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ABSTRACT

Fumlgatlon apparatus cepable of passing fumigent/air
mlxtures at controlled velocities over test insects is des-
crlbed.' The apparatus was employed to test the effects of
wind spead on the toxlcitises of three. rumigants - hydrogen
cyanide, nicotine and DDVP to three insect 9pecleo.

The toxicities of nicotine and DDVP were found to be
'enhanced as the gas velocity was increased, while the toxi-
city of hydrogen cyahlde was barely affected. The enhanced
toxie effect was expressed as & reduction in the exposure
‘time required for the insects to accumulate a median lethal
dose. The continuad‘venhancement' of the toxic‘ effect with
: increasing velocity declined sloWiy untilva steady state was
reached,’at a‘volooity oharactéristic for‘oach insect species.
The toxicity of nicotine wag the(most affected-by gas
velocity and this fumigant was used to investigate the
| -factors affecting its absorption‘at varioﬁs wind speedé.
.krnsects assayed for nicotine after fumigation showed fumigent
'~resi&ues_WEich followed e similar pattern, with respect to
w{nd'spoed,‘as did the toxicity figures.

‘\Nicotino was found to accumolate in the epicuticular
L waxes ﬁhich‘aot as a fumigant reservoir; ‘thé residues in the 5

waxes varied with veloeity, whereas residues within the insect€
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remained unaffected. Absorption was shown to increase
with velocity up to a limit when the fumigent available
at the surface in the gas phase becomes equal to, or greater
than, that lost from the surface by diffusion into the
substrate. This situation was also found to 6ccur with
beeswax and paraffin wax.

The solubilities of nicotine and DDVP in various
epicuticular waxes were measured and an attempt made to
relate the solubility figures to some characteristics of

the waxes.



4,

CONTENTS

INTRODUCT ION

PART T
INSECTS, MATERIALS, APPARATUS AND METHODS

PART II
TOXICITY AND ABSORPTION OF FUMIGANTS BY INSECTS
IN RELATION TO FUMIGANT/AIR VELOCITY

PART IIT
ABSORPTION OF FUMIGANT BY INERT SYSTEMS

CONCLUSIONS
SUMMARY
ACKNOWLEDGEMENTS
BIBLIOGRAPHY
APPENDIX

PAGE

o1

54

-88

127

133
136

137
147



1.
2.
S
4o
5.

6,

5.

INTRODUCTION

CONTENTS

. GENERAL

THE UPTAKE OF FUMIGANTS BY INSECTS
PERMEABILITY OF INSECT CUTICLE
SORPTION

THE EFFECTS OF AIR MOVEMENT ON THE
UPTAKE OF AEROSOLS AND FUMIGANTS

FLUTD DYNAMIC THEORY AS IT AFFECTS
" FUMTGANT UPTAKE

{A)  SORPTION

{B) POSSIHLE EFFECTS ON DIFFUSION
INTO THE TRACHEAL SYSTEM

PAGE

10
i3
18

22

24

28



 INTRODUCTION

HL'mmmm |
_k The usa of tox:lc compounds 1n the vapour phase for the ‘
control or msect pasts is well established. Hydrogen cyanidén
| was used to contral citrus scale in 1886 end since this time
- 'many compounds have been, and oon'binue to be, screaned with a
view to their use as rumigants. ,
| mmigants operata 111 ’bhe gaseous phase and it follows that
" thelir use, though ﬂexibla,v is confined to enclose& spaces such
as buildings, aeroplanes, specially construoted chambars, or
'temporarily arected tents of Smpemaable :t'abricr Similarly, 8 v
rumigant 1s eble 'bu pene‘brate packed comodies, a prOperty deniej
| to other insecticides. Soil too may be fumigated, a fabric
covering-being aﬁviéable to“rétain ﬁiinigants w;.th high vapour
b pressures._? S o - .
| The toxio affect :ls due ‘bu a proportion of the totel fumi~
gant acetmmlated by an insect during :t‘umigation.‘ This quantity
| inareases with both time of exposure and fumigent concentration, ?
and 1t has‘been found by exparimant that the toxic dose is pro- B
pértibnai‘ to the product 'of these -paxf-ameters.b The Ae:frectivenass‘
of a hmigant is 'bhen expressed in terms of a. oonoentration time
product or ch. Tt follows that low concentrations inyolve im- .
praetically long exposure times with tha added possib.ﬁ.ity tha'k
-8 number of the more inacoessible insects may take up in-
_ sui‘ficient poison, or they may also ba able to eliminate the gas
et a gregter‘rgta than that at which it is taken up. High conw-
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centrations often manifest undesirable side effects and may
be unnecessary, and,therefore,ﬁneconomic.» Teinting and un-
scceptable residues in food stuffs become evident and the =
viabiiity=of plant material is reduced. in general, the bio=-
logical effect caused by any one CT product for a fumigant is
similar over & wide renge of Goncentrations end times. Dis-
erepanciss occur, however, where extremely long times or high
‘concantrations are involved. | ,

There is frequenﬁly'considerable latitude in tﬁe practice
of fumigation, between the CT product necessary to ensure
control of the pest, and that at Whiéh objectionable side
affects occur. However, occasion does afise when these two
critical figures approximate; at such times even distribu-
tion of the fumigant is essential in order that deep seated
infestations may be adequately dosed while the upper CTp limit
is not exceeded in the more accessible regions., - For this
reason and because considerable layering of the fumigant is
experienced when large spaces are fumigated, some mechanical
means of stirring the alr fumigant mixture by means of hend-
operated punkahs (Page and Lﬁbatti, 1933) or by motor driven
fans {(Monro, Buckland and King, 1955) is necessary. Both
methods have been assessed by Call (1952). A number of other
methods for achisving uniform distribution of fumigaent have
also been tested (see Papge and Lubatti, 1963, for review).

