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Abstract

Work in this thesis is comprised of three iatelated projects to develop methods for
detection of biocide residues in heritage environments. In the first phase of the work
gas or liquid-chromatographic methods of analyses were developed to deterddtO ta
analytes (aldrin, camphor, chloronaphthalene, dichlorodiphenyltrichloroethane,
dichlorvos, dieldrin, endrin, hexachlorocyclohexane, naphthalene and thymol). The
results obtained were summarised in a flowchart that could be easily interpreted by
potental endusers (norscientific personnel in heritage environments). The utility of

the methods was demonstrated by performing a number of case studies in U.K. based
heritage institutions. A nhumber of the target analytes (camphor, chloronaphthalene,
hexachloocyclohexane, naphthalene) were successfully detected in the \a@Ea

across several institutions and a tentative identification of dichlorvos was made after
swabbing a case study object. The sampling technique for the developed methods was
performedby museum staff after sending samplers to institutidasRoyal Mail,
highlighting the ease with which sample collection for these techniques can be
conducted. The analysis showed that the concentrations of the substances detected in
air were not likely @ pose a significant hazard to human health, demonstrating the
potential of the developed methods for use as a means of determining the safety of

those working with the contaminated objects.

In the second phase of work, an agar sensor was loaded witmabiileed enzyme,
acetylcholinesterase, to develop a sensor for the detection of organophosphates in swab
or vapoutphase samples. The presence of a model organophosphate (dichlorvos)
inhibited a colour change reaction in which the enzyme substrate, Iradmtgite, was
oxidised to indigo after undergoing an enzyoa¢alysed hydrolysis. This sensor
potentially has significant advantages over current methods of detection for
organophosphate pesticides in heritage institutions, as it was shown to be simple,
cheap, easy to use and did not require specialist training or equipment to perform the
analysis or determine the result. The developed melfzolda detection limit of
13mgdm3®di chl orvos in solution, and masses
provide pogive results when collected using a swab. Furthermore, the gels developed

have a shelf life of several weeks and are thus easily transported for use within heritage



institutions.  Significantly, the developed organophosphate sensor was also
demonstratedotwork in the vapouphase, possibly allowing objects considered too
fragile for contact sampling to be tested for the presence of organophosphate

pesticides.

Finally, preliminary work was conducted to develop a method for the determination of
mercury inheritage environments. Silica xerogel or agar hydrogel supports were used
to immobilise diphenylcarbazone (DPC), a colorimetric reagent used for the detection
of mercury, in order to address an unmet need for simple anéftestiive detection

of organicbiocides. Agar gel was considered to be the most suitable matrix and was
used to form the basis of a cheap, easy to use, selective and sensitive method for the
detection of mercury chloride in heritage environments. This work was concluded by
spiking simuéted objects with mercury chloride solution, following detection with the
newly developed sensor. The sensor was shown to produce a colour change that was
readily observable using the naked eye down to concentrations of 10 Awgjtthout

the need for insumentation, offering a significant cost advantage over established
techniques for the detection of mercury in heritage institutions such-rag Xx
fluorescence spectrometry. DPC gels were also shown to be effective when dried. This
significantly extendedhe shelf life of the DPC reagent, which, according to literature

studies, previously required preparation immediately before use.

The phases of work presented here have developed several novel methods for the
detection of both organic and inorganic bioside heritage institutions. The work was
specifically focussed on making the developed methods suitable for use by untrained
personnel from a nescientific background without the need for specialist training or

equipment.
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Table i: Grades and suppliers of substances used throughout this thesis

Substance Grade Supplier

Associated hazards

1-chloronaphthalene Technical grade SigmaAldrich, Gillingham

4,4-DDT 98% SigmaAldrich, Gillingham

5 , -@itbiobis 09 8 % SigmaAldrich, Gillingham
(2-nitrobenzoic BioReagent
acid)

Harmful
Causes skin/eye irritation
Very toxic to aquatidife

Toxic if swallowed

Toxic in contact with skin

May cause cancer

Causes damage to organs through repeated or prolonged
exposure

Very toxic to aquatic life with longasting effects

Causes skin/eye irritation
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Substance

Grade

Supplier

Associated hazards

Acetylcholinesteras¢ Type VIS,

Acetylthiocholine

chloride

Agar agampowder

Aldrin

Bovine serum

albumin

lyophilized
powder

099% (TL

Laboratory

reagent

Pestanal
analytical

standard

Lyophilized
powder, >96%

SigmaAldrich, Gillingham

SigmaAldrich, Gillingham

Fisher Scientific,

Loughborough

SigmaAldrich, Gillingham

SigmaAldrich, Gillingham

Causes serious eye damage

Fatal if swallowed

Fatal in contact with skin

Suspected of causing cancer

Causes damage to organs through repeated or prolonged
exposure

Very toxic to aquatic life with longasting effects
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Substance Grade Supplier Associated hazards
Camphor Pur um, O SigmaAldrich, Gilingham Flammable solid
Harmful if swallowed
Causes skin irritation
Causes s@us eye damage
Dichlorvos Pestanal SigmaAldrich, Gillingham Fatal if swallowed
analytical Fatal in contact with skin
standard Very toxic to aquatic life
May cause an allergic skin reaction
Dieldrin Pestanal SigmaAldrich, Gillingham Toxic if swallowed
analytical Fatal in contact with skin
standard Suspected of causing cancer
Causes damage to organs through prolonged or repeated
exposure
Very toxic to aquatic life with longasting effects
Diphenylcarbazone Mixture with SigmaAldrich, Gillingham -

diphenylcarbazide
~60%




Substance Grade Supplier Associated hazards
Endrin Pestanal SigmaAldrich, Gillingham Fatal if swallowed
analytical Toxic in contact with skin
standard
Ethanol Absolute, HPLC Fisher Scientific, Highly flammable liquid and vapour
grade Loughborough Causes serious eye irritation
Glycerol 099 % SigmaAldrich, Gillingham -
HCH (1:1:1:1 Pestanal SigmaAldrich, Gillingham Toxic if swallowed
U: b: o: G i analytical Harmful in contact with skin
standard Suspected of causing cancer
Harmful to breasted children
May cause damage togans through prolonged or repeated
exposure
Very toxic to aquatic life with longasting effects
Hexane 95% nHexane Fisher Scientific, Highly flammable liquid and vapour

Loughborough

May be fatal if swallowed and enters airways

Causes skin irritation




Substance

Grade

Supplier

Associated hazards

Hydrochloric acid

Indoxyl acetate

Isopropyl alcohol

10 N Certified

>95% (TLC)

HPLC grade

Fisher Scientific,
Loughborough

SigmaAldrich, Gillingham

Rathburn, Walkerburn

May cause drowsiness or dizziness

Suspected of damaging fertility

May cause damage to organs through prolonged or repeat:
exposure

Toxic to aquatic life with londasting effects

May be corrgive to metals
Causes severe skin burns and eye damage

May cause respiratory irritation

Harmful if swallowed
Causes skin irritation
Causes serious eye irritation

May cause respiratory irritation

Highly flammable liquid and vapour
Causes serious eye irritation

May cause drowsiness or dizziness
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Substance Grade Supplier

Associated hazards

Mercury chloride ACS reagent, SigmaAldrich, Gillingham
099. 5%

Naphthalene Scintillation SigmaAldrich, Gillingham
ggade, O¢

Phosphate buffered - SigmaAldrich, Gillingham

saline tablets

Potassium ACS reagent, SigmaAldrich, Gillingham
dichromate 099. 0%

Fatal if swallowed

Fatal in contact with sk

Causes severe skin burns and eye damage

Suspected of causing genetic defects

Suspected of damaging fertility

Causes damage to organs through prolonged or repeated
exposure

Very toxic to aquatic life with longasting effects

Flammable solid
Harmful if swallowed
Suspected of causing cancer

Very toxic to aquatic life with longasting effects

May intensify fire; oxidizer
Toxic if swallowed

Fatal in contact with skin
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Substance Grade Supplier Associated hazards
Fatal if inhaled
Causes severe skin burns and eye damage
May cause an allergic skin reaction
May cause allergy or asthma symptoms or breathing
difficulties if inhaled
May cause genetic defects
May cause cancer
Suspected of damaging fertility
Causes damage to organs through prolonged or repeated
exposure
Suspected of damaging the unborn child
Very toxic to aquatic life with longasting effects
Potasium Certified ACS Fisher Scientific, May be corrosive to metals
hydroxide Loughborough Harmful if swallowed

Tenax TA sorbent

tubes

Markes International,

Llantrisant

Causes severe skin burns and eye damage
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Substance Grade Supplier Associated hazards
Tetraethyl 099. 0% ( SigmaAldrich, Gillingham Flammable liquid and vapour
orthosilicate Causes serious eye irritation
Harmful if inhaled
May cause respiratory irritation
Thymol 099. 0% SigmaAldrich, Gillingham Harmful if swallowed

Causes severe skin burns and eye damage
Toxic to aquatic lifevith long-lasting effects
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1. Introduction

1.1.Pesticides and heritage collections

Pesticides are substances which can be used to protect heritage collections by
preventing,repelling or killing pests that would otherwise damage objects. The
application of these hazardous chemicals to natistdry, ethnographic and botanical
material in heritage institutions to protect against insect and fungal attack is generally
accepted as having been widespread. Before the use of interventive treatments like
these, collections containing organic matesiare often lost to decay and infestatfon.
Application methods for pesticides are varied and include spraying, dipping,
sublimation, painting, brushing and dusting techniques, depending on the substance

being applied.

Biocide preparations were often applied to objects following the instructiongef lar
museums such as the American Museum of National History and the Smithsonian
Institution® These activities were typically considered part of the general care of the
collection and were rarely documented. As Briggsl* noted with toxic mercury
compounds used for this purposei t i s not [the Cambridge
indi cateéehbahagspebeen tr eat Asbuckyietords mer c u
of biocidal treatment are often incomplete, if they exist at all.

Pesticides, and other chemical hazards, used as interventive pest treatments may still
be present in the form of residuesigrose a significant health risk to staff and visitors

to the collections. To develop methods for the determination of pesticides in heritage
collections, it is important to fully understand the scale of the profaleimg analytical
chemists performinghis task. Objects within a collection may have been exposed to
more than one substance as part of continual routine disinfestéfioa.scope of the
challenge has been discussed by Rbal® who detailed a list of nearly 100 pesticides
known to have been used in heritage institutions. This list describelatiéne of first
synthesis, date of federal registration as a pesticide, the legislative status of the
substance (cancelled, restricted, or continued use), method of application, physical



appearance, target pests, field Hdé#f and environmental persistencThis list
highlighted the wide use of different pesticides and that the choice of pesticide use was

not always recorded.

1.1.1. Usage trends in the 19 Century

In the 19" century arsenic soaps and mercusaltswerewidely usedn conservation
treatmentdor objects held irethnographior natural science collectiosThe early
19" centuryalso saw an increase in exploratory expeditisush as those made by
LewisandClark, and Heny Morton Stanleyin which explorersvereordered to create
maps and collect natural samples, which needed to be presefuedexpeditions
themselves are discussed at length in liteed™'! The preferred method of
preservation of the collected sampieas an application of mercury and/or arsenic
compoundsas described by Baittiand later Goldberg.The diemicalswereapplied

to the materials in a variety of ways, for example, skins Wweried in sand saturated
with mercuric chloridéHgClo) solutions, omaterials wereubbedwith thechemical
treatment solutionAs Goldberg noted, arsenic and merceompoundswere in
regular use at the Smithsonian until the late 1800s. It is therefore expected that other
institutions adoptedsimilar treatment methoddHougH® also described &reatment
methodthat usedx solution oHgClz>in 50% alcoholwith a small amount of naphtha

addedo prevent recrystallisation of the mercury salt.

While thesetreatmentsvere not commonly applied to ethnographic collatsi after

the late 1800gheir usecontinued in natural history and taxidermy collections into the
latter half of the 20 century! As a resultyariouspublications reported the use of
HgCl (also known as corrosive sublimptgs an insecticide in ethnographic and
herbarium collection$.> %20 Arsenic trioxide (AsOs), in the form of arsenical
powders soapsor solutions werealso discussed as treatment methods and therefore
were a latesource opotentialcontamination in ethnographic collecticitg.he extent

of treatment methods involving the useatdenicsalts was, adetermined by Siroj&

more excessive than famercuric chloridéheritage collections.

The use of natural biocides was also common at this time. Camphor was used
frequently in natural history and ethnographic collections as it caldalsily, and
cheaply, steam distilled from the wood and leaves of the camphor Gineshomum



camphora® % 22 Camphor would have been used in a similar manner as mothballs,
where small containers of the material would be placed in display cases and allowed

to volatilise into the envonment.

1.1.2. Usage trends in the earlymid 20" Century (19007 1950s)

Throughout the early half of the 2@entury, metabased pesticides were commonly
used. Bythe 1940sthe agricultural and domestitse ofarsenic trioxide As;Oz) in
theUnited States oAmerica was approximate0 000tonnes per annunin addition,
several tonnes afther arsenic compoundsich adaris green, a copper acetoarsenite

pesticide were also usetl

This time period also saw the introduction of organochloride pesticides which were
used as treatment methods for fumigati®aradichlorobenzene (PDB) substituted
aromaticcompound,was widely used as it readily volatilises abmo temperature
Together with naphthalene, POB still one of the major constituents mothball
formulations®® 22 The popularity obrganochloride pesticides grew in the agricultural
industry and a greater range of compounds was developed to include organochloride
functionality. In 1939the insecticidhproperties of dichlorodiphenyltrichloroethane
(DDT) were discovered by Swiss chemist Paul Muller, for which he won the Nobel
Prize for Medicine in 1948 During World War I, DDT was successfully used
against mosquitos to provide troops with protection from malaria when fighting in the

jungle andwas not available for use outside the military’

1.1.3. Usage trends in the midlate 20" Century (1950si 1990s)

After World War Il, DDT wasmadeavailable for civilian use as an agricultueadd
householgesticide and its production and use increased gré&agiyre 1.1 shows an
image fromNational Geographic magazine published in 1996 of DDT being sprayed
from a TIFA (Todd Insecticidal Fog Applicator) at Jones Beach in New.5okk the

same beacltkigure 1.2 illustratesa public safety image f@DT where the substance
wassprayed around Kay Heffernon to demonstrate that it would not contaminate her
food?° Soon afterenvironmental concerns were raised about DDT in the early 60s by
campaigners such as Rachel Car¥amdits popularitydecreased. More importantly,

its usageas a pesticidal treatmentas outlawed in over 170 countriekie to



environmetal concerns, as well as the evidence of carcinogenicity seen in

experimental animaf&3*

Figure 1.1: DDT being sprayed at Jones Beach, New York, 1953

One of themainenvironmental concerns with the use of organochloride pedigde
that they are persistent pollutants due to their hydrophobic nahdeareeasily
biomagnified. This means that as DDTand its metabolites such as
dichlorodiphenyldichloroethylené®DE), move up through the food chaime toxic
effect of DDT increases, as the resaoftconsuming contaminated food on lower
trophic levelsprovides organi®s higher in the food chain with larger cumulative
doses than that of animals on lower levdlse deleterious effects ofganochloride
pesticides alsanclude the thinning of eggshells of larger birds of prey such as
peregrine falconkading to ssharpdecrease in thienumbers®



Figure 1.2: Kay Heffernonpicturedin a fog of DDT to demonstratts safe us@

Organophosphate (OP) pesticidesuch as dichlorvos (2,2-dichlorovinyt
dimethylphosphate dPDVP, also known as Vapo#a), were also developed titis

time. As an extension of Gand \tclass nerve agents developed by the British armed
forces at Porton Down,ichlorvos acts on the parasympathetic nervous system to
increase the level and duration of action for the neurotransmitter acetylcholine by
inhibiting the action of acetylcholinesterase (ACRE)Inder normal action, a neuron
fires when acetylcholine binds to receptors on the cell, leading to muscle contraction.
After this, AChE degrades acetylcholine into acetic acid and choline. However,
dichlorvos molecules phosphoryathe AChE necessary for the relaxation of the
neuron, permanently deactivating the enzymehis renders the muscle or organ
unable taelax thecontractions, leading to palysis and death. Exposure totdorvos

and othewolatile OPs caroccurthough inhalatioror via dermal absorption. In terms

of persistence, OPs ametregardedo beas long lasting agrganochloridgesticides,

but this is counterebly theirgreater acute toxicity. Smaller quantities of OPs were
thereforeapplied to killatarget organism and as OP pesticides were not as stringently
controlled asorganochloridepesticides, their usage was favouidging this time

period.



1.1.4. Usage trends in the late 20 and early 27 Centuries (1990si

present)

Modern pest control methods imuseumsavoid the use ofpotentially hazardous
chemicals wherever possible. Current disinfestation treatments involve either low
temperaturg@rocessesvherethe object is frozen to Kill pests, orethodsuse carbon
dioxide or nitrogeras asphyxianjases.> However both methods require significant
space to set up and are unsuited to the treatment of large ol§ents. modern
pesticides feature a toxophore based on pyrethaumatural insecticide derivecfn

plants of the genusChrysanthemun specifically C. cinerariifolium and C.
coccineunt® These substancesalled pyrethroids, have also found use in heritage

environments due to thesonversion to nomoxic metabolitesn mammals3®4!

1.2.Health effects of selected pesticides used in heritage collections

A set of 10 chemical hazards was selected for study in this thesis after consultation
with a number of heritage institutions and professionals across the UK. Thes
institutions and professionailsere asked (to the best of their knowledge) which
pesticides either were or had potentially been used in their collections. The biocides
were selected based on how commonly they were used, with consideration of their
harmful health effects also being madée biocides selected for study were: aldrin,
camphor, chloronaphthalene, dichlorvos, DDT, dieldrin, endrin,
hexachlorocyclohexane (HCH), naphthalene and thymol. This list comprised six
organochlorides, two simple aromatics, one organophosphate ancerpeaoid
substance. Inorganic biocides were represented by investigating colorimetric methods
for the determination of Hg&lVapour densities of each of the biocides of interest to
this project may be calculated from vapour pressures at a given tempeasitper
equation 1.1, whered is the saturated vapour densi®/js the gas constarp,is the
vapour pressure of the substankkjs the molecular weight and is the absolute
temperature.

0

Equation 1.1



Physical and toxicological properties of the selected pesticides are presented below in

Table 1.1in order of descending saturation vapour density.tdble shows the vapour

pressure at a given temperature, as well as the calculated saturation vapour density in

ug dm® at that temperature. lpvalues for substances where available, along with

their route of administration. Specific hazard informafimmeach substance may be

found inTable i at the start of this thesis.

Table 1.1: Physical and toxicological properties of selected heritage biocides

Compound Temperature Vapour  Saturation LDso
(°C) pressure vapour (mg kg™,
(mPa) density (ug exposure
dm3) route,
animal
Camphof? 20 20000 1246.® 1310,
oral,
mouse
Naphthalen® 20 6500 341.20 490, oral,
rat
Thymof*3 20 5370 330.38 980, oral,
rat
Chloronaphthalerfé 25 3857 252.54 1540,
oral, rat
Dichlorvos® 20 290 26.25 25, oral,
rat
Mercury*> 46 20 171.3 14.07 Data not
available*
HgCL* 35 18.6 1.97 41,
dermal,
rat
Aldrin®’ 25 8.56 1.01 39, oral,
rat




Compound Temperature Vapour  Saturation LDso

(°C) pressure vapour (mg kg?),
(mPa) density (4g exposure
dm3) route,
animal
Lindané? 20 5.6 0.67 88, oral,
rat
Dieldrin*’ 25 0.4 0.05 38, oral,
rat
Endrirf® 25 0.036 4273 10% 3, oral, at
DDT#3 20 0.02527 3.673 10° 87, oral,
rat
* LCso (concentration required to kill half the dosed population) for inhalation b catsr 2 h was <2ihgm3

1.2.1. Properties of aldrin and dieldrin

Aldrin and dieldrin (see chemical structuresHigure 1.3) are structurally related
organochloride  pesticides formed via a Didlder reaction of
hexachlorocyclopentadiene with norbornadi&hé further epoxidation of aldrin
yields dieldrin®® Both compounds were used as insecticides and agricultural seed
treatmentsdr the control otermites, grasshoppers, wbborers, beetles, and textile
pests! Both compounds are practically insoluble in water and moderately to highly
soluble in alkanes, aromatic and chlorinated solvents. The vapour pressure of aldrin is
8.56 mPa, and dieluiris 0.4 mPa at 25 °€.

c. C

Figure 1.3: Chemical structures of aldrin (L) and dieldriR)(

The lowest reported dose in man with a fatal outcome was 10 thigddy weight®!
Oral LDsp values for rats (the dose required td kilf of the dosed population) are



low at 39 and 38 mg Ky indicating high acute toxicity. The effects of acute toxicity
include tremors, convulsions and hyperexcitability, as the substance affects the central
nervous system (CNS). Long term carcinagey studies were carried out with aldrin

and dieldrin, in which all mice were found to develop both benign and malignant

tumours as a resuit.

1.2.2. Properties of camphor

Camphor (se€igure 1.4) is a terpenoid compound found in the leaves and wood of
the camphor laureCinnamomum camphord Camphor is a flammable waxy solid

with a distinctive, penetrating odour and is soluble in ethanol, atigechloroform.
Camphor is known to cause skin and eye irritatfofhie main risks from exposure to
canphor are to the CNS and kidneys. Convulsions followed by depression and renal
damage have been reported after exposure to relatively small amounts of the substance
with toxic effects being observed after ingestion of approximately 2 g, and zamil.D
apprximately 1310 mg kg in rats#> 53 Camghor is highly volatile, with a vapour
pressure at 20 °C of 20 000 miP¢he highest of the 10 pesticides selected for study

in this work?#?

O

Figure 1.4: Chemical structure of camphor

1.2.3. Properties of chloronaphthdene

ChloronaphthaleneF{gure 1.5) is a chlorinated compound structurally related to
naphthalenerigure 1.10) in that the 1 positionfahe ring system has been substituted,
replacing H with CI.



Cl

Figure 1.5: Chemical structure of chloronaphthalene

It is a colourless oily liquid with a vapour pressure of 3900 mPa at standard
temperaturé? The substance causes skin irritation and isfid if swallowed, as well

as being very toxic to marine lifé.

1.2.4. Properties of dichlorvos

Dichlorvos Figure 1.6) is an acutely toxic organophosphate compound that kills the
target organism by inhibiting the action of AChE (refeBtxtion1.1.3. Dichlorvos

is an oily colourlesgellow liquid at room temperature with a sharp odour. The
substance is toxic through inhalation, dermal absorption and ingésiibe. vapour
pressure of dichlorvos at 20 °C is 290 miP@he LDso (oral, rat) is reported at
28mgkgt>® The maxinum level stated by one study, causing no significant
toxicological effect in man is 0.01 nigy* day? by inhalation®®

O
1
Cl \Ié\o,-g‘ao/
Cl -

Figure 1.6: Chemical structure of dichlorvos

1.2.5. Propertiesof DDT

DDT (Figure 1.7) is an organochloride pesticide with the appearance of white crystals,
and is practically insoluble in water, but readily soluble in-polar organic solents.

DDT has a vapour pressure of 0.0235 mPa at 204i@ is a CNS stimulant acting on
the cerebellum and obor cortex, inducing hyperexcitability, tremor and muscle

weakness. Convulsions and myocardial sensitivity may also ®cBIDT has a high
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fat/water partition coefficient leading to higher concentrations of the substance being
stored in adipose tissues than elsewhere in the Hodly.such, DDT is eliminated
from the body slowly, at a rate of approximately 1% of stored DDT pefé@R.T

has limted toxicity through dermal absorption and the low volatility reduces the risk
of poisoning by inhalation of vapour. As such, the most likely route of exposure is

through accidental ingestion of the substance.

In humans, DDT is considered likely to beasainogen and is classified as moderately
hazardous by the World Health Organisation based on the rat asd1.EY mg kg'.>°

As an endocrine disruptor, DDT has also shown to disrupt normal pregnancy cycles,
and adversely affect menstruation cycles and semen gtfality.

Cl i Cl

Cl Cl

Figure 1.7: Chemical structure of DDT

1.2.6. Properties of endrin

Endrin is an organochloride pesticide that shares some structural similarities with other
cyclodiene pesticides such as dieldrin and aldrin. Endrin is sysnthesised by condensing
hexachloocyclopentadiene with acetylene at 4bb °C at 1¥00-27 500 kPa. The
product is condensed with cyclopentadiene a980°C at ambient pressure and
epoxidised by peracetic acitl.The structure of endrin is shown Figure 1.8.
Properties in common with aldrin and dieldrin include low solubility in water but high
solubility in lipids and a low vapour pressure of 0.036 mPa 4C28

11



Figure 1.8: Chemical structure of endrin

The oral toxicity of endrin to rats is as low at 8 mgtkmaking it the most toxic of
the organochloride pesticidetudied heré The mol ecul ar mechani s
toxicity is not known. Unlike aldrin and dieldrin, bioaccumulation is relatively limited

due to the rapid biodegradation of the substance.

1.2.7. Properties of HCH

HCH is a name used collectively  for  the isomers  of
1,2,3,4,5,6hexachlorocyclohexane, formeth the photochlorination of benzene. The
isomers differ in axiakquatorial substitution patteron the ring, with each isomer
being denoted by the Greek lettérs b, 5, ,d&s,shownirFigire L& hd d
should also be noted tHa#HCH has two enantiomeric forms. Th¢ICH isomer, also
known as lindane, has the highest pesticidal acti¥ifjhe physical and chemical
properties of these substances are sumnuaiis&able 1.2.%2 The table also lists a
bioconcentration factor (BCF) for each substance, defined as the ratio of

concentrations of the substance in a selected tissue and water.

Accordingto Willett et al®2 toxicological mechanisms for HCH are largely unknown,
however the substances primarily affect the CNS as well as renal and hepatic functions.
Lindane poisoning causes ataxia, tremors, convulsions, and stimulated respiration. At
very high doses, lindane causéblS damage resulting in convulsions and death.
Lower doses are quickly metabolised, however renal, hepatic and reproductive

problems have been reported.
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Table 1.2: Selected physical and chemical propertieselected HCH isoméis

Property U b 2 u U

Melting point (°C) 1597 :3097311271:1387112197 :

Vapour pressure (mP: 16 £ 0.9 0.042 53%x14 21 No data
at 20 or 25C) +0.003

| oKgw 3.%¢213.9 K3.7 14.1 KN Nodata
BCF in hum20 N 527 K19 N 85 No data

BCF in aqu2.6 [2.9 K2.5 I Nodata Nodata

Cl cl o (of
CI\@CI Cl:(j,m Cla_~_Cl CI:@CI
c "¢ T Y7 el e ; “cloclT YT el

Cl Cl Cl Cl

Alpha pair Beta Gamma

Cl cl o o]

] ~_Cl CI ~_ .Cl CI ~_.Cl CI ~_ ,Cl
Cljg',"m CI]Q el CI:Q\CI Clj:;:cn
Cl Cl Cl Cl
Delta Epsilon Eta Theta

Figure 1.9: Structures of}, -, B, 2,l, -, d a-R@H (tdp Li bottom R)

1.2.8. Properties ofnaphthalene

The chemical structure of naphthalene is showiigure 1.10. Naphthalene is a
bicyclic aromatic compound formed by fusing 2 benzene rings, with thsigathy
appearance of white solid crystals or flakes with a strong characteristic odour which
Amoore and Hautafaclaim is detectable in air by humans at concentrations as low as

0.08 ppm v/v, equivalent to 0.42 mg®m
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Figure 1.10: Chemical structure of naphthalene

Naphthalene is soluble in alcohols and ethers, and has a vapour pressure of 6500 mPa
at 20 °C? Exposure routes faraphthalene are predominantly oral and by inhalation.
Naphthaleneand dichlorobenzereontaining mothballs have also been reported to
have been abused by inhalatf§idermal exposure to naphthalene can cause erythema
and dermatitis as hypersensitivity reactiddgstemic reactions, sues jaundice and
haemolysis haveccurred after dressing infants in clothing stored wglphthalene
mothballs suggesting that percutaneoabsorption may occliP Ingestion of
naphthalene results in the formation of an epoxide metabolite responsible haemolysis
and hepatic necrosts. Naphthalene exposure has been linked to laryngeal and
intedinal carcinoma&? Oral LDsg values for naphthalene in rats are between 1760 and
2400 mg kd.%°

1.2.9. Properties of thymol

Thymol (Figure 1.11) is a monocyclic terpene thatovides the characteristic flavour
and strong odour of common thymehimus vulgar)s comprising 4547% of the
composition of thyme essential i1 Thymol is a colourless crystalline solid with a
pungent aroma of thyme.

OH

Figure 1.11: Chemical structure of thymol

The vapour pressure of thymol is 5370 mPa at 2ff T@ymol is a corrosive substance

and causes severe skin burns as well as unscheduled DNA symi@ghological
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transformation and sister chromatid exchange in hamster enfdrjjos.oral LB is
980 mg kgt in rats®’

1.2.10.Properties of mercury (1) chloride

Mercury(ll) chloride, Hgd, is an inorganic compound with the appearance of white
crystals or powder. The substance is known to cause severe burns on contact with skin,
and was previously known as corrosive sublimate. The vapour pressure ofisigCl
18.6 mPa at 35 °C making it less volatile than elemental metédryThe dermal

LDso for rats is 41 mg kg.%8

1.3.Current methods for the measurement of volatile pesticides in

heritage collections

Current methods for the analysis of pesticides in museum environpnedninantly

rely on contact sampling. This typically involves swabbing objeuth solvents,

before analysig the swab. In a method previously used by the British Musasmwab

wetted with hexane was applied to an object in order to test for the presence of
organochloridepesticides. The swab was extracted in 2:1 hexane/acetmng au

Soxhlet processThe extraction solvenprior was evaporated to dryness and
reconstituted in Sm* hexane andnalysis by gas chromatograpl@C) with electron

capture detectiofECD).%° In the same reference, correspondence from the laboratory
conducting the analysis stated: dlevels ¢
recal brate our instruments accordinglyo, [
were significantly higher than anticipated. The report aimed to determine the presence

of a number of organochloride pesticides: aldrin, chlordane, DDT and metabolites,
dieldrin, endosulfan, endrin, HCH (all isomers), heptachlor and hexachlorobenzene.

Of this list only dieldrin, HCH and DDT were detected. A summary of the results is

presented iTable 1.3.
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Table 1.3: Summary of results from 1996 pesticides investigétion

Sample type Number of 10 cnf areas Residues ¢ carea?
swabbed

Box lid (pre 1970) 1 HCH 0.11, DDT 2.8

India clay and skin drum 1 DDT 0.14

Sumatra shield 1 DDT 0.13

East African basket 1 DDT 0.28

East African oxhide 1 HCH 0.06, DDT 1.71

Eskimo model boat 2 DDT 0.19

Oc. Melanesia paddle 2 DDT 0.18

Melanesia mat 1 DDT 0.17

Black pottery vessel 1 DDT 0.15, dieldrin 0.06

North American bow 3 DDT 0.13

While the Soxhlet extraction method used by the museum was successful in
determining the presence of DDT, HCH and dieldrin, collection of samples by
swabbing is generally not encouraged in heritage environments and is often only
acceptable under special circumstances, where it is absolutely necessary. This is
because the swabbing of often delicate or brittle objects with solvents poses a
significant risk of damage to the object, which conservation staff are obviously keen
to avoid As a further limitation of this method, the Soxhlet extraction process is time
consuming and complicated, making the preparation of even a modest number of

samples for analysis very laborious.

Glastrug® r eported the results of a survey
Ethnographic Department, whereby samples were collected from objects or cases
directly as either powders or surface scrapes taken with a scalpelleSangye
extracted using carbon disulfide and analysed by GC using flame ionisation detection.
The author reported the detection of aldrin, DDT, dichlorobenzene, dieldrin, lindane,

methoxychlor and naphthalene as pable 1.4. The author does not describe if the
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increased instances of DDT detection in the samples was attributed to the low volatility
of the substance causing high persistence, or if the prevalencexplasmed by the

previous extensive application of the substance in the museum.

Table 1.4: Summary of pesticide usage in the Danish National Mu&tum

Analyte Number of samples Number of positive
tested results

(percentage of total)

Aldrin 102 1 (1)
DDT 102 50 (49)
Dichlorobenzene 96 26 (27)
Dieldrin 102 1(1)
Lindane 102 2 (2)
Methoxychlor 102 28 (27)
Naphthalene 96 26 (27)

The method used by Glastrup was destructive, involving microsampling of objects by
taking scrapings and solvent extracting them using carbon disulfide. This manner of
sample collection is unlikely to be acceptable for many institutions fdr tha

destructive nature of the sampling and the use of carbon disulfide, a toxic and highly
flammable solvent. Further, the author recommends an 18 h extraction period which

is likely to cause long sample processing times.

Mayer et al’! reported both destructive and rdestructive techniques for the
evaluation of organochloride pesticides in simulated wooden art objects. Destructive
sampling was typically the milling of wood samples into sawdust, from which
pesticices were extracted using accelerated solvent extraction with dichloromethane at
100 °C, and a pressure of 100 bar, before analysing the extractant by GC with mass
spectrometry (MS). While the authors report successful detection of the target

pesticides usig this extraction technique, the technique in question is destructive and
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is thus affected by the same problems as other destructive techniques discussed

previously.

The same report also detailed a procedure for the determination of organochlorides in
air. The authors reported the use of a 23° dest chamber loaded with uncovered
wooden blocks previously soaked in pesticide solutions and approximately & dm

the chamber air was collected onto Tenax TA (hereafter just Tenax) sorbent tubes at a
rate of 100cm® mint. Sorbent tubes were thermally desorbed and the effluent was
passed into a GMS instrument for analysis. The authors report detection of
228ug m?2 dichlorobenzene, 1.2 pg findane and 0.13 pg HDDT with lower
concentrations being detectedhen fewer samples were placed in the chambers.
Samples were also collected while exposing the sample chamber to a constant flow of
air, generating one air exchange per h. Under these conditions, the concentrations of
the biocides detected was lower thagasuring the chamber without constant flow, at

119 pg e dichlorobenzene, 0.56 pughtindane and 0.10 pug HDDT.

While dichlorobenzene and lindane showed lower concentrations, DDT was detected
at approximately the same level. The use of an exposurenbeha offers
preconcentration of the analytes present, potentially increasing the concentrations to
detectable levels, despite the authors describing the transport of the objects to the
chamber as being prohibitively expensive and therefore likely to eitéd utility

to heritage users.

A second air sampling method was described by Mayer amders* using Gerstel

Twi sterE bars, stir bars coated with pc
samplers. These devices are typicatbed in stir bar sorptive extraction of npaolar

analytes from aqueous matrices. In the described work, the stir bar was placed on a
watch glass next to wooden blocks soaked in pesticide solutions inside the sampling
chamber described by Mayer above.eifl, 2, 4 or 7 d, the stir bars were removed

and analysed by thermal desorption-GIS (TD-GC-MS). Dichlorobenzene, lindane

and DDT were detected on the bars in masses up tontp@lchlorobenzene), 156)

(lindane) or 18 ng (DDT) with higher masses lgetrapped after longer exposure

times. However, as data were reported as masses it was difficult to determine the air
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flow over the surface of a stir bar, making quantification unlikely using this method

and decreasing its overall usefulness to museuraatmh workers.

In 2005, Schieweckt al.”? reported a study detailing organiedainorganic pollutants

in a German museum. In the study air was sampled, for formaldehyde and organic
acids, by pumping air at 2 drmin' through distilled water and 0.1 mai NaOH.

The formaldehyde sample was derivatised with-ggdtanedione and anomium

acetate before spectrophotometric analysis at 412 nm. lon exclusion chromatography
was used for the determination of acids in the NaOH solution. Volatile organic
compounds were sampled by pumping air through stainless steel sorbent tubes packed

with Tenax at a rate of 150 émin' for 40 min before analysing by FBC-MS.

Photoeacoustic spectroscopy was also applied for continuous monitoring of total VOC
(TVOC) values as a nespecific metric for indoor air qualitf? Dust was also
cdlected from surfaces and digested in nitric acid before analysis by induetively
coupled plasnmiatomic emission spectrometry for the determination of arsenic, lead,
cadmium, copper, chromium and nickel, while mercury was analysed by cold vapour
atomic absmption spectrometry. The authors found formaldehyde concentrations
ranging from 25110 pg m?®, which was in good agreement with previous stuffies.
Formic acid was detected in concentrations ranging from less than 103tg m
100pg m3, and acetic acid was detected in ranges of less than 5 pg481ug m3,

again inagreement with previous studi€sVolatile biocides dichlorobenzerand
camphor were detected at concentrations of 40 fgand 110ug nT indicating
previous use of these compounds, which was confirmed by a conservator.
Dichlorobenzene was used in the institution sampled between 1956 and 1959, with
synthetic camphor bejnused between 1956 and 2000 as prevention against insects
and fungi. Naphthalene was also detected at concentrations between 2 ancd®9 ug m
Crucially, the authors also noted that HCH was detectable in the indoor environment
at a concentration of 0.16 mg3. As the area sampled was fitted with local ventilation,
the authors noted that it was likely that the concentrations would be significantly
higher under normal conditions. The potential cost of plhctustic spectroscopy
combined with the need for spalised training in data interpretation potentially

reduces the likelihood this technique can be adopted in many heritage institutions.
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Dust analysis revealed that there were significant concentrations of biocides present
that would not have been deted&bsing the air sampling method, due to the low
volatility of the analytes. Concentrations of Eulan® (permethrin) were detected at
2760 and 110 pg ) indicating significant contaminatio@hloronaphthalene and
pentachlorophenol were also present, whighre part of the formulation of
Xylamon®. Non-contact samples may also be collected using solvent extracts of dust
that settled inside display casedprage areasr on other surfaces and has been
reported in literature a number of tinf€$’ This wouldalsoapply to anythe analysis

of anyfragments that had dropped from the main body of the artefact and were not
able to be repaired\s with previous solvent extraction analyses, the process detailed
here is time consuming and laborious. While the technique offers the advantage that it
is norrdestructive, it is also difficult to determine which object the dustilaemfore

the contamination, belongs to.

Schiewecket al’® followed this work by measuring of biocidal contamination in
museums. As before, Tenagrbent tubes were used to collect air from the sampling
environment in both active (pumped) sampling mode, and in passive (diffusive
sampling) mode, before analysis by-TBC-MS. Extraction of residues from dust was
again used to determine the quantitynaintvolatile and semvolatile pesticides.
Concentrations of chlorinated naphthalenes were measured at between 10 and
100mgkg? of dust, with pentachlorophenol (PCP), lindane and DDT being measured
at 1650 mg kg'. Pentachlorophenol concentrations artjzular, were noted to be at
the same order of magnitude as those detected bgiRkand StolZ°, who quoted
ranges of up to 400 mg Rgn collected dust. KyoR and StolZ® also perfornad air
analysis and measured concentrations in the range of -€(03and 0.22
2.40pugm2for PCP and lindaneAnalysis of dust resulted in measured DDT
concentrations of 82 mg kg'. As a reference, a median of 0.279 m¢' lend a
maximum of 9.61 mg k§ DDT in house dust was previously determined by Retlel
al.8%In a separate study, a DDT concentratié.2 mg kgt measuredy Butte and
Heinzow?! for sieved house dust in Germany. This would indicate that the

concentrations detectéy Schieweck and eworkers were condered relatively low.

