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ABSTRACT

Dichlorvos (2,2-dichlorovinyl dimethyl phosphate),
® ®

marketed under the trade rames. Vapona or S.W.A.T. , is a time
released insecticide commoniy used for continuous fumigarion in
museum and natural history collections. The suitability of
dichlorvos for space fumigation was investigated. Wool fibers were
fumigated with dichlorvns resin strip (S.W.A.T.O) at SOOC for a
max mum of 35 days to determine the effect of dich’orvos on the
morphology, and physical-chemical properties of the fibers.

Wool fibers exposed to high concentrations of dichlorvos
resin strip exhibited physical and chemical changes such as binding
of phosgliorus and chlorine, yellowing due to chlorine absorption,
decrease in pH, and acid and oxidative damage. In tensile tests,
elongation initially increased. Fumigation at 50°C accelerated the
rate of chemnical and physical degradation compared to ambient
temperature fumigation. Similiar observations of degradation were
found in historic textiles exposed to continuous fumigation in a
museum collection.

The critical factor in accelerated fiber degradation due to

exposure to dichlorvos appeared to be the removal of tightly bound

lenolin wax with methanol. Scoured fibers given a methanol rinse

iv



degraded more rapidly than fibers cleaned with detergent only,

probably because of increase¢d chlorine absorption.
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1. INTRODUCTION

1.1 Problem Statement

Museums and cultural depositories have amassed vast
storehouses of textiles and furs for insect species to devour. Wocl
and furs are a desirable banquet for keratin feeding insects.
Curators ard conservators whose responsibility is to care for
culturally significant objects are well aware of the rampant
destruction caused by an infestation of keratin feeding insects. The
conflict between insects and the preservation of cultural resources
has resulted in indiscriminant use of chemicals often to the
detriment of the artifact (Moncrieff, 1950; McPhee, 1971).

Dichlorvos resin strips such as Vaponao are one of the most
popular chemical weapons used in museums and historic sites for

®
insect control. Curators and conservators have found that Vapona is

a convenient long-term fumigs . VaponaG strips are used for
continuous fumigation in textile and natural history coilectious *o
prevent infestations of keratin feeding species. The effects of the
emitted chemicals on keratin objects such as wool fibers are unknown.
Many objects in ancient and historic textile collections are
made of wool and other keratin fibers. Wool, alpaca, vicuna, angora

cashmere, mohair, and furs are keratin fibers commonly found in

ancient, historic, ethnographic, and natural history collections.



Dichlorvos is commonly used to protect objects composed of wool and
fur from insect attack. Since the effects of dichlorvos on keratin
fibers have not been thoroughly explored to preclude possible adverse
consequences, an investigation of the physical and chemical changes
in wool, the most common keratin fiber, is both timely and urgent.

It is the conservator’'s responsibility to assure that
treatments are appropriate to the preservation and best interest of
the object. The corservator must avoid materials that endanger the
safety and integrity of th- object. Since there is some evidence
that dichlorvos space fumigation damages textiles the effects of
dichlorvos on wool fibers are in need of investigation.

The effect of dichlorvos on textile fibers has not been
answered by researchers. The focus of this research is to
investigate the effects of dichlorvos space fumigation on wool

 thers.

1.2 Objectives
The primary objective of this research is to investigate the
damage to wool exposed to dichlorvos resin strips under controlled
laboratory conditions. The objectives of the literature review are:
1. To review the literature to establish the extent of reported
dichlorvos use in cultural depositories.
2. To characterize dichlorvos resin strips including by-products

of decomposition.



To survey the literature to determine the known effects of
dichlorvos on textiles.

To assess the toxicity of dichlorvos to Homo sapiens.

To survey wool science (keratin fiber) literature related

to the molecular structure, fiber structure, fiber morphologv,
histochemistry, chemical reactivity and mechanical

properties of wool (keratin) fibers.

The main objective of the laboratory research is-

To determine if dichlorvos space fumigation changes or damages wool

fibers.

The specific laboratory objectives are identified as:

1.

To determine changes in the tensile properties of fumigated
wool yarn.

To determine color change in wool fibers after fumigation.
To determine the effect of fumigation on sensitive cystine
residues.

To determine if the fumigant is sorbed and desorbed by wool
fibers.

To identify changes in the cuticle of wool fibers fumigated
with dichlorvos resin strips.

To determine changes in the pH of the aqueous extract of
fibers after fumigation.

To determine the relationship between the pH of the aqueous



1.3.

1.

1.4.

i~

extract and degradation of wool fibers.
To determine the effect of dichlorvos fumigation on the

absorption of acid and basic dyes.

Assumptions
The chemical and physical changes observed in wool fibers
are representative of changes in keratin fibers fumigated with

dichlorvos resin strips in museums and cultural institutions.

[[imitations
Only cre patented dichlorvos strip (S.W.A.T.o) was used in this
study.
Greasy wool fibers, which were scoured in a mild detergent or
scoured in a mild detergent and soaked in methanol, were used
for all tests except tensile properties. Ancient and historic
wool textiles and furs have a complex history; therefore, the
effects ol the fumigant may be different.
The use of heat and high concentrations of fumigant to
accelerate fumigation may induce different physical and
chemical effects than ambient temperature fumigation using
concentrations recomnended by manufacturers.
Most test methods used in this study were designed for
estimating severe damage during industrial processing. Their

use in this study is exploratory.



The wool science literature reports basic and applied research
Characterization and identification of damage
after fumigation were based on laboratory experiments and

theories from industria: processes and basic research. The

chemicals in basic anc - plied research and in the wool science
literature are differen: trom the assumed degradation products
emitted fror: tie ¢: hlcrv . :esin strips.

The relative numidity in ¢~ .. study was not controlled.

Moisture can have profound effects on the chemical reactivity

and physical properties of wool fibers and on the reactivity

of dichlorvos resin strips.



2. LITERATURE KcviEW

2.1 Museum Fumigation

2.1.1 History of fumigation

l.ong before Matthew (circa 40 AD) wrote "Do not store up
riches for yoursclves on earth where moth and rust destroy", keratin
feeding insects had fully established themselves in an ecological
recycling niche (Holy Bible, 1977). Throughout history fumigants and
deterrents have been used to protect textiles (Moncrieff, 1950). In
1735 Father Jean-Baptiste Du Halde wrote in the Description of the
Empire of China and of Chinese Tartary that Chinese workmen melted
seal fat to drive away the the flies "because these insects settle on
the woven silk and damage it very considerably” (Bussagli, 1980).
Camphor and cedar oil have been used to deter insects (Plenderleith &
Werner, 1971). Plenderleith advocated "p-dichlorobenzene in the
textile bag to ensure against the risk of moth eggs being present”
(Hueck, 1972).

In 1952, the Textile Museum in Washington. D.C. issued a
paper on rug preservation and storage. Annual f. igation directions
included sprinkling the face of a 4’ by 6’ rug with approximately 1/2
l1b. of par-di-chloride-benzene (sic) flakes, and raising the
temperature of the -torage area to betueen 90°F and 100°F for three

davs Textiles to be fumigated were sealed in chests with 1 pound of



flakes to 10 cubic feet (Myers, 195°). 1In 1973 thymol crystals in a
saucer over a 40-watt light bulb in an air-tight compartment were
being recommendeu for fumigating museum textile collections (Fall,

1973,

2.1.2 Fumigation trends

By 19/. "an astonishing number ot insecticides” were
available (Hueck, 1972; Grayson, 1978). Hueck (1972) writing in
Textile Conserva:ic1 suggests the use of the insecticldes
p-dichlorobenzene, ethylene oxide, and the "more modern DDVP
(dichlorvos)" which are "active as a gas" (Hueck, 1972). lwueck
writes, "DDVP may well prove to be useful. Its high activity makes
hermetically closed containers unnecessary". Incorporated In resins
it gives "protection for some months’ duration" (Hueck, 1972).
Commercially prepared DDVP impregnated paper inserted between
individual pieces of fabr:c "with constant renewal” is suggested as a
preventative measure (Hueck, 1972). Rice (1962) advocates ethylene
oxide applied to textiles "packed in polyethylene b. ~»" as an
effective fumigant (Heuck, 1973). In 1969, Rice stated that ethylene
oxide "a modern space fumigant” is "much less toxic to human beings
than many other fumigants” and "is a very good fumigant because |t
leaves no bad after-effects" (Rice, 1969).

Vaponao for the control of museum pests came into vogue when

®
Ryckmann (1969) reported the efficacy of Vapona as a control for



®
dermestids. Ryckmannn reported that Vapona resin strips at
concentrations equal to 32 times the manufacturer’s recommendations,
"quickly curtailed the destruction of inuseum specimens". Although

®
Vapona resin strips "tend to sweat", a plece of aluminum and

seve al

thickness of blotter paper” prevent staining (Ryckmann, 1969).
Ryob.oarn teported that “"human subjects exposed continuouslv to
Vdp0n8® resin strips at 10 times the recommended dose showed no
cholinesterase depression” (Ryckmann, 1969).

Bogle, a conservator at the Merrimack Valley Textile Museum,
recommended the use of p-dichlorobenzene at the rate of "one pound of
moth crystals per 100 cubic feet” in an air-tight area, and the use
of dic-hlorvos pest strips for the control of moths, dermestids, and
flying insects (Bogle & Hueck, 1979). Duriag the UNESCO regional
conference, The Conservation of Cultural Materials in Humid Climates,
1979, in Australia, conservators proposed that museums in the Cook
Islands, Malaysia, the Philippines, Thailand, New Zealand and other
Pacific rim countries use Vapona strips to control pests (UNESCO,
1979). Dichlorvos is a recommended fumigant at the Indian Government
Museum in Madras (Jeyaraj, 1983). At the 1980 International
Conference, Conservation and Restoration of Textiles in Como, Vigo
presented a paper suggesting microencapsulation of textiles in
plastic bags, and the use of dichlorvos as a fumigant (Vigo, 1980).
Fumigants enclosed in polyethylene bags with textiles are also

recommended by Lawson in Textiles, Primary Care and “irst Aid (nd).



At the ICOM (1984) Copenhagen Committee tor Conservation /th
Triennial Meeting, Armes reports that "dichlorvos slow-release
units.. . have been used successfully in museums for a number of years”
(Armes, 1984). In spite of the effectiveness and benefits many
museums were reluctant to use dichlorvos because of "its corrosive
properties towards metals and staining of specimens” (Armes. 1984).

dany museums continue to use and advocate DDVP as a
convenient and effective fumigant. In the 1981 edition of
Tonservation and Restoration for Small Museums, the use of DDVP
biocks in a sealed cabin=t is suggested as an alternative to rtne
preferred ethylene oxide fumigation chamber. The Western Aus:ralian
Museum suggests that after initial fumigation, furs and silk should
be wrapped in acid-free tissue, and e'hnographic material placed in
polyethene bags before placing the objects in containers with a DDVP
vapour blc-k in the 1id (Pretty,1981). Ward (1976) advocates the use
of fumigatio boxes with dichlorovos impregnated strips ‘n the lid.
Although dichlorvos is recognized as "extremely dangerous and (has)
caused serious illness and some fatalities...(it) is a pity because
(the strips) are undoubtedly effective" (Ward, 1976). Ward proposes
the use of DDVP strips in dioramas containing mounted mammals and
birds, and for closets containing woolen clothing (Ward, 1976).

In Britain, Vapona“ is used by the British National Museum
and a number of provincial museums (Stanfield, 1985). Dichlorvos is

"recommended in recent Museums Asscciation Diploma practicals”, in
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spite of ~he observation that some fading of pigments of green
colored moths occurs indicating need for furthe: research (Stanfield,
1985). Hey (1980-81) writing in the British journal The Paper
Conservator lists dichlorvos (Vaponae) as an insecticide recommended
for fumigation in conservation and archives.

A comprehensive survey of deleterious insect species found in
museums throughout the world and by Alam (1983) in The Journal of
Indian Museums (Bombay) includes fumigants and insecticides for use
in pest management. Alam, quoting Hueck (1972), reiterates the
effectiveness of DDVP fumigation, and advocates interleaving textiles
with commercially DDVP impregnated paper (Alam, 1983). Impregnated
DDVP paper "should be inserted between individual pieces of fabric

and renewed after six to nine months" {Alam, 15333, pl52).

2.1.3 Hazards of dichlorvos fumigation

Some fumigators have circulated warnings about the possible
adverse effects of fumigants. Westrate (1984), a pest consultant and
philatelist, cautions that spravs, aerosols and toxicants can stain,
discolor and adversely affect coilections, and says that "An ounce of
prevention is worth a pound of pesticide"”. Pest control publications
circulated to muceums indicate that care must be exercised when
applving fumigants to avoid staining clothes, walls, or furniture
(Edwards et al., 1981).

In 1955 sheep growers began dipping sheep in dieldrin to
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prevent an ectoparasite from damaging fleeces (Katz, 1981). Since
dieldrin has an affinity for wool and forms a permanent molecular
bond to the fibers, wool was inadvertently mothproofed. When
dieldrin was banned. the fecundity of insects presented problems in
collections (Katz, 1981). With more food, better shelter, higher
humidity and warmth, and the withdrawal from the market of persistent
chlorinated hydrocarbons. fabric pests increased (Katz, 1981).

The persistence of chlorinated hydrocarbon insecticides was
becoming a problem (G 1984 ; Lave, 1987; Larose, 1955;
Laughlin & Gold, 1987, .ne (an organochlorine compound) and
diazinon (an organophosph. :us compound) were used to control the
sheep blowfly, Lucilia cuprina (McKenzie & Whitten, 1984). Levels of
about 130 ppm have been detected in pharmaceutical lanolin (Warner,
1980). Removal and separation of diazinon, an undesirable component
in wool grease, is a problem in industry (Warner, 1980). The removal
of dichlorvos from wool fibers (See Section 6.11) appears to be a
problem confronting museums (Glastrup, 1987; Kowalik, 1979; 1980) .

During 1984-1985 the Danish National Museum conducted
pesticide residue analyses on samples taken from objects and
exhibition cases. By using gas chromatography, seven different
insecticides were identified. Although "erroneous peaks (noise) on
the chromatograms. . .around lindane, aldrin and dieldrin" hampered
analysis, levels as high as 43% (p-diclorobenzene) for wool and duck

down are reported (Glastrup, 1987). Duck down and woven wool, both
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keratins, absorbed significant gquantities of insecticides. A 1971
report on Danish textile pest control indicates that satisfactory
protection against Dermestidae, especially Attagenus piceus (carpet
beetle) was difficult to obtain with dichlorves (Funder, 1972;
Markkula, 1973).

In 1981 two major reports were published, Safety and Health
in the Paper Conservation Laboratory, and Pest Control in Museums.
The former publication is an extensive compendium outlining the basic
concepts of toxicology, including the physiological effects of
substances which gain entry to the human body through inhalation,
ingestion and absorption through the skin (Harrington & Petherbridge,
1980-81). Harrington, a professor at the Institute of Occupational
Health, Medical School in Birmingham, utilized his expertise to
compile chemical and safety data, and first aid procedures for toxic
chemicals used in conservation. Dichlorvos was the most toxic
chemical. In the same report pesticide regulations, the use of
protective clothing, equipment for handling chemicals and fumigants,
and maintenance procedures are discussed (Harrington & Petherbridge,
1980-81). In America, an increasing awareness of the potential
dangers of pesticides resulted in a coordinated status report on pest
control in museums. Survey results indicate that Vaponao is used by
40 per cent of the museums surveyed.

Many museum attendants have not recognized that handling

artifacts fumigated with DDVP may be hazardous. In 1977 the Carnegie
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Museum published a guide for DDVP fumigation warning that the
volatile insecticide evolves highly toxic vapors and that skin
exposure should be avoided. Gunter et al. (1977) in Pesticide
Re..dues reports that "sebur cuvers and permeates the ...stratum
corneum. . .and has « high affinitv for lipid-soluble substances and
thus is ideal for the aquisition of most toxic pe ' icide residues".
Since the average adult skin area is about 17,000 «uz, dermal
exposure poses a threat. Observations that residual organophosphates
on crops may be transferred to exposed and coverec parts of the body
are of concern since an analogue may exist with museum staff who
handle or are exposed to contaminated objects. Unus.ally high
cholinesterase depression in agricultural workers is attributed to
dermal exposure from an accumulation of residues in ¢ . dampened
foliage. Pesticide residues are transferred to the s.in via damp
clothing (Gunter et al., 1977). (See section 2.6)

In 1987 the Center for Occupational Hazard published an
article on museum pest control procedures including a survey of
museum staff which "clearly indicates that museum staff had extremely
limited knowledge of the hazards, precautions, and regulations"
(Pertz & Rossol, 1987). Of the 27 museum staff who used fumigants,
only 7 workers used any protective equipment and only 1 person used
the proper type. None of the ethylene oxide users checked for
residual fumigants or leaks (Peltz & Rossol, 1987). The report

indicates that many chemicals can destroy or damage objects. The
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damage is "evident only days, months, or years after treatment".
Dichlorvos is listed as "acting as an acid" in humid climates,
causing plastics to dissolve, and metals to corrode (Peltz & Rossnl,
1987) .

Most fumigants are listed as designated priority pollutants
(Coughtrey et al., 1987, Frear, 1976). Priority pollutants are
extremely hazardous ctemicals. Williams et al. (nd) report that
dichlorvos is readily absorbed on most plastics, metals, furs, cotton,
burlap, paper, fiber, wood products. It also corrodes some metals,
causes some resins and glues to become tacky, dissolves polystyrene
plastics, and will affect raked enamel paint surfaces and aluminum.
Dichlorvos is known to be corrosive to iron, steel, brass, silver,
tin, and lead (Spencer, 1981: ry, 1985).

A recent status repo. :nting out the ignorance of museum
staff, asks if fumigation helps or harms the artifact (McGiffin,
1985). McGiffin (1985) reports that Vapona® corrodes metals and
bleeds on other items. Shrinkage temperature tests on leather
conducted at the Canadian Conservation Institute (CCI) indicate that
Vapona0 may cause degradation (Young, 1987). A task force from the
Canadian Conservation Institute, Smithsonian Institute, Dow Chemica’
Company, and the Getty Conservation Institute has been set up to
examine fumigants (GCI, 1986). Some conservators are asking "is

fumigation possible" (Ballard & Baer, 1986) and a minority are

searching for alternative methods (Florian, 1986). The problem is
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fundamental. Too little knowledge of the nature and potential
dangers of pesticides exists within the museum community and

scientific community.

2.1.4 Effects of Dichlorvos on Textiles
Only a few studies have reported the effects of dichlorvos on
textiles or textile fibers. A brief list of experimental reports is

given in Table 2.2.1.

Table 2.1.1 Studies Investigating the Effects of Dichlorvos on

Textiles or Fibers.

Textile Observations Source
Silk cocoons yellowing Nakamoto, 1984, Japan
Sericulture
Burlap/cotton sorption McGaughey, 1973
sacking Rice mill
Cotton hospital sorption Cavagna, 1969
garments Italian Hospital
Polyester/nylon dye changes Reagan et al., 1984
carpets yarns Laboratory tests
Wool and cotton increased tensile Spivak et al., 1981
test fabric strength, and Laboratory tests

slight dye change

Several earlier research projects indicate that residues may
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accumulate on textiles. The frequently cited Cavagna report (1969),
conducted in Italian hospital wards, includes an experiment examining
the effect on red blood cell cholinesterase when DDVP impregnated
garments were vorn by babies. The garments were aerated before use

~

and apparently desorbed some of the pesticide. -# babies garments
were initially reported to retain O.26ug/gm DDVP on cotton

and 0.40ug/gm DDVP on cotton flannel, after exposure to one Vapona
Ministrip® in a 200 litre capacity cupboard (Cavagna, 1969). Another
report from a rice mill indicates that residues on bagging material
increased from 136.7 pg/dm2 to 662.2ug/dm2 DDVP on paper exposed for
1-13 treatments, and ranged from a low of ZQS.Apg/dmz to a high of
3753.Aug/dm2 DDVP on burlap. The apparent anomaly on cotton, which
ranged from 3.2pg/dm2 with 1 exposure to 531.8pg/dm2 with 13
exposures was a co' sequence of room size and concentration
(McGaughey, 1973). Lellinger (1972, suggests that dichlorvos may
crystallize on surfaces.

Preliminary studies to assess the effects of pesticides on
textiles were initiated by Spivak et al. (1981). Wool and cotton
samples were suspended in a museum case with Vapon;® for a period of
four weeks. Changes in the tensile strength and colour of the dyed
fabrics were measured. The results indicate that a slight change in
madder root dye occurred and that the tensile strength of wool
samples was "inexplicably higher in some cases" (Spivak et al.,

1981). A Carpet Manufacturer Association reported that dichlorvos
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can cause color change and fading in some dyestuffs (Reagan, 1982).
Another report (1983) indicates that DDVP creates an unacceptable
color change in some dyes. The committee investigating color change
in dyes reported that the future of the problem lies with the
pesticide industry. In 1984 Reagan, with a committee investigating
the effect of insecticides on acid and disperse dyes on nylon and
polyester carpe:s, found that dichlorvos caused some color changes.
As a result of the findings the committee recommends that dye and
carpat manufacturers select dyes less sensitive to insecticial

chemicals (Reagan et al., 1984).

2.2. DICHLORVOS

2.2.1 Introduction to dichlorvos

Although dichlorvos (0,0-dimethyl 2,2-divinyl phosphate,
DDVP) was first synthesized in the late 1940's, active insecticidal
investigation was not initiated until 1954 (Zavon & Kindel, 1966).
Dichlorvos was first discovered as an insecticidal impurity of the

organophosphate insecticide trichlorfon in 1955 (Eto, 1974). Above

pH 6 trichlorfon is rapidly converted - dichlorvos (Eto, 1974).
About 7 million pounds of dichlorvo- nufactured each year by
Amvac Chemicals, Los Angeles, and Cc ‘ic Chemicals,
Commerce City, CO., from trimethyl . hloral by the

Perkow reaction (Eto, 1974, Santod: 5).
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CH 0 Cl

0,0-dimethyl 2,2-dichlorovinyl phosphate

Synonyms and trade names include; DDVP (USA), DDVF (USSR),

® ® ® ® ® ®
dichlorvos, Vapona , Nogos , Nuvan , Dedevap , Diptera , Astrobot ,

® ® ® ® ® ®
Canogard , Divipan , Mafu , Cekusan , Herkal , Marvex , (Gillett,
1972 Merck Index, 1983; Spencer, 1981; WHO, 1986). Dichlorvos is

®
marketed in various formulations under the trade names No-Pest Strip
® ®
(Shell), Vaporette and Star-Bar (Thuron Industries),
® ®
S.W.A.T (Ciba-Geigy) and, as an antihelminthic in Atgard ,
® ® ®
Dichlorman , Equigard and Task (Gillett, 1972; ACGIH, 1987; Merck
® ®
Index, 1983). Spray formulations include Aminatrix , OL , Baygon
® ® ® ®
Spray , Precor Residual Fogger , AE , Safrotin Aerosol and Safrotin
®
Liquid (Worthing, nd). The analogues trichlorfon and naled
®
(Dibrom ) are converted to dichlorvos in vivo and in vitro (Kaemmerer
& Butenkétten, 1973).

Dichlorvos is a chlorinated organic phosphate pesticide that
is characterized among common insecticides by its high insecticidal
activity in the vapor phase. It is a nonflammable, amber liquid that
is only slightly soluble in water (1l%) but miscible in organic

solvents. Although dichlorvos is stable to heat, it is hydrolysed by

water (Worthing, nd; Spencer, 1981; Attfield & Webster, 1966). At
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room temperature in aqueous saturated solutions dichlorvos hydrolyzes
at the rate of about 3 per cent per day. Some investigators have
found that residues may persist for long periods of time (Rowlands,
1975). The physical and chemical properties of dichlorvos are shown

in Table 2.2.1.

Table 2.2.1 Physical and Chemical Properties of Dichlorvos

CAS registry number 62-73-7

Molecular weight 220.98

Specific gravity 1.415 at 25° C

Boiling point 140° C at 20 torr
120° at l4mm Hg

Vapor pressure 0.012 torr at 20°C

Refractive index nzs 1.4523

Water solubility (room temperature) 10 g/1

Dichlorvos is often incorporatec into polyvinyl chloride
resin strips which slowly release the active ingredient, dichlorvos,
as a vapor (Gillett et al., 1972; Brooks et al., 1977). The tough
flexible resin strip was originally developed by the World Health
Organization, primarily for use in controlling malaria (Zavon &
Kindel, 1966). Vaponao is a trademark for technical grade dichlorvos
containing at least 93 per cent DDVP. Ciba Geigy markets the resin
strip under the trade name S.W.A.T®. The constituents of Vapona

pest strips are found in Tab.e /.2.2.
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In 1975, 80 per cent of the dichlorvos manufactured in the

United States was formulated into resin strips (Santodonato et

al ,1985). Since most resin strips are used for domestic control of
Diptera species (Mucsa domestica [housefly] and Cutex spp.
[mosquitoes]) future museum collections will possibly be exposed to

dichlorvos residues (Rose bhurg, 1984,

®
Table 7.2.2 Constituents of Vapona Pest Strips

Azile ingredient: 20%
DLVP 95 - 97%
Lipterex (trichlorfon or 0,0-dimethyl-
2,2,2-trichloro-hydroxyethylphosphate) 1.5 - 3%
0,0-Dimethyl 2-chlorovinyl phosphate J.4 - 0.7%
0,0-Dimethyl methylphosphonate trace - 0.1s
0,0,0-Trimethyl phosphate 0.3 - 0.5%
Chloral (trichloroacetaldehyde) 0.1 - 0.5%

Plasticizer 30 %

Polyvinyl chloride 50 %

®
Components of the resin strips includes Dipterex or

trichlorfon, a dichlorvos precursor and a widely used insecticide

that is considered equivalent to DDVP for toxicological evaluation.
Chloral, an eye irritant, is a volatile hypnotic with a toxic oral
dose of 40mg/kg or fatal dose of 10 grams for man (Gillett, 1972).

Infrared analysis by Cardarelli (1980) indicated that the plasticizer
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in the Shell strip formulation is dioctylphthalate (Williams et al .,
nd). Although plasticizers are usually stable, transesterification
may occur to form phthalic acid (Williams et al. , nd). Oxidative
degradation of the polyvinyl chloride carrier, induced Ly y-radiation
at 25°¢ produces the principal oxidation products hydroperoxide,
alcohol and carbonvl compounds, carboxvlic acid. and hvdrogen
chloride (Decker, 1976). A chemist at Ciba Geigy, Dr. J. Purdy,
suggests that the PVC carrier may be detrimental to museum
collections if the strip is not removed immediately after fumigation
(Dr. Purdy, 1987). Vinyl chloride is a toxic chemical that is being
investigated and controlled hecause of its adverse effects (Morcos,
1986) .

DDVP resin strips are a unique insecticidal formulation with
sustained fumigant activity that assures constant biotic exposure by
inhalation, ingestion from particulates and objects, and continuous
dermal exposure. Dichlorvos is readily absorbed on most surfaces
(Gillett et al, 1972, Ashman et al., 1974). The air concentration of
DDVP varies with temperature and relative humidity. High humidity
reduces the effective lifespan of the strip due to hydrolysis
(Gillett, 1972). High temperatures may "increase the rate of
hydrolysis in the air, increase the rate of diffusion throughout the
air space, decrease the amount of sorption” and alter ventilation and
air exchange rates (Gillett, et al., 1972). A mathematical model of

air concentration based cn mass balance equations may be found in
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Residine Reviews, 44 (Gillett er al., 1972). The toxicitv of

dichlorvos is shown in Table 2.2.3.

Food chain concentration exposures as low as 0.0]1 ppb are
toxic due to bioconcentration (CHRIS, 1984). Residues persist in

aquatic systems for 62 days in water (CHRIS, 1984).

