are estimated using a very

different method to the other two techniques, without the need for additional samples. If there

is agreement between spectral, thermal and physical methods to determine the relative holocel-

lulose to lignin ratio in the wood samples, then the observed results are more likely to be a true

representation of the samples, rather than due to interferences or instrument error.
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(a) MTGA (b) DTG

Figure 2.33: MTGA analysis, and the corresponding DTA plots for archaeological wood from
the Mary Rose Museum, compared to that of sound untreated oak. All samples had an initial
mass between 5–6 mg and were analysed in air.

2.5.10 Estimation of PEG Content for Archaeological Wood

MTGA Method

MTGA analysis of the unwashed archaeological samples was performed to gain information

about the PEG content within the wood. This could not be achieved by FTIR as this method

cannot easily distinguish between different PEG molecular weights. However, as the evapo-

ration temperature increases with increasing molecular weight, MTGA should be capable of

separating the PEG molecular weights within the sample. All the woods, except the Barge Deck

object, had the same PEG treatment – soaked in PEG 600 and PEG 4000 solutions, followed by

freeze drying. In contrast, the Barge Deck object was sprayed with PEG 200 and PEG 2000,

followed by air drying. This difference in treatments is reflected in the MTGA and DTA plots,

shown in Figure 2.33. Similar to FTIR analysis, the thermograms are very different to those of

the sound wood, which again reflects the high PEG content of the archaeological samples.

The Barge Deck object has a very fast mass loss occurring at 158 ◦C, which accounts for ap-

proximately 20% of the sample mass. The derivative peak is extremely sharp, which indicates

that the process occurs quickly over a narrow temperature range. This is not observed in any of

the other archaeological samples and hence is assumed to represent the evaporation of PEG 200

in the sample, with the sharpness indicating little variation in the PEG 200 material. As this is

the lowest molecular weight PEG used in the archaeological samples, it is expected to have the

lowest evaporation temperature. Moreover, it occurs at a similar temperature as observed in the

PEG 200 treated sound wood – 140 ◦C. However, as the initial sample mass, and hence the rate

of heating is different between the samples, this could explain the small difference observed.

Furthermore, the derivative peak for the sound PEG 200 treated oak is broader compared to the
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Table 2.3: Estimates of PEG contents in the samples taken from the Mary Rose artefacts. The
values are calculated from MTGA data, based on two repeat measurements.

Artefact Derivative
peak (◦C) Assigned to Percentage

mass (%)
Derivative
peak (◦C) Assigned to Percentage

mass (%) Total PEG content

83A0637 184 PEG 600 5.6–5.7 211 PEG 4000 31–36 36–42
87A0068 186 PEG 600 10–12 221 PEG 4000 58–59 68–71
90A0049 192 PEG 600 5–6 219 PEG 4000 58.9–59.2 64–65

Barge Deck object 158 PEG 200 19–20 200 PEG 2000 37–39 57–58

Barge Deck object, suggestive of a wider range of molecular weights present. This could be due

to different chemical grades used, or, due to degradation after application112. After this initial

weight loss, the Barge Deck object has a second, broader mass loss region, which centers at

200 ◦C, and is thought to indicate the PEG 2000 molecular weight treatment and accounts for

approximately 40% of the sample.

Previous analysis of PEG content in the top 5 mm of two samples from the hull using size exclu-

sion chromatography also found that PEG 2000 was the dominant molecular weight treatment

at the surface – both samples were estimated to have less than 5% PEG 200 by weight81. Whilst

the TGA analysis suggests that the Barge Deck object has a much larger PEG 200 content, the

total PEG content was found to be consistent with that observed in the previous study. It is

unknown if the difference in PEG molecular weight ratio between the studies represents differ-

ences in the samples, or due to the different methods used. However, a large variation in PEG

content has been observed in the Mary Rose Hull81.

Similarly, artefact 87A0068 also has a sharp peak in the DTA plot, but at a higher temperature

of 186 ◦C. Additionally, artefacts 83A0637 and 90A0049 also have peaks close to this tempera-

ture, however, they are less intense. This is postulated to be due to the evaporation of PEG 600

from the wood, which indicates that the samples from 83A0637 and 90A0049 have a smaller

PEG 600 concentration compared to the sample of artefact 87A0068, despite all being soaked in

a 40% PEG 600 solution. These three artefacts also have a broader peak around 215 ◦C, which

is assumed to indicate the PEG 4000 content. Therefore, this data could be used to estimate

the relative concentrations of different PEGs within the sample. However, as PEG distribution

within artefacts is known to depend on depth, a single sampling point on the artefact will not be

representative of the whole artefact81,109.

The weight losses due to PEG evaporation are summarised in Table 2.3. The higher molec-

ular weight PEGs are more concentrated in all the samples compared to the lower molecular

weights. This is due to the sample being taken from the surface of the artefacts and as the more

viscous treatment does not penetrate into wood, it has a high concentration on the surface109.

The difference is more pronounced for the samples treated with PEG 600 and PEG 4000, as the

latter was also applied as a surface treatment. Additionally, the lower PEG molecular weight

treatment solutions were less concentrated compared to the higher molecular weight solutions,
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as detailed in Table 2.2. The total PEG content is similar for the Barge Deck object, 87A0068

and 90A0049, whereas artefact 83A0637 has a lower PEG content. A more porous material,

caused by degradation, would be expected to uptake more PEG into its structure for the same

molecular weight treatment. Hence, artefacts 87A0068 and 80A0049 are expected to be more

porous compared to 83A0637.

Furthermore, the temperature of PEG evaporation for PEG 600 occurs at lower temperatures

compared to PEG 600 in sound wood, which occurs over a similar range to holocellulose degra-

dation in the wood. Whilst this difference could be partially due to differences in sample mass

and heating rate, it is not thought to solely explain this large difference. Additionally, isolated

PEG 600 was found to evaporate around 179 ◦C, which is similar to that observed for PEG 600

in the archaeological wood samples. This indicates that there is reduced stabilisation between

the cellulose and PEG molecules in the archaeological woods compared to the sound woods,

which results in lower PEG evaporation temperatures. This could be due to a lower concentra-

tion of holocellulose within the archaeological samples.

In addition to the main PEG peaks already discussed, there are some additional smaller peaks

in the DTG plot. Artefacts 90A0049 and 87A0068 have a small peak around 178 ◦C, which

could indicate the presence of another PEG molecular weight compound within the sample,

however, this was not documented in the conservation records. Alternatively, it could be due

to PEG breakdown products, but further work would be required to confirm this. These two

artefacts also have a peak at higher temperatures, around 350 ◦C, which is due to lignin. As this

peak does not appear in the other two artefacts, it agrees with FTIR and MTGA analysis of the

washed samples, which found a greater relative lignin content for 90A0049 and 87A0068.

X-Ray Diffraction Method

Similar to MTGA, FTIR and DVS analysis, XRD also uses ground sample. As it is non de-

structive, XRD analysis can be performed alongside these other techniques without the need for

additional sample. In contrast to the previous methods, XRD gives information about the crys-

talline components in the wood, which includes cellulose, PEG and salt impurities. Therefore,

this method will be used to validate the PEG concentrations estimated by MTGA analysis.

PEG is expected to have two intense diffraction peaks at 19◦ and 23◦, as seen in Figure 2.34a

for the unwashed archaeological artefacts. From the MTGA data, it was identified that 83A0637

had the lowest PEG content, which is also reflected in the reduced crystallinity of the XRD pat-

tern for this artefact. Equally, 87A0068 and 90A0049 have the greatest PEG contents, as shown

by MTGA, and also have the sharpest peak in the XRD data. Therefore, there is good agreement

between the relative PEG contents estimated by MTGA and XRD.
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(a) Non washed archaeological wood (b) Washed and non washed sound wood

Figure 2.34: XRD analysis of non washed archaeological wood and washed and non washed
sound wood.

Figure 2.34b shows no evidence of PEG in the structure for the PEG 600 treated wood, which

indicates a small PEG content, as observed by FTIR and MTGA analysis. Equally, there is no

large difference between the PEG 600 treated sample before and after washing. However, the

increase in intensity of the main peak for PEG 600 treated wood is likely to be attributed to

the presence of PEG. Due to the small PEG content, the diffraction pattern for the sound wood

samples is due to crystalline and amorphous cellulose. XRD is more commonly used to deter-

mine the crystallinity index (CI) rather than PEG content in wood samples. The simplest and

most commonly used method was developed by Segal et al in 195959. Due to the assumptions

of this method, it is not accurate and hence only relative changes between the samples will be

discussed here60,113. Moreover, due to the merging of the two peaks, the amorphous minima is

difficult to determine accurately. Therefore, only qualitative commentary will be detailed. For

all the samples, a broad peak with a shoulder is observed, which centers at 22◦. This peak is

assumed to be the (200) cellulose diffraction peak, and the shoulder the (110) peak as stated in

the literature59,60. There is a broad amorphous background, which has previously been reported

for wood samples58,114.

The intensities of the main diffraction peak for washed 83A0637 and the washed Barge Deck

object are similar to the sound woods, as shown in Figure 2.35. They are only slightly smaller

in intensity, indicating a slight reduction in crystallinity compared to the sound wood samples.

Additionally, the washed Barge Deck object and washed 83A0637 both have a shoulder peak

at 15.9◦, which is not present in the other archaeological wood samples, and also indicates a

greater crystalline content. Again, this shows that the archaeological wood samples are grouped

into two groups, with 83A0637 and the Barge Deck object being more similar to the sound wood

samples compared to artefacts 90A0049 and 87A0068. The former archaeological samples have

a higher crystalline content, which indicates a greater proportion of crystalline cellulose in the
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Figure 2.35: XRD analysis of washed archaeological wood.

sample. Previous analysis of archaeological wood samples from the Vasa shipwreck found that

there was only a small reduction in the CI of wooden artefacts compared to modern oak sam-

ples115. Similarly, a study on wood from an ancient timber construction also found that there

was a small decrease in crystalline content for the archaeological poplar wood compared to a

modern sample106. However, this is not consistently found in the literature31.

2.6 Conclusions

Physical inspection, FTIR, MTGA, DVS and XRD analysis of four archaeological wooden ob-

jects from the Mary Rose collection consistently grouped the artefacts into two – 90A0049 with

87A0068 and 83A0637 with the Barge Deck object. This implies that the artefacts underwent

different degradation mechanisms, with the latter two objects being similar to sound wood and

hence thought to be less degraded – they were harder to cut and had a greater density compared

to the other artefacts.

Further to physical inspection, MTGA and FTIR were used to estimate the holocellulose to

lignin ratios for sound and archaeological wood, an important parameter to understand how

extensively the material has changed compared to sound wood, and hence inform its conser-

vation requirements. There was good relative agreement between the ratios calculated by the

two methods for the archaeological samples, as shown in Figure 2.36. Additionally, both the

FTIR and TGA methods suggested that soaking sound wood in PEG solutions could decrease

the holocellulose to lignin ratio, due to hydrolysis of holocellulose. However, the presence of

other compounds in the wood affects the measurement for the sound wood samples – PEG in the

structure evaporates at a similar temperature to cellulose and hence elevates the ratio for PEG

containing wood by the MTGA method. Conversely, the presence of aromatic extractive com-

pounds in the wood undergo combustion at a similar temperature to lignin, and hence results

in a reduced holocellulose ratio. By washing, these compounds can be partially removed and
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Figure 2.36: Comparison of the estimated holocellulose to lignin ratio calculated by FTIR and
MTGA methods. A straight line has been added for visual reference. Error bars represent the
range.

results in an improved relative agreement between the two methods.

Despite the poor specificity of the MTGA method compared to FTIR, as the results are reported

in mass, it can provide absolute values for the hemicellulose, cellulose and lignin content, which

is not the case for the FTIR method. FTIR requires a calibration to convert relative values into

absolute values, which will be challenging to achieve with FTIR models due to the wide vari-

ability observed in archaeological wood. Therefore, complementary MTGA analysis could be

performed to produce the calibration. Moreover, disagreement between the values will provide

further insight into additional compounds present in the wood and should not be disregarded.

However, although good agreement in the biopolymer content for sound oak samples compared

to the literature was observed, wet chemical analysis of the archaeological woods, to determine

their hemicellulose, cellulose and lignin content, is required to further validate the quantitative

findings of the MTGA method.

The holocellulose to lignin ratios for 90A0049 and 87A0068 were significantly smaller com-

pared to sound oak and literature values for their wood species. Therefore, they are holocellu-

lose depleted, with both MTGA and FTIR methods indicating that the remaining holocellulose

is predominantly cellulose. These findings agree with the literature for anaerobic bacterial de-

cay of archaeological wood. In contrast, 83A0637 had a similar ratio and the Barge Deck object

an elevated ratio compared to sound oak. However, both FTIR and MTGA methods indicated

a depleted hemicellulose content. Therefore, these woods have undergone lignin degradation,

which could have been caused by fungal microorganisms shortly after the ship sunk, or after
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re-exposure. This was also evidenced by a reduction in apparent lignin activation energy for

these artefacts determined by MTGA. The increase in holocellulose to lignin ratio would not

have been predicted by traditional physical methods and hence shows the advantages of FTIR

and MTGA. PEG content was also quantified using MTGA. Moreover, good relative agreement

with XRD data was observed. As expected, the two less dense objects (90A0049 and 87A0068)

had greater PEG concentrations within their structure.

DVS analysis of the powdered wood was used to further confirm the difference in holocellu-

lose to lignin ratio for the woods. This method has the same sample requirements as FTIR

and MTGA and is also non-destructive, hence no additional sample is required to perform this

analysis. Individually, this technique is not robust enough to simply evaluate the holocellulose

to lignin ratio of the wood samples. However, the results compliment previous findings – an

elevated holocellulose to lignin ratio increases the hydrophilicity, and results in a greater water

vapour absorption during DVS analysis.

In addition to quantifying wood biopolymers, the MTGA method also identified molecular in-

teractions between the PEG treatment and cellulose within sound oak wood. However, this sta-

bilisation could not be measured in archaeological wood due to the high PEG content masking

the thermal degradation peaks for the wood polymers. However, this technique could be used

to investigate how different conservation treatments interact with the wood, and hence influence

their imparting properties. Also, the activation energies for cellulose and lignin thermolysis can

be used to make comments about their chemical structure. Whilst the Barge Deck object was

found to have an elevated holocellulose to lignin ratio, the apparent activation energies for cel-

lulose and lignin were reduced compared to the other artefacts, implying that their structure has

chemically changed.

The capabilities and disadvantages of the techniques used in this chapter are summarised in

Table 2.4. The techniques all use fundamentally different principles and hence differences be-

tween certain techniques can provide further insight into the material. This table summarises

the findings of this study and shows that a combination of techniques is likely to be required

when analysing archaeological wood – a material that can be extremely variable. As all these

techniques require milligrams of powdered sample, with only TGA being destructive, all the

techniques in Table 2.4 can be performed from one sample. Following on from this research,

a systematic study of marine archaeological wood prior to conservation treatment should be

undertaken. Physical techniques and the methods developed in this project should be used to

evaluate the extent of degradation in the wood and inform the PEG treatment. When contrasting

conservation decisions arise due to discrepancies in the degradation state of the wood, the suc-

cess of the different PEG treatments should be evaluated. This will evidence if more accurate



2.6. CONCLUSIONS 93

Table 2.4: Summary of FTIR, MTGA, DVS and XRD techniques used in this study.

Technique
Estimate

holocellulose to
lignin ratio?

Additional information Disadvantages Destroyed during
analysis?

MTGA Yes

Ash, conservation treatment (f it does not
degrade/evaporate at the same temperature
as the wood polymers) and water content
can be quantified.

Apparent activation energies for thermolysis
of cellulose and lignin can be estimated -
changes in these parameters indicate
chemical changes to the biopolymers.

Additional organic materials present in the
sample can mask the wood polymers if they
are present at high concentrations. If these
impurities are not known, they will not be
identified using MTGA.

Yes

FTIR Yes

Chemical functional groups can be
identified. Therefore, additional organic
materials in the sample or chemical changes
due to degradation may be able to be
identified.

Additional organic materials present in the
sample can mask the wood polymers if they
are present at high concentrations.

A calibration is required to estimate absolute
ratios of the biopolymers in the sample.

No

DVS Indications only Probes chemically driven moisture sorption.

Poor specificity and hence limited information
generated if little is already known about
the sample. Additional organic and
inorganic materials in the sample will
interfere with the measurement.

No

XRD No

Probes the crystallinity of cellulose in the
sample, which can be used to infer CI index.

The concentration of crystalline
conservation treatments and the identity of
crystalline materials from burial can also be
investigated.

Difficult to accurately quantify. No

and detailed information about the extent of wood degradation can better inform conservation

decisions.
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bini, “Archaeological wood degradation at the site of Biskupin (Poland): Wet chemical

analysis and evaluation of specific Py-GC/MS profiles,” Journal of Analytical and Ap-

plied Pyrolysis, vol. 115, pp. 7–15, 2015.



BIBLIOGRAPHY 99

[57] J. Łucejko, F. Modugno, E. Ribechini, and J. del Rı́o, “Characterisation of archaeological

waterlogged wood by pyrolytic and mass spectrometric techniques,” Analytica Chimica

Acta, vol. 654, no. 1, pp. 26–34, 2009.

[58] F. Lionetto, G. Quarta, A. Cataldi, A. Cossa, R. Auriemma, L. Calcagnile, and M. Fri-

gione, “Characterization and dating of waterlogged woods from an ancient harbor in

Italy,” Journal of Cultural Heritage, vol. 15, pp. 213–217, 2014.

[59] L. Segal, J. Creely, A. Martin, and C. Conrad, “An Empirical Method for Estimating

the Degree of Crystallinity of Native Cellulose Using the X-Ray Diffractometer,” Textile

Research Journal, vol. 29, pp. 786–794, 1959.

[60] C. Driemeier and G. Calligaris, “Theoretical and experimental developments for accurate

determination of crystallinity of cellulose I materials,” Journal of Applied Crystallogra-

phy, vol. 44, no. 1, pp. 184–192, 2011.

[61] L. Campanella, M. Tomassetti, and R. Tomellini, “Thermoanalysis of ancient, fresh and

waterlogged woods,” Journal of Thermal Analysis, vol. 37, pp. 1923–1932, 1991.

[62] A. Emandi, C. Vasiliu, P. Budrugeac, and I. Stamatin, “Quantitative investigation of wood

composition by integrated FT-IR and thermogravimetric methods,” Cellulose Chemistry

and Technology, vol. 45, no. 9-10, pp. 579–584, 2011.

[63] P. Budrugeac and A. Emandi, “The use of thermal analysis methods for conservation state

determination of historical and/or cultural objects manufactured from lime tree wood,”

Journal of Thermal Analysis and Calorimetry, vol. 104, no. 2, pp. 439–450, 2011.

[64] R. Blaine and B. Hahn, “Obtaining Kinetic Parameters by Modulated Thermogravime-

try,” Journal of Thermal Analysis, vol. 54, pp. 695–704, 1998.

[65] Y. Park, J. Kim, S. Kim, and Y. Park, “Pyrolysis characteristics and kinetics of oak trees

using thermogravimetric analyzer and micro-tubing reactor,” Bioresource Technology,

vol. 100, no. 1, pp. 400–405, 2009.

[66] J. Cai, W. Wu, R. Liu, and G. Huber, “A distributed activation energy model for the

pyrolysis of lignocellulosic biomass,” Green Chemistry, vol. 15, pp. 1331–1340, 2013.

[67] M. Christensen, M. Frosch, P. Jensen, U. Schnell, Y. Shashoua, and O. Nielsen, “Wa-

terlogged archaeological wood – chemical changes by conservation and degradation,”

Journal of Raman Spectroscopy, vol. 37, pp. 1171–1178, 2006.

[68] E. Lindfors, M. Lindström, and T. Iversen, “Polysaccharide degradation in waterlogged

oak wood from the ancient warship Vasa,” Holzforschung, vol. 62, no. 1, pp. 57–63, 2008.



100 BIBLIOGRAPHY

[69] F. Modugno, E. Ribechini, M. Calderisi, G. Giachi, and M. Colombini, “Analysis of

lignin from archaeological waterlogged wood by direct exposure mass spectrometry (DE-

MS) and PCA evaluation of mass spectral data,” Microchemical Journal, vol. 88, pp. 186–

193, 2008.

[70] M. Petrou, H. Edwards, R. Janaway, G. Thompson, and A. Wilson, “Fourier-transform

Raman spectroscopic study of a Neolithic waterlogged wood assemblage,” Analytical

and Bioanalytical Chemistry, vol. 395, no. 1, pp. 2131–2138, 2009.

[71] D. Tamburini, J. Łucejko, F. Modugno, and M. Colombini, “Characterisation of archae-

ological waterlogged wood from Herculaneum by pyrolysis and mass spectrometry,” In-

ternational Biodeterioration and Biodegradation, vol. 86, pp. 142–149, 2014.

[72] S. Vyazovkin, A. Burnham, J. Criado, L. Pérez-Maqueda, C. Popescu, and N. Sbirraz-
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Chapter 3

Measurement and Evaluation of
Volatile Emissions from Marine
Archaeological Wood

Chapter Summary
Sound wood is well documented to emit acetic acid, which is widely reported to be damaging to

an array of heritage materials, particularly metals. It can become concentrated inside museum

display cases due to their slow air exchange rates. However, limited research has been per-

formed to identify the emissions from wooden artefacts. Whilst their acetic acid emissions are

thought to be reduced compared to sound wood, limited experimental data has been collected.

This information will inform museums of the potential risks of storing organic and inorganic

materials within the same sealed environment.

This chapter describes the use of SPME (solid phase micro-extraction) fibres to concentrate

pollutants present in the head space (HS) above sound and marine archaeological wood, which

were then separated and identified using GC-MS (gas chromatography-mass spectrometry). For

sound oak, PEG treatment acted as a barrier to emissions, which were dramatically reduced.

In comparison, PEG treated archaeological wood emitted a wider array of compounds, which

included acetic acid.

Despite the archaeological wood samples emitting acetic acid, this study found no evidence to

conclude that the presence of archaeological wood inside the Mary Rose Museum cases was

contributing to pollution buildup. Rather, the cases themselves are postulated to be the source

of acetic acid which increased the extent of lead coupon corrosion within some cases. Addition-

ally, whilst air in the cases is actively pumped through a sodium hydroxide impregnated carbon

charcoal filter, this is postulated to become saturated quickly if there is an acidic source within

the case, and hence may need to be replaced more frequently compared to current practice.

105
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To aid museums to make timely decisions to mitigate build up of acid acid vapours inside dis-

play cases, affordable real time acetic acid sensors need to be developed, which is the focus of

Chapter 4.

3.1 Introduction

3.1.1 The Museum Environment

The environmental conditions inside a museum is a balance between artefact preservation, en-

ergy demand, human comfort and cost. The main parameters: temperature, humidity, light and

pollutants should have defined acceptable values which will depend on the sensitivity of the

collection, expected lifetimes, intended use, energy economy and available financial funds. To

achieve the desired environment for the artefacts, many museums will install showcases. In

addition to providing physical protection, they can also create a microclimate which is more

manageable to control compared to the entire gallery space. At the request of conservators,

display cases are constructed as airtight as possible, which creates a more controllable environ-

ment inside the case, allowing for fine local tuning – infiltration of dust, pests and pollutants is

reduced, and fluctuations in temperature and humidity can be dampened. However, this design

can potentially create a new problem – internally generated pollutants can become trapped and

hence reach elevated concentrations inside display cases. The source of these pollutants has

commonly been attributed to materials used in display case construction and decoration. Sound

wood, particularly oak, is known to emit high concentrations of acetic acid which can accelerate

metal corrosion and acid catalysed reactions of artefacts1,2. However, limited research has been

performed on contributions of emissions from wooden artefacts within showcases.

This introduction will discuss how the environment within a museum display case depends

on its design, and the potential risks for artefacts stored within. As the rate of pollutant driven

damage to materials is dependent on temperature and humidity, a review of these environmental

parameters inside cases will be presented. Moreover, case design which optimises efficient con-

trol over temperature and humidity, will influence pollution concentrations, and hence a holistic

understanding of display case microclimates is required to make successful recommendations

for the field.

3.1.2 Passive and Active Display Case Designs

The interior environment of a relatively airtight exhibition case will provide some level of pro-

tection against fluctuating relative humidity (RH) occurring outside the case. However, due to

exchange with the external air caused by leakages, the RH inside the case will fluctuate, de-

pending on the RH outside the case. Additionally, the average humidity will be similar to that
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observed inside the gallery, which may not be suitable for the collection. To enable better con-

trol over the internal environment, display cases commonly have climate control systems, which

can be passive or active. The former design is more common in museums due to its lower initial

and running costs compared to active cases.

Passive humidity control within an exhibition case is a very simple, cost and energy efficient

method of protecting museum collections from fluctuating humidity3. Passive cases usually

have a humidity absorbing material, commonly silica gel due to its high moisture capacity, high

density, affordability, availability and non-toxic properties, within the display case which will

maintain the desired humidity. The volume of silica gel required can be estimated using

Q =
CeqDVNt

100MHF
(3.1)

where Q is the dry mass of silica gel required (kg), Ceq is the concentration of water vapour at

saturation (gm−3), D is the difference between the RH outside and inside the case (%), V is the

volume of the case (m3), N is the air exchange rate (day−1), t is the minimum number of days

the targeted RH range must be maintained,MH is the specific moisture reservoir of the silica gel

used, and F is the acceptable magnitude of RH fluctuation (%)4. Hence, a smaller mass of silica

gel is required if the air exchange rate of the case is minimised. Additionally, if the mass of silica

gel is constant, a tightly sealed case will have smaller RH fluctuations and is therefore preferred.

If greater precision of RH is required, or a humidity significantly different to that observed

in the gallery is necessary, active climate control systems can be installed. In contrast to passive

cases, these have pumps which introduce purified, humidity-controlled air into the display case.

They can be more effective compared to passive control, with greater control of the RH inside

the case. However, they are more expensive and energy demanding; they are generally only used

for materials or collections which are especially valuable or sensitive. The cases, if sufficiently

sealed, can be held under positive pressure which prevents unfiltered air from entering the show-

case. Moreover, temperature control, pollution filters and inert gasses can be added to minimise

chemical reactions. Although, the Bizot Green Protocol states that “Museums should review

policy and practice, particularly regarding loan requirements, storage and display conditions,

and building design and air conditioning systems, with a view to reducing carbon footprints.”.

This ethos is further reflected in PAS 198, Environmental Guidelines by ICOM-CC and the IIC

Declaration (2014). Hence, actively controlled cases should only be used where the additional

energy demands are necessary to prolong the lifetime of the collection.
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Figure 3.1: Anistropic directions in wood.

3.1.3 Determining Environmental Display Parameters

The AICCM environmental guidelines (2018) emphasise that a constant environment is impor-

tant, and recommend an RH range between 45–55% with an allowable fluctuation of 5% in

24-hours, and between 15–25 ◦C, with a change of less than 4 ◦C in 24-hours. These guide-

lines are recommended for objects in a stable condition, however, more sensitive objects will

require specific and tighter RH control and/or reduced temperature, depending on the materials,

condition, conservation treatments applied and previous display or storage environment. In this

chapter, a general collection is one which can be safely displayed under these universal recom-

mendations, whereas a sensitive collection requires more specific storage parameters to prevent

damage.

The Mary Rose Museum’s display cases are set to 54±4% RH and 19±1 ◦C, which is achieved

with actively climate controlled, tightly sealed, cases. The cases contain both inorganic and

organic materials, however, the RH conditions better suit the display of the latter as corrosion of

archaeological metals is retarded when stored below 30% RH5,6. Whilst the evidence to support

these tightly controlled environmental conditions is lacking, the wooden items in the Mary Rose

Collection have potential to be mechanically damaged by exposure to fluctuating humidity. This

is caused by the anisotropic nature of wood (shown in Figure 3.1), which creates non-uniform

dimensional changes during moisture absorption. This can cause mechanical stress within an

object and result in permanent damage, such as cracks. The anisotropic nature of moisture

driven dimensional changes in wood, which is evidenced in Table 3.1, is a result of the cell wall

structure. The microfibrils in the secondary cell wall layer (S2) run nearly parallel to the cell

axis. In contrast, the microfibrils in the other secondary cell wall layers (S1 and S3) run approx-

imately perpendicular. When moisture is absorbed, swelling is proportional to the thickness of

the secondary cell wall layer and occurs in directions perpendicular to the microfibril axis. As

S2 is the thickest layer, it undergoes the greatest swelling. Therefore, axial coefficients of hy-

groscopic expansion are smaller compared to radial and tangential7. The tangential expansion

is greater compared to the radial – one proposed theory is that the presence of rays in the radial

direction, which run perpendicular to the wood fibres and enable the transport of nutrients from
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Table 3.1: Thermal and hygroscopic coefficients of expansion for sound wood and other mate-
rials. Values quoted for wood are taken from7.

Mean values for European wood species Axial Radial Tangential

Coefficient of thermal expansion (%) 5.45× 10−4 1.11× 10−3 3.95× 10−3

Coefficient of hygroscopic expansion (%) 0.04 4.3 8.2

Coefficient of thermal expansion (%) Linear coefficient

Glass 8.50× 10−4

Iron 1.18× 10−3

Polypropylene 1.50× 10−2

Polyvinyl chloride 5.20× 10−3

inner to outer wood, restrains radial expansion8.

The PEG treatment of wood, which has been widely applied to wooden artefacts in the Mary

Rose collection, reduces the hygroscopic nature of artefacts below 80% RH, however, the di-

mensional changes are still anisotropic9. In addition, extents of degradation in the wood, PEG

concentration and molecular weight will also influence its magnitude of change. As these are

known to vary within an object, and hence cause non-uniform dimensional changes, this will

potentially cause additional mechanical stress in the wood10,11. Also, archaeological materials

can contain salt deposits, which can dissolve and recrystallise in fluctuating humidity environ-

ments, potentially causing salt deposits at the surface12. In addition, the expansion caused by

formation of salts within the wood will potentially cause irreversible mechanical damage. Fur-

thermore, for large structures, such as the hull of the Mary Rose, the associated weight gain

from moisture absorbance can cause mechanical issues. Therefore, as the wood is postulated

to be sensitive to RH changes, and due to the uniqueness of the collection, the humidity in the

Mary Rose Museum display cases are more tightly controlled compared to the recommended

guidelines for a stable collection.

As relative humidity represents the percentage of water vapour in air as a percentage of the

maximum water content, which is dependent on temperature, a stable temperature is also re-

quired to maintain a stable RH. An increase in temperature from 19 ◦C to 20 ◦C results in a

3% decrease in RH, assuming the absolute concentration of water vapour remains constant at

7.6 g/kg. Therefore, the temperature in the Mary Rose Museum is kept within 1 ◦C of the set-

point to maintain RH fluctuations within the stated allowable range. However, for temperature

alone, there is no clear scientific evidence that shows slow temperature variations between 10–

25 ◦C causes any detectable mechanical damage, due to small thermal expansion coefficients

for most materials, as highlighted in Table 3.1. Therefore, relaxation of the temperature fluctua-

tion guidelines and allowing seasonal variation in northern countries may be acceptable, which
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Figure 3.2: Estimation of pollutants reported outside, inside a museum and within a display case
estimated from literature values2,4.

would result in significantly smaller energy demands13. However, this depends on the buffering

capability of the building, outside climate and allowable humidity fluctuations.

To achieve these controlled conditions at the Mary Rose Museum, tightly sealed cases were

commissioned. However, further research is required to better understand how a greater varia-

tion in environmental conditions will affect the collection and establish the effect on its lifetime.

This would potentially allow for greater variation in temperature and humidity, resulting in

reduced energy demand, and therefore be more economical and environmentally friendly. Al-

ternatively, this knowledge could be used to justify the current strict environmental conditions.

Additionally, if pollutant build up is observed inside the cases, due to their low air exchange

rate, one method to decrease it would be to increase the air exchange rate of the cases, which

will passively dilute the internally generated pollutants. However, this will increase the RH

fluctuations inside the cases, and hence an understanding of the effect of this on the artefacts is

required prior to implementing this method.

The occurrence of elevated, internally generated pollutants is demonstrated in Figure 3.2, which

shows that common outdoor pollutants such as ozone, nitrogen oxides and sulphur dioxide are

reduced in the museum gallery compared to outside, and are further reduced inside a display

case. In contrast, internally generated pollutants such as formic acid, acetic acid and formalde-

hyde are more concentrated inside some display cases compared to outside4. This is due to

these compounds being emitted from materials within the case, which become trapped due to

the low air exchange rate.

Environmental monitoring of the Cooking case at the Mary Rose Museum was performed in

201614,15. Diffusion tubes to monitor NO2, O3, H2S, SO2 and volatile organic compounds (not

capable of detecting acetic or formic acid), purchased and analysed by Gradko, UK, were ex-

posed for four weeks inside and outside the display case. Very low concentrations of outdoor

pollutants were detected inside the museum and the display case, with O3, H2S and SO2 all being

below the limit of detection for the diffusion tubes (all less than 0.6 ppb). Nitrogen dioxide was
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detected inside the museum gallery (around 5 ppb), however, this was much lower compared

to outside. Furthermore, the concentration inside the display case was around ten times lower

compared to the gallery, evidencing the protective nature of the museum envelope and display

case against infiltration of external pollutants. The identified volatile organic compounds inside

the display case were also at very low concentration – with the most concentrated compounds

being cyclohexane and ethyl acetate, at a concentration around 10 ppb. Additionally, the com-

pounds identified outside the case were different to those inside. This evidences that compounds

present inside the display case are generated from within. Whilst this study evidenced that the

case only had low concentrations of outdoor pollutants and internally generated volatile organic

compounds, there was also evidence that acetic acid was present in the case, which can be dam-

aging to some materials at low concentrations.