While stirring is normally to be advocated whenever
practicable, it is inadvisable for leaky or porous structures
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(Page and Lubatti, 1949; Blackith, 1953) or for fumigations
under plastic sheeting, unless rigorous attention is paid to
the prevention of leaks. Stirring introduces small pressure
differences and where any porosity exists in the enclosing
medium thers will be a loss of fumigent end air at high
pressure pdings' and dilution with incoming air in the low
pressure peglong. |

Atbendant to the even distribution in the fres space
brought ebout by stirring, is the enhanced penetration of
packed commodities which ocours (Page and Lubatti, 1940; |
Turtle, 194l; Page end Lubatti end Russel, 1949; Lubatti end
Bunday, 1958). This 'turtle' effect as it is knovm is not
always present with slow or moderate stirring (Page and
Lubatti, 1940), and, as even rigorous stirring»is insufficient
to produce the pressure differences necegsary for bulk transe
ference through the treated commodity, these authors A
attribute the effect to sbme ungpecifisd surface phenomenon.

Physically, sorption and desorption {discussed later, ’
Section 4) are similar, one belng the converse of the other. |
Desorption or, more commonly, evaporation of water i’rom a .
¢ylinder, wet at the bottom and open at the top, has been
shown on theoretical grounds to be proportional to the SQuare C
root of the velocity aci-oss the top of the tubs '(J'e:t‘:t‘reys,‘ 1918)».3
This has been substantiated experimentally by Ramsay, 1935&) ‘
Ir, however, the approaehing air was mcist and a drying agant
is substi‘autad for the wet surface within the ¢ylinder, the
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resultant water movement will be reversed, and a situation is
arrived at analogous to the sorption of fumigent on the drying
agent eand the sorption of fumigant in the interstices of
packed commodities. | | o

~ The main barrier to the penetration of boxed dried fruits
13.69 in the wrapping and the box itsels {Page and Lubatti, 195'7)
It would seem reasonable to suppose that if this first stage in
the penetration could be acoelerated then the overall penetra- |
tion will be mjch enhanced. Asrodynemioc considerations, such as
that preposed ﬁy a'effr,eyé (1918)‘ suggests thet this nﬂ.ght well
ocour at gmall mterleavad gaps in the mppmg This effect
would also continue to be apparent sven when the scale of the
system is reduced considarably beyond tha.t m‘;' an insect which
presents a. similar obstacle to fumigent entry in that it is
surrounded 'by a hard relatively impemga’ble thox? penetrated
- infrequently by the pores of the insects' respiratory sysﬁam.

The biological effects of bulk movement of fumigent air

mixtures past insects have escaped attention, and since pre- ,
liminary studies showsd that enhenced mortalities were obtained
when nicc’bine‘ as a vapour is blown over tast insects‘, it is
with an investigation of this and associated phenomena that
this thesis is primarily concerned.
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2. '.PEE UPTAKE OF WHIGANTS BY INSECTS

Tt is genarally held that gaseous msecticides take
‘e:i‘fect from entry through the respiratory system, and only when
:l.n liqu:ld or soliél fom act as contact poisons entaring the

‘ insect. through the cutiule. There is, however, considera‘bla

evidenne to indica’oe that cutioular uptake and penetrat:lon are |

:lmporten’a contri\mtory tactors :ln the entry of both high and.
low vapour pressure fmnigants. The 'cem 'fmnigant' is used
‘rhere 1n ‘bhe widest ‘sense, embracing any toxic chemical dia-—
persea as vapour in tha gas phase.

Entry by way of tha respiratory system is known to occur.
Eazelhoff (1928) nates 'bhat in atmo.'apheres containing excess |
carbon dﬁ.oxide, the spiracles remain oPen' and that this aia.s
'bhe penetration of toxic gasses. Similarly, the presence of -
ee.rbon dioxide ﬁuring rumigation with chloroyiori.n and et.hylene
| ‘ nxida increasad the erricacy of the treatment (co'oton, 1930,

‘ 1932) The toxicity of methyl 'bromide has also been shown to
be dirsatly related with the rate of respiration (Bond, 1956)

'rhe spiraoles when - open aid ﬁnnd.gant trensfer. 'rha rate
of difmsion through 'bhe small pores is mors in p:copartion with
their perimeters then with thelr areas (Browm and Escombe, 1900).
Thé ‘tracheae penetrate throughout the insect and diri‘usion in

the gas phase oocurs some 108 times as fest as in the most
pemaable of tissues (Krogh, 1919, 1943.) Thus, 1t the distance
a toxic molecule must travel in the tisane 13 a moaest ten-

thousandth of the gaseous pathway from spiracle to traoheole,
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the time teken in the tissues is st & minimum one undred times
as-long as that spent in the tracheae (Buck, 1962). The above

| cbnsidération concerns d:.ff‘usiqn of oxygen and carbon diox‘ida'
but 1is also applicabls to fumigant molecules. Funigant
aiffusion is more likely to be modified by sorption on the
tracheal 'wall with the ‘prbbéb‘le reduction in the rate of
.- tmsfer in the gas phase. Rates of uptake and distribution by
the héemolymph are hot likely to exceed éasecus ‘diffusion which
occurs more readily for mnall molecules, whereas permeatlon
velocibies bear no simple relationship to molacular size or
mass; a ‘more imporbant f.actor 1s that of the snlubili‘cy of
the diffusing substence in the medimm (Barrer, 1951).
‘Another is the laxb‘en'b to which the structure swells - the
. more open fhe stru‘q'bﬁie bgcomes‘, ‘the less would dbe the
axpvee(ted resistanee tov pémaability. A third faotor of
probable impox?tance in biological systems, where the phéses
are. not hamogenaous, 13 one of surraca diffusion, and this may
oonceivably prooeed et a rate oloser to that of difrusion
through'a gas than through liquid or solid medla. |