Table 2.2.3 Toxicity of Dichlorvos

Class 6 or IB (highly hazardous)*
TWA® (former) 0.1 ppmb or 1 mg/m3

TWA (revised, 1987) 0.33 mg/m’ or 0.033 ppm
MPC" (USSR, 1968) 0.2 mg/m’

STEL' deleted by WHO (1986)°

ADT’ 0-0.004 mg/kg’

LD, ~ (Oral, rats) 56-108 mg/kg’

LD, (bluegill) 0.7 ppm’

World Health Organization 1986 staniard for liquid pesticides;
CHRIS lists as Class 6 (most toxic and hazardous
classification)

(AGIH) American Governmental Industrial Hygienists
Documentation of Threshold Limit Values.

USSR source Gillett, 1972.

No safe limit determined

WHO, 1986, and CCOHAS, 1987

Gossel et al., 1984 (for rats)

Spencer, 1981, LDso chickens is 14.8 mg/kg

Time We ghted Average

Minimum Physiological Concentration

Short Term Exposure Limit

Average Daily Intake

C o T R e @ W O
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2.2.2 Chemistry

DI 'P, an ester ot phosphoric acid has a tetrahedral
structure with a stable phosphorvl,P=0 bond, which partially includes
pr-dr bonding with a o-bond. The phosphorus-oxygen linkage by pnx-d=
overlap contributes to the high affinity of phosphorus to the oxygen
atom and formation of a stable phosphoryl bond (Eto, 1974).

Most bin idal phosphorus compounds are neutral esters The
electron deficient phosphorus atom is reactive as an electrophile
because of the polarity of the phosphoryl group (Eto, 1974). An
inductive effect from the strongly electronegative substituents
contributes to the reactivity of phosphorus with nucleophiles
(Desmarchelier et al., 1976). Dissociation in partial esters

diminishes this property (Eto,1974).

+ 6 - .
R0\6/0 .Q\Pfo
ro” “oR rRo” “oR
polarity ~f phosphoryl partial ester
group

Dichlorvos is prepared by the Perkow reaction where a
trialkyl phosphate reacts with an a-halogenated carbonyl to give a
vinyl phosphate. The proposed mechanisms include an initial
nucleophilic attack by the phosphate on the electrophilic carbonyl
ca-bon with rearrangement analagous to the base catalzyed attack

which transforms trichlorfon to dichlorvos (see below) or a
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nucleophilic attack on the carbonyl oxygen by phosphate (Kraemmerer &

Buntenkétter, 1973; Eto, 1974).

CH30 \?I NaOH CH30 \ﬂ
P—CH—CC|, ——88 ™ > P—O-—CH=CC1 _+ HCI
cHo” | ? cHo 7 2
3 OH 3
Ltrichlorfon di~hlorvos

In neutral or slightly alkaline solutions one mole of HCl and
one mole of dichlorvos are formed from the action of a base on
trichlorfon (Kaemmerer & Butenkétter, 1973). Intramolecular
phosphorylation initiated by the loss of chlorine ions is suggested
to be the mechanism that converts trichlorfon to dichlorvos (Eto,
1974). Alternate names for trichlorfon are: TugenO, Neguvon ?
Dipterex®. Bayer L 13/590, Dylox®, Wotexito, chlorophos, chlorofoss,
and trichlorphon (Kaemmerer & Butenkétter, 1973; Vettorazzi, 1976;
Mendoza, 1972).

The suceptibility of dichlorvos, an esterified phosphoric
acid, to alkaline hydrolysis contributes to the detoxication of the
pesticide. In museums the environment is probably not alkaline.

Hydrolysis, which is primarily catalyzed by the -OH ion under

alkaline conditions, is estimated to increase tenfold with each



increase in pH unit (Eto, 1974). Dichlorvos
some products under specific conditions (See

In alkaline hydrolysis the hydroxide
hydrolyze the phosphate ester linkage at the
rather than at carbon (Eto, 1974).

phosphorus atom which results in fissi

acidic oxygen group in the molecule.

25
is apparently stable in
2.2.9).

ion is suggested to

phosphoryl P-center

Water selectively attacks the
at the most suceptible

The stereospecific nucleophilic

displacenent takes places with inversion of the configuration at

phosphorus which is analogous t» a SN2 reaction.
In acid solutions hydrolysis is very slow. Isotope studies
with water in acidic and neutral conditions indicate that C-O-bond
fission occurs (Eto, 1974). Fto (1974) suggests that "the hydroxide
ion attacks phosphorus to cause hydrolysis, and alcohol attacks
methyl groups to cause dealkylation". Desmarchelier et al. (1976)
state that both acids and bases cleave the enol ester linkage to

yield the corresponding carbonyl compounds. The hydrolysis yields

‘imethyl phosphoric acid and 1,1-dichloroacetalde ‘de .
CH, 0N u o CH_0_ ]
/P—O-—CH=CCl2 —_— /P——OH + 0=CH*CHC|2
CH O CH O
3 a
Dichlo - 'os Dimelhyl 1,1-dichloro-

phosphoric oacid aceloldehyde



26

Reactions of dichlorvos in alkali are more rapid than acidic
reactions. The half-life of dichlorves at pH 11 at 28°C is 2 hours
(Eto, 1974), whereas, Attfield and Webster (1969) report that 2 ppm
in aqueous solutijo: at 18°C will have a nydrolysis half-life of 60
hours at pH 1.1 (Attfield & Webster, 1969).

Metal ions such as Cuz', Pb? and zn’" also catalyze
hydrolysis of dichlorves The cupric ion, which probably increases
the polarization of the P=0 bond and facilitates the approach of the
hydroxide ion, is the most reactive metallic catalyst (Eto, 1974).
Some basic oxy-anions with lone pairs of electrons such as
hypochlorite and peroxides catalyze hydrolysis by nucleophilic attack
on phosphorus yielding unstable intermediates which are immediately
hydrolyzed (Eto, 1974). Dictlorvos is known to be corrosive to iron
and steel (Spencer, 1981).

Biological activity with dichlorvos such as esterase
inhibition and toxicity are attributed to phosphorylating reactions.
Prerequisites for phosphorylating activity are an increased positive
charge on the phosphorus atom accompanied by decreased pr-d=
contribution tr the P-0 bond. Lone pairs of electrons on oxygen are
necessary for the = bond contribution (Eto, 1974).

Alkylating properties of organophosphorus pesticides are
significant reactions in chemical and biochemical degradation
(Rowlands, 1975; Matsumura, 1986). Since dichlorvos has methyl ester

groups and dichlorovinyl alkylating groups it participates in many



reactions. The methyl ester group reacts with the iodide fon to form
desmethyl d: -hlorvos and CH31. A variety of sulfur compounds such as
sulfides, thiocyanates, thiourea and thiols participate in
dealkylation (Eto, 1974). The chlorine ions of the dichlorovinvl

group are replaced by thio groups.

\ﬂ s~ CH, o\?. SR )
SP—0—CH=CCl ——— > SP—o—ch=c{_ + 2¢
CH O CH O SR

3 3

dichlorvos
\ -00|

|
>|='—o—cn=cc|2 + CHI
CH 0
- |

CH30

desmethyl dichlorvos

2 2.3 Biochemistry

One of the surest ways of upsetting the body mechanisms of
insects is to chemically poison the insect’'s nervous system. The
primary target of dichlorvos is the nervous system. Although there
are inherent differences in the insect and mammaliam nervous systems,
acetylcholine is identified as an important neurotransmitter in both
the hexapod’'s and primate’s certral nervous system. The somatic
system reacts to incoming (afferent) and outgoing (efferent) sensory
stimuli by sending through the efferent nerve system impulses which

terminate at a neuromuscular junc*tion where the message is passed on
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to voluntary muscles (Matsumura, 1985). The passage of the impulse
is controlled by the cholinergic system which releases the chemical
mediator, acetylcholine, to conduct the impulse across the gap or
synapse (Matsumura, 1985). The normal function of
acetylcholinesterase is to terminate neurotransmission (WHO, 1986).

Cholinesterases, enzymes that preferentially hydrolyze
choline esters, are divided into two groups. The first,
acetylcholinesterase or erythrocyte cholinesterase (AThE), occurs in
the erythrocytes, nerve tissue, ganglia, motor end-plates, and
electrical organs, and the second, cholinesterase or serum
cholinesterase (BuChE), is found in serum »ancre.s, heart, and liver
tissues. BuChE does not participate in nerve function (Eto, 1974).

Most knowledge about the activity of organophosphates has
been obtained by investigating the reactions of esterases or
proteases. The substrate specificity of AChE for esters containing a
cationic group suggests that the presence of an anionic site will
facilitate attack on the ester site. Hydrolases sensitive to
organophosphate pesticides require a "dibasic amino acid...preceding
the phosphorylizable serine" (Eto, 1974 pp 131). Eto (1974) suggests
that the amino acid sequences Glu-Ser-Ala or Asp-Ser-Gly are an
important part of catalytic sites. Histidine and serine are
postulated to play an important role at esteric sites. Apparently
the phenolic hydroxyl group of tyrosine contributes to the site

specific activity. Dichlorvos mimics acetylcholine by occupying the



esteric site. A more in-depth discussion of binding and catalytic
mechanisms for AChE is presented in Eto (1974).

Detoxication in some tissues proceeds at a slower rate than
product literature discloses. Tracey et al. (1960) found that the
stomach and brain of rats treated orally with dichlorvos were highly
toxic to Diptera. Blood, muscle, fatty tissue, and the liver were
not toxic to flies (Kaemmerer & Buntenkotten, 1973). Th implies
that detoxication in tissues such as the human brain may be slower
than venous acetylcholinesterase blood samples reveal.

Recently, free, bound and conjugated metabolites have been
recognized as pesticide residues (Dorgough, 1976; Kaufman, 1976;
Frear, 1976). Bound metabolites are conjugates which cannot be
removed from the substrate by extraction (Dorough, 1976, Paulson,
1976). Bound and conjugated metabolites are seldom reported in the
pesticide residue literature. Since conservation ethics state that
treatments resulting in irreversible chemical change are
unacceptable, bound residues are an important consideration in pest

management.

2.2.4 Fate in the environment

Although dichlorvos is generally conceived to be rapidly
hydrolyzed in organisms and in the environment many anomalies exist
in the literature. Since various formulations continue to be used

for commodities and in museum collections a brief summary of
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incidences of persistence is recounted (Rowlands, 1975; Lippmann,
1987) .

DDVP is regularly applied to grain (Hattori, et al., 1976) .
The affinity and transiocation of dichlorvos within grain are
dependent on the lipoproteins, viability, moisture content and size
of the grain or sample. Extensive binding and redistribution of
pesticides occurs in grain. [If the dosed grains are deliberately
made non-viable (irradiated) the persistence of dichlorvos is
increased (Rowlands, 1975). Both water soluble and insoluble
proteins in wheat have been demonstrated to bind dichlorves. Since
dichlorvos is stable to heat residues may persist through the milling
if bound to proteins (Rowlands, 1975).

Although most studies have concluded that dichlorvos is
rapidly hydrolyzed in the environment others indicate that loss of
the pesticide is slow. Wheat samples with "moisture contents of 7.3,
11.1, 12.9, and 13.7 per cent (wet basis) treated with 50 ppm of
dichlorvos and stored at -ISOC, had levels of 49, 43, 34, and 34 ppm"
after 11 months of storage (Kawar et al., 1973). Although textiles
exposed to VaponaO in the Edmonton collection were removed from the
collection in the fall of 1986 the odor of dichlorvos still persists
(See 4.1).

Often more than one insecticide is used in museums.

Rowland reporting the research of Elms et al. (1972) indicates that

joint residues of malathion per se and dichlorvos per se should be
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considered as the total of the joint residues and treated ns "e most
toxic or as dichlorvos (Rowlands, 1975). Dichlorvos is postulated
to prevent the breakdown of more stable residues such as
tetrachlorvinphos (Rowlands, 1975).

Removal of pesticide residues is of concern. One researcher
reports that decontamination of dichlorves treated surfaces may be
achieved by washing with ethanolamine and propyl cellosolve using a

10:1 dilution (Rowlands, 19795).

.2.5 Efficacy on target specles

The toxic action of organophosphates is based on the
inhibition of acetylcholinesterase enzymes at the synaptic gap of
nerves. DDVP deactivates the enzyme and causes the nerve to keep
firing. This results in involuntary muscle spasms, cénvulsions and
death to the organism. However, it is believed that the
neuromuscular junctions are not cholinergic in insects and that other
transmitters are present (Eto, 1974).

Dichlorvos is an effective insecticide for the adult stages
of most, but not all, common househcld and museum insects.
Commercial usage recommends that one strip of Vapona per 1000° fe
should be sufficient to eradicate target organisms.

Laboratory tests conducted at the Carnegie Museum using
Dermestes m. ulatus (hide beetles) indicate that larvae may be more

resistant to DDVP than adults (Williams, et al., 1977). According to
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the 1977 Carnegie Museum report, dermestid beetles were "still alive
two weeks following treatment" (Williams et al., 1977). Lellinger
refers to a study by Stern et al., (1968) that indicates that the
black carpet beetle larvae, Attagenus megatoma, may survive a week's
fumigation (lLellinger, 1972).  The same study reported only a 19%
mortality for Attagenus megatoma (black carpet beetle) in 7 days.
(Lellinger, 1972). Apparently some species are more resistant than
others and require dosages higher than the manufacturer’s
recommendations. Continuing research at the Carnegie Museum
demonstrates that hatching success and cumulative effects on the
adult dermestid occur in controlled experiments. Adult dermestids
fumigated in 3.8 liter test jars for 3 minute intervals died after
four or five exposures that ranged from 24 to 41 hours apart
(Williams et al., nd). Attfield and Webster (1969) found substantial
differences in mortality among insect species. They also reported
that dichlorvos has a cumulative effect on insects (Attfield &
Webster, 1969, .

Several studies have found variability in suceptibility.
Although one week of fumigation resulted in 93%-100% mortality to
Attagenus megatoma larvae, Lellinger (1972) reports that dichlorvos
is "largely ineffective in killing insect eggs". Ashman er al.
(1974) found that a number of carnb pests survived treatment at 10
times the manufacturer’'s recommendation (Ashman et al., 1974). A

study of dichlorvos vapor for insect control in a rice mill indicated
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that the per cent reduction of progeny after exposure to dichlorvos
vapours ranged from 83% for the red flour beetle in open containers,
to 30% for the lesser grain borer adult in closed containers.
Although almond moth larvae was more susceptible to dichlcrvos than
pvrethrins, only 27% mortality after 7 days of exposure was achieved
(McGaughey, (1973).

Insect toxicology is beyond the scope of this report. It is
sufficient to recognize that there is an urgent need to examine the
efficacy of biocides on target species within the context of museum
pest management (Florian, 1987, Story, 1985).

Dichlorvos is also toxic to many economically and
ecologically important non-tar-~et species. Bees and other
pollinating insects are very sensitive to dichlorvos, naled and
trichlorfon (Markkula, 1973). The toxicity to benthic algal
communities has severe environmental consequences (Butler, 1977;
CiIRIS, 1984). The cost to the environment and non-target species lis
enormous (Lave & Upton, 1987, Haque, 1980; Carson; 1962; Stoker &

Seager, 1976).

2 2.6 Health Hazards to Homo sapiens

An assessment of potential biological damage is one of the
most important considerations in the analysis of residues. Automated
analysis of residues against serum and erythrocyte cholinesterase

with analytical accuracy has made it possible to monitor
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cholinesterase depression in high risk occupations. However, no
studies have been conducted on museum personnel exposed to continuous
or intermittent dichlorvos fumigation. A survey of the literature
indicates that concentrations beyond the TWA (Time Weighted Average;
0.3 mg/ma) are commont in museums (Lellinger, 1972; Ryckman, 1969).
Since indications of insidious long term effects are recognized in
current reports, a summary of the current status c¢ ‘orvos is
imperative (WHO, 1986; OH&S, 1986; Williams & Wilk. .984). The
most commonly reported accidental organophosphate pesticide
poisonings are with malathion, dichlorvos, and parathion (Matsumura,
1986). The high risk groups are manufacturers and spray operators,
children, and researchers. Occupational poisonings are a serious
problem (Gunther et al., 1977). According to a 1957 report, 14,188
cases of accidental organophosphate poisoning were reported in
California alone (Matsumura, 1986).

The toxicity of pentavalent phosphorus esters such as
dichlorvoes is attributed to their phosphorylating and alkylating
properties. Phosphorylation of acetylcholinesterase (AChE), one of
the hvdrolytic enzymes for acetylcholine, inhibits normal nerve
function at the synapse or neuromuscular junction.
Acetylcholinesterase hydrolyzes acetylcholine to ace’.ic .cid and
choline re-establishing the original state of the post:zyraptic gap.
Ptosphorvlation of AChE by dichlorvos prevents the enzyme from

functioning. Loss of AChE activity leads to a range of effects that



are a result of excessive nervous stimulation (WHO, 1986).

Acure toxicity is attributed to acetylcholinesterase
suppression with subsequent accumulation of toxic levels of the
neurotransmitter acetylcholine. Acetylcholine operates at the
cholinergic sysnapses which include motor, sensory, ganglionic and
postganglionic symgathetic and parasympathetic nerve terminals, and
the adrenal medulla. Acetylcholinesterase rapidly hydrolyzes the
initial acetylcholine molecule to acetic acid and choline before a
second impulse arrives. Inhibition of acetylcholinesterase disrupts
the nerve junction which may result in peripheral paralysis and
respiratory depression (WHO, 1986). The basic mechanism involves
inhibition of AChE, accumulation of ACh, and over stimulation of
central cholinergic neurons and the sympathetic and parasympathetic
system (WHO, 1986).

Acute intoxication by organophosphate insecticides includes
nicotinic, muscarinic, and central nervous system (CNS)
manifestations (WHO, 1986). Organophosphates acting on the
postganglionic -erve elements and excessive stimulation of the
autonomic nerve effector cells produce muscarinic effects. These

include excessive salivation, nausea, anorexia, dizirhea,

bradycardia, a fall in blood pressure and cyanosis (Matsumura, 1986).

Actions on the somatic nerve elements produce nicotinic effects
which include twitching cr spasms, flaccidity, a rise {n blood

pressure and paralysis (Matsumura, 1986). The symptoms of central
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nervous toxiclity may be headache, tension, fever, restlessness,
mental confusion, ataxia, convulsions and coma (Matsumura, 1986).
Gereral symptoms occur at a critical level which is usually about 75
per cent depression below the no-exposure limit. Intoxication
symptoms are described as cumulative. They include recurring
headache, weakness, nausea hlurred vision, tightness in the chest,
hyperactivity, vocalization, nervousness and muscle twitching, and
can culminate in coma and death (Lelligner, 1972, ACGIH, 1986-87).

Dichlorvos resin strip’s unique formulation exposes
organisms, and objects, to sustained fumigation. The speed of effect
of dichlorvos is due to rapid absorption through the respiratory
epithelium, stratum corneum, and the intestine. Repeated exposures
to dichlorvos are cumulative causing progressive depression of
cholinesterase.

The mot. .vaph Occupational Health and Safety, Alberta, 1986,
states that "it takes about 30 days for a 25% decrement in plasma
cholinesterase to return to baseline levels" and 120 days to fully
recover from red blood cell cholinesterase depression (OH&S, 1986).
Repeated sub-clinical doses mav result in overt symptoms at exposures
well below the levels expected to produce an effect in an unexposed
individual (OH&S, 1986). Pesticide worker< ' ndling dichlorvos are
reported to have significant reduction in "blood cholinesterase as
well as leukocy.usis, neutrophilia, and a decrease in lymphocytes and

monocytes (ACGIH, 1986-87 p 192).
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Mo ‘cupational toxicity is ascribed to dermal exposure
including contact with contaminated surfaces (Gosselin, 1984). Toxfic
signs and symptoms are an indirect result of enzyme inactivaton. At
low concentration organophosphate pesticiues act as excitatory
substances. High concentration fatalities are usually due to
respiratory failure or ', centril nervous system paraiv.is Althonyh
cholinesterase inhibition appears to be reversible ftor several hours
after acute exposure, repeated exposures or prolonged contact appears
to be cumulative (Gosselin, 1984).

Dermal exposure to dichlorvos is an immense problem because
its lipophiliecity, volatility, extremely high toxicity, ard rapid
od of toxicity. The time of onset of death after lethal doses of

dichlorvos is 2-5 minutes (Purshnttam & Srivastava, 1984).

The World Health Organi.ation states that dermal contact {s
"the most important route of exposure for organophosphates (W..

1986, p 36). In studies of several powder formulations "potential
dermal exposure markedly exceeded respiratory exposure" (WHO, 1986, p
36). The lipophilicity and volatility of dichlorvos increases dermal
exposure (WHO, 1986). Uptake thro igh the skin can be very efficient
for more "lipophilic agents, and, since they avoid the first-pass
metabolic disposal in the liver" the dermal route is direct (WHO,
1986 p 39). Some organophosphates are at least as toxic by the
dermal route as by the oral route (WHC, 1986). Durham et al., (1972)

found that dermal versus respiratory exposure was 1000:1.
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Repeated exposure to threshold limit values (TLV) may lower
tolerances. The margin of safety is reduced when temperatures rise
over 32°C or exposure exceeds 40 hours (Lellinger, 1972). Lellinger
postulated that museum cases saturated with vapors at 40-45% RH would
exceed the TLV for at least 70 ... ' .m ambient temperature were
22°% (Lellinger, 1972). Le.linger suggeste< that the easiest way to
reduce exposure "is to hc.d ne’ ‘h" while opening cases
(Lellinger, 1972, p 94).

Recent reports (WH? 1986, .adicate that dichlorvos and
trichlorfon can cause delayed neurotoxicity. "It is known that
numerous people treated with only atropine for poisoning by
trichlorfon have survived and then developed neuropathy” (WHO, 1986,
p 61" The first clinical symptoms are often tingling and burning
sensations in the limb extremities followed by progressive weakness
and ataxia which can progress from flaccid paralysis to spastic
paralysis (WHO, 1986). Neuropathy is initiated with pbusphorylation
(inhibition) of neuropathy target esterase (NTE) followed by aging
(WHO, 1986). This is followed by axonal degeneration which results
in permanent nerve Cimage and paralysis (WHO, 1986, Matsumura, 1985).

It has frequently been svggested that dichlorveos has
carcinogenic potential because of mutagenic effects in vitro (WHO,
1986). Extensive microbial assays show dichlorvos to be a positive
mutagen inducing mutation in a number of microorganisms (Santodonato,

et al., 1985). <Chrcmosomal alterations and point mutations were



produced with Aspergillus nidulans and Saccharomyces cerevisiae
(Santodonaco, et al, 1985). Base pair substitution and methylation
at DNA guanine residues are reported. A. hough in vivo mammalian
assays are inconclusive, in vitro human lvmphocytes and human
fibroblast cultures exhibit chromosomal aberrations and chromatid
exchanges (Santodonato, et al., 1985). One case of acute
lymphoblastic leukemia in a child exposed to dichlorvos at home is
reported (Santodonato, et al., 1985). Numerous cases of skin rashes
in animals and children have been reported (Gillett, 1972)
Teratogenic effects with moderate doses of trichlorfon in
sows is reported (WHO, 1986). Teratogenic effects by embryonic
somatic mutation or genetic mutation in eggs and sperm are often not
identified due to abortion, death, or because morphologi 1l

manifestations are subtle rather than overt (Matsumura, 1985).
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Long term epidemiologic studies are absent in the literature.

Subtle effects are not detected with current monitoring methods
(except serum and RBC AChE). Nonspecific response may be related to
abnormal levels of serum amino transferases such as SGOT and SGPT,
serum bilirubin, plasma sodium and potassium, serum carotene and
serum protein hemoglobin (Matsumura, 1985).

Many questions about the effect of dichlorvos remain
unanswered. If safety is defined as the "incapacity to do harm then

the issue is unresolved" (Gillett, 1972).
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2.2.7 By-Products of Dichlorvos Degradation that Degrade Wool
Dichlorvos hydrolyzes readily, especially in basic
ervironments. The principal products of dichlorvos hydrolysis in

~ater at pH < 7 are:

CH, o\ﬂ R o\?. 0
JP--0 -ctH=CCl | —> JP—OH +  HC—CH=CCI,
CH O - CH 0
3 3
Dichlorvos Dimetlhyl 3.3-dichloro-

phosphoric acid 2 -propenal

The degradation of dichlorvos resin strips is postulated to
produce a variety of chlorine derivatives. The hydrolysis of DDVP,
DMVP and Dipterex and subsequent oxidation produces mono-, di- ard
tri- chloroperacetic and acetic acids, and the degradation of the
polyvinyl chloride carrier produces small amounts of HCl (Willieor
n.d.). All species listed are capable of causing topographical,

chemical and physical changes in keratins. For example:

(a) trichloroacetic acid protein precipitant

(b) dichloroaceric acid topical keratinolytic

{¢) monochloroacetic acid skin irritant

(d) hydrochloric acid severe skin burns, and
dermatitis

(Williams, n.d.; Merck, 1983).

The phosphorus species present in the dichlorvos resin strips
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include dimethyl phosphoric acid (50%), 0,0-dimethyl methyphosphonate
(<0.1%) and 0,0,0-trimethyl phosphate (0.3-0.8%) (Williams, n.d;
Gillet et al., 1972). Dimethyl phosphoric acid hydrolysis produces
peroxide species. Peroxides are highly reactive oxidants that not
only produce skin (keratin) burns but also initiate chemical
reactivity through free radical chain reactions. Phosphoric acid is
a skin irritant as well as an acid catalyst (Merk Index, 1983). Many
other phosphorus compounds attack keratinized tissue. Phosphines
are used to solubilize fibrous keratins for amino acid analysis
(Crewther, 1975). Redvction of disulfide to thiol groups is the

major reaction of phosphines (Crewther, 1975).

Z.3. PROTEIN CHEMISTRY

2.3.1. Introduction

The complexity and structural heterogeneity of mammalian
keratin and wool fibers led Sikorski (1975 p 103) to refer to an
imminent unravelling of the three-dimens:ional structure "as
prevailing scientific lore; where simplified models and facile
interpretation appear to be in direct conflict with the . ..facts”
Fraser et al. (1972) recognizing the complexity of protein chemistry
say direct unambiguous interpretations ar¢ rarely possible because

all techniques are subject to artifacts and error and even the most
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erudite researchers lack expertise in all facets of research. The
tendency is to place reliance on unfamiliaz~ results and techniques
where one is unaware of the difficulties of interpretation. Despite
these difficulties, an overview of the fin~ structure of wool fibers,
according to current knowledge and theor,, is presented in the
literature review.

The fine structure of wool is a complex combination of long
chains of molecules which aggregrate into supra-molecular structures
forming the fiber (Alexander et al., 1963; Fraser et al., 1975;
Hearle, 1963a; 1963b). Protein is the main constituent of wool.
Proteins are composed of chains of amino acids linked together by
peptide bonds or amide linkages. The peptide bond is formed between
the carboxylic acid group of one amino acid and the amirov group of
the next amino acid by the elimination of a molecule of HZO. There
are 20 common ‘- ino acids in polypeptides, each with a different side
chain attached to the a-carbon ( Teble 2.3.1). Chemical and
mechanical properties of protein fibers are determined by the nature,

arrangement and proportions of the amino acids in the polypeptide.