Acetic acid is known to be especially damaging to lead2,16,17. Consequently, recommended

concentrations of this pollutant are included in some guidelines. ASHRAE state that for a gen-

eral collection the acetic acid concentration should be between 40 and 280 ppb18. This is based

on a study of untarnished lead corrosion, which observed no detectable weight change of lead

coupons after exposure to 40 ppb acetic acid for six months, irrespective of the RH. Only a mod-

erate increase in corrosion was observed after exposure to 280 ppb acetic acid, when the relative

humidity was above 54%17. Additionally, the rate of corrosion depends on the composition and

morphology of the lead surface and tarnished lead had a better corrosion resistance compared

to untarnished samples17. The ASHRAE guidelines also state that for sensitive collections, a

concentration of less than 5 ppb should be used. However, as lead is commonly thought to be

sensitive to acetic acid damage, and the general collection limits are based on lead corrosion, it

is unclear what sensitive items are. Additionally, this concentration is similar to natural back-

ground levels and hence the microenvironment may need to be actively scrubbed to remove

acetic acid, which may not be feasible19. Therefore, the ASHRAE guidelines for acetic acid are

thought to be quite conservative, based on the data they are generated from.

Other sensitive metals towards acetic acid are: iron, cadmium, zinc and copper. The no observed

adverse effect level (NOAEL) and the lowest observed adverse effect level (LOAEL) are sum-

marised in Table 3.2. As evidenced in the table, there is a lot of variability in the exposure time,

RH and method used to detect changes in the materials, which makes comparison between stud-

ies difficult. The situation is even more complex for archaeological materials as the presence

of different alloy elements are known to affect the rate of acetic acid damage, with no simple

relationship observed – a lead–tin alloy was found to undergo reduced acetic acid corrosion at

60% RH compared to pure lead, but this was not observed at higher humidity20,21. However, in

general, elevated RH will increase the extent of corrosion caused by acetic acid. Hence, in some

scenarios, it may be easier to reduce the humidity to prevent acetic acid driven damage, rather

than the acidic concentration.
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Table 3.2: The no observed adverse effect level (NOAEL) and the lowest observed adverse
effect level (LOAEL) concentrations for acetic acid damage taken from literature values. All
exposures were performed at room temperature, except where stated.

Material NOAEL (ppb) LOAEL (ppb) Relative humidity (%) Time period Method Reference

Untarnished Lead 180 240 54 1 year Weight gain 17

Untarnished Lead 350 1100 34 6 months Weight gain 17

Untarnished Lead 210 350 74 6 months Weight gain 17

Copper 530 5300 50 4 months Visual observations 22

Copper – 530 100 4 months Visual observations 22

Brass – 120 90 72 hours Chemical 23

Iron – 530 100 3 weeks Weight loss 24

Cadmium 53 530 100 3 weeks Weight loss 24,25

Zinc 9000 11000 54 11 months Weight gain 26

Zinc 5 53 100 (30 ◦C) 3 weeks Weight loss 25

For non-metal materials, such as glass, ceramics, paper, shell, limestone and bone, some studies

have been performed which show that acetic acid can cause damage at elevated concentra-

tions27,28. However, the observed LOAEL was commonly above the human odour threshold

for acetic acid, which is approximately 1 ppm29. Therefore, display and storage according to

the ASHRAE acetic acid guidelines should provide ample protection from acetic acid driven

damage for these materials. Moreover, human detection of acetic acid may be suitable for de-

tection of damage causing acetic acid concentrations. However, once this concentration has

been reached, damage may have already occurred.

The Mary Rose collection contains lead, brass, copper, bone, limestone and ceramics, which

are displayed inside cases alongside wooden objects. Therefore, if the display case, and/or the

artefacts, emit acetic acid, which subsequently reaches elevated concentrations, these materi-

als could undergo accelerated chemical degradation. Moreover, acetic acid damage has been

observed at the RH conditions inside the Mary Rose Museum cases. To evaluate the risk of

acetic acid to the collection, a better understanding of acetic acid emissions from the cases and

artefacts is required as this has not previously been investigated.

To mitigate this potential risk, the display cases at the Mary Rose Museum have sodium hydrox-

ide impregnated activated carbon charcoal filters with the aim of removing internally generated

acidic compounds. Similar to silica gel, the adsorbent material has a limited life-time and will

need to be replaced. However, unlike silica gel, the frequency and amount of adsorbent required

are difficult to estimate due to uncertainty of the absorption capacity of the media, particularly

when being used in the presence of water vapour. As limited monitoring for acidic vapours

has been performed in the Mary Rose cases, it is unknown if these filters are required or how

effective they are.

The damaging effect of formic acid is generally less documented compared to acetic acid18.



3.1. INTRODUCTION 113

For lead, formic acid forms lead formate, which prevents further damage once a film of it has

been produced. However, this may not be true for all materials – formic acid is a stronger acid

compared to acetic acid and hence may have more negative effects on acid driven reactions.

However, there has been limited research on the effect of formic acid on organic materials. This

is in part likely to be due to formic and acetic acid commonly being present at the same time,

but with acetic acid commonly at a higher concentration compared to formic acid, and hence

there has been more attention on the former30. Therefore, due to the known corrosive nature of

acetic acid to a wide array of heritage materials, the remainder of this introduction will focus on

sources of this compound inside display cases.

3.1.4 Acetic Acid Emissions from Display Cases

As acetic acid vapour is known to accelerate degradation of artefacts, only low acetic acid emis-

sion materials should be used for display case construction and decoration to reduce the risk of

elevated acetic acid concentrations inside cases. This includes the choice of sealant, paint, gas-

kets, fabrics, plastics and wood, and is particularly important for tightly sealed cases. However,

there are limited materials developed especially for the museum sector, and very few qualitative

or quantitative studies of emissions from materials in low air exchange rate environments. De-

spite this, it is well known that wood emits both acetic and formic acid and is generally avoided

for use in modern museum cases, however, due to its suitability for building, it is still used, and

is present inside the Mary Rose display cases2. It is stated that all materials used in display case

construction at the Mary Rose Museum were tested for corrosive emissions, but it is not known

what testing was performed31.

The British standard ISO 16000-9 details the procedure for monitoring volatile organic emis-

sions using an emission test chamber, which is commonly used in the building industry to val-

idate if materials are low emission32. However, a low emission label on a material does not

necessarily mean that it does not emit acetic acid – rather it emits volatile compounds at a slow

enough rate that they can be diluted by the air exchange of the room. As the air exchange rate

of a tightly sealed display case will be much slower compared to that of a room, a classified

low emission material may still result in emissions becoming concentrated inside display cases.

Additionally, as acetic acid is not thought to be damaging to humans at ppb concentrations,

such low acetic acid emissions are not commonly measured from materials to be used in indoor

environments, however, ppb concentrations can be damaging to heritage materials33.

An extensive study, which used an emission chamber to test volatile emissions from a wide

range of materials used by museums, set conditions to closely mimic that of a display case –

23 ◦C, 50% RH and an air exchange rate around 1 day−1, which is representative of a mod-

erately sealed display case34. Air sampling of the test chamber was performed periodically.

Active air sampling of VOCs was performed with stainless steel desorption tubes filled with
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Tenax TA. The tubes were thermally desorbed and analysed by GC-MS. Sampling of formic

and acetic acid was also performed – a sample of air was absorbed into a sodium hydroxide

solution, which was then analysed using high-performance ion chromatography exclusion. This

analysis identified that all the lacquers and coatings tested (except one) resulted in an acetic acid

concentration between 38 and 600 ppb inside the chamber after 24 hours, with a loading factor

(the ratio of surface area of material to the volume of the test chamber) of 0.5 m2/m3. After a

further 120 hours, the concentration was between 31 and 250 ppb. Furthermore, there was a

delay in the acetic acid peak concentration, postulated to be due to acetic acid being a secondary

emission. Primary emissions of carboxylic esters and glycol esters were identified, which tend

to hydrolyse to carboxylic acids and alcohol over time, as shown in equation 3.2

RCOOR + H2O −−→ RCOOH + ROH (3.2)

where the rate will depend on the humidity, temperature and pH of the material. Therefore, the

use of lacquers and coatings with a low content of acetyl esters is recommended.

They also tested wood-based products in their emission chamber with a loading factor of 1 m2/m3.

The concentration of acetic acid was between 230 and 780 ppb after the chamber was closed for

24 hours, with only one sample not emitting enough acetic acid to be detected as it had been

laminated to reduce emissions. MDF and plywood samples emitted elevated acetic acid con-

centrations. Formic acid and formaldehyde were detected alongside acetic acid, despite some

of the materials being labeled as formaldehyde free – natural wood will emit formaldehyde as a

secondary emission due to the decomposition of lignin under light35. Therefore, as “low emis-

sion” materials currently used for display case manufacture have been found to emit acetic acid,

it cannot be assumed that modern cases, such as those installed at the Mary Rose Museum, do

not contain materials which have the potential to emit acetic acid.

The Oddy test is more commonly used by museums to assess damaging emissions from materi-

als. This test has a simpler set up compared to using an emission test chamber and also probes

emission driven damage. The Oddy test involves sealing 2 g of material, with 0.8 ml of water

inside a glass tube containing lead, copper and silver coupons. The system is left for 28 days

at 60 ◦C. Then, the coupons are assessed for corrosion36. The conditions inside the chamber

should generate more extreme conditions compared to those inside a display case due to the ele-

vated temperature, humidity and small volume, and hence the results are a worst-case scenario.

This test uses metal coupons as they are very sensitive to volatile compound driven corrosion

under elevated RH environments. Hence, if the test passes for all three metals, with lead being

sensitive to organic acids and copper and silver to sulfur compounds, they are more likely to

emit lower concentrations of corrosive compounds when sealed inside a display case. Due to

the sensitivity of the test, deviation from the protocol, contamination and a mis-representative

sample may cause variations in results. Additionally, interpretation of the result is subjective,
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however, comparison with references will reduce this37. The British Museum have published

a database of Oddy test results for a wide range of materials used inside museum display cases38.

Another precautionary measure to reduce internally generated pollutants is to off-gas display

cases prior to installation. However, wood was found to continually emit acetic acid after more

than 14 weeks, and hence short periods of off gassing for some materials may not be enough

for suitable long-term use1,39. Furthermore, cases may not be opened for many months or even

years and hence from current research, as testing is commonly performed after days of sealing,

it is unknown what pollutant concentrations will be after longer time frames34.

Despite careful selection of materials used inside modern display cases, it has been reported

that modern cases can still have elevated acetic acid concentrations, with some newly made dis-

play cases having acetic acid concentrations of 950 ppb after being sealed for one week40. This

highlights that the issue of corrosive compounds inside display cases is not limited to old style

wooden cases. The very slow air exchange rates of modern cases, in combination with the use

of materials which may release acetic acid, generate elevated acetic acid concentrations. There-

fore, the use of “low emission” materials inside display cases may not prevent the build-up of

corrosive gasses. Hence, more informed decisions are required when selecting materials for use

inside display cases as current protocols do not completely eliminate corrosive vapour buildup

inside cases. Furthermore, acetic acid monitoring should be performed even on modern display

cases after their installation to evaluate their performance after being sealed for a typical period

of time.

3.1.5 Acetic Acid Emissions from Wooden Artefacts

Sound wood is a known source of acetic acid; however, it is commonly assumed that acetic

acid emissions dramatically reduce with increasing time since felling. However, a study on

historic organs measured an acetic acid concentration of 513 ppb inside a wooden organ pallet

box, which was built in 173441. Additionally, the rate of acetic acid emission from a 15-year-old

plank of oak wood was 55.7 µg/m2h, which resulted in a concentration of approximately 125 ppb

inside a chamber with an air exchange rate of 0.34 h−1 after 24 hours42. Whilst this is less than

observed for recently felled oak (one study reported the emission rate as 2800 µg/m2h, with the

sample felled between 0.5 and 1.5 years prior to emission testing) it is similar to other recently

felled wood species, such as pine which emitted acetic acid at a rate of 120 µg/m2h43. Hence,

wood species is likely to be an important factor in rates of acetic acid emissions, in addition to

age.

Acetic acid is produced by the hydrolysis of acetyl groups in hemicellulose, and hence the

rate will increase in high humidity environments2,39. However, wood will also have a free acid
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content, which is generally between 0.03 and 0.5% for air dried wood39. Oak has a free acetic

acid content at the higher end of the range, which is postulated to be due to this species being

more susceptible to acetyl hydrolysis at room temperature compared to other species and hence

explains why oak is commonly quoted as one of the species which emits high concentrations of

acetic acid. In addition to species, drying method, season of felling and location of the sample

from the tree (sapwood or heartwood) also effects the rate of emissions1. One study found that

removal of extractives from wood reduced the extent of mild steel corrosion, and hence, as oak

has a high extractive content this also may contribute to its corrosive nature1. As these parame-

ters are not normally stated in emission studies, it is difficult to make accurate conclusions about

the influence of these parameters on the rates of emissions.

As hydrolysis of the acetyl groups occurs, their concentration decreases, but the amount of

free acetic acid, and hence acetic acid emissions, will increase. Therefore, wood can have a

high reserve of acetyl content and a low free acid concentration – the wood will have a reduced

acidity, however, it will have more potential to undergo hydrolysis under favourable conditions.

In contrast, wood could have a low reserve of acetyl groups, caused by extensive hydrolysis,

and hence have an elevated free acid content. This state will have a lower potential for subse-

quent production of acid, despite it being more acidic. The elevated temperatures used when

kiln drying wood promotes the hydrolysis of hemicellulose and hence the resulting dried wood

has a greater free acid content25,39,44. Similarly, as hemicellulose in waterlogged archaeological

wood is generally severely depleted, it is likely to have a small acetyl content and therefore,

reduced potential for acetic acid emissions. However, measurement of emissions from marine

archaeological wood has not been investigated, despite its characteristic smell. One study in-

vestigated the acetic acid concentration inside a modern display case containing archaeological

wood, which was found to be around 2 ppm40. The case was mainly constructed from lacquered

metals and glass and hence was not expected to have a high acetic acid concentration – could

the wooden artefact be the source of the emissions?

Acetyl groups are also found in lignin and hence could also be a source of acetic acid if they

are hydrolysed. This could occur in marine archaeological wood, which can have an elevated

lignin content. Furthermore, marine archaeological lignin can be oxidised, which may result in

additional hydrolysable groups within the structure45. Hence, despite its reduced hemicellulose

content, it may still have potential to emit acetic acid. Therefore, it is important to evaluate

acetic acid emissions from waterlogged archaeological wood as there are many factors which

could influence its emissions. If marine archaeological wood is found to be a source of cor-

rosive compounds, this will have implications for its display inside tightly sealed display cases

containing other sensitive artefacts, for example metals. Furthermore, this issue could be further

worsened if the RH inside the case is optimised for the display of organics, as higher RH accel-
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erates metal corrosion. Therefore, the Mary Rose cases have potential to be at risk due to the

prevalence of oak artefacts, however, the significance of emissions from wooden archaeological

material needs to be evaluated against corrosive vapours emitted from display cases.

3.2 Research Aims

The aim of this chapter is to investigate the emissions from waterlogged wood from the Mary

Rose Museum and evaluate if they pose any risk to the collection on display due to the tightly

sealed design of the display cases. An attempt to link artefact composition from Chapter 2

with volatile emissions will be undertaken to identify possible markers for artefacts with high

potential for acetic acid emissions. Further to this, acetic acid monitoring inside display cases at

the Mary Rose Museum will be performed to evaluate the sources of acetic acid and to measure

if damaging acetic acid concentrations are observed inside the cases. Finally, an assessment

of acetic acid removal by the filter material will be investigated to assess the active display

cases’ ability to mitigate build-up of internally generated pollutants. The information generated

from this study will provide the Mary Rose Museum with information regarding acetic acid

build up, and hence inform future mitigation measures. Additionally, this information should be

considered when making changes to other environmental conditions inside the cases as the rate

of pollutant driven damage is affected by many parameters.

3.3 Methods

3.3.1 Head Space-Solid Phase Micro Extraction-Gas Chromatography-Mass Spec-
trometry (HS-SPME-GC-MS)

HS-SPME-GC-MS was used in this study to identify emissions from wooden archaeological ob-

jects, fresh wood samples, and trapped compounds inside activated charcoal filters. This method

was used rather than diffusion tubes due to its re-usability, sensitivity and potential for signif-

icantly shorter exposure times46. Moreover, uptake rates for passive diffusion tubes depends

on the air-flow rate, and in static environments, such as those investigated in this study, can

result in starvation effects47. Previous use of HS-SPME-GC-MS highlighted that a divinylben-

zene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS) SPME fibre will trap a wider range of

volatile organic compounds compared to other fibre coatings, for example CAR/PDMS which

has a greater affinity for polar compounds, such as acetic acid48. Despite being interested in

acetic acid emissions due to their known damaging effect, the more general fibre was used in

this study to understand the array of compounds emitted from the materials.

The DVB/CAR/PDMS SPME fibre was exposed to the HS of wood samples (both sound and

archaeological) and carbon charcoal filters for one hour at room temperature. Additionally, one
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hour exposures were also performed of empty vials and Tedlar bags to evaluate the emissions

from these. Whilst a longer exposure time could increase the MS signal, there is an increased

risk of contamination on the GC column, resulting in carry over of analytes into future runs.

Equally, analysing at elevated temperatures would also increase the emissions into the HS, how-

ever, this is not ideal for museum artefacts due to the risk of accelerating artefact degradation.

Furthermore, these exposure conditions have been successfully used in previous HS-SPME-GC-

MS studies46,48.

After exposure of the SPME fibre, it was injected into the inlet of a GC (Perkin Elmer Clarus

500), which was programmed to be at 250 ◦C in splitless mode. After 1 min, the split flow turned

on (20 ml/min) to dilute any remaining analytes desorbing off the fibre and prevent peak broad-

ening. A VOCOL column (Supelco, 20% phenyl–80%methylpolysiloxane) was used (60 m in

length and 0.25 mm in diameter) to separate the compounds using the oven programme as fol-

lows: initial temperature of 50 ◦C (held for 5 min), ramp rate of 10 ◦C/min to 100 ◦C, then

5 ◦C/min to 200 ◦C, then 2 ◦C/min to 220 ◦C, which was held for 20 min. The carrier gas was

helium with a constant flow of 1 cm3min−1. The SPME fibre was removed from the injection

port after 10 min.

The GC was coupled to a Perkin Elmer Clarus 560D mass spectrometer. The transfer line and

ion source temperatures were 200 ◦C and 180 ◦C respectively. Mass spectra were collected un-

der electron ionisation mode at 70 eV and recorded from m/z 45 to 300. Peak identification was

performed using the NIST 2005 Mass Spectra Library V2.1.

HS-SPME-GC-MS has a high inter-day variability, caused by variation in GC-MS performance

and SPME fibre condition. However, by reporting the ratio of peaks, the variability can be

greatly improved – a relative standard deviation (RSD) of 3.2% calculated from 177 measure-

ments was previously reported46. Therefore, for each day of HS-SPME-GC-MS analysis, a

MISA Group 17 non-halogen organic mix (Supelco) was analysed as a standard solution. It

consists of benzene, ethylbenzene, styrene, toluene and ortho, meta and para-xylene at a con-

centration of 2000 µg/ml in methanol. Prior to use, this mixture was diluted 200-fold. For HS

sampling, 1 ml was transferred into a 20 ml Chromacol head space sample vial, which was sam-

pled for 20 s and then analysed using the same GC-MS as stated above, but with a modified

oven method to aid separation of the compounds. The initial temperature of the oven was 35 ◦C,

held for 5 min, ramped at a rate of 10 ◦C/min to 200 ◦C, then 5 ◦C/min to 220 ◦C, which was

held for 10 min. Additionally, there was a solvent delay of 2 min to reduce high concentrations

of solvent being transferred to the MS. All other parameters remained the same.

The daily running procedure consisted of first cleaning the SPME fibre to be used in the study.

This was achieved by heating the fibre in the GC injection port at 250 ◦C for 30 min. Then, an
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injection of the cleaned fibre into the GC-MS was performed to check that it was not contami-

nated. Next, a standard solution was analysed, followed by the samples. All sample vials, caps

and seals were heated in an oven at 150 ◦C for at least 24 hours prior to use.

Acetic Acid Calibration

Acetic acid solutions, detailed in Table 3.3, were prepared and 5 ml was sealed inside 20 ml

Chromacol head space sample vials. The solutions were sealed for 18 days prior to analysis.

Then the SPME fibre was exposed to the HS of the solutions for one hour and then injected in to

the GC-MS using the method described above. At least three repeats of each acetic acid solution

were injected into the GC-MS over the course of six days after being sealed. The ion current for

ions with a mass-to-charge ratio of 60 (the main fragment peak in the mass spectrum of acetic

acid) was plotted and the peak area of the acetic acid peak measured with a straight baseline.

The retention time of the acetic acid peak was between 12 and 14 min – due to its acidic nature,

it interacts and lines the column, causing peak tailing and a varying retention time depending on

the concentration injected into the column, with a lower concentration resulting in an increased

retention time.

To reduce the variation between days, the acetic acid peak area was divided by that of the dou-

blet peak in the MISA standard eluting at 21 min corresponding to isomers of ethylbenzene.

This is called the standard adjusted peak area. For each solution, the acetic acid vapour con-

centration was calculated at the temperature recorded during SPME sampling. The temperature

was logged using an EasyLog USB logger (LASCAR electronics) every 30 min with a precision

of 0.5 ◦C. The head space acetic acid concentration was calculated using the method described

by Hodgkins (2011) and calculations are shown in Appendix A49. The limit of detection and

quantification were calculated as three and ten times the standard deviation of the signal from

nine empty vials respectively, plus the average value obtained. The peak area of the blank was

measured using the same method as the samples. These samples were run over the course of the

analysis. For each sample, the average value obtained from the empty vials was subtracted from

the peak area, however, this made little difference to the calibration plot. Acetic acid standard

five was below the limit of detection and hence was not included in the calibration fit.

3.3.2 Metal Coupon Analysis

Lead foil, approximate thickness 0.25 mm and >99.96% purity, purchased from Merck Milli-

pore, was mechanically prepared by grinding with a glass bristle brush. It was then cut into

strips, approximately 10 by 20 mm and degreased in acetone. The lead strips were exposed in

custom holders, made from a clear polymethyl methacrylate, which was the same as that used

inside the Mary Rose display cases for mounts and hence is not thought to significantly off gas

corrosive vapours. Silver foil, approximate thickness 0.127 mm and 99.9% purity, purchased

from Alfa Aesar, was also used and cut to a similar size to the lead coupons. They were also
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Table 3.3: Acetic acid solutions and their estimated vapour concentrations used in the HS-
SPME-GC-MS calibration. The vapour concentrations were calculated at 100% RH and over
the temperature range observed during sampling.

Acetic acid solution Molar concentration
(mMolar)

Temperature during
sampling

(◦C)

Calculated acetic
acid concentration (ppb)

1 1.0 22.5-23.5 110–120
2 2.0 23.5-24.0 240–250
3 3.1 24.0 380
4 4.1 23.5-24.0 490–510
5 0.5 22.5-23.0 50–60

exposed in the custom made clear polymethyl methacrylate mounts, however, no preparation to

the surface was performed prior to exposure.

An electronic microbalance (4401 MP8, Sartorius) with a sensitivity of 10 µg was used to weigh

the metal strips before and after exposure. All weight measurements were performed in tripli-

cate.

Raman spectroscopy analysis was performed on some of the exposed lead coupons. A Ren-

ishaw 1000 Raman microscope, with a 633 nm laser, was used. Repeat analysis of the same

location was initially performed and no change in spectra or visual damage to the samples was

observed, and hence the laser was not thought to damage the samples. For analysis, the Raman

spectra of three random locations were measured for each coupon between 1500–50 cm−1.

3.3.3 Head Space Sampling of Sound Wood

Sound wood samples (as described in Chapter 2, Section 2.3) were placed in 20 ml Chroma-

col head space sample vials and sealed with a Chromacol 18 mm screw cap with a 1 mm Sili-

cone/PTFE liner. Additionally, an untreated sound oak sample and a PEG 600 treated sample

were soaked in 50 mL of water for four days and then removed from solution, allowed to air

dry, and then sealed in head space vials. HS analysis was performed for the unwashed samples

after nine days (in duplicate), and repeated for all wood samples after eleven days (objects were

re-sealed in unused vials). The samples had to be cut so they would fit inside the vials. Only

one side of the cube was cut until the sample would fit in the vial opening, and hence there was

one freshly exposed face for each sample. The sound wood sample details are summarised in

Table 3.4. The dimensions of the samples were measured using digital calipers. Additionally,

untreated and PEG 600 treated wood remained in the vials and were re-analysed after a further

twelve days. Also, 5 ml of the 40% PEG 600 soak solution and PEG 400 and PEG 4000 were

also sealed in a 20 ml Chromacol head space sample vial and their HS analysed.
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Table 3.4: Sound untreated wood samples (with and without PEG) and chemical grade PEGs
which were analysed using HS-SPME-GC-MS. A dash indicates that the parameter was not
measured.

Sample Weight
(g)

Approximate
volume
(cm3)

Approximate
surface area

(cm2)

Surface area
to volume

ratio
(cm−1)

Analysed
after

(days)

Untreated wood 0.65 1.1 6.8 5.9 9, 11 and 23
PEG 600 treated wood 0.67 0.7 4.9 6.7 9, 11 and 23
PEG 400 treated wood 0.58 0.6 4.4 7.6 9 and 11
PEG 200 treated wood 0.55 0.6 4.3 7.5 9 and 11
PEG 600 wood, soaked 0.51 0.9 5.5 6.3 11
Untreated wood, soaked 0.44 0.9 5.8 6.8 11
PEG 600 treatment solution - - - - 13
PEG 400 5.15 - - - 1
PEG 4000 3.27 - - - 1

After HS-SPME-GC-MS analysis, the same sound wood samples were sealed inside amber

glass vials (excluding the washed samples) for 15 weeks. Two pre-weighed lead coupons were

also placed in each 75 ml vial. After exposure, the change in mass of the lead coupons was mea-

sured and Raman analysis performed. The temperature and RH was recorded outside the vials

using an EasyLog USB logger (LASCAR electronics) every 30 min with a precision of 0.5 ◦C

and 2% RH. The average conditions were 25 ◦C and 37% RH, with a range of 9 ◦C and 29%

respectively. Also, the same experimental set up was used to enclose lead coupons inside vials

containing 5 ml of saturated sodium bromide solution made with water and acetic acid solutions

1, 3 and 4 from Table 3.3. Whilst the temperature will be similar to the wood containing vials

(25 ◦C), the saturated salt solution should maintain an RH around 58%.

This experiment was repeated with samples which were not freshly cut (required for previous

samples to make them fit inside the head space vials). Due to shrinkage during PEG conser-

vation, the treated samples had a smaller volume compared to the untreated sample – 1.0 cm3

compared to 1.5 cm3. The mass of the treated samples was approximately 0.8 g, which was

lighter compared to the untreated wood sample (1.8 g). They were sealed in vials for just under

15 weeks, and the average room conditions were 21 ◦C and 35% RH, with a range of 14 ◦C and

36% respectively.

The pH of the water used to wash the untreated and PEG 600 treated wood, in addition to

the 40% PEG treatment solutions, were measured with a HI 2211 pH/ORP metre (HANNA in-

struments). After calibration of the device, the pH of each sample was measured three times at

27 ◦C.
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Table 3.5: Archaeological wooden artefacts from the Mary Rose Museum which were analysed
using HS-SPME-GC-MS.

Reference Weight (g)
Approximate

volume
(cm3)

Approximate
surface area

(cm2)

Surface area
volume ratio

(cm−1)

Analysed
after

(days)

83A0637 1040 1000 1000 1.0 8, 9, 11 and 48
87A0068 259 400 500 1.3 9, 11, 15 and 48
90A0049 412 1000 800 0.8 8, 9, 11 and 48
Barge Deck object 550 400 500 1.3 8, 9,11 and 48

3.3.4 Head Space Sampling from Archaeological Wooden Artefacts

For non-destructive sampling, whole artefacts (as described in Chapter 2, Section 2.3) were

placed in 5 L Tedlar sample bags with a single polypropylene fitting (SKC). After cutting the

bag open and placing the object inside, it was then resealed using a packer poly heat sealer. A

vacuum pump was used to evacuate the air, which was then replaced with nitrogen. This process

was repeated three times. The HS was sampled with SPME fibres after eight, nine, eleven and

48 days. The weights and size of the objects are estimated in Table 3.5.

Further to this, the artefacts were sealed inside new 5 L Tedlar bags with three lead and three

silver coupons. Additionally, coupons were placed in an empty 5 L Tedlar bag. The coupons

were left for 17 weeks. They were then removed for weight and Raman analysis. The average

temperature and RH outside the Tedlar bags was 21 ◦C and 36%, measured using an EasyLog

USB logger (LASCAR electronics). The RH inside all the Tedlar bags was also measured using

an EasyLog USB logger (LASCAR electronics), which was sealed inside the Tedlar bag with

the artefact for at least 30 min. Another EasyLog USB logger was used to record the external

humidity. The RH inside the bags ranged between 43 and 45%, whereas the empty Tedlar bag

had an RH around 49%. The RH in the Tedlar bags containing artefacts 90A0049 and 87A0068

was approximately 3% lower compared to the RH outside the bag. In contrast, the other arte-

facts and the empty Tedlar bag had an RH within error of that measured outside the bag. In all

cases, the Tedlar bag reduced internal RH fluctuations.

3.3.5 Pollutant Monitoring in the Mary Rose Museum Display Cases

Eleven locations at the Mary Rose Museum were selected to expose lead coupons for 15 weeks.

These are detailed in Table 3.6. All the locations were inside display cases. A mix of large

(Carpentry, Iron guns and Cooking cases) and small cases (Purser, Master gunner and Surgeon

cases) were selected, with some of the larger cases sampled at either side of the space. Where

possible, the lead coupons were placed next to the Hanwell temperature and RH logger, which

were logging data every 15 min. Examples of the exposure locations are shown in Figure 3.3.
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Table 3.6: Display cases at the Mary Rose Museum where lead coupons were exposed. The
location code signifies the air handling unit which controls the conditions inside the case, which
may control the climate for more than one case and hence the air will mix between them. The air
exchange rate was measured when the cases were first installed. Standard deviations are quoted
in brackets.

Case Location code
Air exchange

rate
(days)

Volume
(m3)

Surface
area
(m2)

Average
temperature

(◦C)

Average
humidity

(%)

The purser (larger) G7-C1 9.3 (0.2) 2.5 11.4 19.3 (0.2) 52.3 (0.6)
The purser (smaller) G7-C1 8.5 (0.2) 1.3 7.4 19.3 (0.2) 51.3 (0.6)
Master gunner G4-C2 12.7 (0.7) 1.3 7.4 20.8 (1.0) 47.0 (1.7)
Surgeon G4-C3 12.7 (0.3) 1.3 7.4 18.6 (0.2) 52.2 (1.5)
Carpentry, right G4-C5/1 9.4 (0.6) 8.1 25.8 20.0 (0.1) 53.4 (2.4)
Carpentry, left G4-C5/1 9.4 (0.6) 8.1 25.8 20.0 (0.1) 53.4 (2.4)
Iron gun, left G4-C5/1 11.6 (0.2) 4.0 15.3 20.0 (0.2) 53.4 (2.5)
Iron guns, right G4-C5/1 11.6 (0.2) 4.0 15.3 20.0 (0.2) 53.4 (2.5)
Ship hall, middle Ship hall Unknown Unknown Unknown 18.8 (0.4) 54.8 (1.1)
Ship hall, edge Ship hall Unknown Unknown Unknown 18.9 (0.4) 54.3 (1.0)
Cooking G7-C4 26.9 (3.2) 7.9 29.9 19.1 (0.1) 54.6 (5.0)

The Purser and Carpentry cases had a high percentage of wooden artefacts, whereas the Master

Gunner, Surgeon and Iron gun cases had minimal. A list of artefacts in each case can be found

in Appendix B. The coupons were placed in the museum from the 08/02/18, however, one lo-

cation, the Cooking case, was exposed previously on the 22/03/16, also for 15 weeks. For each

location, four lead coupons were exposed, however, the right-hand side of the Iron gun case

only had three as one was dropped.

The air exchange rate (AER) for each case is quoted in Table 3.6, which was measured by

Reier (the display case manufacturer) when the display cases were first installed in 2012. The

decay of carbon dioxide tracer gas was used to calculate the air exchange rate over around 20

hours. This was performed with the climate control system not in use, except for case G7-C1.

Four lead coupons were also placed immediately before and after the activated charcoal fil-

ter, in the ducting for the cases G4-C5/1, G4-C3 and G7-C1. However, due to the design of

the ducting for G4-C5/1, it was only possible to place two coupons before the filter and three

after. Where possible, the coupons were placed on both sides of the ducting before and after the

filter. These coupons were exposed for 15 weeks. Typical positions of the coupons are shown

in Figure 3.4.

A sample of the activated carbon charcoal filter, impregnated with sodium hydroxide, was taken

from cases G4-C5/1, G4-C3 and G7-C1. To generate a representative sample of the entire filter

bed, small samples were taken from nine locations of each filter. The activated charcoal filter
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Figure 3.3: Locations of lead coupons exposed in two display cases at the Mary Rose Museum.
Where possible they were placed next to the temperature and RH monitor.

Figure 3.4: Locations of lead coupons exposed in the ducting of a display case before and after
the sodium hydroxide impregnated activated carbon charcoal filter. The filter was removed to
place the coupons, however, the bracket that its sits in can be seen.



3.4. RESULTS AND DISCUSSION 125

(a) Untreated wood (b) PEG 600 treated wood overlaid with untreated
wood. The data has been offset.