20



1.4.Methods used to determine low volatility and inorganic pesticides

in heritage collections

A number of simple colorimetric tests exist for the determination of a wide range of
analytes. The tests are often referred to as spot testgacally involve swabbing a

small area on an object before adding a reagent to the swab and observing a colour
change, of which the intensity is typically proportional to the concentrations of analyte
present. Many of these tests are also availabldédeétection of chemical hazards in
museums, with the work of Odegaard andwawker$? being significant in the
heritage science sector; sEable 1.5. Odegaardt al?? used commercially available

test kits, reducing the need for museum staff to prepare regents themselves, thus
reducing the complexity of the analyses. However, as theutation of the test kits

and papers is proprietary, information on the chemical nature of the tests has not been
disclosed. As a result, the author of this thesis has provided suggestions for the likely
colorimetric chemistry involved in these reactionsd amas referenced primary
literature appropriately. More than half of the target pesticides discussed by Odegaard
were metals, or contained metals, indicating that contamination with these substances

is a significant problem for heritage institutions.

An dternative to spot testing for metals is available through the use-rmafy X
fluorescence (XRF) spectrometry as it is able to detect a wide range of elements
quickly and nordestructively:* 158291 Typically, XRF instruments are expensive and

require specialist training due to legislation pertaining to sources of ionising radiation,

and only measure discrete points on an object where the foeassesDussubieux

et al®describdt he capabilit-guaft iXtR&t iase dilmte mh e st
the techniquedid not take matrix or surface variation into accoufihe matrix

emission intensity of each element under study is a function of the concentration of

the element within the sample matrix, but also of the sample matrix®tself.
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Table 1.5: Spot testgor the presumptive determination of chemical hazards in heritage enviroAfnents

Target hazard

Method of sample collection

Reaction and colour change

Notes

Arsenic compounds

Borate compounds

Swab

Swab

Yellow - brown

1) As;Os + 12H" -
2AsH; + 3H.0

2) AsHs + 3HgBr -
As(HgBr)y + 3HBr

1) Boric acid + test paper
(diferulolylmethane)} red

(rosocyanine)

2) red paper + alkali blue

22

Test papers (Merkoquant®,
MachereyNagel,Duren) are
toxic. Hydrogen must be
generatedh situusing zinc and
corrosive HCI. Arsine and

HgBr are extremely toxic.

Requires addition of
concentrated HCIl and ammoni
Both are toxic and corrosive.



Table 1.5: Spot testgor the presumptive determination of chemical hazards in heritage enviroAfnents

Target hazard

Method of sample collection

Reaction and colour change

Notes

Carbamates

Copper

Swab

Swab

Colourless blue

For negative reaction. Presenc
of carbamates inhibit reaction

and no colour develops

CU?" + test paper pink-purple

complex
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Analysisused InQuest
OP/Carbamate Screen Kit
(Strategic Diagnostics,
Newark). Chemistry involved is
proprietary but indicated to be
enzymebased. Solutions have

no health ratings.

Reagent in test papers
(Cuprotesmo®, Macherey
Nagel,Diren) not stated, but
suspected to be dithiooxamide
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Table 1.5: Spot testdor the presumptive determination of chemical hazards in heritage envirodments

Target hazard Method of sample collection Reaction and colour change Notes

Lead Swab Forms pink complex Reagent in test papers
(Plumbtesmo®, Macherey
Nagel,Duren not stated, but
suspected to be sodium
rhodizonate®

Mercury vapour Passive vapour Greywhite- yellow Applied as a slurry to a

2Cul + Hg- Hglz +2Cu microsco slide, exposed

passively over 7 days.

Organophosphates Swab Colourless blue Analysis used InQuest

For negative reaction. Presenc
of carbamates inhibit reaction

and no colour develops
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OP/Carbamate Screen Kit
(Strategic Diagnostics,
Newark). Chemistrynvolved is
proprietary but indicated to be
enzymebased. Solutions have

no health ratings.



Table 1.5: Spot testgor the presumptive determination of chemical hazards in heritage enviroAfnents

Target hazard

Method of sample collection

Reaction and colour change

Notes

Sulfate compounds

Zinc

Swab

Swab

Red- vyellow

Formspink/red colour

Barium perchlorate and thorin
for a red complex, which
changes to yellow in the
presence of sulfate ions.

Requires 32% sodium
hydroxide, which is corrosive.
Reagent in test kit (Quantofix®
MachereyNagel,Duren) not
stated, but suspected to be
sodium dithizon&®
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Odegaarcet al®® reported the use of a handheld XRF spectrometer to determine the
presence of heavy metal based pesticides on museum objects. Estimation of the total
amount of heavy metal present on the sample was determined by multipé/olyeht

area by the mean amount detected on the object.

Irelandet al®® used XRF to determine inorganic compounds by taking measurements
at 40 keV for 60 s, before manually assigning peaks to elements using the XRF
instrument software. Other than a container specifically labelled as containingkalom
dust (HgC}), the authors did not detect any other metal pesticides using XRF. While
the results were not quantified, the authors reported that the technique provided
reliable and quick results but noted that as there is a lack of instrument avsilabilit
outside a specialist laboratory, institutions may need to consider the costs of external
analysis if dealing with historic pesticide contamination.

Other techniques for the determination of métaded pesticides in heritage
environments include the usef proton (or particle) induced -Kay emission
spectroscopy, or PIXE spectroscopyhe benefits of this technique are such that it
is able tadetect a number of elements very rapidly, and it isaestructive. However,
instrumentation is very expensive for the use of PIXE, which may be prohibitive for
some institution$® As a further consideration, it may not be possible to perform PIXE
analysisin situ, potentially limiting the applicability to more frdgiobjects which

cannot be movetf.

1.5.Pesticidemeasurement in other industries

Anastassiadest al1% published a method in 2003 for the determination of pesticides

in agricultural products, and coined the acronym QUEChERMIick Easy, Cheap,
Effective, Rugged and Safe. Traditional methods of analysis in the food yndest

reliant on multistage procedures and extensive cleprsteps. With the adoption of

the QUEChERS method, many of these steps were omitted. As such, the method is
popular as it not only helps avoid these costly and time consuming steps, but also
extracts several analytes at each step, making it a-olatts and multiresidue process.
While current procedures used in laboratories have been modified, the overall process

is similar1®? In contrast to methods used in the heritage seittere is no advantage
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to be gained from implementing new, Rowasive, technologies over the
comparatively cheap QUEChER®dchromatograpy process, as sample destruction

IS not an issue in this industry.

Carbamate pesticideendtheir conjugated structusehave also been determined by
high performance liquid chromatography (HPLC) withorescencé®*!%* GC has
also been used with flame photometric detectors (FPD) for organophosphorus
compoundg® 106 ECD for electronegativeampounds including organochloeg®”
10and nitrogerphosphous detectors (NPD) for organophosphorisarbamatest?

114

13triazoles! 115

andtriazines

Whilst studies nvolving the application obJV-vis and fluorescenctechniques for
pesticide analyses are still being published, the last decade has seen a rise in
publications using mass spectrometry as a method of determination for pestieides.
109116125 Thjs is not surprising given thdecreased cost and size of MS instruments
over recent yearBas madehem an increasingly attractive prospect for analysts.
Liquid chromatographyandem MS (LEMS/MS) instrumentsre being moreised

for the analysis of pesticidé€*?8 In Alder et al'?*ion trap MS was compared to a
guadrupolebased instrument, and the relative merits ofl@€ and LCMS/MS were
discussed with electron impact (El) and electrospray ionisation (ESI) techniques for
GC and LC. The articleeported 500 "high priority pesticides" over a range of
substance classes including orgariodde, organophosphorus, nitrogbased, and
pyrethroids amongst others. The frequency of detection, applicability and sensitivity
for GGEI-MS and LGESFMS/MS forthe pesticides were compared. Al@gral?*
concluded that GC wasgerally ouperformed by LEMS with the exception of the
analysis of aganochlorigts and that in albther instances LIS/MS offered wider
scope and sensitivitgsC was used in this work as it was considered to be more widely
available and typically has lower instrument costs than an equivaleMt3.€ystem.

1.6.Project aims and objectives

Historical biocide residues in heritage environments present significant hskdtho
persons handling contaminated objects or accessing areas used for storage or display

of such objects. The contamination of these objects is compounded by previous poor
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record keeping on behalf of many heritage institutions with respect to wbathents

were applied to particular objects, meaning that a broad range of pesticides could
potentially have been applied to a single object over the course of its lifetime within
that collection. Identification of contaminated objects necessitatesdlod asalytical
techniques which are able to detect a wide range of pesticides, ideally with non
contact,in situ sampling which can be performed cheaply by institutions which may
be unable to invest in expensive instrumentation. As such, the work pigvious

undertaken in this field of study (discussede supra does not meet these criteria.

Current methods often employ swabbing techniques which may be potentially
damaging to objects and often require complex solvent extractions to be able to
provide a ample ready for analysis, rendering them unsuitable for usecbiaact
techniques such as-bay fluorescence spectroscopy require specialised knowledge
and training to use and the instruments are often expensive to purchase, leading to its
adoption onlyin comparatively affluent institutions. Where swabbing of objects is
permitted in order to identify legacy biocidal residues, the chemistry involved in
performing these presumptive spot tests is often complex, and beyond the ability or
confidence of staffwho are not familiar with handling potentially hazardous

chemicals.

This work aims to describe approaches that allow conservation staff to select an
analytical technigue or techniques for the detection of organic and inorganic pesticidal
residues in musens based on the individual needs of their collections. It is believed
that the methods developed herein address an unmet need for analytical methods
allowing the detection of these chemical hazards, while remaining economical to
implement and requiring aimmum of technical skill on behalf of the museum staff

to perform.

In Chapter 3, the development of methods suitable for the determination of pesticides
in museums has been discussed and is presented with an emission survey of UK
heritage institutions. Tédndevelopment of two methods is discussed and presented with

a flow chart used to aid the selection of the most appropriate sampling procedure and
analytical technique for the collection. Once selected, a sampling protocol for the
technique is followed, Ewing the detection of a number of chemical hazards
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commonly found in heritage institutions. Methods for passive and active air sampling
are described, as well as analysis by-K8S, GGGC-FID and LGUV. A number of

case studies were conducted using theeldped methods in order to determine the
background levels of volatile organic compounds (VOCs) typically encountered in
contaminated collections. Critical evaluation of the chromatograms collected allowed
identification of a number of common VOCs presaeross all sampling locations as
well as establishing a link between these VOCs and emission sources within the
sampling environmeniThis work was continued in a number of case studies which
were conducted using the novasive methods developed in thigesis. The VOC
profiles of a number of objects in several collections across the UK were sampled in
order to determine if pesticides were present in the collections and to quantify the
results. The objects sampled varied in age, physical size, andrsgiophtion within

the collection. Critical examination of these chromatograms allowed identification of
complex VOC profiles as well as identification of biocides preciously applied to the
objects.The use of norwontact vapouphase sampling in this wodtlowed detection

of a wide range of volatile substances including biocidal agents without the need for
potentially damaging swabbing techniques. The sample collection process required
minimal technical knowledge to implement and allowed multiple hergags across

the UK to conduct the sampling themselves. In addition, the use a singlgeoff
laboratory to analyse the samples reduces expense and fulfils thesorequirement

of the analysis.

Chapter 4 describes an enzyme immobilisation technigseduto develop a vapoeur

phase test for the detection of organophosphate and carbamate pesticides. Reactivity
of the test gels towards dichlorvos was demonstrated as working in both solution and
vapourphase, as well as being able to recover dichlorvos spiked filter papers
offering functional flexibility to how the test is performed. The use of indoxyl acetate

as the chromogenic reagent offers a significantly more easily differentiated colour

change than is currently available through the widelyuseddth n 6 s r eagent .

The preliminary work undertaken in this chapter proposes the use of an
organophosphate sensor which is quick, economical, and easy to use, thus overcoming

the need for long sampling times required for the determination of biocides in air.
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Further, the proposed sensor also gives a clear easily interpreted colour change
reaction in the absence of organophosphate and other cholinesterase inhibitors that can
be determined without specialist training. As the testing kit isceglfained and regd

to use, it meets one of the key requirements of the end users in that it does not require
mixing of chemicals or preparation of solutions at the point of use. This significantly
simplifies the procedures used in current enzpased organophosphate détat

assays.

Current investigation into inorganic pesticides relies heavily on the useray X
technology. However, there is a need to develop sensors for the selective determination
of substances, such as mercury, which will be sensitive and ché&iymater 5
addresses this need by using a simple colorimetric reagent immobilised in a gel matrix.
This immobilised reagent offered selective and sensitive determination of mercury in
the presence of other metal ions (chromium) while granting the reagensgtargisb
increase in shelf life compared to previously reported literature values. This allows
formation of the gels to be performed well in advance of sampling, negating the need
for on-site preparation of reagents and the need for open solutions ofcelfetoi be
present at samplin@he prepared mercury sensor allows determination of mercury in
heritage collections without the need for the preparation of solutions at the point of
use. It is proposed that the immobilised reagent may be used as a melagaply

and rapidly determine the presence of mercury in collections where the preparation of

chemical solutions or expensive instrumentation is not possible.

Finally, Chapter 6 discusses overall conclusions and present suggestions for future

work.
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2. Theory of instrumental techniques

2.1.Air sampling

Many commonly used air sampling techniques rely on the uselsrganedia to trap
vapourphase analytes from the sampling environment. Air sampling in this project
has used solid sorbents as trapping media. The sampling of vatpese analytes from

an environment typically involves one of two processes: active siveaar sampling.

2.1.1. Active sampling

Active sampling methods are used to sample a known volume of air which is pumped
though a sorbent tube at a fixed rate for a set length of time. After collection, the
analytes are identified and quantified using chromajaigc techniques, allowing the

mass of volatiles adsorbed by the sorbent to be expressed as a mass per unit volume of
air. Sorbents typically used in sampling tubes include silica gels, carbonaceous
substances such as activated charcoal and graphitisednchlacks, and porous
polymeric substances such as polyphenylene oxides.

The airflow through the sample tube is laygually around 100 chmin'?, to allow a

known volume of air to be drawn though the sorbent bed at a fixed rate with minimal
back pressure. Sampling times are tgpc8 h in duration giving a shetérm time
weighted average concentration of the volatiles collected from the sampled
environment. Accuracy of measured concentrations depends on the air sampling rate

and the sampling pump used must be calibrated besare

It should be noted that active sampling is not always appropriate. Pump noise is an
important consideration for sampling domestic or heritage environments where people
are likely to be disturbed by constant noise over several hours. Air insdala
museum drawer or cabinet can be sampled by active sampling, however care needs to
be taken not to remove more than 20% of the volume of the container as dilution effects

then become significant. In such instances, passive sampling is a better option.
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2.1.2. Passive sampling

Operation of the sampling tube in passive, or diffusion mode, relies upon the formation

of a linear concentration gradient of each analyte, from the open end of the tube to the
sorbent, with the concentration of analyte in the air asdhieentair interface assumed

to be zero. It is further assumed that the diffusion gradient is linear, and that the
principles of Fi c kequatiorf21rcantbe Usadwo obthin tlaei f f u S
concentration of pollutant present in the atmosphere.

VV1 =- Dle%
“dXx

Equation 2.1

In this equationyVs is the rate of mass transfer of ggsg m? s1), D1 2is the diffusion
coefficient of gasin gas (m?s?), A is the crossectional area of the diffusion path
(m?) anddc/dxis the instantaneous rate of change in concentration over the diffusion

path, where<is the position in the diffusion path.

If the change in concentratio@{i Co) along the diffusion path length in metrég (
is considered, thelBquation 2.2 is used

W= D%(Cl - Co)

Equation 2.2
Ci1 is the concentration (ug ® of gas in the exterior atmosphere aBglis the

concentration (ug M) of gas in the air directly above the trapping reagent.

As mentioned, theorbent is assumed to be 100% efficient and the concentration of
pollutant at the surface of the sorbent will be zero. By rearrarigngtion 2.2 and
multiplying by time.t (s), Equation 2.3 is obtained.
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Equation 2.3

WhereM is the total mass (ng) of the contaminant taken up by the trapping relagent,
is the exposure time (s) of the sampling period Bras the diffusion coefficient.
SinceL, D, andA can be measured for each end of the tube, and the mass of pollutant
adsorbed is determined experimentally for a period of expogutad concentration

(ng m®) of each pollutant can be determined for trapping at the sedieinterface

of the tube and expressed in units more appropriate for sampling large volumes of air
i typically pg m®,

2.1.3. Sorbent choice for air sampling

The ability of a substance toap analytes from air being sampled obviously dictates
its utility as a sorbent. The sorbent ability of a given substance is determined by a

number of physical and chemical factors.

The surface area of sorbent particles gives an indication as to thetashan analyte
that may be adsorbed by the material. Higher surface areas indicate there may be a
higher number of active sites present on the surface of the sorbent and therefore it can

trap a larger number of analyte molecules.

While the surface areaf a sorbent dictates the amount of substance that can be
adsorbed, it is the polarity of the sorbent that influences the type of analytes it is able

to fAtrapo. The mechanism of this intera
process of physisorptias one in which intermolecular forces are used, as opposed to
valence forces used in chemical bonding (chemisorption).

As an analyte molecule approaches the sorbent, the electrons in the sorbent and analyte
repel each other, forming instantaneous dipolé® dipoles attract each other, with

larger atoms forming forces with greater attractive power. The formation of these
dipoles mean that as an analyte approaches a sorbent and the distance between them
decreases, a loenergy well forms before strong rdgive forces arising from the

overlap of electron density causes significant increase in the energy of interaction. It
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is in this well that the energy of interaction between the sorbent and analyte is lowest,
and the analyte is adsorbed to the sorbent. rékalt of physisorption is that the
interaction of the analyte with the sorbent does not perturb the electronic structure of
either, so that the absorbed species are identical to those that remain untrapped. As
such, the elementary step in the physisorpprocess does not involve an activation

energy and the adsorption process occurs at ambient temperatures.

As a result, physisorbed particles are still relatively far from the surface of the sorbent
and are highly mobile due to the low binding energye Tw interaction energy also
gives rise to low desorption temperatures. Physisorbed particles may also serve as

precursors to chemisorptive processes within chemical reactions.

Table 2.1 below summarises the properties of common solid sorbent materials. The
table shows that polar inorganic sorbents, such as those based on silicon or aluminium
oxides, are more suited to thargaing of polar analytes and have a wide range of
surface areas. Carbon based sorbents can have very large surface areas enabling them
to trap low boiling species, but lack the ability to trap more polar analytes. Porous
polymers are used for typically ngrolar analytes, but lack the extreme thermal
stability offered by carbonaceous sorbents and offer relatively small surface areas. It

is therefore vitally important to select an appropriate sorbent for the target analytes

being trapped.
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Table 2.1: Properties of selected solid sorbénts

Type Structure Surface  Products Desorption Compounds Polarity Thermal Water
area method tested stability affinity
(m2g? (b.p. range)
Inorganic Silica gels 1-30 Volasphere, Solvent Pesticides, High ~400°C High
Florisil chlorinated
biphenyls
Molecular sieves 500-800 Solvent Permanent gasses High <400°C High
Aluminium oxides ~300 Alumina F1 Solvent Hydrocarbons High 300°C High
Carbon Activated charcoal 8001200 Solvent Non-polar and Medium >400°C High
based slightly polar
VOCs (>50°C)
Carbon molecular sieves 4001200 Carboseive, Solvent Non-polar and Low >400°C Low-
Ambersorb, slightly polar medium
Spherocarb VOCs (>80°C)
Carboxen
Graphitised carbon black 12-100 Carbotrap, Thermal/ Non-polar VOCs  Low >400°C Low
Carbopak, Solvent (>60°C)
Carbograph
Porous Styrene, divinylbenzene, 300800 Porapak Q/N, Thermal/ Non-polar and Variable <250°C Low
polymers polyvinylpyrrolidone Chromosorb Solvent moderately polar
polymers 106/102 VOCs (450°C)
Phenylphenylene oxide 20-35 Tenax Thermal Non-polar VOCs  Low <350°C Low
polymers (>60°C)
Polyurethane foams Solvent Pesticides Low <200°C Low
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2.2.Thermal desorption (TD)

TD is a process by which analytes adsorbed onto a sorbent can be introduced to a
chromatographic instrument for analysis. After an initial desorption period from the
sorbent sampler, the compounds of interest are transferred feosaittpling tube to

the focusing trap, which is then thermally desorbed itself, carrying analytes into the
chromatographic instrument in a tight band.

In this study, hermal desorption of analyté®m a Tenax sampling tube was used as
the method of sampletroduction into a gas chromatograph. In general, a thermal

desorption processccurs in several stages.

Stage 1: Primary (tube) desorption

Optional primary
(inlet) split

! Transfer line
Carrier i and column
et —— r

e
4
// Carrier gas
supplied to
column via bypass

’

Cold focusing
trap

Stage 2: Secondary (trap) desorption

Optional secondary
(outlet) split
A

# Carrier gas
supplied to
column via

trap

Hot focusing
trap

”
Carrier
inlet

Figure 2.1: lllustration of twoestage thermal desorption process

Sampling tubes made of stainless st@eflass areused to introduce th&apped
analytesto a thermal desorptionnit. The tube is placed on a heating block and
connected to a pressurised inert gas lirfee gas used will typically be the same as

that used as the carrier gas in the analyser, such as helium, and at increased flowrates
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(30-50 mL minY).2 The thermal desorption urieats the sampled sorbent tubes while
backflushing with the carrier gas used in the gas chromatography (GC) instrument in
the opposite direction to the air Woduring sampling. In this way, organic vapours

are transferred from the sampling tube onto a Pedtieted focussing trap maintained

at subambient temperature, usuallg0 °C. This allows preconcentration of the
sample, and allows for 100% transfettloé analytes desorbed from the sampler to be
introduced to the analysérhe temperature required for the primary desorption of the
analytes from the sampler must be sufficiently high that analytes are desorbed, but not

so high that either they or the serth thermally degrade.

The focussing trap is rapidly heated (heating rates of approximately 100 “Girain
reported by manufacturers) to 300 °C in a stream of carrier gas, carrying analytes into
the GC instrument in a tight fAbando of v

onto a GC column.

Thermal desorption units may have an optional split linewahg either split or
splitless fAinjectiono of the cryofocusse
multiple splits (splitting before and after the cold trap) analysis of milligearal
analytes may be undertaken, while splittess modes permit anafysanogramand

picogramlevel contaminants.

The benefits of thermal desorption are that the technique is faster and more
environmentally friendly than solvent desorption techniques such as Soxhlet
extraction, and the techniqgue can be automated. Crucially, the technique offers

preconcentration for analytes with almost full recovery.

The main disadvantage tousingthetechmq i s t hat the anal ysi s
shoto as once desorbed the sample typic
instrument manufacturers are offering instruments with outlet splits capable of re
trapping the outflow from a split valve, and thwstmlly recovering a sample, this is
unsuitable for trace level analysis as the mass of analyte trapped is too low to allow

sample splitting.

44



2.3.Gas Chromatography (GC)

GC is a technique used to resolve complex mixtures of analytes into their component
parts for analysis on an instrument called a gas chromatograph. To be suitable for
analysis, a compound must be thermally stable, and have appropriate volatility that it

may be analysed in th@pourphase

Liquid or gas samples are introduced to the chrogmafthic system by injection
through a heated port, flastaporising the sample. High purity gasses such as He, N

or H, called carrier gasses, carry the vaporised sample through a heated column for
separation, and then into the detectdhe physical propéies of the substance
determine the rate at which the analytes travel through the column, as analytes
experiencing stronger interaction with the column migrate more slowly. As such,
analytes move through the column at different speeds, with faster moxneggined

compounds exiting (eluting) into the detector first.

Separation is performed as the analytes move through the column, the internal surface

of the column is coated with a liquid known as a stationary phase. The stationary phase

is bonded to theatumn wall which is typically made of fused silica. The choice of
stationary phase is dictated by the princt
select a stationary phase with intermolecular bonding similar to that of the analyte. For
examplethe stationary phase for the separation of alcohols should be able to undergo
hydrogen bonding with theOH group; norpolar analytes should be resolved on
stationary phases able to interact via Vi
dimethyl silkane; stereocisomers can be separated on stationary phases containing a
single enantiomer, which displays a higher affinity for one analyte enantiomer over

the other.

When a sample is introduced to the chromatographic system, it issBipshirised in
theheated injection port and partitions between the mobile phase (carrier gas) and the
stationary phase (column coating) forming an equilibrium. When the analyte is
interacting with the stationary phase, it is immobile, thus interaction with the stationary
phase slows the passage of the analyte through the column resulting in separation of

the mixture. The length of time it takes a substance to elute from the column is known
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as a retention time, and should be specific to that analyte under the given
chromatogaphic conditions of the method in order for it to be resolved from the

mixture.

A retention factok, is defined as the ratio of time an analgespendseing retained

by the stationary phase to being advanced by the mobile pBgaation 2.4). In
Equation 2.4, t; represents the retention time of the analytetamithe void time, or

the time it takes for an wretained analyte to elutéor ks of less than one, analytes

will pass through the chromatographic system too quickly, and values greater than 20
indicate the analytes interacts too strongly with the statiophase, taking a very long

time to elute. The ideal range for an analyte is typicalfy. Belectivity between
species is expressed by the selectivity factarefined as the ratio of retention factors
between the two species.

Equation 2.4

Column efficiency is measured in theoretical plates. This is a mathematical concept
used to develop the theoretical plate modelcbfomatography The number of
theoretical plates is determined Bguation 2.5, whereN is the number of theoretical
plates; is the retention time anah is the peak width at half height (in units of time).

, 0
)] UfB)TUl,)—

Equation 2.5

Columns with a higher number of plates are considered to be more efficient, giving
sharper peaks (caused by analytes migrat.
columns with a loweN value. The height equivalent to one theioadtplate, or simply

plate height (H), is calculated by dividing the column length by the number of plates.

H values are often quoted in mm, and a shorter plate height translates into a larger

number of plates per column, and thus higher column efficiency
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Ideal chromatographyis a hypothetical case where no bdmdadening effects
operate, implying an infinite plate number. In real,mberl systems, the analyte band
experiences broadening as it migrates through the chromatographic system. Band
broadenig is defined by a number of factods capillary columns, 4 processes

contribute to broadening, thus total plate height:

Hairt T longitudinal diffusion
Hconl coOnvective mixing

1 Hxmi kinetics of mass exchange from mobile phase to interface between
mobileand stationary phase

{1 Hxsi kinetics of mass exchange from stationary phase

The contribution of longitudinal diffusiomait, is caused by the presence of the higher
concentration in the analyte band forming a concentration gradient with the
surroundingmobile phase. Analytes diffuse along this gradient into less concentrated
zones. Analytes with large diffusion coefficierils, and longer retention times within
the chromatographic system experience a larger contribution from longitudinal
diffusion, lealing to a loss of efficiency. This effect varies inversely with mobile phase
velocity, v. The contribution of longitudinal diffusion is more important in GC than in
HPLC, as the diffusion coefficient of analytes in gas is approximatélymes greater
than in liquids*

cO

0 :
U

Equation 2.6

Flow through an open tube, such as a capillary, introduces band broadening through
convective mixing. The shape of the band front can be considered as curving forward
in the direction of migration, as the velocity of the analytes is less at the walks of th
tube compared to the centre of the tube with radiasd the carrier gas velocity is

represented by.
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Equation 2.7

Resistance to mass transfer describes the band broadening causadsporting
analytes between the phases via diffusion and convection. In an open tubular column,

this is described as:

‘0 wQ
o) 0
Equation 2.8
Whered. is the diameter of the column aoglis defined:
- P 9Q pM
w =
wep Q
Equation 2.9

This describes the finite rate of mass transfer from the inner part of the mobile phase
to the interface with the stationary phase. At the front of the bduedamalyte
concentration is higher than at equilibrium between the mobile and stationary phase,
and at the rear of the band the analyte concentration is lower, leading to broadening of
the band.

In the stationary phase, wheatgs the film thickness of the stationary phase Bats

the diffusion constant:

¢
op QO°"

Equation 2.10

With films of |l ess than 0.25 gm, t his
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Combining these terms gives the Golay equation:

cO p 9Q p@1i | §¢2)

© 0 p QcoO v op Q0"

Equation 2.11

From the combined equation, several points are obvious. Firstly, decreasiigthe
(column radius) gives higher efficiency separations. Dh&erms for mobile and
stationary phase also allow higher efficiency if they are larger, thus stationary phase
films with high diffusivity are considered more efficient. Carrier gasses wigh h

diffusivity, such as hydrogen, are more efficient for the same reason.

Equation 2.11 can be simplified int&quation 2.12:

O - 6 060
U

Equation 2.12

WhereB is the longitudinal diffusion an@nandCsare the mass transfer terms in the
mobile and stationary phase. Itdear from the equation that mobile phase velocity
plays an important part in influencing band dispersion, with Bhierm varying

inversely, and th€ term proportionally.

This is similar to the van Deemter equation discusse8ection 2.5 However,
Equation 2.12does not contain an eddy difion term as this is not applicable to open

tubes such as capillary columns. This will be discussé&sation2.5.

Another factor crucial to sepation on GC systems is temperature, and fine control of
temperature parameters is necessary for reproducible analyses. Raising the
temperature of the chromatographic system increases elution speed by increasing the
vapour pressure of the analytes, andrel@ses the time taken for the analyte
equilibrium between mobile phase and stationary phase to be established. It is
therefore important to optimise this condition in order to achieve timely separation of

analytes.
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GC analyses can be conducted using aeisgt temperature throughout the analysis
(isothermal) or can change the temperature of the oven as the analysis proceeds,
forming a temperature gradient to progressively elute less volatile substances. It should
be noted that if the GC instrument is qgi@rg at constant pressure mode (where the
column head pressure is fixed throughout the analysis), increasing the temperature of
the system will increase the viscosity of the carrier gas which will in turn decrease the
linear velocity of the mobile phas&s seen from the Golay equation abokzgfation

2.12) this can lead to changes in peak elution patterns. GC instruments capable of
operating in constant flow mode (ete the gas flow is fixed throughout the run) can

minimise this effect.

The lower temperature value of the analysis is determined by the properties of the
analyte. If the analytes are injected at too low a temperature, they can condense on the
column headnd do not migrate through the column. If the column is warm, but still
too cool for analysis, then the mass transfer between the stationary phase and mobile

phase is slow, resulting in band broadening as described in the Golay equation.

The highest tempature used in the separation is determined not only by the thermal
stability of the analyte, but also by the thermal stability and vapour pressure of the
liquid stationary phase. At increased temperatures the stationary phase itself can be
vaporised or termally degraded, leading to these substances eluting as part of the
chromat ogr am. This is a process known
noticeable in G@nass spectrometric analysis, where a characteristic mass of 207 is
usually indicative of colomn bleed. Therefore in mass spectrometry, -bdeed
stationary phases which have a lower tendency to degrade are recommended. Column
bleed will, over time, reduce the efficiency of the column and can also foul detectors,

making them less sensitive.

2.4.Mass pectrometry (MS)

Mass spectrometry is an analytical techniginere analytes aienised by, collisions
with an ionising gaésuch as methane or ammoasisthe casdor chemical ionisation

(CI)), orbombardment with electrons in the case of electron impact (El) mode. Further
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ionisation techniques are available, but tend to be appliegpieaific and will not be

discussed here; instead this section will focus on El mode ionisation.

Mass spectrometeese typically coupled to gas chromatographs, and when working

in ElI modecomprise several sections: the interface and ion source, the quadrupole
mass filter, and the electron multiplier tube detector. All of these components are
contained under low pressuconditions (approximately PQorr). The low pressure

within the system is required to prevent ions deviating from their trajectories through
collisions with background molecules. This is established by housing a turbomolecular

pump on the analyserbolyo est abl i sh the Ahigho vacuun
(al so known as a roughing pump), externa
vacuum and to remove the exhaust form the high vacuum pumepom source and
quadrupoleareheated to 230 and @5C respectively.

Analytes are introduced to the source via the GC interface, which allows the outflow
from the GC column to be transferred to the MS system without compromising the
vacuum in the MSThe interface typically consists of a heated sleevautitr which

the column passes, with the column protruding 1 to 2 mm into the ionisation chamber.
Analytes are introduced directly into the chamber to be ionised. Direct introduction
interfaces are perhaps the most common design, as capillary columnsangiyifi
reduce the volumetric gas flow exiting a column. As such, the need to split analytes

from the carrier gas flow is no longer present.

Analytes elute from the column into the ionisation chambethefsourceheld at
230°C. Theyare subjected to bomizhment by electrons generated by thermionic
emission from a heated metal filament perpendicular to the column outflow. The
generated electrons are concentrated into a beam using eathapleopposite the
filament, allowing the analytes to be directedittie flow of fast moving electrons.

The electrons interact with the analytes inducing fragmentation and ionisation, giving
product radical cationsScheme2.1). The unstable radicals fragment further into
smaller fragments and cations. A repeller plate electrode provides a repulsive force for

the cations towards the quadrupole and detector.
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M+e- M*+2e

Scheme2.1: Formation of ions by electron impact

The fragmentation of analytes typically follows predictable paths. The energy used to
ionise the substances of interesusially 70 eV as standardAs such, El is often
referred to aa A hardo i onisation technique, as
fragments than fAsofto i1 onisation techniogqg
Subsequently, El is the preferred method of analysing smaller molecules such as
volatile organic compoundd/OCs) as opposed to large polymers, biomolecules or

drug substances

After ionisation, cations are repelled into the quadrupole where they are filtered
according to their mass/charge ratios. The quadrupole consists of four parallel rods
with direct currat voltages applied across opposite pairs, and a -fegtioency

voltage superimposed on the DC voltage.

When ions are introduced to the quadrupole, the radio frequency voltages across
opposite pairs of rods cause the ions to adopt helical trajectories thle length of

the quadrupole. By altering the voltages applied to the rods it is possible to destabilise
the trajectory of ions with a specific mass/charge (m/z) ratio, causing them to collide

with the quadrupole and preventing them from reaching ttectbe.

Quadrupole voltagesan bemanipulatedo select ions of a specific m/z value, or can
be operated in scan mode, which allows selection of a range of m/z values to be
filtered.

Once selected ions have travelled through the quadrupole, they aredeising an

electron multiplier tube. This is a vacuum tube containing a set of discrete dynodes,

each held at a higher potential than the previous, before a final anode. As incident
electrons strike the first dynode, secondary emission causes morerseict be

emitted by the dynode. The emitted electrons are accelerated towards the second
dynode, with each electron striking the dynode producing yet more electrons. This
process continues along the remaining dyr

greatly increasing the number of electrons that strike the final anode.
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As the avalanche of electrons strikes the final anode, the sharp increase in current is

recorded by data capture software for integration and interrogation.

2.5.High performance liquid chromatography 1 UV-detection

High performance liquid chromatography, also known as HPLC, is a separation

technique similar to GC. The main differences between the two techniques are

1 in HPLC, the mobile phase is a liquid,

1 theHPLC column is packed withuihctionalised silicgarticlesas opposed to
a fluid film coated on the inside of a capillary

1 the separation occurs at or close to ambient temperatures and relies on
interaction between the analyte and stationary phase considerably more than
GC.

HPLC sysems are modular and at their most simple, consist of a pupqrt 8otary

injection valve, sample loop, column and detector.

The pump is used to deliver a continuous flow of the liquid mobile phase (eluent)
through the system. Pumps are often describearding to the number of solvent inlet
lines as unitary, binary, ternary or quaternary fat §olvent lines respectively. In
unitary pumps, the eluent has beenmiged, and can only be pumped with the eluent
components in that fixed ratio (isocratiowl). Binary, ternary and quaternary pumps

are also used to deliver gradient flow eluents of 2, 3, and 4 components respectively.
In gradient systems, a more strongly eluting mobile phase component (usually organic)
is gradually introduced to another mobpéase component (usually agueous) to
progressively elute more strongly retained analytes from the column. Pumps for
chromatographic systems typically use reciprocating pump heads, to deliver solvent at
a constant pressure, as opposed to a single pumpchesithg a pressure spike as it
pushes eluent out of the pump head onto the column.

The advantage of using systems with multiple solvent inlets is that they are able to
generate precise gradients to separate a wider range of mixtures than unitary isocratic
pumps. The systems are more complex however, and can be more expensive to

purchase and maintain.
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The pump feeds eluent to the injector, typically-poét system known as apbrt
rotary valve. A schematic is shown belowHigure 2.2. The rotary valve allows
injection of a precise volume of sample into the pressurised eluent system in a

reproducible manner without loss of flow.

Waste Waste
6 6
1 Waste a Waste
€5 5
~N

2 \%“'O\ Needle
”\\ﬂ 4 ~Needle Port
Pump 3 oIt
Column Column
Position A (LOAD) Position B (INJECT)

Figure 2.2: Schematic of Rheodyne valve showing flow in both load and inject

positions

With the valve in the Al oado position, a
volume sample loop, which connects to port 1. Any overfilling of the loop causes

excess to be carried to waste by design.

When the valve isturnedo t he Ainjectd position, t he
waste lines change position and the sample loop is backflushed with solvent from the
pump (port 2) as the vale rotates, carrying the sample in the loop out of port 3 and onto

the column for sepation (as shown by the blue line). This also cleans the sample loop

in preparation for the next sample.
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The use of interchangeable fixed volume sample loops mean a very precise volume of
sample is carried onto the column, given that the loop is compfétetl. Loops are
typically long and narrow as opposed to short and wide, in order to quickly flush out

the sample and minimise band broadening effects.

As with GC systemes, it is interaction of the analyte with a stationary phase that causes
separation bthe sample components into individual analytes. In HPLC systems,
packed rather than capillary columns are used. The stationary phase within the column
IS no longer a viscous liquid bonded to the inner column wall, but monodisperse
micronscale particlesof chemicallymodified silica. Where the Golay equation
(Equation 2.12) describes an open tube system, the van Deemter equzdgoation

2.13) below describes flow through a packed column.
” . O o v
O o =+ o o v

0

Equation 2.13

The difference in the two equations is the inclusioa tfird term in the van Deemter
equation, alongside tHengitudinal diffusion termB, andCnandCsrepresenting the

mass transfer terms in the mobile and stationary phase as discussed in25gckios

A term in the van Deemter equation represents band broadening caused by eddy
diffusion of the analyte through the packed stationary phase.

As analytes are introduced to the packed column, therefissnd r ai ght f or war
through the packed stationary phase particles, thus analyte molecules each take
separate paths around the silica particles in their way. In addition to this, silica particles
have a secondary internal porosity, allowing analyteake paths travelling through

silica particles as well as around them. As a result, some path lengths are longer than

others, resulting in band broadening.

The key factor in the separation of mixtures by HPLC is the polarity of the analytes
and stationarylpase. Unmodified silica has an active hydrophilic surface as a result of

polar, acidic silanol groups. The activity of these silanol groups may be modified
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through bonding to less polar groups, typically cyanopropyhctasilyt, and
n-octadecylsilyl These are often referred to as CN, C8 and C18 columns respectively.