H O R
_ Lon AL
amino (N-terminus) /N~—Cﬂ—C~"N——C-—C< carboxyl (C-terminus)
| (|
Ho R HH D
A

peptide »ond
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2.3.2 Protein synthesis

Protein synthesis involves copving the coding regions of DNA
into ribonucleic acid (RNA) by a process known as DNA transcription.
The transcribed RNA undergoes major chemical changes before leaving
the nucleus to serve as messenger RNA (mRNA) molecules which divect
protein synthesis in the cytoplasm (Alberts et al., 1983). The
information containecd on a small segment of DNA can direct syntheslis
of specific proteins in large quantities because each mRNA can be
translated into thousands of protein molecules.

Amino acid sequencing and conformational studies of proteins
has led to a greater understanding of keratin fibers (Fraser et al.,
1980; Happey, 1975; 1978). Although deciphering of the fine
structure of wool is not complete, researchers are more able to
predict and understand the physical and chemical changes that occur
when the fibers are exposed to contaminants (Robson, 1975; Slater,

1975) .

2.3.3 Primary Structure

The protein molecule’'s unique characteristics are attributed
to the amino acid sequence in the polypeptide (Maclaren & Milligan,
1981). The side chains of 20 amino acids residues found in wool
fibers are presented in Table 2.3.1. A detailed knowledge of amino
acid sequence, and reactivity is contributing to an understanding of

the behaviour of proteinaceous fibres (Leeder, 1986 Alberts et al



1983: Sakamato, 1985a; Lin'lev, 1977, Fraser & McRae, 1673).
Table 2.3.1 Amino Acids Residues in Wool and Their Properties.
Residue Side Chain Properties
Cystine —CH;S“S*CH; diamino acid forms
(paired inter/intra chain
cysteine) disulfide bonds
Cvsteine —CH;SH reacts as thiol
(Cys, or C) interchange with (Cys)
bl
Glutamic acid —CH;CH;L\ reacts as a carboxyl
(Glu, or E) CH pK=4.3
,0
Aspartic acid —CH;C( reacts as a carboxyl
(Asp, or D) OH pK=3.7
Glycine ~H uncharged,
(Gly or G) glycine/tyrosine
0
Glutamine —CH—CHEC< reacts as amide
(Gln, or Q) NH, strong H bond
. _ e reacts as primary
Lvsxne CHZCHZCHLCHINH, mine. pK=10
(Lvs. or K)
/NH Reaction of guanidyl
Argi: ne —CH;(:H;CHECH;NH—( forms salt links
(Al it R) NH, E and D, pK=13
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Histidine
(His, or H)

Serine
(Ser, or S)

Threonine
(Thr, or Y)

Tyrosine
(Tyr,or Y)

Alanine
(Ala, or A)

Jaline
(Val, or V)

Leucine

Isoleucine

Proline
(Pro, or P)

_CH—NH’
-ewsel |
NH—CH

—CHEOH

—?H“CHJ
OH

—CH
3

[T peptide

“N-C~-C— rha:n

VAN
HC CH
2 \CHZ/ 2

Nitrogens
positively charged
below pH 6

Does not behave as
norma) alcohcl
Sulfates

with conc HZSU‘

— OH group relatively
unreactive, difficult
to sulfate

reacts like phenol

higt. . r proteins
form crosslinks

nonpolar side chain
crosslinking with
aspartic, glutamic,

nonpolar side chain

nonpolar

nonpolar

absent from a-helix
imino acid
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. oy < \ hydrophobic
Phenylalanine CH2 C) interactions
(Phe, or F)
Methionine —CH;CHES—"CHJ sul fur
(Met, or M) “ relatively unreative
\
Trypt.ophan N reacts like indole

(Trp, or W) T]

The primary structure of the polypeptide chain, or linear

sequence of amino acids provides a framework for the characteristic
reactions of specific proteins (Crewther, 1975; Asquith & Leon, 1977;
Howitt, 1963; Light, 1974). Methods of separating amino acids from
the polypeptide chain have developed rapidly in recent years
(Lindley, 1977; Crewther, 1975; Maclaren et al., 1960; Gillespie &
Frenkel, 1973; Kulkarni & Bradbury, 1974; 1975). A few of the tools
and methods available to study protein chemistry are: enzymes that
attack specific bonds on the chain (Fletcher & Buchanan, 1977;
Peters & Bradbury, 1972), ultraviolet absorption (Bendit, 1960),
opticai methods (Fatou, 1978), electron microscopy (Bendit, 1975;
Carr et al., 1986a, 1986b; Dobb & Murray, 1975; Dobb & Rogers, 1969;
Dobb & Sikorski, 1971; Danilatos & Brooks, 1985), physical methods

such as gel filtration (Marshall et al., 1983-84), starch-gel
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electrophoresis (Fraser, et al.., 1972, Stephanie & Zahn, 1985),
thin-layer electrophoresis (Fletcher & Buchanan, 1977), monoclonal
antibodies (He.ish et al., 1983-84; 1984; Hewish & French, 1986),
ultracentrifugation, hydrolysate analysis with automatic amino acid
analyzers (Bradbury et al., 1970) and gas chromatography (Fletcher &
Buchaman, 1377)

Functional greups on the side chains of the amino acids
determine the chemical activity of the residues (Maclaren & Milligan,
1981). The common amino acids are grouped according to their side
chains and behaviour of functional groups (See Table 23.1). The more
reactive amino acid residues contain the carboxyl, amine, and
hydroxyl, and cystine groups. Acid-base characteristics of the amino
acid residues influence the fiber’'s reactivity with hydrogen and
other ions in aqueous environments (Makinson, 1967, Mathieson et al..
1964: Mathieson & Whewell, 1964). Cysteine forms disulfide bonds
which play an important part in the conformation and reactivity of
keratin protein fibers (Lindley, 1959, Ebert & Zander, 1985; Maclaren

& Milligan, 1981; Crewther, 1975; Sakamoto et al., 1985 ).

2.3.4 Secondary structure

The polypeptide chain of a protein fiber can interact with
itself to form the secondary structure ((:.-w-her, 1975). Resonance
may contribute to the unusually short carbon-nitrogen bond of the

amide linkage (Dickerson & Geis, 1969). Consequently rotation about
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the carbon-nitrogen bond is severely hindered (Solomon, 1984).
However, rotations of groups attached to the carbonyl carbon and
amide nitrogen are relatively free and allow the molecules to form
different conformations.

Secondary structures are formed by folding sections of the
polypepride chain (Lote & Black, 1979). Disrribution of the polar
and non-polar side chains is an important factor governing the
folding of the polypeptide chain (Aubry et al.. 1984). Hydrophobic
side chains are usually pushed towards the interior of the molecule
to avoid contact with water, whereas, the pola: side chains tend to
be in area. where they can react with other polar groups (Fraser &
MacRae, 1973). Non-polar groups are found on the surface for
specific reasons (Dickerson & Geis, 1969). Hydrogen bonds, between
adjacent amino and carbonyl groups, stabilize the folds and are
crucially important for many of the interactions on the surface of
protein fibers (Huggins, 1975). Aspartic acid and glutamic acid,
with free carboxylic groups, and, lysine, arginine, and histidine
residues, with free basic groups can, combine to form salt linkages
that contribute to the secondary structure (Howitt, 1963, 1962;
Fletcher & Buchanan, 1977; Alexander et al., 1963; Ziegler et al.,
1967) .

Cystine is assumed to form covaient interchain cross-linking
hetween two adjacent chains, and intrachain links (Maclaren &

Milligan, 198l). Cysteine residues link together to form disulfide



bonds. Inter and intrachain disulfide links are believed to
stabilize the three dimension. ' tertiary structure »f wool (Fraser
et. al.; 1972, Alberts et al., 1983 ' honds and salt linkages also
stabilize the fiber (Howitt, 1963, Arai, 1985  Meichelbeck & Spefl,
1975; Ebert et al., 1977, Ebert & Zauuer, -

The major portion of wool consists of a cortex composed !
different types of proteins. Fraser and MacRae (1973) state that
"little is known about the disposition or conformation of matrix
proteins" within the cortex. Evidence suggests that matrix proteins
have a globular structure and microfibrils, a fibrillar structure

(Fraser & MacRae, 1972, Menefee, 1977; Crewther, 1975, Dobb & Rogers,

1967). Continuing - - h is focused on the nature of crosslinks,
and the arrangement proteins in the matrix and microfibrils
(Fraser & MacRae, 1972; Kulkarni & Bradbu.- 15>74; Dobb & Murray,

1975). Maclaren and Milligan (198l) suggest itaxt "many of the
original disulfide crosslinks in wool must be interchenic...it has
been suggested that all of the polypeptide chains in wool may be
crosslinked”. Identification of the proteins bridged by crosslinks
and the relative proportions of intra-molecular and inter-molecular
bonds will assist in defining the tertiary structure of wool (Orwin
et al., 1985; Ziegler, 1977).

Asquith (1985) suggests that amino acids are divided into
a-helix forming and a-helix-breaking residues which cause the peptide

chain to form other conformations (Meichelbeck & Spei, 1973).
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Although the coles required for folding protein chains 1ivto
characteristic conformacions are contained in the amino acid
sequence, theyv nave not been deciphered (Huggins, 1975). Most of the
knowledge about folded conformations was determined by analysis of
x-ray diffraction patterns (Astbury, 1933, Fraser & MacRae, 1973;
Fraser et al . 1979 Fulkarti & Bradbury, 197 Happey, 197% X-rav
analysis is a major experimental technique used in unraveling the
secondary structure of protein fibers (Fraser & MacRae, 1972, Blakey,

1979).

2.3.5 Conformation determination

X-ray diffraction has been used to determine the
three-dimensional arrangement of atoms within the crystalline areas,
the relative amount of crystallinit and orientation of the internal
struz+ure of fibers (Fraser & MacRae, 1973; Happey, 1975; Happey,
1978; Jaksie & Jovanovic, 1985; .inmnson & Walton, 1975:. «-ray
diffraction is also used to study s:iru--uisl changes in woo: tireated
with chemicals or wool *hat is mechanicaiir !2fermed (iarnswvorth,
1964, Sikorski, 1975, Hearle, 1903,  Despite the . initatiun ¢t X-ray
diffraction much knowledge about (e strustire of prote: n fibiers has
been gained (Farnsworth, 1964, Fletcher & Buchanan, 19 '

Astbury, and co wo: ers at Leeds, studied the high angle
patterns of wool and deuwu::. - that the piominent 5.1 A meridional

reflection was associated wi h the length of the fold and the 9.8 A
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equatorial reflection with the lateral separation of the folds, and
that polypeptide chains in wool are foreshc tened by some foirm of
regular folding (Farnsworth, 1964, Astbury, 1933). By 1961, Pauling,
Corey, and Bronson were able to describe the a-helix configuration as
the basic structure of keratins including wool (Farnsworth, 1964).
Pauling and Corey suggested that the helices formed coiled coils
twisted together into a rope-like structure (Speakman, 1985).

Two folding patterns in three dimensional protein structures
were correctly predicted in 1951 from the x-ray diffraction patterns
of wool and silk. These are known as the S-pleated sheet of the
protein fibroin, found in silk, and the a-helix, the unextended helix
which occurs in keratin protein (Fraser et al., 1972). X-ray
diagrams of keratin fibers usually show folded chain pattci: s that
are designated as a-keratin (° "adbury, 1973). 1If the fibers are
straightened, the a-helix pa .tern is transformed intc ?-keratin
pattern similiar to the x-ray diagrar: of silk. Fraser cautions that
inte:pretation of x-ray diffraction diagrams is difficult because
extracted proteins may yield a-, f-, or amorphous patterns depending
on the keratin’s chemical and mechanical history (Fraser et al.,

1972).

2.3.6 Tertiary structure
The tertiary structure arises from further foldings of a

prot-:n into three dimensional shapes. Folds superimposed on
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r-helixes in wool contribute to the unique characteristics and
performance of the wool ftiber (Mclaren & Milligan, 1981).

The stabilizing of tertiary structures involves a variety of
forces including the disulfide bond, hydrogen bonds, salt bridges,
hydrophobic interactions ard tyrosine crosslinks (Arai & Nagaoka,
1985: Ebert & Zand. r, 1985). The tertiary structure of fibrous
proteins includes the arrangement of the a-helical strands. The
strands of a-keratin associate to form the proposed super-helix
(Spei, 1985; Kulkarni & Bradbury, 1975). Tertiary and quaternary
structures of fibrous protein [ibers are being investigated by
conformational studies (Spei, 1975; Fraser et al., 1975; Johnson &
Walton, 1975; Bonart, 1975).

The exact nature of foids in a-keratin polypeptide chains
remains elusive (Huggins, 1975; Jaksic & Jovanovic, 1985). SEM
micrographs established the fibrillar nature of chemically disrupted
x-keratin in wool keratin and defined the microfibril (a-filament) as
an important element (Fraser et af., 1960; Dobb, 1969 ; Fraser et al.,
1975). Although electron microscopic studies of cross-sections of
wool have failed to reveal the organization or form of a-keratin
microfibrils in the matrix, refractions from other hair keratins
favor two strand coiled-coils (Fraser & MacRae, 1973). More recent
studies using molecular weight sequences of the helix rich Iragments
support the hypothesis of a two or four subunit structure (Woods, et

al., 1979-80). Until the ultra-fine structure is determined the
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secondar~ . srtiary structures of keratins cannot be definitivelv

defined.

2.3.7 Summary of Structure of Proteins

Bio-polymers consist of long chains of covalently linked
molecules with atoms that interact within and between chains.
Although there is restricted rotation at the amide linkage
carbon-nitrogen bonds. other single bonds rotate. Much research has
been conducted to determine the amino acid sequences and structure of
keratin fibers (Crewther, 1975).

Damage and distortion of fibers at the macroscopic level
produces changes at the molecular level. The performance and
survival of ancient and historic objects composed of keratin are
dependent on the integrity of molecular chains within the fiber.
Before the physical and chemical properties can be examined the
morphology, chemical and physical characteristics of wool need to be

discussed.

2.4 Keratin fibers

2.4.1 Morphology
Keratin, derived from the ureek word Kexao, 1s a generic
term for a group of highly specialized proteins that form the

resilient structures such as hair, horn, feathers and skin of higher
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vertebrates. FKeratin is distinguished from other fibrous proteins

by an unusually high proportion of cystine residues and
bixcf(ingencvl (Swift, .+/7). Soft keratins occur in srin {(stratum
corneum) and eponychium of nails. Soft keratins contain fewer
cystine resicies than hard keratins. Hard keratins, which contain
more than 3% su.tur, are found in hair, nails, quills, beaks and horn
(Fine. 1972, 1973, Bradbury, 1973, Swift, 1977).

Wool is a hard ¢ibrous keratin protein produced by
specialized epithelial cells in Capra (goats) and Ovis (sheep) (Kondo
et al., 1971). Keratin fibers in other mammalian species are
generally referred to as h. r (Harper, 1931, Wildman, 1953, Harris,
1954 Kidd, 1977). The wool fiber is a complex structure with normal
cellular characteristics, albeit, modified through keratinization.
Although the underlying process of keratinization (hardening of the
fiber) is obscure, thiol groups are oxidized tov form the diamino acid
cvstine (Truther, 1973, Fraser & MacRae, 1973). The .xtreme
resistance or keratin to degradation by chemicals and enzymes is
related to keratin’s function as an environmental barrier. The
resis'ance is attributed t the way "various components tend to be
complementary in their inertness towards chemicals"” (Bradbury, 1972)

and the stability of the disulfide three dimensional network (Koenig,

1. . . . .

Fraser and MacRae report that wool cuticle and matrix differ in
birefringence. Wool is less birefringent than some of the other
keratins.
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1977). Protein in medullated fibers contains v-giutamvl formed bv a
reaction between lysine and glutamic or aspartic acid residues
These c-oss-links make the medulla resistant to keratinolvrtic
solvents (Bradbury, 1977).

The morphology of wool is extremely complex. Wool may be
described as a composite material consisting of cuticular cells,
cortical cells, and in some cases a medulla, and minor histological
components that form the cell membrane complex (Earland et al., 1963,
Hearle, 1963; Speakman, 1985). There are different types of
components within the cuticle. cortex and medulla (Truter, 1973;
Speakman, 1985). Wool fibers come into existence as an assemrbly of
living cells originating from a single epithelial follicle.

Follicles in keratin fibers are organized into multiple concentric
cylinders that differertiate into specialized cellular structures.
Each cell contains cytoplasmic and nuclear proteins bounded by a cell
membrance. As the fiber differentiates and keratization occurs,
changes in the morphology and chemistey take place (Marshall et al.,
1985). The principal cellular diftecrentiation in fine wool is
flattened, externral cuticle cells, and long polyhedral cortical ceils
(Sikorski, 1963a, 1963b; Nishiumi, 19°7). A review of the general
cellular organization will assist .n the understanding of degradaticn

of wo . fibers (Earland, 1963; Fraser et al., 1972, Swife, 1977).
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2.4.2 Cuticle

The scaly outer laver formed bv overlapping flattened
celle Lo, a laminar structure consisting of an outer resistant
keratinous exocuticle, and an inner non-kera:..nous endocuticle that
i. formed from cellular debris (Fraser, 1972). The hard shell-like
scales overlap leaving approximately three-fourths of the cell length
«-posed (Swift. 1977, Speakman, 1985). The projecting distal edge
extends toward the fiber tip. Cuticle cells in wool fibers tend to
be irregular in thickness, fluted on the exposed surface and have
frequent thicker ridges at the exposed distal margins (Swift, 1977,
Makinson, 1979).

Differentiation of matrix cells into cuticle occurs in the
upper bulb region of the follicle (Fraser, 1972). Granules deposited
on the per: herv grow beneath the outermost cell membranes forming a
granular layer that compresses the nucl!-us and other cytoplasmic
constituents into an amorphcus laver in the inner side of the cell
(Bradbury & Ley, 1972). The granular layer forms large blocks that
convert into the A and exocuticle lavers (Swift, 1977). As the
~ingle layer of cells is pushed upward the cells elongate, flatten,
tilt, and slide over each other emerging as an overlapping layer of
cells. As keratinization proceeds deposits of amorphous material
torm in the intercellular space (Bradbury, 1973)..

Junctions between adjacent cuticle cells, and the cuticle and

-~

cortex are usuallv planar (Swift, 1977, Different theories have



been proposed to explain cuticle cell adhesion. Swift (197
describes ball-and socket interconnections, suggested to ar’se :rvom
partial phagocvtosis between cells. According to Earland -: al.
(1963) the scales are linked together by rivet-like tono-fibiil-
(Alexander et al., 1963). Leeder (1981) suggests that the cell
surface glycoprotein called fibronectin, binds to cell surfaces and
promotes cell adhesion.

Considerable controversy over the presence of a waxy or fatty
layer on the surface of wool cuticle exists in the literature
(Leeder, .986; Bradury, 1973). The hypothesis that a hydrophobic
layer exists on the surface of wool fibers is supported by the
isolation of free fatty acids that may be derived from fatty aclds
"covalently bonded to serine residues by ester linkages” (Evans et
al., 1985; Nogues et al., 1988).

Each cuticle cell is composed of lamellar subcomponents

Riradburv & Le 72: Nakamura et al., 1975a). The principal
laminae are the cystine rich exocuticle and cystine poor endocuticle.
Selected staining and reduction with osmium or silver salts reveal

additional laminae (Swift, 1977). The A layer which is found just
under the cuticular cell membrane and inner layer, is extensively

stained (Speakman, 1985; Bradbury, 1975) .
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Figure 2.4.1 Diagram of Cuticle Subdivision

EPICUTICLE

]* EXOCUTICLE
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\\\\& << INNER LAYER

Cuticular cells are covered with a hydrophobic thin me-" rane

called the epicuticle (Sakamoto, 1985). The epicuticle is *the
proteinaceous layer which forms Allworden sacs or bublles in chlorine
water (King & Bradbury, 1968, Bradbury & Leeder, 1972; Makinson,
i479). Earlier workers thought that the epicuticle formed a
cont inous sheath on the wool fiter (Trotman, 1984; Bradbury, 1975).
Observa: ions of Allwérden bubbles forming on the ¢ rer surface of
individual cuticle cells conclusively shows that the epicuticle
surrounds individual cells (Leeder, 1986; Ley et al., 1985).
Allwérden sacs are formed, in the presence of chlorine water,
bv the generation of osmotically active degradation products from
large amounts of oxidizable cystine (Leeder, 1986, Allen, et al.,
1985, Baumann & Setiawan, 1985). The A layer of the exocuticle,
which is irnediately beneath the epicuticle, is the only histological
region in wool with sufficieut cystine residues to produce the

phenomenon (Makinson, 1979). Recent st 1" :s bv Allen et al., (1985)
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suggest that the Allworden membrane contains lipid. is of similar
composition to low sulfur wool protein, an. contains a filamentary
protein (Allen et al., 1985, Zahn 1985 Coderch et al., 1985).

The 6-layer, and 3-layers have been the subject of recer”
investigations (Nakamura et al., 1985, Aller er al., 1985; Nogues et
al., 1988). A hydrophilic é-laver occurs between cuticle cells, and
cuticular and cortical cells. The §-layer, sandwiched between the
hydrophobic B-layers, provides a canal for water penetration. The
endocu*icle is connected to the §-layer by connecting canals through
the f-layer (Leeder, 1986; Sakamoto, 1985) .

By treating wool fibers with low concentration< -f metal
salts, catalytic metal ca.. be dispersed in only the 6-layer.
Subsequent treatment with oxidizing agents causes rapid oxidation
inside of the §-layer and endocuticle The process has been used by

Hojo to release the exocuticle from wool (Hojo, 1985).

2.4.3 Cell Membrane Complex

The cell membrane complex (CMC) forms a network structure
which underlies the cuticle cells and completely surrounds the
cortical cells holding the cellular components of the fiber together
(Bradbury & Leeder, 1971; Bradbury, 1973; Fraser & Rogers, 1955).
Recent research implies that the cell membrance complex is the
preferable plane of fission (Sikorski, 1975). Its role in

degradati: extremely importa:.c (Orwin & Thomson, 1975). The CMC
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is formed from plasma membranes. Plasma membrane modifications
during biosynthesis result in deposition of a composite laminar layer
formed from two plasma membranes separared from each other by means
of intercellular cement {Bradbury, 1973). The intercellular cement
has verv low levels of cystine, and high levels of glycine, tyrosine
and ph. ylalanine. The intercellular cement together with the

endoc cle, intermacrofibrillar material and cell nuclei are termed
nonker.. inous (lLeeder, 1986; Bradbury & Leeder, 1971).

The original plasma membrances are modified to become the
inert lightly stained B-layers separated by the central proteinaceous
6§-layer (Leeder, 1986). Bradbury (1973) describes the f-layers as
“two protein layers interleaved with a lipid bilayer”. This has led
to the conclusion that the tram-line apparent in stained sections may
be caus~d by hydrophobic ends of the phospholipid bilayers fiom the
plasma membranes formed in the follicle (Leeder, 1986 ; Herrling &
Zahn, 1985). Glucosylceramide was recently isolated from wool and is
suggested to be present in the g-layer of the CMC (Nogues et al.,
1988). 'he proposed structure of bilayers is illustrated in Figure
2. 4.2,

The resistant membranes persist as a fibrous 'ghost’ residue
of the cortical and cuticle cells (Leeder, 1986). Since the
resistant membrane contains the same proportion of cystine crosslinks
as the whole wool fiber, l.ecer (1986) suggests that steric sheltering

of some of the disulfide (inks may prevent reduction, or
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Figure 2.4.2 TIllustration of Possible Lipid Bilayer
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an unrecognized bond miy exist. High levels of lysine in the

resistant membrane may contribute to isopeptide cross-links such as
e-(v-glutamyl lysine) that could contribute to the inertness of the
membrances (Leeder, 1986). The only difference between cortical and
cuticle resistant membranes is the increased amount of citrulline and
ornithine in the cuticle cell resistant membranes (Leeder, 1986).
Several researchers have demonstrated that diffusion occurs
between cuticle rells, at points of cuticle overlap, and that
preferential diffusion occurs via the CMC and other nonkeratinous
regions (Leeder et al., 1985). Apparently high molecular weight
compounds can diffuse into the wool along low crosslinked regions

(Leeder, 1986).

2.4.4 Cortex
The complexity of the histo-morphology within the cortex

exceeds that of the cuticle and cell membrance complex (Speakman,
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1985). The cortex constitutes about 86.5 per cent of the fine wool
fiber (Bradburv, 1977). The generalized cortical structure includes
ortho and paracortex, which contain macrofibril. embedded in a
matrix, cell membrances, and a medulla in some fibers (Marshall et
al., 1985b, Orwin et al., 1984). The composite a-helix structures of
the microfibrils embe ided in a matrix act like a two-phase mechanical
model (de Jong & Curiskis, 1985).

In cross-sections cortical cell boundaries are more clearly
discerned in the paracortex than in the orthocortex. Cortical cells
liberated by formic acid, hydrochloric acid, or enzymes are suggested
to be spindle shaped with "fingerlike processes at their ends, which
interdigitate with adjacent cells" (Bradbury, 1973). Sikorski (1963)
describes coruvical cells as "space filling polyhedra with unlimited
sharing of faces and corners” and suggests abandoning the
"spindle-shaped"” concept. Cortical cells are reported *o be linked
by projections. Sikorski (1963) reports the occurrence of horns or
arms at various points along the cell axis that provide transverse
interlocking between neighbouring cells. Cortical cells adjacent to
the cuticle appear flattened (Bradbury, 1973), and the sides of
cortical cells adjacent to the medulla produce "fingerlike
trabeculae" that separate and secure individual medullary cells in
position (Bradbury, 1973).

Cortical cells are formed in the keratinocytes of the

follicle (Orwin ec al., 1985). The follicle basal cells actively
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engage in protein synthesis to form the matrix. Matrix cells retain
their products of synthesis as cellular remnants Melanin is
incorporsted into the developing cortex before cortical
differentiation occurs in the upper regions of the follicle.
Melanocytes, which synthesize the pigments of Lhe fiber shatt, avre
interspersed among the matrix follicle cells. As the matrix cells
undergo different:1 ion and progressive cell division the pigment fis
carried up the hair shaft within the matrix cells (Swift, 1977).

Cortical differentiation occurs in the upper region of the
follicle (Chapman, 1975). Lateral compression causes axial
elongation of the cortical cells into a spindle form. Fraser
observed that cortical cells become densely packed with fine
filaments or microfibrils (Fraser, 1972). The fibrils align at the
periphery parallel to the long axis of the cell (Kulkarni & Bradbury,
1972). At the same time electron dense material forms between the
fibrils so that discrete bundles occur (Swift, 1977). The growth of
the [ibril aggregates fills the cell compressing other components,
ribosomes, mitochondria, and cytoplasmic membranes, into an amorphous
residue between the f ril bundles. The cell nuclei also undergo
distortions finally becoming spindle shaped stellates in - : central
portion of the cell. Amorphous deposits that resist staining are
laid down in the irregular interceilular spaces (Leeder, 1986).

In 1953 Horio and Kondo's observations of differential

dyeing properties in crimped rayon led to their discovery of the
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bilateral structure of wool. The bilateral structur~s are called the
orthocortex and paracotex. The ortho- and parac Tte< structure in
fine wool, which first appears at one third the di.tance from the
root to skin surface, is responsible for crimp (Sakamoto, 1985,
Chapman, 1975 Hunter & Gee, 1980). The ortho and para cortices wind
around each other helically in phase with the crimp so that the
orthocortex is on the outside and the paracortex is on the inside .'{
the crimp curvature (Bradbury, 1973; Denton, 1982; Sparrow 1984-86).
About 30-50 per cent of the cortex in fine wool is comprised of
paracortex. The .roportion of paracortex increases with fiber
diameter until the bilateral asymmetry of fine wool is replaced by
cylindrical asymmetry in coarse wools (Bradbury, 1973). In general,
the bilaterally asymmetric fibers are crimped or curled and the
cylindrically asymmetric fibers are straight. In Lincoln wool the
paracortex may be found in the central core surrounded by a poorly
defined orthocortex. Onions (1962) suggests that the ortho and para
cells are mixed throughout the the cortex in Lincoln wool and mohair
giving a mottled appearance. Variations occur ‘rom species to
species (Bradbury, 1973, Higgerson et al., 1985; Kaplin & Whitely,
1989) .