Figure 3.5: HS-SPME-GC-MS chromatograms of sound wood samples, analysed after nine
days inside a 20 ml head space vial.

sample (approximately 3.5 g) was sealed inside a 20 ml Chromacol head space sample vial and

the HS was analysed at room temperature after 6 days. Subsequently, the same sealed samples

were heated on a hotplate at 100 ◦C (heated overnight) and 200 ◦C (left heating over the week-

end). The sample remained on the hotplate during HS sampling.

As the cases are actively controlled, it is important to know the rate at which air is being pumped

through the case and hence through the activated carbon charcoal filter. To estimate this, the air

velocity was measured before and after the filter by drilling a hole in the ducting and using an air

velocity meter with an extendable probe (Velocicalc, model 9565). The velocity was measured

for 60 seconds, with a measurement every second, and the average calculated. Additionally, the

maximum pump speed and total case volume for each air handling unit was used to estimate the

maximum expected time for one complete exchange of the air.

3.4 Results and Discussion

3.4.1 Volatile Emissions from Sound Wood

HS-SPME-GC-MS analysis of untreated sound wood identified volatile acetic acid, toluene,

hexanal, furfural, alpha-pinene, octantal, nonanal and decanal in the HS above the sample, with

acetic acid being the dominant peak as shown in Figure 3.5a. The two intense unlabeled peaks

in Figure 3.5a are siloxanes and are not thought to be from the sample, but rather contamination

from the SPME fibre, injection port, or column. The literature also reports similar emission pro-

files from oak, with high acetic acid emissions, which is due to the hydrolysis of acetyl groups in

hemicellulose43. Furan derivative compounds, such as furfural, are cellulose degradation prod-

ucts and hence could be used as an indicator of cellulose degradation50. Whereas, the aldehydes
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detected are thought to be formed by oxidation of unsaturated fatty acids within the wood43.

Terpene compounds, such as alpha pinene, are present in woods as natural oils. No formic acid

was detected from the untreated wood as the lowest detectable mass to charge ratio in this study

was 45, whereas the main ion in the mass spectrum of formic acid is 29. Also, the SPME fibre

used has a poor affinity for small polar molecules, such as formic acid. Therefore, this analysis

cannot provide comment on formic acid emissions as the sensitivity for this compound is likely

to be low. Whilst oak is expected to emit formic acid, the concentration emitted has been re-

ported to be around thirty times smaller compared to acetic acid2. Therefore, a different method

would have to be used to detect low concentrations of formic acid – SPME fibres have been

previously used to detect formic acid in air samples42. However, to achieve this a polyacrylate

coated fibre was used which is more suitable for polar compounds. Alternatively, a passive dif-

fusion tube sampler followed by ion chromatography has also been successfully used51.

In comparison to the untreated wood, the PEG treated wood samples had lower emissions,

particularly after treatment with PEG 400 and 600 molecular weight, which only emitted alpha-

pinene, toluene and camphor, as highlighted in Figure 3.5b. Whilst camphor had an intense

signal at 32.5 min, it was not detected during repeat analysis, and hence it was believed to be a

contaminant, potentially from the plastic vials they were stored in. No other intense peaks were

detected from the PEG treated samples, and hence the PEG is not believed to be significantly

off gassing compared to the wood. Previous work identified formic acid as a marker for PEG

degradation, but found limited formic acid in PEG treated archaeological wood samples from

the Vasa, the Oberländer boat, the Skuldelev Viking ships and the Bremen Cog, and hence the

extent of degradation was thought to be limited52. Therefore, as the PEG was only recently

applied to the sound wood samples used in this study, and they are unlikely to contain iron com-

pounds, which are postulated to accelerate PEG degradation in archaeological wood, minimal

PEG degradation products are expected in the samples53.

Analysis of the HS above a PEG 400 sample emitted dioxanes, glycol ethers, acetic acid and

propanediol, which are likely to be impurities present in PEG. Similar compounds were detected

from PEG 4000 molecular weight, but at lower concentrations. These compounds were not de-

tected from the PEG treated samples, which is evidence that the wood is the stronger emitter

of volatile compounds as opposed to the PEG treatment. Therefore, there was no evidence to

suggest that the PEG treatment increased the variety or concentration of emissions from sound

wood. Rather, the recently applied PEG treatment appeared to dramatically reduce emissions.

3.4.2 Volatile Emissions from Archaeological Wood

In comparison to sound wood, emissions from the archaeological samples were much more

complex – a wider array of compounds was detected as shown in Figure 3.6a. Additionally,

a list of compounds detected and their peak areas are detailed in Appendix B. Despite the in-
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(a) Chromatogram of 87A0068. (b) Standard adjusted peak areas for the four arte-
facts.

Figure 3.6: Compounds detected by HS-SPME-GC-MS analysis from Mary Rose wooden arte-
facts after 48 days inside a Tedlar bag.

creased complexity of the emissions, there was good agreement between the four artefacts, with

similar compounds being detected but with varying intensity, as shown in Figure 3.6b. Similar

to the sound wood, no glycol compounds were detected, and hence it is again concluded that it

is the wood, rather than the PEG treatment that is contributing to the volatile emissions from the

archaeological woods. The PEG treatment does not appear to near eliminate emissions as it did

for sound oak. However, as no untreated archaeological wood was tested, it is unknown what

affect the PEG treatment has on emissions.

In addition to a reduced acetic acid peak area and a greater number of aromatic and carbonyl

compounds detected, the most significant difference compared to sound oak is the presence of

an intense peak attributed to carbon disulfide. The Mary Rose wood, as well as other ship-

wreck timbers, are known to contain hydrogen sulfide, which is produced by bacteria. This

compound can react with lignin to form thiols, which further oxidise to sulfate esters and sul-

fonates. However, disulfides, such as carbon disulfide, have been identified as intermediate

compounds12,54,55.

There has been limited investigation into carbon disulfide emissions inside museums and gal-

leries, however this compound is known to be highly flammable, reactive and toxic to humans,

with a recommended eight hour time weighted exposure of 1 ppm. Additionally, a similar com-

pound, hydrogen disulfide (H2S), which has an eight hour time weighted exposure limit of

5 ppm, is more documented inside museums and is known to tarnish silver and copper arte-
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facts4,37. Therefore, if carbon disulfide can become concentrated inside tightly sealed spaces, it

may pose a risk to some metal artefacts, but there is no available literature on this. Moreover,

due to the toxicity of this compound, it may pose a threat to staff who are constantly exposed

to the vapours of archaeological woods. This compound has an ether like odour, with an odour

threshold of around 200 ppb29. From this study, it is currently unknown what concentrations are

being emitted from the artefacts and if they are over the safety exposure limits. Hence, further

research is required to establish the risk to both humans and artefacts, however this is beyond

the scope of this research project. Alternatively, as all the archaeological wood samples tested

emitted acetic acid, and there is more research regarding its risk towards a wider array of metal

artefacts, the focus of the rest of this chapter will assess the potential risk of this compound

emitted from archaeological wood.

3.4.3 Acetic Acid Vapour Concentration Calibration for Sound Wood

Acetic acid vapour concentration in the head space above standard solutions was calculated

and plotted against the measured standard adjusted peak areas, which is shown in Figure 3.7.

The difference in acetic acid concentration for the same acetic acid solution is caused by slight

variations in temperature during analysis. The limit of quantification (LOQ) is approximately

105 ppb, which is just below that of the lowest acetic acid standard used in the calibration. The

limit of detection (LOD) is around 84 ppb. A least squares method was used to calculate the

linear fit, which had an R2 value of 0.97. Whilst the fit appears to be good, the line of best fit

does not go through the origin, but rather intercepts the y-axis at a negative value. This implies

that at concentrations below the LOQ, the linear relationship may not be true. This could be

due to the acidic nature of acetic acid and its tendency to interact with the column, causing peak

broadening, particularly at low concentrations. It could also be a reflection that some acetic acid

is lost from the SPME fibre during injection onto the column. This is likely to be similar for all

of the samples due to the HS sampling method remaining constant. Additionally, a least squares

model assumes that there are no errors in the independent variable, but, as my x-variable is es-

timated from theoretical calculations, this is not true. However, it has been shown that there is

good agreement between modeled and measured acetic acid vapour emitted from low concen-

tration samples, such as those used in this study49. Moreover, the error is expected to be small

in comparison to the peak area error.

This model was used to predict the acetic acid concentration in the HS above the sound wood

samples. However, due to the mixture of volatile compounds emitted from the wood samples

there will be uncertainty regarding competitive absorption onto the fibre – due to acetic acid’s

poor affinity for the SPME fibre, it may be competitively desorbed by other compounds which

adhere more strongly. Additionally, errors will also arise from the comparison of a liquid stan-

dard being used to predict a response from a solid sample, which will have different vapour
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Figure 3.7: HS-SPME-GC-MS calibration plot for acetic acid solutions. The LOD and LOQ
were calculated from the average standard adjusted peak area of nine empty vials plus three and
ten standard deviations respectively.

pressures and hence absorption kinetics56. Therefore, this method is only semi-quantitative.

HS-SPME-GC-MS analysis was performed after the samples had been sealed inside the vials for

nine days. The untreated sound wood sample had an acetic acid concentration above 500 ppb

– the highest point of the calibration curve. The PEG 200 treated sample also emitted acetic

acid, however, the concentration was lower at 228±60 ppb. Additionally, the PEG 400 and 600

treated samples emitted no detectable amounts of acetic acid and their peak areas were below

that of the LOD. Therefore, PEG 400 and 600 molecular weight treatments dramatically reduced

acetic acid emissions, as shown in Figure 3.8a.

The untreated, PEG 200, 400 and 600 treated samples were re-sealed into new vials and HS-

SPME-GC-MS analysis was repeated after eleven days. The untreated and PEG 600 treated

samples were kept in the vials and additionally re-analysed after 23 days. The acetic acid peak

areas after different sealing times are shown in Figure 3.8b. Over time, the concentration of

acetic acid from untreated and PEG 200 treated wood diminishes. Equally, the peak areas for

other compounds also reduce over time. In contrast, no trends in emissions from PEG 400 or

600 treated woods were observed and the magnitude of changes over time was much smaller.

As the same trend was not observed for all samples, the difference is not due to measurement

variability. A previous study which used the same sampling vials identified that a seven day

exposure was enough time for volatile compounds to be emitted into the HS and after this time

the concentration began to reduce46. This could be due to leakages, compounds being absorbed

by the vial, or consumption by chemical reactions. This has significant implications for use
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(a) Acetic acid vapour concentration after nine
days. The error bar represents the 95% confi-
dence limits from the model. Note that the con-
centrations estimated for the untreated wood are
outside of the calibration range.

(b) HS-SPME-GC-MS acetic acid peak areas af-
ter sealing the wood in vials for nine, eleven and
23 days.

Figure 3.8: Acetic acid emissions detected from sound wood measured by HS-SPME-GC-MS.

of acetic acid solutions to estimate the acetic acid concentrations generated from wood samples

within the same vials. For this method to be accurate, it has to be assumed that removal of acetic

acid from the vial is minimal, independent of concentration, time and type of material in the vial.

This is thought to be true for the acetic acid solutions, as the HS acetic acid concentration was

measured over six days after the vials had been sealed for 18 days and no significant changes in

intensity were observed. Therefore, the calibration solutions are assumed to be stable over the

time frame of the experiment, and the saturation vapour pressure obtained. However, this is not

true for the untreated and PEG 200 treated wood samples, and hence, the concentration reported

is time dependent and may not reflect the equilibrium or maximum value obtained in the vial.

Therefore, this analysis can only comment on the concentration obtained at a single time point.

For future investigations, a consistent sealing time should be used during a study. Moreover, a

more thorough investigation into the effect of sealing time should be performed to better eval-

uate the cause of decreasing signal intensity. Despite this, the same trend was consistently

observed, which evidenced that PEG treated samples had reduced acetic acid emissions, and a

greater reduction was observed for PEG 400 and 600 molecular weight.

The PEG treatment could be acting as a sealant and hence preventing the release of volatile

acetic acid. Also, washing wood with water is known to reduce the free acid content, and hence

soaking the wood during the PEG treatment process could reduce the free acid content, which

would reduce acid vapour emissions39. To investigate this further, acetic acid emissions from

washed samples of untreated and PEG 600 treated wood were measured. The data shown in Fig-
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(a) Acetic acid peak areas for sound wood sam-
ples sealed in vials for eleven days. Only one
analysis performed for each sample.

(b) Chromatogram showing the acetic acid peak
for washed and non-washed samples. Analy-
sis was performed on the same day, but the
non-washed samples had been sealed for 23
days, whereas the washed samples had only been
sealed for eleven days.

Figure 3.9: Comparison of acetic acid MS peak area, for the selected ion chromatogram m/z 60,
for washed and non-washed sound wood samples.

ure 3.9a was all generated on the same day, with the samples sealed for eleven days. The washed

untreated wood shows a significant reduction in acetic acid peak area, whereas the washed PEG

600 wood shows a slight increase. This suggests that washing the untreated wood had a large

effect on the acidic emissions, most likely due to removal of free acidic content. In contrast, the

slight elevation for the PEG 600 treated sample could be due to removal of PEG, which acts as a

barrier and hence prevents the release of volatile emissions from within the sample. Moreover,

this trend is also observed in Figure 3.9b – this data was also generated on the same day, but the

non-washed samples were sealed for a longer time compared to the washed samples. The same

effect of soaking the sample can still be observed, despite an increase in sealing time potentially

causing a reduction in the acetic acid peak area for untreated wood. Therefore, this is strong

evidence that the process of washing the wood removes the free acid content, which lowers the

acetic acid emissions. Furthermore, this is likely to have occurred during the PEG treatment

process and hence will contribute to the lower acetic acid emissions from PEG treated woods.

Additionally, the PEG acts as an emission barrier, which is less permeable for PEG 400 and 600

compared to 200.

To further confirm that soaking the wood removed acidic compounds, the pH of the wash solu-

tions, and PEG treatment solutions were measured. The results are shown in Table 3.7. They

show that both the washings from the untreated and treated samples are acidic, but the former is

more acidic, potentially due to its higher free acid content as it has not previously been washed.

The pH of the PEG treatment solutions were also acidic. It is known that PEG solutions be-

come more acidic over time due to the production of formic acid57. Furthermore, the oxidation
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Table 3.7: Measured pH of washing solutions and PEG treatment solutions. Each is an average
of three measurements and the error represents the measurement range.

Sample pH

Washings from untreated wood 3.50±0.02
Washings from PEG 600 treated wood 4.67±0.02
PEG 200 soak solution 2.66±0.02
PEG 400 soak solution 3.49±0.02
PEG 600 soak solution 4.75±0.01

of PEG occurs at the terminal hydroxyl groups and hence, as PEG 200 has a higher ratio of

terminal groups, this is expected to undergo more extensive oxidation, producing the lower pH

observed in this study58. Therefore, wood treated with a lower molecular weight PEG is at a

higher risk of acid formation compared to those treated with higher molecular weights. A two

step PEG treatment is commonly used, with the lower PEG molecular weight penetrating into

the wood and the higher PEG molecular weight more concentrated on the wood surface. This

could result in a greater acidity in the core of the wood, which is then trapped in by the higher

molecular weight PEG and hence accelerating acid catalysed reactions.

An additional change in the samples caused by soaking is the removal of extractive compounds,

which are known to contribute to volatile emissions from wood. After soaking the woods in

water, the solution of the untreated wood sample was yellow in colour, whereas the PEG 600

treated sample remained colourless, as seen in Figure 3.10a. This was postulated to be due to

removal of extractive compounds, which partially contribute to the colour of the wood59. As

the PEG treated soak solution was colourless, it is assumed that the majority of room temper-

ature aqueous extractable compounds had been previously removed during the PEG treatment

process. FTIR was used to analyse the air dried liquids and the results are shown in Figure

3.10b. Similar to analysis performed in Chapter 2, there is good agreement between the FTIR

spectra of the dried washings and tannic acid, which is a known extractive in oak, contributing

to its colour. In contrast, the PEG 600 dried solution was dominated by PEG peaks, as shown in

Chapter 2, Figure 2.9b, however, evidence of tannin compounds was still observed, indicating

that they have not been completely removed by the treatment process. A previous study identi-

fied that removal of extractives and acidic volatile compounds from freshly felled sweet chestnut

wood reduced the extent of mild steel corrosion to a greater extent compared to when just the

acidic components were removed1. Therefore, the removal of extractives during PEG treatment,

as observed in this study, may also reduce emissions. No acetic acid peaks were observed in

the FTIR spectra of either washings – a broad hydroxyl peak around 3000 cm−1 and a carbonyl

stretch at 1715 cm−1 is expected for acetic acid. However, as tannic acid has peaks in both these

regions, they are likely to be masked if acetic acid is only present at a low concentration.
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(a) Untreated wood (left) and PEG 600 treated
wood (right) soaking in aqueous solutions

(b) FTIR spectra of dried untreated wood soak
solution overlaid with tannic acid.

Figure 3.10: Evidence for removal of tannin compounds after washing untreated sound wood in
aqueous solutions

3.4.4 Lead Coupon Corrosion Caused by Sound Wood Samples

The same wood samples were sealed inside vials with lead coupons for 15 weeks. Untreated

wood caused a greater amount of lead coupon corrosion compared to the PEG treated woods

– shown in Figure 3.11a. However, there were no significant differences for weight change of

lead coupon with different PEG treatments – the potential differences were masked by the large

errors observed for air quality assessment using lead coupons. Additionally, the mass changes

of the lead coupons were smaller than expected when compared to the weight changes observed

for the coupons exposed to acetic acid solutions, shown in Figure 3.11b. An acetic acid solution

with a calculated vapour phase concentration of 190 ppb caused a lead coupon mass change of

approximately 6000 mg/m2. This is larger than observed for the lead coupons exposed to the

sound wood sample, which was estimated to have a HS acetic acid concentration above 500 ppb.

This discrepancy is likely to be caused by the lower RH conditions during exposure to the wood

compared to the acetic acid solutions (average RH of 37% compared to 58%), which is known

to reduce the rate of acetic acid driven lead corrosion17,60. Also, as HS-SPME-GC-MS anal-

ysis identified that acetic acid emissions were found to decrease over time, the average acetic

acid concentration in the vial over 15 weeks is likely to be much lower than 500 ppb, which

was measured after nine days. Additionally, the vials used are expected to have a greater air

exchange rate compared to those used during HS-SPME-GC-MS analysis, and hence the emis-

sions from the wood will be diluted more regularly with external air, which will also lower the

concentration. This will also occur for the acetic acid solutions, however, the emission rates

from solution are likely to be faster compared to wood and hence the estimated acetic acid con-

centration maintained.

A similar result was observed for lead coupons exposed to samples which were not further



134 CHAPTER 3. MEASUREMENT AND EVALUATION OF VOLATILE EMISSIONS

(a) Exposure of lead coupons to sound wood sam-
ples with different PEG molecular weight treat-
ments at 37%.

(b) Exposure of lead coupons to acetic acid solu-
tions at 58% RH.

Figure 3.11: Mass change of lead coupons per surface area of lead after exposure to sound wood
samples with different PEG molecular weight treatments and acetic acid solutions in saturated
sodium bromide solutions for 15 weeks. The error bars represent the range of the data.

cut after treatment, demonstrating that cutting had no significant impact on the corrosive emis-

sions. The untreated wood still caused a greater weight change of the lead coupons compared to

the treated samples. However, the absolute weight changes were lower, most likely due to the

lower temperature and humidity during exposure. The results are shown in Appendix B, Figures

B.1 and B.2, along with photos of the lead coupons after exposure which show that untreated

and PEG 200 treated woods resulted in a greater visual change compared to those exposed to

PEG 400 and 600 treated woods. Therefore, in agreement with HS-SPME-GC-MS analysis,

PEG treatment reduces corrosive emissions from sound wood, and hence results in reduced lead

coupon corrosion.

A previous similar experiment also identified a roughly linear relationship with lead weight gain

and acetic acid vapour concentration between 240 ppb and 5 ppm17. However, the magnitude

of change observed was significantly smaller – a 2000 mg/m2 change after exposure to 800 ppb

acetic acid for four months at 54% RH and room temperature. This difference could be due to a

higher ratio of saturated salt solution to enclosure volume used in this current study, which may

result in a greater ability to maintain the saturated acetic acid concentration expected. Whilst the

decrease in concentration due to leakages is accounted for in the previous study, it is unknown

how reliable the calculations are as the method to measure acetic acid vapour concentration,

which is then used to estimate the decrease in initial concentration, is not stated. Equally, it is

not known how they converted acetic acid solution concentration into vapour concentration.

Another paper exposed lead coupons to 170 ppb acetic acid at 60% RH for four weeks, which

resulted in a weight change of 8400 mg/m2, which is similar compared to this study, but was
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Figure 3.12: Raman spectra of lead coupons exposed to sound wood cubes (37% RH) and acetic
acid solutions (58% RH) for 15 weeks.

produced after a one month exposure60. However, as weight change is not linear with time,

it is difficult to directly compare these two results17. This paper used acetic acid permeation

tubes to deliver a more accurate concentration of acetic acid and hence has no associated errors

with acetic acid leakages. The magnitude of results from this current study are in between the

values obtained from previous studies. Therefore, due to the large variability in the literature,

using rate of lead corrosion alone to quantify acetic acid will lead to a lot of uncertainty as it

depends on many variables, not solely acetic acid concentration – the presence of other pol-

lutants may retard the rate of corrosion, which has been observed for formic acid, hydrogen

sulfide and low carbon dioxide environments16,60,61. As these are not normally monitored in

lead coupon exposure studies, only comparisons between studies using the same method can

be performed. Additionally, this makes it challenging to compare model experiments with real

scenarios, which has implications on guidelines generated from the former method. Therefore,

lead coupons should only be used to indicate relative damage to lead by an environment, as has

been performed in this study, as opposed to measuring acetic acid concentrations.

The Raman spectra of lead coupons exposed to sound wood samples were weak compared to

those exposed to acetic acid solutions, as shown in Figure 3.12. After exposure to a 1 mM acetic

acid solution, there is an intense peak at 1050 cm−1, along with a doublet peak at 929 cm−1 and

913 cm−1, and a broad doublet peak centered at 1380 cm−1. These peaks indicate that a mixture

of lead acetates and carbonates have formed21,62. Additionally, an intense peak at 145 cm−1

indicates the formation of lead oxide. Exposure to the more concentrated acetic acid solutions

produced spectra with the same peaks, but with greater intensity (shown in Appendix B, Figure

B.4). In contrast, no peaks were observed in this region after exposure to a saturated sodium
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bromide solution only. Whilst the Raman peaks for the untreated wood and PEG 200 treated

wood are weak, they match those present in the lead coupons exposed to acetic acid solutions.

This is strong evidence that these wood samples caused acetic acid driven corrosion. In contrast,

the lead coupons exposed to the PEG 400 and 600 treated samples only had a peak at 145 cm−1,

which may not necessarily be due to the presence of acetic acid vapour. Whilst only one spec-

trum is shown for each lead coupon, these results were repeatably found across the surface.

Lead naturally forms a thin protective layer of lead oxide on its surface when exposed to the

atmosphere (Reaction 3.3). This film can be dissolved by the presence of acetic acid vapour

(Equation 3.4), generating an electrochemical cell which creates lead and hydroxide ions and

hence the formation of fresh lead oxide. If acetic acid is present, solid lead acetate oxide hydrate

forms according to Equation 3.5. This acetate product forms an equilibrium with hydrocerussite

(Equation 3.6), where the forward reaction is postulated to be dominant, however, the presence

of other corrosion compounds will affect this60.

2 Pb(s) + O2(g) −−→ 2 PbO(s) (3.3)

PbO(s) + 2 CH3COOH(aq) −−→ Pb+2
(aq) + 2 CH3COO−

(aq) + H2O (3.4)

2 PbO(s) + 2 Pb+2
(aq) + 2 CH3COO−

(aq) + H2O −−→ Pb(CH3COO) · 2 PbO ·H2O(s) (3.5)

Pb(CH3COO)2 · 2 PbO ·H2O(s) + CO2(g) + H2O

−−⇀↽−− Pb3(OH)2(CO3)2(s) + 2 CH3COOH(g) (3.6)

Therefore, a mixture of lead acetate, carbonate and oxide compounds are expected after expo-

sure to acetic acid. If formic acid vapour was contributing to corrosion, lead formate and lead

formate hydroxide would be observed16. The former has an intense Raman peak at 1345 cm−1

(shown in Appendix B, Figure B.3), which is in a similar location to that observed for acetic

acid63. However, lead formate does not have intense peaks at 929 cm−1, 913 cm−1 or 1050 cm−1,

which are intense peaks for acetic acid corrosion products. Additionally, if a mix of acetic and

formic acid are both present at similar concentrations, formic acid will inhibit further corrosion

by the formation of insoluble lead formate16. Therefore, as no intense peak was observed at

1345 cm−1, the formic acid emissions from the untreated wood is thought to be less than that

of acetic acid, which is in agreement with the literature. Additionally, the 1345 cm−1 peak does

not increase in intensity after exposure to PEG treated woods, which is further evidence that the

treatment process is not significantly emitting formic acid.

These findings agree with the SPME emission analysis, which identified greater emissions from

untreated and PEG 200 treated wood compared to those treated with higher molecular weight

PEGs. This again evidences that the PEG treatment of sound oak does not increase corrosive
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emissions at room temperature, but rather reduces them. This is in contrary to what has been

postulated before – that PEG treatment could increase volatile emissions due to the formation

of formic acid64. Whilst this phenomenon will be beneficial for the air quality around the PEG

treated wood, it is unknown what the implications are for the wood itself. As the PEG molecular

weights used to treat wooden artefacts incorporate much higher molecular weights than used in

this study – commonly 2000 to 4000, the barrier properties could be even greater. Acidic com-

pounds, potentially generated from degraded lower molecular weight PEGs over a long time

period, could become trapped inside the wood structure and hence decrease the pH of the wood

and accelerate acid catalysed degradation, such as the hydrolysis of cellulose.

3.4.5 Acetic Acid Emissions from Archaeological Wood

Acetic acid emissions were analysed from four Mary Rose wooden artefacts, as described in

Chapter 2, Section 2.3. Their standard adjusted acetic acid peak areas are shown in Figure 3.13.

Unlike the analysis of sound wood, the acetic acid calibration can not be used to provide an

estimate of acetic acid concentration in the head space as it was performed in vials as opposed

to Tedlar bags. Acetic acid may be absorbed by the plastic Tedlar bag and hence reduce its

apparent concentration compared to measurements performed in glass vials65. Additionally, the

HS volume of the samples is different, which will affect the analyte extraction from the HS56.

Therefore, only comparison between the archaeological samples will be discussed.

There is a general increase in acetic acid peak area with increasing time sealed in the Tedlar

bag, which indicates that the objects were still emitting acetic acid after 8 days. Higher concen-

trations were observed after 48 days, however, this analysis was performed at a slightly higher

temperature which could account for the differences observed. The Barge Deck Object and

83A0637 emitted higher concentrations of acetic acid compared to 90A0049 and 87A0068. As

there is no clear correlation between surface area of the object and acetic acid peak area, the

differences could be influenced by wood composition.

Of the four artefacts tested, the two which had a similar composition to sound wood and still

contained hemicellulose polymer (Barge Deck object and 83A0637), emitted greater amounts

of acetic acid compared to the other two artefacts, which contained minimal hemicellulose. This

is expected as hemicellulose is thought to be the main source for acetic acid emissions. How-

ever, acetic acid was still emitted from the samples which had a severely depleted hemicellulose

content (90A0049 and 87A0068). This suggests that there is another source of acetic acid from

within the wood in addition to hemicellulose. The acetic acid peak area after 48 days appears

to correlate with holocellulose content in the wood, as shown in Figure 3.14, and hence could

be an additional source. Moreover, acetic acid is a known product of cellulose hydrothermal

degradation66.

The samples also had variations in their PEG concentrations, with 90A0049 and 87A0068 hav-
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Figure 3.13: Standard adjusted acetic acid peak areas for the archaeological wood samples after
being sealed inside a 5 L Tedlar bag for eight to 48 days. The bar label indicates the temperature
during SPME sampling.

Figure 3.14: Acetic acid standard adjusted peak areas measured after 48 days plotted against
cellulose, hemicellulose and holocellulose content estimated by MTGA analysis from Chapter
2.
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Figure 3.15: Lead coupons after exposure to untreated sound wood and archaeological artefacts
from the Mary Rose Museum for 15 and 17 weeks respectively. The are compared to lead
coupons (right hand side) which were exposed in an empty Tedlar bag.

ing a PEG mass content around 70%, whereas 83A0637 had a smaller PEG content around

40%. The Barge Deck object had a PEG content around 60%, but was treated with lower PEG

molecular weights (200 and 2000 rather than 600 and 4000) – however, this difference did not

appear to significantly effect the trends in acetic acid emissions. The samples with a higher PEG

content emitted less acetic acid, which could be due to the PEG acting as a barrier as observed

for sound wood. However, as there is an inverse correlation between holocellulose within the

archaeological wood sample and PEG content, it is difficult to determine which factor is driving

the variation in emissions – high PEG content acting as a barrier, acetic acid emissions from

holocellulose, or a combination of the two.

If this trend between wood composition is real, it could be used to evaluate the risk of acetic

acid emissions from wooden artefacts based on their composition, with a greater holocellulose

content (and hence reduced PEG content) indicating a higher risk of acetic acid emissions. How-

ever, emission analysis of a wider sample set is required to understand how other impurities and

chemical changes in the wood effect emissions. For example, the effect of the modified lignin

structure on the emissions from the Barge Deck object and 83A0637 is currently unknown.

Additionally, the difference in wood species between the four objects, with the highest acetic

acid emissions detected from oak objects, could contribute to the differences observed. Sound

oak was previously found to emit around three times greater acetic acid emissions compared to

ash, which artefact 90A0049 was identified as2. However, as the difference between species is

linked to acetyl groups within hemicellulose, if this is heavily depleted, as is commonly the case

for archaeological woods, the trends between species is not likely to hold.

Metal Coupon Corrosion Caused by Archaeological Wooden Artefacts

After exposure of the lead coupons to the artefacts, they all darkened compared to those exposed

in an empty Tedlar bag, as shown in Figure 3.15. Artefact 90A0049 had caused the greatest

amount of darkening of the lead coupons, whereas the Barge Deck object had caused the least.

Furthermore, if the coupons are compared to those exposed to sound wood, the untreated oak
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Figure 3.16: Weight change per surface area of lead and silver coupons after exposure to arte-
facts from the Mary Rose Museum for 17 weeks. The error bar represents the range of the
measurement, based on three repeats for each environment.

sample caused a similar colour change to the Barge Deck object. However, these results are not

directly comparable due to the large difference in sample size, enclosure volume, different expo-

sure time, temperature, humidity and air exchange rates of the systems. However, this provides

evidence that archaeological wood, in certain conditions, can cause greater visual damage com-

pared to sound oak. Moreover, the loading volume of the sound oak sample, and average tem-

perature during exposure was greater compared to the archaeological objects, which is expected

to increase emissions. Additionally, the weight change of the lead coupons, shown in Figure

3.16, are similar to that observed for the untreated sound wood sample (around 400 mg/m2),

Therefore, archaeological wood, in certain environments, can cause a similar weight change to

lead compared to sound wood and hence result in similar amounts of chemical damage despite

its age and depletion in hemicellulose content. Whilst there were clear differences in colour

between the coupons, there was no detectable change in weight between the different environ-

ments. This is due to the weight change being very small, and hence the large error masking any

potential differences. However, all artefacts caused a greater weight change compared to those

exposed in an empty Tedlar bag.

Raman analysis of lead coupons after exposure in the Tedlar bags was performed, and is shown

in Appendix B, Figure B.5. Only artefact 83A0637 had a peak at 1050 cm−1, which is indica-

tive of a lead carbonate and is predominantly formed in the presence of acetic acid. Artefacts

90A0049 and 87A0068 only had peaks at 1344 cm−1 and 145 cm−1, which are not necessar-
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Figure 3.17: Silver coupons after exposure to archaeological artefacts from the Mary Rose Mu-
seum for 17 weeks. The are compared to silver coupons (right hand side) which were exposed
in an empty Tedlar bag.

ily due to acetic acid. Lead formate, a dark corrosion product which forms in the presence of

formic acid, is known to have an intense Raman peak at 1345 cm−1. Therefore, the corrosion

could have been caused by formic acid rather than acetic acid for these artefacts. If both formic

and acetic acid vapour are present at similar concentrations, formic acid will preferentially re-

act with the lead, forming lead formate. This thin corrosion layer then acts as a barrier and

prevents further corrosion16. Hence, it is thought that artefacts 90A0049 and 87A0068 emit

both formic and acetic acid. In contrast, due to the dominant acetic acid corrosion peaks in its

Raman spectrum, 83A0637 is not thought to emit significant amounts of formic acid relative to

acetic acid. The peaks in the Raman spectra for the Barge Deck object are very weak and hence

limited corrosion has occurred on the lead, which agrees with the slight colour change observed.

The extent of coupon colour change does not correlate with the relative acetic acid concentra-

tions measured with HS-SPME-GC-MS. Therefore, the differences are influenced by other fac-

tors, such as formic acid emissions, which are not detected with the HS-SPME-GC-MS method.

Whilst it was identified that PEG treated sound wood did not result in increased formic acid

emissions, this may not hold for the artefacts as the PEG treatment may have begun to degrade

and hence release formic acid. Artefacts 90A0049 and 87A0068 were estimated to have the

greatest PEG content and also the greatest amount of formic acid corrosion. Additionally, there

was also evidence of lower molecular weight compounds present in the artefacts, which could

be PEG degradation products and hence indicate the formation of formic acid, as discussed in

Chapter 2, Section 2.5.10. PEG degradation was not observed for the other artefacts, and hence

they are expected to emit lower concentrations of formic acid, which was confirmed by Raman

analysis of the lead coupons.