HPLC was initially developed on unmodified (polar) silica using a-palar mobile

phase, retaining polar compounds most strongly through interaction with surface
silanol groups. This is knen as normaphase chromatography. In order to separate

the larger number of nepolar analytes (compared to npolar analytes), the
polarities of the stationary phase and mobile phase were reversed, receiving the name
reversegphasechromatographylin reversedphasechromatographya polar aqueous
mobile phase carries analytes through-potar stationary phases, with npolar

analytes being retained more strongly by the stationary phase.

One of the most common HPLC detectors is the ultraviolet detddttvaviolet
detectors consist of a deuterium lamp to provide thawviditet (UV) wavelength light,
which is made monochromatiby passing the incident beatwrdugh a diffraction
grating. Half of the light from the monochromatic beam passes throughminafed
surface to pass through the flow cell containing the eluate from the column, and half
the remaininglight being reflected into a photodiode acting as a reference hsam

shown inFigure 2.3 below.
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Tungsten Lamp

Figure 2.3: Diagram of Dionex variable wavelength UV detector foLC

The photons passing through the sample in the flowcell are absorbed depending on the
chromophoregresent in the sample, and the photons passing through the sample are
captured by a detectokn absorption vale for the solution is calculated according to

the BeerLambert LawEquation 2.14, where'Qs the intensity of the transmitted light,

‘Ois the intensity of the incident light,is the molar absorptivity of the analytas

the path length of the photons through tel andc is the molar concentration of the

absorbing substance.

Equation 2.14

The signals from the photodetectors are recorded by data capture software, producing

the chromatograrfor interpretation.

In the detectors, light is typically generated by standard tungsten incandescent lamps
in combination with deuterium arc lamps. Deuterium lamps have a continuous

emission spectrum over the range of 180 to 360 nm and when used inrctionjwith
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a tungsten lamp, wavelengths can cover a range of approximately 180 to 900 nm. This

covers the UV, visible and near infrared range.

The light in deuterium lamps is produced through arcing. The arc lamp consists of a
quartz glass envelope contaig deuterium gas and the filament/anode assembly. A
tungsten filament is placed opposite an anode. The filament is heated for a short period
before a high O6strikingé voltage is appl
between the filament and anoaeth the process repeating until the gas in the lamp is
ionised enough to sustain the arc at lower voltages.

Once the arc is established, the molecular deuterium in the lamp is excited to a higher
energy state and dissociates, emitting UV radiation. dikgociation of molecular
deuterium into atoms results in continuous emission of UV light over a range of
energy, from zero to the energy of excitation of the molecule. This is what gives
deuterium lamps the ability to emit a broadband UV spectrum rdther discrete

wavelengths as with atomic emission spettra.

The tungsten incandescent lamp used emits light based on the principles behind
conventional incandescent light bulbs. A tungsten filament in an inert atmosphere is
heated electrically until white hot, generating a continuous spectrum over the visible
and nfrared ranges. Intensities of wavelengths at the shorter (blue) end of the spectrum
are typically lower for tungsten lamps. As the intensity of light emitted is dependent
on the temperature of the emitting filament, the current applied to the lamp must be

very precisely controlled.

Detectors in UV spectrophotometers are typically either photomultiplier tubes (PMTS)
or diodes. PMTs operate in a similar manner to the electron multiplier discussed in
section2.4. Incident photons strike a photoemissive cathode, which emits electrons in
proportion to the intensity of the incident photons via the photoelectric effect. As
discussed with the electron mplier previously, the PMTs a vacuum tube containing

a set of discrete dynodes, each held at a higher potential than the pré@heus
electrons generated by the photoemissive cathode strike the dynodes in the PMT

causing secondary emission of yet morecegbns. This process continues until the
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electrons strike the final anode, which is the collector. The voltage generated at the

collector is recorded, and used to generate the chromatogram for interrogation.

Alternatively, photodiodes may be used for da@m. A photodiode is a
semiconductor device used to convert light into current. In a standard dioges p

and ntype semiconductors are joined, forming an gunction. In the gype

semi conductor, positive fholcegmmPDarexhage us ed
carriers in the #iype semiconductor. Without the external application of a potential
(bias), the free charge carriers from both semiconductors diffuse into the other and
recombine, with opposite charge carriers cancelling the othefloistcauses a high

i mpedance fAdepletion | ayero with no free

materials.

When a positive voltage is applied to théype semiconductor and a negative voltage
tothent ype semiconductor, dt thiimsibs obhrOW@Wh i @t
forward bias, electrons are repelled by the negative potential of {typen
semiconductor towards holes repelled by the positive potential of itypep
semiconductor causing a reduction in the width of the depletion layer.nidkes

diffusion of the charge carriers from each semiconductor easier. If the energy supplied

by the external voltage is greater than the energy of the potential barrier from the

depletion layer, the opposition is overcome resulting in a flow of current.

If the potential applied to each side is reversed (reverse bias), the charge carriers in
each semiconductor will migrate away from the junction, and the recombination
process cannot occur. This results in an increase in the width of the depletion layer,

presenting a higimpedance essentially nmonducting path, and no current flows.

In photodiodes, the diode operates in negative bias mode, with an increased depletion
layer. When incident photons of with energy greater than the bandgap of the
semiconductor material (the energy needed to promote an electron from the valence to
the condation band of a material) fall on the device, they are absorbed creating free
electron and positive hole pairs. This is achieved through the photoelectric effect, with
the number of electrons generated being proportional to the intensity of light falling

on the surface. The newly formed charge carriers are accelerated towards the anode or
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cathode (electrons and holes respectively), generating current. As with the PMT, the

resulting voltage is recorded for data analysis.

2.6.Sokgel Process

Since themid-19" century, the solgel processing of ceramics and glasses has been of
interest. Thomas Grah&moted in 1864 the condensation of $diacid, Si(OH),
would yield a fAcoll oi dal gl assy hyalitebo

concentrations of silicic acid would cau:

Hench and We8tdescribed in 1991 the 3 methods for the manufacture egedol
monoliths: 1) gelation of a solution of colloidal powders; 2) hydrolysis and
polycondensation of alkoxide precursors followed by supercritical dryBjg
hydrolysis and polycondensation of alkoxide precursors followed by ambient drying.
The method discussed here shall be method 3, as it was the one investigated in this

study.

The fabrication of segjels involves a series of reactions: preparatiorsof,a solution

of colloidal (dia. 2100 nm) particles suspended in a liquid, gelation of the sol and
removal of thesolvent!® Typically beginning with hydrolysis of an alkoxysilane such

as tetraethylorthosilane (TEOS), the reaction proceeds tor dithe the fully
hydrolysed tetrahydroxysilane or partially hydrolysed to yield silanols. The partially
hydrolysed silanols link in condensation reactions with water and ethanol-as by
products, and tetrafunctional Si(OHnonomers allow complex branching the
polymer to occur. These reactions run in tandem, with the hydrolysis providing the
necessary silanol groups for condensation, and the increasing degree of hydrolysis

around the silicon centre allowing formation of the 3D network found in the gel.

One a molecule has become masoale throughout the solution, the solution is
described as@el. The gel is the porous disordered network the colloidal particles form
on aggregation or polymerisation. The solvent evaporates from the gel to give a solid
xerogel. The physical properties of the bulk xerogel depend on the conditions of
gelation, specifically pH, gel composition and drying m&té' This process is

illustrated below irFigure 2.4.
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Si(OCH,CHj), Si(OH),
+ H,0 + CH,CH,OH

Figure 2.4: Diagram showing formation of glass xerogels usinggsblprocess

By adding different substrates to the silica matrix as it condenses, it is possible to alter
the reactivity of the final bulk xerogel. Previous work in this area have included the
incorporation of rhodamine 66 S ¢ h i 'f, 4 nirebermfasidbase indiors and

metal chelating agent4.®

2.7.Agar gels

Agar is a hydrophilic gel isolated from algaed seaweed of tHiehodophyceaelass,
commercially from species @elidiumandGracilariae. The basic structural unit of
agar is comprised of agarose, a neutral polymer and agaropectin, a sulfated polymer.

Agaropectin forms a negelling fraction, with garose forming the gelling fraction.

Agarose is a linear polymer with a molecular weight of approx. 120 000 Da. The
repeating unit is comprised of alternating-gBlactose and 3;&nhydroL-
galactopyranose linked viz2(1- 3) andb-(1- 4) glycosidic bond$® The agaropectin
moiety is a heterogenousixture of D and L-galactose with modified sulfate and

pyruvate side chains.

Linear agarose chains adopt double helical secondary structures, which aggregate into
3D bundle structures called suprahelite® with pores ranging from 50 nm to over
200 nm depending on the concentration of agar used. Water is heldintetiséices

of the framework, allowing diffusion of liquids through the pores of the gel.

Agar gels find extensive use as bacterial growth media, as well as stationary phases
for column chromatography and electrophoresis. In the food industry, agar is
comnonly used as a thickening and gelling agent, especially in diets which animal
based gelling agents such as gelatine are not acceptable.
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3. Development ofchromatographic methods forthe determination

of selectedpesticidesi part A: method validation

3.1.Introduction

3.1.1. Current methods for the determination of pesticides in museums

Heritage institutions present unique sampling environments in that the objects to be
examired can be fragile, unique or rare, preventing the removal of samples for
analysis, or the use of invasive methods such as those requiring destructive sampling.
For example, detection methods for biocides may involve surface swabbing and as
such sampling imot performed unless absolutely necessary to avoid damaging the
object. Furthermore, it might be that the swabs taken do not collect sufficient mass of
analyte to be detected. For inorganic biocides containing metals such as mercury and
arsenic, Xray fluorescence (XRF) spectroscopy has seen widespread use in heritage
institutions in the identification of contaminants and pigment matériaBetection

of organic biocides is typically performed using swabbing or air sampling techniques.

As mentioned ilChapter 1, air sampling typically requireschromatographic method

to resolve the sample into its component analytes. Where gas chromatography (GC) is
used for this purpose, an intermediate sample preparation step is required before
injection of the sample into the instrument. Sample preparatigicatly involves
desorbing the analytes from the sorbent using a solvent rinse. The solvent rinse is then
injected into the instrument for analysis after appropriate alpaand concentration

steps have been completed.

Barro and ceworker$ reported detection of 11 pyrethroids, a fungicide
(2-phenylphenol), a carbamate (propoxur) andiresecticide synergist (piperonyl
butoxide)were sampled in air using active samplinguatte of 100 dmmin™ over

25mg Tenax. Analytes were solvent desorbed by emptying the sorbent into a vial and
adding either 1 cfrhexane or ethyl acetate and sonicating for 10 min. The extractant
solution was filtered urdememnbrane &nd ahdlyseeim p o |

using gas chromatography mass spectrometry (GRS) and GCGmicro electron
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capture detection (ULECD). The limits of detection reported by the authors were
0.034.1ngm3( & E CD)9,1 ngm3 @VS), with recoveries of 8114% forthe
analytes and a relative standard deviation (RSD) value of less than 10% for all
analytes. While the authors reported a precise method, the use of very high sampling
flow rates of 10@nm*min? is likely to have caused noise that would perhaps have
been unwelcome in a heritage environment, and the high airflow through the tubes was
shown to cause a decrease in recovery of the analytes of up to 50% over 10 minutes of
pump operation leading to a high degree of uncertainty in any quantified results. The
need to select an appropriate solvent for the extraction of the pesticides from the
sorbent would have also required specialist knowledge that may not be available to
heritage institutions. The applicability of the method to heritage environments is
potentidly low due to the analytes used. In this study, analytes of interest were
predominantly pyrethroids which were typically employed after the use of chemical
pesticides in museums was deemed less appropriate, and$o0l ed @A chemi ca
integrated pest nmagement strategies were adopted, meaning it is not likely these

substances would be regularly detected in museum environfnents.

Demelet all® reported the trapping of 11 pesticides, 2 fungicides, 2 pyieth a
carbamate and a dinitroaniline on 100 fiemaxusing active sampling (2dm®min?

for 8 h). The trapped analytes were desorbed usong*®eOH followed by a 5 min
incubation period with occasional shaking and subsequent 3 min sonication. After
sedimentation had occurretlcm?® of the supernatanwasf i | t er ed t hrough
glass fibre filter An internal standard (phenacetin) was addedi the solution was
adjusted to volume before analysis using high performance liquid chromatography
diode array detection (HPLDAD). The authors report detection limits of
1.09.1e gn®with recovery values of Z2000% and RSD values Gf %. As with the

work of Barro and ceworkers® the choice of biocides selected by the authors was not
relevant to the heritage sector as the majority of the pesticides used were typically
developed after the adoption of integrated pest management strategies in many
heritage institutions. The authors also noted that a trivial but frequent source of error
in results was due to leakage between the pump and sampling tube, suggesting that
those unfamiliar with the use of such equipment may find it difficult setting up a

sanpling system that is sufficiently aiight to achieve accurate results. As such, it is
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believed the method would be of limited utility to this project, as one of the key
objectives was to develop techniques that do not require any previous technical

knowledge to implement.

Sieberset al!! analysed five insecticides and two fungicides in the air @émnouses

for 3 d and 4 d after the application of these substances to plants. The classes of
substances analysed were three pyrethroids, and one phenylsulfonamide,
dinitrocrotonate, organophosphate and carbamate each. Active sampling was
performed usingiéw rates of 528 1261 cni min™ through Tenax sorbent tubes fitted

with glass wool plugs for 60 min. Analytes were desorbed by emptying the Tenax from
the sample tube along with the glass wool and added to a vial witlf Acatone.
Extraction was perfoned by shaking the vial for 5 min before extracting by shaking
for 5 min in 2 cm acetone. This extraetas filtered with paperinsed with 2 cni
acetone and evaporated untlerbefore dissolutiowith n-hexane or acetorte the

final volume. Analysis wagperformed using GECD and gas chromatograpliy
nitrogen/phosphorus detection (D) with cool orcolumn injectionThe authors
reported limits of quantification (LOQs) 6f1i0 . 2 mand recoveries of 789%.
However, the authors also note that the Tenax tubes collected particulate matter as well
as vapouphase fractions, which could have accounted for the high sensitivity of the
method for detecting analytes with such low vapoursguees (0.002L.3mPa).
Separate extraction of the glass wool and Tenax showed that the glass widtrpre
behaved as a sorbent itself, and highlighted differing affinities of the analytes for
Tenax and the glass woolafthion was mainly detted in he Tenax layer (>95%),
whereas pirimicarb was found at average of 65% in the glass waaltl 35% in the
Tenax lger, which indicated that mixed bed sorbents were effective at trapping a wide
range of pesticides. The preparation of collected samplesnfdysés using this
method involved the use of multiple steps including solvent extraction, filtration and
preconcentration using a stream of gas. This results in a relatively complex and time
consuming process, where care must be taken to ensure thesaatytjuantitatively
recovered at each stage of the sample preparation. It is possible that the lower
recoveries stated by the author were a result of this-steli process, which may not

be suitable for the preparation of a large number of samplesafrcotiection due to

the time consuming nature of the extraction, filtration and preconcentration process.
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In a review by Harpéf, the authorstated that despite the high sensitivity of GC
analyses, the dilution effect of solvent desorption (often in excess of 1000:1) or the
collection of smaller sample volumes often meant that analytes were below the limit
of detection or quantification for ¢h analysis and required additional sample
concentration. These additional steps were awkward, and prone to error. The use of
thermal desorption mitigated the need for additional sample concentration as it is a

nondiluting process.

Barojaet all® reported a method for the analysis of fenitrothion and its metabolites in
forestry air samples using Tenax sampling tubes. The sdmgimosphere was
pumped through the tubes at a rate of 5¢ omn? before analysis by thermal
desorption gas chromatography mass spectrometryGTIMS). Analytes were
desorbed from the tubes at 300 °C onto a cold trap helb@t°C for 5 min before
heating the cold trap to 260 °C and transferring the analytes to the GC column. The
authors reported detection limits of between 1.6 and 2.1 higTime use of thermal
desorption in place of the solvent extraction treatments discussed in other literature
allowed fewer steps in the analysis and lessened the risk of analyte losses arising from
multiple inefficient steps. This improved detection limits, reduced analysis time and
potentially removed interfering peaks caused by the use of solvents. However, the
study reported here only investigated measuring the presence of a single analyte and
its degradation products in forest air, as opposed to a suite of biocides in air often
already containing considerable concentrations of VOCs (as is often the case in
heritage collection environments) so it is unclear if this method would be appropriate

for such uses.

Clémentet all* developed a method for the determination of alachlor, atrazine, captan,
formothion, lindane and phosalone in atmospheric sangiag active sampling at a

rate of 80 cm mint onto sorbent tubes containing 125 mg of sorbents (Tenax,
Carbopack Y, Carbopack B, Catbap, Carboxen, Chromosorb 186d XAD-4).
Collected samples were analysed by-GDB-MS. Thermal degradation of the analytes
was investigated by desorbing tubes in duplicate at temperatures of 250, 300 and
350°C. The authorebserved a decrease in peak area over the range of temperatures

studied, but were unable to attribute this exclusively to high temperature as the
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precision of the analysis was difficult to determine with only two replicates. The
authors repeated this expeent analysing the samples in the order of high to low
temperature and determined that a slight increase in sensitivity was shown for lower
temperatures, presumably referring to higher recoveries of the analytes. This data was
not presented in the publit@n, however. The authors reported that the use of thermal
desorption was a good method for the determination of the majority of the pesticides
analysed, however captan and phosalone could not be accurately determined. It was
stated in the paper that theal stability was more important than vapour pressure
when determining the suitability of thermal desorption for an analyte, as trapped
analytes must be stable enough to withstand aggressive desorption temperatures in
order to be detected. Using the coimlis detailed in the paper, &@ient and co
workers determined that of the sorbents examined, only Tenax and Carbopack Y did
not irreversibly adsorb compounds at the maximum desorption temperatures of the
sorbents. Tenax was determined to be the most kugalbent, as Carbopack Y was

only suitable for the measurement of lindane as other analytes adsorbed irreversibly to
the sorbent. The authors conducted sampling for 72 h immediately after application of
a range of pesticides, so it was likely that theoeild be a greater concentration of the
aerosolised pesticide in the atmosphere, compared to detection of historical treatments
where the only atmospheric source of the pesticide is typically volatilisation form the
object itself. As the study was condwttever a short term following application of

the pesticide, it is not clear if the method is suitable for longer term monitoring of
pesticidal vapour. The authors noted that there was a-déghtolatilisation cycle
observed in the data, with warmer dayi temperatures causing an increase in the
atmospheric concentration of the analytes. It was observed that atmospheric
concentrations were equal to zero betw®&90 and 0800 h butincreased to a
concentration of 53 ngn® between600and0000 h. As thetsdy made use of shert
term active sampling techniques which onl
of a sampling environment, there is a possibility that if sampling was to be conducted
on a cooler day, lower vapephase concentrations of pedfieimay be detected in the
environment which may not be a true indication of the actual amount of pesticide

present in the environment.
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Briand et all® reported the use of Tenax for tievelopment of a multiresidue
pesticide determination method in 2002. Atmospheric environments were actively
sampled using calibrated pumps, followed by analysis usingGTEMS. Two
sampling methods were developed. The first comnected a Tenax samplingeto

a pump with either a -R000 cnd min? flow rate or alower flow rate of
50-350cn® min. The second sampler was a kelume automatiair samplewhich

was modified to permiflow rates of 250-1500 cm® min, with the previously
describedoumpirg systems. This collector permitted the sequential sampfiritst

tubes. Sampling duratiomas fixed between-2 h per tube for this study. The authors
described that 100% recovery from Tenax tubes was achieved using a thermal
desorption temperature of 38C. The authors claim that the method may be applied

to atmospheric samples for the detection of their target pesticides, including lindane.
However, the design of the atmospheric sampling was such that only one of the target
analytes was applied to thest material so it was not possible to determine if the other
analytes could be trapped. As such, it is not clear if this method can be applied within
the heritage science community as it has not been demonstrated that the analytes can

be trapped and analgd using the method described.

As discussed ilChapter 1, the use of Tenax sorbent for the trapping and analysis of
volatile pesticides in museums has also been investigated by Schieweck-and co
workers!® 17 In 2005, Schieweclet all® used air sampling to determine organic
pollutants in a German museum. Volatile organic compounds (VOCs) were sampled
by pumping air through Tenax sorbent tubes for 40 min at a rate of 15Micrh
before analysis by TIEC-MS. Dichlorobenzeneand camphor were measured at
concentrations of 40 pg fhand 110 pg i, and naphthalene was detected at
concentrations between 2 and 9 ugd across the sampling locations in the study. The
authors were also able to detect the presence of lindane atcantration of
0.16pug m through this method of air sampling. The authors were able to detect
dichlorobenzene and lindane in air samples, but did not further investigate the
detection of pesticides using the described methods in this paper, as thedecus w
the detection of VOCs.
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In 2007, Schieweckt all” expanded this work by focussing specifically on biocidal
contamination in museums. Tenaxbés were used in active sampling mode as
previously, but also in passive mode to sample over 14 d. The authors were able to
detect naphthalene, chlorinated naphthalenes and dichlorobenzene at concentrations

ranging from >1 pg mMto 32 ug me. These rests are summarised ifable 3.1.

Table 3.1: Concentrations of biocides in air of museum cdses

Compound Lowest concentration Highestconcentration
detected (ug nv) detected (ug nv)

1,4-dichlorobenzene 4 24

Naphthalene 3 3

Monochloronaphthalene 2 32

Dichloronaphthalene <1 30

The results presented in the table show that detected concentrations of dichlorobenzene
were significantly increased in the cases sampled compared with the exhibition room.
The increased concentmati of the chlorinated naphthalenes compared to background
samples was indicative that there was previous pesticidal treatment involving these
substances on the objects contained within the cases. This study, however, focusses on
a limited number of biocide with each of the analytes being chlorinated aromatic
substances. While the authors have been successful in detecting these substances, it is
not clear if the method can be adapted for the trapping and analysis of a wider range

of analytes with differenfunctionalities.

Concentrations and types W¥OCs found in indoor air vary considerably depending

on the use of the indoor air space. For example, a workshop may contain higher
concentrations of straigithain hydrocarbons or solvent speciesm paints o
lacquers etcwhile a residential room with an open fire may contain higher than
background concentrations of aromatic and polycyclic aromatic hydrocarbons from
the combustion in the fireplace. Proximity to external sources also influences the

indoor airpollutant (AP) profile of a site. Nearby industrial sites, heavy road traffic
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and surrounding land use all contribute to the VOCs found in a saMipdan sampling
indoor air in heritage environments, in addition to pesticides which may be present, it
is also possible to trap other common indoor air pollutarable 3.2 below lists some
typical monearomatic compounds typically found in indoor air. Benzene, toluene,
ethylbenzene and xylenes (often collectively referred to as BTEX) are common
pollutants found in indoor air, especially in urban agesathey are often generated by
vehicle exhaust While there appears to be a large diffece in the concentrations
found in these studies, the concentrations detestye approximately within one
order of magnitude to each othevhich at concentrations such as thesas an

acceptable margin of error.

Table 3.2: Mean concentration of BTEX compounds (ug)nfound in indoor air
sampling studig§€?2

Location
Substance
Chicago Helsinki Hong Kong Melbourne
Benzene 4.8 2.2 8.1 7.0
Toluene 15.3 20.4 52.8 14.0
Ethylbenzene 9.7 2.9 7.3 1.8
Xylene 11.2 2.5 5.1 8.9

A further study from 1987 detailatie VOCs found in 650 residencessievenUS

cities?® This study found that high concentrations of chemicals were emitted by
cleaning products in particular. Perhaps indicative of the study being conducted in the
late 1980s, the chemicals emitted by these sources wi@ndtrachloride, diand
tri-chloroethane and chloroform; all of these are now considered carcinogenic and are
tightly controlled pollutants. This study indicatethat for sampling in heritage
environments, there are legacy chemical issues that must be considered when

interpreting the dat
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Although the use of Tenax and other sorbents as media for trapping VOCs by passive
sampling is well established, the use of this method for the determination of pesticidal

vapour in heritage environments has not been fully explored.

3.1.2. Target pesticides closen for this research project.

The preservatiorof culturally significant objects has often involved the use of
hazardous chemicals such as pesticides, fungicides or other biocides. A number of
articles have been published highlighting the range of clasnised to treat historical
objects. Goldberd reviewed records at the Smithsonian Institution (Washington, DC,
US) and listed a wide range of chemical specied aseesticidal treatmentsbjects

may have been treated many times over their lifetime aechicals that have been

used at various dates include classes of compounds such as organochlorides,
organophosphates, simple aromatic hydrocarbons and commercial biocidal
formulations. Using tandem mass spectrometry-Mt Purewal has also shown that
merairy chloride HgCL), arsenic trioxidéAs20z), and naphthalene could be detected

on the surface of artefaétswhile Siros used Xray fluorescence spectrometry to
measureghesenorganic specie¥ However, each of these studies required expensive
X-ray fluorescence instruments, amoly measures discrete points on the surface of
collections itemsln 2001, Hawk$' discussed substances suspected of having been
used for the pesticidal treatment of artefacts {sd#e3.3, where chemicals are listed
under trivial and trade names). While not an exhaustive list, this table has been
included to illustrate the breadth of substances previously used in conservation
treatments. A comprehensive list of hazardous chemicals used in the heritage sector
has been puished by Ungeet al?®in 2001

Table3.3: Organic and inorganic chemicals previously used in heritage collections

Substance Trade/Other Chemical Family
Name(s)

Carbaryl Sevin Carbamate

Bendiocarb Ficam Carbamate

Propoxur Baygon Carbamate
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Substance Trade/Other Chemical Family
Name(s)
Borax - Inorganic
Sulfuryl fluoride Vikane Inorganic
Boric acid - Inorganic
Alcohol - Organic
Edolan U Eulan U33 Organic
Pyrethrins - Organic
Phenol Carbolic acid Organic
Hydrogen cyanide - Organic
Naphthalene - Organic
Carbon disulfide - Organic
Lauryl pentachlorophenate - Organic
Ethylene oxide - Organic
Formaldehyde - Organic
Heptachlor Drinox, heptagram Organochloride

Methoxychlor

Aldrin

Endrin aldehyde
Endosulfan I
o-Dichlorobenzene
Cyclohexane hexachlorides

Carbon tetrachloride

Methoxy-DDT,
methoxide

Phaser, thionex

HCH, lindane

Dichlorodiphenyltrichloroethant DDT, Anofex

Organochloride

Organochloride
Organochloride
Organochloride
Organochloride
Organochloride
Organochloride

Organochloride
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Substance Trade/Other Chemical Family

Name(s)
p-Dichlorobenzene - Organochloride
Chlordane Belt, Chlor Kil Organochloride
Pentachlorophenol Acutox, Dowicide 7 Organochloride
Chloropicrin PS gas Organochloride
Dieldrin Alvit, Octalox Organochloride
1,2,4Trichlorobenzene - Organochloride
Ethylene dibromide/dichloride - Organohalide
Methyl bromide - Organohalide
Dichlorvos Vapona Organophosphate
Hydrogen phosphide Phosphine Organophosphorus
Chlorpyrifos Dursban Thiophosphate
Diazinon Knox-out, Dianon Thiophosphate
Malathion Carbophos Thiophosphate

@ Substances agrouped by chemical family and include trade names where available

Asyetand to the best of the aucomsensusastok no wl
which sampling approaels are most appropriate whesampling these analytem

heritage objectsWhile somepublications have recommendidpping of analytes on
polyurethane foam®;3° or solvent extraction of collected ddétl” *! the need to
preconcentratextractsadds complexity to trsmanalytical procedured.his presents
significant problems as the procedures may be carried out by those with no previous
scientific experience. Theamge of analytes used is also vast and different
geographical locations will focus on a different subset of pesticides traditionally used

to treat the objects in their collections.

After discussion with project partners working in UK national instituttensanalytes

were selected for study within this project. Substances were selected for study based

73



on their perceived occurrence within heritage collections based on the literature review
contained inChapter 1, and also due to concerns project partnessfheritage
institutions such as the British Museum and National Records of Scotland had about
the hazards these substances present to those working with contaminated objects. As
none of the previously published literature covered this specific combiratihese

ten pesticides that fulfilled the project criteria of being simple and relatively
economical to implement.eww methods oénalysis were required. Tharget subset

of pesticides chosen to reflect the range of chemicals commonly used in previous
treatmentsncludedsix organochlorideshgxachlorocyclohexane also knownHSH,

dieldrin, endrin, aldrindichlorodiphenyltrichloroethane also known as DDT, and
chloronaphthalene);one organophosphate (dichlorvosjywo aromatic organic
compounds (naphtlene and thymol) and one organic terpenoid compound
(camphor)By developing a method to characterise any biocides present in the air, the
working environment for museum staff and collection users can be made safer. While
organophosphates are more acutelyic than organochlorides, they are also less
persistent in the environment and do not bioaccumulate to high levels in lipid fi$sues.

In a museum however, the environment is protected from many of the degradation
pathways normally encountered by pesticides in industries such as agriculture such as
hydrolysis and direct photolysis from sunlight. By definition, museums are designed
to hawe static environments and as such, ultraviolet (UV) photolysis, hydrolysis and

water runoff are not encountered in properly maintained collections.

The focus of the developed methods will be, where possibleinnasive sampling

of volatile analytes fronthe headspace around the treated object. This would be ideal

for historical or heritage collections where direct sampling should be avoided if at all
possible. Therefore, one key objective of the method development phase of the project

was to isolate andoncentrate volatiles emitted from an object using Tenax sampling

tubes. The determination of less volatile pesticides in the museum environment such

as mercury is discussed @hapter 5. For the sampling of volatile analytes it was
recognised that itmay be necessary to enclose the treated object into a suitable
container (pl astic/ gl ass st during gamplibbgo x , or
Sampling tubesould beused ineitherpassive or active mode to collect the emitted

volatiles
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3.2.Research aimsand objectives

This study presented the development of two methods for the detection of biocides
commonly found in heritage environments, before assessing the methods in case
studies across UK heritage institutions. Target biocides were selected after
corsultation with conservators at project partner institutions. The work undertaken
here has detailed the use of passive sampling using stainless steel tubes packed with
Tenax. The use of these sampling tubes allowed them to be posted to collections, where
they were easily deployed by collection staff in order to collect the samples for

analysis. Key objectives of the study are discussed below.

Development of methods suitable for the detection of target analytes in museum

environments

Methods for the determitian of the 10 target analytes (aldrin, camphor,
chloronaphthalene, DDT, dichlorvos, dieldrin, endrin, lindane, naphthalene and
thymol) were developed based on the sampling needs for each substance. For example,
volatile analytes such as camphor, naphtiglechloronaphthalene, thymol,
dichlorvos, aldrin, lindane and HCH were detected usingGKBMS from spiked

Tenax tubes. More thermally labile analytes used an HBYGnethod, which was

able to detect naphthalene, thymol, chloronaphthalene, dichlorves), algbldrin,

endrin and DDT. Additionally, a GEID method was developed allowing detection

of all 10 target analytes. Sample preparation was investigated to determine the most
suitable instrumental procedure for the detection of each analyte, with a
preconcentration method being developed to allow detection of low masses of analyte
recovered by solvent extraction. Chromatographic methods were appropriately
validated to determine specificity of response and to investigate the correlation
between peak areand concentration.

Creation of asampling and analysis strategy for heritage institutions based on
developed methods

A significant aim of this work was to provide museum staff from a-smentific
background and skill set with an effective tool for tle¢edtion and identification of

pesticides in heritage environments. To this end, a flowchart has been designed which
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incorporated sampling and analysis strategies for the target analytes, and a sampling
protocol has been prepared detailing for heritagek@rsrthe procedure to follow for

the collection of samples. The flowchart allows either an appropriate sampling strategy
to be determined based on knowledge of chemical hazards present, or can inform
conservation staff which analytes are likely to be detebased on the sampling needs

of a particular object. The flowchart could potentially allow users to select an
appropriate analytical strategy without any prior knowledge of analytical
instrumentation or sampling techniques. It was proposed that tiwshéot could

enable heritage institutions to determine the presence of chemical hazards and legacy
biocidal residues in their collections by empowering collection custodians to hire
external laboratories to perform analyses tailored to the needs of ritieildual
collections. The sampling protocol was prepared in order to fulfil the key objective
that the developed techniques be simple for workers who may not be from a scientific
background to follow. As such, the protocol is a digystep guide for theollection

of samples for analysis. The protocol is found\ppendix A.

Assessment of developed methods using case studies in UK heritage institutions

Developed methods were assessed using case studies undertaken in several heritage
institutions in the K. The case studies demonstrated the utility of the methods in
uncontrolled environments, aiming to inve
case studies highlighted VOCs common across heritage environments as well as
variations in type and conceation of VOCs present. The case studies also found a
number of instances where camphor, naphthalene, chloronaphthalene, and lindane
were detected in the vapephase, with the presence of these substances being
attributed to previous pesticidal treatmenbDuring the case studies, sampling was
minimally invasive, norcontact and was performadsitu, allowing fragile objects to

be sampled for analysis without fear of further damaging the object, fulfilling a key
objective of this work. The analytes tragapon the sorbent were desorbed for analysis
using either heat (for thermally stable analytes) or by solvent extraction (for less

thermally stable analytes) and analysed by an appropriate chromatographic method.
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3.3.Experimental

3.3.1. Part A: development of methodssuitable for implementation in

heritage environments

3.3.1.1. Calibration of GC instrument

Analytes trapped onto Tenax sampling tubes were recovered by thermal desorption
using a Markes International Unitiiermal desorption unit connected to an Agilent
5890 GCMS. Each sampling tube was heated for 10 min at 320 °C using He as the
carrier gas at 1 chminand desorbed analytes passed onto a cold trap h&ld°At.

In the second stage of the desorption process the cold trap was rapidly heated at
approximately 9 °C s*to 300 °C permitting a sharp band of vapour to pass into the
GC-MS instrument. Helium, at a flow rate of 1 cm njrwas used as the G@S

carrier gas with a DBMS (30 m x 25Cm x 0.25em film thickness) capillary
column. The GC column wdeeated using the following conditions: 65 °C for 5 min,

5 °C mirtt to 90 °C held for 5 min, 30 °C minto 180 °C andheld for 5 min before
increasing at 20C mirn! to 220°C and holding for 5 min to give a final analysis time

of 30 min. Mass spectrortrec detection was used in electron impact mode, scanning
overthe range oB0i 450 amuy with an electron energy of 70 eV and a solvent delay

of 2 min.

A standard solution was prepared by measuring approximately 20 mg each of aldrin
(Pestanal analytical staadi, SigmaAldrich, Gillingham) campho(PurumO9 5 ., 0 %
SigmaAldrich, Gillingham), Xchloronaphthalengtechnical gradeSigmaAldrich,
Gillingham), endrin (Pestanal analytical standard, SigAddrich, Gillingham)
dichlorvos (Pestanal analytical standard&igmaAldrich, Gillingham) dieldrin
(Pestanal analytical standard, Sigidrich, Gillingham) DDT (Pestanal analytical
standard, Sigmdldrich, Gillingham) HCH (1:1: 1: 1 PeBtanél: o: @
analytical standard, Sigmddrich, Gillingham), naphth&ne (Scintillation grade,

09 9 , OSmaAldrich, Gillingham) and thymol (O 9 9 ., 0S¥gmaAldrich,
Gillingham)into a beaker before quantitative transfer into a 10dvaumetric flask

and dilution to volume with 95:5 hexan@®5% nhexane Fisher Scientific,

Loughborough)and isopropyl alcoho{IPA, HPLC grade, Rathburn, Walkerburn)
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This stock solution was then diluted-iddd to yield a concendtion of approx.
20nge [ Calibration of the TBGC-MS was performed by loadingonditioned
Tenax tules with 2.5, ®, 7 . 5L obthedillitéd mexed standard solution with one
tube being loaded with a solvent blank. This gave an analyte ma8sXd0, 18 and

200 ng per tube, witla solventblank. Loadingwas performed by injecting the
necessary vaoime directly onto the Tenax in the tubeing a Hamilton syringe
Linearity of the instrument was assessed over this range by determining the equation
of straight line for the response and calculation of RRevalue. Identification of
analytes was perforad by probabilitypased spectral matching with NIST reference

spectra.

3.3.1.2. Calibration of HPLC instrument

A standard solution containing all 10 analytes of interest was prepared as above, to
give a 200 ng utt concentration using 95:5 hexane:IPA as a diludnstrument
calibration was performed by injecti2®, 50, 100r 250 uL ofthe standardsolution

ontoi ndi vi dual Tenax tubes giving | oaded
respectively. Elution of calibration tubes using 103amh 95:5 hexane:IPA aye
calibration solutions 08.5, 1, 2,0or 5 nguL™. A Tenaxsampling tube which had not

been loaded with the standard solution was eluted with 2@t85:5 hexane:IPA to

provide a procedural blank.

Sampling tubes were badkished with 8 cr of 95:5 hexane:IPA solution into a
10cm? volumetric flask before being diluted to volume with the same solvent.
Extracted solutions were transferred to a graduated centrifuge tube and reduced in
volume, under a stream ob Bt 30 °C, using a Techne FSMMsample concentrator.

The final solution volume was approx. 0.8%nmvhich was diluted to &m?® using the
hexane:IPA solution. Extracted solutions were analysed using a Thermo Separation
Products HEBC equipped witra TSP UV1000 detector set to 285. Sgaration was
performed on a Jonesi4 € m, 4 mf column2vitid an isocratic 90:10
acetonitrile:watemobile phase at 1.5émintand a 100 ¢ Lineariymp | e
of the instrument was assessed over this range by determining the equatiogtuf strai
line for the response and calculation of Rfevalue.
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Anal yte recoveries were calcul at'midedby | oc¢
analyte standard solution onto Tenax tubes. Analytes were removed by solvent
extraction by backflushing tubes twi8 cn?¥ of 95:5 hexane:IPA as described. The

solution eluted from the tube withthe239. | oadi ng was -fgdteeconce
give both solutions a ldivingtwo solations ofequalr at i o
concentration. Both solutions were ingdtinto the HPLAJV system with a mixed
standard sol ut i 9 Whisprooedum was ctepeated inJriplicage withL

the resulting peak areas being compared to the calibration curve collected from
analytes eluted from Tenax. The concentratidnesfrom the three replicates were
averaged and expressed as laongerdrationdogiveage o f

a recovery value.