Separation of the denser paracortical cells from the
orthocortex may be attained by reduction and S-carboxymethylation
using density differences (Ito, et al., 1985). Bilateral staining

may result ~vom differences in the non-keratinous network, the



intercellular cement of the MC, and amino acid composition
(Miyamoto, et al., 1985). Th:e CMC, not only provides binding sites
for chemical reaction, but also, channils for infusion of chemicals
(Leeder et al., 1985b).

A core of meta-co:tex has +lso been reported in tine
crossbred wools (Onions, 1962). Th: metacortex is suggested to be
more basophilic, to contain less sulphur than the para and
orthocortex, and to be related to the medulla (Onions, 1962).
According to Swift (1977) the mesocortex (meta-cortex) contains both
the ortho and paracortex macrofibrillar arrangements. Kaplin &
Whitley (1985) describe the mesocortex as being fused in appearance,
with an intermediate staining reaction, a regular arrangement of
microfibrils, and an intermediate fibril/matrix ratio (Kaplin &
Whitely, 1985). The non-keratinous material i{s mainly nuclear
remnants.

Electron microscopic examination of wool c-rtex cells reveals
that the cells may be broken into thinner components (Dobb &
Sikorski, 1971: Kulkarni et al., 1971; Swift, 1971; 1975). These are
described as sheets of parallel fibrils or macrofibrils which cecntain
microfibrils with ae-helices (Onions, 1962). Macrofibrils represent
argr-egrates of microfibrils. The arrangement of macrofibrils in the
para and ortho cortex differs. In the orthocortex the macrofibrils
are well delineated because of the abundance of nonkeratinous

intermacrofibrillar material (matrix) that separates the bundles. The
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arrangement of microfi’ I+ within the macrofibrils sually occurs in
whor, "ester, 1%~, .. The rodlike microfibrils are tightly embedded
in the structureless (Swift, 1977) or ordered (Spei, 1975)
intermicrofibrilliar matrix (Fraser et al., 1975; Chapman, 1975;
Kulkarni & Bradbury, 1975; Swift, 1977). In the paracortex the
tightlv packed macrofibrils are difficuit to delineate because so
little intermacrotibrillar material exists (Swift, 1977). Paracortex
nwon- keratinous materials are located in the nuclear remnants, the
microfibril matrix is more regular and has larger amounts of
intermicrofibrillar matrix relative to the microfibrils than in the
orthocortex (Bradbury, 1973).

Liquids can more readily flow through the elaborate network
of intermacrofibrillar material of the orthocortex than the more
regularly packed paracortical microfibril matrix cells. The
non-keratinous material in the orthocortex swells easily and is more
readilv extracted with acids than the matrix of the paracortex
(Bradbury, 1973).

The chemical reactivitv of the ortho and para cortices is
ditfere.t (Miyamato et al.. 1985). The orthocortex is more reactive
than the paracortex, has fewer cvstine bonds, is more accessible to
chemicals, and swells less due to a shorter interchain distance
(Bradburv, 197, Swift, 1977 p. 124). The orthocortex has slightly
more charged groups when the pH deviates from the isoelectric point

(pH 4.9). Transport of reactants through the intermacrofibrillar



network ot the orthocortex is faster than transport in the
paracortex. The orthocortex dissolves with acids following alkaliue
treatments or peracetic acid oxidation (Bradburv, 1973). The only

treatment that affect's the paracortex more than the orthocortex "is

oxidation with eraceric acid which produces more groope In the
4
cystine rich piracortex" (Br.dbum . 1973).
The amino acid analv.: o. -eparated ortuocortical and

paracortical cells show differences in composition. Solubilization

of wool by re 'iction, followed by alkylation, gives rise to a complex
mixture of proteins (See 2.5.3) that can be separated into low sulfur
(SCMK-A), rich sulfur (SCMK-B), and a glycine and tyrosine rich
fraction (Fraser, 1973, Bauter, 1985, Gillespie & Frenkel, 1973,
Kulkarni & Bradbury, 1974). Microfibrils are low sulfur prnteins and
the matrix is high sulfur protein (Sp-akman, 1985). A mixture of high
sulfur and hydrophobic high glycine-tyrosine proteins are found in

the matrix between nicrotibrils (Speakman, 1985).

The effects of swelling and mechanical properties ot wool
implv that the majority of disulfide bonds are intramolecular, and
there may be a regular arrangement of intramolecular disulfide
cross-links in the fiber (Speakman, 1985). Ultra-high sulfur
proteins are increased with sulfur-enriched diet (Marshall et al.,
19853 Maclaren & Mil.igan, 1981). An increase {r sulfur does not
change longiti:iinal mechanical properties nor rigidity. however, less

rapid decay of torque and fewer c-ri-ps appear in fibers (Speakman,
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1989, Sakamoto, 1983 ).

Speakman suggests that the heterogeneity of aminc acid
srquences may prevent crvstalline or regular molecular packing.
Guall ditte vrces within each tamily of proteins may come from
ditferent types of ceils within t.e fiber. The heterogeneitv of the
.nino acid sequence may contribute to wool’s resistance to bacterial

and fungal attack (Speakman, 1985).

2.4.5 Medulla

The centrally located, open textured, vaculated medulla may
appear as an axial stream of cells, (Speakman, 1985) or a spongy
central core (Koenig, 1977). In different specics, and within
species, the patterns of mec.'lae may be continuous or interrupted
(Bradbury, 1985; Wildman, 1953). The cell cavit:ies m;y be formed
during protein synthesis and toilicular development. Subsequent
desiccation of the fiber durirg keratinization results in open,
light, stiff intracellular medullae structures with air spaces that
contribute to the biological function of hair and wool (Bradbury,
1985

Protein analyses indicate large amounts of citrulline and
glutamic acid are found in the medulla (Speakman, 1985). The
chemical stability to alkali and other keratinolytic agents is
attributed to e¢(y-glutamyl) lysine cross-linkages (Speakman, 1985;

Fraser et al., 1972 Bradbury, 1985;.
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2.4.6 Summary

Characteristics of wool, a biological composite, are derived
from its unique chemical composition. Entrv of chemicals is
generally through the hydrophilic non-keratinous matter where
cationic and anioric amino acid residues are present in luvge
quantities (Hojo, 1985). Chemicals are dispersed throughout the
fiber via the cell membrance complex (Miyamoto, et al., 1985;
Weigmann et al., 1985). Dyes and other water soluble reagents enter
the fiber through junction. of cuticle cells and diffuse through the
light'y cross-linked non-keratinous endocuticle, intercellular cement
and intermacrofibrillar regions. As diffusion continues reagents
enter the sulfur rich exocuticle and macrofibrils (Leeder, 1985;
Feldtman & Leeder, 1984:; 1985). Therefore, any treatment such as
hydrolysis or oxidation significantly promotes deterioration of the
mechanical properties because of the transport of degradation agents

through the CMC (Fuchenbush & Bauman, 1985; Ebert & Zarder, 1985).

2.5 CHEMICAL REACTIVITY

2.5.1 Histochemistry
It is generally recognized from studies of protein

derivatives extracced frcem keratin fibers that the wool fiber is
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among the most heterogeneous materials to be subjected to physical
and chemical studies (Asquith & Leon, 1%77). In fuict, the
heterogennas mixture of jroteins is only exceeded by immunoglobulins
(Fraser et al., 1973; Bradburv, 1973).

The chemical compositior ~f the various morpholrgical
components ot wool has been investigated by three main an; roaches
(Swift, 19 7).

1. L:i:ssoluti~ »f the fiber and subsequent attempts to
assign tractions to the:ir morphological origin.

2 Microscopic techniques to establi . which morphological
comporents dissolve or are separated with given treatments

3. Selec.i. staining with microscopic examination.

2.5.7 Selective Staininy

Metal-staining procedures using osmium tetroxide (Kaplin &
Mar.inkowski, 1983), silver nitrate, ammor..cal silver salts, and
potassium permanganate reveal the detailed intcrnal structure of thin
sectioned keratin fibers (Hojo, 1985). Many metal stains bind to the
cvstine rich exocuticle, A laver, and intermicrof brillar matrix.
Three cvstine and cysteine sp- fic methods are the organomercurial
halide, silver-methenamine and S-carboxymethylation uranyl reactions.
‘ie distribution of cystine is highes' in the exocuticle and A layer.
lhere is little or no cvstine in the endocuticle, the CMC, the

amorphous medullarv protein, the nuclear remnants, and



intermacrof :brillar matrix. Swift (l° 5) states that cvstine s
present in the "macrofibrils but is distributed in the
inte:microfibril’ - matrix and not in the microfibrils”. Others
question the assumption (Meichelbeck & Spei, 1975). The distribution

of cystine defines important fiber characteristics.

Staining ith phosphotungstic acid (PTA)Y , and compiex ot
gilver + i e G Y-, .. i homocysteine thiolactone (AHCTL) nre
complementar . o staining (Swift, 1985). PTA binds to the
free cationic . sroups f the protein with a type of O=P bond

soth PTA and AHCTL stain fiber components with high concentrations ot
.z2e amino and basic groups. The endocuticle, the {ntercellular
membratie cements of the cuticle and cortex (é-hand), nuclear
remnants, and the intermacrofibrillar matrix are deeply stained
r"wift, 1985). The cystine rich e- cuticle, A-layer and macrofibrils
are uns*t2ined.

(. anyl acetate stain acts as a basic dve and bin“s to
carboxyl .roups. Very high dye uptakes are reported in
S-carboxvmethlyated keratin fiber sections (Swift, 1985). High
concentrarions are found in .he »-band, endocuticle, nuclear
remnants, and in' rmacrofibrillar matrix.

There is i1 considerable interest in the high glycine-tyrosine
proteins (Gillespie & Frenkel, 1975, Hewish & French, 1986) Switt
devised a me hod of converting tyrosvl residues to . diazonium

chloride, coupling to a-napht! .1 and binding platinum to the moditied
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tyrosine site (Swift, 1985, Preliminarv inve.:igations indicate that
"he thin layers on either side of the cuticle cell complex are sites

ci 'yrosine containing proteins.

2.5.3 Extraction and Fractioning

By using - .¢ " ve reagents . earais e able toocepar -
wool into a large number of different ;roteins Tc avord cleavage of
the peptide '.onds and amide ¢ide cha. s reagents which selectively
cleave th- aisi ifide crosslinks are ue - Soluble proteins were
first ext acted by Goddard ind Michaeli1< (1934-36) using reduction

with thini lyco'late, 2 mercaptoethanol or tributyl phosinine and
carboxymethylation with iodoacetate (Crewther et al., 1965, Maclaren
& Milligan, 1981).

Extracted so’ sroteins can he separated into three
fracticons; the low-su. S-carvoxvmethv]l kerateine A (' MKA), che
high-sultur, S-carboxymethvl kerateine B (SCMKB), and the high
glvecine-tyrosine (Gly/eyr:; .. - . voddard & Michaelis’
nomenclature of kerateines * i :+ reduced form of .- carboxymethyl
keratin has been adopted. Sul‘cnic acid derivatives of protuins
de .-ribed by Alexander & Earland (1730), uare known as a-kev 2S¢
ilow-sulfur, equivalent to SCMKA), B-keratose (non-keratinous
endocutic .v, resistant tembranes, and nuclear remnants), and

y-keratose (high-sulfur. equivalent to S$™KB). Crewther (1965)

provides an extensive ..terature review describing the preparation



and separation of frac-ions for amino acid sequencing and analysis
The tentat: e -orp* logical tistribution ot the soluble fractions

within the wool ¢ he. is given in Table 2.5.3.

The generalized assi.nment of soluble ; reins to
morphologi- .1 «  ponents is not absolute. The m«¢ . ix suggested to
e L he high sult@a o owvh o plvoine rvrosine prote S and
perhaps some low sulfur proteins (Bradbury, .:9/3). lhe isolation ot
completely homogerec s . ~-sulfur fractions has proved to be an

Tab 2.5.3 Location of Proteins in Wooi. ' ibers

Soluple proteins Morphological component
Low-sulfur proteins protofibrils
High-sulfur proteins matrix, A laver
‘gh gly/tyr protein exocuticle aud matrix
‘luble residue nuclear remnants «~ndocuticle

resistant membrane:

intractable problem, hcwever, the prototibrils are known to be
iow-sulfur proteins. Separate filaments, which are presumed to bhe
single protofibrils or coiled-coil (two or three stranded) ropes,
have been observed in fragment preparations (Switt, 1977). The

‘rotofibrils have been frayed into smaller units which are thought to



foo ir,ie-protein chains Bracbury (197)) commen: ‘“"one of the

irterent. . fa ets of structural protein chemistry (is) that although
x-ray studics of keratins ontributed greatly to the velopment of
structures such oo the a-helix for proteins, ...it is the family of

proteins about which least is known".

Arthough the L,ola ion of homogere o lew sl fur oprote s i
olow, advanc-es in the charactericar on -1 the a-helix tior. »f the
w-sulfur fractions is proyiessing (Crewther & Dowling 1971). The

~itial Type I and Type II partial sequencing, bv Crewther in 1977,
shows no e dence of short-period repeating sequences and "cast grave
doubts on theories of keratin structure which relv on postulated
periodicities" (Lindley. 1977). There is a probability that every
seventh residue has a hydrophobic side chain which could infer the
possihility of a = +:led-coil keratin structure (Lindley, 1977) New
interpretation of x-ray diffraction patterns utilizing low-angle

near -meridional as well as meridional spacings indicates that thcre

are a nonintegra. number of structural units per turn in the coiled

belix and suggests that the low-ar-le patterns are “largely
determined by projections fio. irface of the microfibril”
(Lindley, 1985). Further indirect evidence suggests that

B-crystallites are derived from short lengths of tie a-helix. Coiled
coils with anti-parallel chains are favored models (Lindley, 1977).
The low-suifur proteins of woo! have a 50 per cent helical

conformition in aqueous solutions. All other protein groups in wool



hive no helical char. (Maclaren & Milligan 1981) .

2.5.4 Microscopic Monitoring Techniques

Chemical reactivity can be monitored by a varfetvy ot stains
and microscopic techniques in addition to the staining techniques
with metals and reag:'ts discussed in the previous section. SEM and
i Light nm.oros ope are nsed To char o terioo damage to the
morphological components of wool fibers by acids, oxitunts and a'tali
Scanning electron microscopes intertaced with computing devices
enable elemental x-ray analyses of introduced elements (Payat, 1¢'.,
Sikorski et al., 1971, Zhao et .l , 1986, Zeronian et al , 14986).
2.5.5 Acid Hydrolylis

roteins are amphoteric, and capab. of combinirz with acids

and bases. Since free amino acids exist in the ic:. zed orv zwitterion
form. the acidic and basic amino arid residues in protein fibers ave
ustally ionized in neutral solution (Von Bergen, 1963). Uptake of
acid converts carboxylate anions to carboxylic acid g.ou and
alkali uptake results in a conversion of the amino and guanidino
groups to an un-ionized state (Maclaren and Milligan, 1981). The acid
binding capacity of wool is 810 to 860 umol '~ -ich represents the
sum of glutamic acid, aspartic acid, and the terminal residues

(Maclaren & Milligan, 1981). Since wool is a complex mixture of

heterogenous proteins different morphological components react with



acids di. ' 1 (Von Bergen, 1963). Although wool {s able to
combine with acids and appears to suffer little apparent alteration
up to its binding capacity, mineral and organic acids can cause
severe damage (Larose, 1955; Nossar & Chaikin, 1975). Carboxylic
acids form hydrogen bonds with functional and peptide groups and
cause owelling (D'Arcy & Watt, 1966). Wool will absorb five times
more ftormic acld than water (Maclaren Milligan, 1981, Watt, 1964,
Cook & Fleishchfresser, 198.).

During partial hyd: «vsi. tour main re¢ - ions occur (Maclaren

& Milligan, 1981).

1. cle - of amide side-chains
2. cleavage of pene bonds
3. N—>0 acyl shi ,erine ind threonine

4. disulfide interchange

The cleavage of peptide bonds is not ran'om. The more
sensitive bonds are the first to he released. Cystine peptides are
rapidly rearranged in concentrated acid The interchange appears to
involve the rearrangement o! components along the peptide chain.

Aci1d hydrolysis with 6M HCl is used to cleave peptile bonds
for sequencing (Crewther, 1965; Fraser & MaRae, 1972). Tryptophan is
completely destroyed and asparagine and glutamine are converted to
aspartic and glutamic acid. Serine und threonine are found in

signific.c .mounts in partial hydrolvsatcs.The peptide bonds of



serine and threonine residues are made olvtically more labile by
N >0 acyl migration which forms an ester bond. The bonds formed by
aspartic acid are suceptible to weak acids, hence, aspartic acid is
the first amino acid to be release¢c Jduring hvarolysis. The peptide
bonds adjacent to oxidized cvstine residues (cysteic acid) are very
sensitive t acid hydrolvsis (Asquith & Leon, 1977).

The release of ¢t ole cells in formic and o hloracetyc
acid is probably due to the dissolution of proteins in the membranes
s.vrourding the cuticle cells rather than peptide hydrolysis
(Maclaren & Milligan, 1981).  More vigorous treatments result in the

hydrolvsis of all the proteins in the cell membranes wt.ich results in

separation of cortical cells as well as cuticle cells.

2.5.6 Chemical Reactlons of Wool
The chemical reactions of wncl are extremely complex. An

overview o! the principal chemical r-actions is y.ven in Table 2 “. 6

2 5.7 Mechanical P-operties

Many models have been d. . loped to explain the mechanical
properries of keratin fibers (Feuphelman, 1978; Morton & Hearle,
Hearle, 1963). By using x-ray diffractiocn, optical, and electr!
measurements aj,;  .+< to fiber in vairious states and envirorment .
researchers are unravelling rhe crelationship between molecular

organization and structural properties which ~ontrol the mech mic.!



Table 2.5.6

Reaction

Oxidation

Acids

Esterification

Reduction

Alkylation

Acvlation

Principal

‘mical

Reagent

peracids
peracetic

perox e,

hlorire

mineral acids

carboxylic acids

alcohol with
acid catalyst

methvl halides

thiols
phosphines

alkyl halides
epoxides
ethylenic
derivatives

acid chlorides
and anhvdrides
active esters
amides

(Maclaren & Milligan,

,eptide bonds

i tions n Comr «n Reagents
. i 1d Residue
e, methionine,
v ophan
rosine  trvptophan,

amides and peptides
aspartic and glutamic

acids,

threonine,

trypthophan

serine,

(swelling reagents)

aspartic and glutamic
acid residue
amide groups

tyrosine,

serine

cystine, cysteines,

tyrosine, other residues
- steine, lysine, serine,
histidine, methionine,

threonine, tryrosine,
aspartic and glutamic

hydroxyl groups, serine
threonine, tryrosine, and

arginine,
O‘v

(S-,

1981;

lysine,

Speakman,

cysteine

and N-sites)

1985)




properties of the fiber (Menefee, 19/1; Weigmann & Dansizer, 1971,
Sikorsk i, 1975; Feugelman, 1978). By {dentifying the assemblies and
molecular components responsible for the mechanical variation which
occurs with ‘emperature, moisture, and physical and chemi al changes.
the causative factors for failure can be eluciated (Bendit, 1960,
1975; Sketchy, 1960; Speakman & Hirst, 1933 Lipson. 197%; Ross et
al. ., 1984 Rottert - rv 1979),

Many prop. -ed theories to explain the mechanical properties

of wool fibers are based on ideas of the fine structure of kerarir
fibers (Morton & Hearle, 1975; Feurhelman, 1971). These include the
micellar theory, proposed by Nageli over 100 years ago (Hearle,
1963), the fringed micelle theory, fibrils as crystallites, tibrils
as alternating crvstalline and non vstalline regiot . (Hearle,
1963) . and the brick and mortar theory (Leeder, 1986).
Conformational analyses based on models such as a - g tr.nformations
developed from equatorial and meridional x-ray diffraction patteins
(Dobb & Rogers, 1969: Dobb & Murray, 1975), give some insight into
mechanical and chemical behaviour (Elliott, 1952). The voluminous
literature hypothesizing mechanical response is contradictory (albeit
useful and often founded on theories that ignore the complexi'v of
the keratin fiber. To attribute the changes to any particular ¢ wnt
or theory would be presumptuous (Morton & Hearlwe, 1975).

Speakman (1977) demonstrated that the longitudinal properries

of wool vary with temperature, relative humidity, and time. all
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fibrous a-keratins have similiar stress-strain curves with three
distinct regions of mechanical behaviour; a pre vield region (often
referred to as the Hookean region), the yield, and the post-yield
ccgion (Feughelman, 1980; 1971). Fibers extended for a limited time
(an i.cur) i the yield region recover original mechanical properties
in water within an hour at 52°C. or overnight at room “emperature
(Feughelman, 1980).

In the pre-yield regions the opposition to extension is
proposed to be hydrogen bonds between helical turns (Feughelman,
1980) which are re-established in water. At temperatures above
55°C, Speakman (1985) concurred that degradation in wet wool fiberz
in the pre-yield region was via "the mechanism of sulphydryl
disulphide interchange”" or disulphide bond breakdown (Feughelman,
1980). Mechanically irreversible breakdown of disulfide bonds occurs
in extensions beyond the yield regions. The a <—> 8 transformation
equilibrium occurring in the yield regions breaks down at high
temperatures and when the disulfide cross-links stabilizing the
a-phase are ruptured (Feughleman, 1980).

Longitudinal mechanical properties seem to depend upon the
a-helical material of the microfibrils and the water sensitive
matrix. The side chains of the helices are water sensitive and
interact with the matrix {(Feughleman, 1980). Changes in extension
are suggested to be governed by changes in hydrogen bonding, ionic

bonding, electro-attractive and repelling forces, and covalent



bonding with introduced moi..ules ("reakmaa & Hirst, 1933; Speakman,
1985; Shaw, 1985; Szuctz, 1971; Morton & Hearle, 1975; Feughleman &
Reis, 1967; Algie, 1979; Kopke, 1979; Robinson, 1981-83). Factors

changing the extension of wool fibers will be aiscussed in Sec 6.4.

2.5.8 Additional Sources of Information

The Textile Research Journal, and Journal of the Textile
Institute contain many wool oriented papers. The quinquennial
international wool textile conferences are a major source of
information about wool structure, chemical reactivity, and new
developments in dye and processing technology.

The Proceedings of the (lst to 7th) International Wool
Textile Research Conference, Australia, 1955; Harrogate U.K.,1960;

Paris, 1965; San Franciso, 1970; Aachen, 1975; Pretoria, 1980; and

Tokyc, 1985, are available as published proceedings. Excellent wool

science reviews are published in Advances in Protein Chemistry, Vol.
20, and Vo!.27. The most concise reference book on wool chemistry

and reactivity is Maclaren and Milligan’s (1981) book Wool Science,
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The Chemical Reactivity of the Wool Fibre. Relevant information frcm

these sources is included in the discussion of the results in

Chapter 6.



3. CASE STUDY

3.1. Dichlorvos Fumigation of a Textile Collection

Te years ago the caretakers of a large collection of
artifacts representing the history of the city of Edmonton were in a
dilemma. Repeated infestations of insects were ruining the
collection. It was not unusual to find the contents of a storage box
devoured by insects such as clothes moths (Tinea rellionella or
Tineola bisselliella) and dermestid beetles. Infcrmants described
the infested collection contairers as "the whole box was a grey
moving mass". Repeated spraying with a variety of insecticides only
suppressed the infestations for a short perlod of time

In desperation the collection was transferred to a different
building, a building infested with Lepisma saccharina (silverfish).
Administrators consulted a National Museum organization for
assistance in pest management. The consultant’s advice was to
encar-"ulate the textile collection with Vapona®. The space fumigant
offered a solution to the sporadic and devastating outbreaks by
providing continuous fumigation. All of the historic textile
collection was transferred to a subterranean dark vault isolated from
the major collection. The isolated textiles were enclosed i~
polyethylene bags with a piece of Vapona® @ 2.5 cm °. Despite
employee complaints of headaches and nausea the collection was
systematically bagged and placed in the vault (circa 1980).

®
The author’'s first experience with Vapona was during a

82
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teaching assistant assignment in the autumn of 1986. The assignment
was to assist conservation students with the design and
implementation of a new textile storage area in the Edmonton
collection center. A swe: musty ester-like odor emanating from the
storage vauvlt signalled an alarm response. It was immediately
arparent that the environment In the vault was not suitable for
textile and fur siorage Lloser scrutiny of the encapsulated
artifacts confirmed suspicions. The accession cards enclosed with
the artifacts were being dissolvaed and discolored by an acid. Acid
catalyzed hvdrolysis is all too familiar to paper conservators and
archivists.
®

A high concentration of Vapona within the polyethylene bags

created a microclimate deleterious tc objects. By-products of the
®
break-down of Vapora increasced th- relative humidity (RH) in the
polvethylene bais. Some of the textiles were moist and others
exhibited signs of moisture. Brown oxidized cellulose water lines
were present on both cellulosic textiles and paper labels. Some
phvsical loss of paper and leather objects occurred in areas in
® ®

contact with the Vapona strips. Close contact with Vapona caused
tender.ng of fibers, loss of plastizers in plastics, dissolution of
leather, color change in dyes, and embrittlement. The humid stagnant
environment was conducive co fungal proliferation. Stains, caused by
mildew colonies, scarred many artifacts. A musty odur permeated

many of the furs. Follicle damage on some furs resulted in maior
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hair loss. Some of the damaged textiles were deaccessioned and
destroyed. The condition of encapsulated articles was not recorded
when the artifacts were removed from the polyethlyene bags.
Although the author rescued a few items for research and, with
another student, photographed the storage facility ana some of the
damaged objects, basic indivicual dccumentary information was not
recorded.

Scanning electron micrographs (SEM), fluorescent microscopy,
and energy dispersive X-ray analysis (EHDXA) was performed on a white
and pink wool knitted baby’s bonnet. The EDX graph (Figure 3.1.1)
indicates high phusphorus and chlorire levels. (Chlorine and
phosphorus were recorded in EDX analysis of laboratory fumigated wool
fibers; See Sec 6.10.) Although it is unlikely, phosphorus may be an
artifact from phosphate detergents. Chlorine and phosphorus peaks
are probably indicative of dichlcrvos absorption and retention. The
wool fibers were removed from Vapona® in the autumn of 1986. EDX
analysis was performed in the spring of 1988.

SEM micrographs from fibers in close proximity to the Vaponam
strip indicate severe fiber damage ‘Plate 3.1.1). A viscous-like
material encircles a slightly eroded arnd deformed fiber (Plate
3.1.1). A denuded fiber fiber is observed in a corner of the
micrograph (Plate 3.1.1). The fiber in Plate 3.1.2 has lost scale

definition (Plate 3.1.2). A damaged fiber is observed in Plate 2.1.3.

The cuticular surface appears to have lost all definition. The



fluorescent photomicrograph (Plate 3.1.4) indicates that localized

acid damage cortributed to cdegradation. It is apparent that an

investigation of the effect of dichlorvos resin strips on keratin
is

fibers imperative.
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Figure 3.1.1

Vapona a4t ambient temperature for 1-5 years.

EDXA graph of fibers from wool bonnet fumigated with
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Plate 3.1.1 Viscous-like material surrounds wool fiber fumigatced

L ]
with Vapona at ambient temperature for 1-5 years

L)
Plate 3.1.2 Scale loss in wool fiber fumigated with Yapona at

wbient temperature for 1-5 years.