It would seem bn balance, therefo:e, that entry by way of.
‘the raspiratory gystem is thé more likely. However, pene-_ ‘
tration of the cuticle has been shown to ocour to an extent
'which varies with rmnigant. The upteke of hydrogen c¢yenide is
reduced sixty-six per cent. by sealing the spiracles :
‘(Bond, 1961 b); =a considerabla proportion is lef‘b whieh
must en'ber 'by another route, and by way of the cu'bicle would
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“‘sie‘ém ‘the bnly other pléﬁéibie pathway. This tumiéaht éaus_es
- répid pafalysis iaut‘ continues to be la.bsc::rbad linearly from a
A_cons‘t.antl’conbehﬁi-aticn for at least ninety-six hours, v}hen
eight times the lethal dose -hasf‘aaeumulatea. (Bond, 1961,8).
Entiy" is thought to bs mainly through the spiracles,-‘ as in
the :paralysed con&ition the spiracle lips are held - aparb
| '.i'he 1a:rval cadelle will alowly aecumulate a toxic
‘Quantity of mqthyl bromide even when access to the tracheas
15 denied {Monro, 1965). . |

" The toxiaity of DD‘VP vapour to rlying 1ocusts 1s found
" %o be greater by a factor of ten than the meximun. expected
value derived from a knowiedge or the tracheal ventilatiim_
rate end the medien lethal dose by injection. It is cpn—
cluded that ‘mt of the imvr must be picked up by absoiption
(Maccuaig and Wa'bts, 1965) . |

The tracheal ventilation rate of the eonmsed flour
bestle does not materially affect uptake of aldrin vapour.
- Total uptake and the fluxes of aldrin across the cutiols

being simiiar for both ‘dead and live insects (‘x.éwis, 1965) . 

- Tt would appear. from these reports that the cuticle
| plays an :I.mportant role where cuticle penetration occurs,
in- supplemonting uptake by the tracheal system, and may wellr
be the dominant factor concerned in the entry of others, to
which the cuticle offers amall resistanse. The cuticle and
1ts structire must now be assessed as an aid or barrier to

the transfer of molecules into the insect system.
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3. ' PERMEABILITY OF INSECT CUTIOLE

The ihseof outiolle is fundementel to an insect's
existence; it acts both as skeleton and protective covering,
preventing the insect from physical and chemical injury and
from excessive water loss. | ‘

Early studies on the modes of entry of lnsect pﬁisons
concerned those inéectici&es in common use at the time and
were thought to be resplratory, such as nicotine {MeIndoo,

1916-) ) orvstomach poisons, such as arsenic. |

Nicotine was later shown to be able to entar through the 2
integument . .(»Richardson, et al, 1934; Glover and Richardson,
1936) , end that the nicobine moleoule is teken up more readily
from solution than is the lipophobe nicotine ion (Richardson,
1945). | o

The cement and wax layers which restriet the egress of
‘water also oppose the entry of insecticides (Wigglesworth,
1945) and some nonelectrolytes (Treherne, 1957){ Injury oxr
abrasion to the wex layer accelerates the onset of toxic
wymptoms. |

The structure of the ocuticle in relation to its pere
meability to water and insecticldes has been reviewed
(Wiggles%rth, 1948, 1957) where & schematic conception of
the cﬁticle is presented and has been reviewed more recently
by Bbeling (1964) end Locke {1964)., ‘

The cuticle is part lipoid, part aqusous, Beneath the
peripheral lipid layer, the cuticle is mainly aqueous, conw -
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sisting of a fibrous.matrix of long chain molecules of
ﬁolyacetylgluédsamine, arranged in & series of lamellae; |
Traversing the cuticle from the 1ipid layer to the cellular
epidermis are very mény’pore‘canals whose ‘function it 1is, |
togather with the‘less numsrous duets ffoﬁ the dérmal glands,

| to transport the wax to the surface after acdysis and 1nju1'y

. (Dennel, 1958). The diamster of the pore caenalg varies

between species but is of the order 0.1 -1 Mo In some
SPeciés‘the 6anals remain open, that is their conténts remain
fluid long after moulting (Locke, 196l) end in others the
‘contents,solidify (Wiggleaworth, 1948}, . In’ others some of
tha contents solldify dnd'may,hecome.éclerotizea, but an
ennular space remeins around the solidified rnaﬁent"(Way,
1948) . | o R
| The most likely path taken by suﬁstances, especially
1ipophilio ones entering the insect through the cuticle 1s by
way of the pore canals (Wigglesworth, 1943) and support for |
this hypothesis is found in the relative rates of penatration

of DDT through the compound eye of protophomia where no pore

oanals are to be found, and through other sites on the insect
where pore canals are numerous (Lewis, 1954} . This view
appears to be generally accepted (Ebling, 1964) though other
roﬁtes must'exist where pore cemals ars absent (Brbwn, 1951).
There is much evidence which suggests, however, that the
~ epicuticular wexes, though forming a very thin layer over the

cuticle, present an obstacle for substences entering the
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insect. This layer in itself mey be separated into three
distinct regioné (Beament, 1945). The tightly packed mono-
layer atb the interface with the polyphenol layer is known to
‘be the main barrier to water with the outer cament 1ayar also
taking part (Beament 1961) . .

Disrmption of the waxes by solvents allow for their more
ropid uptaké {Lennox, 19403 Q’Kang, et'él,:lgéo; ‘Mbrozov;
| 1955; Umbach, 1934). Entry through the larval cutlcle of

calliphora,la;vae.is g;eat;y,aocelerated in the presence of
kerosane\(ﬂurst 19403 1945) The affect ﬁeing attributed
- to the 1ncreased permeability of the outer liped layer In tha
presence Qf apolar substanees.‘ Insects whose epicutieles
stain most readily with Sudan,III a:e more snsceptible to
‘Pyrethrum (Klihger, 1936).- A similar trend hes been~found
for the larval instars of the sﬁgarbsat*web‘wnzm where & pro=
greasive dimlnution of the fat content of the cuticle is
associated wnth a decrease in their susceptibility to Pyrethrum
sprays (Papper and Bastings, 1945).