3.3.1.3. Estimation of passive sampling rate onto Tenax sampling

tubes for pesticides

The sampling rate was calculated lwhsm the same Fickian diffusion principles
discussed by Gibsat al,**and inSection 2.1.2The equation is shown below, where
D is the diffusion coefficient of the analytd, is the cross sectional area of the

absorbing surface, aridis the length of the tube:
o s O 0
YO Q_(‘)

(1)

The diffusion coefficient used was based-tmityl toluenea model substance with a
molecular weight equal to the average molecular weight of camphphthaleng
thymol andchloronaphthalenas reported by Lugat 0.0571 cn? s. As theTenax

tube was open at both ends to give two air/sorbent interfaces, a sampling rate was
calculated for each interface to give a total approximate sampling rate @frt® &

Using the approximatesampling rates an estimation of the passive sampling ability

of the Tenax tubea 28 d sampling periodvas selected to allowhe collection of
approximately21.8dm? of air. Using this model sampling ratprocedural limits of
detection were calculated for 1 and 2&ampling periods for the T3C-MS or
HPLC-UV method of analyses (s@&able 3.4 andTable 3.5).
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Table 3.4: Instrumental detection limit and lowest detectable concentration of

analytes for fixed passive sampling periods for analysis BYGTEMS

Analyte Instrumental Lowest detectable Lowest detectable
LOD? concentration i concentrationi
(ng) 24 h sampling 28d sampling

(hg m®) (ug m®)

Camphor 7 10 0.34

Naphthalene 11 14 0.49

Thymol 8 11 0.39

Chloronaphthalen¢ 12 16 0.55

Dichlorvos 3 4 0.13

Aldrin 53 36 1.28

Table 3.5: Instrumental and procedural detection limits for analysis by HBMC

Analyte Instrumental 24 h sampling 28 d sampling
LODP (ng) (hg m®) (ug m¥)

Naphthalene 0.1 0.1 >0.01
Thymol 35 45 1.62
Chloronaphthalene 22 28 0.98
Dichlorvos 22 28 1.00

Aldrin 77 99 3.53
Endrin/Dieldrin 39 50 1.79

DDT 36 46 1.65

a calculated as 3x standard deviation minus the intercept divided by the slope of the calibration curve,
over 5 replicates
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3.3.2. Part B: assessment of sampling methods using case studies in

heritage environments

Several case study locations were identified after consultation with project partners.
Locations were selected typically because it was suspected that there were biocidal
residues present in the sampling location, but not confirmed. SampliBgciion
3.51-3.5.5 and Section 3.5.14was conducted by museum staff by following the
sampling protocol inAppendix A, and sampling inSection 3.5.63.5.13 was

conducted by the author. Methods of analysis used were as detétlection 3.3.1

A further standard dation for TD-GC-MS analysis was preparea addition to the
biocide standard described previously in order to quantify some commonly identified
VOCs. The standamndas prepared by measuring approximately 20 mg eaichueine
(399.9%, SigmaAldrich, Gillingham), ethylbenzene (puri€89.0%, SigmaAldrich,
Gillingham), furfural (ACS grad®%%, SigmaAldrich, Gillingham), acetophenone
(puriss (99.0%, SigmaAldrich, Gillingham), p-dichlorobenzene (99%, Sigma
Aldrich, Gillingham), o-dichlorobenzene (98%igmaAldrich, Gillingham), cumene
(98%, SigmaAldrich, Gillingham), and benzaldehyd€99.5%, SigmaAldrich,
Gillingham)into a beaker before quantitative transfer into a 10dwvaumetric flask

and dilution to volume with 95:5 hexan@5% nhexane Fisher Scientific,
Loughborough)and isopropyl alcoho{IPA, HPLC grade, Rathburn, Walkerburn)
This stock solution was then diluted-fiddd to yield a concenation of approx. 20

nge Ll Calibration of the TBGC-MS was performed as previously by loading
conditioned Tenax tubes with 2.5,06 7 . 5 L ofrthe dilted mixed standard
solution with one tube being loaded with a solvent blank. This gave an analyte mass
of 50, 100, 18 and 200 ng per tube, withsolventblank. Loadingvas performed by
injecting thenecessary volume directly onto the Tenax in the tiddeg a Hamilton
syringe Linearity of the instrument was assessed over this range by determining the
equation of straight line for the response and calculation &%kelue. Confirmation

of andytes was performed by probabilibased spectral matching with NIST

reference spectra.
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3.3.2.1. Swiss Cottage natural history case study

Swiss Cottage is an Alpirgtyle chalet constructed in the grounds of Osborne House

on the Isle of Wight during 1858. The Swss Cottage site contained a large avian
taxidermy collectiordating from the 19 centurywhichwas passively sampled over a
period of 98 d. Several display cases were opened just enough to insert a Tenax tube
before being resealed for the duration ofshepling.Sampling locations are shown

in Figure 3.1.

Figure 3.1: Image showing location of sampling tube within Swiss Cottage

collection. Tenax tube highlighted for clarity.

3.3.2.2. British Museum rubb er garments case study

A collection of rubber horse riding garments housed at the British Museum was
sampled in order to determine the origin of a strong unpleasant odour emitting from
the objects. The garments sampled weraiacape(Am1988,08.672andtrousers
(Am1988,08.670bjnadefrom cotton calico which had been coated with rubber latex

on the outer surfac&arments are shown Figure 3.2.
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Figure 3.2: British Museum rubber garments selected for study. FrdRa Trousers
(Am1988,08.670h)andrain cape(Am1988,08.672)

The garments were placed in separate enclosures and sampled passively over a period
of 25 d at a temperature of approximatelyZBB°C. Enclosures were created by heat
sealing two polythene sheets around the object, with the diffusion tube ahesattly
Although polyethylene is known to be gas permeable, this was not considered critical
to the study as the objectives were qualitative only. Background measurements were
taken from the Special Projects Room where the garment was stored for the duration

of the sampling.

3.3.2.3. National Records of ScotlandStation Roadstrongroom case

study

The Staibn Road site to be monitored was a strongroom formerly used as a safe for
storing pools coupons. At time of sampling, the room measuring approx. 200 m
contained a number steel bracketedooden shelves which held a number of maps
as shown irFigure 3.3. Sampling was conducted in passive mode over a pefiod
33d before analysis byD-GC-MS.
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Figure 3.3: Station Roagtrongroom sampling location showing papers on shelves

3.3.2.4. RAF museum case study

Sampling at the RAF museum presented an opportunity to deteifraimg of the 10

target analytes had been used across collections containing a broad range of material
housed witin a single institutionSamples were taken from a number of locations
including four Portastor units housing collection material, two offices, two
library/archival stores, a cleaning studio and a film store. The contents of each
sampling location are sumarised irilable 3.6. Locations were sampled for 28 d using
Tenax tubes in passive mode. Images of the library storeroom and portastor 2 sampling

locaions are presented kigure 3.4.
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Table 3.6: Collection information at sampling locationsRAF Museum

Sampling Objects Materials Environmental

location conditions

Office - - RH: 41%
Temp: 26°C

Portastor 1 Aircraft Ink on paper, RH: 40%

(ammonia ma nu f act u negatives, prints Temp: 26°C
drawings,

odour) .
photographic
material (from
1940s onwards)

Portastor 2 Aircraft Ink on paper & RH: 43%

(vinegar odour) manu fact u waxed _Ilnen, ink Temp: 27°C
drawings, on tracing paper,
photographic dyeline prints,
material (from blueprints,
1920s onwards) cellulose acetate

film negatives,
microfilm

Portastor 3 Periodicals, Ink on paper RH: 47%
technical manuals .
(from 1910s Temp: 26°C
1990s)

Portastor 4 Technical manuals Ink on paper RH: 43%
(from 1940s Temp: 26°C
onwards) '

Archive Documents, Printed material, RH: 47%

storeroom photographic prints, microfilm Temp: 26°C
material, drawings, '
paintings (from
1900si present)

Library Books, periodicals, Ink on paper RH: 42%

storeroom technical manuals .
(from 19008 Temp: 25°C
present)

DoRIS office  Various archival - RH: 47%
items Temp: 27°C

Cleaningstudio Aircraft Ink on paper & RH: 38%
manuf act u onwaxed linen, Temp: 27°C

drawings (from
1920s onwards)

ink on tracing
paper, dyeline

prints
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Sampling Objects Materials Environmental

location conditions
Film Store Audio-visual CDs/DVDs, RH: 41%
material (from cassettes (video :
1900si present) & audio), film Temp: 27°C
(cellulose
acetate)

Figure 3.4: Images of library storeroom (L) and portastor 2 (R) with samplers in
each location highlighted

3.3.2.5. National Records of ScotlandThomasThomson Housecase
study

The National Records of Scotland holds a large photographic and multimedia store in
Thomas Thomson Housd@ total of 12 locations were selected for samglas
summarised iMable 3.7. Sampling was conducted over 28 d using tubes in passive
mode.

86



Table 3.7: Collection informatiorat sampling locations in Thomas Thomson House

Sampling  Objects Materials Environmental
location conditions
GA1l Photographic material ~Glass plate negatives, RH: 43%
background store plastic film negatives, Temp: 17°C
photographic albums,
photographic prints
and small number of
cased photographs an
framed photographic
prints.
GA1l 4 flap paper enclosure Glass plate negatives RH: 44 %
enclosure  with p_hotographlc Temp: 17°C
material. Taken from
GA1 drawer 6.4
GAl Cabinet drawer with Glass plate negatives RH: 44%
drawer 6.4 photographic material Temp: 17°C
GAl Cabinet drawer with Plastic film negatives RH: 45%
drawer photographic material Temp: 17°C
26.3
GAl 4 flap paper enclosure Plastic film negative  RH: 44%
enclosure  with p_hotographlc (Cellu_lose acetate Temp: 17°C
material. Taken from negative)
GA1 drawer 26.3
GA1 box Box containing Cased photogragh RH: 43%
photographic material. Ambrotype :
Taken from GA1 drawel Temp: 17°C
13.3
GAl Timecare box B&W prints RH: 45%
timecare  containing photographic Temp: 17°C
box material
GA 1 print 4 flap paper enclosure B&W print RH: 45%
with photographic :
material. Taken from Temp: 17°C
above timecare box
GALl album Box containing Photographic aloum  RH: 45%
box photographic material Temp: 17°C
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Sampling  Objects Materials Environmental

location conditions

GA General store room Mixed archival RH: 66%

background mater!al.: Printed Temp: 16°C
material and

manuscripts

1 cabinet containing
colour photographic
prints in Timecare

boxes
GA cabinet Cabinet containing Timecare boxes with  RH: 51%
770 photographic material colour_ photographic Temp: 16°C
material
GA Timecarebox with Colour prints RH: 51%
timecare  colour photographic Temp: 16°C

box 770 material

GA print 4 flap paper enclosure Colour digital print RH: 46%

with photographic Temp: 16°C
material .

3.3.2.6. University of Glasgowherbarium case study

In order to investigate the capacity of the sorbent to adsorvaiatile substances in

the presence of highly volatile substances, it was necessary to sample a treated object
with a well understood VOC profile. The artefact chosen for study was a hunbari
compiled in 1678 by a Scottish medical student named John Snodgrass while studying
at the University of Leiden. Thebjectis a bound volume of paper with pasteboard
covers, with about 850 plant specimens from the Leiden botanical Garden and
elsewheren the Netherlands glued into the padegire 3.5).
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Figure 3.5: Photograph obniversity of Glasgovherbarium volumeremoved from

storage box

During the 1990s, a conservator who worked in the library conjectured that the book
was treated with DDT, based on the presence of fine powdery residues being present
on the pages. The box in which the bowks stored Eigure 3.6) had beerlabelled
Apesticide r esi spacdiclly. Sangpling compridedhdeployifiyd T
conditioned Tenax tubes toettsolander box containing the herbarium on day 0, and
one tube removedfter7, 14, 21 and 28. At this point, the tubes were returned to
Strathclyde and analysed by F®C-MS as described previously.

Figure 3.6: Storage box for University of Glasgdverbarium volume

3.3.2.7. British Museum Orsman Road €aredevil case study

The scaredevjFigure 3.7, was a large wooden object, mounted to the front of a canoe

used by some Oceanian cultures as a means of warding off evil. This carved wooden
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figure would sit on the prow of the boat as @stabn. The scaredevil was stored in a
wooden boxandpresented as an ideal case study due to the wooden storage crate being
able to preconcentrate any VOCs present. This case study was sasegteektension

of the work already completed in the Univéysof Glasgow herbarium study as
described irBection3.3.2.6 The University of Glasgow study examined the capacity

of the sorbent to trap marginally volatile sudystessuch as DDTin the presence of

more volatile cellulosic breakdowrsubstances without exhausting the adsorption
capacity of the sorberdindwas conducted in a Solander box that did not contribute
any detectable VOCs to the emissive profile of theabjThe scaredevil study was
conducted within a softwood storage crate that readily produced VOCs associated with
cellulosic materials. As such, the aim of thigerimentvas to determine if the more
volatile analytes of interegguch as naphthalene areimphoycould be detected in the
presence of high concentrations of cellulosic VOCs emitted from betbhject and
storage material#\s before, sampling was conducted using Tenax tubes collecting in
passive mode over a period of @&t ambient condibnsbefore analysis byD-GC-

MS.

Figure 3.7: Scaredevil from Nicobar Islands, Bay of Bengal, in storage crate

3.3.2.8. British Museum Orsman Road weapons roomcase study

The weapons room at Orsman Road was used to store weapons such as swords and
spearswvhich were part oéthnographic collection#\ large amount of the materig

the weapons rooms was of natural origich as leather grips and scabbards for
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weaponsas vell as wooden staves and shaftscan be seen Figure 3.8. Natural
materialsuch as this isusceptible to infestatiomnd was selected as likey have
been treated with pesticides, making the location ideal for inclusion as a case study.

Sampling withTenaxtubes was conducted in passive mode for 28 d before analysis
by TD-GC-MS.

Figure 3.8: Rackin weapons room containing a number of carved wooden objects
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3.3.2.9. British Museum Orsman Road Arctic furs case study

The arctic furs studied were stored between layers of tissue paper in PVC bags kept in
drawerqFigure 3.9). Thisexperiment was performéd examine the emissive profiles

of furs, a significant component of natural history collections. While natural history
object have previously been examath(seesection3.5.2), this was the first example

of furs being studieth this work As mentioned irChapter 1, crates of HgGl and

As;Os were ofen employed fopreservation of animal skins while travellifgThe

VOC sampling methodwould not be able to detect inorganic biocides such as these,
but was instead used to detémmthe presence afrganicbiocidal treatmentsvhile

collecting information on the volatiles emitted by skins and f@ampling was

performed usind enaxtubes deployed in passive mode over a period of 28 d before
analysis byTD-GC-MS.

Figure 3.9: Arctic furs stored in bags at Orsman Road stores

3.3.2.10. British Museum Blythe Road large object storecase study

The large object stogigure 3.10) at Blythe Road was formerly a shipping container
The steel enclosure contained a number of wooden caaak=ail of which can be
seen irFigure 3.11, as well as various display cases, lighting stands and adiess|
powered generatoBampling tubes were deployed next to two of the ca(feigsre
3.12) for 28d before analysis by D-GC-MS as described i®ection3.3.1.1
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Figure 3.10: Inside the large object stomBlythe road Canoes are in racks, and a
number of freestanding display cases are present also

Figure 3.11: Detail from canoe documenting vivid paintwork, suspected as a

potential source of solvent VOCs if recently repainted
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Figure 3.12 Canoewrapped in plastic sheeting. Tenax tubes were placed on top of

the sheeting for exposure

3.3.2.11. British Museum Blythe Road Mexicanand Peruvian wool

case study

Mexican wool from the textile conservation cenffléeCC) was sampledn situ as
conservation workers hatbmplained that thelgad developed a strong smeinilar

to that of sour milkafter pest control treatment using a fumigant gasumber of
samplers were deployad passive moddor 28 dthroughout the wool collection
sampling the air inside wooden afiiore boxes containing the textiles. The locations
sampled were TCC background air and boxes 28 and 30, each box containing a number

of textile objects.
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3.3.2.12. Bloomsbury Asia storecase study

The Bloomsbury Asia store was a relatively stmathm measuring appxonately
45m?3. The room contained predominantly woodartefacts from Eastern Asia.
Objects were stored on steel shelving units lined with paper and foam péakigegn

in Figure 3.13, Figure 3.14 andFigure 3.15). Sampling tubes were placed on open
shelves in order to collect air from the roasiseen ifrigure 3.16. It was not possible

to deploy a blank fothis area, as the outer corridor to the room was open to outside
air and would not produce a representative conampling tubes were exposed in

passive mode for 28 d before analysisTyGC-MS.

Figure 3.13: Objects stored in Asia room included a significant amount of wood, but
also metals and gilding
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Figure 3.14: Location of second set of Asia store samplers

e

Figure 3.15: Image illustrating the objects present in the Asia store
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Figure 3.16: Exposure of Tenax tubes in Asia room on a shelf near an environmental

monitor

3.3.2.13. British Museum crocodile mask case study

A crocodilehead dance mask (shownhkigure 3.17) from the Torres Strait Islands
was selected for sampling after a collection worker experienced a sensitization reaction
after exposure to the object. Debris from the object that had already become dislodged

such as hair and fibres were extracted amt 95:5 hexane and IPA, and analysed by
HPLC-UV.
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Figure 3.17: Crocodile head dance mask used for sampling campaign © Trustees of

the British Museum

3.4.Results and discussion, part A: development of methods salile for

implementation in heritage environments

Results and discussion for this chapter have been split into two sections, with part A
describing development of the methods and part B detailing the case studies using the
developed methods. Development tbese methods was undertaken in order to
investigate if 10 common heritage pesticides could be detected usingpniact,

minimally invasive,jn situsampling devices.

3.4.1. Calibration of the TD-GC-MS for the determination of selected

pesticides

The 10 key aalytes were selected after consultation with project partners in heritage
institutions. The analytes were selected based on their perceived prevalence of use in
heritage collections. Analytes were analysed by directly inje@tigh0, 7.5 or 1L

of the diluted mixed standard solution plus a solvent blank onto conditibeadx

tubes. This gave an analyte mas$0@f 100, 18 and 200 ng per tube, withsolvent

blank which were then analysed using f®-GC-MS method describedCalibration

data for th& D-GC-MS are shown iTable 3.8, with analytes listed in order of elution.

High R? values were calculated for the calibratidata for camphor, naphthalene,
thymol, chloronaphthalene, dichlorvos and aldrin, indicating a high degree of

correlation between peak area and concentration. However? tredue for aldrin is
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significantly lower than camphor, naphthalene, thymol, chlaphithalene and
dichlorvos, indicating the degree of correlation is lower for this analyte. Correlation
coefficients for HCH and dieldrin were poor, indicating that there was not a strong
relationship between peak area and concentration over the injgotidosmed. It is

likely that the high temperatures used in the thermal desorption of these analytes from
the Tenax sorbent led to degradation of the analytes, giving poor correlation
coefficients as a result of the poor recovery of these analytes.

Table 3.8: Linear regression data for analytes of interes

Entry Analyte Regression line R? value
1 Camphor y =4946474x + 5 0.9936
2 Naphthalene y = 7996573x + 2 0.9979
3 Thymol y =5392715x% 4 0.9979
4 Chloronaphthalene y = 6692512x 4 0.9958
5 Dichlorvos y = 15422050x% 7 0.9937
6 Aldrin y = 1062330x24 0.8826
7 HCH y = 736306x 80 0.5360
8 Dieldrin y = 413970x 362 0.0642

The chromatogranirom the injection of the 200 ng loading is showrFigure 3.18,

with the chromatographic region of interest from 12 min to 30 min expanded for
clarity. Thechromatograntonfirmed that it was possible desorband detet 8 of the

10 target analytes from Tenax sampling tubes; the two exceptions being endrin and
DDT. The low thermal stability of these substances is likely to have caused thermal
breakdown during the desorption process, however the high desorption tengperatu
was necessary to ensure full desorption and recovery of the analytes froentxe
Camphornaphthalenethymol, chloronaphthalenanddichlorvoswere calculated to
have highly correlating data, witR? values greater than 0.99 (refer Table 3.8,
entries 15). TheR? value for aldrin was calculated to be 0.8826 (refefdble 3.8,

entry 6), whith was lower than the value calculated for other analytes, although still
indicated a high degree of correlation between the data. THeloatculated for HCH
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and dieldrin were due to the poor recovery values resulting from thermal degradation

during desgption (refer toTable 3.8, entries 7 and 8).
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Figure 3.18: Region of interest (30 min) from TDGC-MS chromatogram showing analyte resolution more clearly
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3.4.2. Solventextraction of pesticide loaded Tenax tubes and analysis by
HPLC

Detection and quantification of the more thermallgssgve compounds (endrin and
DDT) from Tenax tubes was examinading solvent extraction as an alternative to
thermal desorption. Tenax tubes were loaded with known masses of pesticides and
analysed by HPLA@JV using the operating conditions outlined $®tion 3.3.1.2
usingaJones @4 & m, 4dmme&oluwmn Rith &n isocratic 90: Heetonitrile:water
mobile phase at 1.5 dmintand a 1 0plke loepL Deeeomwas a UV
spectrophotometer seéb 225 nm. The calibration data obtained (s@&able 3.9)
confirmed that this method of extraction could be used to quantitatively recover DDT,
and also naphthalene, thymol, chloronaphthalene, dichlorvos and aldrin.

Thechromatogranirom the 7.5n g “!anjection is shown irFigure 3.19. The figure

shows that the majority of analyte peaks were baseline resolved, however isomers
dieldrin and endrin celuted. A R? value of 0.9999 was calculated for the combined
dieldrin and aldrin peak, indicating that there was still a highly correlating relationship
between the area of this peak and concentration of the substRAcesues were
calculated for all remainingeaks as being greater than 0.9700 which indicated a high
degree of correlation between peak area and concentr@aomphor and HCH were

not included as target analytes for this method as the molar absorptivity of camphor at

225 nm is very low, and HCH de not contain suitable UV chromophores.
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Table 3.9: Linear regression data for Tenax HRUY¥ method

Analyte Regression line R? value
Dichlorvos y =31141x- 0.4 0.9716
Thymol y = 204833x 0.02 0.9999
Naphthalene y =904422x- 0.3 0.9795
Chloronaphthalene y =1781937% 0.1 0.9972
Dieldrin/Endrin y = 144250x + 0.001 0.9999
DDT y = 224620x + 0.004 0.9999
Aldrin y = 62618x- 0.006 0.9999
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3.4.3. Preconcentrationof solvent extracted solutions

Desorption of trapped analytes using solvent washes was determined to be a more
appropriate  method for recovering thermally sensitive analytes than thermal
desorption. The main drawback for solvent extraction was that due to the volume of
solvent requiredfor quantitative recovery, the analyte concentration was greatly
reduced prior to analysis. In order to counter this effect, a method for preconcentrating
solventextracted analytes was investigated.

Solutions containing analytes solvent extracted fromaXetubes were successfully
preconcentrated using the method describegkeiction3.3.1.2 Tubes were prepared

in triplicate by loading with known masses of amalgnd preconcentrated before being
analysed against an external standard for calibration and a sample eluted and analysed
without the preconcentration step. Recoveries of thelating endrin and dieldrin

were calculated based on the mass of both arsatlytg had been applied to the tube.

These results are shownTable 3.10.

Recoveries for the solution eluted without the preconcentration weréghevemge of
98-102% mean recovery for individual analytes, with a mean recovery of 98% for all
analytes. Values for relative standard deviation (RSD, calculated as the standard
deviation divided by the mean, multiplied by 100) covered the rang®®§,4ith a

mean of 6%. The low RSD values showed that the experiment had a high degree of
repeatability and precision. Dichlorvos and aldrin were calculated to have the poorest
RSD values at 9% and 7% respectively. As air sampling has inherently high
uncertainy in quantifying analytes, concentrations of analytes measured in indoor air
are typically considered equivalent within one order of magnits&fe®>3” Thus, RSD

values in these recovery experiments of greater than 5% were considered acceptable.
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Table 3.10: Recovey and RSDvaluesdetermined from preconcentration

experiment

Recovered %RSD Recovered 1& %RSD

5ng? el preconcentrated

standard 0.5 hg ¢

(%) standard (%)
Naphthalene 98 4 96 6
Thymol 98 6 96 10
Chloronaphthalen¢ 98 5 98 8
Dichlorvos 102 9 87 12
Aldrin 98 7 101 11
Dieldrin/Endrin 98 6 102 11
DDT 97 6 100 10

Analytes in solutions which underwent the preconcentration process were recovered
over a range of 82102% individually with a mean recovery of 97%. The lowest
recovery was for dichlorvos at 87% and the highest was dieldrin/endrin at 102%. RSD
values for tle analyses were over the range €f280, with an average of 10%. The
higher RSD values of the preconcentrated samples were expected, as extra steps in

sample preparation typically increases the imprecision of an analysis.

This experiment has shown thaivias possible to preconcentrate the analytes to allow
quantitative recovery of naphthalene, thymol, chloronaphthalene, dichlorvos, aldrin,
dieldrin and endrin, and DDT with a mean recovery of 97%. The high recovery values
for the most volatile analytes (plathalene, 96%; thymol, 96%; and
chloronaphthalene, 98%) confirmed that these analytes were not being lost in the
preconcentration process allowing a single extraction and preconcentration process to

be used for all analytes, regardless of volatility.
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3.4.4. Analysis of solvent extraction solutions by gas chromatography

flame ionisation detection (GCFID)

Analyte standard solutions prepared aSaation3.3.1.2were solvehextracted from

spiked Tenax tubes and analysed byED to assess the ability to determine the less
thermally stable analytes. As the majority of the work in this method development
study was performed using a mass spectrometer, the experiments erdedalg
GC-FID were performed as qualitative indicators as to the suitability of the detector
for these analytes only. Without using the high thermal desorption temperature, it was
possible to detect previously detected analytes naphthalene, thymol,
chloronaphthalene, dichlorvos and aldrin. Significantly, endrin and DDT were
detected in the standard solution too, indicating that these analytes are detectable
without the high temperature of the F®C-MS analysis.

3.4.5. Proposed smpling strategies for individual collections using

developed methods

The instrumental methods presented above each have advantages and limitations
which may not be immediately apparent to heritage institution staff who do not have a
scientific background. As such, it was considered anortapt outcome of this
research that museum personnel be able to use the methods described in this work
appropriately, and according to the needs of their own collections. To this end, a
flowchart is presented ifrigure 3.20, which incorporates sampling and analysis
strategies for the 10 target analytes in order to help collection staff identify appropriate
sampling and analysis methods. For example, if colledtiaff suspected the presence

of a particular analyte then the flowchart may be followed from bottom to top, allowing
identification of a suitable instrumental method of detection and sampling strategy.
Conversely, if collection staff wished to performbr@ad screen of their collection but

are restricted in terms of the sampling needs of a particular object, the flowchart may
be followed from top to bottom which would highlight to staff which analytes were
likely to be detected using a particular sampimgthod. This flowchart can potentially

allow users from a neacientific background to make informed choices about
analytical strategies for collections without any prior knowledge of analytical

instrumentation or sampling techniques. It was further megpdhat this flowchart
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may be able to empower collection custodians to hire external laboratories to perform
analyses tailored to their individual collection needs by following the flowchart which
could potentially significantly increase the utility ofcbuexternal services to heritage
institutions. A detailed sampling protocol for the collection of passive and active air

samples and solvent swabs is presentéppendix A.
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Figure 3.20: Tenax sampling methods for pesticides in heritage environments
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3.5.Results and discussion, part B: assessment of sampling methods using

case studies in heritage environments

Case studies acrosKUheritage institutions were used to assess the methods developed

in part A of this work. Following the flowchart presentedFigure 3.20, collections were

typically sampled using Tenax tubes in passive mode for 28 d, before analysis of the tubes
was performed using TBC-MS or HPLGUV where appropriateConcentration of the

analyte in the vapoyshase was calculated by dividing the mass trapped by the sample
volume ad expressing in pg ™ Tenax sampling tubes were deployed in a number of
locations in heritage institutions in the UK. The 10 key analytes were quantified using
external standard solutions. The collection VOC data was not the focus of this
investigation, but the data were interrogated to give better understanding of the
commonalities and differences between the VOC profile of different sampling locations.

As a result, there were too many VOC analytes detected to be able to quantify using
individual referace standards. Instead, all but the most common of these substances have
been quantified against a toluene external standard and expressed as toluene equivalents,
following a precedent commonly used in indoor air publicatidd The use of toluene
equivalents should only be considered as an approximation of the VOC concentrations
detected, and as such these results should not be interpreted as having the same degree o
analytical rigour as the biocide results as the response factor for both the unknown analyte
and toluene cannot be assumed to be the same. A list of analytes quantified from
individual standards is shownTrable 3.11, while remaining analytes were calculated as

toluene equivalents.

Table 3.11: Analytes quantified from individual standards

Analyte Analyte type

Aldrin Key biocide analyte
Camphor Key biocide analyte
Chloronaphthalene Key biocide analyte
DDT Key biocide analyte
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Analyte

Analyte type

Dichlorvos

Dieldrin

Endrin

HCH

Naphthalene
Thymol
Acetophenone
Benzaldehyde
Cumene
p-Dichlorobenzene
o-Dichlorobenzene
Ethylbenzene
Furfural

Toluene

Key biocide analyte
Key biocide analyte
Key biocide analyte
Key biocide analyte
Key biocideanalyte
Key biocide analyte
Common VOC

Common VOC

Common VOC

Common VOC/norkey biocide

Common VOC

Common VOC

Common VOC

Common VOC

3.5.1. Risk assessment of results generated by sampling techniques

The purpose of this work was to allow heritage institution staff to adequately risk assess

their collections. It may be difficult for staff not from a chemical sciences background to

decide on an apppriate level of risk associated with their collections without guidance

on the
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activities. Traffic light colours of red, amber and green were assigned to each sampling

location in order to show the associated risk of working within each sampling area, with

the caveat that precautions should always be taken to ensure exposure to eaaildw h

chemicals should be as low as is reasonably practicable. The traffic light rating pertains
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to biocidal analytes only, as VOC data were not considered. The criteria for assigning

each colour are as follows:

Greeni risk is presumed low. No biocidallsstances were detected from samples of this
environment. However, it is recommended to use nitrile gloves conforming to EU
Directive 89/686/EEC and the standard EN 374 derived from it for handling objects from

this location to further minimise risk of exgare.

Amberi risk is presumed medium. Biocidal residues have been detected in this sampling
location, however they are below EU short term exposure limit thresholds, or such a
threshold does not exist for the biocide detected. Detection of substédticesphrases
corresponding to sensitizing, mutagenic or carcinogenic properties as desciilbbtein

3.12will also trigger an amber risk warning at minimum.

Table3.12 Ri sk phrases used to deter mine

H-phrase Hazard statement

H317 May cause an allergic skin reaction

H334 May cause allergy or asthma symptoms or breathing difficultiekdled
H340 May cause genetic defects

H341 Suspected of causing genetic defects

H350 May cause cancer

H351 Suspected of causing cancer

It is strongly recommended that nitrile gloves conforming to EU Directive 89/686/EEC
and the standard EN 3@derived from it be used when handing objects form this area,

and work on objects from this sampling location be performed in a well ventilated area.

Redi risk is presumed high. High concentrations of biocidal residues have been detected

in this samplingdcation, that are approaching or exceeding EU short term exposure limits

for this substance. Alternatively, a substance has been detected with indications of an

LDsovalue of less than 5 mg Rguggesting extreme toxicity. It is strongly recommended
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thataccess to this area be highly restricted, and that professional advice be sought for
decontamination of affected objects. An individual substance specific COSHH

assessment should be performed prior to working in this area.

The traffic light system has be@ised in case studies here in order to indicate the level of
risk present. It should be stressed to the institution that these hazard assessments should
be considered advisory only, and that each institution will be required to perform their
own COSHH assssments. As such, the risk assessment procedure used here may be
considered quite conservative as it was believed to be better overly cautious than risk

unnecessary exposure to any chemical hazards detected.

3.5.2. Swiss Cottagenatural history collection case tudy

The natural history collection in Swiss Cottage was selected as a case study location as
the cases housing the collection were not opened often, allowing preconcentration of any
vapourphaseanalytes and VOCs present. It was anticipated that as sles baused a
natural history collection, the sampling tubes would collect a number of pesticides, most
likely naphthalenand camphor. As the collection was housed in cases too small to allow
active sampling without the introduction of a diluent flow, dases were sampled in
passive mode before analysing the tube$DyGC-MS.

Table 3.13 details the components in the sample with concentrations greater than
1.0pg m3 which were calibrated with individual standar@ie background sample of

air from the rem containing the casebsplays increased concentrations of chlorinated
solvents trchloroethylene (TCE) and tetrachloroethylene (PCE). The concentrations were
calculated as 1.46 and 2.8 m> for TCE and PCE respectively, which were well below

the EU 8 hr time weighted average (TWA) exposure of 550 and 3#t%nHh The
background sampkdso contained low concentrations of simplersiembered aromatics,
toluene and acetophenone, at 1.34 and lgl®r® as well as 1.78g m furfural. Due to

the presence of aged wood in the construction of the display cases, these VOCs were

attributed tathe hydrolysis of the lignin and cellulose in the wébh 45

A number of pesticidal compounds were detected in the air sampled from the cases.

Chloronaphthalengvas detected in all sampling locations inside object cases and was
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missing from the blank sample, indicating previous pesticidal treatment. Concentrations
of chloronaphthaleneanged from 1.10 2.54 ug m?® with a mean concentration of
1.58ug n2. Naphthalenewas detected in the background and case 33, which was
sampledn duplicate. The mean concentratiomaphthalenén case 33 was 1.48y m3.
Camphor was detected between 1.07 and @83 over all cases with a mean
concentration of 1.68g n3. The difference in concentration for the analytes sampled
can be atthuted to the precision of the passive sampling method which has been reported
at between 12 and 17%2’ In addition to camphor, case 33 also contained the related
compound borneol, calculated as a toluene equivalent. Borneol is the reduced form of
camphor, whiclwas detected at 1.25 and 1i83m3. Of the pesticidal agents detected,
only camphor has a UK workplace exposure lithihe value of the workplace exposure

limit was 13 ng m3 over an 8 h period, which was significantly higher than the
concentrations detected here, indicating that although pesticides have been detected, they
are not at harmful levef$,

The remainder ofhe VOC profiles for these sampling environments was comprised of
terpenoids arene and cymene as well as woeldted breakdown products furfural and
benzaldyhydé® The aldehyde nonanal (1.18 m?) was also present in case 33 as was

the corresponding carboxylic acid, nonanoic acid (1g21%). The presence of longer

chain aldehydes were not considered out of the ordinary for indoor air samples such as
these, as the substances are produced by a variety of emissive sources such as paints anc

adhesives?

Table 3.13: Significant(>1.0 pg m®) peaks contributing to volatile profiles
determined from Swiss Cottage sampling

Location Background Case Case Case Case Case
sample 41 40 33(1) 33(2) 31
Compound Concentration pg nt?
Trichloroethylene* 1.46 - - - - -
Toluene 1.34 - - - - -
Perchloroethylene* 2.63 - - - - -
Furfural 1.73 165 211 6.76 456 952
Acetophenone 1.19 - - - - -
Benzaldehyde - 1.19 1.14 211 1.68 3.03
Camphor - 1.09 1.07 1.60 1.71 2.68
U-Pinene* - 1.10 - - - 1.20
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Table 3.13: Significant(>1.0 pug n?) peaks contributing to volatile profiles
determined from Swiss Cottage sampling

Location Background Case Case Case Case Case
sample 41 40 33(1) 33(2) 31

Compound Concentration pg nt3
Chloronaphthalene - 1.31 110 117 178 254
Borneol* - - - 1.25 133 -
Naphthalene 2.79 - - 161 144 -
3-Carene* - - - 1.15 - -
Nonanal* - - - - 1.18 -
Nonanoic acid* - - - - 1.32 -
Cymene* - - - - - 1.18
Phenylvinylacetylene* - - - - - 2.31

*Calculatedas toluene equivalents

The use of th@enaxtubes as passive sampling devices for determining the presence of
vapourphasepesticides has been shown with this case study. Bafinthaleneand
chloronaphthalenevere detected in the locations sampled here, verifying the method
sekction flowchart presented Bection3.4.5 All sampling locations in this case study

were classes as amber risk level due to the presence ohatdd solvents.

3.5.3. British Museum rubber garments case study

The British Museumrubber garments were selected for case study as the objects were
reported by conservators as already having a strong unpleasant odour. It was suggested
that these articles datirfrom the late 1980s, and may have been treated with pesticides.
These objects provided a case study where high concentrations of VOCs attributed to the
strong odour could potentially mask pesticide peaks chramatogramproviding a

challenging samplig environment in which to assess the developed methods.

The results from th@enaxsampling tubes indicated that tetrachloroethylene, alkanes,
methyt and dimethyalkanes, cyclosiloxanes and benzoic acid were present at varying
levels in both the backgrad samples as well as the object enclosufeble 3.14
summarises the VOCs detected in each of the sampling locations, giving their
concentration in pg M Mass spectrometry total ion chromatograms (TIGlsained

from the background samples &naim the enclosures containing the rubber garments are

shown inFigure 3.21 andFigure 3.22. In the corridor areas, the most significant VOCs
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were found to be straight chain and branched alkanesodlkaney and
tetrachloroethylenelsoalkanes are typically generated by building materials such as
synthetic resinspaints and residual solveritsThe source of the tetrachloroethylene
could not be identified, but the concentration detected was significantly below the
European Union timaveighted average workplace exposure limit (EU TWA WEL) of
138 mg m?.*® Acetophenone, ethylbenzene and toluene were also detected. These
substances are common VOCs emitted by cdialmaterials, and were likely to have

been generated by natural ageing of materials in the sampling location.

All VOCs detected in the enclosuregrepresent in the background sampdesl, with

the exception of tetrachloroethylerfggve beercrommonlyreported in several museum
environments® The most significant difference noted Wween the enclosures and the
background samples was in the concentration of cyclosiloxanes detected. The total
concentration of the detected volatile cyclosiloxanes was 32.8 #igrrthe trousers and

37.3 mg n? for the rain cape. Background analysis loé tcorridors showed siloxane
concentrations of 1.47 and 0.67 mg3nsuggesting that as the garments were
approximately 25 years old at the time of samplgilgxanesnay havebeen involved in

the manufacture of the garments and cdudattributable t@a substance such am
aerosolbased waterproofing treatment, as these typically contain mixtures of cyclic

siloxanes?

Table 3.14: Summary of recurring contributingOCs in each sampling location

Location Corridor Room Rain cape Trousers
background background Am1988,08.672 Am1988,08.670b
Compound Concentration pg n13
Acetophenone  1.59 8.16 - -
Alkaneg 35.5 12.3 7.2 11.2
Benzoic acid 13.3 33.2 17.2 24.6
Butanoic acid, - 3.23 - 2.28
butyl estet
Ethylbenzene 2.03 0.90 - -
Isoalkane’ 37.9 157 89.0 9.36
Nonanoic acitl 2.04 3.11 - -
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Pentafluoropropio 3.18 - 0.4 3.03
nic acid,

octadecyl estér

Siloxane¥ 1.47 0.67 37.3 32.7
PCE* 36.3 18.8 - 16.8
Toluene 5.16 1.82 - -

*Calculated as toluene equivalents
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Figure 3.21: Typical TIC for the corridor and office backgroundsound British

Museum rubber garmerghownhere by the corridor location sample
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Figure 3.22 Typical TIC shown by Am1988,08.670b trousers and rain cape
Am1988,08.672. Example above is from the rain cape

None of the 10 target pesticides were detected in any of the samples associated with this
case study. Further interrogation of the mass spectrometric data was performed by
extractingm/z values associated with target analyte parent ions from the'TI@is
confirmed that none of the target analytes had been detected. It was also not possible to
identify the source of the strong odour associated with the objects. This is likely to be
attributable to the method used, which was not intended for use charagtdow
molecular weight organic acids or carbonyl sulfide compounds often responsible for such
odours, but rather the identification of higher molecular weight pestitgidé risk level

associated with these case study samples was green as no biocides were detected.