Plate 3.1.3

Fracture in embrittled severely damaged fiber from
L

wool artifact fumigated in situ with Vapona .



Plate 3.1.4 Fluorescent photomicrograph of wool fiber from bonnet.

The orange-red spots indicate acid damage.



4. MATERIALS AND METHODS

4.1 Design

Ideally the effects of chemicals used in fumigation would be
assessed by observing changes in historic textiles in situ. However,
the rate of reactions and morphological changes that occur with
vatarally aged fibers exposed to continuous fumigar ‘on at 20%¢ oo
is often too slow to detect damage within the temporal restraints
Imposed upon research projects. Since even carefully controlled
laboratory experiments produce conditions different from in situ
conditions it was necessarv *to find a compromise that would allow a
reasonable facsimile of the fumigation processes reported in museum
literature.

The temperature for accelerated fumigation was higher than
the recomnended environmental standard of 21°C for museum objects
(Thomson, 1981). Although the saturation concentration of dichlorvos
chosen for accelerated fumigation was higher than that recommended by
the manufacturer and by the regulatorv agencies (WHO, 1986; OHAS,
1985) it was not greater than some of the concentrations reported in
the literature (Ryckmann, 1969), and in the case study. A compromise
temperature of 50°C was chosen because it was the reported baseline
temperature for thermal degradation of wool (Maclaren & Milligan,
1981). In a pilot study, 50°C did not cause the pesticide strip t
bleed as reported in the literature and by informants working at the

case studv collection center. However, some thermal yellowing
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occurred at 57°C, therefore, most tests were performed with heated
and unheated controls

The cuase study (Sec + 1) provided examples of keratin fibers

: 0 -

exposed to high concentrations of Vapona for 1-5 vears  The damage
to the wool and fur fibers was compared to that sustained by wool
during laboratory experiments. Fibers exposed to long-term in situ
fumigation were used to assess the feasibility ot the methods

selected for this study.

4.2 Fiber

The fibers examined were from greasy Corriedale and Merino
fleeces with a mean diameter of 28um and 2lum respectively. The
diameter and condition of the fibers was estimated using a modified
random sample of 20 fields. The fibers were washed 6 times in 0.5%
Shurgain anionic detergent at 25 f33C, thoroughly rinsed with at
least 10 exchanges of distilled water with a pH 6.5 and air
dried. Although both wools retained a greasy hand. the Merino wool
telt oilier than the Corriedale and was slightly whiter. Merino
fibers were used for the 35 day exposures. Merino 2/22 commer:ial
yarn was used for tensile strength testing. The fiber and yarn were
conditioned for at least 6 hours at 658 RH and 21°C before fumigation
(King & Wood, 1965).

A second set of fibers was so.ked for 20 minutes in methanol

and rinsed in distilled water to remove methanol soluble
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contaminants. Methanol/Shurgain scoured fibers and commercially

scoured handspun Merino wool varn were used for auxiliary resting.

4.3 Sampling Procedure
The samples were randomlv selected from throughout the
fleece No tibers were chosen that appeared to be stain-d or

damaped Tippv ends were tpommc | trom the fleece.

4 4 Fumigant
The fumigant was a dichlorvos resin strip manufuctured by
®
Ciba-Geigy and distributed under the trade name S .W.A.T. Dichlorvos

is dispersed in plasticized polyvinyl chloride.

4.5 Fumigation Procedure

One-half a fumigation strip (50 g) was placed in the lower
chamber of each 2.5 L glass desiccator. Placing the DDVP strip in
the lower portion eliminated dripping or bleeding, and direct contact
with the fibers. The conditioned fibers (10 g) and yarn (1 g) were
weighed and plac.d in the upper chamber Fiber bundles were
separated and loosely fluffed to allow maximum fumigant circulation.
Three replications were made for each time period.

The desiccators were sealed with Teflon tape and .aced in a
dark oven at 50°C for 7, 21, and 35 days. Control samples sealed
in desiccators without dichlorvos were heated for the same length of

time .



4.6 Sorption of Fumigant

Tests to evaluate the extent of fumigant ab:orption
were conducted at ambient temperature and at 50°C. \mbient
temperature samples were withdrawn at 22.5 b min (0, 22.5, 45,
90...,. The last samples were withdrawn after 1175 hours of exposure
to the fumigant. Heated sorption samples were withdrawn at 6, 12,
18, 24 h and 2, 3, 5, /, l4, and 21 days. Shurgain scoured tibers
~:re used for ambient terperature sorption tests. Shurgain,
methanol /Shurgain and commercially scoured fibers were used for
hea*ed sorption tests. The strips of S.U.A.T.0 were welghed and
placed in the lower chamber of 2.5 L Pyrex. desiccators. Jars
were sealed with Telflon tape and placed in the fume hood, or in the
oven. Samples were withdrawn at selected intervals and placed in
glass screw top vials until sorption and desorption EDX analysis was
performed. The vials were sealed with Teflon ta, between the vial
aperture and lid, and around the lid. Samples for sorption were
placed in glass jars and frozen until analysis. Air descrption
samples were mounted on standard aluminun SEM stubs and placed in a
fume hood to desorb for one week. A 20 minute wash in methanol or

distilled water was used for aqueous desorption.



5. Test Methods

5.1 Colorimetry

Color changes in the wool fihers were determined with a
Hunterlab Tristimulus Colorimeter Model D 25M-9 recording
spectrophotometer (Hunterlab Model D25 Optical Sersor) using AATCY
test method 153-1985. The instrument -« - inte:taced with a computing
device which converted reflectance data to CIE tristimulus values.
Colour difference, AE, was measured in CIELAB units using the CIE Lx*

a* b* scale and color difference formula:

*x 2 * 2 * 2,172
> - PR
Abcxs ((AL )™ + (da )" + (&b )7

Where:
* 1/3
L = 25(100Y/Y°) - 16

* ;
a’ =500 ((x/x)" - vy )t

*
b = 200 [(Y/XO)'?

. 1/3
- (z/z )
The parameters X, Y and Z are tristimulus values and XO, Y0 and ZO
are tristimulus values for a perfect diffuser for the illuminant used
* * *
(Hunter, n.d.). The parameters L , a , and b are defined as:
* -
L represents reflectance (white+/b1ack )
* + -
a (red /green ), and

* -
b (yellow+/b1ue ) areas of the spectrum.
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The fibers were formed into a pad and compressed between a
white tile and clear glass plate. Each sample was measured 5 times,
with rotation and repacking of fibers between measurements (Hunter,

n.d.).

5.2 Breaking load and yarn elongation

The breaking load and elongation of Merino varn were
determined in accordance with ASTM Method D 2256-80, option A, single
strand method after conditioning at 65% RH and 21°%¢c. Samples of yarn
were randomly selected from along the skein length. A total of 45
samples frcm the controls and each of the 7, 21, and 35 day
fumigation exposures (135 yarns per heating period) were tested on
the Instron Model 4202. The rate of elongation was 250 mm/min and
gage length 25 cm. Yarn clamps were used. No jaw breaks occurred.

Although the -est method specifies a breaking time of 20 '3
sec for single yarns the great variation within yarn sets prompted
the decision to use a standard elongation rate of 250 mm/min (Tweedie

et al., 1959; Taylor, 19895).

5.3 pH of Aqueous Extracts

The pH of aqueous extracts of two samples from each of the
three replications from the 7, 21, and 35 day fumigant periods was
measured using a Pope Model 1500 pH/ion meter in automatic

temperature mode, or a Fisher Accumet Model 230 pH/ion meter. The



instrument was calibrated using potassium biphthalate buffer (pH 4)
and potassium phosphate buffer (pH 7).

Specimens were prepared as directed in ASTM Tes: Method
D2165-78. The wool fibers were randomly selected Extrac® ion was at
room temperature with 0.1 N NaCl using 1 gram o: wool to 60 ml of the

solution.

5.4 Lead Acetate Test

Change in the oxidation state ~f sulfur was determined by
using lead acetate staining as described by Weaver (1984) and Garner
(1966). A solution of 6 g/1 of lead acetate in 500 mi distilled
water was acidified with 4 ml of glacial acetic acid. Each 0.6 g
sample of wool was boiled for 45 minutes in 60 ml of acidified lead
acetate. Staining occurs when lead acetate reacts with R-SSH Harris

& Smith, 1937).

R-SSH + Pb(CH3COO)2———> PbS . (dark brown stain)
PP

The extent of staining was measured with the Hunterlab

Tristimulus Colorimeter. Staining was evaluated vis..ally.

5.5 Allworden reaction

The Allworden (Herbig) reaction was used to determine the
integrity of the epicuticle. The Meeuse bromine test method was used
(Garner, 1966). A solution of bromine water (1:20 [Br:HZO]) was

prepared in the fume hood. A glass slide was prepared with ether
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rinsed wool fibers and a drop of reagent. The appearance of raised
bubbles along the fiber was observed using a light microscope.

Discreet bubbles formed on the fiber within 2-5 min.

5.6 Krais-Viertel

The Krais-Viertel test as described by Merkel (Weaver, 1984)
and Mercer and Golden (1953) was used to determine the reactivity ot
the fibers in alkaline medium, and to produce the Allwérden reaction.
Ether cleaned fibers cut to 0.2 mm in length placed in Krais-Viertel
solution (20g KOH in 50ml concentrated NH“OH) on a glass slide were
examined with a standard light microscope. The rate of dissolution
and formaticn of swollen bubbles were compared with undamaged wool of
the same mean diameter. Bubble formation within 10 to 30 minutes
indicates acid damage. Acid damaged fibers usually disintegrate more
rapidly than undamaged fibers. Although bromine water is a better
reagent for observing the epicuticle the Krais-Viertel reagent is a

better indicator of chemical reactivity in an alkaline medium.

5.7 Methylene Blue Staining

Absorption of the basic dye Methylene Blue (C. I. Basic Blue
9) was used to determine the extent of oxidative and cuticle damage.
A modification of the Kornreich FB/3 (acidified saturated solution)
and Meeuse FB/4 (0.002% dye:HzO) methods described by Garner (1966)
was used for microscopic investigation of oxidative damage. A stock

solution (lg dye:100 ml HZO) acidified with 5 ml 3N HZSO‘ was
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prepared. Colorometric analysis was estimated by using 1:10 ratio of
wool in a 1:100 dilution of Kornreich stocx (Garner, 1966) warmed t~
60°C. The fibers and Methylene Blue solutiun were agitated for 60
minute on a Burrell Wrist Action Shaker Model 75. The color

difference was meast 'd as described in Sec 5.1.

N\
HC CH
I\ 3
AN 7 —(
He' S CH
Ci

Methvlene Blue

5.8 Kiton Red Staining

Kiton red staining with .nhe acid dye, C.I. Acid Red 1, was
carried out using the method proposed by Merkel (Weaver, 1984). A
solution of 0.152 g dye in 500 ml HZO acidified with 25 ml 0.1 N HC1
was prepared. The wool fibers (0.6g) were pretreated for 10 minutes
with 50 ml borax solution (10g borax in 500 ml HZO) and steeped in
0.1% acetic acid for 5 minutes before rinsing and staining. The
pretreated fibers were placed in sealed flasks and agitated with 100
ml of Kiton Red for 1 h on the Burrell Wrist Action Shaker. The
color differences of wool stained with Kiton Red were measured on a
Hunterlab Tristimulus Colormeter.

Fibers were examined with a microscop to determine the
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uniformity of fibers and to locate areas of localized damage. Since
the coloration of undamaged wool is proportional to the diameter of
the wool, preliminary tests on damaged wool fibers were carried our

in parallel with known undamaged fibers of the same mean diameter.

HO NHCOCH3
|
_.N_—_-N_.
NaC, S- - SOJNo

Kiton Red: C.1.-18050 Acid Red 1

5.9 Acridine Orange

The basic fluorescent dye, C.I1 Basic Orange 14, was used to
determine if localized acid damage occurs during fumigation. The
method used was a modification of Nossar’s met' 1 (Nossar et al.,
1973) and the procedures described by Zhao for localized acid damage
in carbonized wool (Zhao er al., 1986). The procedure used for
dyeing is described by Appleyard (1965). Wool fibers (0.3 g) were
boiled (3 min) in 10ml of dye solution (0.1%) and air dried.
Specimers were mounted in Clearmount and cured on a CCCE Slide Warmer
at 45°C for 18 hours. A Zeiss III RS microscope with a fluorescent

light source, and standard 25X and 40X objectives was used. Tungsten



99

160 tilm was used for light and fluorescent photomicrographs. A

Nomarski interferometer increased contrast (Fatou, 1978).

’-
CH CH
3
PN N -~ cl
CH P CH,
3
c
|
H

Acridine Orange (C.I. Basi. Orange 14)

5.10 Scanning Electron Microscopy

5.10.1 SEM

Specimens were mounted on aluminium stubs with 2-way stub
tape and placed in a silica gel desiccator for 24 hours. The dried
specimens were Au sputter coated in the SEMPREP 2 at 1500 volts for 2
minutes and exanined in a Cambridge Stereoscan 250. Micrographs were

obtained using Ilford or Kodak Plus X-pan 125 ASA film.

5.10.2 X-ray Microanalysis

Elemental content of phosphorus ai.d chlorine in wool fibers
was determined by using energv-dispersive spectroscopy (EDX). The
analysis was conducted on the Cambridge Stereoscan 250 electron

microscope using the software packages M-scan, and Microscan. The
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first specimens analysed were mounted on aluminium stubs with 2 way
stub tape or plastic rings. To avoid interference subsequent
specimens were mounted on precoated carbon stubs with rings.
Sorption samples were mounted and directly placed in the vacuum
chamber. Desorption specimens were allowed to desorb in air for one
week before analvses or washed in methanol or distilled water and
dried before mounting. The uncoated specimens were placed in the
vacuum chamber where the atmospheric pressure was reduced to 10°°
torr. The wavelength dispersive spectra was run on K-line.

The first stage in determining the content of chlorine and
phosphorus was to obtain values for the x-ray intensities of sulfur
which was assumed to be constant in all wool specimens. A baseline
for sulfur established at 7.5 to 7.7 units where 1 unit equals one
division on the EDX graph. Values for chlorine and phosphorus were
determined by reading their peak heights directly from the EDX grids
of the graph when sulfur was 7.5 to 7.7 units. When the sulfur peak
did not equal 7.5 to 7.7 units, the proportion of chlorine or
phosphorus relative to sulfur at 7.5 units was calculated.

The adhesive was determir:d to be the primary source of zinc
or copper and the stub, a source of aluminum. Carbon stubs were used
to reduce interference and the rings replaced adhesives.

The literature reports considerable variation in the sulfur
content of wool along the fiber (Lindley, 1977), in adjacent

anatomical locations (Marshall, et al., 1985b), among species
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(Wlochowicz, 1985), with nutrients available during differentation
(Marshall et al., 198%5a), and with processing (Fuchtenbusc «
Baumann, 1985). Since the take-off angle is unkown due to the round,
curved, long morphology, rough surface and heterogenous anatomy of
wool fibers, the results are not absolute (Hess, 1980; de Bruijn et
1987 Fiori et al | 1979 Scattering and secondary excitation
of rough specimens makes EDX analysis problematic (Hanlan, 1975;

Blakey & Mickelthwaite, 1978).

5.11 Statistical Analysis

5.11.1 Tensile Properties

SPSSx statistical package was used for analysis of variance
on the tensile properties The Scheffe test was used to identify

groups which differed significantly at the 0.05 level.

5.11.2 cColor Difference
* * *
UANOVA on L , a , b , was used to find significant

differences of group means and Scheffe multiple range test was used

to identify significant differences of means at the 0.05 level.



6. RESULTS AND DISCUSSIOM

6.1. Interpretation

Wool’s s:ructural and chemical het.:rogeneity has long
s*‘mulated discussion and debate. There a - problems with assigning
a specific reason or theory to explain che.cal and mechanical
changes because the biochemistrv of . 91 i35 ¢ ur, lex (Crewther, 14 5
Fraser et al., 1972, 19’ ; Kulk.- .. & Brado v 1975; McPhee, 1975).
Exposure to reactive chemicals can have a profound effect on the
fibers (Bradbury, 1973; Lindley, 1959, 1977; Blakey et al., 1971;
Fraser et al., 1980; Gillespie & Frenkel, 1973).

A summary of the test results is given in Table 6.1.1.
Detailed results of individual tests and discussion of results are

presented in this chapter.

6.2. pH of Aqueous extract

The pH of the aqueous extract of wool fibers is recorded in
Table 6.2. Increased exposure to DDVP decreased the pH from pH 5.8
(7 days) to pH 4.4 (21 days) (Figure 6.2.1). A dramatic decrease to
pH 3.4 occurred in methanol/Shurgain scoured fibers exposed to the
fumigant for 7 days (Figure 6.2.1). The pH of methanol scoured
fibers decreased more than the pH of Shurgain scoured fibers.
Possible sources of acid during fumigation are dimethyl phosphoric

acid, and chlorinated peracetic and acetic acid.
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Table 6.1.1

Changes in Fibers Exposed to S.W.A.T.

Overview of Test Methods,

50°c for 7, 21, and 3, Days.

Test

Toad - extensjion

Color change

pH extract

lLead Acetate

Bromine Water

Krais-Vier- i

Methylene Blue

Kiton Red

Orange 14
Fluorescence

EDX

SEM

103

Purpose of Tests, auu
®

in a Dark Oven at

Test
Indicates

Tnter, intra
bond change
chemical change

ionic balance

cystine oxidation

epicuticle
integrity

acid damage,
epicuticle
integrity

mechanical,
acid damage
chlorination

oxidation,
mecharical
damage

acid damage
presence of

elements

topographical
changes

Observed change

extension change
tensile strength
inconclusive

yellowing

increased
acidity

oxidation of -SSH
epicuticle damage

acid damage
epicuticle damage

change in dye uptake
change in ionic charge
surface damage

change in dye uptake
oxidation/acid damage
localized

acid damage

sorption of chlorine
and phosphorus

fiber degradation




Table 6.2 pH of Aqueous Extract for Wool Fibers Exposed to

®
Dichlorvos (S.W.A.T ) Resin Strips at >0°C in a Desiccator

in the L..rk.
Scour Time
(Days)
. 7
Shurgain
scour 21
35
Methanol/ 7
Shurgain
scour

pH of Aqueous Extract"
Fumigant

5.8
4.9
4.4
3.4

*average of eighteen readings

bvaribility may be effect of heat, changes in pH of distilled
water, and use of Merino filLers for 35 day and 7 day methanol.

Wool fibers have the capacity *o absorb 810 to 860umol g
acid at the isolectric point measured by titration with HCl (0.02M)

(Maclaren & Milligan, 1981).

aspartic acid, glutamic acid, and C-terminal content of wool.

Electrostatic int:ractions such as salt links contribute to the

cohesion of wool.
acid sorption reduces the amount of work required to stretch fibers

(Maclaren & Milligan, 1981; Speakman & Hirst, 1933; Lipson, 1975).

By breaking electrostatic in'+~ractions,

1O

of

The acid sorption values agree with tt:.

increased

An increase in acid sorption also affects the dyeing capacity of acid

and basic dyes or stains (Bird,

'l et al.,

1971: Gurr er



al . 1974 Peters, 1975). Changes in pH are discussed in

the appropriate sections.
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Figure 6.2.1 The pH of Aqueous Extract of Shurgain and

®
Shurgain/Methanol Scoured Fibers Fumigated with S.W.A.T.

at 50°C in a Dark Oven.
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6.3 Color Change

Color differences of wool fibers fumigated at 50° C for /,

21, and 35 davs in the dark are record~d in Table 6 3.1 . Wool fibers
exposed to a saturated concentration ot dichlorvos at 50"C showed a
signiticant chavwe in color at rthe a=0 " Jlevel (AF v 01 t0 AF B 08
CiELAB units). Visible changes were ohserved within 2 davs of
exposure. A slight color difference (AE 2.04 to AE 3.68 CIELAR
units) occurred in the control samples heated without dicklorvos in a
desiccator for 7, 21, and 35 d.vs (Figures 6 .3.1. & 6.3.2).

The fumigated wool’'s color changed from a creamy white to a
soft yellow ochre within 7 days. A plot of b* (Appendix 1) color
change (blue-/yellow+) during fumigation indicates that the fumigant
tends to increase yellowness with time (Figure 6.3.3). The slight
decrease in yvellowness at 35 udcys may be due to increased wool
acidity. Norton and Nichrlls (1960) report that low pH tends to
decrease yellowness.

Fumigated fibers given a metharol pre-soak to remove surface
contaminants vellowed more rapidly than Shurgain scoured fibers
(Figure 6.3.4). More yellowness occurred in 2 days (AE 11.84 CIELAB
units) than occurred in 21 days (AE 8.09 CIELAB units) with the
Shurgain wash and distilled water rinse (cf. Figure 6.3.3 to 6.3.4).
Although the methanol/Shurgain scoured fibers exposed to the fumigant

changed color rapidly (AE 11.84 CIELAB units in 2 days) the heated
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control exhibited only slightly detectable color change (AE 1 32
CIELAB units) in 21 days.
Table 6.3.1 Color Change (AE) in CIELAB Units for Wool Fibers

®
Exposed to Dichlorvos Impregnated (S.. A.T ) Resin Strips at

50°C in a Desiccator in the Dark.

Colour difference (CIELAB units)

®
Treatment Time (days) No heat Heat" S.W.A.T. °
Shurgain 7 0 2.59 4.43
Scour 21 - 3.68 8.09
35 - 2.04 6.73
Shurgain/ 2 0 - 11.84°
Methanol 7 - - 21.54°
Scour 14 - - 26.79°
21 - 1.32 28.08

:AE - difference between no heat and heat ®
AE = difference between heat and S.W.A.T. 4
‘AE = difference between no heat and S.W.A.1.

Scouring of wool in methanol/Shurgain increased the degree of
vellowness of fumigated fibers and decreased the degree of yellowness
in the heated control (cf. Fig. 6.3.3 to 6.3.4). Methanol
extractable surface contaminints including grease, suint, and other
constituents of the proteinaceous contaminant layer (PCL) influence
the degree of color change (Anderson,1983; Anderson & Christoe,
1984). Washing the wool fleece wi: only Shurgain did not remove all

of the grease.
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Oxidation of the greacsy surface (Inglis & Lennox, 196%) contaminants
probably caused the heated controls to change colour (AE 3.68 CIELAB
units). The coloring agent in suint responsible for yellowing is
methyl 10-(2,5-dihydroxyphenvl)-decanoic acid which is associated
with nitrogenous f-ketone (Fraser & Truter, 1960). Post fumgidation
washing with Shurgain removed most yellowness from the heated control
fibers. However, the yellowness observed in fumigated fibers was not
removable by Shurgain or solvents.

Mariy factors contribute to color changes in wool fibers.
Weathering (Veldsman,l1966a,b), heat (Launer & Black, 1971),
photoyellowing (Lennox et al., 1971; Leaver, 1985; Tucker & Whewell,
1975), chlorine retention (Mansour et al., 1988), and peroxide
induced yellowing (Cegarra & Gacen, 1971; 1983). Yellowing reactions
occurring in the dark are promoted by moisture and heat (Maclaren &
Milligan, 1981).

Temperature is an important parameter in yellowing. The many
studies on the effects of heat and moisture during processing
indicate that most of the fibers are not excessively damaged at
temperatures below 50°¢C (Maclaren & Milligan, 1981). These studies
do not include the long term effects of heating at 50°C.

The first chemical changes are detected when wool, heated to
55°C, liberates hydrogen sulfide (Maclaren & Milligan, 1981)

Although dry heat causes less damage than than wet heat (Bell er al.,
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1960) the control samples in this study exposed to dry heat at 50°C
exhibited detectable color change (4E 3.68 in 21 days). A closed
system (in the desiccators) generally mimimizes oxidative damage
(Lennox, 1960), however, confined pyrolysis products may promote
degradation (McLaren & Milligan, 1981). Chemical damage increases
the rate of vellowing or color change (Lennox, 1960; Norton &
Nicholls, 1960; Milligan et al., 81-82 CSIRO; Maclaren & Milligan,
1981; Lenin, 1983). Chemically damaged fibers were yellowed more
rapidly than undamaged fibers.

Studies of yellowing indicate that the amino acids most
affected by light and oxidants (Bradbury & Leeder, 1971) are cystine
(Tucker & Whewell, 1975) and tryptophan (Holt et al., 1975; Savige,
1975), and to a lesser extent histidine, methionine,and tyrosine
(Inglis & Lennox, 1965; Lennox et al., 1971; Holt et al., 1975).
Large differences in the tyrosine content of wool may influence the
degree of yellowing (Gillespie & Frenkel, 1975). Merino wool
contains up to 12% and Lincoln less than 1% tyrosine (Maclaren &
Milligan, 1981). Parallel tests with Merino and Corriedale wool were
not conducted in this study. Increased temperature produces
vellowing and increases the amount of dityrosine (Réper & Finnimore,
1985; Mattyus, 1975; Savige, 1975).

Although attention has focused on changes in amino acids
(Earland et al., 1960) the role of lipids or carbohydrates in

vellowing should not be ignored (Inglis & Lennox, 1965). The



observation that heated wool fibers soaked in methanol were not
thermally yellowed suggests that several factors contribute to
yellowing (Norton & Nicholls, 1960; Lennox, 1960; Earland et al.,
1960) .

Protection of amino groups by esterification, acylation, and
acetvlation or other mechanisms markedlv reduces vellowing (lLennox et
al., 1971). Alchololic esterification may recduce vellowing. Other
test results suggest that acylation and esterification of the wool
fibers may have occurred (Sec 6.4, 6.8,6.9).

Speakman (1930) found that wool has a pronourced affinity for
alcohol. Besides altering the elastic properties, color changes
occur in wool which are attributed to acetaldehyde in methanol
(Speakman, 1930). The marked increase in yellowing observed in the 7
day methanol/Shurgain fumigated samples may have been enhanced by the
interaction of dichlorvos with residual methanol.

Chlorine species are postulated to contribute to yellowing.
The energy dispersive x-ray analysis indicates a substantial increase
in chlorine during the first few days of exposure to the DDVP resin
strip at 50°C (Sec 6.11). The oxidizing chlorine species was not
determined.

Tyrosine and tryptophan, known contributers t are
modified by chlorine species in an acidic environment
Milligan, 1981; Mansour, et al., 1988). Chlorinatio:

causes more extensive yellowing than at lower pH (Mak
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Although the observed decrease in pH in this study may have retarded
vellowing, the 50°¢c temperature and concentration of DDVP by-products
may have increased yellowing (Veldsman & Swanepoel, 1971, Lennox,
1960;: Makinson, 1979). When wool is treated with chlorine in the
presence of peracid or hvdrochloric acid, 3-chloro and 3,5, -dichloro
tyrosine derivates are tormed (Maclaren & Milligan, 1981).

At temperatures above SOOC the amino acids methionine,
tryptophan and tryosine are known to be transformed to different
oxidized species than at low temperatures (Szilard, 1973). Chlorine
dioxide in acid solutions oxidizes tyrosine and produces a brown
color (Szilard, 1973). According to some researchers oxidized
tyrosine may be a precursor to melanin (Earland et al., 1960).
Melanin is a protective pigment and may play a significant role in
providing protection to the internal components of the wool fiber.

Cegarra & Gacen (1983) suggest that HJPO‘ releases Hzoz' It
is possible that peroxides formed during fumigation could change the
degree of yellowing. Oxidation of cystine with HZO2 in dilute HC1
produces small quantities of lanthionine sulfoxide, sulfone, and the
major end product cysteic acid (Maclaren & Milligan, 1981). At pH
4-5 maximum modification of cystine, cysteic acid and modification of
tyrosine and tryptophan are reported (Maclaren & Milligan, 1981).