The isomers of benzene hexachloride have beeﬁ shown to
penebrate grain weevils’ih,p;oportion to their solubilities
in hydrocarbon solvents, (Axmstrcng, et al, 1951). 'Pyréthrum
enters the ocuticle ofRhodniusvprogressively'more quickly when
dissolved in the more volatile paraffins§ here the thickness
of the endooutlele is important in slowing down the rate of
entry (Wigglesworth, 1942). This has been held to suggest
that the smaller the penetrating.molecule, the more rapidly
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it will dirfuse through tha cuticle, a hypothesis supported by
Hurst (1945) who finds ‘that the lower members of a hamologous
'ser;as_are,more\effective 1nyantry,than tha heavier.membexs.
~ The greatér’assistanee'in panetrationlaffbrded byrlighter :
.solvents has alsa been damonstrated {Webb and . Graen, 1946) and |
more reeently (thaway and Barlow; 1958) closer sorutiny by

Lewls (1965) discloses thah while absoxption of dieldrin 1n, :
creases with aeorease in oarrier viscosity, the absorption of -
the carriers thamsalves is independent of viscosity. It ia
suggested that one likely ‘solvent arfect is on the arganizau‘
'tion of the epicuticular wex. i o B

- Some oils, esneoially in the presanea of cleic acld will _‘

'pass right throughhthe cuticle and appeer in the cells of the
epldermis and in the dermal glands, It s not possible to see
. thém in the cuticle in transiﬁf so they must pass.thfbugh_in
droplets or,particlgs:beyond the resolving power‘of the»micioafA
éope.(W1ggléswnrth, 1942), ,1% would seem most ieasbngﬁie t¢ 
agsume that substances passing through the cuticlé’do s0 by
diffusicn and are dispersed‘as individual molecules through the
system. A correlation has been suggested between the hardness
and bleckness of insect cuticle ana its permeability ( see
Wigglesworth, l948). |

~ Both mealworms and cockroeches develur toxic symptoms more
 rapidly When.minute droplets of'purevniootiné are applied te- 
, unsclarotized areas of cuticle (O'Kane, et al, 1933), and oil
' has besn observed to penetrate more rapidly through the- thin
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articnlating membranes o:!‘ bris‘bles than the nomal cu'hiole
'(Wilcoxon e.nd Har‘bzell 1933 Klinger, 1956' Wigglesworth, -

o 1942) . Most of the conclusions are drawn rrom obaervations

of toxicity which are not to be relied upon for comparisons
‘between specias un_‘l.ess another means oi‘ comparison of p
tolerance is available - by mjeot-ion or mgestion for e:nample.
.Insacts may also react dirferently when similar but separated
areas of cuticla are treatad, for example, ‘the toxic symptoms
arising frem DDT poieoning very with the amount of nervous
'aissme benaa.th the sites of a:pplioation (Lewis » 1954).

It is evident that many compounds, some of them toxic to
Inseects, are able to penef:rate _a‘;he cuticle, and once in the .
' epidermis diffuse into '&he haemolymph to be éi’stributed to all |
_.parts of the 1nsect.' To enter most easily, a substance must-
be, to some axten‘b both wax and water soluble in order to
,pemeate epiouticular waxes end then be taken up by the ”
endocuticle, and finally the haemolymph (Webb and Green, 1946)

Since 1ipid meterial extends through the cuticle to t.he

[’J

epidem:ls 1n_the pore canals ’ the affinity for water may be B
less important than that for fats. The epidermis is oellular |
and the 1ipoproteins of the cell manbranas are possibla ront.es
for hydroyhobe substances to ‘the basement membranes. |
Internally, the basement membrens is irrigated by the . | |
hamnolmph, an efficient tramport syetem even for hyd.mphobea.
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4. SOHPTIGN

 From the preceding sectbions it has baen seen. that some

penetration of the cuxicle by fum;gants_has been establlshed
and that»m@ny'solid insecticides, once in contact with the
| outer sﬁrface, ﬁill penetrate the cuticle unaided. The}‘
~initation of penetration of a fumigant will depend on intimate
contact between the fumigent mcleoules and the insect cuticle.

‘Solids are composed of particlgs which exert forces of
mutualyattraction‘on oné‘anothér end which, at the sﬁrféce or
the solid, extend beyond the boundary. Neighbouring molecules
of the adjacent phase are attractgé by interécting flelds of o
fores, céusing them to be hald in numbers sufficient toySétis' 3
the surface foraes available‘ In tﬁib tyre of reaction, the
substrate (here the solid) 18 termed the sorbent and the
attractea phasevthe_sorbate. Where the attraction is purely
physical it is ﬁerméd adsorﬁtion and when this is followad by
va’transfer of électrons ambunting‘to a chaﬁical reaction; the_
whole process is known es chemisorptiun. It is thééa cohesive
| fbrces which cause the familar phenomena of adhesion betwaen
- solids and the wetting of solid surfeces by liquids.
| The forees involved in adsorption are of‘many types' .
dascription of these may be found in the literature on surfaoe .
chamxstry - ses, for example,,Gregg {1961) or the camprehansive}'.
: reVIQW'bY Honig (1954) . ‘ |

The total attrgotiveness of two molecular species is found
by summation of the attractive forces. At equilibrium,the |
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attractive forces are balanced by a repulsive force arising
from the 1nterpenetration of the two electron clouds.