3.5.4. National Records ofScotland Station Roadstrongroom case study

The National Records of Scotlarsfrongroom was selected as a case study because the
sampling location contained a number of paper items. Conservators blatiomal
Records of Scotlandeported that thymol had been used in otdational Records of

Scotlandcollections and it was possible that the substance was used here, although this
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was not known for certain. The strongroom was sampled in duplicate and a third was used
to collect a lackground sample from the area outside the strongroom. On visiting the
strongroom to deploy sampling tubes, it was noticed that the strongroom contained a
ventilation duct which prevented establishing a fully sealed sampling environment as
expectedHowevae, this allowed an opportunity to demonstrate the sampling method in
an uncontrolled environment. The space outside the strongn@sna largevarehouse
storageareacontaining a number of smaller subdivisions previously used as office space.

The room cordined disued office furniture and stationeincluding paper files.

Peaks significantly contributing to the TIC are summarisedrable 3.15 below.
Examination of the TIC did not indicate that thymol had been previously used on the
items in this strongroom. However, a low concentration of naphthalene was detected in
the external blank (0.63 pg#hand higher concentrations (1.55 and 2.12 [it) were
detected inside the strongrooiithe presencef naphthalene in the background at lower
levels than the samples was taken to infer that naphthalene, perhaps as part of mothball
formulations had previously been used to control infestatitthe archival marial here.

The remainder of the VOC profile was attributed largely to straight chain and branched
alkanes, which are common in indoor dihe VOCs identified outside the strongroom
contained increasembncentrationsf benzaldehyde and cymene (1.55 arib8g nt3),
attributed to théreakdown of cellulosic materials such as paper or wood products.

Table 3.15: Analytes corresponding to significant peaks in Station Road sampling site

chromatograms

Location Background Strong- Strong-

sample room 1 room 2
Compound Concentration pg nt3
m-Menthane, (1S,3R{+)-* - 14.25 -
Cyclohexane, butyt - 13.12 -
Decane* - 13.06 13.89
Decane* - 11.26 12.97
Nonane, 3methyh* - 10.36 5.78
Naphthalene, decahydto - 10.15 10.37
Ethanone, Lyclohexyh* - 9.69 -
cis-1-Ethyl-3-methylcyclohexane* - 9.25 -
9-Methylbicyclo[3.3.1]nonane* - 7.17 8.22
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Location Background Strong- Strong-
sample room 1 room 2
Pentafluoropropionic acid, hexadecyl - 6.37 -
ester*
trans-1,2-Diethyl cyclopentane* - 6.26 -
Decane, d3nethyl* - 6.02 6.45
Undecane* - 5.65 6.36
1-Ethyl-4-methylcyclohexane* - 5.44 5.13
3-Eicosene, (Ef - 5.39 -
Decane, 2,5;&rimethyl* - 5.37 4.83
Octane, 2methy}* - 4.98 -
Decane, Znethyt* - 4.84 5.03
Cyclohexanone,-2thyl2-propylh* - 3.92 4.40
Cyclohexane, inethyt4-(1- - 3.70 -
methylethenyb, trans*
Hexanal* - 3.17 2.87
Benzoic acid* 4.89 5.76 4.42
Tridecane* 1.4 2.90 1.87
Cyclopentane, propy - 2.80 -
1-Nonadecene* - 2.70 -
17-Pentatriacontene* - 2.67 -
trans-Decalin, 2methyl* - 2.64 3.08
Dodecane* 1.49 2.17 2.59
Cyclohexane, inethy}t2-pentyt* - 1.90 -
Spiro[4.5]decane* - 1.77 -
2H-Inden2-one, octahydr@amethyk* - 1.58 -
Naphthalene 0.63 1.55 2.12
Tetradecane* 0.72 1.44 1.41
2,6-Octadiene, 2 @limethyt* - 1.31 -
Toluene - 1.30 1.46
Dodecanoic acid,-inethylethyl ester* - 1.30 -
2,5 Cyclohexadiend,,4-dione, 2,5 - 1.09 -
diphenyt*
2-Butenedioic acidmonododecyl ester - 1.05 -
1,1-Dimethylethylamine, N 1.18 - -
methoxycarbonyloxy*
Benzaldehyde 1.55 - -
Cymene* 3.95 - -
1-Hexanol, 2ethyl* 1.13 - -
Nonanal* 1.62 - -
Ethanol, 2phenoxy* 1.17 - -
Ethanol, 2(2-butoxyethoxy), acetate* 1.07 - -

*non-target analytes quantified as toluene equivalents
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This case study highlighted that the applicatiopedticidal treatments across institutions

was not necessarily uniform, as no thymol was detected on this archival material but was
reported as having been used in other collections housed by the same institution. The
detection of naphthalene in the sampitesy be indicative of a previous interventive pest
treatment and shows that the methods developed here can be used to collect
concentrations of VOCs in excess of 10 pg imuncontrolled environments using 28 d
sampling periods. All samples in this casedy were assigned amber risk status due to

the presence of naphthalene.

3.5.5. RAF Museum case study

The RAF museum was used as a case study in order to determine the presence of the
target pesticides across several collection types within a single institbéiompling was
performed in a number of locations: a curatorial office; 4 Portastor modular storage units;
an archive storeroom; a library storeroom; an office; a cleaning studio; and a storage room
used for film. It was expected that sampling in each ofidbations (which contained
different materials), different emissive profiles would be collected and that pesticides

used in these locations may be common to collection types.

Table 3.16 below shows the major peaks in the TIC from each of the sampling locations.
Camphor, naphthalene and chloronaphthalene were the only target analytes identified in
this case study. Camphor was detected in Portastoa 2@tcentration of 0.12 pgn

The sampling location was being used to house a film collection, and also contained
phenol at a concentration of 0.76 ug.nThe combination of phenol and camphor in a
film store suggests that the presence of camphor sniriktance can be attributed to its

use as a plasticiser in cellulose acetate, as historically both camphor and phenol have been
used for this purpos&.> The significance of this findingasthat for these components

to be offgassing, isuggestedegradatiorof the polymers comprising tH#gm. As such,
thisindicated these methods could further be used todyagat insight into the condition

of the objects contained within collections. Similarly, this sampling location showed that
care must beéaken when attributing sources of VOCs, as camphor in this instease

much more likely to have been used a plasticiser instead of a biocidal agent

Naphthalene was detected in two locations at the RAF museum: the archival store room
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at a concentratioaf 0.09 pg ¥ and in the DoRIS office at a concentration 0.05 pg m

It was possible that the presence of naphthalene was as a result of pesticidal treatments
but the low concentrations present suggested that the application of naphthalene had not
been performed recently. The film store contained a low concertation of
chloronaphthalene at 0.03 ug®nAs this was the only location sampled in this institution
containing chloronaphthalene, it was not considered likely that this was applied as a

pesticide.

Other VOCs were also present in the samples. The curatorial office contained very low
levels of VOCs, with the highest detected concentration being 0.04 figom
benzaldehyde. This is in contrast to the DoRIS office, which contained a greater number
of VOCs (8 in total, versus 3 from the curatorial office), but also higher concentrations of
these VOCs as the mean concentration in the DoRIS office was 0.58 ggnmpared to

0.03 pg n? in the curatorial office. As these locations were in use througtheut
sampling, it is possible that the increased foot traffic in these areas contributed to a greater
number of air exchanges and thus lower concentrations of VOCs.

Excluding benzaldehyde, which will be discussed later, the siloxane species are the most
abundant compounds present in the samgleghe chromatogram forhe archive
storeroom, 3 of the 1fhajor peaks wereyclic siloxanes. Cyclic siloxanes have been
named in this thesis according to the convention of numbering according to the number
of repeating [(CH)2SiO] subunits. For example, oatathylcyclotetrasiloxane is
D4-siloxane, named for the 4 repeating subunits in the structhee presence of the
siloxanes can possibly be attributed to carpeting materials, sealants/caulks, or personal
care products® The use of personal care products may also be supported by the presence
of low levels of limonene, a chemical often found in cleaning and fragrance products.
Schiewecket al1® reported in 2005 siloxanes trapped in a similar manner ranging from
2-1 0 2 ¥ @nd 8D the values here are in accocdawith published literature.h&
presence of dimethyl and diethyl phthalatas detected in the samplézhthalates are
typically used as plasticisers in a number of materials and can be found in indoar air

off-gassing from said plastics. Examplegto$ can be found from electrical equipment
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such as televisions or monitors and other plastics used for consumecalectodsor
where plastics may be encountered at temperahighsr than ambient conditioA.

Data collected from the archive storeroom refer to the preseraslaibsic and lignin

breakdown product s ¢ ualrated agaifistarfuffural ssahdar¢)2 . O :

toluene ©Olxye®( £g35m)gg prmnene 3, (b2nzeddéhyde g
(2.44s gn®) and c ar e).erhe(cécebtratiors dgetteth here were in good
agreement with previously sampled locati6h§hese compounds were also found in
other locations containing largely paper based collections, such as the library storeroom,
Portastorsl and 2, and the DoRIS officefurther reinforcing the correlation between
cellulosic fibres and these analytes. The data regarding cellulosic anebased VOCs

and their sampling locations have been summarisé&dlite 3.17 below.
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Table 3.16: Analytes corresponding to major peaks in chromatograms from RAF sampling campaign

Location Curatorial ~ Portastor Portastor Portastor Portastor Archive Library DoRIS Cleaning Film
office 1 2 3 4 storeroom storeroom Office  studio store
Compound Concentrat¥ion g m
Decanal* 0.01 0.03 0.55 - - - - 0.09 - -
Butylated 0.03 - 0.01 0.05 - - - 0.68 - -
hydroxyanisole*
1,2-Dichloroethane* - 0.14 - - - - - - - -
Benzoic acid - 0.04 - - - 2.39 - - - -
Benzaldehyde 0.04 - - 0.04 - 2.44 2.44 0.09 - -
Phenol* - - 0.76 - - - - - 0.22 -
Xylene* - - 0.28 - - - - 0.13 - -
Dimethyl phthalate* - - 0.04 0.04 0.03 0.34 - - 0.01 -
Hexadecane* - - - 0.02 - 0.28 - - - -
Butyl butanoate* - - - 0.04 0.02 1.75 - - - 0.05
Diethyl phthalate* - 0.01 0.01 0.02 0.02 0.25 - - - -
D3-siloxané - - - - - 1.77 0.13 - - -

123



Table 3.16: Analytes corresponding to major peaks in chromatograms from RAF sampling campaign

Location Curatorial ~ Portastor Portastor Portastor Portastor Archive Library DoRIS Cleaning Film
office 1 2 3 4 storeroom storeroom Office  studio store
Compound Concentration g m
1,3,5,7 - - - - - 2.09 - - - -
Cyclooctatetraene*
D4-siloxané - - - - - 3.85 0.43 030 - -
D5-siloxané - - - - - 5.34 - 054 - -
Furfural - - - - - - 0.99 0.68 - -
Limonené - - - - - - 0.67 0.67 - -
Nonanof - - - - - - - - 0.02 -
Naphthalene - - - - - 0.09 - 0.05 - -
Chloronaphthalene - - - - - - - - - 0.03
2-ethyl1-hexanot - - - - - - - - 0.11 -
Triacetirr - - - - - - - - 0.20 -
2-Methyl-2-ethyl3-
hydroxyhexyl ester - - - - - - - - 0.20 }

Propanoic acitl
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Table 3.17: Occurrence of cellulosic andoodrelated breakdown products from RAF musesita

Curatorial Portastor Portastor Portastor Portastor Archive Library DoRIS Cleaning Film

Location office 1 2 3 4 storeroom storeroom Office studio store
Compound Concentrdtion &g m

Toluene* - - 0.55 - - 1.08 0.25 0.09 - -
Furfural - - - 0.05 - 2.03 0.98 0.68 - -
Xylene* - - 0.28 - - 1.35 0.08 0.13 - -
U-pinene* - 0.03 - - - 2.39 0.20 0.19 - -
Benzaldehyde 0.04 - - 0.04 - 2.44 0.15 0.09 - -
b-myrcene* - - - - - - 0.02 - - -
Carene* - - - - - 2.54 0.12 0.12 - -
Limonene* - - - - - 2.21 0.67 0.67 - -

*Calculated as toluene equivalents
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The sampling performed in this location allowed comparison of different collection
compositions. The use of uncontrolled environmallswed the sampling to be
performed in as minimally invasive a manner as possible. Differences in the VOC
profiles of each sampling location were observed based on the type of objects stored
in each location, with papdrased collection items contributingrger amounts of
cellulosic breakdown products and plasticisers camphor and phenol, which were
detected in locations containing cellulose acetate films. It was possible to detect
naphthalene, chloronaphthalene and camphor in sampling locations amdmgst ot
VOCs, but due to the widespread uses of these compounds it was not possible to
identify emissive sources for naphthalene and chloronaphthalene. The archive store
room, DoRIS office and film store were given amber risk status due to the presence of
naphhalene and chloronaphthalene. All other sampling locations were considered to

be low risk, and were given green status.

3.5.6. National Records of ScotlandThomas Thomson Housecase study

The sampling campaign performed at the NatiGtedordof Scotland was d#gned

to look at primarily photographic and pagsrsed materiallhe sampling undertaken

at the RAF museum detected the presence of phenol and camphor which were likely
used as plasticisers for the cellulose acetate film as opposed to interventiwoafrekt ¢
measures. Sampling of pageased collections at RAF museum showed the presence
of a number of VOCs commonly attributed to cellulosic breakdown products, which
were expected in similar concentrations in samples collected from the Thomas
Thomson Hous site. Identification of VOCs was performed by air sampling in passive
mode over 28 d before analysis T9-GC-MS.

Cellulosic breakdown productgereseen ind of the 6 locations chosen for study at

the NationaRecordf Scotland, and these substances were approximately equivalent
to the concentration seen at the ott@&se study locations such as the RAF Museum
(Section 3.5.5. As detected in other case study locatiopsaks attributed to
hydrocarbon chains such as nonane and dewane presentMajor peaks for each

sampling location have been summarised@able 3.18.

Across the two rooms sampled, chlorinated solvents such as trichloroethylene (TCE)
and tetrachloroethylene (PCE) are common. This sampling location also showed
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evidence of the presence ofogiane speciesn common with theBritish Museum
rubber samplesSection 3.5.3. The siloxanes detected in this campaign were of a
typically lower level than the other VOC sampling sites, despite their presence being
more widespread throughout the samples collectetiidrinstance, the concentration

of the measured siloxane species wesr the range of 0.13.12 ugm3, which still

correspondedo a very low concentration in the indoor air environment.

Camphor, phenol antaphthalengvere also detected during thizse studyWhile in

the RAF museum the presence of phenol and camphor was attributed to plasticiser
used during the manufacture of the nitrocellulose photographic film in the’$tre,

the NationaRecord=f Scotland stores are predominantly priaséd so suchbjects

were not preseni.heoccurrence of cellulosic breakdown produstshownin Table

3.19. In common with other sites, the substances toluene, ethylbenzene, cumene, and

furfural weredetected at the NationRlecord=f Scotland.
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Table 3.18. Analytes corresponding to major peaks in chromatograms Timomas Thomson Housampling

GAL GAL
oA GA GA GA AL GAL GA1  GAl GAL GAL bGAl GAL  timecare  Album
Location cabinet timecare Drawer Drawer drawer Drawer Drawer drawer 0X drawer box box
biground 25 box770  15.6 biground ¢ 7.2 26.3 15.3 13.3 cabinet o', drawer drawer
155
6.2 15.5
Compound Concentration pg nt®
Trichloro- 166 - - i 107 - 062 - i - . 149 -
ethylene
Tetrachlore 9.86 - . 491 - 046 0.33 148 312 045 - 339 963 1.26
ethylene
Decane* - - - 0.52 - - - - 0.35 0.13 0.40 - 0.48 -
D3-siloxané - 434 - - - - - - - - - - - 0.32
D4-siloxané 0.34 3.12 - - 0.35 0.25 - 0.0 - 0.18 0.35 - - 0.11
D5-siloxané 0.12 0.45 - - 0.10 0.09 010 0.10 0.13 - 0.12 0.15 0.14 -
Camphor - - - 0.15 - - 0.20 - 0.20 - - - - -
Naphthalene 0.12 - - 0.13 - - - - - - 0.11 0.13 0.13 0.09
1,3
Dichlorobenzene ) i O72R - ) i ) ) i ) i 1.03 -
1.4 - - - - - 0.46 - - - - - - -

Dichlorobenzene -

*Calculated as toluenequivalents
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Table 3.19: Occurrence of cellulosic and woodlated breakdown products frorhomas Thomson Housge

GA1L G_Al GAl
L i GA GAE) GA GA GA1 GAl SAl GAl GAl SAl box c(jZ‘Al 'tl)'lmecare leum
ocation cabinet timecare Drawer Drawer rawer Drawer  Drawer rawer . rawer 0X 0X
PREEENTE box 770  15.6 background - ¢ 7.2 26.3 15.3 13.3 cabinet ¢, drawer  drawer
15.5
6.2 15.5
Compound Concentrat¥ion g m
Toluene* 1.20 0.42 - 0.67 0.69 0.37 0.24 0.54 0.56 0.37 0.61 0.60 0.97 0.45
Furfural 1.09 - - - - 0.29 - 0.86 1.01 0.29 1.36 1.00 2.49 0.25
Ethylbenzene - - - 0.28 0.25 0.02 0.28 0.08 0.19 - 0.17 0.17 0.67 0.05
Cumene - - - 0.20 0.12 - - 0.03 0.23 - 0.10 0.20 0.45 0.05
Xylene* 0.34 - - 0.82 0.44 0.16 - 0.38 0.29 0.15 0.18 0.16 - 0.14
UPinene* - - - - - 0.08 - - - - - ] ) )
Acetophenone 0.42 - - 0.57 0.41 0.31 0.44 0.52 0.37 - 0.43 0.46 0.49 0.32
Benzaldehyde* 0.43 - - 0.53 0.37 - 0.45 - 0.23 0.2 0.4 0.38 0.43 0.42
Phenol* 0.31 0.20 - - - - 0.52 1.78 0.57 0.16 0.64 0.62 0.33 0.30
Limonene* - - - 0.12 - - - - 0.11 - 0.11

*Calculated as toluene equivalents
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The sampling environment in this case study was a modern and purpose built for the
conservation of archival materials. As such, environmental conditions within the
sampling locations were more controlled than the RAF museum. The detection of
camphor,naphhaleneand dichlorobenzeneshowed that the sampling and analysis
methodology developed here is suitable for use within archival and photographic
collections, and can be used to sample objacguwithout the need to remove them

from collection storage. The GA cabinet and GA timecare box locations were given
green risk status as there were no detected substances with significant associated
hazards. However, due to the presence of chlorinated $s/te@ remaining locations

were considered to be of medium risk, and designated amber risk status areas.

3.5.7. University of Glasgowherbarium case study

The case study at the University of Glasgow was performed after conservation staff
reported that anecdotglan object in their library special collection was contaminated
with DDT. During a visual examination of the herbarium, it was noted that the pages
and pressed plant material contained within the leeldefrequently speckled with a
white particulate mateal as noted by previous conservators. This speckling was
confined to the inner pages of the book and was not visible on the book binding, cover
or inside the Solander box containing the artefaae to the fragility of the object, it

was not possible toollect this powder for analysis. Using the sampling and analysis
methodology flowchart, passive sampling was selected due to the volume of the box,

and was conducted over 28 d.

The main peaks in the chromatogram were attributable to cellulosic breakdown
products as expected. The data are presenieabile3.20 below. It wasobservedhat

the measured concentrations of these substances were lower than that of similar
collections also measured.(RAF MuseumSection3.5.9. As the herbarium volume

was stored in a box with very little headspaceas likely that as the anaés partition

into thevapourphase the small headspace of the box would have quickly reached
equilibrium and no further increase in concentration of these analytes would have
taken place. Due to the small volume of air available, this equilibrium wawulkltheen
established with very low masses of analytes, accounting for the low concentrations

detected.
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Table3.20: Main peaksletected fronsamplingof University of Glasgow herbarium

Compound Concentration pg m
1-Butanot 0.10
Toluene 0.08
Furfural 0.92
o-Xylene* 0.08
Benzaldehyde 0.14
Phenot 0.09
D-Limonené 0.08
Benzyl alcohdt 0.09

*Calculated as toluene equivalents

Thetype of analytes presewis generally in good agreement with previously sampled
locations containing paper based collections. As expected, detection of DDT was not
possibleusing a vapouphase approach and the object was too fragile to permit direct
swabbing Figure 3.23 below shows an overlay of the chromgtams collected over

the 28 dsampling period. This figure shows that with increasing time, the peak area
of the analytes increased with no significalat@au effectThis implied that a 28 d
sampling period was suitable for the trapping of VOCs over this period with no
indication that the sorbent had become saturated with andfigese 3.24 shows this

image with increased zoom.
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Figure 3.23: Overlay of chromatograms from University of Glasgow sampling
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Figure 3.24: Zoomed image of the data collected from the University of Glasgow

herbarium showing similarity of the TICs more clearly
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Examining the change in peak area for these analytes as a function of time showed
linear relationships. This implied that the air flowa the tube was constant and that

the sorbent was not being saturated aftedZ&mpling in close proximity to an
emissive source. This provided justification for the length of sampling time in other
case studies in this project. Used in this way, théhats described heidlow the
concentration and type of VOCs present in a samile tsed as a pseudoantitative
indicator to infer the stability of an artefaethich can be explored in future work.

The samples collected from this object did not adamy significant chemical hazard

to be present in the air, and as such may be considered as belonging in the low risk
category. However, due the suspected contamination of this object with DDT, a
substance with very low vapour pressure, it is recommeitiad confirmatory
swabbing be performed in order to determine the presence of DDT. Until then, the
object may be considered to be of medium hazard status and should be handled with

gloves.

3.5.8. British Museum Orsman Road aredevil case study

In theBritish Museumnscaredevil study presented here, the object was a carved wooden
ornament for the prow of a boat and was stored in a chipboard box. This object was
selected for study as conservators had reported that the object had previously been
treated with lindaa. As there was no electrical socket nearby to allow the use of a
pump for active sampling, passive sampling was employed over a period of 28 d before
analysis byTD-GC-MS.

Table 3.21 showsVOCs detected in the scaredevil cratee pesticidal agent lindane

was detected at a concentration of 0.29 yoonfirming that previousonservation
treatmentusing the substance had been carried ®be chromatogram for the
scaedevil sample containethajor peakscorresponding tacellulosic breakdown

VOCs, substituted naphthalenes goadycyclic aromatic hydrocarbon®fAHs). The
concentrations of these substances were in good agreement with other case study sites.
Also present were substitutedaphthalene The concentrations detected are
summarised iTable 3.22. Concentrations for these substances&reatedor indoor

air in an urban areas determined by Kostiaingms being an average of 0.08m™.

133



Table 3.21: Occurrence of cellulosic and woodlated breakdown products from

scaredevil cratat Orsman Road site

Compound Concentration (ug nm®)
Furfural 13.7
p-Xylene* 0.89
Benzaldehyde 2.47
U-Pinene 1.65
3-Carené 1.60
Ethylbenzene 0.14
Phenot 0.57
Acetophenone 0.37

*Calculated as toluene equivalents

Table 3.22: Concentrations of substituted naphthalenes detatwzhredevil crate

Naphthalenesubstitution pattern Concentration (ug )
1,4-Dimethyt* 1.11
1,5Dimethyl* 0.76
1,6, #Trimethy}* 0.66
1,6-Dimethyk* 1.21
1-Methy}* 5.14
2,3,6 Trimethyl* 0.88
2,3 Timethyk* 0.57
2,7-Dimethyl* 1.02
2-Methyh* 1.77

*Calculated as toluene equivalents
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The detection of lindane represented a significant finding for the work, as it was the
first instance that one of the less volatile key pesticidesdstected in a museum
environment using the developed methods and procedure determined by the sampling
flowchart. This result highlights the utility of this work for use in uncontrolled
environments with minimally invasive sampling methods. Due to the nresef
lindane in the sample collected from this area, these sampling locations have been
designated as red high risk areas.

3.5.9. British Museum Orsman Road weapons roomcase study

As a continuation of the previous scaredevil case study, more wooden objaats wit
the same institution were investigated in order to determine if lindane was applied to
more wooden objects. This sampling location was situated on a different floor of the
building and was used to store weapons which were part of ethnographic amdlectio
The weapons room featured a mix of wood and metal objects, alongside leather and
natural fibre materialTenaxtubes were placed on shelves within the weapons room

to passively sample over a period of 28 d and analys@idbgC-MS.

The principle peak# the chromatogram correspondechtphthaleng45.9ug ne)

and furfural (45.8ug m®) as summarised iTable 3.23. The concentration of
naphthalenevas significantly higher than had been detected at other case study sites
and strongly suggested thmtphthalenbad been extensively applied to the collection.
The high concentration of furfural was expected as the collection contained a large
amount ofwood. Other cellulosic breakdown products suchpasnd o-xylene,
Upinene and ®arene were also preseifhe compound 2nethyhaphthalenavas
detected at a concentration 1.6 pug n® which was the highest concentration of a
substitutednaphthalenefound in this sampling locationOther PAHs were also
observed atdw concentrations in the sampbEenaphthene and dibenzofuran were
measured at 1.03 and 1.41 pg mespectively, with benzo[b]thiophene recorded at
2.25 pug nr. Other compounds in the VO@rofile of this air volume revealed
concentrations of C6 and C7 carboxylic acids (5.44 andi@%i°) as well as longer
chain alkanes such as decanal and nonanal (2.90 andg33% common to many

indoor air spaces.
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Table 3.23: Cellulosic breakdown products from Orsman Road weapons room

Compound Concentration (ug ni®)
Naphthalene 45.9
Furfural 45.8
2-Methylnaphthalerte 10.6
Hexanoic acitl 5.44
p-Xylene* 4.16
Nonanaf 3.33
o-Xylene* 2.92
Decanat 2.9
Benzaldehyde 2.55
Benzo[b]thiophent 2.25
U-Pinené 1.52
Toluene 1.49
Dibenzofura 1.41
3-Carené 1.10
Acenaphthente 1.03
Ethylbenzene 0.74
Phenot 0.73
Heptanoic aciti 0.51
Acetophenone 0.50

*Calculated as toluene equivalents

Lindane was not detected in the samples, contrary to expectations. However, the
method of analysis used was still able to detect significant concentrations of
naphthalenewhich strongly suggest previous pesticidal treatment using the substance.
Information regarding the concentration of other VOCs was also collected which
showed the presence of a number of PAH compounds. It was not possible to identify

a source of these compounds, but it is possible that these substances were present due
to nearby traffic,as the combustion of fossil fuels is known to produce these
compounds?® Due to the presence naphthalenand PAH compounts, this sampling

location was designated as an amber risk location.
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3.5.10.British Museum Orsman RoadArctic furs case study

A number of Arctic furs were sampled in order to determine the presence of volatile
pesticides on these objects. The furs were seldotestudy as many ethnographic
collections contain fur materials and this study offered an opportunity to examine these
types of objects more closely. The furs used in the case study were boots stored in
PVC bags in a wooden storage case. The storagedlo@so contained a number of
wooden objects which were not directly sampled. Objects were sampled in passive
mode for 2&8 before analysis byD-GC-MS.

Analysis of the sampling tube deployed to a bag of fur boots shthaegeaks with
thelargestareagypically correspond to VOCs associated with cellulosic breakgdown

in agreement with previous case studies stored in areas containing a large amount of
wood (for example, se®ection3.5.5. The peak with the highest concentration in the
sample was generated by furfural at 48.8 pg) @ther notable cellulosic breakdown
products are summarised Trable 3.24. Feweridentifiable cellulosic VOCs were
detected here than in the Weapons Rodmt were detected here in greater
concentration. The boots were stored in a room contamitarger amount of wood

used in the construction of object storage boaed,also woodeabjects themselves.

As such, the presence of high concentrations of cellulosic W@Sexpected.
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Table 3.24: VOCs of cellulosic origin found in Orsman Rofaa boots sample

Compound Concentration (ug m?)
Furfural 48.8
o-Xylene 4.12
m-Xylene 2.20
Benzaldehyde 8.17
U-Pinene 5.83
Limonené& 2.23
Toluene 2.09
3-Carené 4.61
Ethylbenzene 1.76
Acetophenone 3.64

*Calculated as toluene equivalents

Other contributing peaks in thehromatogramare tabulated inrable 3.25. After
furfural, the hrgest contributins to the chromatogram were from siloxane pdags.
siloxaneand D4-siloxaneare volatile siloxanes used in personal care procaruts

were detected at 36.5 and 18.5 pg*mespectively. A number of PAH compounds
were detected in the sample. Dibenzofuraas detected at a concentration of
4.38ug m? andas with other case studies in this chapteethylated naphthalenes
were detected at thidocation alsa Samples contained-rhethylnaphthalene and
2-methyhaphthalene at 8.44 and 3.93 pgf,nmsomprising wo of the most aburaht

peaks in the chromatogram. As previously, it is suggested that the emissive source of
these substances was the external traffic and that these analytes are present as a result
of fossil fuel combustion. In addition to aromatic compds,C14 and C15 alkanes

were detected in concentrations of 3.32 and 5.71 [ig These substances are not
uncommon in indoor air and have been measured at a number of sites during the
project. It is likely that these VOCs are emitted from activities sisgchonservation

treatments or cleaning.

Three different substances with known insecticidal properties were detactied i
sample. Naphthalene was quantified at 14.2 iy along withp-dichlorobenzene at

6.63 pg M. p-Dichlorobenzenehas historically been used in conjunction with
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naphthalenein mothball formulations and suggested that previously, similar
formulationsmay have been applied to the collection here as the high concentration of
naphthalends likely as a result of pest control measiffesAs with previous
collections at this site,idane was detectechere at a concentration of 0.9§ ni3.

The addition of lindane as a pesticidal treatment was likely due to the number of
wooden objects held in this sampling locatig&ithough these objects were not
sampled directly, it was possilileat the volatility of lindane allowed the vapour to be

sampled from elsewhere in the room, despite samplers not being placed near wooden

objects.
Table 3.25: VOCs detected in Arctic furs case study
Compound Concentration (ug m3)
D3-siloxane* 36.5
D4-siloxane* 18.5
Naphthalene 14.2
1-Methylnaphthalene* 8.44
p-Dichlorobenzene 6.63
C15 alkane* 571
Dibenzofuran* 4.38
2-Methylnaphthalene* 3.93
C14 alkane* 3.32
Lindane 0.96

*Calculated as toluenequivalents

The analysis of the object here showed again thatehaxsorbent was able to trap a

wide range of VOCs, but alseapourphasepesticidal analytes. The detection of
p-dichlorobenzene further shows the utility of the method as this substasceotv

part of the set of 10 target analytes, but the concentrations detected here suggest it has
been previously applied to the collection. As Tremaxsorbent is able to trap a wide

range of analytes, this could allow users to sample with no knowledgeoo

pesticidal treatments and be able to detect pesticides beyond the scope of the initial
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target analytes. The detection of suspected -carcinogeghthalene and

p-dichlorobenzene this sampling location triggered an amber risk status.

3.5.11.British Museum Blythe Road large object storecase study

The #nl arge object storeo was a shipping
including a number of carved canoes and a small dpseéred generator. Sampling

was conducted in passive mode over a period af P&fore analysing the sorbent

tubes byTD-GC-MS. This case study was selected as the large number of wooden
objects meant there was a high likelihood of detecting lindane, and the shipping
container was useful in providing a sealed environment for VOEeroentrate for

analysis. This was in contrast to some of the other case studies which were performed

in open collection environments.

It was anticipated that the presence of the dipeselered generator would be a likely
source for PAHs and aromatiydrocarbons® this was found to be true asetmost
prominent peaks in the chromatogram belongeBAH species. VOCs detected in

this location are tabulated ifable 3.26. The peak with the largest araa the
chromatogram corresponded to acenagiéh with a concentration of 4.6 ug3m
Acenaphthene does not have a WEL, but is considered toxic to aquatic organisms.
Othe PAHs detected included -rhethyhaphthalene (5.3 pg #), fluorene
(2.2ug m?) and anthracene (0.7 pg3nand a number of dnethylated naphthalenes.
Dibenzofuran was also detected in the sample at 1.7 figDibenzofuranwas
reported to have been used as a pesticide as well as being present as a congener in
many commercial formulations of other pesticiffeSlaphthalene was measured at a

concentration of 1.1 ug ™

As expected from a sampling location containing a number of wooden objects,
cellulosic breakdown products wemgresent Toluene (0.5 pg M), p-xylene
(0.4ug m3), limonene (0.3 ug M  a 4pidenel{0.6 pg M) were all detected. Two
terpenoid compoundsvere detected: -Barene (0.5 pg M) a rbdrgartbtene

(0.4 g m?) which is expresed by sandalwood amongst other woods of that genus
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Table 3.26. VOCs detected in large object store

Compound Concentration (ug m3)
1-Methylnaphthalerte 5.#4
Acenaphtherte 4.63
Fluorené 2.2
Dibenzofura 1.72
Naphthalene 1.12
Anthracené& 0.73
U-Pinené 0.64
3-Carené 0.53
p-Xylene* 0.44
UBergamotente 0.41
Limonené 0.31
Toluené 0.05

*Calculated as toluenequivalents

No lindane was detected in this location, however the detection of a number of PAH
compounds would suggest that there is the potential to use this method for the analysis
of PAH compounds in environmental analyses. The presence of PAH compounds
designated this sampling location to be in the amber risk category, due to the suspected
carcinogenicity of the PAH compounds.

3.5.12.British Museum Blythe Road Mexican and Peruvian wool case

study

Mexican and Peruvian woollen items stored at the British Museum textile conservation
centre (TCC) were sampled as part of a case study after conservation staff complained
that there was a strong smel |l Al i ke sour
developed after disinfestation work had been performed using a fumigant gas. No
information on the fumigant gas was available. It was not expected that it would be
possible to detect the presence of commonly used fumigant gasses such as sufuryl
fluoride Vi kaneE, ProFumeE), phosphine or me
volatility they are unlikely to remain in the collection for long enough periods after
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application to be sampled. However, the case study location was selected in order to
assess the method an environment already containing high concentrations of VOCs
arising from the odour of the wool. As per the flowchart, all storage boxes in this
section were sampled in passive mode ovell B8fore analysis of the tubes by -TD

GC-MS as the box volumesese less than m?.

3.5.12.1. TCC background air sample

A background sample of the TCC air was collected and subtracted from subsequent
samples. Concentrations of VOCs detected are presentéhble 3.27. The
background sample contained concentrationsnaphthalene(67.2 pg n°) and
substitutednaphthaleng such as monaand di methyhaphthalendpresented as a
summed total of 49.ag m®). The level ofnaphthaleneletectedn this location was
higher than in previous case study locations and was likely to be indicative of previous
pesticidal treatments involving the substance. While the concentratm@pbthalene

was higher than in previous sampling locations, no workm@apesure guidance was
available for the substance and so it was not possible to determine if there was an
impact on human healf8. A number of PAHs were recordedicenaphthene
(15.9ug m3), 2-benzothiophene (7.7 pg # fluorene (5.3pug m?), anthracene
(4.2pug m), naphtho[2,3b]thiophene (2.3 pg M) were each detected in the air
sampling.It was not possible to identify an emissive source of these substances, as
PAHs are typically genetad by the combustion of carbonaceous material such as fuel
0ils®2 In an indor air environment such as this, it is likely that the source was

infiltration of outdoor air contaminated with PAHs from heavy traffic.

As with previous case studieglatile compounds associated with the breakdown of
cellulose fibres werealso present as shown inTable 3.27 below. Furfural
(24.4ugm3), p-xylene (19.5 pg n¥), mxylene (11.8 pg m?), benzaldehyde
(9.8 g m?3) andUpinene(6.1 ug m3) were all detected at elevated concentrations.
The sources of these compounds can be attributdeetaosage of a wooden béor

the storage ahetextilessampled
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Table 3.27: Concentrations of VOCs datted inTCC air sample

Compound Concentration (ug ni®)
Naphthalene 67.2
Total substituteshaphthalenes* 49.9
Furfural 24.4
p-Xylene* 19.5
Acenaphtherte 15.9
m-Xylene* 11.8
Benzaldehyde 9.8
2-Benzothiophente 7.73
UPinené 6.11
Fluorené 5.3
Anthracené& 4.21
Toluene 3.1
Naphtho[2,1b]thiophen& 2.3

*Calculated as toluene equivalents

3.5.12.2. TCC i Americas, Peruvian textiles, wooden box 28
(TC/AM/PE/TXB 28)

The box containing the samples was a wooden box and contained a number of woollen
itemswhich had been previously treated with an unknown fumigant gas, producing a
strong unpleasant odour. Sampling of the air inside thedetecteda number of
VOCs, presented imable 3.28. Both naphthaleneand p-dichlorobenzene were
detected at concentrations of 57.0 and|8y31° respectivelylt is likely that due to

the high concentrations of naphthalene present in the samples that the dichlombenzen
was present as part of a mothball formulafibff. Another of the 10 target pesticides,
lindane, was also detected at a concentration of igl@73. The concentration of
lindane detected is similar to concentrations detected in the Orsman Ro&e ties(

3.5.1Q where the concentration of lindane was measured aj@.86°. The presence

of lindane was attributed to historical applicationit@s a controlled substance under

the Stockholm Convention on Persistent Organic Pollutants. It was not considered
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probable that the application of lindamaphthalener p-dichlorobenzenevere the

cause of the textile odour.

o-Xylene (24.4 pg m) and methyknaphthalene (20.7 pg ) were the greatest
contributorsto the VOC profile.Along with o-xylene, other cellulosic VOCwere

detected due to the agef t he wooden spinene @Epugbip X Uus e
benzaldehyde (16.1 pg #handm-xylene (1.7 pug m®), 3-carene (3.5ug nm°) and

limonene (3.6 pg ). Cyclosiloxanesverealso presendt concentrations of 19.2 and

11.8pug n12 for D4-siloxaneandD3-siloxane respectively. No PAHs were detected in

the sample, which supports the conclusion thatdource of these substances in the
background sample was the result of infiltration of outdoor air. As the box was sealed

from the background air, these compounds were not detected.

This case study has shown a significant concentration of lindane wsespne the
sample, as well as high concentrationsnaphthalenend p-dichlorobenzeneThis
shows the ability of the method used to detect previous pesticidal treatment in locations

where concentrations of other VOCs are similarly high.
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Table 3.28: VOCs detected in box 28 of TCC, containing woollen items

Compound Concentration (ug nr3)
Naphthalene 57.0
o-Xylene* 24.4
Methylnaphthalene* 20.7
D4-siloxané 19.2
Benzaldehyde 16.1
D3-siloxané 11.8
m-Xylene* 11.7
U-Pinené 10.7
Limonené 3.60
3-Carené& 3.50
p-Dichlorobenzene 3.30
Lindane 1.10

*Calculated as toluene equivalents

3.5.12.3. TCC i fibre box 30 (TC/AM/PE/TXB 30)

Box 30 contained similar items to the previous box 28; however, box 30 was
constructed from fibre instead of wood. As a result, box 30 had a s\W@@rprofile

to box 28. Both are stored in approximately game location within the TCC.

Analytes detected in the sample are tabulatedable 3.29. Of the project target
pesticides, lindane was again present at a concentration ofi@.61%, which was

lower than the concentration detected in box 2& greatestinglecontributing peak

to thechromatogram correspoedto naphthalenemeasuredat a concentration of
46.2ug mi3. This waslower than the concentration found in box 28 and the
surrounding storeThe concentrations of both substances were suggestive that these

compounds had been preusly applied as pest control treatments.