In contrast to the lead coupons, only the silver coupons exposed to 90A0049 and 83A0637

showed a visual change, as shown in Figure 3.17. Additionally, as seen in Figure 3.16, the

weight change per surface area of the silver coupons was very small, with no significant differ-

ence observed compared to that observed after exposure in an empty Tedlar bag. Therefore, the
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visible tarnish must be a very thin surface layer. Unfortunately it was not possible to identify the

corrosion product by Raman spectroscopy as the laser burnt the thin film. HS-SPME-GC-MS

observed that artefacts 83A0637 and 87A0068 emitted the greatest concentrations of carbon

disulfide, however, this did not result in elevated silver tarnishing for coupons exposed to these

objects. This discrepancy could be caused by silver corrosion not being due to one individual

compound, but rather will be accelerated or decelerated by the presence of other volatile gases,

which may not be detected by this HS-SPME-GC-MS method, such as hydrogen disulfide and

sulfur dioxide.

The artefacts tested in this study were identified to consistently emit acetic acid at high enough

concentrations to cause accelerated corrosion to lead coupons. Some artefacts were also found

to emit formic acid, which also contributed to lead coupon chemical damage. Additionally,

some artefacts caused silver corrosion, which is postulated to be due to the reduced sulfur in

the wood. As the Mary Rose Museum displays its collection in mixed display cases at around

54% humidity, there is potential for these emissions to accelerate corrosion towards some of

the lead and silver artefacts on display within the same case. Therefore, monitoring inside the

display cases at the Museum was performed to understand if wooden artefacts caused elevated

concentrations of corrosive compounds inside display cases. Lead coupons were used, rather

than HS-SPME-GC-MS sampling, as these are capable of detecting both formic and acetic acid,

however it is difficult to quantify the results due to the competitive nature of lead corrosion. Al-

though, if corrosion is observed on the coupons, it indicates that the environmental conditions

inside the case has potential to damage lead artefacts.

3.4.6 Lead Corrosion Inside Display Cases at the Mary Rose Museum

Lead coupons were exposed inside display cases at the Mary Rose Museum for 15 weeks to

ascertain how variable the air quality is inside different cases. The results for each location are

summarised in Figure 3.18. Smaller cases tended to have a greater mass change compared to

larger cases and open spaces, with little apparent dependence on what materials were present

inside the case or the case’s AER. The magnitude of lead weight change for the open and large

cases was similar to that observed after exposure to the artefacts in isolation. However, the

surgeon case, which contained no wooden artefacts, smelt acidic when it was opened, and the

lead coupons exposed there had an order of magnitude greater mass change. Cases controlled

by the same air handling unit (Purser cases and Carpentry with Iron guns) had similar amounts

of lead corrosion. This suggests that the air is well mixed by the pump. Additionally, there was

no significant difference observed between the two locations in the Ship Hall, which suggests

that corrosive vapours are not at higher concentrations next to the ship compared to away from

it. Whilst, it is difficult to calculate an acetic acid concentration due to interference from other

environmental parameters, the relative amounts of corrosion observed in this current study can



3.4. RESULTS AND DISCUSSION 143

Figure 3.18: Weight change per surface area of lead coupons after exposure in display cases at
the Mary Rose Museum. The error bar represents the range of the data.
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Figure 3.19: Weight change per surface area of lead coupons after exposure in the ducting of
the Mary Rose display cases both before and after the sodium hydroxide impregnated activated
carbon charcoal filter. The error bar represents the range of the data.

indicate relative corrosive conditions inside the cases. If acetic acid vapour concentration is

estimated for the Mary Rose display cases using the linear response observed in Figure 3.11b,

the Surgeon case is predicted to have an acetic acid vapour concentration of 90 ppb. However,

this case was above the odour threshold, and hence the acetic acid concentration is expected to

be above this29.

Lead coupons exposed before and after the sodium hydroxide impregnated activated carbon

charcoal filter in the ducting of the Purser, Surgeon and Perimeter case (consisting of the Iron

gun and Carpentry cases) resulted in similar rates of lead corrosion for each air handling unit.

This is shown in Figure 3.19. This analysis was performed a year after the results shown in

Figure 3.18, which could account for the higher values observed. It is not thought to be due

to a variation in balance drift as this would result in the same offset for each case. Rather, the

increase is greatest for the Surgeon case and least for the Perimeter case, which correlates with

corrosive environment. Therefore, the build up of a corrosive environment inside the Surgeon

case occurs the fastest, and hence a greater increase in lead corrosion after a year is observed.

The Surgeon and Purser cases shown no significant differences in weight increase for lead

coupons exposed before and after the filter. This indicates that the charcoal filter is not re-

moving enough corrosive volatile compounds to make a significant difference to the rate of lead

corrosion. In contrast, the Perimeter case has a slightly lower rate of corrosion after the filter

compared to before. This suggests that the filter is removing corrosive compounds, however,

this data was measured from only two repeats and the absolute difference is very small; hence
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Figure 3.20: Raman spectra of lead coupons after exposure inside display cases at the Mary
Rose Musuem for 15 weeks.

more repeats would be required to validate this observation further.

To identify the corrosion products on the lead coupons, Raman analysis was performed. Lead

coupons exposed in the Surgeon and Purser display cases had intense peaks at 1050 cm−1, which

is indicative of the symmetric carbonate stretching band in lead carbonates. Additionally, there

are smaller peaks at 930 cm−1, 912 cm−1, 1340 cm−1 and 1402 cm−1, which are indicative of lead

acetate bands. The spectra are shown in Figure 3.20, and show good agreement with the previous

Raman analysis performed on lead coupons sealed inside vials containing acetic acid solutions.

Additionally, there is a peak at 144 cm−1, indicating the presence of lead oxide. This agrees

with previous literature, which found that a combination of carbonates, acetates and lead ox-

ides are formed depending on the acetic acid concentration, humidity and exposure time17,60,67.

Analysis of different areas of the lead coupons exposed in the Surgeon case highlighted that an

intense acetate peak correlated with an intense lead oxide peak at 144 cm−1. This could be due

to the insolubility of hydrocerissite, and its slow uptake rate of acetic acid, and hence once it is

formed, further electrochemical processes stop60.

Under the microscope, small white sections could be seen for the coupons exposed in the Sur-

geon and Purser cases, as shown in Figure 3.21. All the other exposed lead coupons had a

similar appearance to an unexposed coupon. Whilst Raman analysis of the lead surface can

identify the formation of lead acetate and carbonate compounds, some of which are white, it is

difficult to differentiate between different forms as they have similar spectra and commercially

available references are difficult to purchase. However, x-ray diffraction analysis would provide

complementary information and allow for more accurate identification of the specific corrosion
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(a) Unexposed lead coupon (b) After exposure for 15 weeks.

Figure 3.21: Comparison of lead coupons before and after exposure in the Surgeon display case.
After exposure the surface has dulled and white particles have formed on the surface.

products if required67.

In contrast, the lead coupons exposed in the other cases and the ship hall only had a peak at

1345 cm−1, in addition to the lead oxide peak. This could be due to the formation of lead formate

caused by exposure to formic acid. Additionally, the 1345 cm−1 peak present after exposure in

the Surgeon and Purser cases is elevated compared to after exposure to the acetic acid standard

solution. Therefore, formic acid could also be present in the cases. As formic acid is reported

to have a pacifying effect on the weight increase caused by acetic acid corrosion products, it is

difficult to determine if the formic acid concentration inside the other environments is elevated,

or if the acetic acid concentration is reduced. As the formate peak is smaller than that observed

in the other cases, and no acetic acid peaks are observed, the latter is thought to be true.

As the smaller cases appeared to cause more lead corrosion, which was due to acetic acid

vapours, it is thought that the emissions are not caused by the artefacts within, but rather due

to the display case design. Smaller enclosures have a greater surface area to volume ratio and

hence have more potential to emit and trap volatile compounds. The Mary Rose display cases

have a pump which circulates air from within the case through a sodium hydroxide impregnated

activated carbon charcoal filter to remove acidic volatile compounds, the environment inside

the case will also depend on how effectively it can remove pollutants generated within. As the

air flow travels through the filter, initially it will remove all the volatile compounds from the

incoming air. However, as the filter absorbs more pollutants, the concentration of pollutants in

the output will start to increase. Eventually, the filter material will become saturated and hence

the concentration out will be the same as that entering. The resulting plot of the fractional pen-

etration as a function of time has a characteristic sigmoid shape68. However, very few studies

have been performed on the ability of activated charcoal filters to remove low concentrations

of volatile compounds, with no studies specifically investigating the removal of low concentra-

tions of acetic acid. In the display cases, water vapour will be at a much higher concentration

compared to pollutants, which will have a significant impact on absorption, again making com-

parison to any studies performed under dry conditions challenging. Also, the presence of volatile
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Table 3.8: Measured air flow rates upstream and downstream of the filter inside three display
cases at the Mary Rose Museum. These values were used to estimate the time for one complete
air exchange cause by the pump. Additionally, the maximum speed of the pump in each case
was used to estimate the fastest possible time for the air to completely exchange. The values in
brackets represent the range of the measurement.

Air
handling
unit

Air flow
upstream
of filter
(m/s)

Air flow
downstream
of filter
(m/s)

Showcase
volume
(m3)

Surface
area of filter
(m2)

Average
air flow
(m3/s)

Time for
one air
exchange
(s)

Maximum
pump speed
(m3/hr)

Minimum
time for
one air
exchange
(s)

Surgeon 1.8 (0.7) 0.6 (0.2) 4.0 0.2 0.3 14 1060 14
Perimeter 2.9 (0.4) 1.0 (0.2) 12.1 0.2 0.5 25 1675 26
Purser 3.4 (0.4) 0.3 (0.2) 4.0 0.2 0.5 9 1060 14

mixtures, rather than one pure gas, will also generate a more complicated system compared to

those in model studies.

The pump speed will determine how frequently the air is passed through the filter and hence

how often it is purified. The air flow significantly decreases after the filter due to its resistance,

as shown in Table 3.8. To estimate the time for one complete exchange of the entire space con-

trolled by each air handling unit, the average air velocity was multiplied by the depth and width

of the filter to calculate the average air flow of the system. This value was then divided by the

total volume controlled by the air handling unit. As seen in Table 3.8, all the cases complete

one full air exchange in under 1 min. This is much faster than the leakage air exchange rates for

the cases, where it takes multiple days for the air to be completely exchanged. Therefore, the

air exchange rate is assumed to have limited effect on the conditions inside the case. Moreover,

this fast exchange could contribute to good mixing inside the case, as evidenced by similar lead

corrosion for cases controlled by the same air handling unit.

The Perimeter case takes the longest time for air to be circulated by the pump, whereas the

smaller Surgeon and Purser cases take around half the time. This is driven by their volume,

rather than large differences in their pump speed. Estimates of the time taken for the pump to

fully exchange the air within each case was also calculated using the maximum pump speed

– the results are shown in Table 3.8. There is good agreement between the theoretical and

measured values, with the Iron guns and Carpentry case taking around double the time to com-

plete one exchange due to its larger volume. Therefore, the air in this case will be purified less

frequently, however, this does not result in a more corrosive atmosphere in the case, and hence

differences in filter efficiency may also influence the corrosivity of the display case environment.

As the filter material is impregnated with sodium hydroxide, it will chemically trap acidic com-

pounds, forming the sodium salt and water. Therefore, as acidic compounds react with the filter,

it consumes the sodium hydroxide which will eventually be completely depleted and acetic
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Figure 3.22: Chromatograms of sodium hydroxide impregnated activated carbon charcoal filters
collected at room temperature after being sealed in a glass vial for six days and analysed with
HS-SPME-GC-MS.

acid will not be further chemically trapped. As the filter contains approximately 5% by weight

sodium hydroxide, 100 g of filter can chemically trap 7.5 g of acetic acid (assuming one mole of

sodium hydroxide reacts with one mole of acetic acid. If the air flow through the filter is 2 m/s

(estimated from Table 3.8), and the acetic acid concentration is assumed to be 2.5 mg/m3 (the

odour threshold for acetic acid, which the Surgeon case is thought to be above), it will only take

two hours for the filter to become saturated. Whilst this assumes that the filter is 100% effi-

cient, it is still much faster compared to how frequently the filter is replaced, which is annually.

Therefore, if acetic acid is being emitted from within the case, the filters may quickly become

saturated and hence allow for the acetic acid concentration to increase inside the case. The no

difference in lead corrosion before and after the filter in the Surgeon and Purser display cases

could be caused by the filter already being saturated, and hence does not further remove acetic

acid from the incoming air.

To investigate the compounds adsorbed by the filter, samples were placed in sealed vials and

then analysed by HS-SPME-GC-MS. The results at room temperature are summarised in Fig-

ure 3.22. The same eight compounds were consistently found in all three of the filter samples

– acetic acid, toluene, hexanal, 1-methoxy-2-propylacetate, ethylbenzene, xylene isomers and

trimethylbenzene. These compounds were not present in the chromatograms of empty vials

which were sampled at room temperature, 100 ◦C and 200 ◦C. Hence these compounds are

emitted from the charcoal filter and indicate the compounds which are being removed as the air

is pumped around the case. The filter from the Purser case had a more intense signal compared
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Figure 3.23: Sum of identified peak areas after sampling the head space above filter samples
from three display cases at the Mary Rose Museum at room temperature, 100 ◦C and 200 ◦C.
The Purser case consistently has a higher total peak area, even when the siloxane peak areas are
subtracted from the total.

to the other two filters, implying that it had trapped a higher concentration of compounds. The

analysis was all performed on the same day and hence is not thought to be due to differences

in GC-MS performance. The signal from the siloxane peak at 16.3 min (not thought to be from

the sample) is very intense for the Purser filter. However, for all other runs this siloxane peak is

consistent in intensity. Moreover, after sampling the head space at 100 ◦C and 200 ◦C, the sum

of the peak areas for the compounds identified for the Purser case was always greater compared

to the other cases, even when the peak areas of the silicate compounds were subtracted. This

is shown in Figure 3.23. However, an increased concentration of volatile compounds trapped

by the filter does not correlate with an improved air quality in the case, as evidenced by greater

lead corrosion in the Purser compared to the Perimeter cases. This could be due to the type of

compounds trapped, rather than overall concentration.

The total peak area for the main eight compounds was measured, and then the percentage of

each compound calculated. This is shown in Figure 3.24. The compounds appear to have sim-

ilar ratios in all the filters. However, the surgeon case has a much higher percentage of acetic

acid compared to the others. Moreover, the relative concentration of acetic acid correlates with

the observed amount of lead corrosion in the cases and hence relative peak intensity appears

to better reflect the concentration of acetic acid within the cases compared to absolute values.

However, as acetic acid has chemically reacted with the filter to form the carbonate salt, which

is significantly less volatile, this acetic acid peak reflects the physisorbed acetic acid within
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Figure 3.24: Percentage peak areas for compounds detected from filter samples taken from three
Mary Rose display cases by HS-SPME-GC-MS analysis, measured at 25 ◦C.
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the filter, which will only be present if the reserves of sodium hydroxide within the filter are de-

pleted. Therefore, the acetic acid peak detected could indicate how depleted the alkaline store is.

There is good agreement between the compounds detected within the filters and those detected

with SPME fibres inside a display case at the Mary Rose Museum14,15. Included in the top eight

compounds detected inside a showcase were xylenes, ethylbenzene, toluene and trimethylben-

zene (five out of the top eight compounds detected inside the showcase were detected in the

filter). 1-methoxy-2-propyl acetate, hexanal and acetic acid were also detected inside the case.

In contrast, the top compounds detected from Mary Rose wood artefacts were benzaldehyde,

carbon disulphide, nonanal and acetic acid. The only compound which was present in the fil-

ter material and emitted from the archaeological wood samples was acetic acid. Therefore, the

archaeological wood inside the showcases is not thought to significantly contribute to the pollu-

tants present inside the cases. Additionally, as the filters all gave similar ratios of compounds,

it is likely to be the display cases themselves that are the main contributors to the volatile com-

pounds inside the cases as these are expected to be more uniform for all the cases. If the arte-

facts were the main emitters, more variation would be expected. This further agrees with the

lead coupon analysis which highlighted that case content did not influence air quality inside the

case.

3.5 Conclusions

A semi quantitative HS-SPME-GC-MS study found that emissions from recently PEG treated

sound wood were dramatically reduced compared to untreated samples, which resulted in re-

duced corrosion of lead coupons. Moreover, there was no evidence of increased formic acid

from recently treated samples, which is thought to occur as the PEG degrades. The concentra-

tion of acetic acid in the HS above the sound untreated wood was around 500 ppb, however, this

reduced to below the limit of detection of the study (84 ppb) for PEG 400 and 600 treated woods.

The cause of the decrease in acetic acid emissions is due to the washing process which removes

free acidic compounds, and PEG acting as a physical barrier to emissions. As the free acidic

content of marine archaeological wood is likely to have been removed during burial, this reduc-

tion in emissions may not be significant. However, if the PEG can act as a barrier to emissions,

this could trap acidic compounds in the wood structure and catalyse acid driven reactions, such

as hydrolysis of cellulose. Therefore, whilst the barrier properties of PEG may be beneficial for

reducing corrosive emissions, it could have negative effects on wooden artefacts.

The PEG treated archaeological woods from the Mary Rose Museum were also found to emit

acetic acid, despite their reduced hemicellulose content which is responsible for acetic acid

emissions from sound wood. Unlike sound wood, the PEG treatment did not near eliminate
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emissions – archaeological wood contained a greater array of compounds, with all four arte-

facts emitting similar profiles of emissions, including acetic acid and carbon disulfide, which

corroded lead and silver coupons. The extent of lead corrosion was similar to that observed by

sound wood, indicating that archaeological wood can have a similar potential to damage lead.

Formic acid was also emitted from two artefacts, and was linked to PEG degradation. There was

no correlation between the intensities of acetic acid and carbon disulfide peak areas detected by

HS-SPME-GC-MS and amount of lead and silver corrosion respectively. This is thought to be

due to metal corrosion being influenced by other volatile compounds present in the HS, which

were not detected by SPME-GC-MS, such as formic acid, hydrogen disulfide and sulphur diox-

ide.

Composition of the wood appeared to influence the amount of acetic acid emissions, with a

greater holocellulose content correlating with acetic acid concentration. However, as an inverse

relationship exists with PEG and hemicellulose content, further analysis is required to confirm

which factor is driving the difference in emissions.

Despite evidence that archaeological wood from the Mary Rose Museum is capable of emit-

ting acetic acid, there was no evidence that wooden artefacts inside the display cases were a

significant determinant in the corrosive nature of the environment towards lead. Rather, smaller

cases appeared to have a more corrosive environments towards lead compared to larger and more

open spaces, which could be linked to their increased surface area to volume ratio, and hence

more surfaces which could potentially leach volatile compounds. This is despite the cases being

designed to be low emissions and commissioned in 2012.

HS-SPME-GC-MS analysis of the sodium hydroxide impregnated activated carbon charcoal fil-

ters from the Mary Rose display cases was successfully used to identify compounds which were

being removed from the case. This analysis is similar to pumped sampling onto a diffusion tube,

however, it utilises what is already present inside the museum display case. The compounds de-

tected were the same for all three cases, with all containing acetic acid. As the compounds were

similar for all cases, it is assumed that they are predominately from the display cases. There

was good agreement between the relative amount of acetic acid detected in the HS above filter

samples from the Mary Rose Museum and the extent of lead corrosion observed in the case. The

acetic acid concentration indicates the amount which has not reacted with the sodium hydroxide

within the filter and hence is still volatile. This will only occur if the alkaline material has been

consumed, and hence could be used as a marker for sodium hydroxide consumption.

Theoretical calculations of the filter highlighted that they may become saturated within hours

if there is an internal source of acidic compounds. Therefore, as the filters are only replaced

annually, they may have already become saturated in the display cases tested. This may have

occurred for the Purser and Surgeon cases, as there was no observable difference in the corro-

sion of lead coupons before and after the filter, indicating that no significant concentrations of
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corrosive vapours were removed by the filter. It is unclear what the origin of the acetic acid is

within the cases, but could be the MDF, sealents, paints or gasket materials used inside.

It is recommended that there is more research performed in the efficiency of acetic acid re-

moval by sodium hydroxide charcoal filters, and more suitable materials developed for removal

of volatile acidic compounds. A test method should be produced to determine when the filter

has become saturated and hence needs to be replaced. For example, by monitoring the pH of the

filter, which should become less alkaline as the sodium hydroxide is consumed. Furthermore,

as this research did not conclude that PEG treated wooden artefacts from the Mary Rose Mu-

seum were a significant factor in the development of poor air quality within the cases, additional

research is required to ascertain what materials or artefacts are emitting damaging compounds.

This chapter has outlined the use of HS-SPME-GC-MS and lead coupons to non-destructively

measure emissions from artefacts, which could be used to further evaluate emissions from the

collection and display case construction materials to assess their risk.

For other display case designs, which do not emit corrosive vapours, emissions from marine

archaeological wood could be the most significant contributors to poor air quality and be re-

sponsible for damage caused to sensitive artefacts. This chapter has shown that simple corrosive

environment testing using metal coupons can be used to investigate emissions from artefacts

and inside display cases, and used to evaluate sources of emissions. These methods could be

employed by other museums to investigate emissions from their collections and evaluate if they

contribute to poor air quality inside their display cases. In addition to informing potential miti-

gation measures, collective findings could inform better display case design which prevents the

build up of corrosive vapours. This is still an issue even for recently designed cases, as evi-

denced by this study and hence an improved understanding and awareness of off-gassing from

within display cases is required. However, to aid museums to make timely decisions to mitigate

build up of acid acid vapours inside display cases, affordable real time acetic acid sensors need

to be developed, which is the focus of Chapter 4.
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L. Minel, and L. Robbiola, “Corrosion of copper and lead by formaldehyde, formic and

acetic acid vapors,” Studies in conservation, vol. 48, pp. 237–250, 2003.
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Chapter 4

Development of an Acetic Acid Sensor
for the Museum Sector

Chapter Summary
Elevated acetic acid concentrations were identified in some on the display cases at the Mary

Rose Museum. However, affordable real time acetic acid sensors, capable of quantifying grad-

ual increases inside display cases, are currently not available for the museum sector. This has

hindered the monitoring of rate of acetic acid built up inside display cases, which would aid the

implementation of effective mitigation methods.

Lead oxide coated quartz crystal microbalances (QCMs) were developed following success-

ful results of exposure of the pure particles to acetic acid vapour. The rate of mass change of the

particles correlated with acetic acid concentration, regardless of the humidity. Additionally, the

response towards acetic acid vapour was greater and faster compared to that observed for lead

foil and lead powder. Therefore, a lead oxide coating was postulated to be an improved coating

for acetic acid sensing compared to the currently used lead coating.

A positive relationship between acetic acid concentration and rate of frequency change was ob-

served for the lead oxide coated QCMs. Furthermore, the device has potential to monitor acetic

acid fluctuations as both increases and decreases in signal were observed when acetic acid was

introduced and removed. Testing performed in this study was promising – a clear response was

observed to a concentration around 3 ppm – and this sensor design could enable real time quan-

tification of acetic acid inside sealed display cases, which is currently challenging to perform.

Further optimisation of the device is required to increase the repeatability of the sensors and

to fully characterise the interference from fluctuating humidity. Additionally, testing at lower

concentrations is required to assess their response to ppb concentrations, which the heritage

sector is interested in.
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4.1 Introduction

As acetic acid has been reported to cause damage to a wide range of heritage materials, which

has resulted in the generation of guidelines for display and storage areas, it is important that

institutions which care for sensitive collections have the means to assess the suitability of their

environments1–3. However, as acetic acid is only damaging to human health at ppm concen-

trations, there has not been a large driving force for the research and development of sensors

capable of detecting lower concentrations. The National Institute for Occupational Safety and

Health (NIOSH) recommends a time weighted average exposure of less than 10 ppm for up to

a 10-hour working day and no exposure to a concentration higher than 15 ppm averaged over a

15 min period4. These ppm concentrations are an order of magnitude higher than those quoted

in museum guidelines, which are in the ppb range1. As a result, commercially available passive

acetic acid sensors, which can be interpreted by the user, commonly have limits of detection

above the concentrations that are of interest to museums. Hence, museums currently have no

direct methods to measure acetic acid at concentrations stated in some of the museum guidelines.

In addition, research investigating acetic acid driven damage commonly uses dosimeters to

determine guideline concentrations, such as metal coupons. However, these will respond to

many environmental parameters, for example humidity, temperature and other pollutants5–7.

Therefore, deconvolution of the accelerated damage is challenging. Determination of acetic

acid driven damage in real scenarios, where other environmental parameters will be different

compared to model studies, make risk assessments less accurate. In addition, the holistic na-

ture of an environment’s capability to cause damage is often not emphasised in guidelines –

for example, if metals are stored below 30% RH, their risk of acetic acid corrosion is greatly

reduced8. If affordable acetic acid sensors were readily available, it would be simpler to in-

vestigate damaging acetic acid concentrations, and the influence of other parameters, and hence

better inform storage and display guidelines. Moreover, as evidenced in Chapter 3 and in the

literature, display case construction materials can result in elevated acetic acid concentrations

inside display cases3. The acetic acid concentration inside a display case will depend on emis-

sion and removal rates, with the latter depending on AER and the presence of acetic acid sinks

such as filters. However, accurate acetic acid concentration guidelines are required in-order to

determine acceptable emission rates of acetic acid from materials used inside display cases, or

to determine if additional sinks are required inside the display case.

To investigate the effect of volatile acetic acid on different materials, model exposures have

been performed where the material of interest is exposed to elevated acetic acid concentrations.

However, these experiments commonly rely upon acetic acid solutions to generate different con-

centrations of acetic acid vapour, which is not trivial to calculate! Other methods of acetic acid

generation, such as permeation ovens, are expensive and hence have not been widely used9–13.
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To calculate acetic acid vapour concentration above a sealed aqueous acetic acid solution, modi-

fied Raoult’s law is used as water and acetic acid are non-ideal gasses due to their intermolecular

interactions. Raoult’s law states that the partial pressure of each component of an ideal mixture

of liquids is equal to the vapour pressure of the pure component multiplied by its mole fraction

in the mixture, as expressed by

pi = p∗ixi (4.1)

where pi is the partial pressure of a component above the solution, p∗i is the vapour pressure

of the pure component and xi is the mole fraction of the component. Combining this with

Daltons law, which states that the total pressure of a mixture of gasses equates to the sum of the

individual partial pressures, expressed as

pi = ptotyi (4.2)

where yi is the gas mole fraction of compound i, the resulting equation is obtained

xi =
yiptot
p∗i

(4.3)

Raoult’s law can be adapted for non-ideal solutions by incorporating fugacity and activity co-

efficients. The former value is a correction factor to adjust for non-ideal behaviour and reflects

the tendency of a compound to prefer a particular phase. For an ideal gas, the fungacity coeffi-

cient is one and hence, the further the value from one, the more non ideal the compound is. As

acetic acid readily forms dimers in the gas phase, it will have a non-unity fugacity coefficient.

The activity coefficient is a correction for interactions in the liquid phase between the different

molecules. This modified or extended Raoult’s law is written as

pi = γixip
∗
iφ

∗
i (4.4)

where γi is the activity coefficient for component i and φ∗i is the fugacity coefficient of the pure

component. This equation is the basis for calculating the acetic acid vapour concentration above

a solution.

A comparison of methods used in the literature was performed by Hodgkins14. They evaluated

the effect of incorporating fugacity coefficients and making the assumption that the molar vol-

umes of the two liquids are equivalent. The results are shown in Figure 4.1. If the partial pressure

of the acetic acid dimer is assumed negligible compared to the monomer, and fugacity coeffi-

cients are assumed to equal one, the calculated vapour concentrations are elevated. In contrast,

different models for the activity coefficients (Margules and Tan-Wilson), which incorporates

the liquid–liquid interactions, has a smaller effect on the results. The vapour liquid equilibrium

equations generated by Hodgkins, which incorporated fugacity coefficients, were validated ex-
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Figure 4.1: Calculated acetic acid concentrations from a saturated solution of magnesium nitrate
at 22 ◦C with and without incorporating fugacity and the generation of activity coefficients from
two different models. This was adapted from14.

perimentally using GC-MS and good agreement with the model was observed for acetic acid

solutions below 25% concentration14. As acetic acid solutions are commonly used to test acetic

acid sensors, it is important to understand how the solution concentration has been converted

into a vapour concentration, as this can dramatically effect the resulting values. Therefore, the

development of an affordable direct reading acetic acid sensor could enable easy validation of

concentrations generated from solutions.

4.1.1 Commercially Available Passive, Direct Reading Acetic Acid Sensors

Passive, or diffusive samplers, are defined as those which rely on diffusion to transport the an-

alyte onto the passive sampler, where they are trapped or cause a chemical reaction, such as a

colour change. As molecular diffusion is slow, the devices need to be exposed for a duration of

time and an average contaminant concentration calculated. Hence, whilst fluctuation will be in-

cluded in the reported average, an understanding of the extent of fluctuations cannot be obtained.

Therefore, potential daily cycles or continually increasing concentrations, which may provide

detail about sources of the analyte, cannot be evaluated with a single exposure15. Despite these

disadvantages, passive sensors are commonly simple devices as they have no moving parts and

hence can be very affordable.

Direct reading devices are defined as samplers which are interpreted by the user, with no need

for any equipment. Thus, the samplers do not need to be sent away for analysis or have a re-

liance on potentially expensive lab equipment. This will keep the cost low and also allow the

user to immediately interpret the results. However, this generally results in direct reading de-
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vices having poor specificity and hence interferences may be problematic.

Passive acetic acid dosimeter tubes, produced by Gastec and Dräger, are commercially available,

costing around £35 for eight. These single use devices, which rely on a colour changing dye

next to a time weighted average scale, are designed for personal exposure monitoring, and can

quantify acetic acid within a range of 0.5–100 ppm and have a limit of detection of 200 ppb16.

The result is reported as a time weighted average, and hence the average acetic acid concentra-

tion can be calculated by dividing by the exposure time (between 1 to 10 hours), which can be

performed by the user. Whilst these devices have a large coefficient of variation (5%) and may

be below the limit of quantification for some museum applications, they could potentially be

used to give an indication if acetic acid is present at elevated concentrations. However, as the

device relies on an acid sensitive colour changing dye, it will positively respond to other acidic

vapours, including formic acid, sulfur dioxide and nitrogen dioxide, which have been reported

to be present in some museums and hence interferences may be problematic17,18.

Similar devices are available which are capable of on the spot measurements and detecting lower

concentrations of acetic acid. These are active devices, with the air sample being actively drawn

through the colour changing reagent, and the amount of colour change indicates the analyte

concentrations by comparison with a graduated scale. Whilst the disposable tubes are a similar

price to the passive ones, a pump sampler also has to be purchased, which costs around £200.

Depending on the amount of gas drawn and the pump type, a lower concentration between

125–250 ppb can be quantified, with a limit of detection of 50 ppb. However, the coefficient of

variation is 10% and the tube will also react in the presence of other acidic vapours16. More-

over, these active devices take spot measurements rather than an average value over a period of

time. Whilst this allows for measurement of a pollutant at a particular time point, an average

value may be more representative of the microclimate. Whilst many spot location measuremenrs

could be performed over a period of time to estimate the average and also evaluate fluctuations,

the uncertainty of the device could mask these trends.

Another colourimetric device is A-D strips, which are more commonly used in Museums19.

These were specifically designed by the Image Permanance Institute for Technology to detect

acetic acid leached from degrading cellulose acetate films, however, they have also been used

to monitor acidic vapours within museum environments12,20. They contain the dye bromocre-

sol green, sodium salt which turns from blue at pH 5.4 to yellow at pH 3.8. The chemical

reaction associated with the colour change is shown in Figure 4.2. Whilst they are cheaper

compared to the tube systems discussed above, they are less sensitive to acidic vapours and are

only semi-quantitative, with the limit of detection estimated to be around 1 ppm. Also, similar

to the tube devices, they will also respond to the presence of other acidic vapours. Additionally,

they are also light sensitive, and hence exposures over 24 hours in lit conditions can give mis-
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Figure 4.2: Structural change of Bromocresol green, present in AD strips, from pH 3.8 (left) to
pH 5.4 (right).

representative results.

These affordable, passive, direct reading devices can be used to investigate microclimates within

museums, and understand how they change at different sampling times. However, the variation

needs to be greater than the uncertainty of the measurement device, which could limit the use of

these sensors. Moreover, their response to all acidic vapours could lead to incorrect assignment

of the gas present, which may hinder mitigation measures. In model exposure experiments,

where acetic acid is the only expected pollutant present, the acetic acid dosimeter tubes could

be used to confirm the approximate concentration of acetic acid expected, especially if reliant

on acetic acid solutions. However, to measure the concentration of acetic acid inside display

cases, where it is commonly reported to be elevated, they would need to be opened and hence

the equilibrium condition disturbed, which will result in a smaller than actual value measured.

Therefore, to accurately monitor acidic build up inside display cases, real time monitoring is

required rather than spot measurements or short term time weighted average values. This would

result in an understanding of the rate of acetic acid build up and a measurement of the maximum

acetic acid concentration inside cases. This knowledge would inform mitigation methods, such

as the frequency of case ventilation to prevent excessive acetic acid build up.