@he magnitude of the fields of force surrounding a
molecule has been estimated for a number of simple examples
(Henig.'i954) Reference to Flg. 1 reproduced from Gregg
'(1961) shows that the potential energy of en isoleted atom
increases once it has approached within about 78 of the

surface of a co~valent crystal.

+20}

3.58 7.0%

[}

o 1
DISTANCE FROM SURFACE

U (r) Acot mote -}

Fig. 1 The potential energy between an .
isolated atom and an ideal covalent
erystel as a function of the dlstance
, of the atom from the surface (Gregs; 1961).
The additional attractive force experienced by hlghly polar
molecules has been shown to be only slightly greater than the
dispersive forces even when these are at their maximum (de

Boer, 1956). It may be assumed, tharefera, that the totel
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forces whiéh exist, even in extreme instances, are not
effective atwdistances mﬁchAgreater»bhan 208 above a solid
4cohtinuum and while surface irregularities may modify the iwo
main ﬁyﬁesAof‘attractivé‘forga, the effect is only smﬁll.

The disﬁance over which mutual éttraction beéameé operé-
tive does not #ecsssarily ineorease in proportion with the size
of molecular speciles; even if this were so, the field of
attraction cannot be expected to extend beyond the order of
1008, | | o

When a fumigent is stirred, the distances over which
fumigent molecules must travel by diffusion alome are con-
“'siderably'redudedQ This mﬁli be‘éiséussed in a later section

o (8). Howéver, these distancés which érevof'milliﬁater'order

f;garelvastly’in excess of the mﬁxﬁmnm possible distance of
attraction of a'sorbent,for'a soﬁbate, and iﬁ'may bé‘conolﬁded
that even rapid stirring Will have 1i£tleef£ecﬁ‘on'the
‘ﬁhencména of sorptién, though as will be aisoussea"later ‘ '
'(aaotion 6) the process as a whols may be enhanced where other
tactors detexmina the rate at which absorption procaeds.
Currently acceptad theories of gas aasorption visualize
tﬁe adsorbed layer as being monamolacular, or one’ molecula |
thiok at 1OW'pretsuras which become mnltimolecular as the.
saturated vapour prassure of ths sorbate is approached. ,Hnoh :

will depend on the nature of the sorbent surface and tha

molscular species involved. In general, at relative pressures'

below 0.25;vwhefe‘a prassure cfll represents saturation for any
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particular gas, the adsorbed molecules form a nonolayer
(Gregg, 1961).
: ‘This is the condition found vhen there is only ome
- molecular species in the gas phase and the monolsyer consists
solely of theselmolecules. When, however, more than one
vapour is present, the monolayer will coﬁSisﬁ of a mixture of
moieculés. The relative numbers of each per unit of surface
depends on the relative concentrations of the component
vapours, their effinities for the sorbent, respective vapour
pressures, and the overall temperature and pressure. Thus,
vhen a fumigent is introduced into an air surface system,
fumigant molscules will gradually displace somse of the various
component molecules of air, oxygen, nitrogen, carbon dioxide,
water, etc. previously present on the surface, Eguilibratian
in so complex a system occurs slowly, in contrast with the
process in the simple case of a uniform plane surface exposed
to a single gaseous molecular species. Now if the sorbent is
at all porous or if the sorbate (in this instance a fumigant)
is at all solubls in the sorbent, there will be a drift by
diffusion into the substrate. This movement produces a
‘deficiency Qf fumigant in the monolayer which 1s made up from
the gas phase by adsorption of freeimolecules which come within
range of the now available attractive forces. This monolayer
muét not be pictured as a more or less static layer; mblecules
are continually moving between the sorbed and gaseous sfate

interchanging with other molecules. A dynamic equilibrium is
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atteined which, if dilsturbed by solution, is restored by
further sorptioﬁ. The converse may also occur when
equilibrium is upset by a preponderance of fumigant in the
sorbent . | |

One further point‘wﬁich must be borne in mind when con=-
sidering the epicuticle and adsorption is that the true
surface area of an insect is much greater than the apparsent
projeccted area by a factor which may be as large as ten and
which depeﬁds on the insect 3pecies concerned (Lockey, 1960).

5. THE EFFECTS OF AIR MOVEMENT ON THE UPTAKE OF AEROSOLS
AND FUMIGANTS .

| Investigation of alr movement in relation to the upteke
of'toxic chemicéls by insects has been confined mainly to |
studies of spray droplets and flying insects. AThe factors
affecting the uptake of particulate dispersions.in moving air
are discussed by Townsend (1948); Gregory (1951); Ranz and
Wong (1952); Jarﬂan (1959,a,b) and Hadaway and Bariow:(1965).
The most important are the particle's weight and size, air
speed and the size and shape of the object on which the
narticles impact.

~ For resting adult mosquitoes, David and Bracey (1946)

find a linear relationship between mortality and the speed
with which en insecticidel mist is passed over them. Pickup
from miéts with particle diameters less than 10 p has also

-
¥

been shown to be largely due t0 the Ilight movements themselvgg

The vast majority of these partidles are accumulated by the
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wings when the insects are flying, but the distribution is
at random over the whole insect when impaction is due to
droplet movement alone.

Fljing locusts, in particular, have béen showvn to pick
up considerable quantities of spray on their wings, and this
quantity mey meke an important contribution to the fatal dose
(MacCuaig, 1962,b).

La Mer and Hockberg (1949) sprayed mosquito adults in a
wind tunnel and found the medien lethal dose to increass
rapidly with decreasing drop size., A parallel increase in
the toxiciﬁy of anAinsecticidal spray to locusts has been
found (Wootteh and Sawyer, 1954). Kennedy and others (1948)
have also shown smaller drops to be more effective than large

ones, while Lycopodium spores (32 P.diameter) are deposited on

cylinders in greater numbers with increasing velocity
(Gregory, 1951). |

Méximum uptake by locusts from a spray has been shown to
occur with particles of 60 P (MacCuéig, l962,2), a figure
close to that of 50 P predicted on theoretical grounds
(Townsend, 1l948).