These modifications may cause yellowing.
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6.4. Tensile Properties

The peak load and strain at break (elongation) are found in
Table 6.4.1. The strain in the heated yarns (40.6-45.5%) and heated
fumigated varns (41.9-49.3%) were significantly different (a=0.05)
frem the unheated control (33.7%). At 35 days the elongaticn of the
heated control (40.67 strain) and tuamigated varns (41.97 strain)

decreased (Figure 6.4.1).

There was a slight increase in the peak load of yarns
fumigated for 7 days (0.541 kg ) and 21 days (0.531 kg). The slight
increase in load was followed by a decrease in peak load after 35

days (0.507 kg) of exposure to S.W.A.T at 50°¢C (Figure 6.4.2).

TABLE 6.4.1 Yarn Tensile Strength and Strain at Break in Wool
®
Fumigated with Dichlorvos Resin Strip (S.W.A.T.) at 50°C..

Peak Load (kg) Strain (%)
® ®
Time (days) Heat S.W.A.T. Heat S.W.A.T.
* * *
7 0.509 O.SAl* 4&.3* A6.3*
21 0.499 0.531 45.5** 49.3
*hk
35 0.480 0.507 40.6 41.9

Each tabulated value is the mean of 45 samples

* Scheffe test significantly different (a=0.05)

** Subset different from unheated control.

Unheated control: mean peak load = 0.496kg (n=135); S.D.=0.043kg

A standard deviation (0.043kg) for the peak load of unheated



117

yarns and elongation range of 18-50% (unheated yarns) indicates there
is sufficient variability in the wool to exercise caution in
inter'reting tensile strength and elongation changes. Previous
studies indic te that tensile strength (load) is an insensitive
measure fcr assessing degradation (Gregory, 1968, Maclaren &
Milligan, 198l). Spivak et al., (1981) found that the breaking

®
strength of fabri:s exposed to Vapona was higher in some cases than

unexposed fabrics. e crease in tensile strength in this study is
cnonsistent with thet Coangs.
Both the heated controls and fumigated yarns exhibited

significant changes (a=".5) in elongation (44.26% to 46.29%) from the
unheated controls (33.7%), in 7 days. The increase in strain after
and 21 days of fumigation with S.W.A.T? and subsequent decrease after
35 days irdicate that yarn strain was changed. The fumigant has a
greater influence on yarn elongation than heat, and pe.haps catalyzes
the effects of heat (Figure 6.4 .1).

Yarns are stretched during spirning and processing (Schutz &
Blin, 1971; Ross et al., 1986). Therefore, differences in elongation
betweer. heated specimens and unheated specimens may be partially
attributed to stress relaxation during heating and conditioning.
Although both the unheated and heated control yarns were conditioned
before measuring tensile properties only the heated and fumigated
yarns were conditioned twice.

Shaw (1985) found that reversible dimensional changes occur
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with variations in temperature (Schutz & Blin, 1971: Szucht, 1971;
Feughelman & Robinson, 1967). Yarns are heated and stretched during
processing (Von Bergen, 1970). Hysteresis may affect subsequent
treatments because some energy is lost during the cycle of
deformation and recovery (Watt, 1975; Makinson, 1979; deGraaf, 1980;
Tao & Postle, 1985). Studies with wool exposed to acids indicate that
contraction is followed by elongation exceeding the original length
(Crewther & Dowling, 1959). Perhaps the inrrease in acidity caused
by sorption of DDVP by-products contributed to elongation. Heating
wool at temperatures similiar to this study produces crosslinking
between lysine and glutamic or aspartic acid (Asquith & Otterbura,
1971; Lipson, 1975). Heating decreases strength and elongation
(Maclaren & Milligan, 1981) and decreases acid and basic groups of
wool (Menefee & Yee, 1965).

According to Speakman (1985) esterification of aspartic acid
and glutamic acid side-chains or alkylation of basic amino acid
residues breaks salt links which makes fiber extention easier
(Speakman, 1985). Esterification may have occurred during
fumigation. Wolfram and Milligan (1975) found selective
esterification (at 60°C) of aspartic and glutamic acid to the
corresponding methyl esters and "a little conversion of amide to
ester group" drastically lowers the stress required to extend wool
and increases contraction in boiling water (Wolfram & Milligan,

1975). Esterification and acylation destabilize the fiber by
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disrupting electrostatic forces between acidic and basic groups ar !
disrupting hydrogen bonds between hydroxyl and carboxyl side chains

(Wolfram & Milligan, 1975).

> COOH )“COOCH3 )‘COOCH]

2 > D

> OH alcohovlr ) OH aci1d >-00CCH3
chloraide

> "NH >~NH >—NH
2 2 2

Weigmann & Dansizer (1971) suggest that both temporary and
permanent deformities in tertiary structure of keratins are dominated
by disulfide bonds. Under stress the bonds easily change positions.
Removal of SH-groups increases extensibilitv (See 6.5). Replacement
of disulfide bonds with more stable cross-links decreases
extensibility (Weighmann & Dansizer, 1971). Both heat and chemicals
affect disulfide bonds (Sakamoto et al., 1985; Meichelbeck & Spei,
1975). The lead acetate test for -SSH bonds indicates that SH-groups
were removed by oxidants (See 6.5).

Speakman (1960) suggests that the effects of intermediate
oxidation products of cystine can be removed with 0.05M hypophosphoric
acid at SOOC for a few hours (Haly « Feughelman, 1960). Removing the
cystine oxidation products establishes new crosslinks (Feughelman,
1960). Although the phosphorus species formed in the degradation of
dichlorvos are unknown, dimethyl phosphoric acid is one of the
principal by-products of dichlorvos degradation and may produce

phosphorus species capable of contributing to tensile changes.



120

s
Lg—\_' \\\ &
— 1 \‘\‘
= 40 -+ ’
g:’; + T e — @ unheated comrol!
:: ‘l a——a heated control |
v o ¢ — ¢ fumigant :
-35 ‘+' // [} |
. ° T
* ’
!
30 e i

0 7 14 21 28 35
Fumigation Time [days]

Figure 6.4.1 Strain(®%) of Merino 2/22 wool yarns fumigated with
®
S W.A.T. at 50°C compared with heated and unheated

wool yarns.



Load |l

e — -0 unheated control
A — A heated control

“*T?‘ s
A
T
\/

¢ — ¢ fumigant

—
—
h

o

; I 4
1 T T J1

7 14 21 28 35

Fumigation Time [days]

Figure 6.4.2 Load (kg) of Merino 2/22 yarns fumgiated with
®
S.W.A.T. at 50°cC compared with heated and unheated

yarns.



The high tyrosine component of wool forms part of the
cortical matrix and CMC (Cr-wther, 1975). The matrix is known to
govern mechanical properties (Spei, 1985). The yellowing of fibers
exposed to DDVP implies tyrosine changes. Tyrosine forms
self-crosslinks (di- and trityrosine) at the 3,5 position, and ether
links »y hydrolysis of alcol: "ic substituents. Ester crosslinks mav
be formed by condensation of tyrosine residues with uaspar ‘¢ and
glutamic acid residues (Maclaren & Milligan, 1981). Tyr._.ine also
couples with histidine and lysine. Changes in the mechanical
properties of wool may reflect changes in tyrosine.

Wool modified by crosslinking agents such as chlorine and
aldehvdes shows changes in elongation (Koenig & Friedman 1977; Watt,
1971; Speakman, 1985). Evidence for crosslinking is indirect and
often ambiguous because changes in properties may resemble changes
introduced by monofunctional reagents tunat do not produce crosslinks.
Koenig & Friedman (1977) found a large difference in extensibility in
wool treated with monoacid chloride and diacid chloride crosslinking
agents. Both treatments reduced the stress at break. Although the
extension of monacid chloride treated fibers was approximately twice
as great as di-a chloride both reagents reduced extension at break
(Koenig & Friedman, 1977). It is unlikely that substantial
crosslinking occurred during the earlier fumigation periods because
elongation at 7 and 21 days increased substantially (Figure 6.4.1).

However, the increase was followcu by a uecrcase in elongation after
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35 days of exposure. A similar decrease (45-40% strain) was observed
in heated yarns at 35 days. The literature indicates that heat alone
will form cross-links (Maclaren & Milligan, 1981). Crosslinking is
nsually accompanied by an increase in the breaking load. 1In this
study longer heating periods reduced the breaking load.

New amino acid residues are known to form during heating at
temperature less than 70°C. Heated wool absorbs oxygen causing a
variety of reactions. The formation of lar hionine, lysinoalanine
crosslinks and cysteic acid residues accompanies the destruction of
cvstine residues. Lanthionine (16.5 umol.g-l) and a trace of
lysinoalanine residues are formed at 60°C (Maclaren & Milligan,
1981). Crosslinks between the carboxyl groups of glutamic and
aspartic acids and lysine form the isopeptides ¢-(y-glutamyl)lysine
(Cla—z;s), and e¢-(B-aspartyl) lysine in wool heated (60°C) for 48
hours (Maclaren & Milligan, 1981). Formation of crosslinks would
reduce elongation at break. During the first 24 hours of heating

[
(AZ-SOOC) the isopeptide Glu Lys is stable. However, prolonged

—
heating (96 h) at 80°C results in significant formation of Glu Lys,

and decrease in hydrolysis.

lanthionine —NH$HCHZSCFQFHCO‘
-CO NH—



6.5. Lead Acetate Test

Lead acetate staining depends on the presence ot
hydrodisulfide (-SSH). Changes in the state of sulfur can be
measured by observing a reduction in the formation of lead sul{fide
precipitate. Hydrodisulfide groups reacting with lead acetate form
lead sulfide, a brownish black precipitate, on untreated wool. Other
oxidation products of cystyl residues on the surface of wool fibers
are unable to form complexes with lead acetate. Lead acetate color
differences of heated and fumigated fibers are found in Table 6.5.1.
Although the AE values indicate a color change, the actual fiber
samples were unevenly stained, with underlying yellowing in the
fumigated fibers that distorted AE results. Heated w-ol stalned less
than unheated controls and fumigated wool stained less than heated
wool.

Heat caused some oxidation he sensitive cystine residues.
Heat plus DDVP oxidized “he -SSH groups to an even greater extent.
The greatest change in reactivity with lead acetate (AE = 17.93) was
obrcerved in the 7 day methanol/Shurgain scoured fibers which showed
much less staining than the heated control.

Lead acetate test results show that limited oxidation of
hydrodisulfide groups occurred when Shurgain scoured wool was exposed
to dichlorvos. The removal of methanol soluble components of the
protein contaminant layer (PCL) and greasy lanolin or tightly bound

lanolin wax with methanol appeared to increase the rate of oxidation
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resulting in less staining.
Table 6.5.1 Lead Acetate Color Difference (AE) in CIELAB Units for

®
Wool Fibers Exposed to Dichlorvos (S.W.A.T.) Resin St.ips

at 50°C in a Desiccator in the Dark.

Color difference (CIELAB units)

Treatment Time (days) Heat" S.W.A.T.b
Shurgain 7 8.98° 7.&7:
Scour 21 3.98d

35 6.58
Shurgain/ 7 3.85° 17.93°

Methanol Scour

*AE = difference between unheat and heated fibers

b
c
d

AE = difference between heated and fumigated fibers
AE =« less staining than unheated contols
AE = less staining than heated controls

Uneven staining of the controls and 7 day Shurgain exposures
is postulated to be a result of ageing, weathering, and uneven attack
which result in different oxidation states of sulfur (Bell et al.,
1960). Heat alone oxidizes wool with a high cystine content (Norton
& Nicholls, 1960). Oxidation of cystine by heating probably
contributed to a decrease in lead sulfide precipitates (Table 6.5.1).
Chlorine species, present in the fumigant, are also known to

contribute to the observed uneven staining (Maclaren & Milligan,
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1981). Fi' s exposed to the fumigant stained less than the control
fibers. This is indicative of increased hydrodisulfide oxidation,
Studies of oxidative chemicals used in wool processing
indicate that several intermediate cystine species are formed
(Bawnann & Setiawan, 1985a; Ashrenazi, 1984). Although acidic
solutions of hydrogen peroxide, performic acid, and sodium
hypochlorite produce the cystine oxidation intermediates, cystine
monoxide, cysteine sulfinic acid (—SOZH), sulfonic acid (-SOJH) and
cysteic acid residues, the sensitive hydrodisulfide (-SSH) group is
not detected (Baumann & Setiawan 1985). Wool oxidized with these
agents will not stain darkly in the lead acetate test. Some oxidants
were likely present during fumigation. Although mild conditions
oxidize cysteine sulfinic acid to the more stable cysteic acid, over
oxidation can convert cysteic acid to sulfate (Kearns et al., 1977).
Uneven topochemical attack, which occurs in acid chlorination, is
confirmed by different ESCA (Electron .pin capture anal. s) sulfur
spectra on different areas of the fiber (Baumann et al., 1986,
Baumann & Setiawan, 1985). Uneven staining of the fibers exposed to
S.W.A.T.® is congruent with acid chlorination (See 6.1, and 6.10).
Although the principal target of oxidizing agents is cystine
several other amino acids are modified or destroyed
(Schumacher-Hamedat et al.; 1985; Baumann & Setiawan; 1985). Since
lead acetate test results indicate that cystine was oxidized during

fumigation other amino acids may be attacked. Methionine may be
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converted to sulfoxide or sulfone and tryptophan and tyrosine
moditied or destroyed (Mazingue et al., 1971 p. 209; Maclaren &
Milligan, 1981). Some oxidants induce free radical formation causing
main chain cleavage (Davies, 1961).

Known breakdown bv-products of dichlorvos resin strips
include oxidants (Williams et al , 1984). Peracids, such as
perchloric, peracetic, and dichloroacetic, peroxide, and chlorine are
suspected by-products. Peracetic acid destroys some of the tryptophan,
arginine, lysine and histidine residues (Lindley, 1959; Maclaren &
Milligan, 1981). The effects of peracids are complex because radical
intermediates are formed. It is possible that synergistic reactions
of peracids with other known oxidants such as peroxides and chlorine
occurred during fumigation.

Although hydrogen peroxide damage of wool occurs mostly in
alkaline conditions, cystine oxidizes under acidic conditions.
Maclaren and Milligan (1981) suggest that oxidation cof cystine by
peroxides is controlled by the rate of diffusion and sorption (See
6.11). Methanol scouring is suggested to increase the rate of
sorption in wool which resulted in increased oxidation of
hvdrodisulfide groups that caused reduced staining with lead

acetate.

.6 Allworden/Herbig Reaction

The Herbig reaction with bromine was found to be the most



reliable test for measuring the integrity of the epicuticle. A
freshly prepared bromine solution must be used to obtain consistent
results. A summary of observations is found in Table 6.6.1.

The literature indicates that Allworden sac development is a
sensitive measure of changes in the cuticle. Al-Hariri & Rattee
(1983) found that sac development in processed samples was 15 seconds
fnr scoured, 22-29 seconds for scoured and carded, and 32-39 seconds
for scoured carded and spun wool fibers. By using unprocessed wool

with tippy ends trimmed off, it was possible in this study to

Table 6.6.1 Herbig Reaction tor Epicuticle Integrity in
®
Wool Fibers Exposed to S.W.A.T. Resin Strips at 50°%¢c

in a Glass Desiccator in the Dark.

Observation of Sac Formation

Treatment Time (days)
Heat 7 normal formation of sacs" <& 3 min

21 normal formation of sacs

35 normal formation of sacs

(CHJOH scour) 7 normal formation of sacs
S.W.A.T. 7 sac formation appears normal
21 areas with no sac formation
35 areas with no sac formation,
(CHBOH scour) 7 areas with no sac formation,

epicuticle damage and etching
of surface observed®

* formation of discrete and apparent epicuticle sac
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minimize effects of weathering and avoid the effects of
manufacturing. The formation times given in the literature for the
characteristic globular excrescences (bubble-like sacs) on the fiber
surface, are too short to distinguish between wetting or interface
activity and discrete sacs. Makinson (1979) reports that Herbig
sacs, formed with bromine, are more variable and slower to form than
Allworden sacs, formed with chlorine, because Herbig sacs consist of
the epicuticle with various amount of material from other cuticle
lavers (Makinson, 1979). 1In this study separation of the epicuticle
from the underlying cuticular protein layers with the formation of
obvious Herbig sacs took = 3 min for normal sac formation. Fumigated
fibers tended to produce Herbig sacs more rapidly than unfumigated
fibers.

Bradbury & Leeder (1971) found several conditions governing
the formation of Allworden (or Herbig) sacs (Bradbury & Leeder,
1971). Sacs may fail to form when insufficient protein dissolves to
separate the epicuticle from the _uticle, when osmotic pressure from
oxidation of disulphide bonds to cysteic acid residues is
insufficient, or when the epicuticle membrane is not intact (Bradbury
& Leeder, 1971; Lorimer, 1979). Makinson (1979) suggests that delay
in sac formation may be due to previously degraded protein of low
molecular weight diffusing out of the cell too quickly for swelling
to occur (Makinson, 1979).

The hydrophobic epicuticle is part of the membrane system on
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the surface of the fiber (King & Bradbury,1968). Although the
lvsine- rich cuticle and cortex membrane complex form a continuous
netvork throughout the fiber, amino acid analyses reveal that cuticle
resistant membranes differ from the cortical CMC resistant membranes.
Resistant membrances in the cuticle contiain citrulline and ornithine,
have a lower lysine and higher serine content, and have more
cystine/cysteic acid than the cortical cell resistant membranes
(Peters & Bradbury, 1976). The extreme chemical inertness and
hydrophobicity of the epicuticle are attributed to e¢-(y-glutamyl)
lysine crosslinks and the presence of small amounts of lipids (Réper
et al., 1982; Peters & Bradbury, 1976). Lysine-glutamic acid
crosslinks contribute to ine. ness by removing the hydrophilic
carboxyl and amino groups (Peters & Bradbury, 1976, p. 47). The
unique characteristics of the epicuticle and wool fiber are strongly
influenced by cysteic acid/cystine residues.

SEM micrographs (6.12) show cuticle damage and EDXA (6.11)
indicates large amounts of chlorine in fumigated fibers. Inhibition
of sac formation may be attributed to the formation of —CH2C1 and
-CHZSOZCI groups from -CHZS-S-CHZ-(disulfide bond) (Bradbury &
Leeder, 1972). Less solubilizing at low pH may be due to lack of
sulphonic < id anions in the A layer. If disulfide bonds are blocked
or stabilized by conversion to lanthionine, preventing sulfonic acid
groups from forming, Herbig sacs are smaller (Makinson, 1979).

Cysteic acid, 3,5-dichlorotyrosine and a-aminoadipic acid from lysine
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oxidation are present in acid hyrolysates of Allwdérden membranes from
chlorinated wool (Maclaren & Mill:ipgan, 1981). Exposure to S.W.A.T?
produced smaller Herbig sacs in the 7 day methanol fibers than in
Shurgain fumigated fibers. Apparently the consistency of the
dissolved prote: s and amount of oxidizable material available for

sac formation was decreased during fumigation.

6.7 Krais-Viertel Test

The Krais-Viertel test supposedly differentiates acid damaged
wool trom reduced or alkali damaged wool (Merkel, 1984; Garner,

1966). Garner (1966) reports that bubbles form on the surface of
undamaged fibers in about 10 minutes. Merkel (1984) suggests that
"he reagent is a good indicator of acid damage. Acid damaged wool is
reported to form larger bubbles in less time than undamaged wool.
Cuticle removal by chlorination is reported to cause generallized
swelling of the fiber.

Although the Krais-Viertel test is reported to be similiar to
the Allworden reaction, it was found to differ considerably. The
entire fiber is observed undergoing dissolution in the highly alkaline
medium. Discrete bubbles observed in the Allworden or Herbig reaction
are not formed with Krais-Viertel reagent. Bulges are formed that
give the fiber the appearance of a swollen segmented worm. 1In
contrast to fibers placed in water, which usually become straighter

and less crimped (Makinson, 1979), fibers immersed in Krais-Viertel
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reagent twist, wriggle and curl into coils. By comparing unheated and
heated controls with treated fibers it was apparent that the strongly
alkaline Krais-Viertel reagent reacted more rapidly with the fumigated
fibers. Fumigated fibers scoured with Shurgain detergent were less
reactive than fibers exposed in the laboratorv to 1M H‘PO“ for 2
hours at room temperature. Methanol/Shurgain fumigated fibers reacted
more rapidly than fibers soaked in 1M HSPO“ for 24 hours at room
temperature.

The differential reactivity of the ortho and para cortex was
easily observed with Krais-Viertel reagent (Kulkarni et al., 1971).
The orthocortex swelled more rapidly than the paracortex causing the
fibers to coil.

Although the literature indicate. that the reagent is stable
for 4-6 weeks the difference in reactivity between 1 or 2 days was
noticeable. The noxious, choking, corrosive reagent (KOH + NHbOH) is
difficult to use without adequate ventilation. The extreme
variablity in time (minutes to hours) to produce the bulging sacs
curtailed attempts to accuratelv re rd the time for sac formation.

Many interpretations for rhe swelling properties of fihers
are found in the literature. Speakman and Hirst (1933) refer to
lamellar micelles with the long axes parallel to the length of the
fiber. Observing that micelle subdivision occurred in formic acid,

the researchers concluded that subdivision to simple peptide chains

was improbable. By using several acids at different concentrations
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SpPakmag and Hirst (1933) concluded that acids were capable of
sepaiating micelles of wool. In this classic study Speakman & Hirst
(1913) suggest that all acids cause a reduction in the resistance to
swelling. The acidic methanol scoured fumigated fibers were the most
reactive in the ¥rais-Viertal reagent. Some of the variability in
reaction time may be due to crosslinking or an undetermined competing
factor such as increased oxidation coupled with increased acidity
that complicates chemical reactivity.

The Krais-Viertel is essentially an alkaline solubility test
Lees et al., 1960). In this study the increased speed of fiber
dissolution in the Krais-Viertel test cor:elated with the decrease in
lead acetate staining in fumigated fibers. Maclaren and Milligan
(1981) suggest that chlorination of wool increases alkali solubility.
High chlorine sorption (See 6.11) ma. have contributed to an
increase in reaction rate of the fumigated fibers with the
Krais-Viertal reagent. Knott and Zahn (1971) found that an acid
content of greater than 1% (< pH 4) caused greater alkali solubility

and attributed to N—>0 peptidyl shift during storage.

6.8 Methylene Blue Staining

Staining of wool with Methylene Blue is used to detec.
oxidative damage (Schefer, 1978). xtensive oxidation under acidic
conditions produces cysteic acid residues and sulfate, and modifies

many amino acids. Anionic sites provide negative charges which
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attract the cationic Methvlene Blue dye. According to Maclaren and
Milligan (1981) excessive oxidation of cystine residues to cysteic
acid residue- increases the uptake of Methylene Blue

The results of color difference measuremeuts (AE) on
Methvlene Blue stained wool are recorded in Table & 8 1 Fairly
rapid dye uptake in fibers heated for 7 days (AE 6.79 CIELAB unit..)
indicates oxidative heat camage. However, a decrease in staining
occured in the 35 day heated control (AE 3.4) CIELAB units).
According to Menefee and Yee (1965) oxidative damage at temperatures

¢ .
greater than 60« -~uses acid and base groups to decrease.

Table 6.8.1 Met. Blue Color Change (AE) in CIELAB Units for Wool
®
Fibers Exposed to (S.W.A.T ) Resin Strips at 50°C in a

Desiccator in the Dark.

AE color difference (CIELAB units)

®

Treatment Time (days) Heat' S.W.A.T. °
Shurgain 7 6.79 2.37°
Scour 21 6.93 14.05°

35 3.4l 15.05"
Shurgain/ 7 15.08 29.80°
Methanol
Scour

:AE = difference between no heat and heat 4
AE = difference between heat and S . W.A.T.
‘AE = less dye pick-up than control
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Heated controls, scoured with methanol/Shurgain, stained a
deeper blue (AE 15.08 CIELAB units) after a 7 day heating period than
the 35 day heated controls scoured only in Shurgain (AE 3.4 CIELAB
units). Wool grease affects the uniformity of dyeing (Bocykowski,
1971). Merino wool, a much greasier wool than Corriedale (Lipson,
1975) was used for ''ic 35 day and Shurgain/methanol <amples. The
observed difference in reactivity infers that lanolin contaminants
provide protection. Methanol removed some of -rh¢ grea ' la.er from
the fibers and increased the rate of chemical activ.:v by rectly
exposing the fiber to the fumigant.

The color differences (AE 2.37 to 29.80 "“1ELAB units) of all
fumigated samples represent a decrease in staining compared to the
heated controls. The diiference in dyeability of fibers washed in
methanol solvent is evident in the 7 day fumigation periods. The
color difference in fibers washed in Shurgain and fumigated in
S.W.A.T? for 7 days (AE 2.37 CIELAB units ) is much less than the
color difference (AE 29.80 CIELAB units) for Shurgain/methanol
scoured fibers fumigated for the same length of time.

Methanol /Shurgain scoured fibers fumigated for 7 days (AE 29.80
CIELAB units) resisted staining with Methylene Blue more than other
exposures. Either the fumigated fiber repels the dye, or the sites
normally occupied are blocked chemically or physically (Whewell et
al., 1971; Ebert, 1971). The resistance to dye absorption suggests,

lack of oxidation, decreased pH, or chemical blocking of anionic
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sites during fumigation. Since other tests suggest some oxidation, a
low pH, or chemical blocking hypotheses are the most credible
explanations.

Although Merkel (1984) suggests that Methvlene Blue .n be
used to detect severe acid damage other researchers disagree
Methylene blue absorption is verv pH dependent (Whewell, et al. .
1971). The nature and number of polar groups in the fiber, the
physical and chemical modification, and accessibility of the
dye-attracting acidic sites influence Methylene Blue absorption
(Whewell, et gl., 1971; Peters 1975). Wool boiled in neutral
solutions of the oxidant dichromate showed a decrease in Methylene
Blue dye absorption (Whewell et al., 1971). Apparently negative
sites are removed by complexing with oxidants such as dichromate.

Dissociation of acids, such as acetic acid, produces free H
ions which compete with dye cations for the electronegative sites and
retard dyeing (Ayyangar & Tilak, 1971). Below pH 6 the absorption of
dye decreases and is minimal at pH 4.5 (Ayyangar & Tilak, 1971).
Evidently the acidic by-products of S.U.A.T.® provide free hydrogen
ions that retard dyeing. The more acidic fumigated fibers absorbed
less dye. At least some of the decrease in dye absorption is
attributed to a decrease in pH.

The rate of Methylene Blue diffusion into wool fibers is
vecognized as a reliable estimate of the epicuticle’s condition,

especially after chlorination (Whewell et al., 1971; Merkel, 1984) .



137

Since the cuticle provides an effective barrier to dye diffusion, the
dye molecules are postulated to enter the fiber though the
interstices of cuticle cells (Bradbury & Leeder, 1971; Leeder, 1986).
Bradbury and Leeder (1971) suggest that the CMC, rather than the
cuticle, is the barrier to dyes and acids. Areas of oxidative damage
on fibres are usually stained deep blue (Merkel, 34). Under the
light microscope the margins between intact cuticle cells appeared to
have stained more de~ply than adjacent surfaces. Wool fibers with a
mechanically disrupted surface structure absorb more dye supporting
the assumption of intercellular diffusion of dye between cuticle
cells (Kondo, et al., 1971; Leeder et al. 1985; Joko et al., 1985).

Although mechanical and chemical attack usually increases the
rate of dye uptake (Leeder & Lipson, 1963) the fibers most damaged by
fumigation (methanol/Shurgain exposures) resisted both acid and basic
dves. Although progressive reduction of pH in the dyebath and fiber
usually decreases absorption of basic dyes, some acids introduce a
number of sulfonic groups which strongly attract basic dyes (Ebert,
1971; Baumann, 1971; Whewell et gl., 1971).