A device which is capable of real time monitoring is AirCorrTM, which records changes in

electrical resistance of a thin metal track – as it corrodes, the resistance increases21. The track

materials which have been tested are silver, copper, iron/steel, zinc, lead, tin, aluminium, bronze,

and brass. Another similar device is the OnGuard logger by Purafil, which has copper and silver

coated quartz crystal microbalances, which will show a response to environments which corrode

these materials. They are designed to be used as dosimeters, rather than sensors, and hence an

understanding of individual parameters which induce corrosion cannot be ascertained. Whilst

this general information is beneficial for museums to compare the suitability of their storage and

display environments for metals, it will potentially hinder identification of the source of corro-

sion, and hence limit effective decision making regarding prevention measures, especially if the

accelerated corrosion cannot be attributed to high humidity. Therefore, these types of sensors
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are useful for general comparison of microclimates, however, they are not suitable for scientific

research attempting to understand the effect of pollutants on collections, quantify acetic acid or

deduce environmental guidelines for museums.

Another real time, affordable gas sensing mechanism is semiconductor gas sensors, such as tin

oxide (SnO2) and zinc oxide (ZnO). These undergo a change in resistance when the monitored

gas comes into contact with the surface, which can be correlated to analyte vapour concentra-

tion. Doping the surface of the semiconductor can change the selectivity of the sensor. Acetic

acid gas sensors have been developed using this method, however, the limit of detection is above

1 ppm22,23. Therefore, these devices are not suitable for detecting sub ppm concentrations of

acetic acid inside museum display cases.

4.1.2 Laboratory Analysed Acetic Acid Sensors

Generally, laboratory analysed devices offer improved sensitivity and/or specificity compared

to direct reading devices, however, this makes them more expensive. Diffusion tubes for the

trapping and subsequent quantification of acetic and formic acid has been performed by the

University of Strathclyde24. They used Palmes diffusion tubes, which were originally devel-

oped to be used as personal exposure monitors for nitrogen dioxide25. However, since their first

use in the 1970’s, they have been adapted to be used for a wide range of pollutants in air26.

Flicks first law of diffusion states that the mass transfer rate is proportional to the concentra-

tion gradient, gas diffusivity and the cross sectional area of the diffusion path, with the cross

sectional area and path length being known constants of the diffusion tube. By assuming the

absorbent material is 100% efficient, the analyte concentration at the interface will be zero. To

achieve this for the Strathclyde design, a filter paper at the far end of the tube is impregnated with

a 1 M solution of potassium hydroxide. Acetic acid reacts with this to form the corresponding

non volatile salt. The external concentration can be estimated using

Ce =
QL

DAt
(4.5)

where Ce is the external concentration,Q is the mass uptake, L is the total diffusion path length,

D if the diffusion coefficient, A is the cross sectional area of the tube and t is the sampling time.

This equation is valid when the diffusion barrier is an air gap, which offers no resistance to mass

transfer. Hence, if the tube has a membrane, a resistance factor will have to be introduced.

To measure the mass uptake for the Strathclyde Palmes tube, the filter paper is washed in dis-

tilled water, which was then analysed by ion chromatography to determine the mass of acetate

ions. To validate the diffusion tube, they were used to experimentally determine the diffusion

coefficients for acetic acid after exposure to static standard environments, where good agreement
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with theoretical values were found27. However, this was generated using acetic acid solutions

and the vapour phase concentration calculations did not incorporate fungacity coefficients, and

hence the vapour concentration will potentially be over estimated, which will result in a smaller

diffusion coefficient. However, at the low acetic acid concentrations used in this study, there

is little difference between the methods shown in Figure 4.1. Additionally, the tubes were also

exposed to acetic acid using a permeation device – an acetic acid diffusion coefficient was esti-

mated to be 0.133±0.007 cm2 s−1, which agrees with that calculated by Hodgkins.

These tubes work well in static environments as the sampling rate is low (around 1 ml/min)

and hence starvation effects are minimised. These tubes were found to have a linear relationship

between acidic vapour concentration and mass uptake, and also with exposure time, and hence

they can be used to calculate a time weighted average24. However, as they do not generate real

time information, the maximum value or rate of concentration changes cannot be obtained. A

real time sensor is required to better understand the rates of acetic acid build up, and hence pro-

vide more information on required removal and ventilation rates necessary. Also, further work is

required to test this device at lower concentrations – the lowest acetic acid vapour concentration

tested was approximately 6 ppm, which is much higher than acetic acid guideline concentra-

tions. Although, the limit of acetic acid detection of the device was estimated to be 20 ppb.

Additionally, the linearity of the device was only tested between 2–75 hours, but exposure times

for the device when used in museums was 14 days. However, these tubes were successfully

deployed in archives where they were exposed for 40 days and measured ppb concentrations28.

4.1.3 Development of Acoustic Sensors

Acoustic sensors have been developed for many sectors, such as detecting changes in the carbon

dioxide concentration in the Earth’s atmosphere, VOC’s in indoor air, pesticides and organophos-

phate compounds for nerve agent attacks29–32. They have also been developed for museum

applications due to their real time capability, sensitivity, small size, affordability and simplic-

ity33,34.

Quartz crystal microbalances (QCMs), consist of a piezoelectric material, commonly AT-cut

quartz, with circular electrodes on both faces. The application of a voltage between the two

electrodes causes a shear deformation of the crystal. If the device is incorporated in an oscilla-

tor circuit, the frequency of oscillation corresponds to the crystal resonance frequency. If mass is

deposited on the surface, this alters the resonance frequency and a change in signal is observed.

This relationship is described by the Sauerbrey equation shown in Equation 4.6

∆f = − 2f2
0

A
√
ρqµq

∆m (4.6)
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where f0 is the resonance frequency of the QCM, A is the piezoelectrically active crystal area,

ρq is the density of quartz (2.648 g/cm3), µq is the shear modulus of quartz for an AT cut crystal

(2.947× 1011gcm−1s−2) , and m is the mass on the surface of the QCM. Therefore, if the mass

on the QCM is a rigid layer, the change in frequency is proportional to the change in mass on

the surface. For a 10 MHz QCM, with a piezoelectrically active crystal diameter of 0.4 cm, a

change of 100 Hz equates to a mass change of 55 ng, demonstrating that QCMs have an order of

magnitude increase in sensitivity compared to a common analytical balance. As a result of this

relationship, QCMs are used in vacuum deposition systems where they measure the thickness

of deposited coatings.

If an adsorbant coating is applied to the surface of the QCM, adsorption and desorption of gasses

from the sensitive coating will cause a resonance frequency change. The adsorbing properties

of the layer at equilibrium is described by the partition coefficient K, where

K =
δCp
δC

(4.7)

and Cp is the gas adsorbed by the coating and C is the vapour phase concentration of the gas. If

this is expressed in mass, then

∆m = KVpδC (4.8)

where Vp is the volume of the sensitive layer. This equation can be used to calculate the mass

sensitivity of the device, however, coating thickness information is often not reported and hence

Vp can only be estimated. Additionally, for some gasses, such as formaldehyde, partition coef-

ficients have not been reported in the literature. Using these equations, the expected limits of

detection for carbon dioxide, using a PAPP coating (a sol–gel coating bearing amino groups),

was calculated to be around 2.3 ppm, which agreed with experimental data35. The specificity

of the device is controlled by the selective adsorbance of the compound of interest, which can

be adjusted by altering the chemistry of the coating. However, the relatively low operating fre-

quency of QCMs, commonly lower than a few hundreds MHz, is the main reason for its mass

sensitivity limitation. This is shown in Equation 4.6, which shows that the square of the reso-

nance frequency of the QCM is proportional to the frequency change observed. Therefore, to

increase the mass sensitivity of QCMs, and hence detect compounds at a lower concentration,

surface acoustic wave (SAW) based gas sensors are preferred, which have frequency ranges from

several hundred MHz to GHz. However, it is important that the device has good specificity, oth-

erwise response to many parameters will be magnified. Alternatively, rather than solely relying

on the adsorption of the analyte, a chemical reaction between the QCM coating and analyte,

which will result in a potentially larger mass change, could be used.

For the Heritage sector, QCMs have been coated in lead to determine the corrosiveness of an
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environment towards this material33,36,37. They use the same principle of detection as lead

coupons – lead increases in mass during corrosion, which is accelerated by the presence of cor-

rosive vapours. However, as QCMs are sensitive to small changes in mass, a real time mass

change can be monitored, which has greater sensitivity compared to an analytical balance34.

The layer of lead on the QCM, applied by thermal evaporation, is much thinner compared to

lead coupons, which is commonly millimeters thick. A common coating frequency change is

10 kHz36. This equates to a mass of 5.5 µg of lead onto a QCM with a piezoelectric active

area of 0.4 cm and resonance frequency of 10 MHz, which equates to a coating thickness of

approximately 20 nm on each side, assuming the lead has a density of 11.34 g/cm3. Therefore,

as corrosion forms on the surface of the lead, it represents a greater fraction of the total mass

of lead and hence enhances the response compared to lead coupons. As a result, lead coated

QCMs have shown to have larger responses compared to lead coupons when exposed to the

same environment, and have lower relative standard deviations38.

Despite the advantages of lead coated QCMs over lead coupons, they share some of the dis-

advantages as they operate on the same principle. Lead coated QCMs will still form a surface

layer of lead oxide which will cause a mass increase and also affect the reactivity of the de-

vice towards organic acids. In addition, similarly to lead coupons, they will not be selectively

sensitive towards acetic acid and their response is very dependent on humidity. To overcome

these issues, a more stable lead compound could be used, such as lead oxide. This is thought to

be more stable in air, however still corrodes in the presence of acetic acid39. Additionally lead

compounds are reported to be very sensitive to acetic acid corrosion compared to other common

gaseous pollutants, such as volatile organic compounds, sulfur dioxide and nitrogen dioxide2.

4.2 Research Aims

This research aims to evaluate the reactivity of lead and lead oxide towards acetic acid vapour

and humidity. Hence, identifying if lead oxide would be an improved QCM coating for acetic

acid sensing due to its better stability and selectivity towards acetic acid, irrespective of hu-

midity. Once this is established, the manufacture of a real time QCM sensor with a lead oxide

coating will be developed, with two coating methods evaluated to apply the lead oxide coat-

ing. Finally, lead oxide QCM sensors will be exposed to acetic acid in a static environment to

mimic a display case, with their response monitored in real time. Their practical application,

advantages and disadvantages will be discussed. Additionally, their response to fluctuating hu-

midity will also be investigated. The aim of these experiments is to establish if a real time acetic

acid sensor can be developed using a lead coating on a QCM device. This potentially afford-

able device could be used to quantify acetic acid build up inside museum display cases in real

time, which is not currently possible using commercially available devices. If successful, this
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would enable effective decision making regarding display case design, and mitigation measures

to prevent excessive acetic acid concentrations inside display cases.

4.3 Methods

4.3.1 Materials

AT-cut quartz crystals in an HC49 standard can with an oscillating frequency of 10 MHz were

purchased from OneCall at a cost of £17 for 100 units. The crystals were cut open by first

scoring each side of the metal can with a drill, followed by filing. This revealed the quartz disk

which had silver electrodes. Additionally, gold plated, 10 MHz uncanned QCMs were also used,

purchased from Quartztec Ltd at £5 per unit. They have a piezoelectrically active crystal area

of 0.13 cm2. In addition to being more expensive compare to silver plated canned crystals, they

are also more difficult to source. These are the same units which are used to prepare lead coated

QCMs discussed in the literature40.

Their frequency was measured using bespoke built electronics, based on work by Agbota et

al.34. The logger measures the difference in frequency between two quartz crystals – one con-

trol uncoated crystal which is well isolated from the environment and the coated quartz crystal

exposed to the environment. Each crystal is placed within an oscillator circuit producing a sinu-

soidal wave at the crystal’s resonant frequency. The two sinusoids are then multiplied together

with an analogue mixer to produce two new sinusoids equating to the sum and difference of the

two sinusoidal waves. The frequency of the exposed QCM minus the frequency of the control

QCM is the one of interest. As the summed frequency is inherently much higher compared to

the subtracted frequency, it can be easily removed using a low pass filter. The remaining signal

is amplified and the frequency is measured using a microcontroller. This frequency reading is

then stored onto an SD card for reading at a later date41. The logger is capable of recording

the frequency of eight QCMs at the same time, with each requiring its own reference QCM. It

runs off a battery, with a current battery life of four days. The frequency of data logging can be

adjusted – in this study a logging interval of approximately 10 seconds was used. A photo of the

QCM logger is shown in Figure 4.3. The frequency of the crystals were tested to confirm they

were stable prior to use – an acceptable level of noise was ±3 Hz. It is estimated that one in ten

crystals of the silver QCMs were damaged after the casing was removed, however, despite this,

they were still significantly cheaper compared to gold plated uncanned crystals.

Lead oxide powder was synthesised using a method described by Yousef et al.42. Lead ni-

trate (99% purity from Sigma Aldrich) was dissolved in a minimum volume of water. This was

then added to gelatin from bovine skin (Sigma) and stirred until a milky coloured resin was ob-

tained. The final product was calcinated at 600◦C for two hours to obtain a fine yellow powder.

X-Ray diffraction (XRD) was used to analyse the product obtained. A Miniflex 600 benchtop
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Figure 4.3: The custom handheld QCM logger used in this study. Eight gold plated QCMs are
held in the logger, with a sealed QCM used as a reference for each. The unit is battery operated
and the data logged to an SD card.

XRD (Rigaku), with a K-alpha source was used to collect XRD data between 2–70 degrees,

with steps of 0.02 degrees and at a speed of 0.4 degree/min. The diffraction pattern is shown in

Figure 4.4. The pattern suggests that the synthesised lead oxide is predominantly massicot, with

some litharge. In addition, there are three peaks which could not be indexed. These are thought

to be due to the presence of lead dioxide.

The powder was also analysed by dynamic light scattering to estimate the particle size. A Ze-

tasizer Nano Z (Malvern Instruments) was used. A 0.5 mg/ml suspension in water/glycerol (1:1

by mass) was prepared. Measurements were performed at 25 ◦C, with the suspension loaded

into three cuvettes and each analysed in triplicate. The sample was left to equilibrate for 60

seconds prior to analysis. The refraction index was set at 2.420 and backscattering angle set at

173◦. The powder was very polydisperse, with a polydispersity index of 0.8. There were two

broad peaks for the powder, one centering at 615 nm and one around 7.5 µm. This indicates a

broad range of particle sizes in the powder, ranging from the nano to the micro scale.

The lead oxide powder was made into a suspension with water and glycerol in a 1:1 ratio by

mass so it could be pipetted onto a substrate, and hence applied as a coating. To prepare samples

of lead oxide from suspension, 50 µl of a 3 mg/ml lead oxide suspension was pipetted into TGA

aluminium pans, which were then dried. Three drying methods were used: TGA, oven and hot-

plate. The former method was used to investigate the drying process. The sample was heated

under air in a thermogravimetric analyser (TA Instruments), which is described in Chapter 2,

Section 2.4.2, at 150 ◦C for 20 min, and then 300 ◦C for 30 min. After heating at 150 ◦C, the

weight decreased to around 50%, indicating the loss of water. The powder appeared to be com-

pletely dry after heating to 300 ◦C, with a small residual mass remaining – this was assumed to

be lead oxide. As the suspension had a concentration of 3 mg/ml, the residual should be 0.3%,
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Figure 4.4: X-ray diffraction pattern for synthesised lead oxide particles compared to lead oxide.

however, the actual residual was between 0.15–0.2%. This could be due to weighing errors

when preparing the suspension. This information was used to inform the oven drying method,

which consisted of drying the suspension in an oven at 150 ◦C for one hour, then 300 ◦C for

30 min. Hotplate drying was used to achieve higher drying temperatures of 450 ◦C for 5 min.

Some samples were also dried in the oven, followed by heating on the hotplate.

Lead powder, with a mesh size of 200 (particle size less than 75 µm) and 99.8% purity, was

purchased from Alfa Aesar. It was used without further preparation. Lead film, with an approx-

imate thickness of 0.25 mm and 99.96% purity, was purchased from Merck Millipore. The foil

was mechanically cleaned using a glass bristle brush. Disks, with an approximate diameter of

six millimeters, were then cut using a hole punch.

4.3.2 Dynamic Vapour Sorption Method

Two Dynamic vapour sorption (DVS) systems were used for this study. A Q5000 SA (TA Instru-

ments) was used to expose the samples to varying humidity. The sensitivity of the balance for

this instrument was <1 µg and the humidity controlled to ±1% RH. The samples were placed

into semispherical metal-coated quartz pans, with a volume of 180 µl, which were then loaded

into the humidity controlled chamber. This was held at 25 ◦C under a flow of nitrogen, with the

balance purge flow set at 10 ml/min. The dry and wet flows were adjusted by the instrument’s

software to achieved the desired RH, with the total flow kept constant at 200 ml/min. Samples

were exposed to humidity cycling between 20% and 95% RH – the samples were initially held

at 20% RH for one hour. Then, the RH was increased to 95%. After five hours it was reduced
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to 20% and held for a further five hours. This process was repeated three times and each sample

was analysed in duplicate. The mass of the lead disk, lead powder and lead oxide particle sam-

ples had an average and range of 8±1 mg, 58±5 mg and 3.3±0.0 mg respectively.

Additionally, lead oxide particles were exposed to 10% incremental steps in RH, from 20 to

90%, with each step held for 30 min in a nitrogen atmosphere. The initial mass of the sample

was 0.8 mg and only one analysis was performed. Similarly, dried lead oxide suspensions were

also exposed to varying humidity. The samples were exposed to 10% step changes in humidity

from 50–90% under nitrogen. Each humidity setting was held for 20 min and the same sample

was run in duplicate and good repeatability was observed. As the sample was dried directly

in a TGA aluminium pan, which was then loaded into the DVS, the percentage weight change

incorporates the weight of the aluminium pan and hence was significantly smaller then expected.

A DVS 1 (Surface Measurement Systems) was used to expose samples to acetic acid vapour.

Aqueous acetic acid solutions (0%, 5%, 12% and 20% by volume) were added to the system’s

reservoir. The system was left to equilibrate for two hours prior to loading the sample. Powder

samples were put in aluminum pans and then loaded onto the balance in the DVS. Lead disk

samples were loaded straight onto the balance. The system was held at 25 ◦C under a flow of

nitrogen. The dry and wet flows were adjusted by the computers software to achieve the desired

RH, either 20%, 50% or 75% RH. The total flow was kept constant at 200 ml/min. Samples

were exposed to constant conditions for up to twelve hours. Every humidity combination with

acetic acid solution concentration was performed for each sample.

To predict the acetic acid vapour concentrations in the headspace above the acidic acid solu-

tions used in the DVS, equations developed by Hodgkins were used14. The ratio of dry and

wet flows were then used to calculate the dilution factor. Calculations are further detailed in

Appendix A. The acetic acid vapour concentrations depended on the RH and acetic acid solu-

tion used, with it increasing with elevated RH and acetic acid solution concentration. Table 4.1

details the different environments the samples were exposed to.

To check the predicted acetic acid vapour concentrations in the DVS, acetic acid dosimeter tubes

(GAS81D from Gastec) were exposed in the sample compartment of the DVS. The time taken

to reach each calibration line (representing a ppm.Hr concentration) on the tube was recorded.

To calculate the acetic acid concentration in ppm, the value for each calibration line was divided

by the time it took to reach it. Additionally, a temperature correction value of 0.85 was applied,

as stated in the manual. These values were then averaged to estimate the concentration. A 10%

relative standard deviation was assumed, as reported in the device’s instructions. These devices

are only calibrated within a range of 0.5–100 ppm and hence will not be valid for concentra-

tions outside of this range. The difference between the theoretical and measured acetic acid
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Table 4.1: Variables for acetic acid DVS experiments, with calculated acetic acid concentrations.

Colour of sample after exposure

Acetic acid
solution (%)

Relative
humidity (%)

Calculated acetic acid
vapour concentration

(ppm)

Lead oxide
particles Lead foil Lead powder

5 20 27 Pale yellow Dull grey No change
5 50 66 Cream Dull grey No change
5 75 100 Cream Dull grey No change

12 20 71 Pale yellow Dull grey No change
12 50 177 Cream Dull grey No change
12 75 266 Cream Dull grey No change
20 20 128 Pale yellow Dull grey No change
20 50 320 White Dull grey No change
20 75 481 White Dull grey No change
0 20 0 Yellow Dull grey No change
0 50 0 Yellow Dull grey No change
0 75 0 Yellow Dull grey No change

concentrations is shown in Figure 4.5. For concentrations below 100 ppm, the dosimeter tubes

consistently measured a higher concentration than calculated. The lowest point on the plot is

approximately 30 ppm greater compared to the theoretical value. At higher concentrations, the

dosimeter tubes under predict the acetic acid concentration as this is outside their calibration

range. Therefore, the calculated acetic acid vapour concentrations used in the analysis of the

results should not be treated as absolute values, but rather just used as an indication. To over-

come this issue, environments were chosen which generated large differences, compared to the

vapour concentration uncertainty, between the acetic acid concentrations.

Additionally, lead oxide samples were exposed to cycling conditions, with the RH varying be-

tween 0 and either 20%, 50% or 75% RH, with each stage held for 200 min for a total of three

cycles. This was performed with the 12% acetic acid solution and the average mass of sample

used was 1.6 mg, with a range of 0.3 mg. Only one analysis per environment was performed.

Dried lead oxide suspensions were also exposed to acetic acid vapour generated from a 5%

acetic acid solution at 50% humidity for one hour. As the sample was dried directly in an alu-

minium pan, which was then loaded into the DVS, the percentage weight change is significantly

smaller then expected.

After exposure of the samples to acetic acid vapour, the rate of mass change over time was

measured. A linear fit was applied to the initial linear section of the plot. The fit was performed

over the largest time frame, which maintained a R2 value above 0.9 and the residual plot re-

mained evenly distributed. The error for the initial gradient is estimated using the standard error

of the slope from the linear fit.
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Figure 4.5: Acetic acid vapour concentration measured by dosimeter tubes plotted against theo-
retical calculated concentrations. The error bars represent ±10% of the mean dosimeter value.

4.3.3 Raman Spectroscopy Method

A Renishaw 1000 Raman microscope, with a laser wavelength of 633 nm, was used to collect

Raman spectra of the lead foil, lead powder and lead oxide particles before and after exposure

to acetic acid vapour. No visual change in the sample was observed after exposure to the laser,

indicating no damage. Additionally, repeat collection of spectra in the same area were not sig-

nificantly different. This was also observed in the literature43. Spectra were collected between

1500 to 50 cm−1.

The spectra for unexposed lead foil, lead powder and lead oxide particles are shown in Fig-

ure 4.6. The intense peak at 145 cm−1 in the spectrum for unexposed lead oxide particles is

indicative of lead oxide. Furthermore, the peaks at 289 cm−1 and 385 cm−1 are suggestive of

Maissicot, the orthorhombic form of lead oxide. This is in agreement with the XRD diffrac-

tion pattern obtained for lead oxide particles, which suggested the powder was predominantly

Massicot, with some Litharge. There are also weak peaks at 1050 cm−1 and 968 cm−1, which

are likely to be impurities. The former peak could indicate the presence of lead carbonate. It

is unclear if these impurities were formed during synthesis of the powder, or formed gradually

over time as the Raman spectrum was collected six months after the powder was synthesised.

As expected, the lead oxide peaks are more intense in the spectrum of lead oxide powder com-

pared to the spectra for lead samples. However, peaks indicating lead oxide are also present in

both the lead spectra, but are more intense for lead powder. This indicates that lead is unstable

in air and will react to form lead oxide. This effect is reduced for lead foil as the samples were
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Figure 4.6: Raman spectra of unexposed lead foil, lead powder and lead oxide particles.

polished prior to analysis, which removes the lead oxide layer. However, as lead powder was

untreated prior to analysis, the protective layer of lead oxide is still present.

4.3.4 QCM Print Coating Method

Lead oxide suspensions in water glycerol and aqueous solutions of PEG 4000 molecular weight

were printed using a JetlabTM 4XLA research printing platform (MicroFab technologies Ltd),

which is shown in Figure 4.7a. It is a piezoelectric inkjet printing system, which can dispense

individual droplets. The piezoelectric element within the printhead is inside an ink filled cham-

ber. A pressure pulse is generated when a current is passed through the piezoelectric element,

which forces a droplet from the nozzle. A negative current then contracts the piezoelectric el-

ement, which draws more liquid into the ink chamber, ready for the next cycle. An example

cycle is shown in Figure 4.7b. The magnitude and times of applied voltages will depend on

the viscosity of the liquid. The vertical camera was used to locate the desired printing location

by moving the substrate stage, which can be moved with a precision of 5 µm. The optimised

printer settings for a 1:1 mixture of water/glycerol and a 0.8 mg/ml PEG 4000 aqueous solution

are shown in Table 4.2. These printer settings produced a single droplet per pressure pulse cycle.

A 0.8 g/ml PEG 4000 solution was dispensed onto gold plated QCMs using this printing sys-

tem. This polymer was chosen as it can easily be made into an aqueous solution and it has been

successfully ink jetted in previous studies44,45. A circular printing pattern, consisting of 859

print locations was used. To vary the amount of solution printed, the number of drops per print

location was varied between 10 and 50. The horizontal camera and strobing LED were used to
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(a) Labeled photo of the printer.

(b) Generation of a pressure pulse to produce a droplet. i) rise time, ii)
dwell time, iii) fall time and iv) echo time.

Figure 4.7: JetlabTM 4XLA research printing platform used in this study.

Table 4.2: Printer settings used for a 1:1 mixture of water/glycerol and a 8 mg/ml PEG 4000
aqueous solution.

Glycerol/water PEG 4000 aqueous solution

Rise time (µs) 20 30
Dwell time (µs) 10 20
Fall time (µs) 20 20
Echo time (µs) 20 60
Idle voltage (V) 50 0
Voltage (V) 50 20
Frequency (Hz) 500 400
Pressure (psi) -0.3 -0.2
Nozzle size (µm) 80 40
Stage temperature (◦C) Room temperature 75
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Table 4.3: Volume of PEG 4000 solutions (8.5 mg/mL) added to each face of a QCM to achieve
the desired total solution volume.

Total volume (µl) Method Number of repeats

0.4 0.2 µl each side 3
0.6 0.3 µl each side 3
0.8 0.2 µl each side x2 3
1.1 0.56 µl each side 6
1.5 0.75 µl each side 2
2.0 1.0 µl each side 2
2.5 0.75 µl and 0.5 µL each side 1
3.0 0.75 µL and 0.5 µL and 0.25 µL each side 3

image the droplets and the system’s software was used to estimate droplet volume and diameter,

which was estimated to be 190±38 pl, based on 15 measurements. The coated QCM was then

dried at 75 ◦C directly on the heated printing stage.

Lead oxide suspensions were also printed using the optimised settings in Table 4.2. A 3 mm

circular pattern, consisting of many individual drop locations, was printed onto glass slides and

gold plated QCMs. This pattern was repeatably printed onto the QCMs to increase the mass

deposited, with drying in an oven at 150 ◦C in between layers. An on the fly printing method

was used rather than specifying print locations and number of drops, as it is faster and results

in a continuous layer being applied to the surface. However, an estimation of the volume added

cannot be obtained using this method.

4.3.5 QCM Pipette Coating Method

Volumes between 0.2–1.5 µl of a 0.85 mg/ml PEG 4000 solution were pipetted onto each side

of a gold plated QCM, using a P2 Gilson pipette. They were then dried at 75 ◦C in an oven

for 30 min. Table 4.3 details the volumes pippeted on the QCMs to achieve the desired total

solution volume. In some cases, the same QCM was used to measure the frequency change after

the application of different solution volumes, with the coating dried prior to the application of

further solution.

Silver plated QCMs were coated with lead oxide particles using a Gilson P20 pipette to de-

posit 5 µl of a 0.3 mg/ml lead oxide suspension in a 1:1 mass ratio of water/glycerol. Prior to

coating, the QCM was placed on the hotplate at 250 ◦C for 10 min. After the application of 5 µl

on one side, the QCM was left on the hotplate for 30 min to dry. Then, the QCM was turned

and the process repeated for the other side. The coated QCM was cooled with a nitrogen flow

and the frequency of the QCM was monitored in real time to check if the frequency was stable

(± 5 Hz). If it was not stable, it was heated for a further 10 min at 250 ◦C as instability can be
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caused if the coating is not dry.

Scanning electron microscope (SEM) images were collected of the surface of the QCMs us-

ing a FEI Quanta FEG200F SEM. Samples were attached to a stand and analysed without the

need for sample coating.

4.3.6 Exposure of Lead Oxide Coated QCMs to Water and Acetic Acid Vapour

Exposure of the lead oxide coated silver QCMs to fluctuations in RH was performed at the

National Physical Laboratory’s Tunable Rapid Atmosphere Controlled Environment (TRACE)

facility. Test atmospheres were generated dynamically by blending (through calibrated mass

flow controllers (Brooks Instruments)) scrubbed air, free of contaminants, with water vapour.

The total flow was 5 L/min. The water vapour generator (Brooks Instruments) was calibrated

by gravimetry. The temperature and RH were determined, and logged every minute, using a

calibrated Rotronic Hygrometer, which consisted of a HygroLogger and a HydroClip. The un-

certainty of the temperature and RH measurements were ± 0.2 ◦C and ±1.1% respectively as

reported by the manufacturer. The temperature remained constant during testing at 19 ◦C.

Exposure of a lead oxide coated silver QCM to acetic acid was performed in a Nalgene transpar-

ent polycarbonate classic design desiccator, which had an inner diameter of 25 cm and a height

of 33 cm. For exposure to acetic acid solutions (10%, 1% and 0.1% by volume), 50 ml of the

solution was added into a deep petri dish which was placed at the bottom of the desiccator.

The chamber was vacuumed down for 30 seconds and then opened again to place in the QCM

logger and an EasyLog USB logger (LASCAR electronics), which measured temperature and

humidity every 15 min with a precision of 0.5 ◦C and 2% respectively. These were placed on a

metal grating above the acetic acid solution. Three exposures were performed for the 10% and

1% acetic acid solutions and two exposures for the 0.1% solution. The average temperature and

maximum RH for the 10%, 1% and 0.1% exposures were 22 ◦C and 75% RH, 21 ◦C and 82%

RH and 21 ◦C and 88% RH respectively. The temperature remained fairly stable throughout

the experiments, however, there was significant variation in the humidity between exposures.

The acetic acid concentration in the chamber is expected to range between 1–300 ppm, however

accurate estimates of the acetic acid concentration from solution cannot be estimated as the air

exchange rate of the chamber is unknown. The same QCM was used for all the exposures,

which was reconditioned between experiments by heating on a hotplate at 250 ◦C for 10 min.

Additionally, the chamber was cleaned in hot water.

The same chamber was used to expose lead oxide coated silver QCMs to injected acetic acid.

However, 50 ml of a saturated sodium bromide solution was added into a deep petri dish, which

was placed on top of the metal grating. The QCM and EasyLog USB loggers were also placed
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Table 4.4: Acetic acid solutions and volumes which were injected into the polycarbonate desic-
cator to test the response of lead oxide coated QCMs towards acetic acid vapour.

Test number

Acetic acid
solution

concentration
(%)

Volume
injected

(ml)

Volume of
acetic acid

(ml)

Temperature at
acetic acid

injection (◦C)

RH
at acetic acid
injection (%)

1 100 0.5 0.5 27.5 71
2 100 0.1 0.1 24.5 67
3 50 0.1 0.05 24.5 67
4 10 0.1 0.01 25 70
5 1 0.1 0.001 24 67
6 100 0.5 0.5 27 74.5

onto the metal grating. Then, the chamber was vacuumed down for 30 seconds. Acetic acid was

injected into the chamber after the system had been left for at least two hours. A 0.5 ml syringe

was used to inject acetic acid solutions through the septa and into the chamber, designed so

the liquid would drop into the saturated salt solution. Table 4.4 details the acetic acid solutions

which were injected. After at least an hour, the chamber was opened and the loggers were left

outside the chamber. For each test, the same five lead oxide coated silver plated QCMs were

used, which were reconditioned between experiments by heating on a hotplate at 250 ◦C for

10 min. The chamber was also washed between exposures.

4.4 Results and Discussion

4.4.1 Exposure of Lead and Lead Oxide to Acidic Acid Vapour

The mass response of lead powder, lead film and lead oxide particles during exposure to acetic

acid vapour generated by the DVS system were investigated. Their mass responses to acetic acid

under different humidity environments were analysed. A good QCM coating material should

have a greater response to acetic acid compared to water vapour, which should be consistent

regardless of the humidity. After exposure of lead oxide particles to acetic acid vapour, a light-

ening of the bold yellow initial colour was observed for all acetic acid concentrations, as shown

in Figure 4.8. The colour change for all exposures is detailed in Table 4.1. At 20% RH, the

colour change was only slight, whereas at 50 and 75% RH, the change was more obvious,

which indicates that chemical change, which is postulated to be due to the conversion of lead

oxide to lead acetate and carbonate compounds, is accelerated by increased humidity11. This

was expected as it is known that acetic acid driven lead corrosion is accelerated when the hu-

midity is above 30% RH6. In contrast, no colour change was observed for samples exposed to

elevated RH without the presence of acetic acid. Therefore, the reaction of lead oxide particles

is dependent on both the RH and acetic acid concentration.
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(a) 20% RH (b) 50% RH (c) 75% RH

Figure 4.8: Appearance of lead oxide powder after exposure to a 5% acetic acid solution at 20,
50 and 75% RH.

(a) Exposure to acetic acid solutions. (b) Cycling exposures between a 12% acetic acid
solution at 75% RH and a dry non acidic environ-
ment.

Figure 4.9: Mass change of lead oxide particles during exposure to vapour from acetic acid
solutions at 75% RH.