The évidence for the effects of air movement on sorption
and desorptibn is conflicting in thav some systems are
affectéd while others are not.

The sorption of hydfogen cyanide by wheat is unaffected
by the rate of flow (Lubatti,ylg44) nor is flow important in

the sorption of chloropierin by wheat (Northover, 1965).
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Gbntra:by to this is the accumuletion of inorgemic bromide by
whéat during fumigation with methyl bromide. Higher levelsv
of residusl bromine are f.c be found after fumigation with
continuous atirring then in a still atmdsphera (Heuser, 1959). |

Ramsay (1955 a,b,) has shown that evaporation from a

wetted su:cfaca increases with the square root of the velocity
-of approaching air and that 1oss of water from #he tracheal
Asystqm of the cockroach ig considerabiy arrected by wind
velocity when %the 'spii'acle‘s are open, particularly when the
axiimal is poéitioned trensversely to the air ‘stieam.

Allemand and Burraga‘ {1928) ‘find- that rate of aerafion
does not affect the loss of carbon tetrachlorids from charcosl
in terms of the quentity i-émoved per litre; in terms of ime,

| h&ﬁever,' this does represent an increase in thev'raba of loss.
In general, géﬁ“ absorpﬁibn in packed absorption towers varies
as the 0.8 power of the gas velocity (Sherwood, 1937).
These few examples in&icate;‘that in some instanoés alr :
movement is importent in governing the rate of absorpiion or
the reverse process desorption. The dynamidaspec‘bs of these

processes will imw be disoussa’d.

Wﬁ. FLUID DYNMIG THEOH AS IT AFFECTS FUMIGANT UPTA@
(a) RPT ION
. Gonsider an infinite fumigation system at rest with the
consentration of fumigent P and in this y an absorbent at whose

surface the concentration is P'. As absorption ocours,
~ adsorption sites will become vacant at the surface, the balance
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“being restored by sorption of air fumigant from the gas phasé,

which in turn lowers the concentration P' above the surface.
Diffusion will now occur through the gas phase in proportion
to the concentration gradient P-pPt'/d, where 4 is the distance
between the points where the concentrations are-P and P*' res-
pectively. As absorptioﬁ continues, & becomes very large with
a corresponding decrease in the rate of diffusion, and where
this is the governing factor, it follows thet the rate of
absorption will be reduced similarly. The effect of alr move-
ment over the sorbent is té limit d.

Above a plane surfaceipérallsl to a steady air flow,
there exists a velocity gr%dient which exténds from the surfaoé
where the air velocity is éero to a certain distance above the
surface where the veloecity is thét of the approaching air.
This boundary or viscous layer is caused by the viscosity of
the air. The moleculss close t0 the surface are held back and
these in turn affect the moleculss a little further away. The
thickness of the viscous layer is zero at the leading edge of
the surface and increases asymptoticelly with distance from the
 leading edge in the direction of the stream. The thickness d
of the boundery layer at a distance x from the leading edge 1s
given by:

4.64 .
VT where u is the free streem

velocity and v the kinematic viscosity of air at the tempera-

4.
.

ture of the system (For the derivation of this equation, whick

is due to von Kerman. {1921) see, for example, Eckert and
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Dreke (1959) or bchlichting (1955)
| As the velocity of the air stream is increased, a state
is reached where the increas;ng shear stresses in the air
causse turbulence to set in,. Boundary layer thicknesses under
these condxtlcns d;f;ar only slightly from those in laminar
flow. However, conveotion in the turbulent zone will be
_supplemantary to diffusion and becomes a more important factor
in the trensfer of & fumigant from the air mass to the
sorbent. Even in turbulent boundary layers a laminar sub- -
| 'layer exists at the surfcca. The thlcknesses of thesa
| boundary layers d and dt respeotively ers related by ax=
'pressions of the same form as.that given above. They'are

for the turbulent baundary layer:
4 =_0.376

T Vux/v

and for the leminar subiayérl

at= 194 |
¢ e

(Eckert and Drake, 1959} .

| There is a point in a fullv esuablished boundary layer :
~in laminar fIGW'whare it is possible for an increase 1n.tha 
’fUmigant/air ve1001ty to have libtle effect in enhancing
gbsorption. In laminar flow no convection occurs and at a
| 6ertain‘distande from the leading edge where the boundary -
layer is inoreasing in thickness slovly with alohance downr  .
stream, & steady state will be attained when the fumigant lost,
‘to the surrace from the boundany layer is raplaced by dirfusion
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through ﬁhe}free stream. An increase in the gas velocity will
\reduce‘ﬁhe boundary thidkness and close to the 1eaqing edge
enheanced abworption is liksly to be found. Further downstrean,
nhowever, diffusion will remain the rate detenmiﬁing Process.
HIt is exﬁramelj unlikely that such conditions will be ex-
perienced byﬂmpst biological material., This is espeéially»trua%
of an inseét where the surfaces are short and not truly planar.z
This will lead to some degree of mixing in the free stresm and
turbulence in the‘boundéry layer, exoept perhaps for very low
.gas velocitiss. | } |

It may be seen from the equatioﬁs given above that the
thicknesses of thé bouﬁdaﬁv layers remain in invgrse propoxr-
tion o aupowér of the fres stregm'velocity,'thns as the
velocity u increases, the bpundary thickness d decreases.
Tt is also evidend that when this thickness is considered
with respect to the rate of diffusion for unit area, given
by P~P'/d, an incfeasq iﬁ,u causes an inecrease in P»P?/d. |
Thuq, for a fraély gorbing subsrate, an increase in sorption
is to be expected with inoreesed alr speed. Both hesat and:
'lmass transfer are facilitated.more 1n turbulent then in laminar:
flow., In turbulent flow the outer edge of the boundary layer
is maintained at the concentrationAin the bulk gas by con-
vection, whereas under cdnditions of laminar flow, the slowsr
"diffusion prooassvis more important, except perhaps in the
early stages quring development of the boundary 1aysr. ‘be

practlcal engineering purposes the solution of mass transfar
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provblems, in turbulent flow differs little from leminar flow;
the letter, however, are simpler to caleulate and serve as
good models for study of the basie phenomena (Erkert and
: Drake, 1959) o

6. "(b) poss E_EFFECTS ON DIFFUSION INTO THE TRACHEAL

.