Substituted naphthalenes compdsa large number of the larger peaks in the
chromatogram,with the summed total of substitutethphthalene measured at
70.4pg m3. The concentrations of individual substituteaphthaleng are presented

separately imable 3.30 below. A number of other PAHs were present in this sample,
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including acenaphthene (6.6 pg 3m anthracene (0.8 pg ® and
cyclopental[c]thiapyran (6.4 pg ®. The concentrations of thesenspounds was
lower than the TCC air sample, suggesting that the storage box was again preventing

ingress of these analytes from traffic exhaust contained in outdoor air.

A number of analytes contributing to the VOC profile of the sample may have been
the poducts ofcellulosic degradation of the bdibres 3-Furaldehyde (12.fg ni3),
p-xylene (11.Qug m®), 3-carene (3.7Qqig m3)  a -pidenel3.73g m3) are all well
documented products of the hydrolysis of cellulosic material. The concentrations
detecte here were of the same order of magnitude to similar VOCs detected in the
sample from wooden box 28ther similarities with box 28 include the presence of
cyclosiloxanesmeasuring 6.1, 4.4, 1.8 and 314 m? for D3-, D4-, D5 and D6
siloxane respectively.

This case study demonstrated that it was possible to identify previous conservation
treatment, having detected lindanaphthalen@andp-dichlorobenzene in both boxes

28 and 30 in the presence of a strodguwr which suggested a high background VOC
concentration. This was a potentially important finding in the case study as it illustrated
that the selectivity of the method, and that information regarding the previous
treatment of collections could still beferred from a sample, even in the presence of
competing analytes. It was not possible to identify the source of the oddr-BC-

MS. While the cause of the reported fAsour
of source was not the aim of this spudt is likely that the smell was caused by the
fumigant gas used reacted with the proteins in the wool causing the smell, but the
VOCs generated as a result did not have a high enough atomic mass to be detected by
TD-GC-MS.

Detection ofp-dichlorobenzeain both boxes containing objects allowed these boxes
to be categorised as amber risk status, and the presencaplothalenen the
background sample of open workshop air also categorised this sampling location as

having an amber risk level.
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Table 3.29: VOC contibutions to box 30 sample chromatogram

Compound Concentration (ug ni®)
Naphthalene 46.2
3-Furaldehyde* 12.5
p-Xylene* 11.0
Benzaldehyde 7.03
Cyclopenta[c]thiapyran* 6.83
Acenaphthene* 6.62
D3-siloxane* 6.12
o-Xylene* 5.94
D4-siloxane* 4.40
3-Carene* 3.70
U-Pinene* 3.73
D6-siloxane* 3.42
Toluene 2.51
Ethylbenzene 2.12
D5-siloxane* 1.83
Anthracene* 0.82
Lindane 0.61

*Calculated as toluene equivalents
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Table 3.30: Mono- and disubstituted naphthalenes found in TCC samples

Naphthalene substitution pattern Concentration (ug nr3)
1,4,6 Trimethyl-* 1.70
1,6, #Trimethy}* 1.10
1,6-Dimethyl* 6.60
1-Ethyl-* 5.40
1-Methy}* 25.6
2,3,6 Trimethyl-* 5.60
2,3Dimethyl* 3.2
2,6-Dimethyl* 6.40
2,7-Dimethyl-* 7.2
2-Ethenyl* 5.9
2-Methyh* 2.10
Total 70.4

*Calculated as toluene equivalents

3.5.13.Bloomsbury Asia storecase study

The Bloomsbury Asia store contained a humbedexforative wooden objects from
East Asia, which were stored on metal shell@max tubes were placed on shelved

and sampled in passive mode over a period of 28 d before analysisGZ-NI5.

Analytes detected in the sample are summarisdébie 3.31. Naphthalenavas the

only target analyte to be detected in this location, at a concentration qgiihini$,
suggesting that the substance had beengurshyi used in this collection as a pesticidal
treatment. None of the other target analytes were detected in this loBgtanmea, the
largest peaks ithe chromatograntorresponded tphenolat 62.4ug m; it wasnot
possible to identify an emissiveource of phenol in the sampling location. The
presence oP-ethyl hexanol 45.9 pg rhwasdetermined in the sample alSthis was

likely to be a result of microbial action on plasticisers found in building matétials.
As in previous case study locations, a number of cellulosic breakdown products were
detected. The largest concentration of these substances was for furfurala 2.2

UPinene(15.0pg m?), limoneneg(8.35ug nt®) and3-careng(6.24 pg m?) havealso
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been previously associat&dth emission from aging wood sampleplaining the

presence of the substances P& As with previous samples, there were a number

of substituted naph#tbenes trappedlhe total concentration of these species was

67.2ug m3, and individual concentrations are presente@ianle 3.32. The presence

of these naphthalene derivativaasd nearby busy roads suggdhbesy are the product

of fossil fuel combustion from passing traffit Other PAHs acenaphthene

(16.4pug m3), dibenzofuran (7.67ugm3) and fluorene (2.92 po®) were also

detected in theample.

Table 3.31: VOCstrapped from the Asia store, Bloomsbury.

Substance Concentration (ug ni®)
Phenot 62.4
Furfural 52.2
Naphthalene 51.9
2-Ethyl hexanot 45.9
Acenaphthente 16.4
Heptanot 16.3
U-Pinené 15.0
Octanof 12.6
Heptanot 8.62
Limonené 8.35
Dibenzofurah 7.67
3-Carené& 6.24
Hexanat 4.98
Toluene 3.29
m-Xylene* 3.12
Fluorené 2.92
Quinoliner 2.59
Camphor 1.97
D5-siloxané 1.56
Isobornedt 0.47

*Calculated as toluene equivalents
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Table 3.32 Substituted naphthalene compountidected with splitless analysis

Naphthalene substitution pattern Concentration (ug ns)
1,4,6Trimethyl* 0.76
1,6, 7Trimethyl* 1.15
1,6-Dimethyl* 9.02
1,6-Dimethyt4-(1-methylethyl}* 0.72
1-Methyh* 34.3
2,3,6 Trimethyl-* 0.99
2,3-Dimethyt* 11.9
2,6-Dimethyl-* 8.33
Total 67.2

*Calculated as toluene equivalents

A second sampling tube was exposed for 28 d anlysethunder the samieD-GC-

MS conditions, except using an outlet split flow from the thermal desorber into the GC
instrument. This analysis employad.:10outletsplit ratioon the thermal desorber in
order to reduce the concentration of analytes passing on to the column in order to
determine if there were any peaks corresponding teclmwcentration analytes that
may have been masked by higher concentration peaks in the previous sample.

Substances detected are presented Table 3.33. Naphthalene and phenol
corresponded to the highest area peaks of the chromatogram with concentrations of
66.9 and 59.9g m3being calculated. Phenol was not detected in the splitless analysis,
however the concergtion of naphthalene in both tubes was similar. Concentrations
calculated from the split flow analysis ofe2hyl hexanol (56.2g m3), dibenzofuran
(10.4ug m3) and octanol (13.4g M) were also similar to those analysed in splitless
mode. However, ancentrations for furfural (7.jig m®) differed by a large degree.
Substances detected on the split tunoduded cellulosic breakdown products furfural
(7.37 pg n?), Upinene (20.6 pg M) benzaldehyde (5.18 pg #Hh and 3carene
(13.7ug mi3).
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Table 3.33: substituted naphthalenes detected in Asia store with 1:10 split ratio

Naphthalene substitution pattern Concentration (ug ni®)
Phenol* 66.9
Naphthalene 59.9
2-Ethyl hexanol* 56.2
Acenaphthene* 28.4
2,7-Dimethyl* 20.6
U-Pinene* 20.6
Heptanol* 16.3
Butyl butanoate* 14.4
3-Carene* 13.7
Octanol* 13.4
Biphenyl* 12.7
Dibenzofuran* 10.4
1-Ethyl naphthalerte 8.18
Furfural 7.37
Nonanol* 6.55
Benzaldehyde 5.18
1,4-Dimethyl naphthalene* 4.60
2,3-Dimethyl naphthalene* 3.71

*Calculated as toluene equivalents

Fewer substances were detected using the split ratio on #@CHAS compared to
splittess mode however, many of the analytes trapped weithin an order of
magnitude oftoncentrations dected from analysis of theplitless tube, and seere
considered to be equivalent for the purposes of this experiment theddge degree

of imprecision associated with passive air samgiinty The smaller number of
compounds detected when analysing the tubes in split mode provided justification that
for singleshot profiling analysis, tubes should be analysed in splittess mode so as to

ensure detection of as low an analyte concentration as possible.
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The detection od number of PAH compounds as well as the potential mutagen phenol

placed this sampling location in the amber risk category.

3.5.14 British Museum crocodile mask case study

The British Museumcrocodile mask was used in a case study after a conservation
worker reported an allergic reaction while working with the object. It was assumed
that the sensitisation reaction was caused by the presence of a chemical treatment on
the object, which couldgssibly have been related to previous pesticidal treatments.
The fragility of the object had caused small flakes and fibres to dislodge from the body
of the object which could be used for solvent extraction without swabbing the object

itself.

Several micreamples from th&ritish Museummask were extracted usingc8r of

5% IPA in hexane. The extract solution was concentrated &epton3.4.2to 1cnv,

and analged by HPLGUV. As UV detection is a neapecific technique, the resulting
chromatograre contained a number of analyte peaks that did not correspond to
analytes in the reference standard solution and could not be identified. Comparison of
t hese pntianknedagainstpeaks in ttleromatogranef the standard solution
showed that the majority of substances did not have similar enough retention times to
be considered as positive identification the key project analytes.

Samples taken from a shell afidm the barb of a feather gawdiromatograms
containing a peak with a retention time of 2.06 min, matching the retention time of
dichlorvos Confidence in théichlorvospeak integration was establishedSeaction
3.4.3where repeatability and linearity were established, demonstrating that despite the
proximity of the analyte peak to the solvent front of gmeomatogramrepeatable
integration of tke dichlorvos peak was possible. The concentrationdafhlorvos
measured was 149.7 and 400.4 ‘dot the shell and feather respectively, indicating

a high concentration of the analyte was present. However, positive identification can
only be tentativel made using the HPLC data alone and further identification of the
analyte with a secondary analytical technique such as the organophosphate detection
kit developed inChapter 5 should be performed. Due to the suspected presence of
dichlorvos and the sertigiation reaction experienced by a previous worker, this object
should be considered as amber risk status. Due to constraints placed upon the object,
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as it was being prepared for exhibition, it was not possible to sample the object further
in order to getonfirmatory testing. This indicated that while identification of analytes
is possible through analysis by HPIL/, a second confirmatory method is needed in

order to validate the results due to the complexity of the sample matrix.

3.6.Conclusions

This studyshows the development of chromatographic methods for the successful
determination of pesticide residues in heritage environments. The analytical methods
developed in this chapter have been demonstrated as robust, minimally invasive
techniques through labatory testing. A sampling and analysis flowchart was
presented which could potentially allow collection custodians to identify the most
appropriate sampling and analysis techniques for their collections. The flowchart
allows the determination of pesticidadsidues using the developed methods to be
tailored to the needs of their individual collections, based on any suspected pesticidal
treatment or handling requirements for objects. Finally, the methods developed here
were assessed in case studies usingigacts in heritage collections.

Part A- method development

Consultation with heritage science personnel identified 10 target analytes considered
to be of importance to heritage institutions (aldrin, camphor, chloronaphthalene,
dichlorodiphenyltrichlooethane (DDT), dichlorvos, dieldrin, endrin,
hexachlorocyclohexane (lindane), naphthalene and thymol). Of these 10 analytes, the
TD-GC-MS method developed here was able to successfully detect volatile analytes
camphor, chloronaphthalene, dichlorvos, naplethe and thymol with high
coefficient of determination, as thé ®Ralues were greater than 0.99 for these analytes.
Aldrin was detected with a lowePRalue of 0.88, however the linear regression model
was still able to explain a large percentage of aasp variable variation and was
suitable for use. Dieldrin was tentatively identified through comparison of the
experimentally determined mass spectra to those in the NIST library. DDT was not
detected by TBGC-MS due to thermal breakdown during the deBorpprocess. The

main advantages of the TGC-MS method were that the need for a complex sample

preparation step was eliminated, offering the potential to perform high throughput
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analyses using an automated thermal desorption unit. Desorption of acalyies
cryofocussing cold trap allowed recovery of analytes without risking the loss of
analytes typically associated with preconcentration steps. This method of analysis
would be most suited to the sampling of environments where the swabbing of the
museunobjects cannot be performed, and that the analytes suspected of being present

are sufficiently volatile to allow trapping.

Using the developed HPLC method, aldrin, chloronaphthalene, dichlorvos, DDT,
dieldrin, endrin, naphthalene and thymol were all sssftdly and reproducibly
detected with Rvalues in excess of 0.97. Dieldrin and endrireteted, however the
peak area for both substances was reproducible, anthaiuR greater than 0.99 was
calculated from the regression model. HCH and camphornwe¢@etected by HPLC

UV detection, as camphor was only weakly absorbing and HCH has no active
chromophoreat 225 nm. The use of HPLQV allowed detection of thermally
sensitive analytes not seen in the analysis byGKBMS. The linear model used to
calculate concentration from peak area for the HPLC analysis of aldrin, dieldrin, DDT
and endrin had a greatef ®alues than in the corresponding GC analysis. Importantly,
DDT could be repeatably detected using the HRINCmethod, offering a method of

detection for one of the most commonly used pesticides of the@ttury.

Recovery of the target analytes after solvent extraction was in the rangel 02 %7

with RSD between-42%. This was comparable to similar published studies by Barro

et al® but is presented here without the need for time consuming disassembly of
sampling tubes for removal of the sorbent or ultraseassisted extraction. The use

of this technique isecommended for the detection of thermally sensitive analytes
which would not be detectable using the thermal desorption analysis. The N°LC
analysis can also be used if swabs can be collected from the object to be sampled,
allowing for the detection déss volatile analytes.

Sample processing for analysis by -G was performed using solvent elution from
sample tubes; without the high thermal desorption temperatures it was possible to
detect endrin and DDT, as well as the other eight pesticides mdshtds the majority

of the work in this thesis was performed using MS as the detection method, the GC
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FID analyses were not studied in as great detail and were used as proof of concept that
the analytes would be detected by-GID as well as GEMS and byHPLC-UV.

A flowchart enabling selection of appropriate sampling and analysis methods for
individual collections has been developed, alongside a sampling protguae{(dix

A) giving precise instructions on how to perform the sampling was prepared. The
flowchart Is designed to aid conservation workers to determine which methods are
able to detect which substances, while the sampling protocol enables them to collect
the samples without prior training. This allows analytical chemist to coordinate the
samplingwithout having to visit the site, and still have confidence that samples have

been collected properly.
Part B - case studies

The utility of the developed methods was assessed by performing 13 case studies in
UK heritage institutions. A number of the kegsticides selected for study were
detected in the vapoynshase at case study sites. Camphor, chloronaphthalene,
naphthalene, and lindane were all detected in low concentration at several sites. The
concentrations of these substances detected was typesaiyhan 3 pg My with the
exception of naphthalene which was detected at a maximum concentration of
60 ug m3. Naphthalene, chloronaphthalene and lindane do not have controls on
workplace exposure limits. The detection of lindane in only 5 of the 18 stasly
locations showed that the substance was only found in a minority of locations and in
each instance was not detected in high concentration. Less volatile pesticides aldrin,
dieldrin, endrin and DDT were not detected in any of the sampling locafiornsss

all case studies, VOCs common to indoor air such a€@aldehydes and organic
acids were detected as well as products associated with cellulosic breakdown. These
analytes were quantified as toluene equivalents (with the exception of furfural,
cumene, ethylbenzene, benzaldehydeandp-dichlorobenzene, and acetophenone),
and as such should not be considered as having the same analytical rigour as the
biocide data, as it was not possible to complete an investigation into the response
factors of dlVOC substances detected, compared to that of toluene. Nevertheless, the
concentrations of these VOC substances were found to be in good agreement with
similar reported studie'$.1" 6
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Althoughthe vapowphase sampling of the analytes was limited in that it was not able

to detect all analytes by air sampling alone, this work is of potential benefit to the
heritage science community in that it describes a selection process that many be used

by untrained personnel to determine the most appropriate choice of method for a
particular collection. The methods reported here may be used to determine the
presence of commonly used pesticides using minimally invasigéu sampling in

order to aid conseators in the risk assessment of their collections. To aid this, a
Atraffic |ighto system has been devel opc¢

contaminated objects.
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4. Development of an opticabrganophosphate sensor

4.1.Introduction

4.1.1. Development toxicology and usage of organophosphate

compounds

I n health, agriculture and | egislation,
a substance which inhibits esterase enzymes, specifically acetyksieliase
(International Biochemistry and Molecular Biology enzyme code EC 3.1.1.7) in
synapses and erythrocyte membranes, and butyrylcholinesterase (International
Biochemistry and Molecular Biology enzyme code EC 3.1.1.8) in plasnisin this

sense that the term fAorganophosphateo h
Organophosphates are a class ahpounds used widely in pest control applications.

The lower tendency of organophosphates to bioaccumualate/ell as theishorter

half-lives and higher acute toxicity allowed them to largely replace organochloride
pesticides, particularly in environmehégpplications> 3

Organophosphates act on the parasympathetic nervous system to inhibit the action of
acevlcholinesterase (AChE) and butyrylcholinesterase (BuCHhough acute
BuChE inhibition does not seem to cause clinical features, acetylcholinesterase
inhibition results in accumulation of acetylcholine in neuromuscular junctods
synapses of the automic and central nervous systeroaysingoverstimulation of
acetylcholine receptors. As organophosphatessphorylate the enzymes necessary

for the cegradation of the acetylcholime these receptorsafid thus the relaxation of

the neuronj)he muscle porgan is unable to relax the contractions, leading to paralysis
and deatH. Clinical features of organophosphate poisoning include: salivation,

lachrymation, urination, sweating, diarrhoea and vomiting, miosis and muscle‘spasm.
3

The first organophosphate with the ability to inhibit the action of AChE was
tetraethylpyrophosphateynthesisedn 1854> © Originally developed as a substitute
for the natural pesticide nicotine, its utility was limited as it was rapidly iretetivby
hydrolysis® Development of organophosphate pesticides continued and in 1944 IG
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Farben chemigBerhardt Scrader first described parathiomhich became one of the
most popular and weknown organophosphate insecticidéBroughout the 1950s,

the pattern in insecticide usage was dominated by organochlorines (led by
dichlorodiphenyltrichloroethane (DDT)) through to the mid-1970s where
organophosphate moietideecame the leading functionality in pesticidal agénts.
However, by 2014isage had declined with organophosphates accounting for only 1%
of pesticide usage in British arable farming, with 93% of pesticides used in that same

peiiod being pyrethroid8.

A number of high profile cases of organophosphate poisonings have also been
documented. In 193Q@housands of Americans were poisoned by ingesting Jamaica
Ginger Extract contaminated with triorthocrescyl phosphate (TGTH)e extract,

also known adake, contained a high concentration of ethanol and was a popular means
of circumventing Prohibition laws at the time. The TOCP was added by bootleggers
as a means of cheating regulatory requirements that the extract contain a minimum
requirement of gingesolids per criof extract, as TOCP could be substituted for the
extra ginger (which made the Jake unpalatable) without affecting the drinkability. The
ingestion of the TOCP caused axonal neuropathy and an upper motor neuron syndrome
causing victims to lasthe use of their hands and feetcondition that became known

as Jake ledt

The high toxicity of organophosphates has led to a number of these compounds to be
developedor use as chemical weapons. In 1995, the religious sect Aum Shinrikyo
released the organophosphate nerve agent sarin on several lines of the Tokyo subway
system in a coordinated attack, killing 12 and injuring approximately 5580 ore

recently, in 2013,ackets containing liquid sarin were fired upon Damascus during the

Syrian civil wart

4.1.2. Use of organophosphate compounds in heritage environment

Dichlorvos was commonly used in heritage institutions as organochloride pesticides
became increasingly regulateand in the cas of DDT, banned>!” The use of
dichlorvosimpregnated strips of polyvinyl thor i d e, mar ket-Padt as Ve
strips allowed fumigation of enclosed spaces with the volatile pesttitie.
Goldberd® noted that this practice was becoming unpopular from thel®8@s due
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to concerns about the safety of the substance. Hawkeher noted that the
organophosphate substances chlorpyrifos, malathion and parathion were also used in
heritage collections. However, information regarding the extent of use in collections
is typically limited, as the use of insecticides in heritage collections is often not

doaumented.

4.1.3. Current methods of detection of organophosphate compounds

Organophosphates are often detected by measuring their inhibitory effect on reactions
catalysed byAChE.E | | ma n & s wide/ segayded as the standard assay for the
determination of AChE activity. Initially developed as a method for the determination
ofthi ol s, E | ¢tamize used tdetesngeahg activity of AChE through the
catalytic hydrolysis of acetylthiocholine as a substrate. In this reaction a sulfur
containing substrate, acetylthiocholifig, is hydrolysed by AChE to form acetd®

and thiocholing(3). The thiocholine reacts with dithiobisnitrobenzoate (DNTB) in
neutral to mildly alkaline conditions to yield a thiocholine disulfide compdd))é&nd

a yellow 5thio-2-nitrobenzoate dianioirf5). A proposed reaction is presented in
Scheme4.1. The concentration of the dianion compound can be determined by

measuring the intensity of the yellow colour using a spectrophotometer atr412 n

O | Enzyme + H20 O |
)J\S/\/N\ )J\o— + é/\/N-'-\ + 2H+
Cr
(1) (2) (3)
\ DNTB
N02 | (0]
SN S -
_ 0 + - \/\S/ (@)
S
O_ N02

Schemed.1: Hydrolysis of acetylthiocholine chloride followed by reaction with
DNTB to form a dianion speci€S) w i tmk= 442 nm

The proposedeaction of thiols with DNB is clarified inScheme4.2, showing the
nucleophilic attack of the DTNB by the thi form anewdisulfide with theDTNB
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and the yellow, doubly charged-ritro-5-thiobenzoate dianiofs) under the basic

reaction coniions.

/\ N02

~ - pH 7-8 -

S S. 0] -

R * 0 VS/CEH/ ©
o o)

o) NO,
S..-R -
S + - (0]
)‘t©/ 5
N
2 ) (6]

Schemed.2: Reaction of a thiol with DNTB to form yellow-gitro-5-thiobenzoate

0
O2N DTNB

dianion(5) in neutrali mildly basic media

Thecolour change of this reaction from colourless to yellow is difficult to observe in
artificial light, especially in low concentrations 2010, Pohankaet al?® used the
ability of organophosphates to inhibit the action of AChE by developing a pH sensing
colorimetric method. This method used a pH indicator to determine the increasing
concentration of acetic acid resulting from the AChE catalysed hydrolysis of

acetlcholine to choline and acetic acid.

4.1.4. Colorimetric detection of organophosphates

In 2011, Pohankat al?* reportedhe use oAChE andindoxyl acetatas an alternative

met hod t o ElIl manods a s SAGhE activityr Usidge e r mi n
spectrophotometer, the authors measured the absorbance at 670 nm 30 min after
mixing AChE and thendoxyl acetatsubstat e, i n comparison with
benchmark. The indoxyl acetatemethod was developed for use with biological
samples taken from cases of suspected organophosphate poisoning. The reaction had
the benefit of over comissagasthédevelopmentdfat i on
blue colour was easieot obser ve t han mathod atsevallow3thee au't
concentration of organophosphates to be determined in the presence of atdidotes
organophosphateoisoning such as oximes which are knownléaee the DNTB and

give false positive r eacfiOtheramethodsifdre usi
colorimetric detection of organophosphates include the cleavage of indophenyl
acetate, which is hydrolysed directly to give bjueple coloured indophenothe
concentration ofvhich canbe measureds a function of absorbanaée625 nm using

a spectrophotometé?.
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Pavlovet al?’ developed a method for the determination of organophosphates using
thiol-inhibited growth ofyold (Au) nangarticles (NPs). Solutions of 0.1 M Tris buffer

(pH 8. 0) containing variable concentratic
of 0.13 Ucn® AChE solution in Tris buffer. The solutions were incubated at 35 °C

for 15 min before mixing with 3.2 chi.25 mM HAuC} solution. A glass plate was
functionalised with an aminopropylsiloxane film and Au NPs before immersion in the
enzymesolution for 5 min. The slides were washed with water and their absorbance
was measured using a spectrophotometarthe pesence of an AChE inhibitor,
plasmon absorbance bands of the NPs decreased, leading to a decrease in the intensity
of a bl uws=5®mpDwe to thescomplexity of the protocol as well as the
expense and technical challenge of synthesising Asy Mits method is not suitable

for use in heritage environments.

Climentet al?® also expbredsilica NPs functionalised with both thiols and aliphatic
alcohols. The thiol subunit was selected as it was active towards a squaraine
chromogenic probe, which reacts with the thiol and induces a loss of aromaticity in the
probe causi nao thablué tolow.aAn dldoholgrbiety was selected as
alcohols are known to undergo acylation reactions wiganophospdite substrates.

The principle of the method was that the phosphorylation of the alcohol inhibits the
reaction between the thiol and pe The chromogenic response was measured using

a spectrophotometer at 643 nm, with the presence of organophosphates inhibiting the
reaction between the thiols and squaraine probe. The study also reported that a NP
functionalised polyethylene terephthalateek was exposed to air containing 5 ppm
diisopropylfluorophosphate for 15 min. After immersion of the stick in a solution
containing the squaraine probe, the solution remained blue, which indicated that
phosphorylation of the alcohol had taken place¢hasthiol had not reacted with the
probe. Exposure of the NP stick to fage oforganophosphateapourcaused the blue
solution to lose colour upon addition of the exposed stick, indicating a successful

qualitative test for thabsencef organophosphateapour.As previously, the use of

3NB Units are used in place of mass for enzymes: 1 U corresponds to 1 mmol substrate catafysed min
at 25°C.
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NPs adds a technical complexity to this method which would limit its utility in heritage

environments.

Species with azo functionality have also been used in optical setlesareasure
organophosphateas theresulting poduct has a strong coloand can beneasured
spectrophotometricallyas discussed by Costeéfolhis short communication reported
an azo probe addwed onto silica gel underwent an intramolecular cyclization process
causing a colour change from vyellow to colourless on interaction with

organophosphates both vapowphase and solutiephase.

White, Legako and Harméhdeveloped an assay using monosulfate tetraphenyl
porphyrin (TPPS), a reversible competitive inhibitor of AChE which exhibits unique
spectral characteristics on complexation with the enzyme. The addition of an
organophosphate inhibitor to the porphyeimzyme complex led to displacement of

the porphyrin formhe active site of the enzyme. This displacement was observed as

a decrease i n ab sHaxvaluaaitbesporphyriedzyim® compex. t h e

These publications show that while there is a small range of colorimetric methods for
the determination of rganophosphates usingChE-based assays and other
chromogenic reactions, the preparation of these tests often requires synthesis of
nanomaterials or complex protocols for immobilising reagents. As a further
consideration, the methods reported above reddire use of a spectrophotometer to
determine the result which makes these methods more expensive and less useful for

heritage institutions.

4.2.Research aims and objectives

Since organophosphates have been used in commercial pesticide formulations for both
museum and agricultural uses, the rapid determination of these substances has become
increasingly important. While organophosphates can be detected by chromatographic
methods onsite colorimetric detectiosould offera more coseffective option for

field work, and using the methods presented here, does not require specialist
equipment or training to us&he development of an organophosphate sensor is

thereforeof interest to the heritage and environmental science communities and as
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such finding safe anahonrtoxic methods of detection has become a global priority in

recent years.

In this work, AChE has been immobilised in an agar gel matrix, and used to develop

a swabbing kit using indoxyl acetate as a substrate for the enzyme. The development

of an easilyobserved blue colour (comparedthe yellow ofEl | mandés assay)
for these swabbing kits to be used as disposable alternatives to currently available
assays, allowing faster, easiertire-field detection. The utility of this sensor has been
demonsrated for use with both contact swabbing and vayptase sample collection.

The demonstration of the sensor in tlEourphaseis an important advantage over
existing techniques for use in heritage collections as sampling fragile objects often

prohibitsdirect contact.

The principle of the detection method used in the kit was based on the formation of
indigo, a strongly coloured blue dye, and was intended to be a screening test offering
onsite, near realime detection of organophosphate pesticidegy®, without the

need for instrumental analysiBhe chromogenic reactiaiaking placeis the AChE
catalysed hydrolysis oihdoxyl acetate to forma green coloured intermediate, 3

hydroxyindole,and acetic acid as shown$theme4.3.3!

0
OJ{ OH

AChE
Ly .
N OH

H
Indoxyl acetate 3-hydroxyindole Acetic acid

/<Z\ ZT
+

Scheme4.3: AChE catalysed hydrolysis of indoxyl acetate tby@roxyindolé?!

The 3hydroxyindolerapidly interconvert®etween the keto and enol tautomers. The
subsequentiimerisationand oxdation of 3hydroxyindoleto form indigo dye causes
a colour change from green to bla the indigo product formé. proposed reaction
schemeSchemed.4, shows the formation of indigo proceeding from the keto form of

the 3hydroxyindole.
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OH 0O o) 0] H
N
Oy - Crp = Cry — G0
N N N N
H H H H 4

3-hydroxyindole keto form
(green)
O H o) H
N\ N Ox. . N
g \

N N

"o H o
Indigo
(blue)

Schemed.4: Oxidation anddimerisationof 3-hydroxyindole to form indigo

As with the development of the mercury sensdClvapter 5, the key objective in this

work was to develop an economical way to determine the presence of a chemical
hazard by designing an easy to use easly tanterpret sensor. This allows collection
cusbdians to make informed choices regarding the exhibition and handling of objects

in their collections. Further key development objectives are outlined here:
Examination of solution chemistry

Initial experiments were performed to examine conditions reqtoretie reaction of
indoxyl acetate with AChE to fortieindigo dye. AChE was immobilised in an agar
matrix, as the success of this material in the formation of a mercury sensor was
demonstrated i€hapter 5. These gels containing immobilised enzyme vesygosed

to solutions of indoxyl acetate in order to determine their effectiveness at catalysing
the indoxyl acetate into the indigo precursors. The reaction was then inhibited by
adding increasing volumes of dichlorvos to reaction mixtures in order ¢onuiae a
detection limit.

Assessment of spiked materials

Agar hydrogels loaded with AChE were formed in a centrifuge tube containing a swab
loaded with indoxyl acetate substrate. The swab was wetted and used to take samples
from filter papers and soft togpiked with dichlorvoswhich were useds analogues

for treated collection items.
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Vapourphase determination of dichlorvos

A vapourphasesensor kit wagprepared and includemh enzyme gel in a centrifuge
tube containing an indoxyl acetate swahich hal previouslybeenshown to beable
to measuralichlorvos in the vapouphase.

4.3.Materials and methods

431. Assessment of activity wusing EII mai

Approximately 216 mgof acetylthiocholine chloride was dissolved in 103cofi
deionised DI) water for use inthe EI | mané s a isnatelyy40 mgdab p r o X
5 , -8itbiobis(2nitrobenzoic acid) (DTNB 098 % Bi o Rogmapkrich,
Gillingham) was dissolved in 10 chof 0.1 M phosphate buffered saline (PEsgma
Aldrich, Gillingham) which wasprepared by dissolving BBS tablets in 106m? of
DI water. An enzyme solution was prepared by dissolving approximately 5@ U
AChE (type VI-S, from Electrophorus electricysSigmaAldrich, Gillingham) in
100cm? of 0.01M PBS solution giving a 5 @dn3solution, to which 2 mgf bovine
serum albuminBSA, lyophilized powder, >96%SigmaAldrich, Gillingham)was
added. Thenzyme solutio was stored at approximately@ in a separate refrigeat
to the dichlorvos standard. Thelstion was stored for no longer than 2 w aftérich
time it was reprepared.

In a cuvette, 3 cfof 0.1 M PBS, 20 pL acetylthiocholine chlorid® 99 % ( TL C)
SigmaAldrich, Gillingham)solution, 100 plof DTNB solution and 50 plof 5 U cm®

AChE were mixed well by inversion befatlge mixed solutionvas measured usirgg
spectrophotometer. Contreperimentswere conductedby repeating the analysis
without acetylcholine chlorideThe solutions were measured at 412 nm e®enyin

overa?2 hperiod and theraalysis was performed in triplicate.
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4.3.2. Solution phase proof of concept and optimisationof reaction

between AChE and indoxyl acetate

4.3.2.1. Initial proof of concept reaction and observation of colour

development

The following reactions were undertaken in ordeveanfy the chemistry taking place
in the hydrdysis of indoxyl acetate by AChE. Indoxyl acet&®5% (TLC) Sigma
Aldrich, Gillingham)solution was prepared by dissolviagproximately500 mgof
indoxyl acetate in 10 cfnof absolute ethano(HPLC grade, Fisher Scientific,
Loughborough), and the solomh was sonicated faapproximately 5 min to yield a
light pink solution.The ®lution was stored at approximately 4 °C for 24PRS
solution was prepared at a concentration of 80dy adding 1 PBS tablet to 2@
of deionised (DI) water.

Solution phae chemistry of the organophosphate sensor was investigated by adding
1cm®*of 0OIMPBS to the wells of a polypropyler
of indoxyl acet at e s bAChEtwere added to the vieDand L o f

the potentialcolourchange observed over 10 min.

4.3.2.2. Effect of buffer ionic strength on colour development

50 diquotsof i ndoxyl acet at e SAChHWwereaddeddond 50
a well containing Tm® of 0.01M or 0.1 MPBS Colour change was observed over

10 min.

4.3.2.3. Effect of pH on colour development

The effect ofsolutionpH was investigated by altering the pH of the buffer solution
used. The 0.0M PBSsolutionwas adjusted to pH value$8, 9or 10 by the dropwise
addition of0.1 MKOH (certified ACS, Fisher Scieific, Loughborough)SolutionpH
wasmeasured using Jenway 350%H probe.The wlumes of adjusted buffers and
blank Milli-Q water measuring 1 clywere added to cuvette wells as showiiable

4.1 below.
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Table 4.1: Preparations used to investigate effect of pH on enzyme activity in

indoxyl acetate reaction optimisation

Well no. Reaction medium pH
1 Milli -Q water 6
2 0.1M PBS 7
3 0.01M PBS 8
4 0.01M PBS 9
5 0.01M PBS 10

Solutionscontainingl 0 0 of§ Ucm®A Ch E a n dfindoRyl acetate werthen
added to each welControl wells werealsoprepared aabovebut without addition of

theenzyme. Five replicates were perfornfedeach experiment

4.3.2.4. Effect of enzyme concentration on colour development

Enzyme concentration was variaedAGhEtoaddi n
wells containinglchiof 0. 01 M PBS and 50 gL indoxyl
control experiment was prepared as above but without the addition of AChE. The

colour change of each solution was observed over 20 min.

4.3.2.5. Effect of dichlorvos on colour development

Inhibition of the hydrolysis of indoxyl acetate was investigated using dichlorvos
(Pestanal analytical standard, Sigidrich, Gillingham)as a model inhibitor. A

200ng tedli chl orvos solution was prepared by
approximately 80 cfof DI water in a 100 civolumetric flask and diluting to

volume. Dichlorvos solutions used throughout this chapter were prepared immediately

before use.

Volumes of 1 criof 0.0IMPBS, B0 ndbxyl acetob5tUcnm®and 20

AChE were added tactas a negative control; the same solutions and volumes were
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thenused in a separate well wi ttdichlbornlogasaddi t

a positive control.

To investigate the effect of increasing volumes of dichlorvos on enzyme actieity, 1

of LOLMPBS, 6f0 ndbxyl ac e toh™UcmbACKE waré €achs L
addedo increasing volume®( 50, 100, 200, 306r4 0 0) o£2D0 nge t* dichlorvos
solutiors. The mlourchangewnas observed after 20 min. Ortbeapproximate amount

of dichlorvos required toinhibit the formation of indigowas determinedthe
experiment was repeatedere, 1 cn? aliquots of0.01 M PBS, 50¢ Lof indoxyl

acet at e afBUdcn® AODE weeteadded td, 25, 50, 100,156r2 00 &L o f

2 0 0 ntdichlertos saltion; with colour development observed over 20 min.

4.3.3. Immobilisation of enzyme onto agar support

AChE was immobilised into gels by preparing 5% w/v concentrations of ingar

0.01M PBS by heating2.5 g agar powde(laboratory grade, Fisher Scientific,
Loughborough)and 50 cr of 0.01 M PBSin a steam sterilisation unit until a thin,

clear liquid was formedReplicate 1 crhaliquots of this liquid were removed and

pipetted into cuvette trays for mixingtv AChE solution before beinglaived to set.
Loadingpf enzyme into the gels was DACHhE or med
solution intoindividual cuvettewells, to which 1 crhof the agar solution was added

once the agar solution had cooled to approximateM®B35C. Each gel contained
approximately 1J of enzyme. A second series of agar gels each containing 10 U AChE
were prepared by ad3AChEgolufod® 1ehb% w\fagaa. 50 U

A further series of gels was prepared using 1% w/v agar in order to investigate the
effect of decreasedggar concentration in the hydrogel mat@®BS buffered 1% (w/v)

agar gel was prepared by addaggproximately500 mgof agar powder to 56m® of

0.01 M PBS and heated as described abblie 1% agar gels were each loaded with

1 U of AChE by pipetting20@ L o f & sofutiotof AGQhE intca cuvette well
containingcooledagar solution anthe resulting gels were mixed welith a pipette

tip. A series of 1 and 5% gels were also prepared with no added enzyme to act as

controls.
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Dried gels were prepardxy drying 5% gelsoadedwith 1 U AChE, and allowing the
gel to dry under ambient conditions over approximately hlayme activity was not
checked in agar and relies on a constant systematic error to prevent false results.

4.3.4. Reaction of prepared agar gelsvith indoxyl acetate substrate

Recognising that the colour change reaction progressed more rapidly in PBS than

water,all agar gels wersubsequentlprepared using 0.01 M PB®lution

4.3.4.1. Effects of rinsing prepared AChE gels

Duplicate solutions of approxiately 2 cni of 0.01 M PBS were each mixed with

100e L i ndoxyl acet at abeakerA 1 ¢mi 580ragaageldvithaad d e d
1U loading of enzyme prepared as described@dattion 4.3.3 was added to one
beakerwhilst a second identical gel was firstsed in DI water before being added to

asecond beakePotential olour change was observed over 1 h.

4.3.4.2. Comparison of colour development in freshly prepared and
dried AChE gels

An experiment was performed to compére colorimetric response dfied ge$ to
freshly preparedels, eaclprepared from 1% agar with a 1 U loadiofgAChE. Gels
were addedto2chof0. 01 M PBS c o oftndokyhaceatate sdlufiod. ¢ L

Potential olour change was observed over 1 h.

4.3.4.3. Effect of enzyme concentration in AChEgels

A comparative study of 1% w/v agar gels containing 1 U of enzyme and 10 U was
conducted by placing each gel in 2%0f 0.0IMPBS containing 100

acetate dation. Potential olour change was observed over 10 min.