After exposure of the lead foil to acetic acid, all samples appeared dull grey compared to their

initial polished surface, which is thought to be due to the formation of lead oxide. The same

change was observed after exposure to water vapour only, indicating that lead oxide will form

without the presence of acetic acid. No colour change was observed for any of the lead powder

samples, however, all samples became sticky, solid-like substances after exposure. This indi-

cates that the synthesised lead oxide powder undergoes a greater conversion to the lead acetates

and carbonates compared to the lead materials after exposure to acetic acid.

The mass increase of lead oxide powder after exposure to 75% RH equilibrated at similar masses

for all acetic acid solutions used (approximately 168%), however, the rate of mass change in-

creased with acetic acid solution concentration. Moreover, samples exposed to 75% RH with

no acetic acid showed no increase in mass. This is shown in Figure 4.9a. It indicates that the

same amount of product was formed, however, the rate it was formed was dependent on the

acetic acid concentration. Hence, the initial gradient of mass increase over time could be used

to indicate the concentration of acetic acid. However, during exposure, the response does not
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Figure 4.10: Raman spectra of lead oxide particles exposed to acetic acid solutions at 75% RH.

remain linear – the particles are consumed as they react with acetic acid and hence the rate of

change decreases. If it is assumed that the final mass increase is due to 100% conversion of the

lead oxide to a new single product, with a 1:1 molar ratio of lead oxide to product, the molec-

ular weight of the product would be 375 g/mol. This is similar to the molecular weight of lead

acetate trihydrate, which is 376 g/mol. Furthermore, after lead oxide was exposed to cycles of

acidified humid vapour followed by a dry, non acidic environment, the mass fluctuated from ap-

proximately 165% to 145%, as shown in Figure 4.9b. This equates to the release of three water

molecules per lead ion, forming lead acetate. Hence, the final permanent mass change observed,

due to lead acetate formation, will vary depending on the RH of the environment. The discrep-

ancies between the rate of change for Figure 4.9a and Figure 4.9b are caused by the difference

in initial environment. The cycling analysis was held at 0% RH prior to the introduction of wet

acetic acid vapour, whereas the other analysis exposed the sample to wet acetic acid vapour as

soon as it was loaded into the instrument. Therefore, Figure 4.9b has a greater rate of mass

change as this also encompasses the absorption of moisture into the dry sample.

Raman spectroscopy was used to chemically identify the lead product(s) after lead oxide was

exposed to acetic acid vapour. After exposure, the main lead oxide peak at 145 cm−1 diminished

and new peaks, suggestive of lead acetate, were formed, as shown in Figure 4.1046. No lead car-

bonate compounds (indicative peak at 1050 cm−1), which were found on lead coupons after ex-

posure to acetic acid vapour in the literature and in Chapter 3, Section 3.4.4, were present5,11,46.

This difference could be due to the DVS exposures being performed under nitrogen, and hence

the suspected low concentration of carbon dioxide present, may limit the formation of lead
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(a) Exposure to acetic acid solutions. (b) Cycling exposures with a 12% acetic acid so-
lution at 50% RH and a dry non acidic environ-
ment.

Figure 4.11: Mass change of lead oxide particles during exposure to vapour from acetic acid
solutions at 50% RH.

carbonates, as shown in Chapter 3, Section 3.4.4, Equation 3.66. Therefore, Raman analysis

supports the mass change results measured with the DVS – at 75% RH, all acetic acid solutions

resulted in a large conversion of lead oxide to lead acetates.

Similarly, after exposure of lead oxide particles to 50% RH, the rate of mass change increased

with increasing acetic acid solution concentration, as shown in Figure 4.11a. However, the final

weight change is lower compared to exposures at 75% RH – 140% compared to 168% respec-

tively. It is postulated that this is due to different amounts of water on the sample, as opposed

to the formation of different corrosion products or percent of conversion. Raman analysis iden-

tified no large differences between the spectra of corrosion products – at both 50 and 75% RH,

lead acetate appeared to be the main compound (shown in Appendix C, Figure C.1). Also, no

lead oxide peaks were observed in the Raman spectra, again evidencing that the lead oxide was

mostly consumed. Additionally, the mass loss observed during cyclic DVS analysis, shown in

Figure 4.11b, is less than that observed at 75% RH. This indicates less moisture is lost from

the formed product, again supporting the theory that it is water, rather than different chemical

products, that is causing the smaller mass observed after exposures at 50% RH.

The mass change of lead oxide particles exposed to 20% RH was much lower, particularly when

using the 5 and 12% acetic acid solutions, which had mass changes of 100.4% and 100.9% re-

spectfully after two hours (shown in Appendix C, Figure C.3). After this initial weight change,

which was greater compared to exposure to 20% RH with no acetic acid, there was no further

mass change. This indicates that only a limited amount of lead oxide reacted. The sample ex-

posed at 20% RH to the 20% acetic acid solution did not reach an equilibrium mass after 12

hours, indicating a slow rate of reaction. This again suggests that not all the lead oxide reacted.
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Figure 4.12: Weight changes of lead foil, lead powder and lead oxide particles during exposure
to 75% RH and a 20% acetic acid solution.

Furthermore, this was confirmed by Raman analysis, which showed that there was still a peak

at 145 cm−1 for all samples exposed at 20% RH, indicating the presence of lead oxide (shown

in Appendix C, Figure C.2). Therefore, the mass changes measured with the DVS correlates

with the visual colour changes observed and the Raman spectra, with all three indicating limited

conversion of lead oxide to lead acetates at 20% RH.

The same experiments were performed on lead foil and lead powder samples. Similar to the lead

oxide particles, the lead samples exposed to higher acetic acid vapor concentrations appeared to

reach a stable mass quicker compared to those exposed to lower concentrations – again indicat-

ing that the initial gradient could be used to predict the concentration of acetic acid. However,

the magnitude and rate of change in mass for the lead materials were much smaller and slower

compared to lead oxide particles when exposed to the same environments, as shown in Figure

4.12. This is thought to be partly due to the smaller surface area to volume ratio of these samples

compared to the lead oxide particles. The smaller mass change for lead samples indicates that

only the surface layer on the lead is reacting. Therefore, an increased surface area increases the

amount of sample that reacts and hence increases the absolute mass change observed. Further-

more, it also affects the rate of reaction – smaller particles will react faster as observed by the

steeper initial gradient for lead powder compared to lead foil. Additionally, as the formation of

lead acetate forms via the lead oxide, the production of lead oxide could be a rate limiting step

for the lead materials.

The initial rates of mass increase were plotted against the calculated acetic acid vapour con-
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(a) Lead foil (b) lead powder

(c) Lead oxide particles (d) Lead oxide particles

Figure 4.13: Linear fits for the initial gradient of weight change over time after exposure to
acetic acid vapour at three RH levels, plotted against acetic acid vapour concentrations for lead
foil, lead powder and lead oxide particles. The error bars represent the error from the calculation
of the initial gradient.

centrations for all three materials. The results are shown in Figure 4.13. The error expected in

the acetic acid vapour concentration, which has been estimated using theoretically calculated

values, is expected to be small compared to the differences between environments. A good

linear fit is observed for lead oxide particles, with an R2 value of 0.9. This indicates that the

humidity during exposures has little effect on the gradient compared to that of acetic acid vapour

concentration. Additionally, where there is deviation from the linear fit, this appears to be driven

by elevated gradients observed for the 20% acetic acid solution, rather than humidity, as high-

lighted in Figure 4.13d.

In comparison, the plots for the lead samples had poorer linear fits (R2 values of 0.6). For

lead powder, there appears to be two clusters of gradient values, one high and one low. The

latter commonly consisted of samples exposed to 20% RH, whereas, the steeper gradient was

observed for samples exposed to 50% and 75% RH, showing the response to acetic acid has
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(a) Lead oxide particles (b) Lead foil and lead powder

Figure 4.14: Lead and lead oxide exposed to cycling RH environments between 20% and 95%
in nitrogen.

a dependence on RH. However, this was not observed for the lead foil – this effect could be

masked by the small gradients observed and hence the DVS instrument not having the sensitiv-

ity to accurately detect the subtle mass changes for this material.

Therefore, the synthesised lead oxide particles appear to be more sensitive towards acetic acid

vapour, showing a permanent mass change after exposure to acetic acid, with less dependence

on humidity compared to lead. The rate of mass change appears to linearly correlate with acetic

acid concentration and hence could be used to estimate this. Additionally, this material also

appears to have a greater and faster response and hence may be a improved coating for a QCM

acetic acid sensor compared to lead, which has been previously used33. However, the concen-

trations used in this study were in the ppm range, much higher compared to the ppb range which

the museum sector are interested in. Also, whilst the response to acetic acid appeared to not be

greatly influenced by different humidity environments, this may not be true at lower acetic acid

concentrations. Additionally, fluctuations in humidity during exposure to acetic acid may affect

the rate of mass change and hence needs further investigation.

4.4.2 Exposure of Lead and Lead Oxide Particles to Water Vapour

Lead powder, foil and lead oxide particles were exposed to cycling RH values ranging between

20–95% to investigate their response to moisture and identify any permanent mass change,

which indicates a chemical reaction and hence will potentially affect its rate of response to

acetic acid. Figure 4.14 shows the change in mass of lead oxide particles, polished lead foil

and lead powder during exposure to fluctuating humidity under nitrogen. All samples showed a

fluctuation in mass, which correlated to the change in RH. This reversible change is most likely

caused by the adsorption and desorption of water from the sample’s surface. The change in mass

for lead oxide is an order of magnitude greater than that observed for both lead samples, which
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(a) Mass response (b) Water adsorption isotherm

Figure 4.15: Lead oxide particles exposed to steps in humidity between 10% and 90% under a
nitrogen atmosphere.

is due to the larger surface area of the lead oxide powder compared to the lead foil, making

the sample more porous. Therefore, if humidity variation coincides with the presence of acetic

acid vapour, the rate of mass change will reflect the combination of changing parameters, and

hence the response due to fluctuating humidity would need to be subtracted from the signal if

it has a significant effect. However, the humidity fluctuations in a museum environment will be

significantly smaller compared to that tested in Figure 4.14. After exposure of the lead oxide

particles to 10% incremental steps in humidity, a large mass change was only observed after

exposure to 90% RH, as shown in Figure 4.15. However, smaller changes in mass were still

observed between 40 and 80% RH, although, after exposure to 90% RH, this was not observed.

Therefore, pre-exposure of the material to RH above 90% could reduce its mass response to

humidity, however the affect on the acetic acid mass response will also need to be determined.

Additionally, hysteresis is observed in the sample – during desorption, the sample has a greater

relative mass compared to sorption as shown in Figure 4.15b. This indicates that capillary con-

densation has occurred on the surface at elevated RH, modifying the behaviour of the surface

during desorption.

For both lead samples, whilst the adsorption and desorption of water vapour on the surface

was smaller compared to the lead oxide particles, there was a clearer permanent change in mass

after exposure to 95% RH. This strongly indicates a chemical reaction occurring on the surface

of the lead at elevated humidity, most likely the formation of lead oxide. If all the lead in the

sample is converted to lead oxide, an 8% mass change would be expected, however, a much

smaller change was observed. This is because only the lead particles at the surface of the pow-

der are reacting, which represents only a small percentage of the bulk sample. In contrast to

lead oxide particles, the permanent mass change continues to occur even after previous high RH
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(a) Lead oxide suspensions dried in the TGA,
oven and a combination of oven and hotplate.

(b) Exposure of lead oxide suspension, dried on
a hotplate, to DVS RH cycles before and after
exposure to acetic acid.

Figure 4.16: DVS analysis, under a nitrogen atmosphere, of dried lead oxide suspensions ex-
posed to RH values between 50% and 90%. The mass change incorporates the weight of the
aluminum pan that the sample was pipetted into.

exposures. Therefore, metallic lead materials will continually increase in mass at elevated RH

until the surface has completely reacted. Therefore, if lead is used as a QCM coating, a drift in

signal will be expected at elevated RH, as previously observed in the literature47.

4.4.3 The Potential for Lead Oxide as a QCM Coating to Detect Acetic Acid

This initial research investigating the suitability of lead oxide as a coating for QCMs to pro-

duce an acetic acid sensor is very promising and results suggest it will be an improved coating

compared to lead. The rate of change of mass for synthesised lead oxide powder showed good

linearity with acetic acid concentration, with little dependence on humidity between 20 to 75%.

This indicates that a lead oxide coating could be calibrated to determine acetic acid vapour con-

centration, which would remain valid in environments with different humidity. Additionally,

whilst exposure to fluctuating humidity between 40 to 95% did cause a mass change, these were

reduced once the sample had been previously exposed to high RH. The next section discusses the

response of lead oxide particles after they have been made into a suspension and subsequently

dried, which is required to apply them as a QCM coating.

4.4.4 Exposure of Lead Oxide Particles Dried from Suspension to Acetic Acid
and Water Vapour

Three drying methods of a 3 mg/ml lead oxide suspension in a 1:1 water/glycerol mix were

compared by assessing their responses to water vapour and acetic acid. The mass changes of

dried suspensions during exposure to fluctuating RH are shown in Figure 4.16a. Similar to the

response of the pure lead oxide particles, a permanent change in mass after exposure to 90%

RH is observed for all drying methods. However, there is no reduction in the mass response



190 CHAPTER 4. DEVELOPMENT OF AN ACETIC ACID SENSOR

after exposure to 90% RH as was previously observed for the pure powder. Therefore, the dried

suspensions will not benefit from a pre-exposure to high RH to reduce the coating’s response

to fluctuations in RH. The differences observed between the drying methods are postulated to

be due to dryness of the samples after heating. The TGA, which is designed to effectively heat

samples, is likely to reach the 300 ◦C set point drying temperature. Moreover, there is a gas flow

over the sample which will further aid drying. As a result, suspensions dried in the TGA had the

smallest response to changes in RH. In contrast, as the oven used is less precisely controlled, the

sample may not reach the 300 ◦C set point. Therefore, after drying in the oven, the lead oxide

samples may still contain glycerol, which is a hydroscopic material, and hence have a greater

mass response to fluctuating RH. If the sample is further heated on a hotplate at 450 ◦C, glycerol

is further removed and hence the sample’s response to moisture decreases. Therefore, a dryer

coating will respond less to changes in RH. This is further supported by the initial mass of the

samples after drying – the oven dried samples were consistently heavier compare to those dried

in the TGA and on the hotplate at 450 ◦C.

The chemical composition of the sample after drying will affect the response to moisture. A

hotplate dried sample was exposed to a 5% acetic acid solution at 50% RH in the DVS. It was

then re-exposed to fluctuating RH and the results are shown in Figure 4.16b. The product formed

after acetic acid exposure is more sensitive to incremental changes in RH compared to the initial

sample. Therefore, the difference in mass fluctuations in Figure 4.16a could also be partially

due to differences in composition caused by different heating temperatures. The similar initial

starting masses of the samples dried in the TGA and hotplate indicate that they have similar dry-

ness, and hence chemical composition could be responsible for the observed differences during

exposure to RH fluctuations.

Visual differences between the samples after drying also indicates that there are variations in the

lead products present in the sample. After the samples were heated on the hotplate at 450 ◦C,

a bold yellow colour was observed, indicating massicot and hence a compound similar to the

initial powder. In contrast, after oven and TGA drying at 300 ◦C, a black film was observed.

Additionally, after a few hours in suspension, the particles change from yellow to white and the

suspension turned a milky colour. Therefore, as the lead oxide particles are unstable in the sus-

pension, 300 ◦C may not be hot enough to convert the reacted lead products back to lead oxide.

It is postulated that the white product formed in suspension is lead carbonate hydroxide as this

is an insoluble white powder, formed by Equations 4.9 and 4.10. Another white insoluble lead

powder is lead acetate oxide hydrate, however, no acetate ions are thought to be present in the

solution. During heating, water is lost (Equation 4.11), followed by subsequent losses of carbon

dioxide (Equations 4.12, 4.13 and 4.14) until lead oxide is formed48. The formation of lead

oxide is not reported to occur until above 500 ◦C, however, these reactions will vary depending

on particle size and morphology, and hence may differ from that previously found in the litera-
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ture49. However, due to the observed colour changes in this study, complete conversion is not

expected to occur after heating the suspensions to 300 ◦C. Moreover, if the white suspension

is dried on the hotplate at 250 ◦C, a white powder is obtained. After further heating to 300 ◦C,

the white powder goes black and after heating to 450 ◦C it turns yellow, which is thought to be

orthorhombic lead oxide. Therefore, the product dried out of suspension may contain a mixture

of lead oxide compounds, depending on their drying temperature, which is likely to affect their

response to acetic acid and RH.

CO2(aq) + H2O(l) −−⇀↽−− H2CO3(aq) −−⇀↽−− H+
(aq) + HCO3

−
(aq) (4.9)

2 Pb2+
(aq) + 2 O2−

(aq) + HCO3
−

(aq) + H+
(aq) + H2O(l) −−⇀↽−− PbCO3 ·Pb(OH)2(s) (4.10)

2 (2 PbCO3 ·Pb(OH)2)(s)
∆−−→ 2 (2 PbCO3 ·PbO)(s)

+ H2O(g) (4.11)

2 (2 PbCO3 ·PbO)(s)
∆−−→ 3 (PbCO3 ·PbO)(s)

+ CO2(g) (4.12)

3 (PbCO3 ·PbO)(s)
∆−−→ 2 (PbCO3 · 2 PbO)(s)

+ CO2(g) (4.13)

2 (PbCO3 · 2 PbO)(s)
∆−−→ 6 PbO(s)

+ 2 CO2(g) (4.14)

Raman spectroscopy of the dried lead oxide suspensions was performed to identify the dom-

inant product in the films. The samples which were oven dried saturated the detector and no

spectra were observed. This is thought to be due to glycerol still present in the sample, which

causes fluorescence. The samples which were dried in the TGA up to 300 ◦C had an increasing

baseline, which is also due to florescence, and no lead oxide peaks were observed. In contrast,

suspensions dried on the hotplate had similar spectra to the initial powder, as shown in Figure

4.17a. After exposure of the hotplate dried suspension to acetic acid vapour, the Raman spec-

trum is similar to that of the pure lead oxide particles after acetic acid exposure, as shown in

Figure 4.17b. This indicates that the reaction with the dried suspension has a similar mechanism

and that lead acetate is still the major product formed.

To investigate the response of the dried suspensions to acetic acid, they were exposed to acetic

acid vapour generated from a 5% acetic acid solution at 50% RH in the DVS system. Figure

4.18a shows the mass changes of dried suspensions during exposure to acetic acid vapour. These

results are not comparable to the previous lead oxide particle exposures as the sample thickness

will be different, which will affect uptake rates. Exposure to high humidity prior to acetic acid

vapour appeared to slightly reduce the rate of mass change observed. However, this is only a

small difference compared to that generated by the different drying methods. Therefore, drying

on a hotplate at 450 ◦C compared to in an oven at 300 ◦C, generates a lead product which is
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(a) Initial lead oxide particles compared to those
dried from suspension

(b) After exposure to 50% RH and a 5% acetic
acid solution.

Figure 4.17: Raman spectra of lead oxide particles and lead oxide particles dried from a suspen-
sion at 450 ◦C before and after exposure to acetic acid vapour.

(a) Mass response of samples after previous ex-
posure to RH cycles shown in Figure 4.16.

(b) Affect of solution age on response to acetic
acid vapour.

Figure 4.18: Exposure of lead oxide dried from suspension to a 5% acetic acid solution at 50%
humidity, under a nitrogen atmosphere. Solid lines indicate samples dried in an oven and dashed
lines oven and hotplate dried.
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more sensitive to acetic acid vapour. This is postulated to be due to the sample containing a

greater percentage of lead oxide, as evidenced by the Raman data and colour of the film. In ad-

dition, only the yellow samples dried on a hotplate at 450 ◦C appeared colourless after exposure

to the acetic acid vapour, as observed for the pure lead oxide particles. This further indicates

that different lead oxide compounds react differently with acetic acid.

The exposures to acetic acid were repeated with freshly made lead oxide suspensions to evaluate

the effect of the instability of the particles in suspension. The results are shown in Figure 4.18b.

The new suspensions have a much greater response to acetic acid compared to the older suspen-

sions, which had already started to turn white. In a newly prepared suspension there is less time

for the lead oxide particles to degrade, and hence there is more lead oxide in the sample, which

will react with the acetic acid vapour after it has been dried. In contrast, if the suspension has

turned white, postulated to be due to the formation of lead carbonate compounds, as shown in

Equations 4.9 and 4.10, then these compounds will remain in the dried sample after heating, and

hence lower the response to acetic acid. Whilst the conversion of lead carbonate to lead oxide

can be partially reversed by heating, with higher temperatures resulting in a greater conversion,

even after heating at 450 ◦C, there must still be some degraded lead compounds remaining due

to the enhanced response observed for a fresh lead oxide suspension.

In conclusion, the mass response of a dried lead oxide suspension made in water/glycerol has

a dependence on drying temperature and age of the suspension as this influences the amount

of glycerol and lead oxide decomposition products in the resulting film. If the film is not com-

pletely dry, as was observed for the suspension dried in an oven at 300 ◦C, it will have an

increased response to water vapour due to the hydroscopic nature of glycerol. Additionally, dry-

ing at 300 ◦C will result in the sample having a reduced response to acetic acid vapour compared

to drying at 450 ◦C. This is due to the particles being chemically unstable in the suspension and

a higher temperature is required to convert the reacted products back to lead oxide. For the same

reason, a newly made suspension was observed to be more reactive with acetic acid compared to

an older suspension due to the degradation of lead oxide in suspension. Heating the suspension

at 450 ◦C produced a dry film, which responded in a similar manner to the lead oxide particles

as it formed lead acetate after exposure to acetic acid vapour and went colourless. Moreover, no

increase in response to RH was observed for the new compared to the old suspensions (shown

in Appendix C, Figure C.5). Therefore, lead oxide particles dried from a suspension behave in

a similar manner during exposure to acetic acid and water vapour and hence further work will

be performed to apply the material to QCMs to produce an acetic acid sensor.
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Figure 4.19: QCM frequency change with varying volumes of PEG 4000 solution applied by
printing and pipetting. The solid line represents the expected frequency change calculated by
the Sauerbrey equation. The error bars represent the range.

4.4.5 Evaluation of QCM Coating Methods for Lead Oxide Particles

Two methods to apply lead oxide particles to QCMs, pipetting and inkjet printing, were investi-

gated. Pipetting is a simple and cheap method for applying a solution or suspension to a surface.

However, the location precision is limited by the user. Moreover, only circular shapes can be

made, where the size is controlled by the volume and contact angle of the applied liquid. Inkjet

printing, a commonly used technique for the application of small volumes of liquid, can over-

come the issues associated with pipetting. However, whilst a printer has potential for improved

control over the coating, as the system used in this study is significantly more expensive com-

pared to the pipette, it is important to be able to justify the additional cost.

According to the Sauerbrey equation, the change in frequency is linearly correlated with change

in mass on the surface of the QCM50. Hence, the frequency change will be used to evaluate

the repeatability of the coating mass. For comparison, the mean and standard deviation of eight

QCMs coated in lead by thermal evaporation were 56 518 Hz and 1945 Hz respectively, giving

a relative standard deviation of 3.4%51. This is the standard method of coating QCMs with

lead34,47.

A test coating of PEG 4000 was applied using both methods. The frequency change plotted

against volume of solution added is shown in Figure 4.19. As expected, there is a linear rela-

tionship between volume of solution added and frequency of the QCM. However, neither method

produced the theoretically expected frequency as calculated by the Sauerbrey equation, with the

pipetting method producing a higher than expected change, whereas the printing method gener-

ated a smaller frequency change.
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The over prediction for the pipetting method could be an indication that the film is not com-

pletely dry. In contrast to the printed PEG 4000, which is evenly distributed across the surface

and made up of many individual printing locations, the pipetted coating consists of one large

droplet, which will take longer to dry. However, further drying of the coated QCMs did not

lower the coated frequency and hence is not thought to be the main cause of the elevated fre-

quency. Another reason could be due to the coating being concentrated in the center of the

QCM rather than evenly distributed, as the quartz disk is known to decrease in mass sensitivity

further away from the center of the electrode52. This factor could additionally contribute to the

increased variability observed for the pipetting method, as an off centered film will induce a

different frequency change compared to a centered film. In contrast, the printer has a top down

camera system which can be used to define the printing location up to an accuracy of 5 µm,

which is much more precise compared to the pipetting method. These factors result in better

control of the mass and location of PEG 4000 on the surface, and hence the printing method has

the potential to be more tune-able with respect to coating distribution and coating shape.

The under prediction for the printing method is likely to be caused by the printer failing to suc-

cessfully print at all the printing locations. Additionally, the total solution volume applied was

controlled by varying the number of drops printed per location from between 10 to 50. However,

it is unknown how accurate this is. Finally, the Sauerbrey equation only holds for rigid coatings.

Hence, as PEG 4000 is not rigid, this will cause deviation from the theoretical value.

The printing method had better repeatability compared to the pipetting method, as evidenced

by the smaller error bars in Figure 4.19. The absolute random error of the Gilson P2 pipette

only increases by 0.002 µl when the volume dispensed increases from 0.2 µl to 2.0 µl. There-

fore, as this study dispensed volumes of less than 1.0 µl, the relative error could be reduced by

pipetting larger volumes of solution. To demonstrate this, the variation in mass when dispensing

2 µl and 0.2 µl of propyl glycol onto an analytical balance was measured for ten repeat dispenses

– the relative standard deviations in mass were 2% and 21% respectively. Hence, increasing the

drop volume should improve the repeatability. Additionally, the larger drop sizes would cover a

greater area of the electrode and hence create a more evenly distributed coating.

As the printer had clear advantages with regards to generating a thin film which could be applied

evenly to the gold electrode, with better control over the frequency change, it was further tested

with lead oxide suspensions. The printing method was first optimised using a water glycerol

solution which did not contain any lead oxide particles. A circular print pattern was success-

fully printed using the water glycerol solution onto glass slides and QCMs, with Figure 4.20

clearly showing the individual printing locations. The pattern is very uniform and the drops

evenly spaced. The printed pattern on the QCM covers the gold electrode area well and only a

small number of drops missed the gold electrode. When a lead oxide suspension (2 mg/ml) was
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(a) Printed onto a glass slide (b) Printed onto a QCM (similar scale to glass slide image).

Figure 4.20: Circular pattern printed with a water glycerol solution before drying.

(a) Wet (b) Dried at 95 ◦C

Figure 4.21: A 2 mg/ml lead oxide suspension printed in a circular pattern onto a glass slide
before and after drying.

printed using the same method, the observed pattern was less uniform. This was thought to be

due to the presence of irregularly shaped particles which alter the direction and size of the jet.

Figure 4.21 shows the printed lead oxide solution before and after drying on a glass slide. The

wet pattern is clearly less uniform compared to that without lead oxide. The slightly more ran-

dom nature of the print means that some drops coalesce, resulting in varying droplet size. The

pattern was then dried at 95 ◦C and individual patches of lead oxide particles were observed, as

seen in Figure 4.21b.

To reduce the influence of the particles on the printing, the lead oxide suspension was filtered

through a 0.45 µm PTFE filter. The same circular pattern was printed with a 4.8 mg/ml lead ox-

ide suspension onto the QCMs, and then dried at 150 ◦C. After drying, this process was repeated

six times to gradually increase the frequency change observed on the QCM. Drying between lay-

ers was required to avoid convalescence and the formation of one droplet. SEM images of lead

oxide particles printed onto a QCM is shown in Figure 4.22. The particles ranged from 300

to 900 nm. Three QCMs were coated using this method. The frequency change was measured

after the application of each layer. The average frequency change per layer was 1902 Hz, with

a standard deviation of 614 Hz. This equates to a relative standard deviation of approximately

32%. However, if the average frequencies per layer were calculated for each QCM individu-

ally, the error was much smaller, as shown in Table 4.5. This difference is thought to be due
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(a) Uncoated (b) Coated with seven printed layers of lead oxide

Figure 4.22: SEM images of a circular pattern printed with a 4.8 mg/ml lead oxide suspension
onto a gold plated QCM.

Table 4.5: Frequency changes per lead oxide layer printed onto three QCMs. Note that for QCM
3, one measurement was excluded.

QCM
Average frequency
change per layer

(Hz)

Standard deviation
(Hz)

Relative standard
deviation (%)

Frequency
change after

six layers (Hz)

1 1192 30 2.5 7314
2 2532 31 1.2 14460
3 1205 65 5.4 8489

to inconsistencies in the concentration of the filtered solution loaded into the printer. The lead

oxide suspension was changed between printing onto different QCMs with freshly filtered sus-

pension, which caused significant variation between the frequency changes observed, as seen in

Figure 4.23. Additionally, whilst the suspension can be stirred during printing, the turbulence

generated by the magnetic stirrer was not strong enough to maintain a uniform suspension of

the particles for the duration of the print. The suspension was visually observed to settle at the

bottom of the vial, and therefore a lower concentration of lead oxide particles was being deliv-

ered to the printhead over time. To overcome this issue, the suspension was manually shaken

between each printed layer. For the coating of QCM 3, this was not performed, and a grad-

ual decrease in coating frequency for additional layers is observed. Therefore, a bulk filtered

lead oxide suspension should be made to improve the repeatability between different solutions,

however, this is not ideal due to the unstable nature of the particles in suspension and hence an

aged suspension is likely to behave differently with acetic acid compared to a freshly prepared

one. Additionally, due to the need to print multiple layers to build up the coating, this method is

time consuming – typically two hours to coat one QCM. Furthermore, as the printer needs to be

purged prior to use, it requires milliliters of lead oxide suspension each time the printer is set up.

In comparison, a Gilson P20 pipette was used to apply 6 µl of a 0.3 mg/ml lead oxide suspension
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Figure 4.23: Frequency change dependence on lead oxide suspension used, where different
colours represent new solutions used. For QCM 3 the suspension was not manually shaken in
between prints, and hence the suspension is thought to settle out gradually and hence decrease
the lead oxide concentration being delivered to the QCM during printing.

onto each side of a gold plated QCM. They were then dried in an oven at 150 ◦C for one hour,

followed by drying at 300 ◦C for 30 min. Five QCMs were coated using this method, which

resulted in an average and standard deviation of 7466 Hz and 253 Hz respectively. Therefore,

the relative standard deviation was 3.4%, which is comparable to that observed for the printing

method. The larger drop volume does appear to decrease the error compared to that observed

for the PEG 4000 coating – the random error for the pipette is expected to be around 1%. How-

ever, whilst the coating area is larger, there is a clear coffee ring effect. This is a phenomenon

which results, after droplet drying, in a higher concentration of mass at the edge of the droplet

compared to the center. This is due to faster evaporation at the edge of the droplet, which is then

replenished by solution from the bulk droplet by an outward flow, which transports particles to

the edge53. This is not ideal for a QCM coating as there is reduced sensitivity to mass change

at the edges of the gold electrode54.

It is possible to inkjet print lead oxide particles, which has the advantage of producing a more

uniform coating compared to pipetting. However, this method is time consuming and is difficult

to control the concentration of the suspension, which leads to a large variation in frequency be-

tween printed QCMs. This method is limited by the need to have a diluted suspension in order

to be able to control the printing process, however, this results in many repeat layers needing

to be applied to reach a frequency change in the order of kilohertz. This increases the com-

plexity of the coating and therefore the coating time. Additionally, it is currently unclear how
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Table 4.6: Coating frequencies of silver QCMs coated with lead oxide particles, dried at 250 ◦C

Batch Number Average (Hz) Standard deviation (Hz) % RSD

1 5 5642 474 8.4
2 5 5284 551 10.4
3 8 5465 421 7.7

All 18 5464 468 8.6

advantageous it is for a QCM sensor to have a uniform coating. Therefore, the sensors will be

initially prepared by pipetting, and the proof of concept evaluated. If successful, inkjet printing

the coating may have potential to improve the repeatability of production of the device, which

may positively influence its performance.

4.4.6 Manufacture of Lead Oxide Coated QCM Acetic Acid Sensors

Silver coated QCMs were initially used to test the sensors due to their affordability and availabil-

ity compared to gold plated QCMs. The method used to coat the sensors consisted of pipetting

5 µl of a 0.3 mg/ml lead oxide suspension in water/glycerol (50:50 ratio by mass). This had a

good dropping consistency and the droplet covered the majority of the silver electrode surface,

and due to the large contact angle, never spread onto the quartz. The suspension was dried

on a hotplate set to 250 ◦C. Unfortunately, higher temperatures could not be used as it caused

delamination of the silver electrodes. Therefore, as the lead oxide particles are unstable in the

suspension – they were observed to go white after a couple of hours – 250 ◦C will not be hot

enough to completely convert the reacted lead products back to lead oxide.

The frequency change after coating was around 5500 Hz, as shown in Table 4.6, for three batches

of QCMs made on different days. All were made with the same PbO suspension, which was

stored in the fridge when not being used to retard the degradation of the lead oxide particles.

However, the particles in suspension appeared white for all the applications. There was no sig-

nificant difference between the frequencies of the batches and the relative standard deviation for

18 coated QCMs was 8.6%. This is greater than that observed for the printing method and for

lead coated crystals (3.4%), however, it is the same order of magnitude. Additionally, part of this

variation is likely to be due to using cut open silver plated QCMs compared to uncanned gold

plated QCMs. Moreover, the cost of coating in lead oxide particles is much smaller compared

to lead. Additionally, pipetting takes half the time compared to the printing method. Therefore,

due to greater efficiency with respect to cost and time, the increased variation could be overcome

by preparing more QCMs than required and then excluding those with extreme coating values.

SEM images of lead oxide particles on the surface of a silver QCM are shown in Figure 4.24.

Compared to Figure 4.22, the particles are not clearly visible on the surface. Rather, the surface
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(a) Uncoated, 2,000 times mag-
nification

(b) Lead oxide pipette coated,
2,000 times magnification

(c) Lead oxide pipette coated,
10,000 times magnification

Figure 4.24: SEM images of a silver QCM before and after coating with lead oxide particles.