Maclaren and Milligan (1981) explain that despite the
presence of sulfonic acid groups, the ion-exchange properties of
oxidized wool are more similiar to cationic-exchange resins
¢ zaining carbcxylic acid side-chains than to sulfonic acid
s1de-chains. Ayparently the anionic sulfonic acid groups are

compensated by basic groups within the fiber leaving the weakly
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anionic carboxylic acid groups available for exchange with the
cationic dye (Whewell, et al., 1971).

While decreased dye uptake in fibers exposed to the fumigant
for longer periods can te explained by pH sensitivity of Methylene
Blue, a decrease in the dve uptake of heated wool (AE 6.79 to 3 .41
CIELAB un® < .. .nexplained. The decreased lead acetate reactivity
and slighc ye.lcwing in the heated controls suggest oxidation that
according to Merkel (1984) should increase sorption of Methylene Blue
(Savige, 1975). The increase in dve absorption in the heated
controls, especially the 7 day control also suggests oxidation. To
complicate matters chromatic changes in the dye were observed in
heated (methanol/Shurgain) and fumigated wool fibers aft. taining.
The decreased absorption with increased oxidation and Ehromatic
changes requires an explaration. Aqua tones were observed in the 21,
35, and 7 day methanol/Shurgain stained tumigated fibers and mauve
tones in the 35 day and 7 dav .ethanol/Shurgain heated controls.

Ayyangar and Tilak (1971) found that some bases produce a
spectral shift towards red, attributed to interaction of Methylene
Blue with basic ions which reduces the positive charge shared by the
terminal positions. Although the conditions in this study are nor
basic it iIs apparent that a reaction exists that produces a mauve
tone in the stained fiber.

Methylene Blue is a widely used in biochemistry as a hvdrogen

acceptor and vital stain because of its metachromatism (Gurr et al.).



139

Methvlene Blue

In this study a spectral change to aqua was accompanied by reduced
staining.

In all tests the depiii of staining in fumigated fibers was
less than fibers exposed to the oxidants, sodium hypochlorite, or
}%OZ. Wor soaked in 1M perchloroacetic acid, 1M dichloroacetic, and
14 trichloroacecic acid for 24 h at room temperature stain similiarly
(aqua color ¢nd decreased staining) to the fumigated fibers. It
appears that decreased pH prevents the cationic dye from coloring the
fumigated fibters.

Methlyene Blue is used as a diagnostic techni ue to determine
chemical composition, reactivity, histochemical components, and
mechanical damage (Whewell,et al., 1971; Kondo et al., 1971; Orwin et
il., 1984). Methlylene Blue is used to determine changes in the
high-tyrosine orthocortex, which is usually stained with Methylene
Blue (Hewish et al , 1984; Hewish & French, 1986; Fraser et al.,
1972). When fumigated :ibers were stained with the concentrated

stock solution of Methylene Blue and examined under the light

microscope the orthocortex appeared to resist staining, suggesting
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some modification of tyrosine. The observed vellowing suggests that
tyrosine residues are modified during fumigation.

An increase in oxidation of cystine residues to cysteic acid
usually results in an increased uptake of Methylene Blue (Maclaven &
Milligan, 1981; Whewell et al.., 1971).  Since a substancial increase
in chilorine, a strong oxidant, was detected in EDX analvses (Sec
6.10) the reduction in staining suggests that either the normally
available sites are occupied or the charge on the fiber {s radically
altered (Whewell et al, 1971). However, caution in postulating
theories must be exercised because wool and dye chemistry are
complex

Several theoretical models have been developed to explain the
adsorption of basic (cationic) dyes from an acidic bath and in the
pr sence of electrolytes (Peters, 1975). In a weakly acidic dyebath
amino groups are protonated and bear a positive charge (-’NHJ) and
carboxyl groups a negative charge (-CO0 ). In acidic dyebaths the
carboxyl groups are protonated. The breakdown of dichlorvos produces
chlorine and phosphorus ions which may react with the amino or
carboxyl groups. Evidently chlorine changes botli the pH and the
absorption of acid and basic dyes. If positively charged phosphorus
ions from dichlorvos hydrolysis were present in the dye bath, their
influence would be negligable due to the acidity of the fumgiated
fibe:s. However, phosphorus species may have reacted with the wool

fibers in a more complicated manner.
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Whewell ec al. (1971) suggest that a decrease in Methylene
Blue absorption may be caused by replacement of carboxyl groups by
carboxyl complexes which repress absorption of dye cations.
Dichlorvos is known to react with several amino acid groups such as

cv.tine, serine, and perhaps tyrosine (See 2.2).

6.9 Kiton Red Staining

The color differences (AE) of fibers stained with Kiton Red
(C.1. Acid Red 1) are recorded in Table 6.9.1. An increase in
staining {s usually attributed to epicuticle damage, oxidation, or
extreme acid lamage (Merkel, 1984; Garner, ! a). Acid dam..~d
fibers have a tendency to stain lighter than undamaged fibers.

An increase in the dyeing capacity of both 7 day fumigated
samples were observed. The Shurgain scoured wool had a color
difference of 7.44 CIELAB units and 7 day methanol/Shurgain scoured
wool had a color difference of 17.33 CIELAB units. The a* index (+
red/- green) of the 7 day samples was similiar (7 day, a* 27.7; 7 day
MeOH, a* 26.1). The difference in the values of AE in the
methanol/Shurgain scoured fibers is due to increased yellowing in the
7 day methanol/Shurgain fumigated fibers and a decrease in dye uptake
bv the heated control Total color difference (AE) is insensitive to
chromatic variability &~ -arns, 1985). Reduced staining was
observed in the Shurga red samples fumigated for 21 and 35

davs. Reduced staining sistent with the observed decrease in



pH of the 21 and 35 day fumigated specimens. Acid damaged wool is
known to absorb less Kiton Red than undamaged wool. The slight
orange tinge accompanying decreased staining is attributed to fiber
yellowing. An increase in yellowing is evident in the b* CIELAB

tristimulus readings.

Table 6.9.1 Kiton Red (CIE Acid Red 1) Color Difference (AE) in
®
CIELAB Units for Wool Fibers Exposed to (S.W.A.T ) Resin

Strips at 50°C in a Desiccator in the Dark.

AE Colour difference (CIELAB units)

®

Treatment Time (days) Heat" SW.A.T. "
Shurgain 7 10.97 7.44°
Scour 21 12.30 13.74°

35 6.45 22.06°
Shurgain/ y 15.32° 17.03%
Metharnol
Scour
:AE = difference between no heat and heat
AE = difference between heat and S.W.A.T
:AE = more dye pick-up than heated control

AE = less dye pick-up than heated control
*AE = most of the difference attributed to vellowing

‘AE = less dye pick-up than unheated control
The affinity of wool for acid dyes usually increases with
acid chlorination (Weigmann et al., 1985). An increase in acid dye

affinity is proposed to be caused by "preferential loss of proteins
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containing acidic amino acid residues from the cuticle"” (Maclaren &
Milligan, 1981, p 68). This is accompanied by an increase in the
permeability of the epicuticle by chlorination and easier dye access
(Maclaren & Milligan, 1981).

The pH of the dyebath has a marked effect on the uptake
ot acid dyes (Bird, 1972). Decline in degree of tia.i:on in acidic
environments is due to a decrease in the number and reactivity of
tiucleophilic groups (Lewis bases) at low pH (Baumann, 1971). Bird
(1972), using the Gilbert-Rideal theory, attributes strong acid
absorption (HCl) to an equipotential region where H" is bonded to the
COO sites and Cl on the N+H3 sites, restoring electrical neutrality
(Bird, 1971). The reaction is reversible because of wool’s low
affinity for chloride ions. Dye anions readily replace chloride
ions.

Extrapolation of chlorine sorption with Kiton Red a*
(+red/-green) suggests that chlorine may influence dye uptake and
Increase yellowing (Fig 6.7.3 & 6.7.4). The increase in dyeability
is consistent with the severe cuticular damage observed in
methanol/Shurgain scoured fumigated fibers (See 6.10).

The ability of hvdrogen peroxide treated hair to bind the
acid dye Orange II is reported to be markedly decreased (Milligan &
Wolfram, 1971). Robbins et al. (1968) attribute decreased dye
binding to solubilizaton of protein, neutralization of dibasic amino

acids, and an increase in the oxides of cystine. The cysteic acid
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groups (So;) formed during oxidation bind verv stronglv with basic
groups (’NHS). preventing the Orange Il dve anion from displacing the
sulfonic acid rroups.

A teduction in acid-combining capacity is also attributed to
amino group acetylation (Mathieson et al., 1964). Ivanov (1987)
reports that acetylated wool binds significantiv less dve. The
reaction of wool with dichlorvos breakdown may have resulted in
acetylation. Milligan and Wolfram (1971) suggest that decreased
dye-binding must be due to acetylation of lysine, arginine, and
histidine. The formation of ornithine and a decrease in arginine in
acetylated wool decreases dye binding. Acetyl chloride presumably
acetylates serine, threonine and tyrosine side chains, decreasing
acid Orange 1l binding capacity (Milligan & Wolfram, 1971) .

Although the acid binding capacity of chlorinated wools is
genera. markedly decreased, acid chlorination usually increases
wool’'s at:inity for acid dyes (Maclaren & Milligan, 1981, Bird, 1972;
Mathieson, 1964). The phenomenon is proposed to occur when the loss
of acidic groups from the cuticle during chlorination increases the
permeability of the epicuticle. The loss 7 residues increases the
affinity of the fiber for acid dyes and increases the rate of
diffusion throughout the matrix (Maclaren & Milligan, 1981; Leeder &
Rippon, 1981). 1In this study a reduced uptake of Methylene ®..e¢ and
Kiton Red generally accompanied increased chlorine sorption.

However, fumigated methanol scoured fibers exhibited both an increase
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in chlorine sorption and an slight increase in Kiton red staining
compared to the 35 day fumigated Shurgain scoured wool. The

assumpt ion that chlorine per se increased the affinity of the fibars
for dyes is questionable. However, the degradative effects of
chlorine on the topography of the cuticle, especiallv the epicuticle,
probably decreased the physical barriers to dye diffusion.

Tester and Makinson (1982) suggest that a double layer of
charge at the tips of the oxidized scales creates a positive space
which attracts negative ions. This would account for some of the
increased dyeability of oxidized wool at scale edges. Chlorination
or oxidative treatment softens the cuticle and increases the number
of charged and soluble molecules in the cuticle. This provides sites
for dye bonding (Makinson, 1976; Réper et al., 1984).

Heating wool fibers for 7 to 21 days at 50°¢ generally
increased wool’'s affinity for Kiton Red (AE 10.97 to 12.30 CIELAB
units). Although the Shurgain scoured heated controls were usually
stained more than unheateu controls the 35 day control was stained
less than the 7 and 21 day controls. The decrease in staining (AE
6.45 CIELAB units) in the 35 day heated control is probably due to
the greasiness of Merino wool used for this heating period. Heat
oxidation apparently increases dve uptake.

Methanol presoaking changes more than the protective PCL and
F-laver of the fiber. The resistance to dye uptake in the

methanol/Shurgain heated control is an enigma because lead acetate
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staining indicated that the methanol control w.s oxidized.

Some sorption of Kiton Red was also expected in the 21 and
day fumigated wool because the lead acetate test showed slight
oxidation and the oxidized methanol scoured fumigated t.» rs w
stained. Although oxidation usually increases dve affinity ott.
factors suppressed dye uptake.

Decreased Kiton Red affinity in fumigated wool may be . .sed
by oxidized disulphide bonds being converted to -SOJ_ which repel dye
anions (Tester & Makinson, 1982). Acid damaged fibers stain less
than undamaged fibers. Although a s ight pH decrease caused an
initial increase in dye uptake further ~ases in pH lowered the
dye uptake. Severe damage {n the meth- ~coured fumigated samples
increased dve uptake.

It is apparent that dve uptake is more than a physical
process. Because anionic or cationic dye molecules are bound to
charged sites in the fibters, changes in the epicuticle and CMC alter
the absorption of cationic Methylene Blue dye and anionic Kiton Red.
Mechanisms governing dye affinity and resistance to dyeing in

dichlorvos contaminated fibers are complicated.

6.10 Fluorescent Microscopy with Acridine Orange
Orange-red fluorescence on Acridine Orange {(CI Basic Orange
14) dyed wool fibers indicates acid damage. Fumigated fibers dyed

with Acridine Orange were acid damaged. Damage was first observed by
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locating areas of orange-red fluorescence o the fibers which are
normally green under ultra-violet 1ight (Appleyard & Lees, 1964;
Nossar et al., 1973, Zhao & Johnson, 1986; Zhao & Pailthorpe, 1987).
Zhao et al. (198€) sugges® that the fluorescence is caused by the
tormation of serire and threonine hydrogen sulphate which absorb more
basic dve than other areas of the fiber. Zhao et al. (1986) exposed
fibers to HZSO‘ and indicated that serine and threonine hydrogen
sulphate were products of the reaction between the amino acid
residues and the acid. The only acid that reacts similiarly with
hvdroxyl groups in this experiment is HJPO‘. By absorbing more dye,
the extra dyestuff "self-extinguishes its own fluorescence" by
absorbing blue light and emitting orange/red light (Zhao et al.,
1986). Thus the green fluorescence is cnhanged to red.

Acridin: Orange is 1sed to differentiate riuosomal RNA from
DNA; absorption of the dye by RNA causes a red shif* in the
absorption spectra. According to theory, the dve ana phosphe:c (i/1
ratio) form a complex which binds to negati-e sites i- the RuJA
forming an aggregation of dye molecui s (Gurr et 2! , i¢74). Bound
phosphate groups from the hydrolysis of dichlorvos may provide sites
tor dye complexes to form. Another source of Po; groups in wool may
be the nuclear remnants (ENDO Al fractions) - the endocuricle. If
so, small pockets of red fluorescence fron RNA enhan:zed by
intercalated dve stacking could occur in danaged fibers. Garner

(1966b) reports orange fluorescence in th: unt: eated orthocortex,



which contains nuclear remnants and phospholipids, and red
fluorencence in acid damaged fibers. Apparently macromolecular
disorganization or degradation permits additional binding of dye
molecules which increases red fluorescence (Gurr et al. (1974).

Orange-red fluorescence was observed to be concentrated along
the periphery of the scales. The most severely damaged fibers tested
with Acridine Orange were taken from a woolen hat, an artifact in the
case study. These fibers had pronounced orange-red outlining on
their distal and lateral scale edges. Similiar patterning was
observed in fibers fumigated for 21 days. 1In o.uer micrographs
distinct spots of red-orance fluorescence in fibers from the woolen
hat were similiar to the spots in fibers fumigaced for 21 days (cf.
Plate 3.1.4 to Plate 6.10.1). Photomicrographs suggest that dye
diffusion occurs between the gaps of scales. The hydrophobicity of
the fiber surface appar utly causes uneven distribution of acid
resulting in local accumulations of acid. The most vulnerable areas
appear to be between the scales (Plate 6.10.2).The area beneath the
scale tips provides a regicn of impingement where fumigant molecules
cc:1d strike and rebound (Tester & Makinson, 1982). Capillary acticn
could increase fumigant concentration at contact points between
fibers, or in irregular sections of damaged fibers (Zhao et al.,
1986). The hypotheses are consistent with the fluorescent patterning
observed in Plates 6.10.2 & 6.10.3.

Splaying of the cuticle (Plate 6.10.3) suggests that the



Plate 6.10.1 Dark red-orange spots in fluorescent photomicrograph of

®
Wool Fiber Fumigated with S.W.A.T. for 21 days at 50°C



l‘\(‘

Plate 6.10.2 Fluorescent photomicrograph of Wool Fiber Fumigated

®
with S.W.A.T. for 35 days at 50°C.
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Plate 6.10.3 Protruding scales on fluorescent .otomicrograph of

®
wool fiber fumigated with S.W.A.T. for 1 days at 50°c.



fumigant dissolves the intercellular cement which attaches the
cuticle to the matrix (Makinson, 1971; Zhao, 1986). Damaged scales
were broken and separated from the cortical sheath.

Protruding sc-'es were observed on manv fihers (Plate 6.10 1)
By rotating or sliding the tibers along oppositely oriented fibers
the scales were detached and visible with the microscope. ley er ul.
(1985) found that detached scales could be dislodged by sliding
a fiber against the scale tips o! .arother fiber. The scales were also
disrupted during dyeing with Acridine Ora:.,e and mounting. According
to Makinson (1971) dry chiorination attacks the cementing matrix
causing fragile shell-like scale fragments tec detach (Makinson,
1971). Shell-like fragments were observed during microscopic
examination.

Metachromatic fluorescence of the acid damaged fibers was
achieved in spite of diminished dve affinity. Apparently severe
acid damaged increases localized dve sorption. Longer fumigation
periods may have increased red-orange f{luorescence in severely
damaged fibers.

Color difference tests were conducted with Acridine Orange
(b. ic dve) to substantiate the Metlviene Blue (basic dye; test . It
is unusual for wool fibers tc resist dyeing with both acii (Kiton
Red) and basic dyes. Differences in the affinity of wool for
Acridine Orange and Methylene Blue may be he attributed to the method

of application and to the intrinsic nature of the dyes. Fihers dyed



—
n
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with Acridine Orange were dved 2c the boil. Heat increases diffusion

of dve into the fibers.

Table 6.10.1 Acridine wranrge (C.I. Basic Orange 1l4) Color
Ditfererce CTEIAB nits) for Wool Fibers Fxposed tu

®
S W A T Resin Strips at 50°C in a Desiccator in the Da-k.

LE color difference (ClELAB units)

a ® b

Treatment Time (da- ) Hea S.W.A.T.
sturg. n 7 8.24 13.78°
Sooeur 21 1.2 15.73°

35 5.19 9.20°
Shurgain/ 7 2.64 19.61°¢
Methanol
Scour

"AE = difference between no heat and heat

"AE = difference between heat u: i S.W.A T

'AE = less dve pick-up than hea: { control

AE = some of the difference attributed to vellowing

6€.11 Chlorine and Phosphorus Sorption by EDXA

Qualitative EDYA was used to estimate the sorption and
desorption of the fumigant Chlorine and phosphorus, by-products of
S.W.A TN, were detected in the EDX aralysis (Fig. 6.11.1 & 6.11.2).

“hlorine was rapidly absorbed bv the Shurgain scoured wool during the

®
tirst / davs of fumigation with S.W.A.T. at 50°C. Only small



amounts of chiorine were removed by washing the wcol fibers in
distilled water and methanol after fumigation (Fig. 6.11.1)  The
resistance of chlorine to removal by washing suggests that . lorine
reac s w.:'h the wool fiber.

Phosphorus sorption increased steadily during the tirst .1
davs of fumigation (Fig. 6.11.2). Washing with water and methanol
did not remove appreciable amounts of phosphorus from the wool fibers
(Fig 6.11.2). The increase in phosphorus during fumigation and
apparent removal of phosphorus from the wool fibers (14 and 21 days)
with distilled water may represent variability in measurements with
EDX analysis (Ploem & Tanke, 1 --7; Morgan, 1980; Levin, 1986), or
differences in the sorption and desorption of phosphorus. The
desorption of phosphorus from fibers in air was «iwiliar to sorption

Wool fibers retained chlorine and phosphorus.

The amount of chlorine and phosphorus absorbed by fiters
fumigated at ambient temperatures and 50°C differ (cf. Fig. 6.11.3
with Fig. 6.11.4). The small phospho peak in Figure 6.11.3
indicates that the wool has absorbed a small amount ot dichlorvos
after 96 hours of fumigation at ambient temperatures. A small
chlorine peak is visible in Figure 6.11 4 after 3 days of fumigation
at 50°c. Phosphorus sorption continues to predominate at lower
temperatures and chlorine sorption at higher temperatures after 3 or
4 weeks of fumigation (cf. Fig. 6.11.3 & 6.11.5 with Fig 6 11 4 &

n.11.6). Higher temperatures ar< lower pH are reported (o increase
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“V'orine soryc con (Kantouch & Fattah, 1971) This is unusual because
“prion processes are exothermic and generally decrease at higher
cmperatures (Kantouch & Fattah, 1971; Gillett et al., 1972).
“imiliar obcervations of inrcreased sorption ot alogens bv wool] at
increasing temperature are reported (Kantouch & Fattah, 1971).

The mode of degradation and by-products released from
dichlorvos resin strips are suggested to be governed by temperature.
EDX analysis indicates that the rate of release of the fumigant at
507¢ and sorption by wool is greater than the release of the fumigant
ard sorption at ambient temperatures f(cf. Fig. 6.11 .4 & ¢.11.6).
Farlier resin strip studies found that the rate of fumigant release
was altered by changing the temperature and relative humidity
‘illete et al., 1972). The EDX spectra from fumigated wool, ard
color changes in the strip, indicate that the decomposition of the
strip and bv-products varie. with temperature and moisture Heated
resin styips turned green. whereas, the unheated strips remained
vellow. The observed color change in the strips may suggest a
difterent mode of degradation at £J'C.

'he resistance of phosphorus and chlorine to removal by both a 20
minute wash in distilled wate: or methano} suggests that fumigant
bv-nroducts are bound to the fiber. Only small quantities of
chiorine and phosphorus were removed by listilled water and methanol

Fraon 11010 6011 2)

®
The ET. praphs of wool fibers fumigated with Vapona at
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Figure 6.11.3

EDX graph of Shurgain scoured wool fibers fumigated

with S.W.A. T at ambient temperature for 9» h.
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Figure 6.11.4 EDX graph of Shur. «in scoured wool fibers fumigated

®
with S W.A.T. at 50°C for 72 h (3 days) in a dark oven.
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Figure 6.11.5 Sorption of chlerine and phospherus at amblent
temperature after 673 h (28 days) of fumipation with

]
S.WA.T. in a desiccator in a fume hood.
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Figure 6.11.6

Sorption of chlorine and phosphorus at 50°C after 21
®
davs of fumigation with S.W.A.T. 1in a desiccator in a

dark oven.



®
ambient temperature (Fig. 3.1.1) and S W &.T. at 50°C (Fig. 6.11.7)

are included to emphasize temperature Jdc¢pendent variability. Both
graphs represent woo. fibers with unknown pre-treatment histories.

The ambient temperatnre sorption graphs were « Hraiped trom a woolen

bonnet fumigated in situ (See 4.1) at the Edmonton coll ction centre.

Although the preponderance of phosphorus mav be an artifact, such as
phosphate detergent residue, it is more likely fumigant residue.
Figure 6.11.7 represents a commercially scoured handspun Merino yarn
that was fumigated for 6 days at 50°C with S.W.A.T. . The
preponderance of chlorine indicates that commercially scoured wool
fibers initially have the capacity to absorb more chlorine than
fibers scoured in only a mild detergent. The sorption graphs from
the woolen bonnet and the commercially scoured wool indicate that
wool has a tremendous capacity to absorb both chlorine and
ptosnhorus. The EDX graphs recorded in Figures 3.1.1 and 6 11.7
suggest that the sorption of chlorine and phosphorus in this study
are only a small portion of wool’'s capacity for fumigant sorption
Figure 6.11 & shows the EDX graph of wool fibers prewashed in
methanol/Shurgain and fumigated for 21 days.

Surface contaminants appear to have a profound effect on
chlorine and phosphorus sorption of S.W.A.T®. The removal of
components of PCL such as wool grease during commercial scouring and
with methanol increased chlorine and phosphorus sorption.

The sharp increase in phosphorus in the commercially scoured
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Figure 6.11.7

EDX graph of c¢c rercially washed Merino wool fibers

fumigated with

®
S W.A.T. at 50°C for 6 davs.
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wnol observed at 2 days is probably anoma! s (Fig. 6.11.10). The
occurrence ot calcium phosphate (hydrox .patite and brushite)
inorpanic rryvstals is common 11 wool (Blakey er al., 1971). The
crentals are generallv located in cell psedopodia and areas adjacent

1o convoluted cell walls., Caleium phosphate accounts for 25% of the

i (] corponent of wool which 1s 0.5-1.0% of the russ (Blakey et

alo i Small caloinm peaks ~el'e also observed in some of ttie kb
Spectra
Other researchers have that phosphate ester
nsecticides hind to wool (0'Loughlin. 1982). Jores (1983) found

that oniv a ~matl proportior of the insecticides wers uintix d and
remcvable by Cixhlet extrac'ion with a mixture of dichlur methane,
me:hanol and water. Although nes (1983) found that spinninrg oil
had little effect en the t ding o sorptic~ of phosphate and sulfur
ester insecticide the results of this studv suggest that wool
iipids and PCL are an effective barrier. Conservators mav be
‘ntevested in long-term studies by Jones (1983) who predicts that the
talt-lite of oxvgen ester insecticides will be slightivy less than th
expected haif-1ife of 15 vears 7 and 65% RH) of sulfur analogues.
Hvdrolysis of phosphate «sters {:¢ suggested to be catalvzed hv
bvdrvoxide ions and is, therefore, dependent on internal  k {(Jones,
1983hY.  In this stu!v aquecus extract pH indicates low fiber pH
which 1etards the 1 drol . sis of phosphate esters (Eto, 1-+74).

Fumigatior 1n open museum spaces would not decrease pH as



drastically as (cntained fumigarion.
favor hvirolysis of phesphate esters and phospherus bhinding because
.re hvdrclvsis ~f dichilorvos
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Hypoohlorons acid predominates between pH 3-4 hvpochlorite above pi
X ard tree« chiovrine below phi 1.9 (Maclaren & M :ligan, 178l). As a
conseguence chlorine damiye to wool varies with pH

AL stated previooslv, the degradation of dichle os resin

strips degradatior s postulated to produce a variety of chloring

derivatives capable 1 cansing ropoagrapt ical, chemical and hivsica
changes The nvdro. os oo LDVE, UMLE and Dipterx ar s siatoiequent
oxidation produces mono-, di- and -~ ¢i- chloroperacetic arn acecic
acids, and the degradation ot the , “vvinyl chloride carrie: ~rodures
small amounts of HCL (William: odo)

6.12 Scanning Flectron Microscopy

Topoygraphic changes in the fumigated fibers were evident in
the .icropyvaphs ¢t Plate 6.12.1 to Plate 2). Gereralized
erosion and siutfing oft € scales altere. appes. ..ce of fibers
A viscous-like coating adheve! 't the surface and appeared fo bind
tibers together (Plate 6. 12 3 & 6 .. <). Altho the r v~ « of the
viscous-like material was not actermined it cousdl be J.:atured
cut icular pretein, exudate trom cellular or intercellular compliexes,
o1 a mixture of lipids and dissclved cuticiilar componernts.
Nuanitative analvsis to determine the chemical composition of the
coatiry was not performed

~t. chlorination attacks the cementing matrix between cuticle

scales causing the scales to become "visce-. astic or plastic



these . ' inges are the result of chemical der adation of part ot the

contents ot the cuticular cellis™ Max | IS UE T U O U2, S The
softering oy plasticizing increas, "ve soead ol contact between
scales causing adhesionn Plate 6. 11 .0 Makinson 19 71) suggest-
that hvdrostatic pre<sure nside -he Vafter chlorination bring.
the CMr" membranes toyet!: o o atovan der Waal's torces hiold the

L e ‘\,\L',\'L(At‘l’. ”1:‘ SCaet s LI oate b 1o -+ dptpreat Lo be titmas
rogether and ccated with a viscous-like marer 1. Micromanipulation

during microscopv clearly indi sted r"at *© «» intercellular adhesion
was disrupt.d Tapping o the yiass coverslip dislodged some ot he
cuticle scales.

By applying peroxide and chior:ne to human hair in different
<v qu es and for a varying number of cycles, Fair and Gupta (1985)

» able to determine ¢ . swvnergistic eftects of the reagents.