4.3.4.4. Determination of detectionlimits for developed AChE gels

Il nhi bition of the enzyme gel was Jdnvest
dichlorvos solution to 2 chof 0.0OLIMPBS and 100 &L indoxyl a
1% agar gel | o ad@AChRvTh dxpednrivaseepeatédn /5) ¢ m

in the presence of a negative (no dichlorvos present) control.
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Increasing volumes of dichlorvos solution wesedin further replicag experiments

to establish an approximate detection limit for the gels. Volumes of 50, 10@r 150

200 of a “2agueousmsplutionlof dichlorvos were added to 2af.01M

PBS buffer containing 100 €L indoxyl acet
loading of AChE was added to each reaction vessel and the colour chesrges
observed. A cotrol reaction was also performeing 2 cn? of 0.01 M PBS and

100¢ Lof indoxyl acetate withouhe addition ofdichlorvos.

4.3.5. Assessment of developed sampling kits

After initial experimens were preparet understand the solutigghase and gel based
chenistry of the reaction, the method was adaptedreparea near reatime, in situ
colorimetric methodhat could be usetbr the detection of organophosphates by

swabbingobjectssuspected of contaminain.

Gel kits were prepared by pipetting 1%ofi 1% agaigel solution into the bottom of a
centrifuge tube and once the gebled toapproximately 364 0 A C, of 8 0ot ¢ L
AChE solutionwas addedand the resultingmixture was stirred manually usiray
Pasteur pipettdip, before being allowed tookdify. The enzyme activityin the
preparedyel was approximately 2 U. Cotton swabs witendipped intoanindoxyl

acetate solution and allowed to dry completely before being added to the enzyme tubes,
inserting so that the bud loaded with substratenveasn contact with the geF{gure

4.1). These sampling kits were capped and stored at approxim&i€lydtil used.
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Figure 4.1: Prepared organophosphétst kits with a set AChE gel at the bottom of
the tube and indoxyl acetate loaded buds at the top of the tube.

4.3.5.1. Sampling kit detection limit

To determine the lowest concentration of dichlomazguired to inhibit the reaction of
the sampling kit, i ndoxyl af Olewatartarel hddlu d s w
5¢ L, 20 ¢L, or I'@dichlorgok solaitfon pRpétted dimegtly @nto the
cotton bud, before being introduced to the enzynhengbe centrifuge tube. A control

experiment was performed by pipetting water onto the bud in place of dichlorvos.

4.3.5.2. Responsef sampling kit after storage

To assess the response of the sampling kit to dichlorvos after storage, batches
containingfive freshly prepared sampling kits each were stored under the conditions
described inTable 4.2. After approximately 6 w, sampling kits were allowed to
equilibratetoroomtemer at ure before 100 €L of O0.01 |
the tip of the bud, which was returned to the tube inverted so that it was in direct

contact with the gel.
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Table 4.2: Storage conditions of sampgjrkit batches

Batch number Light/dark Approximate

temperature (°C)

1 Light 20
2 Dark 20
3 Dark 5

4 Dark 5

5 Dark -18

4.3.6. Simulated field study using prepared kits

The utility of the sampling kitor a museunapplicationwas assessed by preparing fur
analogues spiked with dichlorvos as an inexpensive means of repliwatitagninated

objectsi n a natural history coll ectlagoeous Appr
dichlorvos solution was pipetted orgolyester fur th from a soft toy (approx.

2cm x 2 cm)and the cloth was left to difpr approximately 1 h. Cotton swabs from

the sampling kit were wetted with 100 €L
10 horizontal and 10 vertical strokes from the clotloleebeing ranserted in to the

centrifuge tube so that the bud was in contact with the enzymehgekit was stored

at room temperaturand thecolour changevasobserved after 2 hThe experiment

was repeated with a second section of cloth.

A second meerial chosen for investigation was filter paper, as an analogue for paper
based collections. A number ‘agdeoussolption c at i c
of dichlorvos were made to a series dfiler papers {10 mm Whatman no.) las

detailed inTable 4.3 to give increasing masses of dichlorvos available for swabbing.

Cotton swabs from the kits were wetted with distilled water and used tbQajeztical
and 10 horizontal strokes from each of the filter papers, before being applre to t
gels to develop the colour. Potentialaur change was observed after 24 h at ambient

temperature.
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Finally, 75 e L ap plsolatiantofdichios/oswefe a@gpliedto 0 0 n g
six filter papersSwabs fronthreek i t s wer e wetted with 100
first swab was used to collect 10 horizontal and 10 vertical strokes from a single filter
paper before being placed in contact with the getlena centrifuge tube. The second

swab was used in the same way to collect organophosphate residusvérditter

papers, and the third swab used to collect the residuethmefilter papers. After

collection of the samples, swabs were returned toghgifuge tubes so that they were

in contact with the enzyme gel apdtentialcolour changes were observed over 1 h.

Table 4.3: Spiking of filter papers with dichlorvos solution to investigate effect of

dichlorvos on colour development in developed kits

Filter paper No of applications Total mass dichlorvos
applied (¢eg

A 0 0

1 1 0.2

2 4 0.8

3 6 1.2

B 0 0

4 1 75

5 2 150

6 3 225

4.3.7. Vapour-phase analysis of dichlorvos using developed testing kit

As a key aim of thiswork was to develop a method to determine the presence of
organophosphates in the vapglvase, a proof of concept experiment was performed

to support this aim. Ap ptsolutionmofdichbotvgsinl 0 0 ¢ |
distilled waer was placed in the cap of an inverted centrifuge tube and tightened into

the body of the tube. The bottom of the tube contained & bitinU AChE gel. The

tube was allowed to equilibrate for 5 d and kept inverted, separating the dichlorvos

and enzyme ¢ throughout.
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After exposure, the cap was discarded and a swab containing the indoxyl acetate was
wetted with 100 eL PBS and placed in <co
replicated using 100 eL distill e@&odthwat er

kits were left to develop for 1 h after introduction of indoxyl acetate swab.
4.4.Results and discussion

44.1. Assessmenbf acti vity using EIIl manbés as

ElI'l mands assay was performed in order to
of the AChE used ithe indoxyl acetate assay. Absorption was measured at 413 nm

and plotted as a function of concentration until a maximum of approximately 1
absorbance unit (AUJas reachedA linear trendline was fitted to the data with & R

value of 0.9905 indicating ghly correlating datavith a slope of 0.1870 Alhin™.

Using the Beer Lambert law to calculate the concentration of the absorbing species, a
molar absorptivity of 13 970 mélcm?! was used as published by Riddktsal3?

correcting an error in the original Ellman papebividing the slope by the molar
absorptivity (multiplied by a pathlength of 1 cm) gave a concentration rate ot 1.34
10°molmint. As 1 emol of substrate catalysed
unit (U), theactivity here were measured at 13.4 U. The specific activity of the enzyme
(activity divided by the volume of enzyme used) was calculated at Q1268

The assay was repeatddimes the results of which are tabulatedTiable 4.4. The
low relative standard deviation tifese data indicateal high degree of repeatability

and precision.
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Table4.4:Precis on of EIl Il mands assay over

Replicate Slope
1 0.1911
2 0.1863
3 0.1824
4 0.1923
5 0.1946
Mean 0.1893
% Relative standard deviation 2.6

4.4.2. Solution phase proof of concept and optimisation

The intensity of all colour change reactionstlins chapter were observed without
instrumentation as a keypjectiveof this work was to be able to develop a method of
determining organophosphates without the neeaatytical instrumentatiorhis
would enable the use of these methods by untraiokection staff working ofsite in

heritage environments.

4.4.2.1. Solution phase proof of concept and optimisatioof reaction

between AChE and indoxyl acetate

Initial reactions between the AChE and indoxyl acetate in PBS allowed the blue colour
to be observedfer 10 min. This developed tmapparenmaximum over the course

of 12 h. Mixing of the enzyme with the indoxyl acetate and PBS solutions in the wells
with a Pasteur pipette did not have an observable effect on the rateloof
development compared &m unmixed control after 35 migo it was assumed that the
solution in the wells was uniform, as the turbulence caused by the injection of solutions

into the well was enough to cause sufficient mixing.
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4.4.2.2. Effect of buffer ionic strength on colour developmen

A comparison of MilliQ wate(measured at pH 5.6), 0.01RBS (pH 6.9) and 0.Mol

PBS (pH 7.3) was performed to determine the effect of ionic strength on the ability of
the enzyme to catalyse the indoxyl acetate substrate. Approximately déaci of

MilliQ water, 0.01 MPBS or 0.1 MPBS wer e mi xed with 50
solution and 3RAChE soution.Golous chahgeovas observed over

10 min. After this time, the darkest blue ook was observed in the 0.01RBS buffer,
indicating the raction was faster in this medium and that it was the most suitable

solutionto perform future experiments in.

4.4.2.3. Effect of pH on colour development

As the investigation into the ionic strength of the buffer solutions used buffers at
slightly different pH vales, an experiment was performeei@aminethe effect of pH

on therate of colour developmenthe effect of further modifying the buffer pH values
within a range of pH-A.0is summarised iffable 4.5. Colour change of the solutions

was observed after 10 and 20 min and documented qualitatively. Addition of indoxyl
acetate to pH 10 wells caused immediate colouration of the solution. This was
observed in the control wedllso, indicating that the highly basic conditions were
causing the reaction to proceed without the need for AChE. The presence of the
hydroxide in the reaction medium at sufficiently high pH allowed nucleophilic attack
of the carbonyl present on the ingbxacetate, yielding the -Bydroxyindole

intermediate without the use of the enzythe.

A less intense blue colour was observed in pldoRutions supporting the above
explanation regarding strongly basic solutions. No colour change was observed in
either of he pH 6 solutions over the course of the experiment. Blue colouration was
observed in pH 7 and 8olutionscontaining enzyme, while the contrsblutions
remained colourless, as expected. This supported conclusions regarding the suitability
of PBS as a redgion medium drawn from earlier experiments as well as showing that
pH ranges of approximately-& were the most suitable for the progression of the
reaction by enzyme catalysiBhe use of neutral to slightly basic media allowed the
reaction to produce elour change without the need for strongly basic reagents. This
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lower hazard approach is likely more suited to museum staff without a chemical

sciences background who may not wish to handle strongly basic reagents.

Table 4.5: Effect of buffer pH on observed colour from AChE and indoxyl acetate

Reactionsolution Control solution

Buffer pH

10 min 20 min 10 min 20 min
6 No change No change No change No change
7 Light

Pale green No change No change

blue/green

8 Green Blue/green No change No change
9 Light

Blue/green Dark blue Blue/green

blue/green

10 Dark blue Intense blue  Dark blue Intense blue

The top well inFigure 4.2 shows thesolution at pH 8 with theenzyme added,
exhibiting the dark blue colour of the uninhibited reaction. The bottom cattdion

(no enzyme) did not reacthe mage was taken aft@® min.

Figure 4.2: Image of solution phase reaction between indoxyl acetate and AChE
after 20 mins at pH 8 (top) against a control not containing enzyme (bottom)

4.4.2.4. Effect of enzymeconcentration on colour development

Having established a suitable pH range for the AChE inhibition assays, the effect of

enzyme concentration was studied in order to optimise the assay conditions further.
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For these experiments, it was found the effect of increasing the concentration of
enzyme present in the sample did not significantly alter the owgredld of colour
developmentSolutionscontaining larger concentrations of enzyme underwent faster
conversion of indoxyl acetate to theh@droxyindole intermediate, however the
dimerisationof the 3hydroxyindole occurred at approximately the same rate for each

well and thus no difference in the intensity of the developed blue colour was observed.

The experiment was repeated using the samened of a more concentrated enzyme
solution (50 Ucm® compared to 5 @m™®) in order to lessen colour development time.

In the solutionscontaining higher concentrations of enzyme, evidence of the faster
production of the diydroxyindole intermediate wasovided by the development of

a strong lime green colour. The green colour slowly turned to indigaadviperiod
showing that this secondary reactiovas the rate determining stepAs the
development of the indigo from thehydroxyindole intermediattook a longer time

than the initial 5 Ucni® experiment, there was no advantage gained by using more
concentrated solutions of AChE. The use of more concentrated solutions of AChE is
made more impractical by being significantly more expensive to makeodtihe

amount of AChE used.

It was possible to increase the rate of colour development by performing the
experiment in a sealed centrifuge tube and shaking by hand to introduce more oxygen
into the liquid. Initially the unshaken control reacted at timeeseate as the tube being
shaken. Tubes were observed after 4 min to both be exhibiting similar green colours.
At 12 min, the tube being shaken was noticeably darker than the control. This
experiment acted as further evidence that the secondary oxidatierisation
reaction is the rate determining step. It was not possible to use the intensity of the green
colourfrom the initial hydrolysis step of the reactias the end point for the in@itor

due to the presence of temerisationreaction, as the seodary process would make

it difficult to compare samples.

4.4.2.5. Effect of dichlorvos on colour development

Finally, the inhibition of the reaction by organophosphates was investigated using both
negative controls (containing PBS, AChE and indoxyl acetate) asitiye controls
(containing PBS, AChE, indoxyl acetate
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performed by mixing 1 cA0.0OLMPBS, BOdekyl acetbBene and 2
AChE with increasing volumes of dichlorvos solutierhich was used as a model
organophosphate substancehe intensity of the blue colour was observed after

20 min. Table 4.6 summarisesheresults of theeexperimers.

As expected, increasing masses of dichlorvos inhibited the development of the indigo
colour by blocking the hydrolysis of the indoxyl acetatee Tost intense blue colour

was observed in the negative control containingdiahlorvos with lighter blue

observed in thesolutonwi t h 50 €L added (adimalslsorovfo sl Os
dichlorvog, with lighter still blue was observed in tl®lutioncont ai ni ng 100
dichl orvos solution ( 2 0solatignscomtisisg higher di ¢ h |
concentrations did not appear to have formed any indgythe solution remained

colourless

Table 4.6: Mass ofdichlorvos required to inhibit action of 1 U AChE

Volume 200n g % L
Colour observed at 20

dichlorvos added Mass dichlor

- min

o o
50 10 Blue

100 20 Light blue

200 40 Colourless

300 60 Colourless

400 80 Colourless

Using theinformation from the previous experiment, a range of lower concentrations
around 100 €L dichl or v o suseddinlrepdatiexpariménis0 ¢ g
to examine théower concentrationsf dichlorvosrequired to inhibit the reactipsee

Table 4.7.
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As with the higher concentration experiments, the comsiohition was most darkly
coloured,with a clear trenaf reducedcolouration with increasg concentratios of
dichlorvos. Solutions containing 1001 5 0 of2 I0 0 it dichlenkos solutiorwas
very pale bluen colourcompared to the contrgblutionindicating the reaction had
been inhibited by dichlorvos. Theolutionc o nt ai n i rf dichlar@® didendt o
colour, indicatingthat4 0 ofdichlorvos was enough to inhibit 1 U ACRth these

experimental conditions

As the reactionis catalytic, the enzymavas not consumedluring the reaction,
meaning that the success of the reactiontine@slietermined at a specific time point as
opposed to waiting for a maximum colour development. If left long enough, even a
very low concentration of AChE would catalyse the unreacted indoxyl acetate in the
sample, leading to a false negative resulttkisrreasont was recommended to select

a time point of 20 min for the recording of results.

Table 4.7: Lower masses of dichlorvos required to inhibit 1 Ohk

Volume 200n g & L Massdi c hl or v o: Colourobserved at 20

dichlorvos added min

(e D

: :
25 5 Blue

50 10 Light blue

100 20 Very light blue

150 30 Very light blue

200 40 Colourless

4.4.3. Immobilisation of enzyme onto agar

After the solutioaphase chemistry had been investigated, work was performed to
immobilise the enzyme into a gel matrix in order to allow easier handling of the

material by untrained personnéditial experimensg with agarwereperformed during
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the develpment of a colorimetric sensor for mercusgéChapter 5) and the same

5% wi/v concentration of agar was initially used here. 38¢ agar gelas selected

as it provided gels physically robust enough to withstand handling and transfer
between containerssing tweezers, buvas still porousallowing permeabn of the
reagent solution. A 10% w/v solution walso assesselut found to be too difficult

to work with as it was very viscous and set much faster than other solutions, giving

little working time fa pipettingsolutions Therefore, d cné g e | containing

of a 5 U cn solution of AChEin a1% wi/v agar solution wasompared to the same

reagents loaded in& w/v agarsolution

On exposure to 100 eL i®0.0lovxPBScoleucchanget e

in the 1% gel was observed after approximatelynirbwhile the 5% gel did not show
colouration until approximately 2&in. This comparison showed that a 1% w/v gel
allowed faster reaction times with the substrate, but also offered a lwodeng time

with the liquid gel prior tdhe gel solidifying This increase in working time was likely

due to the lower number of crosslinks present in the gel structure as a result of less
agar per unit volumand was of benefit when loading a large bamof gels with
enzyme solutionThe combination of bbonger working time with the agar solution and

faster colour development timksd to the use of the 1% gels in future experiments.

4.4.4. Reaction of prepared AChE gels with indoxyl acetate substrate

Suitable pH conditions, enzyme concentration and proof of concept were established
with solutionphase chemistry, as well as a method for immobilising AChE in agar.

Enzyme activity was not checked in agar as it was in buffer solution, therefore the
methodrelies on a constant systematic error to eliminate false positive results. The
following experiments were conducted in order to assess the suitability of the enzyme

gels.

4.44.1. Effects of rinsing prepared AChE gels

Distribution of the enzyme throughout the pnegohgels was investigated by preparing
two identical 1 crhenzyme gels containing 1 U AChE and rinsing the surface of one

with DI water. Gels were each exposed to Zé1M PBS mi xed wi th
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indoxyl acetate solution and the resulting colour charegabserved over the course
of 1 h.

Similar changes from colourless to blue were observed from each gel, indicating that
rinsing the gels did not remove a significant portion of the enzyme from the surface.
This suggested that the enzyme was distributealigh the gel matrix as opposed to

bound on the surface of the gel.

4.4.4.2. Comparison of colour development in freshly prepared and
dry AChE gels

Freshly prepared fiwetodo gels were compare
ambient conditions for 2 d. Botgels were prepared from 1% w/v agar solutiand

hada 1 U AChE loading. After exposure to 2tM01IM PBS mi xed with 1
indoxyl acetate solution, colour development was observed over 1 h. As expected, the
dried gels experienced considerable stage during the drying process, yielding

small semitransparent films. The reaction speed of these dried films was shown to be
significantly slower than the wet gelsnaking them less appropriate for use as
organophosphate sensotlswas assumed that thene size of the dried films was

smaller than that of the fresh wet gels, causing slower ingress of the reactant solution

into the interior of the gel for reaction with the bound enzymeestigation with dried

gels was not continued further.

4.4.4.3. Effect of enzyme concentration in agar gels

The effect of enzyme concentration within tlvet gels was assessed by preparing

1 cm? gels containing Jor 10 U of AChE andhe rate of colour development was
examined after the addition @fcn? of 0.01M PBS mixed with 10@ Lof indoxyl
acetate solution. The 10 gel reacted similarly to the solution phase experiment,
producing a green colour after approximately 4 min. After 10 min, no further colour
change was evident. The production of the green colour fromhlgdrdxyindole was
anticipated, it was expected that this colour would fade to blue as the intermediate
3-hydroxyindole was oxidised to indigo. As this secondary oxidation did not take
place, itwassuggested that as the increased action of the enzyme hydrolgsgdra

number of indoxyl acetate molecules, leading to increased acetic acid concentration
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within the gel. This increased acid concentration would cause the pH to drop below 6,
inhibiting the secondary reaction. This hypothesis is in agreement with sghhiase
results obtained i®ection4.4.2 In contrast, the U gel, as expected;olouredblue

after approximately 205 min. Due to the small vame of the test reaction, it was not
possible to check the pH of the solution with a pH probe, and the highly coloured
solution made estimation with pH paper impossible.

4.4.4.4. Determination of detection limits for developed AChE gels

With an appropriate conceatron of enzyme selected for use with the agar gels and

wet gels selected over dry gelshibition of theaction of the enzymeels by
dichlorvos was invest i gatlaidhlotvos solutbdton g 2 0
2cm®of 0.OIMPBS and 100 &L iion & 0% agdr gehlaadet with e s o |
200¢ Lof 5 U cm® AChE solutionwas added to catalyse the reacti@els added to

the control (nodichlorvos present) solutions began to show colouration after
approximately 15 min, in similar timescale to the liquid reactions. This colouration

after 15 min was shown to be repeatable over the five replicates used. Solutions
containing dichlorvos caused slower colouration of the gels over this period, with the

blue colour of the gels begmnotably less intense. It was noted, however, that at this
concentration of dichlorvosapproximately0 . 0 9 1) ¢the redction was only

retarded, not inhibited.

Determination of the minimum amount of dichlorvos required to inhibit the reaction

was perfomed by adding enzyme gels to solutions of substrate and buffer containing
increasing volumes of dichlorvos. Volumes of 50, 100,000 &L odtla 200
aqueous solution of dichlorvos were added to 2 @®1 Mol PBS buffer containing

100 ¢ L indoxytaeetatefsolution. Control experiments were performed without

the addition of dichlorvos. After 15 min, gels in solutions containingl’300 0 e L o f
the dichlorvos solution showed colouration similar to that of the control gel, indicating
onlypat i al inhibition of the enzyme. Gel s e
not display colouration, indicating that the reaction was completely inhibited at this

level ofdichlorvoscontamination. This shows that the developed gels have a limit of
detect on i n solution of approxi mately 13 ¢€g
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4.4.5. Assessment of developed sampling kits

Gel kits were prepared order to have the enzyme gel and indoxyl acetate solution in

a form that could be easily transported and used by uedki#rsonnel. The kits were
formedby pipetting 1 criof a 2 U cn?® gel solution into the bottom of a centrifuge
tubeand allowing the gel to solidify, holding the gel in place at the end of the tube. A
cotton bud dipped in indoxyl acetate solutwas in®rted shaffirst to the tubeto

stand inverted with the bud and gel not in contact with one antitteerecommended

that a reagent blank, showing a negative response is used with these sampling Kits in

order to minimise reading errors.

4.45.1. Sampling kit detection limit

The swabs fromiourgel ki ts were removed from the t
water before being spiked wighi t h er 5, of didhloreossolutidh Oy deektly

pipetting the solution onto the swab. The swaisplaced back in the be with the

bud indirect contact with the enzyme gdél. control kit was prepared without the
application of dichlorvos. Colour changes in the gel were observed after 6, 14, 23 and

40 min, and are presentedTiable 4.8.

At the 6 min time point, a |l ight Dblue coc
dichlorvos loading that was approximately equal to the blue colour in the control kit.

A very light blue colour was observed in
and no colouration observed at all in th

14 min time point, the control gel was now a darker blue, which differentiated it from

the lighter blue of the gel containing
dichlorvos was a very light blue, and no colouration was observed in the gel loaded
with 100 €L dichlorvos solution. After 223
which were now darker than the previous time point. The control was now an intense

dark blue, and rank ordering was notedinthe 00 €L gel s, wi t h e
sequentially paler blue with increasing loading of dichlorvos solution. At this time

point, the gel with the highest loading of dichlorvos solution was a very light blue
colour, irdicating that the enzyme had not been completely inhibited. At this time the
control, 5 or 20 eL | oaded gels were ind
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i n each, which had diffused deeply into
very lightblue colour which had not penetrated deeply into the gel.

Table 4.8: Colour development in kits from direct dichlorvos application on swabs

Volume of Time of observation (min)
dichlorvos
appliedb6 14 23 40

0 Light blue Dark blue Dark blue

5 Light blue Light blue Blue Dark blue

20 Very light Very light Light blue Dark blue
blue blue

100 None None Very light Very light

blue blue

The data collected here highlighted the necessity to examimalite of the loaded

gels at a specific time, as the catalytic nature of the enzyme means that even small
amounts of AChE that have not been inhibited by dichlorvos will still continue to
develop observable colour changes in the gels. It is recommend@@ tinén be used

as this cut off point as it allows enough time for colour to develop, without allowing
development of colouration in heavily contaminated samples where enzyme inhibition

is not 100%. Based on a 20 min measurement time, the thresholdsknvalbe

i nhibition of the 2 U AChE | oading of th.
ettdichlorvos solution, which is the equi
complete inhibition of the enzyme to be observed at the 20 min readinglp@rd, ¢ L

of the 5s000l untgi oenL of dichlorvos (20 £g) wa

4.45.2. Response of sampling kit after storage

In order to provide an assessment of the performance of the sampling kits over time, a
number of test kits were stored under défarconditions for 6 w prior to use. When
removed from cold storage, kits were allowed to warm to room temperature before

swabs from the kits were wetted with PBS. Wetted swabs were returned to the tubes
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and placed in contact with the gel to develop tHewoover a period of 40 min. The

results are shown ihable 4.9.

Examination of the intensity of colour development indicated that that there was no
apparent difference in the use of the gel after storage at 20, 8.8°@ in either light

or dark. It was anticipated that due to the presence of agar gel, a known microbiological
growth media, that gels stored at temperatures greater -t&arfC would be
contaminated with the growth of microorganisms after the 6 w storage period.
However, the use of a high temperature steam bath to prepare the agar meant that gels
were free of visible microbial growth after 6 w. As there was no observable difference

in the colour development times of kits from each of the storage conditions tested, kits
may be stored at ambient temperature without the need to be placed somewhere dark.
This overcomes a potentially important practical point, in that enzyme solutions

typically require refrigerated storage prior to use, which may not be available to users.

Table 4.9: Response of sampling kits after 6 w in storage under different conditions

Storage Time after addition of swab (min)
conditions

and 10 20 30 40
approximate

temp

Room temp, | Light blue Dark blue Dark blue
light (20 °C)

Room temp, | Light blue Dark blue Dark blue
dark (20 °C)

Refrigerator | Light blue Dark blue Dark blue
(5°C)

Refrigerator | Light blue Dark blue Dark blue
(8°C)

Freezer Light blue Dark blue Dark blue
(-18°C)

4.4.6. Simulated field study using prepared kits

The results showim Section4.4.3indicatedthatan agagel support was satisfactory

for immobilising the AChE enzyme and that the indoxyl acetate colour change
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reaction was suitablefor the qualitative determination ofdichlorvos Several
experiments were performed using filter paper and fur from softwdysh had been
spiked with dichlorvosto mimic materials found in archiveand natural history
collections as a means to illustrate the application and ease of use-bgigmists

working in heritage environments

The fur analogues were spiked wigitheral 0 0 ofaR 00 ntgr2®DO0 Hhg eL
solution of dichlorvos. Using the indoxyl acetate swab from the kit, 10 vertical and 10
horizontal strokes were made on the material after the swab was wetted with DI water.
The swab used to rub the material spiked \®ith 0  n' gf diehlorvos turnedlue
confirming that thenass of dichlorvospiked onto the substrate was not endanglbit

the action of the enzyme. In contrake swab used to rub the surface of the substrate
spiked with2 0 0 0 “hof dichldrvossolutiondid notchangecolour after 20 mins,
indicating full inhibition of the enzyme was achieved by the masdiaflorvos

collected.

Table 4.10 lists the results observed over the full rang¢hef svabbing experiment
conducted on filter papeNumbered ifter papers were loaded with a number of
applications of dichlorvos solution. Dichlorvos solution was applied to discrete points

on the filter papers, forming individual points of contamination arhdgter paper.

The dichlorvos solution was applieddoepoint on filter paper Ifour points orfilter
paper2andixpoi nts on filter paper ‘8olutiomgaghl yi ng

time.

A second set of papers-6} were prepared throughinu i pl e 75 eL appli
more concent rlgdugod 1000 ng €L
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Table 4.10: Preparation and results of dichlorvos filter paper swabbing experiments

Filter ~ No of Volume Concentration of Total mass Result for presence
paper  applications dichlorvos  dichlorvos solution  dichlorvos of dichlorvos
number appliedapplied) (napplied

A 0 0 0 0 Negative

1 1 100 200 0.2 Negative

2 4 100 200 0.8 Negative

3 6 100 200 1.2 Negative

B 0 0 0 0 Negative

4 1 75 1000 75 Slight postive
5 2 75 1000 150 Positive

6 3 75 1000 225 Positive

Results from filter papers 1, 2, and 3 showed that the concentratidichddrvos
recovered from the surface of the pap@s not sufficient to inhibit the reaction as
colour was observed in all test kits Tiable 4.10experiments are labelled A, aneB}L

Using higher masses of dichlorvos (filter papers B, aitg the results were more
promising as no colour was observed in the test kits that were used to swab the surface
of filter papers loaded with 150 or 22§ of dichlorvos.This showed that the swab

can be used to preoncentrate samples prior to performing the assay. This will allow
end users of the kit to collect samples over larger areas, should they suspect very low
level contamination. Slight blue colouration was observetherkit used to testlfer

paper4. The intensity of the blue colotrom filter paper4 was clearly less than that

of the control kits, indicating that the reaction has been significantly, if not completely
inhibited.Should end users to the kit wish to collect sufficieningjtias of dichlorvos

to inhibit the reaction, small areas of the object surface could be swabbed to inhibit the
reaction giving a positive result. However, if the objects were contaminated with lower
concentrations of dichlorvos, a large area of the obyeclld need to be swabbed to
collect a sufficient mass of dichlorvos to inhibit the reactibwasrecommended that

users of these kits in the field perform the test with both positive and negative controls
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in place so that partial inhibition of the gnmze may be compared to both positive and

negative results for the presence of organophosphates.

As the principle of the sensor presented here is the inhibition of AChE by
organophosphate compounds, it should be acknowledged that there are substances
presaét in heritage institutions that may act as interferents. Some heavy metals are
reported to have an inhibitory effect on AChE due to binding to the anionic active site
on the enzymé*3°Irreversible inactivation of 15 nM AChE froffiorpedo californica

was reported by Frasew al3° after exposure to solutions ofl10 & M .. Hoyvévkr,

the same study reports that inhibition of an equal concentration of AChE from
Electrophorus electricugas used in this study) required HgG@h the range of
1-10mM, a 1006fold higher concentration of mercury. The authors noted that the
inhibition of theE. electricusAChE was reversible. The authors suggested that a free
cysteine at position 231 on tfie californicaAChE was able to react with mercury in

the bulk solution causing permanent inactivation. Aselectricusdoes not contain a

free cysteine, the inhibition reaction progressg@c different mechanism using other
sites on the enzyme, resulting in reversible inhibition. The 1 mM Hgition was

the lowest concentration found to inhibit AChE fr@mrelectricus This is equivalent

to 271.5mgdm?3, which would indicate that significant mercury contamination of an
object being sampled would need to have occurred in order to have an effect on the
detemination of organophosphates using the AChE method. Due to heritage
institutions often containing a wide range of mercury concentrations it is suggested
that when swabbing case study objects for organophosphate contamination, swabs also
be used with themercury sensor developed i@hapter 5% As the lowest
concentration of mercury required to inhibit the enzyme is almost three tinssrgre
than the highest concentration used in the development of the mercury sensor in
Chapter 5 it is expected that concentrations of mercury high enough to act as

interferents with the organophosphate sensor will be readily detected.

Other heavy metals hwically used in pesticide formulations such as arsenic may also
inhibit AChE function. Patlolla and TchounwSueported a positive correlation of
increasing doses of arsenic trioxide with decreasing AChE activity in SpEzauiey

rats. However, the authors based their conclusions on thedioseistered to the rats,
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not as serum concentration of arsenic. As such it is difficult to determine what
concentration arsenic begins to have an inhibitory effect on the action of AChE in this
paper. Bocquenét al*® reported 1Go values (the concentration of an inhibitor where
the activity of the enzyme is reduced by half) of arsenic trioxide in the presence of
dichlorvos as being in the range of -4.0.7 mg dr. The authors also reported that
the combined presence of arsenioxile and dichlorvos had a synergistic effect,
enhancing the inhibitory effect of the organophosphate. This was found to be in
agreement with the results of Forgstal®® who reported similar findings, where
arsenic and dichlorvagduced AChE activity after 96 h of exposure by at least 65%
when mixture levels were onby quarterof the concentration required to kill 50% of
theTigriopus brevicorris population used in the study.

While the additive effect of arsenic and organophosphate compounds on the inhibition
of AChE would still allow the organophosphate sensor to indicate the presence of a
hazard, the device may not be able to distinguish tlvesesubstances. Therefore, it
highlights a limitation of the device in that it should only be used as a presumptive,
rather than confirmatory test for the presence of organophosphates. However,
chromatographic analysis according to the protocol desciib€thapter 3 may be

used to further indicate the presence of organophosphate agents. False or exaggerated
positive responses of the organophosphate sensor may also be ruled out by testing for
the presence of heavy metals. While Odegaard, Zimmt and ‘Ssuitjgest a test for

the presence of arsenic through the production of arsine gas and its subsequent reaction
with mercuric bromide, it is recommended that institutions usayxfluorescence
spectrometry in order to quantify the presence of arsenic ilaé@i due to the lack

of any Awetd chemical techniques invol ve:q

There are also several species of microbial fungi which may have an effect on the
action ofAChE. The dominant fungal species found in indoor air typically belong to
the Aspergillus Penicillium and Cladosporiumgener&®5! Of these species, it has
been reported thatspergills terreus’? >3 Penicillium citrinun?®®® andCladosporium
cucumerinurt which produce natural products with inhibitory effects on the action of
AChE. In their comprehensive review, Houghton, Rewl Howe?® listed several
AChE-inhibiting compounds made by microbial furag having 16 values ranging
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from 0.06eM (terreulactone C) to 25.8M (arisugacin B) as well as noting that a
number of arisugacin compounds-K& did not produce inhibitory effects. With
respect to inhibitory substances produced by microbial actievgs not considered

likely that this would induce false positive reactions in the sensor. This was believed
to be a fair assumption as any inhibition of the enzyme requires both a microbial
species capable of synthesisingA@hE-inhibiting compound to bpresent, and the

ability of that species to produce a great enough quantity of the inhibitor to
significantly reduce the binding ability of the enzyme so that the sample was
indistinguishable from a positive control. Typically, water activity valuesrgtie of

the vapour pressure of water in a sample to the vapour pressure of pure water under
the same experimental conditions) in excess of 0.7 are required to support development
of fungal microbes® Water activity values in this range suggest damp and humid
conditions which are unlikely to be encountered in a prgpadintained heritage
institutions, as the same conditions are also likely to be damaging to GBjects.
However, although the risk of enzyme inhibition by microbial natural products is
considered low, it is recommended as a precautionary measure to further reduce this
risk that swabs from objects for analysis aretakén from areas of the object visibly

contaminated with fungal colonies.

4.4.7. Vapour-phase analysis of dichlorvos using developed testing kit

Approxi mat el y 10 8solatibn obdichloavosavasipacesinthescap

of a centrifuge tube, with the bottom of the centrifuge tube containing bfcanl U

AChE gel. The cap containing the dichlorvos was screwed back on to the body of the
centrifuge tube, which was held invertet 5 d to allow the dichlorvos vapour to
equilibrate throughout the headspace of the tube, while not allowing the liquid
dichlorvos to come into direct contact with the enzyme gel. After the equilibration
time, the body of the centrifuge tube containithg gel was removed from the
dichlorvos source in the cap and a swab dipped in the ethanolic indoxyl acetate solution
before beingplaced in direct contact with the gel. The colour change was observed
after 1 h against a control using water in place dfldivos as seen iRigure 4.3.
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Figure 4.3: Control (negative, top) and dichlorvos sample (positive, bottom) from

vapaur-phase sampling trial

The picture inFigure 4.3 indicatesthat the control tube had developed the indigo
colour in the interior of the gel, not just the surface.cémparison, no indigo
colouration has been observiedthe gel exposed to dichlorvoshis shows thevet

gel was sufficiently porous to allow diffusion of vapairase analytes throughout the
gel materialshowing the potential of the kit ag@ol for atnospheric sampling. This
is an important result as it highlights the utility of the gel pstantial vapouphase
sensor for dichlorvos allowing minimally invasive, in situ detection of
organophosphates in the atmosphere without the need for instruorentatpecialist

training.

A current limitation of this work is that there is no calibration scale available to enable
approximate quantitation of the results. As such, it is possible that the utility of the
method developed here could be expanded byloewg such a scale to enable
guantification of the colour change of the gels. For example, a number of colorimetric
apps have been developed making use of the widespread distribution of smartphones
wit camera functionality for the detection of key anadyteparticular assay$%* With

this in mind, it may be possible to develop a method to quantify the colour
development of the sensor here. One such method by OretesiéBireported the use

of a custom external accessory on a smartphone to perform light reflectance

measurements from an epdint enzymatic reaction to determine cholesterol in blood
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samples. The accessory used test strips which sepplasada from the whole blood
sample and directed an aliquot of this to an anapeific reaction pad. Here,
cholesterol oxidase enzyneenvertedtotal cholesterobnd high density lipoprotein
cholesterol to cholest-en3-one and hydrogen peroxide. Theroxide then reacts

with di-substituted anithe to form quinonemine dyes, producing a colour change.
The smartphone camera is used with the accessory to capture reproducible images with
a 100 by 100 pixel area, using the smartphone flash fitted witbxase diffuser to
ensure uniform illumination. A dedicated app is then able to analyse the luminosity,
hue and saturation data from the images to quantify the cholesterol level, displaying
the value on the screen. The challenge with the approach repgrted Oncescet

al.®® is that it would require development of the software itself, as well as external
accessories in order teproducibly perform the quantification. This is due to the
difficulty in capturing standardised images using a typical smartphone, thanks to the
camer ads i-mbdulightbalanang fulctions. These functions typically
altering ratios of red, bluend green in the image to give the appearance that the image
has been captured in bright ambient light, so lighting conditions must be carefully
controlled. As such, it may be difficult to perform accurate quantitative measurements
with such devices withd developing handsapecific external housing and specific
software to manage the settings of the p
of control. If these challenges were suitably addressed in the development of such a
device, it may presentraeans to quantify the response of the organophosphate sensor

developed here, addressing one of the limitations of this preliminary work.

4.5.Conclusions

This study successfully demonstrated the use of indoxyl acetate and AChE
immobilised in agar as a suitalineans of investigating the presencdioilorvos in

solution and in the vapoyrhaselt is suggested that the results present promising new
test kits that could be used to provide simplesiba test kits for the presence or
absence of dichlorvos imkition of the vapour phase. Moreover, the test kits may also

be used to swab the surface of a material and detect dichlorvos if present at reasonable
concentration. Although the results presented here were at the proof of concept stage,

the promising radts indicate that the utility of this method should be probed further.
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Moreover, his work has simplified current colorimetric methods of analysis for
organophosphates by using a reaction that prab@céearly visible colour chaegn
ambient conditioa that waseasily be detected without the need for instrumentation.
As the developed kitelieson the action of AChE upon an indoxyl acetate substrate,
it is potentially able to determine the presence of other A@Ghibiting substances

like carbamate péisidessuch as carbofuran

As with the agar gels developed for use as mercury sensGisjter 5, the AChE

agar gels developed here exhibited the properties of the robust arid-basylle agar,

while retaining the fast colour development times obskimesolution. AChE gels
developed here were shown to retain reactivity towards the indoxyl acetate substrate
after a storage period of 6 w, potentially allowing the enzyme gel to be prepared at
another location and transported to the sampling locatiomskar

A key result of this work is that it demonstrated pla¢entialof the developed test kit

for the detection oflichlorvos vapour without the need for casttsampling. The
benefit of such a kito the heritage communityould bethat objects consided too
fragile for contact sampling can potentially be tested for the presence of

organophosphate pesticides withtaiching the object.