Reference has been made above (2) %o the pore difrﬁaién
ef:fac’o where small pores in a surfece are found to pass gesses -
| and vapours by difi’usion in grea’oer q_uan’ci'lsy than would be ex~
o pec‘l;e& from’considaration of ‘hheir_areas, and the co-efficient

of dlffusion of the regpective gas.' A spiracla level with a
’plane surface will be presented with similar coneentx-ations as

_ the neighbouring regions of epleuticular wax; where 'the z-ate
of a’osorp‘b.tcn by the wax 18 greater than the rafe of ditfuaion
to the surface, ftmd.gant ﬁan only pags into the spiracle at a |
z-ate o:t‘ the same ordar as: ‘bhat fo:c en equivalent area of wax.
But when the rate of arrlval at the surface mey exceed that at
whiah :H; is taken up by tha epicutioular waxas, a spiracle |
'will ba able to pass fumigant at an increased rate by a pore
d.if:t‘usion e:t’fect. 'rhia e:tfect is unlikely to be 8o marked as
that rounﬁ :‘Ln an isolated pore open at both sides, since

| lsp:lracles commonly oceur in cutlcular depressions and 'bhe .
space ‘bahind 1s encroached upon by the ‘tracheal walls.
MGchanical ventila'bion of ‘the trachae will, to a certain exben‘h,
a:}.d trana:er through the spiracles. Many insect species venti-
late the ‘reépifatory 'sy’stem by rhythmic contractions o:i’ the
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abdomen, and many, when in flight, are ventilated uni-

directionally by co-ordinated movement of the spiracular
velves (Buck, 1962; Miller, 1964).

Ramseyv(1935,b) has also shown a considerable‘incrcase in
water loss from cockroaches placed across an air Stfeam com-
pared with thosc orientated axially. Similarlf, this orien~
tation would increase fumigant uptake. Once fumigant mole-
culcs have entered the tracheal system, there is little to
prevent their removal from the gas phase. The surface area
presented by the tracheae is considerable and the cuticle,
where it exists, is extremely thin (Locke, 1957; 1964).
Another factor, probably of only slight importence, is that
respiration rates are known to increase with the onset of
polsoning (Keister and Buck, 1964).

An enhanced effect may also occur similar to that pro-
pounded by Jeffreys (1918) in which it is deduced that the
rate of water loss from & cylinder, wet at the bottom and open
at the top, is iﬁversely proportional to the squére root of
the vélocity of alr passing across the open top. In this
deduction no account is taken of possible turbulent effects
within thc cylinder, but as turbulence would not be expected
in insect tracheae, except perhaps in close prcximity to the
opening, a similar relationship may govern fumigant trangfer
here.

To summarize, it is evident that fumigant transfer

through the splracles occﬁrs'and is likely to be enhanced by



eir movement over the insect, thbugh.the quentities involved |
remain unpredivdtable. The proportion of i‘umigant entering
in this way may; be 6nly a small contribution to ‘the toxie
dose when the cuticle as a whole offers 1ittie resistancgi

o0 fumigant penetration.
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I.
1. JINSECTS
Iﬁsect species vere chgsen for ease of breeding in 1afge
numbers, for contrasting surface character and‘to provide some

sizérvariation within the scqpe‘of the fumigation apparatus.

With the exception of Periplaneta aduits, cultures of each
species were maintained in the insectary at the Field Station.

Supelle supellectilium (Serville) Dicﬁyoptera, Blattidase.

Second instar nymphs were used for toxicity studies for
fumigant uptake, and for samples of the eplcuticular wax.

~Périplaneta emericana (L) Dictyoptera, Blattidas.
Adults, kindly supplied by Mr. Haskins of the Pest In~-
festation Laboratory, Slough, were used for fumigation of

their forewings and for semples of their epicuticular waxes.

. Scehigtocera gregaria Forék, Oxrthoptera, Acrididae.
First instar hoppers were used for knockdoﬁn and
paralysis studies.

Oryzaephilus mercator (Fauvel), Coleoptera, Cucujidas.

Adults were used for toxlecity tests, fumigent upteke,
and for epicubticular wax samples.

Tenebrio molitor (L) Coleoptera, Tenebrionideae.

Adults were used for fumigation of their elytra and for
samples of epicuticular wax. '

Coccinella sepbtempunctata (L) Coleoptera, Coccinellidae.

Adqults were captured in the field and used for knockdown

and paralysis tests. -
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'Musca domestica (L) Diptera Mnscldae.
', Adults were used for tox1city tests, for measursments or ‘

fumigant uptake and for samples of wings and. epicuticular wax.
2. MATERTALS
gyﬂrogen Cvanlda

‘ Hydrogen cyanlde is a colourless liqulﬂ, vapour pressure
610 mm ﬁg at 20°C which boils at’ 26°c to a colourlass gas: |
| with an almond like smell. The oommercial fumigant uscd was :f
supplled by T, C. I. Ltd. as liauid in steel containers.
Nicotlnc
| Nlcotlne Vs obtalned as the pure compound from
Hopkin & Williams Lta. It is a colourless, odourless 1iqu1d
when purc.; on expoSure to air’ it darkens and beoomes more
viscous giv1ng off a gtrong unpleasant smell, -B.p£.247°c
vapour pressure 0.04 mm Hg at 20°C.