(a) 2,000 times magnification (b) 10,000 times magnification (c) 100,000 times magnifica-
tion

Figure 4.25: SEM images of a lead oxide coated silver QCM after exposure to a 0.1% acetic
acid solution for six hours.

appears to be peppered with small particles. This could be due to a smaller coating frequency,

indicating less lead oxide on the electrode surface. However, after exposure to a 0.1% acetic

acid solution for six hours, the particles became more visible, as seen in Figure 4.25. This

strongly indicates that the particles are interacting with acetic acid vapour, most likely forming

lead acetates, as observed in the DVS experiments. After exposure to acetic acid, the coated

QCMs were re-heated on a hotplate at 250 ◦C. This is thought to decompose the lead acetate

products back to lead oxides, which occurs after heating at 280 ◦C, and hence the QCMs can

be reused55. After reheating, the coating frequency returned to its initial value and the surface

under SEM appeared similar to that observed in Figure 4.24c.

4.4.7 Exposure of Lead Oxide Coated Silver Plated QCMs to Acetic Acid and
Water Vapour

Newly manufactured sensors were exposed to steps in humidity between 30 and 70% RH us-

ing the TRACE chamber at NPL. The humidity driven frequency change is shown in Figure

4.26a. Six lead oxide coated QCMs were exposed in the chamber and clear step changes in

signal were observed. However, each sensor had a different frequency response to RH – at
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(a) Six coated silver QCMs exposed to steps in
RH inside the TRACE chamber at NPL.

(b) Figure a plotted as water absorption isotherms

(c) Five coated silver QCMs logging in an open
environment.

Figure 4.26: Exposure of lead oxide coated silver QCMs to fluctuating RH environments with
no acetic acid vapour added.
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Figure 4.27: One lead oxide coated silver QCM repeatedly exposed to acetic acid solutions in a
polycarbonate desiccator. The QCM was heated on a hotplate at 250 ◦C in between exposures.

70% RH, the relative frequency change varied between 103–107%. Additionally, these differ-

ences corresponded to differences in hysteresis properties, as shown in Figure 4.26b. Sensors

which displayed greater frequency changes when the RH was increase also display hysteresis.

Conversely, sensors with smaller frequency changes did not display hysteresis. As hysteresis is

caused by capillary condensation taking place in surface pores, this could indicate a difference

in the porous network between he sensors. This could be caused by differences in lead oxide

particle size and coating thickness. These differences make accurately estimating the expected

frequency change due to humidity very challenging. Hence, the cause of any frequency change

which occurs simultaneously with an RH change will be difficult to determine. However, be-

tween 30 and 60%, a 10% RH step change resulted in around a 1% change in frequency and at

constant humidity the sensors were stable. Additionally, when the sensors were left in an open

environment, such as on the lab bench, the signal seemed stable, with fluctuations correlating to

changes in RH, as shown in Figure 4.26c. Compared to the testing in the environmental cham-

ber, there is better agreement between the sensors, which could be due to the gradual change

in RH observed. As the space is an open environment, it was assumed that concentration of

pollutants was not elevated, however no pollutant monitoring was performed.

The lead oxide coated sensors were then exposed to acetic acid solutions inside a polycarbonate

desiccator. Initially, one newly coated QCM was exposed to 10%, 1% and 0.1% solutions. The

QCM was heated on a hotplate at 250 ◦C in between exposures to reset the coating. The cor-

responding frequency changes are shown in Figure 4.27. As expected from the previous DVS
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exposures of the lead oxide particles, the rate of change of mass, which is directly correlated to

frequency change, increases with increasing acetic acid concentration. There is good repeata-

bility between the initial rates, indicating that the reheating method successfully regenerated the

QCM sensor, with no decreased rate of change observed for subsequent exposures. However,

the humidity inside the chamber increases once the chamber is closed. Therefore, part of the

signal observed will be due to the change in RH. Despite this, a difference in QCM response

was observed at varying acetic acid concentration, regardless of the differences in RH observed

in the chamber, indicating no interference from RH at the acetic acid concentrations used in this

study. Therefore, the sensors are interacting with the acetic acid, which is further indicated by

the permanent change in frequency observed after exposure inside the chamber.

To investigate the response of the lead oxide QCMs with minimal variations in humidity, newly

coated sensors were left to equilibrate inside the polycarbonate desiccator and then different

volumes of acetic acid solutions were injected in through a septum. To aid introduction of the

injected liquids into the chamber, the desiccator was vacuumed down for 30 seconds and the

sensors given time to equilibrate prior to injection, which was around two hours as seen in Fig-

ure 4.28a. Initially, there was an increase in frequency observed for all the sensors of around

112%. This correlated with an increase in humidity, however, this frequency change is much

larger than expected from humidity alone, as shown in Figure 4.26a. Additionally, there is a

permanent frequency change of around 105%, which is also not expected from humidity alone.

Therefore, it is postulated that there is a pollutant build up inside the chamber. Acetic acid

dosimeter tubes were used to investigate if there was any acetic acid inside the sealed empty

chamber. Three separate exposures in the chamber resulted in a range of acetic acid detected

between 0.5 and 2 ppm. This suggests that the initial response is at least partly due to acetic

acid, or another acidic vapour, becoming concentrated inside the chamber. In a previous study, a

polycarbonate sample was found to not emit acetic acid above the limit of detection, which was

around 220 ppb56. Additionally, the impact of VOC emissions from polycarbonate polymers at

80 ◦C over 14 days on cellulose degradation was consistently low57. Therefore, as formic and

acetic acid are known to have strong negative effects on pure cellulose degradation, they are not

thought to be emitted from polycarbonate and hence this material is not thought to be the source

of acidic emissions inside the desiccator9. The more likely source is acidic acid contamination

not been completely removed by the washing process. This would also explain the variability in

the concentration detected by the dosimeter tubes.

There was also a large variability in initial rate after exposure inside the empty chamber, which

was between 8 and 20 %/hr, as shown in Figure 4.28b. This indicates that the initial environ-

ment was not consistent between the experiments. However, there was a correlation with rate

of frequency change and the humidity – exposures where the humidity was higher correlated
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(a) Five coated QCMs exposed inside the cham-
ber with no acetic acid. Sensors are removed
from the chamber after 15 hours.

(b) Initial response of five coated QCMs exposed
ten times inside the chamber. The colour indi-
cates the stabilised humidity inside the chamber.

Figure 4.28: QCMs exposed inside a polycarbonate desiccator chamber with no acetic acid.

with an increase in rate of change and magnitude of frequency. Therefore, the initial response

is caused by a combination of humidity changes and the presence of an acidic vapour, which is

likely to be acetic acid carry over from previous experiments.

A typical response of the lead oxide coated QCMs to an acetic acid injection inside the chamber

is shown in Figure 4.29. Good repeatability between the QCMs is observed for all stages of the

exposure and a clear frequency shift was observed immediately after the injection of acetic acid.

After the chamber was opened and the sensors removed, the frequency change did reduce, but

did not return back to its initial value, which further indicates a permanent reaction had occurred

on the surface. However, the permanent change was similar to that observed after exposure in

the chamber with no acetic acid injected, as shown in Figure 4.28a. Therefore, the permanent

change to the coating must occur during the initial equilibration period in the chamber. This

is further evidence that the increase in frequency observed during this period is not solely due

to increasing humidity, but also due to the presence of a pollutant. Additionally, as the re-

sponse to the injection of acetic acid does not cause a large permanent change in frequency, it

is likely to be caused by acetic acid adsorbing to the surface, rather than a chemical reaction.

As the coating is postulated to have chemically changed prior to the injection of acetic acid,

caused by the presence of acetic acid contamination in the chamber from previous exposures,

it is unknown if it reflects how the coating would behave initially, prior to the permanent change.

Five coated QCMs sensors were exposed inside the chamber ten times, with varying amounts

of acetic acid injected. In between exposures, the QCMs were heated on a hotplate at 250 ◦C to

reset the coating. After being reheated, the frequency returned to its initial value and there was

no dependence on number of previous exposures, as shown in Figure 4.30.
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Figure 4.29: Five lead oxide coated QCMs exposed inside a polycarbonate desiccator. An
injection of 0.5 mL of acetic acid was performed after 2.1 hours.

Figure 4.30: Frequencies of lead oxide coated QCMs after being reheated at 250 ◦C after expo-
sure inside the polycarbonate desiccator.



206 CHAPTER 4. DEVELOPMENT OF AN ACETIC ACID SENSOR

Figure 4.31: Response of lead oxide coated QCMs towards 0.1 ml of water (injection indicated
by an asterisk), compared to the response after injection of 0.1 ml of a 10% acetic acid solution.

Water and ethanol were also injected into the chamber to evaluate interferences from these com-

pounds. An injection of 0.1 ml of ethanol resulted in no frequency change observed. However,

the injection of water caused a small, but instant frequency change, as shown in Figure 4.31.

Water was introduced into the chamber three times. Whilst the first two responses were similar,

the third response was much greater, which is postulated to be due to a greater sensitivity of the

QCMs at 70% RH. Even though a response from the injection of water is observed, the magni-

tude is small when compared to the injection of the 10% acetic acid solution. Therefore, it is the

acetic acid in the solution, rather than the water, which is driving this larger change and hence

the coated QCMs are postulated to have a greater sensitivity to acetic acid compared to water.

However, if the rate of change is used to quantify acetic acid concentration, as the response to

water vapour is fast, the response to a change in moisture content could be misinterpreted as

acetic acid. To avoid this, multiple factors may need to be used to confirm the response is due to

acetic acid as opposed to moisture, such as the requirement of the environment to cause a per-

manent change. However, in this study, for the 30 min encompassing the acetic acid injection

period, the largest observed change in RH was 2% and hence the influence was expected to be

small compared to that of acetic acid.

The derivative of relative frequency over duration was calculated and the maximum value after

injection of an acetic acid solution was measured. The results are shown in Figure 4.32. Sim-

ilar to the preliminary work, there is an increase in the rate of change with increasing volume

of acetic acid injected. As all the exposures were performed with the same QCMs, the first
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Figure 4.32: Maximum derivative peak after the injection of acetic acid. Six exposures were
performed, with five coated QCMs used per exposure. The colour indicates the order at which
the tests were conducted. Individual responses are shown with crosses and the average and
standard deviation for each test represented as a square with error bars.

and last exposure performed injected the same volume of acetic acid into the chamber to test

for changes in response over time. The last injection (number 6 in Figure 4.32) resulted in a

smaller response compared to the initial exposure, and hence the QCMs could be becoming less

sensitive over time. This is problematic as the test order correlates with decreasing acetic acid

solution injected, and hence the decrease in response could be due to a gradual decrease in sen-

sitivity. Therefore, these experiments need to be repeated, but in a random order, to strengthen

this observation.

In addition, the variation between sensors is large compared to the difference between the envi-

ronments. There is no correlation between response and individual QCMs, or relative frequency

after being reheated. Therefore, this implies that the variability is not caused predominantly

by variation in the coating or the reheating methods. However, the inability to determine what

is causing the variation could indicate that it is caused by many factors and hence make iden-

tification of simple dependencies difficult. Such factors could be differences in coating mass,

thickness and position on the crystal; variations in the reheating method such as differences in

reheating temperatures on the hotplate; variations in RH and temperature between exposures;

different speeds in acetic acid solution injection and a non-uniform environment within the

chamber. All these factors would need further investigation to determine how to reduce the vari-

ations observed.

To estimate the acetic acid concentration inside the chamber, an acetic acid dosimeter tube was
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placed inside the chamber and 0.1 ml of a 1% acetic acid solution was injected after one hour.

After a further five hours, the tube read roughly 20 ppm hr, which indicates a concentration of

approximately 3.4 ppm after temperature adjustment. However, part of this response is postu-

lated to be from acetic acid contamination inside the chamber, so the concentration change after

injection will be less then this. If the acetic acid vapour concentration is assumed to correlate

with the volume of acetic acid injected, the concentrations for the two smallest acetic acid injec-

tions are around 3 and 30 ppm. This further illustrates that the variation for each exposure needs

to be improved as monitoring in museums requires better precision than this. Additionally,

museums are interested in an order of magnitude concentration lower than tested in this study.

However, if the initial frequency change is measured, the derivative peak is around 20 %/hr,

which indicates that much lower rates of change can be detected with the QCMs, but further

work is required to determine if this is predominantly caused by acetic acid. Furthermore, if a

linear relationship holds between acetic acid injected and acetic acid vapour concentration, then

this derivative peak would equate to around 700 ppb acetic acid, which agrees with the estimated

acetic acid concentration in the empty chamber.

Therefore, lead oxide coated silver QCMs have the potential to passively detect acetic acid at

ppb concentrations. With decreasing concentrations of acetic acid, the rate of frequency change

slows, and assuming a linear relationship, the logger is capable of detecting a small enough

change which corresponds to ppb concentrations. Furthermore, the device can detect both in-

creases and decreases in acetic acid concentrations and hence could be used to track fluctuations

in acetic acid, rather than just report a time weighted average – this is currently challenging

to perform with commercially available devices. However, the lead oxide coated sensors will

also respond to changes in humidity, which will interfere with the rate of frequency change,

hence making acetic acid quantification difficult in unstable environments. Although, it is very

common for museums to monitor RH, and hence where there is correlation between frequency

change and humidity, the interpretation of the signal would need to account for this. Display

cases are designed to maintain a stable RH, and hence lead oxide coated QCMs may be well

suited for long term acetic acid monitoring inside cases. This would enable a better understand-

ing of the rate of acetic acid build up inside cases, and hence aid the effective implementation

of mitigation measures. However, further work is required to improve the repeatability of the

sensors, and evaluate their response to ppb acetic acid concentrations under different RH envi-

ronments.

These QCMs were coated with an old suspension of lead oxide, which was shown to have a

smaller response to acetic acid compared to a freshly made suspension in Figure 4.18b. There-

fore, the application of a fresh suspension to the QCMs may increase the acetic acid driven re-

sponse. This may have a significant effect as the drying temperature could not be above 250 ◦C,
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which was found to not be hot enough to regenerate lead oxide after degradation in suspension.

This project also used cheap silver coated QCMs. However, whilst they are cheap, they are not

designed to be exposed to the environment and hence the silver electrode will corrode over a

period of months. To avoid this, the coating could be applied to gold coated QCMs, which are

more stable. These are more expensive, however, they would potentially have a longer lifetime.

Therefore, future research should evaluate if this is possible. Additionally, reduced sulphur

compounds are known to corrode silver, and hence may not be suitable for use where these

compounds are present – for example near marine archaeological wood, which was shown to

corrode silver in Chapter 3. However, accelerated QCM silver corrosion could be used as a

cheaper and real time version of silver coupons.

4.4.8 Toxicity of Lead Oxide

Lead is a well know environmental pollutant and exposure to lead can result in significant ad-

verse health effects in multiple organ systems58. Additionally, nanoparticles also present a

serious issue for human health due to their ease of transport through cellular barriers59. As this

study used small lead oxide particles, this section will outline the potential risks of this material

and hence its suitability to be used in the museum sector.

Inhalation of lead oxide nanoparticles (estimated deposited dose: 0.75 µg) was identified to

result in increased lead concentrations of lead in the lungs, kidneys, liver, spleen and brain60.

However, as the lead oxide coated QCMs are designed to be used inside display cases, inhala-

tion of the coating is not believed to be the main risk for lead entering the user’s body. Rather,

the greater risk will be handling of the senors and potentially getting lead oxide onto the skin,

and subsequently into the body. One study found that lead oxide powder can pass through the

skin61. Therefore, correct personal protective equipment needs to be worn when handling these

devices and the user made aware of the risks. This should not be that problematic as conserva-

tors already handle materials containing lead compounds – for example lead pigments in wall

paintings62.

4.5 Conclusions

Building on previous heritage research, lead oxide particles were synthesised and then exposed

to acetic acid and water vapour to evaluate their suitability as a QCM coating to detect acetic

acid. The particles reacted with acetic acid vapour to form lead acetate, resulting in a permanent

mass change. In contrast, whilst the particles did respond to fluctuations in RH, the magnitude

of change was smaller and also not permanent. Additionally, different humidity environments

did not significantly affect the rate of change of the reaction with acetic acid. Therefore a linear

fit was observed between acetic acid vapour concentration and rate of mass change, regardless
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of the humidity. The linear relationship was better compared to that observed for lead foil,

which has been previously used as a QCM coating to detect acetic acid. Additionally, the mass

response to acetic acid vapour was faster and greater for lead oxide particles compared to lead

powder. Therefore, lead oxide particles were identified as a better QCM coating to detect acetic

acid compared to lead.

The lead oxide particles were made into a suspension and the resulting dried particles tested

for their response to acetic acid. The drying temperature and age of the suspension had an effect

on their response, which was due to the particles being unstable in the suspension. Lead oxide

degraded in suspension and formed lead carbonates. However, lead oxide could be regenerated

by heating at 450 ◦C. At lower drying temperatures, lead oxide was not found to be the main

product in the sample and hence had a reduced response to acetic acid.

The lead oxide particles were coated onto silver plated QCMs in the aim of generating an acetic

acid sensor which could be used inside display cases to monitor acetic acid build up. Whilst

better control over the distribution and shape of the coating could be achieved using the printer

system used in this study, a simpler pipette coating method was chosen to initially test the con-

cept. Similarly, silver rather than gold plated QCMs were used due to their affordability and

availability. However, these QCMs could not be heated above 250 ◦C and hence the particles on

the surface of the QCM are not thought to be pure lead oxide, but also include lead carbonate

compounds.

Despite this, the lead oxide coated QCMs showed a clear response to acetic acid when it was

injected into the test chamber. The sensors could be reused by heating them at 250 ◦C. Sim-

ilar to the powder experiments, the maximum initial rate of frequency change correlated with

acetic acid concentration. Importantly, no large change in humidity was observed after the in-

troduction of acetic acid into the test chamber, as this was found to cause an interference. A

non-permanent frequency change was observed after the acetic acid injection, indicating that

the response was due to adsorption and desorption of acetic acid, rather than a chemical change.

The non permanent response was thought to be due to acetic acid contamination in the chamber

around 1 ppm, which reacted with the lead oxide coating before the acetic acid was injected. If

the initial response is due to acetic acid, the sensors are capable of a clear response to around a

1 ppm acetic acid concentration. Therefore, further work should be performed on these sensors

to determine their response to ppb concentrations.

There was good agreement between the model exposures on the pure particles using the DVS

and that observed during exposures of the QCMs. This aided the understanding of the chemical

reactions occurring during acetic acid exposure, which is challenging to monitor on the QCMs

due to the thin nature of the coating. Both exposure methods highlighted that it is rate of change,
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rather than magnitude, which correlated with acetic acid concentration. Therefore, for the future

development of different coatings, evaluation can be performed on pure powders to test their re-

sponse to different vapours prior to optimising the coating method and QCM testing.

Whilst further research and development of this sensor is required, these acetic acid sensors

have potential to be used for real time monitoring inside display cases, such as those at the Mary

Rose Museum. As display cases are designed to reduce RH fluctuations, this will reduce the

likelihood of large interferences from this changing parameter. Moreover, these sensors showed

a response to low ppm acetic acid concentrations and the signal increased and decreased when

acetic acid was introduced and removed from the chamber. Furthermore, the devices response

could be enhanced by using freshly prepared lead oxide suspension, and applying the coating

to gold plated QCMs could increase the lifetime of the device. Additionally, the variability be-

tween sensors needs to be improved, which should be the focus of future work. This could be

performed by further optimising the coating process. Whilst this could be achieved by inkjet

printing, other low cost methods should be investigated to maintain the affordability of the sen-

sor.
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[9] M. Strliç, I. Cigi, A. Mo, G. de Bruin, J. Kolar, and M. Cassar, “The effect of volatile or-

ganic compounds and hypoxia on paper degradation,” Polymer Degradation and Stability,

vol. 96, no. 4, pp. 608–615, 2011.
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Chapter 5

Conclusions and Future Work

The aims of this project were to evaluate if corrosive vapours were present inside display cases at

the Mary Rose Museum and to understand if volatile emissions from PEG treated archaeological

wood was a significant source of these vapours. To address these aims, firstly the composition

of sound and archaeological woods were analysed. Then, volatile emissions from these sound

and archaeological woods in isolation were measured, with a focus on acetic acid vapours due to

their known damaging effects on heritage materials. Alongside this research, analysis of acidic

vapours inside display cases at the Mary Rose Museum was undertaken. Finally, research was

performed to develop a real time acetic acid sensor to be used inside a display case, which would

allow for easier monitoring of these vapours in future research.

Relationship between wood composition and wood emissions

To establish if there was a relationship between wood emissions and composition, analytical

methods to evaluate the ratio of main biopolymers in wood were investigated. As a result, this

project has developed new analytical methods specifically to evaluate the state of degradation

of marine archaeological wooden artefacts. Modulated TGA analysis of archaeological wood

showed good relative agreement with FTIR and DVS analysis, with the same trends in holo-

cellulose to lignin ratio being observed. The complex nature of archaeological wood, and the

high likelihood of impurities within the structure, can interfere with thermal, spectroscopic and

physical methods. Therefore, this study recommends that multiple complementary techniques

are used to analyse archaeological wood. Whilst the TGA method developed in this study

was destructive, it had additional advantages – it highlighted chemical interactions between the

conservation treatment and cellulose, which could be used to evaluate the performance of new

treatments. It also estimated apparent activation energies of cellulose and lignin thermolysis.

Differences in these values indicates chemical changes to the biopolymers, and hence provides

information about the material’s degradation. In contrast to FTIR, TGA methods can quantify

the concentration of biopolymers without the need for a calibration model. However, further
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work is recommended on the TGA method – comparison of the biopolymer concentrations in

wood samples to those determined by wet chemical methods will establish how accurate the

TGA method is at quantifying the biopolymer ratios in archaeological wood samples.

These developed analytical methods were used to estimate the cellulose, hemicellulose, lignin

and PEG content in four PEG treated artefacts from the Mary Rose Museum. For comparison,

PEG treated and untreated sound oak samples were also analysed. The volatile emissions from

these wooden artefacts and samples were then analysed using HS-SPME-GC-MS to evaluate if

there was a link between wood composition and emissions. Sound wood emitted acetic acid –

a compound known to be damaging to heritage materials. However, after PEG treatment, all

emissions were dramatically reduced, including acetic acid. This was believed to be due to the

newly applied PEG acting as a barrier to emissions. Exposure of metallic lead to PEG treated

sound wood samples also resulted in a smaller amount of corrosion on the lead compared to

after exposure to the untreated samples. It has been previously proposed that PEG treatment

could increase emissions of corrosive vapours due to the formation of formic acid from PEG

degradation. Whilst the results in this study cannot disprove this proposal, as this analysis was

performed on recently PEG treated wood that is not thought to be significantly degraded, it does

indicate that if the PEG treatment has not decayed, emissions may be reduced. Therefore, the

effect of PEG treatment on emissions is likely to depend on multiple factors.

In contrast to sound PEG treated wood, archaeological wood emitted a wider array of com-

pounds, including acetic acid, formic acid and carbon disulphide which could cause damage

to heritage materials. The extent of lead corrosion caused by sound and archaeological wood

was similar, highlighting that archaeological wood can result in comparable damage to sound

wood. Moreover, the greater the cellulosic content of the wood, the greater the acetic acid emis-

sions from the artefact, which could also be used to identify artefacts most likely to emit higher

concentrations of acetic acid. However, as cellulose content is inversely proportional to PEG

content, it is difficult to determine what factor is driving the variations in emissions. Therefore,

further work is recommended to identify emissions from a wider array of wooden artefacts from

the Mary Rose collection, including untreated artefacts, to confirm the key markers for high

corrosive emissions. This should include analysis of wooden artefacts where the PEG treatment

is degraded.

Sources of acidic pollutants inside the display cases at the Mary Rose Museum

Whilst wooden artefacts emitted acidic vapours which were found to corrode lead coupons, the

presence of archaeological wood inside a display case did not increase the corrosive nature of

the environment towards lead at the Mary Rose Museum. Smaller cases were more corrosive

compared to larger cases, and hence the internal materials used to construct and decorate the
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cases were thought to be the significant source of corrosive compounds. The specific sources of

the volatile corrosive compounds were not determined in this study. Further testing of the mate-

rials inside the display cases in isolation would be required to identify this. Whilst the materials

used inside the display cases were believed to be low emission when installed, aging processes

may have resulted in changes to emissions over time. This knowledge could be used to con-

struct display cases which emit lower concentrations of corrosive vapours over their lifetime.

Moreover, display case testing using simple lead coupon corrosion, as performed in this study,

could be used by other museums with similar display cases and/or collections. Collective find-

ings could inform better display case design which prevents the build up of corrosive vapours.

This is still an issue even for recently designed, high specification cases, as evidenced by this

study and hence improved understanding and awareness of emissions from display cases, and

how this is influenced by design, choice of materials and filtration systems, are required. This

should minimise the risk of build up of volatile compounds inside display cases.

The display cases at the Mary Rose Museum have a sodium hydroxide impregnated activated

carbon charcoal filter designed to remove acidic pollutants from inside the cases. However, as

elevated acetic acid concentrations were identified in some cases, these filters are not thought to

be adequate. HS-SPME-GC-MS analysis found that the filters were trapping acetic acid. How-

ever, model calculations identified that the filter can become saturated in hours if there is an

internal source of acid within the case. Therefore, as the filters are only changed annually, they

will quickly become saturated and hence not prevent the build up of acidic vapours. Therefore,

an inline method should be developed, such as pH monitoring of the filter, to determine when it

has become saturated and hence needs to be changed. Additionally, further research should be

performed into materials which trap greater concentrations of acetic acid.

Although emissions inside the display cases were found to chemically and visually damage lead

in this study, this damage is likely to be insignificant compared to damage caused by uncon-

trolled temperature and humidity on the Mary Rose collection. Therefore, corrosive emissions

should be treated as a secondary damage factor, and only investigated after stable temperature

and humidity has been achieved, as has been at the Mary Rose Museum.

Development of a real time acetic acid sensor for the museum sector

To monitor the build up of acidic vapours within a display case, such as that observed at the

Mary Rose Museum, an affordable, real time acetic acid sensor was developed using lead oxide

coated QCMs. The coated QCM’s frequency was continuously logged using a custom, self-

contained, handheld logger. Initially, model experiments using an adapted DVS system and

Raman spectroscopy were used to first establish the chemistry of the lead oxide particles after

exposure to acetic acid and water vapour. This demonstrated the potential of lead oxide par-
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ticles over lead film, which has been previously used as a coating. The lead oxide particles

had a faster and greater mass change during exposure to acetic acid vapour compared to lead,

which was also less dependent on the humidity. Therefore, the lead oxide particles were made

into a suspension and applied as a coating onto QCMs. However, the lead oxide particles were

unstable in suspension – they degraded into lead carbonate. The temperature used to dry the

lead oxide film was not hot enough to completely regenerate pure lead oxide, which reduced the

coating’s sensitivity to acetic acid.

Despite this, their response to acetic acid was tested. The lead oxide coated QCMs quickly

responded to increases and decreases in acetic acid concentration, hence displaying promise as

a real time sensor. Moreover, the rate of change of the sensor signal correlated with volume of

acetic acid injected into the test chamber. Despite the promising results, further research and

development of the device is required before it is exposed inside a display case. To increase

the response of the device and improve the repeatability, optimisation of the coating method is

required. Additionally, more controlled exposures of the device to acetic acid is required, which

will allow an accurate calibration of the device. This should be performed at ppb concentrations

of acetic acid so it meets the needs of the museum sector. Finally, a better understanding of in-

terreferences needs to be established, particularly fluctuating humidity as this is likely to occur

inside museums.



Appendix A

Acetic Acid Vapour Concentration
Calculations

To calculate the vapour concentration of acetic acid above an aqueous solution spiked with

acetic acid in the reservoir of the DVS, a model developed by Hodgkins (2011) was used1. This

considers acetic acid dimerisation, as well as interactions between water and acetic acid, making

them non-ideal gasses. Additionally, this calculation can be applied at specific relative humidity

generated by saturated salt solutions.

The partial pressures of a non-ideal solution can be calculated using modified Raoult’s law,

which states that:

P ∗
1 = γ1X1P

◦
1 φ

◦
1 (A.1)

and

P ∗
2 = γ2X2P

◦
2 φ

◦
2 (A.2)

Where P ∗ is partial pressure, γ is activity coefficient, X is mole fraction, P ◦ is the vapour

pressure of the pure component and φ◦ is fugacity. An underscore 1 is used to indicate water,

and 2 acetic acid. It is assumed that there are no significant interactions in the gas phase for

water, and hence φ◦1 is assumed to equal unity. As acetic acid forms dimers in the vapour phase,

the acetic acid partial pressure equates to the sum of the partial pressures of the monomer and

dimer, indicated by subscript 2M and 2D respectively. Therefore,

P ∗
2M + P ∗

2D = γ2X2P
◦
2 φ

◦
2 (A.3)

However, as there is an equilibrium between the monomer and dimer, which can be expressed

as:

P ∗
2D = KD(P ∗

2M )2 (A.4)
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This equation can be combined with Equation A.3 to generate:

P ∗
2M +KD(P ∗

2M )2 = γ2X2P
◦
2 φ

◦
2 (A.5)

which can be solved for P ∗
2M using a quadratic equation.

P ∗
2M =

−1±
√

1 + 4KDγ2X2P ◦
2 φ

◦
2

2KD
(A.6)

The total pressure of the system equates to the sum of individual components, such that:

P ∗
tot = P ∗

1 + P ∗
2M + P ∗

2D (A.7)

The equilibrium constant, KD, equates to:

KD = 10Ad+Bd
T (A.8)

whereAd andBd are constants and T is temperature in Kelvin. Additionally, the Antoine Equa-

tion can be used to calculate vapour pressure for pure components at a specified temperature,

such that:

P ◦
1 = 10

A1− B1
C1+T (A.9)

and

P ◦
2 = 10

A2− B2
C2+T (A.10)

where T is the temperature in degree Celsius and P ◦ is the vapour pressure of the pure compo-

nent in mmHg. All other values are constants, as detailed in Table A.1

The Tan-Wilson model was used to determine the activity coefficients, which uses:

ln γ1 = − ln (As1X1 +A12X2) +X2

(
A12

As1X1 +A12X2
− A21

As2X2 +A21X1

)
(A.11)

and

ln γ2 = − ln (As2X2 +A21X1)−X1

(
A12

As1X1 +A12X2
− A21

As2X2 +A21X1

)
(A.12)

where A12 and A21 are Wilson solvent-solvent interaction parameters, As1 and As2 are solvent-

salt interaction parameters, and X1 and X2 are the mole fractions of water and acetic acid in a

salt free solution. These equations can be solved using:

A12 =
Vb2
Vb1

exp

(
− (γ12 − γ11)

RT

)
(A.13)
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and

A21 =
Vb1
Vb2

exp

(
− (γ21 − γ22)

RT

)
(A.14)

where Vb1 and Vb2 are liquid molar volumes at the boiling point, R is the gas constant in

cal mol−1K−1, and γij is the interaction energy of component i with j. The solvent-salt value

for water is calculated using:

As1 =
P ◦

1

P ◦
s1

(A.15)

however, if no salt is present, this parameter equates to unity. Also, as salts do not dissolve

well in pure carboxylic acids As2 is assumed equal to unity. The pressures above saturated salt

solutions of water (P ◦
s1) is calculated using:

P ◦
s1 = P ◦

1

RH1

100
(A.16)

where RH is the relative humidity.

The fugacity coefficient for acetic acid can be determined using:

φ◦2 = Z2M exp
P ◦

2Bf2

RT
(A.17)

where Z2M is the mole fraction of acid monomer above pure acetic acid, Bf2 is the free contri-

bution to the second virial coefficient for polar molecules, T is temperature in Kelvin and R the

gas constant in cal mol−1K−1. The mole fraction of acid monomer above pure acid equates to:

Z2M =
1− α
1− α

2

(A.18)

where α, the extent of dimerisation equates to:

α = 1−
(

1

4P ◦
2KD + 1

) 1
2

(A.19)

The free contribution to the second virial coefficient can be estimated by equations developed

by Hayden and O’Connell2:

Bf2 = Bfnp2 − b◦2µ
∗
2

(
0.75− 3T ∗

2 + 2.1(T ∗
2 )2 + 2.1(T ∗

2 )3
)

(A.20)

where Bfnp2 is the non-polar free contribution to the second viral coefficient, b◦2 is the equiv-

alent hard-sphere volume of molecules, µ∗2 is the reduced dipole moment and T ∗
2 is the reduced

temperature for acetic acid. The non-polar free contribution equates to:

Bfnp2 = b◦2

(
0.94− 1.47T ∗

2 − 0.85(T ∗
2 )2 + 1.015(T ∗

2 )3
)

(A.21)
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and hard-sphere volume equates to:

b◦2 =
2πN(σ2)2

3
10−24 (A.22)

where N is Avogadro’s constant and σ is the molecule length, calculated by:

σ2 = 1.18 (Vb2)
1
3 (A.23)

where Vb2 the liquid molar volume at the boiling point. The reduced temperature equates to:

T ∗
2 =

ε2

KT
− 1.6ω2 (A.24)

where K is Boltzmans constant in erg K−1, T is temperature in Kelvin and ω is the acentric

factor. The factor ε equates to:

ε2 = 1.18(1 + 1.3(δ2)2)Tb2K (A.25)

where δ is a polarity parameters defined as:

δ2 =
1.94(µ2)2

Vb2Tb2
103 (A.26)

where Tb is the boiling temperature in kelvin and µ the dipole moment.