However, consideration must be made for the presence of other AChE inhibiting
substances, particularly heavy metals which may be present as part of historical
biocide formulations applied to collections. In these instances, it is recommended to
use eitherthe presumptive testing sensor for mercury developeGhiapter 5 or

employ a technique such as XRF spectroscopy in order to determine the presence of

these substances.

Overall, this work has successfully demonstrated a means of the determination of
vapou-phase dichlorvos through the preliminary development of a sampling kit that
can be used with traditional swalsed sampling too. The advantages of the prepared
sampling kit are that does not require any technical knowledge to be able to operate,
and cangive a fast, easily understood result in near-tiea without the need for

instrumentation. It is expected that the ease of use, low cost and lack of instrumentation
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could potentially allow the developed sampling kits to be successfully used in heritage

environments for the sampling of organophosphate pesticides.
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5. Development of @tical sensors for the selective determination of

mercury

5.1. Generaltoxicity of mercury compounds

Mercury is among the ast hazardous of the potentially toxic elements (PTES). It
exists in different chemical and physical forms with elemental mercury),(Hg
inorganic (Hg"), methylmercury (MeHg) being considered the most important in
terms of toxicity and impact on the ermimentt Mercury undergoes a
biogeochemical cycle, intehanging between the terrestrial, aquatic and atmospheric

environment$(seeFigure 5.1.).3

Oxidation
Emission & Transport —> Hg(0) ——> Hg(ll) ﬁdﬂ
Wet & Dry (O3
ﬁ Deposition :

Volatilization /
( el

Runoff & ow;eduction g( ) egrede

%,

Hg(ll)

Settling/Resusp
Diffusion

Figure 5.1: The mercury cycle in a lake and its watersheid)(0) and Hg(ll) refer to

elemental and Hg mercury, and resusp indicates resuspension.

As mercury is a liquid at standard temperature and pressure with a vapour pressure of

171.3 Pa at 20 °C, elemental mercury is significantly volafileis volatility allows
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degassing from rock, soils and surfasmter to the atmosphere. Once in the
atmosphere, photoxidation converts the elemental mercury to?Hghich can
combine with water vapour and return to the surface with rainfall, depositing ffie Hg
in soils and watet.2 Once in soils and water, the Hgan be converted by anaerobic
bacteria to the significantly more toxic MeHg which is bioaccumulated in the food
chain? The toxicity of mercury depends on its form; MeHg is considerably more toxic
than elemental and inorganic mercury due to its ability to bind with scdfotaining
amino acids cysteinand methionin&.® This binding allows transport aiss the
blood-brain and placental barriers where it affects the central nervous system and
foetal development. A significant mercury poisoning case was reported, and
subsequently extensively studied at Minimata Bay, where consumption of
contaminated fisheld to toxic levels of mercury in humahalkyl -mercury antifungal

seed treatments also led to widespread poisoning in Iraq in 13%t2aaftidental
human consumption of the contaminated gfahile Hg** is less toxic than MeHg,

it is still acutely toxic by oral administration and is listed as a category 2 reprotoxin.

5.2. Detection of mercury compounds in heritage environments

The useof Hg?* as a biocidal treatmeim heritage collections is well documented.
Mercury compounds, particularly mercuric chlorigtégCly), have beempreviously

used to potectartefacts from attack by various insects and their lal&eBriggs et

al.® describel a method in which 60 gf HgCl,, and 60 @f phenolweredissolved in

2 dm?® methylatedspirits before being painted tondried herbarium specimens using a

fine brush. Briggsand ceworkers further noted h at At i's not [ t
Her bari umods|] custom to indicateé that sp
c h 1 o t°The eontinued persistence of mercury residugsh as these mayesent

a problem to those handlirigeatedcollections however it is difficult to determine

which objects have been previously treated and if so, the concentrations of mercuric
chloride that still exist on the surface of the objédtherefore, monitoring of mercury

compounds is becoming increasingly importarttéatage environments.

Current methods fothe detection of mercury in heritagenvironmentstypically
include taking measurements with handheldra¢ fluorescence (XRF) detectors.

However, these XRF instruments are expensive, require specialist training for
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handling the radioactive source and only measure discrete points where the beam
focusses. Dussubiewt al'’ describet he capabi | i t-guanttdtve tRF a's
best 0 dhatdheeclntquaid nottake matrix or surface variation into account.

Purewal® reported that the National Museum of Wales had employed an external
contractor, Anachem Analytical Labdoaies, to measure the concentration of mercury
vapour present in the air of the botany division. A calibrated pump was used to draw
air thr oug h -calulo8e eS8ter filter atra rate ef @ emin' for 3 h. After

this time, the filter was removeghd digested in nitric acid before analysis by cold
vapour atomic absorption spectrometry (B¥XS). All concentrations of mercury
detected were below 0.1 pg3rwhich is under the UK Health and Safety Executive
guideline of TWA 20 pg mi. The objects ithe collection were examined by exposing
samples to ultraviolet light at 366 nm to observe fluorescent areas. Visibly fluorescing
areas were cut from the object and analysed by atomic absorption spectrometry (AAS)
and protoAinduced %ray emission (PIXE) féer nitric acid (HNQ) digestion. After

the analysis of over 500 samples, Ht was
were readily detected, although the expense of analysis by AAS and PIXE as well as
the destructive nature of the sampling pescevould likely make this a less practical

approach for heritage institutions.

Oyarzunet all® described the use of a portable AAS instrument to measure mercury

in the air of MAF Herbarium in Madrid, where redilme concentrations of 404

7977ug n3 were measured. The concentrations reported in desiccated plant material
by Oyarzunet all®were 127 1 1 9 6 F. The gtudg reported that not all objects

were treated and that higher concentrations of mercury were typically found on older
specimens, as opposed to objects that had been acquired over the last 40 years. Plant
material was reported tze the source of the mercury present in the air. This approach

is not likely to be adopted on a large scale in heritage institutions due to the
requirement of specialised instrumentation and technical skill in the interpretation of
the data.

Kataeva, Pachev and van Wy® monitored mercury concentrations in the air of two
South African herbaria by bubbling air through a dilute HM@pinger for 1.5 h at a
rate of 1.1 drimin™. Furtter samples of plant material were collected and digested in
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concentrated HN@and hydrogen peroxide at 180 °C at a pressure of 300 psi for 10
min. The impinger solution, and sample extracts were analysed by electrothermal
AAS. High mercury concentrations the range of 1144 3 2 “lavgre rgeasured on
treated plant material and up to 1 pg of mercury in air was reported in both South
African herbaria, suggesting that mercury contamination in heritage environments is
both widespread and severe. As viltle technique used in the MAF Herbarium, the
method used here requires specialised instrumentation to analyse samples, as well as
staff comfortable with the use of concentrated acids and oxidising agents at high
temperatures. It is therefore not presunileely that heritage institutions would adopt

this technique.

Directreading sampling tubes are also commercially available for the determination
of mercury?® These pseudquantitative devices are glass tubes packed with a
colorimetric reagent through which a volume of air is pumped. The length of colour
change that developsirbughout the reagent bed is used as an indicator of the
approximate concentration of the pollutant being measured. The reagent, copper
iodide, turns greywhite to yellow/beige in the presence of mercury. It was reported
that these tubes have an operatioaage of 50° 2000 ug n? elemental mercur$?
However, the manufacters also warn that mercury cannot be detected in the presence
of halogens, so for heritage environments where the principle source of mercury is
HgCl, these devices are unsuitable.

Copper iodide colorimetry was also used for the determination of merctishj by
screenprinting a slurry of copper iodide onto a filter papefhe filter paper was
exposed to the headspace of a vessel containing a solution for the digestion of samples.
This soldion contained 1:1 solution of HN@nd sulfuric acid (kE5Qs) in the presence

of 0.1% vanadium oxide @PDs). Sample oxidation was completed by the addition of

5% potassium permanganate (KMf))®olution. Mercury vapour was generated by a
50% antinomy chlode (SnCJ) solution in 50% hydrochloric acid (HCI). The authors
reported exposing the filter paper to the generated mercury vapour #0 Bin to
produce the characteristic white/grey to yellow/beige colour change in the copper
iodide. The same autholsa reported the use of a coated filter paper for the detection

of mercury in soil, sediment and gold mining residti&hile this work demonstrates
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that it was possible to detect vapqairase mercury, it also required destructive testing
of the sample and a complicated digestion reactising concentrated acids. It is
therefore not considered suitable for use in heritage insitutions.

The use of 4,4bis-(dimethylaminojthiobenzophenone, also known as Michler's
thioketone, has been reported as a colorimetric reagent fodetteemination of
mercury. In acetate buffered media, Michler's thioketone reacts to form a red complex
with an absorbance maximum at 565 fnowever this method is unlikely to be
suitable for use in heritage collections as interference from noble metals (Au, Ag, Pt)

is likely to be preseron objects containing these metals held in heritage collecfions.

Xylenol orangehas been reported as a complexing agent féi,Harming ternary
complexes in basic solutioA%?® This readbn produces a colour change in the
presence of the mercury cation with the absorbance maximum changing from 582 to
590 nm (giving an orange to yellow colour transiti#hThe preparation of a basic
solution (such as hexamine) to facilitate this reaction adds complexity that would make

the method unsuitable for heritage environments.

Dithizone is one of the most widely used caleetric reagents for the detection of
mercury?® Irving and ceworkers® reported preparation of mercury dithizonate as a
scarlet solid which reacts with mercury in a 2:1 ligand:metal stoichiomwitls
nitrogen and sulfur donating electrons to bind to the cdtigin orangeyellow
complex is produced with an absorbance maximum of 498 iihe same authors
also remarked that the complex exhibits photochromism in bright light, with the
mercury complex solution turning an intense royal blue before revertingtgeooaer

time when stored in the dark. Wichmdhmeported favourable complexation of
mercury and dithizone in acidic mediahilst the chemistry at higher pH values was

poorly understood.

In 2000, Odegaard, Carroll and Zim¥hpublished a collection of tests fpesticide
treatedmuseum objects, includingne describing these of diphenylcarbazonsee
Figure 5.2) for mercury. Odegaard advisé¢kat thediphenylcarbazoneDPC) be
prepared as a 1% ethanolic solution and applied to swalkscted from the

contaminated object. Tlapproach was not widely adopted perhaps because it required
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collection workers to gpareand use solutions that theyere unfamiliar with, and
that handling of chemical solutionsas typically enough to dissuadeautious

institutions of their use.

Figure 5.2: Chemical structure of diphenylcarbazone

The use of DPC and the reduced fodiphenylcarbazidefor the determinatio of

mercury outside the field of heritagscience has been well documefitétihaving

first been discovered by Cazenué?d@ he t heory of DPCo6s col o
well known and published papers have only discussed it in general*fdimsever,

it was reported that DPC complexed with?Hgns in a similar 2:1 rati$**® This
stoichiometry was determined by Balt and van Ddiénby reacting HgO and DPC

in 80/20% v/v water and ethanol, however no structure was published alongside these
data.A 2:1 structure was published in 2015 by Mergetaal*® as part of an ion

imprinted polymer used for the sequestration of'Hgpm drinking water supplies,

the HgDPC complex is shown iRigure 5.3

Figure 5.3: Mercury-diphenylcarbazone complex structtre

This agrees with the 2:1 diphenylcarbazone structure seen in the mercury complex of
the sulfur analogue dithizone, shown kigure 5.4, tentatively suggesting the
cation:metal ratio of the DREIg complex structure may be comparable due to the
molecular structural similarities of DPC and dithiz6h&he dithizone structure was

determined by Xay diffraction from crystals formed by the reaction of dithizone and
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mercury chloride in sulfuric acid before being washed with acid and recrystallized

from pyridine.

Figure 5.4: Structure of mercury(ll) bis(dithizonafé)

Contrary to the results of Balt and van Datéf> and Mergolaet al,*® Blatonet al#®
described a complex with a DPC:cation ratio of 1:2, as shotigime 5.5, with each
mercury forming an almost linear bond with the nitrogen and chlorine atom,
sandwiched between the places of two benzene fiingsstructure presented features
two tetravaént nitrogen atoms, assumed to be coordinating to the metal @#othe

lone pair with the positive charges balanced by free GQBoodgameet al*®
reinterpreted these data (without reanalysimgsubstance) and concluded the mercur

interacts with only one benzene ring.

S

| |
Hg O Hg
Cl Cl

Figure 5.5: Blatonet al. structure showing 2:1 cation:DPC stoichiometry

However, it is difficult to determine the applicability of this structure to the current
work as the authors did not state how the complex was synthesised, only that it was
recrystallized from methanol and water. As such, and with no similar metal halide
complexes discovered in the Cambridge Crystallographic Database, this author has
concluded the structure igure 5.3 to be the more likely molecular structure in

accadance with published literature described above.
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5.2.1. Use of immobilised supports for colorimetric reagents

By incorporating a colorimetric reagent ingo matrix such as a silica xerogel or
polymeric hydrgel, onsite chemical detection can still be achievetth@ut having to
prepare reagent solutions in the fieldthe reagents used provide a colour change on
interaction with the target analyte, users g#nrpret the resultby eye in neareal

time without the need for instrumental analyk&isanet al>° described the preparation

of DPGdoped solgel silica monoliths to investigate solid phase extraction &f Hg
from aqueous media. The monoliths were prepared via achéaslgsed procesasing
ammonium fluoride as the catalyst, with an ethanolic solution of DPC being added to
the reaction slurry to incorporate the ligand into the silica matrix. After formation, gels
were dried at 48 °C causing shrinkage and shattering. After 7 d, tles prece ground

and sieved to obtain particles of approximately the same size. The doped silica powder
was soaked in water to extract any unbound DPC before oven drying. After drying,
the powder was added to aqueous solutions of radiolabelled mercurg wBitrét
equilibrated for 5 min before centrifuging and analysing the supernatant for residual
2034g by gamma scintillation. The paper reported the ability of the functionalised silica
to remove 0.028 mmolgHg?* from the solution compared to undoped-gdisilica,

as well as being able to recover the silica and regenerate it by eluting Zheithg

0.05 mol nitric acid. While the authors noted that the DPC changed colour from red to
violet, it was not the focus of the paper and the potential for devgltipénsilica here

as a colorimetric test for mercury was not discussed.

In addition to using the s@lel process to synthesise inorganic xerogels, a large number
of synthetic and biological polymers are suitable for the formation of organic
hydrogelsHydrogels are defined as gels in which the fluid in the interstices of the gel
(the swelling agent) is water Hydrogels have seen increased use as colorimetric
supports for the detection of metal iGA%’ Lin et al*® reported the use of a DNAzyme

i a DNA molecule able to perform a catalytic reactioms a crosslinker in an
acrylamide hydrogel used as a catalytic platform for thesisgrof copper(ll) ions
(Cu?"). The crosslinker consisted of a pdNAzyme and polysubstrate forming a
icageodo filled with gol d 43 thesobptate tindeonverd s .
site-specific catalytic seltleavage, releasing the nanopaetclfrom the cage and

subsequently produced a strong absorption in the visible spectrum at 520 nm.
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Josephet al>® immobilised a mercurpinding thyminerich DNA on the polymer
backbone. The introduction of BHgcaused sitselective bridging between thymine
bases resulting in a hairpin structure. This allowed the fluorescent dye (SYBR green
) to bind to the hairpin, emitting green fluorescence. Irathsence of Hg, an intense
yellow fluorescence was observed, attributed to the dye binding to the unfolded DNA.
Similarly, Helwaet al®* used thymingich Hg?* binding DNAs immobilised in a
biopolymer to detect the metal ions in the presence of SYBR green I. This
methodology used a blue light transilluminator and the fluorescence was recorded
using a digital camera. Flu@eence was also observed under a fluorescence
microscope, but the authors reported that it took up to 1 h to obtain a stable optical
signal due to long diffusion distances. Dagt al>® utilised a polyacrylamide
backbone, thymingich DNA and SYBR green | dye to detect #igons by
photographing the fluorescence before quantitatively recording the intensity of the
light emitted using a gel documentation system with an exaitatavelength of 365

nm.

Despite the previously reported success of these methods, they are unlikely to be
applied in heritage environments for a number of reasons. First, production of the
polyacrylamide gels present a safety concern as they requiresigftiom acrylamide
solution, which is acutely toxic by inhalation and oral exposure, a skin sensitiser, an
irritant, reprotoxic, carcinogenic and displays germ cell mutageifcgimilarly the
production of binding DNAs require specialist training in order to successfully
synthesise the target aptamers. The use of fluorescence lamps to view the results of the
experiment, while not necessarily a problem for many institutions, will add further

complexity to the procedure.

5.2.2. Researchaims and objectives

The work in this chaptesresents the development of a noMegf* sensor for use in
heritage environmentddg?®* was determined to be the species of mercury most
prevalent in historical collecti@nafter a survey of literature namidgCl> as a

commonly used heritage biociéfe!® 161920, 5961

DPC was selected as thelarimetric reagent because of its unambiguous colour

change in the presence of #igind because it is a waldbtablished reagent for the
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detection of heavy metals. As the use of DPC in solution form may present a problem
for workers in institutions withduaboratory facilities, immobilisation of the reagent
was investigated in order to develop an optical sensor.

Two support matrices (silica xerogel amghrhydrogel) wereassessed. The choice of

matrix was determined by their ease of manufacture, edmadfing and low toxicity

of both product and precursor materials. The sensor was based on the colour change

of DPC in the presence of Fgand was intended to be a screening test offering on

site, neatreal time detection by eye without the need fotrumeental analysis. The

key objective was to develop an economical, easy to use sensor that could be used as
an Oearly warning deviced to detect me r
custodians of collections to prioritise object treatment and ensergafe exhibition

and handling of objects in their collections. Moreover, the proposed sensors benefit
from the use of nottoxic matrices compared to the linear polyacrylamide hydrogels

used elsewhere in literature. The key developmental objectivesitéireed below:
Examination of solution chemistry

After initial tests examined the colorimetric reaction between DPC arft, Huge
reagent was i mmobilised into both “matri ceé
solutions of known concentration to ensua colour change was observed@he

xerogels were then used in a case study to sample a Native American headdress
previously treated withigCl.. Here, the xerogels were used to determine the viability

of passive sampling using the silica matrix sensor.
Assessment of spiked materials

Agar hydrogels loaded with DPC were used to examine two materials spiked with
HgCl: to simulate H§" contamination on furs and aged parchment. Natural history
collections typically house furs which contain large concentrations of biocidal
contaminatiort® ®2 In this project modern polyester soft toys were selected as an
inexpensive fur analogue. Parchment dating from 1860 was supplied bytibeaNa
Records of Scotland (previously the National Archives of Scotland) was also used as

a test material to simulate contamination in herbaria as reported by PtréhAal.

211



Selectiviy of the chosen sensor

As DPC will change colour in the presence of more than one metal ion, the study was
expanded to investigate the irdgetion of DPC with hexavalent chromium ions. While
chromium was not identified as a priority pollutant in heritage environments, the
ability of the sensor to selectively detect more than one target increased the utility of
the work by addressing needstive environmental sector. Instrumental colorimetric
determination of the gels was not investigated due to the desire to develop a method
that did not require instrumentation to read.

5.3. Materials and methods
5.3.1. Investigation of solution phase DPC colorimetry

5.3.1.1. Initial investigation of solution phase chemistry

Spectrophotometry was performed using a Model 446vidible spectrophotometer

(SI Photonics Ing Tucson) over a wavelength range of 39000 nm. 2 crh of

50mgdm?® solutions of either HQGl (ACS r e age nt , SigQ&Afdrich, %
Gillingham) or potassium dichromateK¢Cr.07,, ACS r eagensigma O99. 029
Aldrich, Gillinghan) were addedtoalédquart z cuv edf1%ew/VvDRCi t h 50
(mixture with diphenylcarbazide ~6Q%SigmaAldrich, Gillingham) in ethanol

(absolute, HPLC grade, Fisher Scientific, Loughboroughbyled. Blanks were

collected fromHgCl> and K.Cr.O7 solutions prior to adding DP®leasurements of

pH valueswere recorded using a calomel electrode with platinum reference etectrod

using alenway 3505 pH meter.

5.3.1.2. Selectivedetermination of Hg?* in mixed metal solutions

Solutions of 4 crivolume were prepared using 2 teach of &l00 mgdm solution
of HgCkL andK2Cr,0y7. Increasing volumes of 2.73 g drCl were added to acidify
thesolutiors, and the pH values weneeasuredT o act as controls, four 2émsolutions
of distilled waterwith the same&olumes of HCI addedvere useds sampling blanks
A summary of the eight solutions prepared are giverainle 5.1. One DPC gel was

added to eacbolutionand the colouchange was visuallgbserved after min.
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Table 5.1: Sample preparation for deteimation of Hg* in mixed metal solutions

Tube Vol. Vol. distilled  Vol. pH value

HgCl2/K2Cr207  water used 2.73gdm3

used (cn¥) (cmd) HCI added

(el)

1 2/2 - 0 4.64
2 2/2 - 25 3.30
3 2/2 - 75 2.82
4 2/2 - 150 2.50
5 - 4 0 5.32
6 - 4 25 3.31
7 - 4 75 2.82
8 - 4 150 2.45

5.3.2. Solgel derived xerogelsas immobilisation media

5.3.2.1. Synthesis of selyel derived xerogels

Gibsonsynthesi&

A 11.6 cnf aliquot of tetraethyl orthosilicate (TEO8,9 9 . 0 %Sigm@&Aldyich,
Gillingham) was aded to 10.3 cfof EtOH and stirred for 30 min. Approximately
11.5 cn? of distilled water, acidified to pH 1 with hydrochloric acid (HCI, 10 N
certified, Fisher Scientific Loughborough), 1 taof glycerol © 9 9 SigmaAldrich,
Gillingham), 1 cn? of a 1% wv solution of DPC in EtOH and 14.3 émf EtOH was
added to the TEOS mixture and stirred for 1 h. From the mixed solutior¥,dliqoots

were removed and pipetted into a polypropylene cuvette holder and left to cure under
ambient conditions. Concentrati@f DPC in the mixed solution was approximately

2 0 0 &3peforkuring. After curing, glassy orange shards were found in the cuvette
tray wells after approximately 48 Rinal DPC concentration was appr@x8 0 pes ¢

1 cn? gel.
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Ferrer synthes®

A reduced acid, cgolvent free sebel synthesis was also attempted, based on the
work of Ferrerat al.®* To begin, 56 mL TEOS was mixed with 19 mL distilled water
and 1.25 mL 0.62 M HCI. The mixture was stirred at high speed using a magnetic
stirrer (Fisher Scientific, Loughborough) for 30 minutes. Aliquots of £ wmre
pipetted into a polypropylene cuvette tray and allowed to cure under ambient
conditions. However, this new route was unable to give reproducible formation of a
xerogel. The cred xerogels were less physically robust, crumbled easily when handled

and were not used further in this project.

5.3.2.2. Preliminary evaluation of solgel derived xerogels

Investigation into response kg?* ions

The contents of a cuvette well containing shafasiced DPCGdoped xerogel prepared
using the method used by Gibsenal® were added to an excess of 100 mg3dm

aqueousdgClz solution, with the colour change observed over 10 min.
Native American headress field study

A case study was conducted in collaboration with the University of Arizona and
Arizona State Museum. DPC xerogels were exposad\ative American headress
(Figure 5.6) known tohave been previously treatedth HgCh. The heaedress was
made from linen and was decorated with feathers. The object was placedlimte a

box (volumeapproximately 1 x 0.5 x 0.5 )nwhich was sealed for 3 d to allow the
atmosphere in the headspace to equilibrate with any volatiles ematedtHe head
dress. After this time, two xerogels were placed inside the glove box and left for a
period of six monthsHigure 5.7 and Figure 5.8). To assess the potential colour
change of the sensor in contaminatfoge environment, xerogel fragments were
placed in the laboratory and left to sample the indoor air for six motgbs Aster

sampling the xerogels were removed and examined visually.
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Figure 5.6: Contaminated Native American head dress, used for sampling of

xerogels.

Figure 5.7: Cups of DPC xerogel placed with Native American hegebs for

sampling of HgGlvapour
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Figure 5.8: Sampling set up of heattess and xerogels inside seatadhpling box
(bottom right and centre left) for detection of HgCl

5.3.3. Useof agar as an immobilisation medium

5.3.3.1. Synthesis of agar hydrogels

Approximately6 g of agar agaflaboratory grade, Fisher Scientific, Loughborough)
powderwas dissolved in 120 chof distilled water using an electric steriliser unit
(Boots Plc., Nottingham) to give a concentration of 5% w/v aggr (hereafter
reagent is referred to as agadnce the resulting solution was a clear, thin liquid it
was allowed to cool slightly before tlagldition of 10 criof 1% DPC in EtOH (as
prepared above) and mixed wélleplicatel cn? aliquotsof the loaded agar solution
were removed andpipetted into cuvette trays and allowed to Sdte final DPC

concentration was approwately8 0 0 peg eni gd.
5.3.4. Preliminary evaluation of DPC hydrogels

5.3.4.1. Response of DPC agar hydrogels to Hgand Cré*

DPC agar hydrogelsvere immersed in 4 ciof aqueousHgCl, solution at
concentrations of, 10or 100 mgdm?, and alsadistilled waterwhich was used as a

samplingblank. The ®lour change was observéy eyeand photographed over
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10min period after which time thgels were removed to a Petri dish for further

examination and dried using paper towels.

The cobur change reactiorwith Cr®* was evaluated by diluting.5 cn? of

100mg dnm® K2Cr07 with 2.5 cn¥ of 2.73 g d? HCI to give a 75 mgin® solution
containingCr®*. This solution wagurtherdiluted (1:100r 1:100 with distilled watr
to give solutions of 7.6r0.75 mgdm3 K,Cr,07. The DPC agar hydrogelgere again
added tddistilled waterto act as a samplinglank. A singleDPC agar hydrogelas
added to 4 crof eachsolution andthe colour change was observey eyeand

photographed over®) minperiod As beforaheDPC agar hydrgelswereremoved

dried andvisually examined on clean Petri dishes.

5.3.4.2. Vapour-phase investigation with DPC agar hydrogels

To assess the potential of th®Cagar hydrogelso change colour in the presence of
volatile mercuric species, hcn? volume of the gel solution waspgtted into the
bottom of a centrifuge tube and left to set. The tube was then inverted to situate the
60sensor6 at t he RomgofdgCth was placedlinghe tapwhech whi |
was used to sedie tube This placed the source of mercury at tipposite end of the

tube to the sensor, which remained sealsdker ambient conditions feix weeks.

5.3.5. Simulatedfield study using agar films

Parchmentdating from 1860and apolyester fur from a soft towere prepared for
analysis by applying 100, 50, 25 & L g dmi HgQl: solution to pieces of
test material weighing approximately 0.20C agar films were formed by preparing
the DPC agar solution as describe@ettion5.3.3and pouring approximately 10 ém
into a Petri dish and allowing to set. The set gel was allowed to dry under ambient
conditions for approximately 48 h, forming a thin, plasitie film. The HgCh
solutions were dopednto the parchment and soft toy using a micropipette. After
drying for approximately 4 hygabsof these test materialgerecollected usingotton
buds wettedwith distilled waterby taking 10 horizontal 10 verticatrekesacross a

2 cn? areawhere theHgClz solution had been appliefihe swabs were then drawn
over theagar DPCfilm (10 horizontal and 10 vertical strokes) to develop the colour

change and determine if the sensor could be used in surface swabbing of objects
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5.4.Results and discussion
5.4.1. Investigation of solution phase DPC colorimetry

5.4.1.1. Initial investigation of solution phase chemistry

The viability of DPC as a colorimetric reagent was demonstrated by aflding € L
DPC to 1 cr of 100 mg dm?® HgCl (pH 4.6), which caused formation of a vivid
pur pl e ¢ o mpxmeasuredat 53R niethe adlour of the complex remained
when stored aambient conditions foeight weeks, after which time the solution was
discardedAs DPC is known to interact with several metaigducing chromogenic
reactions?! the reagent was added to solutions contgimiatentially interfering Cr

cations.

Asolutonof5 0 e L DPC & dfd ®6ngtdn’ solution shkCr.O7did not
change colouwith solutionpH valueshetweem and7. When the chromate solution
pH was decreased &8 a pink colour was observed w hmax af 548 nm. As the
diphenylcarbazone was used as received, it contained approximately 60%
diphenylcarbazide resulting in the CF* oxidising diphenylcarbazide to
diphenylcarbazon®: 4* The CP* was reduced to €t and subsequently complexed
with the diphenylcarbazone giving the colour change obselveds observed that
increased acidity favoured the redorwmplexation reaction of the chromium,
selectively forming the pink colour as opposed to the complexatamtioa favoured
by the mercury at higher pH valudisshould be noted that for these reasattempts
to selectively complex Crwill also result in complexation of €runless total Cr is
reduced to G Selectivity towards Cr or Hgations of DPGhasd sensors can
therefore be influenced by controlling the pH of the sample media. Holghias

also stated that chromate may be eliminated by reduction with hydrogen peroxide.

While pH can be used to alter the selectivity of DPC to chromium and mercury, it
should be noted that DPC is sensitive to other metals a$&Elements such as
vanadium, molybdenum and manganese may be discounted in heritage collections as
their presence is not anticipated due their principally being used as alloying
agents’®’? Lead is also known to react with DPC under alkaline conditions, and is

more likely than vanadium, molybdenum and manganese to be found in heritage
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environments. Molybdate ions may also be maskadhe addition of oxalic acitf:

% The intensity of absorption corresponding to the 4B&C complex has been
measured over a range of pH values, with a maximum measured in the pH range of
9.5-10.4%¢ Interferences from lead in the determination of?Hgan therefore be
considered unlikely as the determination of’Hig performed under mildly acidic
conditions. Feidt also reports that the reaction of DPC is specific towards mercury in
0.2 M HNGs.

5.4.1.2. Selectivedetermination of Hg?* in mixed metal solutions

The use of DPC reagent for thetettion of CP* suggested that the developed
procedure may extend into applications in environmental chemistry. The ability of the
agar sensor to selectively determine g Ci°* in aqueous solution was an important
factor in the usability of the senséis shown irTable 5.2 and the preliminary solution
phase chemistry iBection5.4.1, controlling the pH of the reaction solution allowed
the DPC hydrogel to selectively complex with either?Hgr C#* ions. More
specifically, when solution pH modified to within a range & B 4.6, the sensor
selective interacted with Hgions in the presence of €and formed the purple DRC

Hg?* complex. At lower pH 2.8 2.5, the sensor selectively reacted with*@rming

a different product which was pirdoloured. Therefore, it isroposed that DPC agar
hydrogel could be used as a sensor which could be tuned to give specific colour
changes to Hg or C*in contaminated water.
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Table 5.2 Mixed metal study results, showing pH dependeahtctivity between

Hg?* andCr®*

Tube Vol. Vol. Vol. 2.73 pH value Colour
HgCl2/K2Cr207 distilled gdm3 observed
used (cnd) water used HCI

(cmd) added
(el)

1 2/2 - 0 4.6 Purple

2 2/2 T 25 3.3 Purple

3 2/2 i 75 2.8 Pink

4 2/2 i 150 2.5 Pink

5 | 4 0 5.3 I

6 | 4 25 3.3 |

7 | 4 75 2.8 I

8 i 4 150 2.4 i

5.4.2. Preliminary evaluation of solgel derived xerogels

5.4.2.1. Description of DPC xerogels

As the curing process of the xerogel material synthesisgtie method described by
Gibsonetal.®®wasperformed under ambient conditions, tireontrolled temperature

and pressure led to fast evaporation of solvent from the pores of the material. This
resulted in formation of xerogels with high internal stresses, rendering them fragile
and only occasionally produced intact glass cubGidss a result, the majority of
xerogels shattered into small shards of varying sizesHigere 5.9). Each time 20
cuvette wells were prepared onlyi12 xerogels pebatch formed intact cuboids

measuring approximately 5 mm x 5 mm x 1 mm.
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Figure 5.9: Shards of acid catalysed DPC xerogel as synthesised

When the DPC xerogel fragments were added to Hggllitions, the small fragments
experienced further stress causing them to shatter furtheFiere 5.10), making
handling of the xerogels difficult. In additiom & small humber of batches it was
observed that the DPC reagent was not distributed uniformly through the xerogel.
These glass shards were not dark orange as expected but were colourless to slightly
yellow with DPC blooming observed on the surface of ghess. As EtOH was
produced as a bgroduct during condensation of the sol, it is proposed that the DPC
reagent would selectively partition into this solvent without dispersing throughout the
gel; as the EtOH evaporated from the surface of the gel, tiéedan capillary effect
throughout the pores of the material leading the migration of the DPC to the surface
of the gel where it was crystallised forming efflorescence aneundorm dispersal

of the colorimetric reagent throughout the gel matrix.

5.4.2.2. Evaluation of DPC xerogel response to Hg ions

Aqueous solutions containing Mg KoCrOs, or K.Cr.O; were added toxerogel
fragments and agar hydrogels to determine if the immobilised DPC would change

colour in a similar manner to that observed for the solyifmase work.

Approximately 1 criof a 100 mg dnd solution containing HgGlwas added to a well
containing a shattered DPC xerogel. After 5 min there was no observable colour
change. The pH of the solution was initially estimated using pH paper to be%, but
min after the solution was added the pH decreased to approximately 2. The low
solution pH was due to extraction of HCI from the silica matrix. It was clear that
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residual acid from the synthesis migrated through the pores of the DPC xerogel into
the aqueus solution. The experiment was repeated using pH 9.0 buffer in place of
water. Leaching of acid from the xerogel decreased the pH of the solution to
approximately 7 8, under which conditions DRBg?* complexation was evidenced

by the development of purple colour in the solution and some of the gel fragments
after 10 min (the results of this experiment can be seé&mgure 5.10). While it is
proposed that a wasig step in the preparation of these xerogels could remove any
residual acid from the material, to do so thoroughly would likely require milling or
grinding of the xerogels to a powder, the preparation and handing of which would offer

no direct benefit to éritage users over commercially available DPC crystals.

‘:_ !'-
2
N
Buffer and Buffer with HgCl; and
DPC xerogel DPC xerogel

Figure 5.10: Further shattering of DPC xerogels in the presence of liquid,
photographed approximately 10 min after addition. DPC has been released from the

xerogel matrix into the Hg&kolution upon shattering.

The xerogels presented here were considered unsuitablerther development as
metal sensors in heritage environments. The difficulty in preparing the material, in
addition to the finished material shattering easily and requiring careful handling of the
shards meant it did not offer any appreciable beneftr aising DPC crystals as
received from a supplier. The limitations of the xerogels as described here strongly
suggests this material is not suitable for use as a support for colorimetric reagents, and

barring the Native America headdress case study balas/not investigated further.
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Native American headdress case study

Two xerogels were placed in a sealed glove box with a Native American object known
to be contaminated with Htresidues. After six months, DPC xerogel fragments were
removed from the bocontaining the headress (se&ection5.3.2.9 and examined
closely for any colour change. No change from orange to purple was visible in any part
of the xeroged used in the experiment and close inspection revealed the DPC xerogels
exposed to the headspace of the mercury contaminated object were indistinguishable
from the control gels. As the headdress had previously been determined to be
contaminated with Hg by XRF analysis, and the equilibration and sampling time was
sufficient to allow any mercury present to volatilise into the headspace, it was
concluded that the DPC xerogel fragments did not react withirithe vapour phase.

It was proposed that coordition of Hg* with DPC was inhibited by the presence of
residual acid in the xerogel. In this case the acid would have protonated the
coordinating nitrogen atoms of the DPC, thus preventing chelation withadd the
development of the violet complex sdarother experimentation. This conclusion is

in good agreement with published literature regarding the pH range of theHdQPC

complexation reactiopf’

5.4.3. Use of agar as an immobilisatioomedium

The solgel process generated materials that were difficult to synthesise reproducibly,
difficult to handle, and required the use of buffer solutions in order for the colour
change reaction with mercury to proceed. By changing from a silicate potgnae
biological one (agar), many of these challenges were overcome. Agar gels cured
rapidly compared to the silicate xerogels prepare8antion5.3.2 The hydrogels
solidified from hot agar solution within 15 min. DPC hydrogels were immediately
useable as there was no solvent evaporation stage necessary and they were produced
without the med of a slipping agent or access to specialist equipment such as a
magnetic stirrer or sonicator. The DPC hydrogels produced were orange to-+eddish
orange 1 cricubes and did not fragment during the curing process, making them very
easy to handle once ad. Water in the interstices of the gel wetted the surface of the

mould, allowing easy removal of the agar blocks from the moulding wells once cast.
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5.4.4. Preliminary evaluation of DPC hydrogel response to selected metal
ions
Agar hydrogels were formed in a nber of shapes, highlighting the potential of the
material to be applied in a number of waygure 5.11 demonstrates the freshly cast
DPC hydrogel, a DPC hydrogelahhad been dried and also DPC agar gel coating the
inside of a Palmes diffusion sampler. To the tube, a 1 swlution containing

100mgdm of HgClL was added, resulting in development of the purple complex.

Figure 5.11: DPGdoped hydrogels cast on the inner surface of a Palmes tube, as a

fresh cube, and as a dried cube

Longer residency time of the solution within the tube was needed to fully develop the
complex throughout the entire length of the tulbeistthe purple colour was only
visible at the bottom where droplets of Hg@lere retained. However, as the colour
change was observed after approximately 10 s, this figure nevertheless shows that the
material has potential application outside the heritsgetor as an environmental
sensor which can be used to detectHyfluidic channels.

5.4.4.1. Response of DPC agar hydrogels to Hyand Cr¢*

Aqueous solutions containing HgK>CrOs, orK>Cr,O7 were added tagar hydrogels
to determine if the immobilised DPC would change colour in a similar manner to that
observed for the solution phase work. The test used chromium as both dichromate and
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chromate forms, both of which have historical use as pigments and rpagsieat on

heritage samples contaminated with mercury.

Freshly cast agar gels waremersedn a3 cn? solution containing.00 mgdm3 of
HgCl. Colouration of the outer edges of theydrogel was observed after
approximately 4 s, witlfull colour change tang place throughout the interior of the
DPC hydrogel afte8 min. This was evidence that the #igons could easilyliffuse
through the pores of theydrogel

The colour changes observed after the DPC hydrogel was immersed in different
concentrations oflgCl, are shown irFigure 5.12. The colour changeasvisible at

Hg?* concentrationsf 10 mgdm?, butatthis concentrationf Hg?* ions, most of the
colour change was observed in the solution and not in the intetror BIPC hydrogel

This indicated that the hydrogel released DPC into the solution where it reacted with
Hg?* ions forming the purple complex. As showrFigure 5.12, solutions with Hg"
concentratiorof 1 mgdm did not produce an observalgelour change

Figure 5.12: DPChydrogels after being exposed tio-R) 0, 1, 10 and 100 mgym3
solutions of HgGl for 5 min.

A clear illustration of the different colour formed can be seeRigure 5.13. This
allowed the sensor to differentiate betweert'Hyg C°* after having been exposéal
mixed 100 mgim® solutions of mercury and dichromate under conditions with
varying pH. The intense purple of the Hg complex is noticeably different from the pink

of the chromium based colour.
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