Peroxide oxidation removed the scale structure of chlorinated hair
leaving a smooth su: Chlorination per se appdrently produces a
wrinkled surtace ap; e attributed to loss of proteinaceous
material Leneath the ¢, .cutic’s (Fai: & Gupta, 1985) and causes
differear .‘.anges in the cuticic of hai: than applying both reagents
iFair & Gupta (1985). Both peroxides and chlorine are breakdown
products of dichlorve

Localized lipids coating the tiber surf. ¢ were visihle
with SEM and could be substantiated by the greasy handle of wool

In spite of the lipid layer the fumgiant modificd the zurface
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and diffused into the i Surface buor.es and surface pitting are
evident on tamipaced wool frbes o late 612 .6
"nerea - wettability during dve tests suggests alteration to

't Foluver, *he lanclin film, and PCL »n ereasy fibers 'Car: et al.

A roon & Christee, s Fatty acids are bound covalentlwv
I R LR tqa ester links to serine and threonine «Tade: b or
L e ecased wettanility suggests disruptic - or the
tber obae o surface acer (Criffich. 1967 Baumant er a! |, 1986»

Resear-hers rerort that the cuticle is released prior to

toat cells (Kulkarnt & Bradt .y, 1974) Some of the micrographs

v cate that the cuticle 1s separated from the cortex (Plate
oo In a moist environment axial cracks usuilly extend along

1 nembranes ond macrefibril boundari.s (Dobb & Murray, 1775).

"lection microscopy studies confirm th.- the areas most susceptible
O Stres, are the coe!ll membrane complex, endocuticle and
intermecratibrillar regions. and to a lesser extent the CMC of the
cootex (Orwin & Thomson, 1475 Debb & Aurray, 1975; Ito et al., 1984
bbb & Ropers, 19695 Dobb, 1996).  The difference in su eptiblity
4 ong peographical regions in wool fibers is attrib
ditterences in chemical composition. Fumigation with dichlorvos
appedrs to have exposed the resistant membranes of the cell membranc
complex (Plate 6.12.9)

Nakamura et al. (1975) suggest thut the cystine content in

the interceilular material (8-laver) between cuticle celis is lower



and the COOH content - higher than the .-+ ellular matevial
hetween the cuticle cells and cortex or cor: coocells Another
firding is that cvstine and (OOH content ot the s-laver of the

cuticic zells is similiar to the endocuticle (Nakamura et gl

1975, . Canale joining the cuticle §-laver to the endocuticle toim a
netwotrr for diftusion through the epi- v 1cle, and a backdoor et
for interstitic  iittusion Tt.e appearance t tibers in Plates

6.1, 3 ard 6.12.5 suyges. dissolution of the cuticle and outward
diffusion of denatured pro:e«in through the epicuticle and interstices
between cuticular cells. [t appears that there is rotal disruption
of the CM” in the severelv damaged tiber in Plate 6.11.9  Uneven
fiber degradation produces voids where the internal structure as
been destroyec¢ (Swift, 1975)

Cuticle integrity iesirable because it stabilizes the
cortex both mechunically and chemically. Variability in surface
degradation is supported by the observations of other researchers.
Studies of emical modification using SEM microscopv indicate that
fiber degradation is extremei. variable {(Kulkarni & Bradb.ry, 1972).
Both native fibers and extensively damaged fibers were observed in
the same field of SEM micrographs. Reagents such as formic acid a'
peracids are known to descale fibers (Kuikarni & Bradbur,, 1972)

Be _ause of the extreme variabili-y among wool fibers and within wool

fibers, it is necessary to use several methods to derect damage.



Plate 6.17.1 Native Merino wool fibers washed in Shurgain and

degreased in ether

)
Tlate 5 1.0 2 Severelv damaged wool fibers fumigated with S.W.A.T

lavs art SOJC



Plate 6.1..3 Viscous-like coating adheres to fibers tumigatcd with
L]
S WA.T. for 21 days at 50°C.

Plate 6.12.4 Dissolved cuticular groteins bind commerey il

handspun Merino fibers togerher dtter .1 dave o
D)
Jvith 5 & a. 0. S S O



Place 6 .. 5 Erocded scales of methanol scoured Merino fiber afrer

L
tumigation with S.W.A.T. for 21 aays at 50°C. Crack is an

artifact from electron beam.

Jlate 6.17 6 Hubbles and pits on surface of ccrmmercially scoure

anddspun Merino wool fumigated with S W.A.T. for o

0.
tavs at 90°C.



Plate 6.12.7 Severely eroded methanol scoured Merino fibers

o
fumigated with S.W.A.T. for 21 days at 50°C.

Plate 6.12.8 Wrinkling of cortical sheath in severe! . fam.. .
s«thanol scournrd fiber after 21 davs ot twnicat, o,

. 4 b
5 ~.Aa. T at 50 7.



Plate 6.12.9 Exposure of cortex in severely degraded methanol
L]
scoured Merino wool after fumigated with S.W.A.T.
for 21 days at 50°C.

rlate 6.12.10 Erosion of cuticle scales in methanol scoured "Mer::«

*
wool after fumigation with S.W.A.T. for 7 days it 507



7. CONCLUSIONS

7.1 Review of the FroLlem Statement

Throughout this research answers to the problem statement:
"1s dichlorvos a suitable space fumigant for ancient and historic
miseum collections ~ontaining keratin fibers?” were sought. An
investigation of the effects of dichlorvos space fumigation on wool
fibers partially filled a void. Since keratin fibers are often
damaged by insects in museums it was appropriate to investigate the
effects of dichlorvos on wool fibers (Pretty, 1976; Reagan (1982).

Dichlorvos is used throughout the world as a space fumigant
in museums. About 40 per cent of the respondants in a museum
pesticide status survey (Edwards et al., 1981) reported using Vapona®
for pest control. The suitability of DDVP space fumigation for
artifacts was queried by a few authors. Health hazards and target
species ef firacy were queried by others. Dichlorvos is an extremely
toxic acetycholinesterase depressant and a bioaccumulative xenobiotic
that is a suspected carcinogen and teratogen. Long-term exposure t
museum pesonnel could be harmful.

The paucity of information on the effect of dichlorves on
textile fibers justified the need and urgency for this study. A
review of pertinent literatur and analyses by Williams et al. (1986)
indicated that by-products of dichlorvos resin strip hydrolysis are

potentially harmful. The Edmonton collection provided an in situ

example of damage to fumigated wool textiles and furs.

178



Wool, a composite material consisting of a layered cuticule,
segregated cortex, and in some cases a medulla, and minor
histological components, is a heterogeneous protein fiber with
complex histo-chemistry. Fumigation yellowed the wool fibers due to
chlorine abscrption and changed dye absorption and tensile
properties. SEM micrographs of fumigated fibers sn.wed cuticular and
cortical damage. The degree of observed damage generally increased
with fumigant exposure. However, the greater damage observed in
methanol and commercially scoured fibers than in Shurgain scoured
wool indicated that increased fumigant sorption was a more important
parameter than fumigation time per se.

The pH of the aqueous extract decreased from pH 6.8 (control)
to pH 3.4 in the methanol/Shurgain scoured fibers fumigated for 7/
days at 50°C. Decreases in pH appear to be dependent on the amount
of fumigant absorbed by wool fibers. Fluorescent photomicrographs
and tests with Krais-Viertel and Herbig reagents indicated cuticular
acid damage. The decreased affinity for Methylene Blue dye also
suggested a decrease in pH.

The absorption of Methylene Blue, Acridine Orange and Kiton
Red dyes generally increased in the initial period of fu. .gation and
decreased with continuing exposure to dichlorvos. Changes in the
dye uptake indicated that the fumigant reacts chemically with the
fiber. Electrostatic, morphological, and chemical changes are

implied. Oxidation, acylation ard esterification of amino acid

Y
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residues may have occurred. Initial increases in dye uptake suggest
oxidative damage while further changes are indicative of increased
acidity and localized damage which decreased physical barriers to the
dyes. A decrease in staining with lead acetate reagent was observed
in fumigated fibers indicating oxidation of -SSH.

Apparently dichlorvos residues are not easily removed with
standard treatments. Only a slighc decrease in phosphorus and
chlorine was detected in fibers washed in methancl or distilled
water. The primary objective of this research was to investigate the
damage to wool exposed to dichlorvos resin strips under controlled
laboratory conditions. The results of the laboratory studies

indicate that dichlorvos resin strips damage wool fibers.

7.2 Summary

In the literature and laboratorv, dichlorvos was found to be
an extremely toxic chemical. The author experienced physiological
repercussions attributed to dichlorvos toxicity during the initial
stages of experimental work. Headaches, nausea, palpitations, slight
ataxia, and visual disturbances were experienced. The research was
completed by limiting the time of exposure and wearing a respirator
and full body covering while conducting laboratory experiments.
Consevvation students working at the Edmonton collection center also
exp.rienced headaches, nausea, and visual disturbances. Recent

reports indicate that dichlorvos is a bioaccumulative xenobiotic.
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This suggests that long-term exposure of museum versonrel to
dichlorvos could be harmful.

Some museum pests are resistant or acquire resistance to
dichlorvos. Dichlorvos is not an effective biocide ror all stages of
an insect’'s life-cyle because as an acetylcholinesterase inhibitor,
its toxicity is dependent on the developed nervous system and enzvme
transmitter.

It is evident that fumigation with high concentrations of
dichlorvos resin strips causes chemical, physical, and mechanical
changes to wool fibers. Wool given a methanol soak prior to
fumigation showed an increase in sorption of chlorine and color
change; therefore, keratin fibers that have been subjected to
commercial scouring, and routine fabric maintenance before their
acquisition into museum collections have the potential for
considerable damage if fumigated with dichlorvos. The degradative
action of laundering, abrasion, air pollutants, and weatherin~ causes
progressive deterioration (Slater, 1985; Veldman, 1966a; Cardamone &
Brown, 1986: Cardomone et al., 1987; Masschelein-Kleiner, 1980; Roger
& Hays, 1943; Spedding, 1969: Zeronian et al., 1986; Wentz, 1985;
Watt, 1964; 1971). Manufacturing processes, solvents, and weathering
alter and remove fractions of the PCL and CMC that apparently protect
wool fibers from harmful dichlorvos vapours. Although more
laboratory experiments need to be conducted to substantiate the

theory of increased susceptibility of ancient and historic textiles



and artifacts composed of keratin, it is evident that the methanol
snluble components provided some protection. The damage incurred
during short term fumigation in the laboratory was similiar to the
damage observed in the case study textiles.

The validity of accelerated testing at 50°C is questionable
recause high concentrations of the fumigant in closed chambers at
elevaced temperatures may produce different by-products than ambient
temperatures and cencentrations recommended by the manufacturer. It
is e.i1dent that damage occurs in an extremely short period of time.
The results of this research do not preclude the need for long-term
testing at ambient temperatures using concentrations suggested by
manufacturers, and the need for a critical examination of textiles
exposed to long term fumigation.

The extensive literature review and experimental data
{ndicate that DDVP is not an innocuous substance. The use of

dichlorvos as a fumigant for wool in museums is not recommended.
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8. Recommendations for Future Research

The need for more research in museums and controlled

laboratory research is apparent. Throughout this research many

topics for future research have been identified. A few of the areas

in need of investigation are given below.

10.

Development of test methods for the study of wool degradation.
Development of methods for removing dichlorvos residues from
textiles.

ldentification of amino acid residues modified by DDVP resin
strip fumigation.

The role of lanolin as a protectiv. barrier to volatile
pollutants and fumigants.

The effects of moderate temperatures (< 70°C) on keratin fibers.
Repetition of portions of this study with known concentrations
cf DDVP and controlled RH.

Studies on the effects of long term fumigation on wool at 20°%C
with recommended concentrations of dichlorvos.

Studies of changes in the wool fiber preceeding overt
degradation.

Identification of the role of protective mechanisms in the
fiber.

Studies of the condition of objects subjected to long-term
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11.

dichlorvos fumigation.

Assessment and measurement of pesticide residues present in
museum objects.

Survey of health problems of personnel working in areas
fumigatea with dichlorvos.

Development of ¢ responsible a. o .ed pest management

system for museums
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TENSILE PROPERTIES DATA FILE

elongation divided by 250 times 60~ speed

Load/ peak Instron

id group peak/load elongation speed
all file checked

control unheated 7 day

1 0 L4671 87.52
2 0 .5369 97.98
3 0 5074 88 11
4 0 .5691 73.34
5 0 .5302 99 .39
6 0 .5893 124.5
7 0 .5745 117.2
8 0 .5745 102.8
9 0 .5101 79.08
10 0 L4846 92.62
11 0 .5771 72.18
12 0 .5530 100.6
13 0 .5611 81.89
14 0 .4940 56 .68
15 0 .5624 114.4
16 0 .4819 82.52
17 0 L4792 84 .84
18 0 .5476 64.73
19 0 .5087 69.71
20 0 .5275 81.83
21 0 .4604 70.41
22 0 .5007 88.62
23 0 L4456 67.45
24 0 .4188 48.23
25 0 .4966 104.2
26 0 .5329 107.4
27 0 .5221 100.6
28 0 4872 74 .39
29 0 .5423 83.69
30 0 . 4805 68.18
31 0 L4523 73.27
32 0 . 5007 66 .27
33 0 .4846 97.16
34 0 L4564 64 .84
35 0 .5074 61.52
36 0 .5329 86.89
37 0 .5544 99 .24
38 0 L4725 64.64
39 0 .5584 97.40
40 0 .5302 80.11



41
H?
43
44
45

7-day control

[N eNo ool

P g et e e b e b b e b e e b P et e e e b b b b S e e b b b e s e b e e e

4859

4R99

L4758
. 188
.4698

.5597
.5812

4403
5785

.5436
.4698
.5208
.4846
.3973
.4685
.5101
.5007
.50.0
.5651
.5047
4778
.4872
.4832
.4523
.4564
.5020
.4886
.5557
.5248
.4658
.5195
.4591
.5289
.4980
4704
.4886
4778
.5503
.5557
.5208
.5168
.5517
.5597
.5195
.5852
.4953

58.57
58.97
78.82
70.05
88.84

130.0
115.1
59.25
125.6
130.2
111.5
114.0
78.33
56.68
97.2

111.4
81.59
88.34
118.
121.
100.
102.
151.
108.
115.
138.
115.
153.
132.
103.
119.
95.96
129.3
126.7
89.31
86.97
97.2

119.7
100.4
115.0
97.51
128.5
124.2
110.8
151.8
92 .44

HNN WO E NSOV WE

31.
27.
.22
30.
31.
26.
27.
18.
13.
23.
26.

14

2
62

14
24
76
36
79
50
32
73
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42
43
44
45

——

.5289

5476
4685

.5490

98 .34
110 6
92.72
1331.0



7 day Swap

Folie -BENENO IV, EF S IWE SH S

SO D WWWWWWWWWWRNRNRNONRNRNNRNRNNPE = e e pd e e =
VMEWRNFOWOWORNdAATVNMEBEWNMHODOYREBNOOAUVMEWRNNFEOWONOAWLE WD —O

RN RNNRDRPODRONRDDNRDRNNRRRODNRPRDNNRODNRNRODNDNNONRNNONNNDIDRNRODNDRDNNDRNDRDNNNDND O

.5248
.5195
.5423
.5772
.9356
.5329
.5557
.5436
.5557
.5812
.6054
.5235
.5517
.5906
.5570
.5047
.5423
.4805
.5570
.5047
.4926
.5007
.4765
.5839
L4778

5369

.5584
.5195
L4617
L4564
.5476
.5624
.5235
.6013
.5382
.5691
.5463
.5611
.6107
.5664
.5409
.5221
.5960
.6027
.5262
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21 day control heated

OO~V E WN -

21 day SWAP

1

3

3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3

W W W W Wwwww.

4

.5114
.5302
.5208
.5906
.5315
.4859
.5114
.5101
.5825
.5329
.4859
.5302
.5584
.5275
.5275
L4564
L4577
L4671
L4671
.5087
. 4805
L4792
4725
.4698
.5020
.5235
.4738
L4752
.5799
.5289
.4980
.4765
L4765
.5248
L6792
L4926
.5060
.4550
L4523
.4295
.4846

4510
+671

.4685
L4644

.5866

NE RO PEONRPONO R NOON



DNV W

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

2nd series unheated control for 21 day

LS SR S S S R SR o

o

F S S N R N A O N I Y I SN S S o i A e O o IR~ B SR R P S R SR R Sl S e o

.5329
.5248
.5476
L5141
.4899
.4886
.S987
.5342
. 5409
.5638
.5651
.5356
.5825
.5315
.5181
.5476
.5611
.5799
.5879
.5423
.5289
.5705
.5329
.5772
.5101
.5570
.5503
.5262
. 5409
.5302
.53156
.5168
.5289
.4403
.4510
.4819
.5369
.5181
.5329
.4792
.5342
.5020
.4537
. 4886
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9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
4l
42
43
L4
45

U‘UU‘&J‘L"U‘MU‘U‘U’U‘U‘\J‘U‘U“J\U\\J‘WUU\

U‘U"U‘\J\U\U\U’\U\U\LIIU"U‘U\U"U\UU'-U\U\U\U‘U\U\U'

35 day control unheated

.5315
.5369
.5369
.5369
.5262
.54 )
0532
.4685
.5087
.4899
.5195
.5396
.5342
.5168
.4685
.4658
.5168
.4913
.4725
.5127
.4778
.4752
.4523
.5007
.4

G,

.5750
.4765
.5396
.5289
.5127
.4953
.5020
L4497
.4953
.5047
. 5007
.4523
L4429
.5168
L4497
.5074
.4846
.4899
.5074

checked

114 .4

98

91
88

.34
91.
80.
88.
98.
80.
68.
64 .
57.

89
24
14
52
37
26
89
03

.19
.78
70.
93.
63.
86.

23
69
08
55

102.5

87.

59

101.9

86.
95.
94 .
64 .

92
81

41
7

59
69

.04
.06
66 .

62

108 .5

65

.85

104 .6
94.6
103.2

79

.54

102.4
73.77
78 .28
86 .22
89.139
82 .36
104.3
99.74
68 .08
83.72
85.48
117.3
71.4

(33 no br)
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10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

35 day heated control

1
2

CcCconoOnOrONONONNOAOAHOLOMNAOONO OO OO POOPOOOOO O OODOPOP O TOMNTONROAOOCNOTONPOAONCONPT NN DY

7
7

.4993
.4658
L4671
4483
4792
L4617
4268
4497
L4537
.4389
.4188
L4497
.4336
L4470
.4872
.4993
.4805
.4591
L4846
L4644
.4859
.4550
4470
.4483
.5248
.5221
.5731
.5221
.5490
L4604
L4416
L4322
.4685
.5101
.9275
.5168
.5342
.4926
.5248
.4913
.4886
L4792
.4550
L4631
.4859

checked

.5114
.4886

76 .

95

109.0

75.
85.
87.
91.

98
69
87
66

103.8

93.

86

56

77

.18
86.
75.
72.
52.
83.
75.
81.
.95
52.

58
98
85
36
88
63
01

41

101.9

89.
79.
58.
65.
63.
93.
96.

94

78

96

80

93
75

(34 no br)

60
03
31
55
69
66
81

.98
81.
91.
46.
63.
73.
72.
.43
79.
94 .

80
47
47
54
62
63

18
99

.76
78.
86.
85.
88.

02
84
60
52

.33
71.

30

.07
.48

110.2
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10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

35 day SWAP

1

2
3
4

~~d
\J\J\J\l\J\J\l\l\l\l\l\l\l\)\l\l\l\‘\I\J\I\J\I\J\I\J\I\J\A\J\J\J\J\l\A\J\J\J\J\I\l

8

8
8
8

(20 no br)

.4886
L4926
.4523
.5020
.5289
4993
.5329
.4940

4725

.4228
L4819
L4332
L4711
L4711
.3933
L4443
.4389
.5101
.4)88
.4456
.4980
.5074
.4859
L4591
.4899
L4671
4856
. 4685
L4980
. 500,
.4926
.5208
L4577
. 5007
.4980
.4899
.5315
.4859
4832
L4765
L4765
.4859
L4591

.5007
.5906
.5330
.5490

checked

73.31
93.17
96.16
114.5
104 .4
99.11
117 .7
107.9
108 .7
75.31
79.13
84.29
104.0
88.91
88 .27
84.77
133.2
127.9
80.25
85.02
99 .74
124 .6
110.5
116.3
94 .81
85.04
103.6
99 .21
98 .98
103.3
91.84
99.11
97 .84
143.1
102.2
117.6
133.3
91.38
86 .27
103.5
101.1
115.2
91.82

99.18
140.1
128.9
90.01

RS



o 00 00 00 0o 0o 00 OO OO OO OO 00 00 00 OO OO 0o 00 00 00 OO 00 00 OO 00 00 O O 0o O O o o O 0o 00 X® 0 W W

.5731
.5289
.4953
.5557
L4685
.4859
.4792
5060
5436
.5168
.5517
.4899
L4658
L4617
L4gen
L4711
.5342
.5530
.5033
.5007
.5127
.4685
.4886
.5208
.5181
.5275
.5020
L4792
.4886
.4617
.5020
.4993
.5074
.4886
.5168
.5221
.4336
.4510
L4631
.5020
.4819

121.9
111.1
117.9
123.5
90.52
107.0
97 .57
138.0
97.27
102.
139.
122.
108.
101.
115.
91.06
104.9
119.1
97.30
91.34
110.6
61.19
95.44
113.8
105.0
103.9
90.26
94.26
134.6
76.40
90.44
81.48
137.8
108.1
88.60
120.7
75.43
83.29
72.48
100.2
111.4
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RAW DATA FOR COLOR DIFFERNCE MEASUREMENTS

COLOR vyellowness

id group L* ax b*
unheat

1 0 85 10 -2.73 8.40
2 0 85 .44 -2.90 8.47
3 0 85.92 -2.47 8.27
4 0 85.98 -2.72 9.33
5 0 85.74 -2.69 9.31
6 0 84.36 -3.20 10.74
7 0 84.64 -3.19 10 .81
8 0 84.56 -3.25 10.92
9 0 84.74 -3.24 10.82
10 0 84.60 -3.16 10.76
11 0 83.88 -3.08 11.18
12 0 82.45 -2.58 10.18
13 0 79.28 -1.55 10.18
14 0 83.98 -3.04 10.66
15 0 84 .40 -3.14 10.68
7 heat

1 1 83.83 -3.58 12.25
2 1 83.85 -3.56 12.60
3 1 84 .22 -3.53 1.08
4 1 84.02 -3.56 12.29
5 1 84.33 -3.62 12.29
6 1 84 .45 -3.48 12.78
7 1 84.53 -3.46 12 .80
8 1 84.58 -3.46 12.81
9 1 84 .68 -3.49 12 .60
10 1 84 .57 -3.54 12.64
11 1 85.28 -3.70 12.23
12 1 85.81 -3.67 11.39
13 1 85.02 -3.30 12.79
14 1 85.51 -3.63 12 .69
15 1 85.89 -3.88 12 .40
7 swat

1 2 83.53 -2.70 17.28
2 2 84 .08 -3.10 16 .44
3 2 83.89 -3.22 16 .34
4 2 83.96 -3.10 16.83
5 2 ©3.80 -2.97 17.04
6 2 82.99 -2.46 16 .45
7 2 82.85 -2.42 16.51
8 2 82.85 -2.40 16.54
9 2 82.89 -2.39 16.52
10 2 82.66 -2.28 16.42
11 2 81.87 -2.50 16.06
12 2 81.96 -2.38 15.91



13
14
15
unheat

OO~ WS W N

NN

o S SO ST TR S SR R S SR S R SR SR W W W) 0 W W W o ) W W W W W

(S BV IV IRV, S, SV RV S RV, DU, RV RV R RS AR

81.
82.
82.

85.
85.
85.
86.
86.

86
86

83.
84.
84.

84

85.

81.
81.
81.
81.
81.
80.
81.
81.
81.
80.
81.
82.
81.
81.
.61

82

96
12
17

49
50
36
68
14
09

.23
86.
85.
85.
85.
86.
85.
84.
85.

18
92
97
85
23
90
61
66

88
20
96

.05
84.
34.
85.
84.
84.
84.
85.
85.
86.

47
47
12
74
57
58
05
18
22
16
90

33
57
18
09
33
94
39
54
45
80
90
25
05
44

-3

-3

-3

-3
-3

-2
-2
-1
-1

-1.
.92
-1.
.74
.57
.01
-2.
.69
.70

-1

-1
-1
-2

-2
-2

-2.
-3.

.38
.64
.63

.73
.81
.81
.84
.87
.78
.68
.66
.83
.83
.67
.73
.01
.06
.11

.02
-3.
-3.
.18
-3,
-4,
21
-3,
91
.86
-3,
-3,
-3,
14

17
31

28
13

99
37
49
3l

18

.08
.05
.92
.94

96

65

74

77
07

226
15.91

16.25
16.27

.39
.19
.71
.15
.27
.93
.61
.98
.65
.65
10.17
9.47
8.99
9.64
9.83

O WO O W O WO OO

13.17
12.50
12.62
13.28
13.19
16.81
14.77
15.11
15.23
15.57
10.50
10.29
10.10
10.96
10.54

20.69
20.69
20.90
20.98
21.18
20.26
20.36
20.40
20.54
20.07
19.23
19.52
19.25
19.45
19.56



VO ~NOWLE WN -

15

methanol unheated

1

2
3
4

NN NN N NN NN NN N NN o e R a N a R AN A T AT AT = AT AT AN cANN © AN AR )}

0o 0D 0D 00 00 0O OO 00 OO 00 OO OO 00 o O

O O OO

85.
85.
85.
85.
85.
84.
85.
85.
85.
85.
86 .
85.
84.
84.

83

84.
84.
85.
84.
84.
.51
86.

85

8%

85.
85.
86 .
85.
.05
.08
86 .

86
86

84.
.58
84 .
.91
.61
83.
83.
.67
82.
83.
84 .

84
83
83

83

84
84

84

85.
85.
85.
85.

20
29
65
37
64
93
06
22
58
75
33
83
36
18

.43

36
78
14
07
70

07
94

98
51
93
20
54
40
70
50
45

36
59

.65
.70
84.

34

.15

80
66
39
35

» . [ ' ' + . ] ' . ' . . ' '
NN RN RN NN DR

-3
-3

-3

-3

)

. '

f ' ' [
NN NNONNNDNNNN

.63
.55
.69
.73
.73
.66
.76
.67
.55
.64
.49
.69
.50
.53
.28

.26
.13
.08
.4l
-3.
.35
.61
-3.
.36
.37
-3.

52

42

19

.08
-3.
.23
.31

12

.41
.28
.53
.14
.17
.19
.27
.21
.62
.71
.69
.81
.05
.77
.85

.14
.07
.96
.89

.. 0o G0 Oo O° OO 0o OO Oo OO OO

~ 0o © o

10.
10.
10.

.60
.68
.68
.54
.47
.75
.70
.73
.35
.33

06
.05
.50
.42
.76

35
40
53

3.94
9.99

10.
10.

10

10

16
42

.12
10.
10.

47
46

.82
10.
10.
10.

62
58
53

9.78

16.
16.

16

19

17
15
15
15

15

69
67

.61
16.
15.
.18
19.
19.

15
97

11
11

.98
18.
YA
.46
.50
15.
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14
21

Days

Sorption

1.

1.

3

9

PHOSPHORUS AND CHLORINE DATA

Desorption
1.3 1 1 2.2
1.4 2.9 3.4 2.9
1 5.8 2.7 6.6
1.5 1 1 7.2
1.6 9.8 4.4 9.2
2.6 14.6 7.6 9.7
P Cl 3 Cl
Destilled Methanol
Water Wash Wash

Data for graph Figure 6.11.1
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