The reduced dipole moment in Equation A.20 equates to:

µ∗2 =
(µ2)2

ε(σ2)2
(A.27)

where all parameters have previously been defined. The ancentric factor, ω, in Equation A.24

equates to:

ω2 = 0.006r2 + 0.02087(r2)2 − 0.00136(r2)3 (A.28)

where r is the molecular size parameter, which is reported in Table A.1.

These equations result in the estimation of the partial pressures of water and acetic acid, and

hence the total partial pressure can be calculated. The gas phase mole fractions, y, can be

calculated using:

y2M =
P ∗

2M

P ∗
Tot + P ∗

2D

(A.29)

and

y2D =
P ∗

2D

P ∗
Tot + P ∗

2D

(A.30)
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Once all of these parameters have been calculated, the acetic acid concentration of the monomer,

C2M , and dimer, C2D, can be calculated by substitution into:

C2M =
y2MM2MP

∗
Tot

RT
103 (A.31)

and

C2D =
2y2DM2MP

∗
Tot

RT
103 (A.32)

where P ∗
Tot is the total system pressure, T is the absolute temperature, R is the gas constant in

mmHg Lmol−1K−1, and M2M is the molecular weight of the acetic acid monomer. As the total

acetic acid concentration equates to the sum of the concentration of the monomer and dimer, the

total concentration in mg/m3 equates to:

C2 =
(y2M + 2y2D)M2MP

∗
Tot

RT
103 (A.33)

which can be convert into ppm units by multiplying by the molecular volume and dividing by

the molecular weight. Molecular volume (Vm) is calculated using:

Vm = 22.41
T

273P
(A.34)

where P is pressure in atmospheres, which in this study was 1 atm.

The moles of acetic acid and water in the acetic acid solutions used in the DVS experiments,

detailed in Chapter 4, section 4.3.2, were calculated by:

x2 =
U2ρ2

M2M
(A.35)

and

x1 =
U1ρ1

M1
(A.36)

where x is the number of moles, U is the volume of liquid in cm3, ρ is the density in g/cm3 and

M is the molecular weight. The mole fraction of acetic acid can then be calculated using:

X2 =
x2

x1 + x2
(A.37)

Table A.2 details the mole fractions and subsequent acetic acid vapour concentrations used in

this study after air flow mixing in the DVS. The dilution factors were calculated as the wet flow,

which passes though the acetic acid solution, divided by the total flow. This equated to 0.20,

0.50 and 0.75 for 20%, 50% and 75% RH respectively.
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Table A.1: Constants used in the calculations for acetic acid vapour concentration.

Constant name Symbol (Units) Value Equation Reference

Acetic acid Vapor Dimerization constants Ad −12.00 A.8 3

Acetic acid Vapor Dimerization constants Bd(K) 3645 A.8 3

Water Antoine constant A1 8.071 A.9 4

Water Antoine constant B1(K) 1731 A.9 4

Water Antoine constant C1(K) 233.4 A.9 4

Acetic acid Antoine constant A2 8.021 A.10 4

Acetic acid Antoine constant B2(K) 1936 A.10 4

Acetic acid Antoine constant C2(K) 258.5 A.10 4

Water liquid molar volume at the boiling point Vb1(cm3/mol) 18.70 A.13, A.14 and A.26 5

Acetic acid liquid molar volume at the boiling point Vb2(cm3/mol) 63.70 A.13, A.14 and A.26 6

Wilson interaction energies with water γ12 − γ11(cal/mol) 1031 A.13 7,8

Wilson interaction energies with water γ21 − γ22(cal/mol) −534 A.14 7,8

Gas constant R(calK−1mol−1) 1.987 A.13 and A.14
Acetic acid boiling point temperature Tb2(K) 390.5 A.26 and A.18
Avogadro’s constant N(mol−1) 6.023× 1023 A.22
Boltzmann’s constant K(ergK−1) 1.381× 10−16 A.24 and A.25
Acetic acid Dipole moment µ2(ÅstatC) 1.740× 10−10 A.26 9

Acetic acid molecular size parameter r2(Å) 1.780 A.28 10

Acetic acid molecular weight M2M (g/mol) 60.05 A.33
Gas constant R(mmHgLmol−1K−1) 62.36 A.33

Table A.2: Acetic acid concentrations generated inside the DVS used in Chapter 4, section 4.3.2,
which was held at 25 ◦C. As no saturated salts were used to control the humidity, it was assumed
to be 100% for the vapour concentration calculations.

Acetic acid
solution (%)

Moles of
acetic acid

Moles of
water

Acetic acid
mole fraction

Acetic acid
concentration

(ppm)

Acetic acid
concentration

20% RH
(ppm)

Acetic acid
concentration

50% RH
(ppm)

Acetic acid
concentration

75% RH
(ppm)

20.00 0.350 4.440 0.073 641 128 320 481
12.00 0.210 4.883 0.041 355 71 177 266
5.00 0.087 5.272 0.016 133 27 66 100
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Table A.3: Example calculation for acetic acid concentration at 25 ◦C, 100% RH and an acetic
acid mole fraction of 0.016.

Parameter Value Equation

KD 1.716 A.8
p◦1 23.686 A.9
p◦2 15.519 A.10

Activity coefficients
A12 0.597 A.13
A21 0.723 A.14
P ◦
s1 23.686 A.16
As1 1.000 A.15
lnγ1 0.000 A.11
lnγ2 0.704 A.12
γ1 1.000
γ2 2.022

Acetic acid Fugacity
α 0.904 A.19
z2m 0.176 A.18
δ2 2.361× 10−21 A.26
ε2 6.361× 10−14 A.25
T ∗

2 1.436 A.24
ω2 0.069 A.28
µ∗2 2.143× 10−8 A.27
σ2 4.713 A.23
b◦2 28.013 A.22
Bfnp2 2.271 A.21
Bf2 2.271 A.20
φ2 0.176 A.17

Mixture partial pressures
P ∗

1 23.304 A.1
P ∗

2M 0.079 A.6
P ∗

2D 0.011 A.4
P ∗
tot 23.395 A.7
y2M 0.003 A.29
y2D 0.000 A.30

Acetic acid concentration
C2(mg/m3) 0.326 A.33
C2(ppm) 133 A.34
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Appendix B

Additional Information for Chapter 3

Artefacts within the Display Cases Monitored at the Mary Rose Mu-
seum

Tables B.1 to B.6 list the artefacts displayed in the cases where lead coupons were exposed. The

contents listed encompasses all artefacts inside the named case, and also cases which share the

same air handling unit, as the pumped air is quickly mixed between the cases. However, the Iron

guns case and Carpentry case are connected, but due to the large number of artefacts in each,

they are listed separately.

Table B.1: Artefacts within the Carpentry case

Artefact ID Artefact description Artefact material(s)

81A4130 Manicure set Bone

81A2117 Brick Ceramic

81A5053 Brick Ceramic

81A6527 Brick Ceramic

81A6557 Brick Ceramic

83A0307 Brick Ceramic

81A4139 Mirror? Glass?, wood

81A1317 Tool holder Leather (bovine), Wood (pine)

81A1214/1-2 Flask Leather (Cattle), Wood (Cork)

82A4455 Pitch pot Metal (Bronze)

81A4600 Thimble ring Metal (copper alloy)

81A4599 Nail Metal (Iron)

81A3834 Auger Metal (Iron), Wood (Ash)

81A4867 Smoothing plane Metal, Wood (Oak)

81A4868 Rebate plane Metal, Wood (Oak)
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81A1043 Chisel Organic, Wood (Willow)

81A4129 Whetstone Stone (Sandstone coal measures)

82A0107 Whetstone Stone (Schist)

83A0345 Whetstone Stone (Schist)

81A1321 Axe? Wood (Ash)

81A1983 Handle Wood (Ash)

81A3830 Axe Wood (Ash)

82A0980 Jack plane Wood (Ash)

82A4467 Hammer? Wood (Ash)

82A2286 Mortise gauge Wood (Ash, Oak)

81A1315 Razor Wood (Beech)

81A1319 Ruler Wood (Beech)

83A0386 Chalk line reel Wood (Beech)

81A1415/1-6 Chest Wood (Beech, Elm)

81A4849 Smoothing plane Wood (Beech, Oak)

81A1320 Comb Wood (Box)

81A4003 Gimlet Wood (Box)

81A4865 Caulking mallet Wood (Box)

82A2344 Gimlet Wood (Box)

81A4537 Corner arris plane Wood (Box, Softwood)

81A1041 Hammer Wood (Elm)

81A5955 Mallet Wood (Elm, Oak)

81A0879 Tool holder Wood (Fir)

79A1256 Ruler Wood (Oak)

81A0630 Tree nail Wood (Oak)

81A1425 Moulding plane Wood (Oak)

81A1440 Round plane Wood (Oak)

81A1660 Door wedge Wood (Oak)

81A2635 Brace Wood (Oak)

81A2999 Handle Wood (Oak)

81A3075 Caulking mallet Wood (Oak)

81A3094/1-2 Brace Wood (Oak)

81A3221 Adze Wood (Oak)

81A3906 Auger Wood (Oak)

81A4367 Ruler Wood (Oak)

81A4477 Timber gauge Wood (Oak)

82A2265 Ruler Wood (Oak)



233

83A0384 Wedge Wood (Oak)

83A0664 Wedge Wood (Oak)

81A4175/1-2 Rebate plane Wood (Oak)

81A1201 Joggle stick Wood (pine)

82A4440 Hammer? Wood (pine?)

81A1314 Saw Wood (poplar)

81A1316 Draw knife Wood (Pyrus)

81A0880 Handle Wood(Silver fir abies)

81A1322 Shaving brush? Wood (Unidentifiable)

81A1044 Chisel Wood (Willow)

81A2537 Handle Wood
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Table B.2: Artefacts within the Iron guns case

Artefact ID Artefact description Artefact material(s)

81A2212 Powder ladle Metal (Brass)

81A2855 Powder ladle Metal (Brass), Wood (Poplar)

81A1551 Powder ladle Metal (Copper), Wood (Ash, Poplar)

80A1480/1-10 Powder ladle Metal (Copper), Wood (Ash, Poplar)

81A0832 Powder ladle Metal (copper alloy)

81A3303 Powder flash Metal (copper alloy)

81A2896 Powder flash Metal (copper alloy), Wood (Ash, Elm)

79A1021/1-2 Powder ladle Metal (Copper alloy), Wood (Silver fir abies)

81A0083 Priming wire Metal (Copper alloy, Quaternary)

81A0835 Priming wire Metal (Copper alloy, Quaternary)

77A0143/1-2 Gun Metal (Iron)

79A0543/01-3+ Swivel gun Metal (Iron)

80A1346 Shot Metal (Iron)

81A1084 Breech chamber Metal (Iron)

81A3630 Shot Metal (Iron)

82A0792 Breech chamber Metal (Iron)

78A0207 Inset shot Metal (leaded Iron)

80A0032 Inset shot Metal (Iron, Lead)

80A0456 Inset shot? Metal (Iron?, Lead)

79A1088/1-2+ Hailshot piece Metal (Cast Iron), Wood (Beech)

90A0028/1-3 Hailshot piece Metal (Cast Iron), Wood

80A0102 Inset shot Metal (Lead)

72A0067 Shot mould Metal (Lead), Stone (Malmstone)

85A0032 Wadding Rope

81A0101/1-3 Canister shot Stone (Flint), Wood (Ash, Pine)

82A2298 Canister shot Stone (Flint), Wood (Oak, Pine)

81A1905 Canister shot Stone (Flint), Wood (Pine?)

81A2052 Shot Stone (Kentish Ragstone)

81A2053 Shot Stone (Kentish Ragstone)

72A0051 Shot Stone

72A0053 Shot Stone

72A0095 Shot Stone

78A0149 Shot Stone

81A0968 Shot Stone

81A1002 Shot Stone
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81A1091 Shot Stone

81A1387 Shot Stone

81A1653 Shot Stone

81A2064 Shot Stone

81A2749 Shot Stone

83A0023 Shot Stone

80A1053 Ram Wood (Ash)

80A1328 Powder ladle Wood (Ash)

81A1922 Linstock Wood (Ash)

81A5601 Linstock Wood (Ash)

82A0995 Linstock Wood (Ash)

82A2673 Ram Wood (Ash)

81A3234 Ram Wood (Ash)

81A1019/1-2 Ram Wood (Ash, Poplar)

81A1755/1-3 Ram Wood (Ash, Poplar)

81A3693 Linstock Wood(Ash Fraxinus Excelsior)

81A3082 Linstock Wood (Beech)

81A1408 Shot gauge Wood (Elm)

82A2636 Ram Wood (Maple)

81A1285 Shot gauge Wood (Oak)

81A1288 Shot gauge Wood (Oak)

83A0019 Shot gauge Wood (Oak)

81A3060 Linstock Wood (pine)

80A1318 Ram? Wood (poplar)

80A1355 Ram Wood (poplar)

81A0562 Tampion reel Wood (poplar)

81A1332 Linstock Wood (poplar)

81A3266 Linstock Wood (poplar)

81A3903 Linstock Wood (poplar)

81A0056/1-2 Canister shot Wood

81A0389/1-4 Tampion reel Wood

83A0404 Tampion gauge Wood

85A0031 Tampion Wood
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Table B.3: Artefacts within the Cooking cases

Artefact ID Artefact description Artefact material(s)

81A2103/1-25 Cooking pot Ceramic (Redware)

82A2368 Cooking pot? Ceramic (Redware)

81A5728 Tankard? Ceramic (Stoneware)

81A0171 Trade weight Metal (brass)

82A4742 Trade weight Metal (Bronze)

80A0965 Trade weight Metal (Bronze)

80A1854 Jetton Metal (copper alloy)

80A1859 Jetton Metal (copper alloy)

81A0566 Jetton Metal (copper alloy)

81A0943 Jetton Metal (copper alloy)

81A0971 Jetton Metal (copper alloy)

81A1903 Jetton Metal (copper alloy)

81A2079 Jetton Metal (copper alloy)

81A6959 Je Metal (copper alloy)

82A4505 Jetton Metal (copper alloy)

82A4506 Jetton Metal (copper alloy)

83A0605 Jetton Metal (copper alloy)

81A0422 Trade weight? Metal (Lead)

81A0488 Trade weight Metal (Lead)

81A4803 Trade weight? Metal (Lead)

81A0651 Tankard Metal (Pewter)

81A3279 Plate Metal (Pewter)

81A3310 Dish Metal (Pewter)

82A1531 Trade weight Metal

80A0564 Quernstone Stone

81A4050 Bowl Wood (Alder)

81A5995 Plate Wood (Alder)

81A0909/1-3 Balance Wood (Ash)

82A1620/1-11 Churn? Wood (Ash, Oak)

81A1224 Tally sticks Wood (Ash, Willow, Yew)

80A1520 Dish Wood (Beech)

81A5858 Plate Wood (Beech)

81A5872 Dish Wood (Beech)

81A5904 Plate Wood (Beech)

81A5914 Plate Wood (Beech)
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81A5988 Bowl Wood (Beech)

81A5992 Dish Wood (Beech)

81A6598 Plate Wood (Beech)

81A6603 Plate Wood (Beech)

81A6611 Plate Wood (Beech)

82A1647 Plate Wood (Beech)

82A1712 Bowl Wood (Beech)

82A2075 Trough Wood (Beech)

81A4088/1-2 Balance Wood (Beech)

80A1040/1-13 Serving tankard Wood (Beech, Oak, Willow)

78A0132 Unidentified Wood (Chestnut)

80A1420 Bowl Wood (Elm)

81A0331/1-3 Balance Wood (Elm)

81A5758/1-8 Tankard Wood (Hazel, Lime, Pine, Spruce)

82A1736/1-13 Serving tankard Wood (Oak)

82A4415 Trencher Wood (Oak)

81A1995/1-15 Gaming barrel Wood (Oak)

82A2667/1-13 Bucket Wood (Oak, Willow)

80A1112 Staved container Wood

81A1626/1-10 Staved container Wood

82A1651/1-15 Staved container (fish) Wood

82A1691/1-8 Staved container (fish) Wood
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Table B.4: Artefacts within the Master gunner cases

Artefact ID Artefact description Artefact material(s)

81A4204 Die Bone

81A4205 Die Bone

81A4206 Die Bone

81A4207 Die Bone

81A4208 Die Bone

81A4209 Die Bone

81A1350/1-3 Book
Leather (Calf), Metal (Copper alloy),

Wood (Beech)

81A1963/1-10 Jerkin Leather (Cattle)

81A4211 Thimble ring Metal (brass)

81A4214/1-3 Aiglet(s) Metal (brass)

81A2026 Sundial Metal (Brass), Wood

81A4249 Thimble ring Metal (Brass/Bronze)

81A0249 Calibre gauge Metal (Brass)

79A1011 Priming wire Metal (Brass-leaded)

81A2023 Thimble ring Metal (copper alloy)

81A4219 Knife Metal (copper alloy), Wood

82A4106 Shot Metal (Iron)

81A4221 Weight Metal (Lead)

81A1348 Dress pin Metal (Silver)

81A1349 Groat Metal (Silver)

81A4172 Call Metal (Silver)

81A4215 Penny Metal (Silver)

81A4425 Groat(s) Metal (Silver)

81A1347/1-3 Pendant + ring + signet ring Metal (Silver), Mineral

81A4210 Whetstone Stone (Schist)

81A1798 Whetstone Stone

81A2278 Former? Wood (Alder)

81A4220 Unidentified Wood (Alder)

81A1799 Handle Wood (Ash)

81A1392/1-15 Serving tankard Wood (Ash, Beech, Oak, Poplar, Willow)

81A2027 Comb Wood (Box)

81A1429/1-7 Chest Wood (Oak)

81A1800 Auger Wood (Oak)

81A5662 Shot gauge Wood (Oak)
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81A1132 Saw Wood (Pomoideae?)

81A1304 Kidney dagger Wood (Pomoideae?)

81A1292 Chisel Wood (poplar)

81A1753 Linstock Wood (poplar)

81A1121 Chisel Wood

81A4222 Chisel Wood

81A4324 By knife Wood

81A6955 By knife Wood
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Table B.5: Artefacts within the Purser cases

Artefact ID Artefact description Artefact material(s)

82A5009/1-4 Flask Leather (Bovine)

81A2034 Flask Leather (bovine), Wood

82A0877 Ankle boot Leather (Bovine: calf)

81A2016 Shoe(s) Leather

81A0806 Coin bag Leather, Wood (Willow)

81A0801/1-2 Aiglet(s) Metal (brass)

81A2012/3.4 Weight Metal (brass)

81A0793/1-2 Knife + shief Metal (Brass), Wood (Beech)

82A5005 Knife? Metal (Brass), Wood (Yew)

81A2012/3.1+ Weight Metal (Brass-leaded)

81A2012/3.2+ Weight Metal (Brass-leaded)

81A2012/3.3+ Weight Metal (Brass-leaded)

81A2015 Aiglet(s) Metal (copper alloy)

81A4382 Aiglet Metal (copper alloy)

81A2012/1+ Coin balance Metal (Copper alloy, Leaded brass)

81A1007 Rial//Rose noble Metal (Gold)

81A4615 Half sovereign Metal (Gold)

81A4616 Angel Metal (Gold)

81A4617 Angel Metal (Gold)

81A4618 Half sovereign Metal (Gold)

81A4619 Half sovereign Metal (Gold)

81A4620 Angel Metal (Gold)

81A4621 Half angel Metal (Gold)

81A0796/1-3 Groat(s) Metal (Silver)

81A0913 Groat Metal (Silver)

81A1095 Groat Metal (Silver)

81A1154 Groat(s) Metal (Silver)

81A1456 Groat(s) Metal (Silver)

81A1469 Groat Metal (Silver)

81A2196 Groat Metal (Silver)

81A4513 Groat Metal (Silver)

81A4624 Groat + half groat Metal (Silver)

81A4807 Groat Metal (Silver)

81A4808 Groat Metal (Silver)

81A6958 Groat Metal (Silver)
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81A6963 Penny Metal (Silver)

81A2013 Mirror? Metal, Wood (Beech)

81A0730/1-3 Sundial Metal, Wood (Box)

82A0878 Unidentified Textile

81A2012/2+ Balance case Wood (Beech)

82A0834 Bowl Wood (Beech)

82A0879 Trencher Wood (Beech)

81A2010 Comb Wood (Box)

81A2011 Comb Wood (Box)

81A4304 Comb Wood (Box)

82A5010 Comb Wood (Box)

81A5843/1-9 Bench chest Wood (Elm, Oak)

81A2017 Float? Wood (Hazel)

81A4303 Float? Wood (Hazel?)

82A0927 Mallet Wood (Oak)

82A0818 Spile Wood (poplar)

82A0819 Spile Wood (poplar)

82A0820 Spile Wood (poplar)

82A0821 Spile Wood (poplar)

82A0822 Spile Wood (poplar)

82A0823 Spile Wood (poplar)

82A0824 Spile Wood (poplar)

82A0825 Spile Wood (poplar)

82A0826 Shive Wood (poplar)

82A0827 Shive Wood (poplar)

82A0828 Shive Wood (poplar)

82A0829 Shive Wood (poplar)

82A0830 Shive Wood (poplar)

82A0831 Shive Wood (poplar)

82A0832/1-2 Spile and shive Wood (poplar)

82A0833/1-2 Spile and shive Wood (poplar)

82A0880/1-2 Spile and shive Wood (poplar)

82A5011 Shive Wood (poplar)

80A1977/1-5 Staved container Wood

81A4376/1-13 Staved container Wood

81A5812 Staved container Wood
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Table B.6: Artefacts within the Surgeon cases

Artefact ID Artefact description Artefact material(s)

80A1534 Jar Ceramic (Stoneware)

83A0004 Groat(s) and Half Groat Concretion, Metal (silver?)

80A1693 Flask Leather (Bovine)

80A1584 Purse Leather (calf)

80A1685 Brush Leather (Calf), Moss (Polytrichum)

81A5738 Syringe Leather, Metal (Copper alloy)

80A1618 Barbers bowl Metal (brass)

81A5807 Chain Metal (brass)

80A1672 Mortar Metal (Bronze, Tin)

80A1629 Pan Metal (copper alloy)

80A1922 Scalpel Metal (Copper alloy), Wood (Juniper?)

82A0976/1-2 Canister Metal (Pewter), Textile

81A5981/1-2 Canister Metal (Pewter)

80A1942 Plate Metal (Pewter)

80A1627 Plate Metal (Pewter)

80A1635 Plate Metal (Pewter)

80A1619/1-2 Canister Metal (Pewter)

80A1861 Groat(s) Metal (Silver)

80A1569 Whetstone Stone (Muscovite Phyllite)

81A4706/1-3 Coif Textile (Satin)

80A1868 Coif Testile (Silk)

80A1856 Coif Testile (Silk, Velvet)

80A1562 Bowl Wood (Alder)

80A1536 Dish Wood (Beech)

80A1622 Plate Wood (Beech)

80A1915 Spatula Wood (Beech)

80A1617/1-20 Tankard Wood (Beech, Pine. Poplar, Willow)

80A1484 Comb Wood (Box)

80A1525 Razor Wood (Box)

80A1572 Comb Wood (Box)

80A1912 Razor Wood (Box)

80A1925 Scalpel Wood (Box)

80A1975/1-2 Tankard Wood (Lime, Pine)

79A0765 Canister, ointment Wood (poplar)

80A1533/1-2 Canister, ointment Wood (poplar)
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81A2239/1-2 Canister Wood (poplar)

81A3065/1-3 Box Wood (poplar)

81A3892/1-2 Canister Wood (poplar)

80A1523/1-10 Razor case Wood
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Compounds Detected from Archaeological Wood

Tables B.7 to B.10 list the compounds detected from four PEG treated wooden artefacts from the

Mary Rose Museum detected using HS-SPME-GC-MS after the artefacts were sealed inside 5 L

Tedlar bags for 48 days. The peak areas have been divided by a standard peak area, measured

from the injection of a MISA Group 17 non-halogen organic mix (Supelco), which was injected

on the same day as the sample.

Table B.7: Compounds detected from artefact 83A0637 after 48 days.

Retention time (min) Compound Standard adjusted peak area

8.69 Acetone 0.050 24

9.95 Carbon disulfide 2.207

11.55 Unknown 0.014 58

11.87 Acetic Acid 0.064 11

12.19 Acetic Acid 0.016 79

12.48 Unknown 0.038 36

13.27 Heptane 0.2107

14.76 Unknown 0.019 48

14.93 Pentanal 0.040 94

15.36 Unknown 0.008 713

15.51 Unknown 0.017 31

15.74 Unknown 0.015 61

16.45 Siloxane 0.1503

16.59 C8 saturated HC 0.2686

17.25 C9 hydrocarbon 0.027 25

17.49 Toluene 0.022 12

18.04 Unknown 0.007 299

18.42 Hexanal 0.1109

18.74 C9 hydrocarbon 0.043 40

19.06 Hydrocarbon 0.007 976

20.00 Hydrocarbon 0.1328

20.94 Ethyl benzene 0.014 63

21.11 Xylene 0.020 48

21.52 Siloxane 0.095 70

21.93 Heptanal 0.064 61

22.25 Unknown 0.008 940

22.72 N,N-Dimethylacetamide 0.040 53

23.41 Unknown 0.080 00
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23.62 1,4-dioxane 0.012 05

24.71 Pentyl furan 0.007 545

25.41 Octanal 0.051 88

26.07 Benzaldehyde 0.2598

26.26 Unknown 0.082 66

26.77 Hydrocarbon 0.054 78

28.33 Nonanone 0.006 411

28.45 Unknown 0.006 356

28.78 Nonanal 0.040 16

30.02 Unknown 0.073 17

31.64 Unknown 0.010 41

32.12 Decanal 0.007 597

39.85 Unknown 0.006 920
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Table B.8: Compounds detected from artefact 87A0068 after 48 days.

Retention time (min) Compound Standard adjusted peak area

9.92 Carbon disulfide 3.203

11.48 methyl furan 0.023 85

11.97 Acetic Acid 0.018 50

12.18 Acetic Acid 0.034 43

13.23 Heptane 0.063 51

14.76 Unknown 0.031 70

15.47 Unknown 0.016 40

16.42 Siloxane 0.1932

17.24 C9 hydrocarbon 0.048 86

17.49 Toluene 0.009 068

18.44 Hexanal 0.045 19

18.73 C9 hydrocarbon 0.041 61

19.04 Hydrocarbon 0.017 55

19.98 Unknown 0.049 10

20.91 Ethyl benzene 0.038 49

21.09 Xylene 0.051 23

21.51 Siloxane 0.070 52

21.91 Heptanal 0.026 65

22.23 Xylene 0.027 87

22.57 N,N-Dimethylacetamide 0.092 17

23.38 Unknown 0.049 57

23.61 Unknown 0.012 14

25.18 Unknown 0.009 084

25.36 Octanal 0.042 81

26.21 Benzaldehyde 0.1872

26.47 Unknown 0.011 58

26.71 Hydrocarbon 0.033 10

26.92 Unknown 0.007 003

27.13 Unknown 0.007 357

28.71 Nonanal 0.022 34

29.92 Hydrocarbon 0.055 10

31.44 Siloxane 0.010 32

31.97 Decanal 0.005 342

33.29 Unknown 0.007 254

34.47 Naphthalene 0.005 286
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36.63 Hydrocarbon 0.008 242

37.08 Unknown 0.008 365

39.30 Unknown 0.014 87
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Table B.9: Compounds detected from artefact 90A0049 after 48 days.

Retention time (min) Compound Standard adjusted peak area

8.69 Acetone 0.035 63

9.92 Carbon disulfide 0.5698

11.72 Unknown 0.016 53

11.96 Acetic Acid 0.021 90

12.47 Acetic Acid 0.034 39

13.25 Heptane 0.013 58

13.53 Unknown 0.013 78

13.68 Unknown 0.002 125

13.82 Unknown 0.014 12

14.90 Pentanal 0.020 10

16.42 Siloxane 0.1694

17.23 C9 Hydrocarbon 0.007 684

17.47 Toluene 0.011 94

18.42 Hexanal 0.041 04

18.72 C9 Hydrocarbon 0.013 69

19.98 Unknown 0.032 66

20.91 Ethyl benzene 0.025 62

21.08 Xylene 0.037 46

21.50 Unknown 0.059 14

21.91 Heptanal 0.026 85

22.22 Xylene 0.021 95

22.69 N,N-Dimethylacetamide 0.065 21

23.38 Unknown 0.028 41

23.58 Unknown 0.008 656

24.68 Pentyl furan 0.003 703

25.18 Hydrocarbon 0.006 492

25.36 Octanal 0.020 50

25.53 Siloxane 0.009 441

26.05 Benzaldehyde 0.096 60

26.21 Limonene 0.068 48

26.71 Hydrocarbon 0.030 73

26.93 Unknown 0.008 165

28.71 Nonanal 0.046 68

29.92 Unknown 0.033 10

31.44 Siloxane 0.008 010
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31.98 Decanal 0.005 922

33.12 Hydrocarbon 0.004 913

34.47 Naphthalene 0.004 286

36.64 Hydrocarbon 0.005 666

37.10 Unknown 0.006 233

39.32 Unknown 0.010 72
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Table B.10: Compounds detected from Barge Deck object after 48 days.

Retention time (min) Compound Standard adjusted peak area

8.68 Acetone 0.027 48

9.92 Carbon disulfide 0.4513

11.78 Acetic Acid 0.064 88

12.37 Unknown 0.025 63

13.23 Heptane 0.015 66

13.92 Unknown 0.014 86

14.76 Unknown 0.023 83

15.12 Unknown 0.007 327

15.46 Unknown 0.016 67

16.41 Siloxane 0.1928

17.24 C9 saturated HC 0.036 11

17.47 Toluene 0.044 74

17.98 Unknown 0.007 760

18.41 Hexanal 0.041 33

18.72 C9 saturated HC 0.030 53

19.97 C10 saturated HC 0.017 07

20.91 Ethyl benzene 0.014 80

21.09 Xylene 0.017 34

21.50 Unknown 0.1334

21.91 Heptanal 0.018 72

22.23 Xylene 0.006 120

22.50 N,N-Dimethylacetamide 0.2807

23.38 C10 saturated HC 0.019 79

23.58 Unknown 0.012 77

24.20 Unknown 0.015 64

24.68 Unknown 0.010 84

25.18 Saturated HC 0.016 85

25.37 Octanal 0.028 66

25.54 Siloxane 0.041 06

26.05 Benzaldehyde 0.1755

26.23 Limonene 0.1291

26.71 C11 saturated HC 0.032 04

26.90 Unknown 0.010 50

27.13 Unknown 0.007 201

27.33 Unknown 0.007 423
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27.63 Unknown 0.008 735

28.13 Unknown 0.002 681

28.39 4-Cyanocyclohexene 0.054 19

28.72 Nonanal 0.047 70

29.24 Unknown 0.007 295

29.94 C12 Alcohol 0.024 12

31.47 Unknown 0.014 43

31.99 Decanal 0.009 806

33.17 Saturated HC 0.003 002

35.13 Unknown 0.003 916

36.71 Unknown 0.004 758

37.23 Unknown 0.010 75

37.97 Unknown 0.028 32

39.42 Unknown 0.004 312
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Repeat Exposure of Lead Coupons to Sound Wood

Figure B.1 shows the weight changes of lead coupons after exposure to treated and untreated

sound oak samples. This exposure was performed without additional cutting of the samples.

Figure B.2 shows the colour change of the lead coupons after this 15 week exposure to the

sound wood.

Figure B.1: Mass change of lead coupons per surface area of lead after exposure to uncut sound
wood samples with different PEG molecular weight treatments for 15 weeks. The error bars
represent the range of the data.

Figure B.2: Image of lead coupons after exposure to uncut sound wood samples with different
PEG molecular weight treatments for 15 weeks. The exposed coupon is on the left, and is
compared to an unexposed coupon on the right.
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Additional Raman Spectra

This section shows additional Raman spectra which complement the discussion in Chapter 3.

Figure B.3: Raman spectra of lead coupons after exposure to a formic acid solution.
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Figure B.4: Raman spectra of lead coupons after exposure to acetic acid solutions with saturated
sodium bromide for 15 weeks.

Figure B.5: Raman spectra of lead coupons after exposure to artefacts from the Mary Rose
Museum for 17 weeks.



Appendix C

Additional Information for Chapter 4

Raman Spectra

Figures C.1 and C.2 show the Raman spectra for lead oxide particles after exposure to acetic

acid vapour generated using a DVS system and acetic acid solutions at 50% and 20% RH re-

spectively. The Raman spectra after exposure at 50% RH are similar to that observed at 75%

RH – lead oxide has converted to lead acetate. However, after exposure at 20% RH, lead oxide

peaks are still present, indicating that the particles did not completely convert to lead acetate, as

observed after higher RH exposures.

Figure C.1: Raman spectra of exposed lead oxide particles to acetic acid solutions at 50% RH.
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Figure C.2: Raman spectra of exposed lead oxide particles to acetic acid solutions at 20% RH.
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Acetic Acid DVS Exposures at 20% RH

Figure C.3 shows the weight change of lead oxide particles after exposure in the DVS to acetic

acid vapour at 20% RH. Figure C.4 shows the weight change after exposure to a 12% acetic acid

solution at 20% RH, followed by a non acidic dry flow of air. Unlike exposures at higher RH,

there is no evidence of water loss from the surface after switching to the dry flow.

Figure C.3: Mass change of lead oxide particles during exposure to vapour from acetic acid
solutions at 20% RH.
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Figure C.4: Cycling exposures between a 12% acetic acid solution at 20% RH and a dry non
acidic environment.
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Water Vapour DVS Exposures

Figure C.5 shows that there are only small differences between the humidity driven weight

changes of lead oxide particles dried from an old suspension compared to that dried from a

freshly prepared suspension.

Figure C.5: DVS exposures for old and newly prepared lead oxide particles dried from suspen-
sion.
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