DDVP or chhlorvos

A 98% pure sample was obtained from CIBA Ltd. and was'l'A
.used for standard solutlons for gas liquid chromatography B

.(GLC) analysis. R681nous pellets contalning 10% DDVP wsre ,\‘”'
used to generate. tox1c atmospheres during tox1city tests. | ’
‘These are,manufactured under the trade name *Vaponalt by.Shell‘ g

Chimical Co. Ltd.
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REAGENTS

Ghiorofbrm

Reagent gfadefohioroform was used for extraction pro-
cedures., No material intarfering with the nicotine peak was
found when the splvent was concentrated 250:1; in the ex~
traction procedures concentration rarely éxnegded 50:1. The

. chlgroform used for extraction of'epiéuxicular waxés was
first reaistilled through cérefullyio;eanéd apparatus.
 Sodium sulphate | -
~ Dehydration of thoroformlfollcwing insect residue ex-
tractions was cairiéd out with teagent grade anhydrous sodium
'sulphaté. No interfering chromatogram peaks were found.

Magasium oxide | |

Clean up of insect and wax extracts was carriad out on
columns of reagent grade magnesium oxide 5 om long end 1 cm-

dlemeter. The interfering material present in this chemical
(Fig. 2) ﬁas temoved by allowing'a_quantity of chloroform, |
at least three times the oxide volume, %o pasé‘throﬁgﬁ~before"i

usev ‘

Tha standard solutions of hydrochlorlc acid and potassium
hydroxide used for extraction of nicotine from waxes were made

up from Analar grade chemicals.
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Fig. 2 Gas chromatograms of chloroform
eluted from Mg0O column. '

A. Sub-sample of concentrate from
first 10 ml eluted, showing
interfering material.

B. Sub-sample of concentrate from
20-30 ml fraction, showing clean
solvent.
I - 3. APPARATUS

(a) PUMIGATION WIND TUNNELS

Three wind tunnels were constructed. An apparatus was
required capable of passing fumigant/air‘mixmures over test
insects at a required range of velocities up to 400 om/ssec
and preferably at donstant concentration. Either of two
prineipal systems may be employed to fulfll these conditions.
One is open anéad, in which ¢lean air 1is drawn through a
chember or chembers to control temperaturs, humidity and
fumigant concentration, passed through the experimental

~chamber and finally released to the atmosphere. The other
method is to use a closed circuit where the fumigant and air
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ove recivculated. A ancll reconditionlns chamber im recuired
to reploco fen nt loat by ohsorption. -
| 4n open ended vind maf;. in vhich the experinmentcl

conditions could be contyolled with preeision nt slow rotes of
Tlow wes irat tested and found to be uarelichle in mnime
taining nicoting comoentyrutions ct flows much sbove tvelve
1itres per minute (118 em/sec). Accordinpiy, the fumipont

wind wnn&u wore desimed on e elosed cireuid wﬁm.
WWWMN mmm hicher gus rm

Fige O Punigent wing **m. X

The air/mﬁam pixture ie eirculated by o awwim@;ul

fon (1) throuph amzm‘af two separste lowps, oue contelining

& ontuzesor () end o reservelr (8) cnd the other the experi-
Mn@:, Msam:z exposure tube {4} ond o Sioweter {5) ‘cf‘ m '
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vrot'ameter ty:ée. Mizing of the two streems tekes plece 1n the
impeller chamber of the pump. The satura‘bor is a small glass
‘vessel of about 500 ml capaci'by in whlch about 1 ml of pure
| nicotine was placed at the start of a series of rmnigations.
The raservoiz' consisted of a sbeel contalner with en approx:l-
| mata eapaoiw om‘ 20 litrss. ;I.n whioh were & number of.

o aluminium mes 't;o ald effiscient mixing end to prov:lde a

 larger surraca area f;or nlcotine absorption. The outlet

; ‘ratums to tha inlet manitold of the pump .

| 'I‘he second 1oep oarr:lad 'she air/mmigant mixture 'bhreugh
two gan‘ble curves to the :mseot exposure chamber (rig. 4)

join of the

flange sections neoprene O ring

. : A v \/‘\\
o L ! N2 |'i;|_| .
I==I ~ y.
A % UD)

fine nylon screen

baffle ~ =

Section at AA
enlarged

Fig. 4 Insect exposure chamber
‘. E’his ‘consisted of two standard Quickrit flat-flange Joints o
{1 and 2) i‘used end to end wi‘bh ‘the flenges facing outwards. o

Two similar Joints mre rixad in the cireuit, spaced -
sufriciently_fafr‘ apar‘arto.taka thé exposure chambar. Across
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" the flanges o;t“these ‘joints pleces of fine nylon mesh were '
"si:re‘t‘cvf,'had, par;hl& to prevent 4in§eats crawling or being blown
into the rest of the aiaparatug", ‘and pertly as an aid to the
 even distribution of air entering the exposure .chaﬁber. As en
additional aid to steady a’ir"f;ow, & baffle was fitted within
the joint at the motor end of the exposure chamber. This con=
‘sisted of 2" x " coversiips cut longitudinally and cemented
‘together to i’;orm a baffle, ‘star-shaped in ocross section, and
o olose it within the first joint (Fig. 4). Neoprene or
rings eemantaa over the nylon formed & gas-tight seal.

Two intarchangaable i‘lometers were used, one a metric
7A Rotameter covered the range 1-10 litres per minute, the
' other, a No. m, & range of 5-50 litres per minute, The
flow in the axperimental loop was controlled ronghly 'by means
of a rheostat governing the mo'bor speed, and more dalicately
“arith the valve {e). The various constituent parts of the
appa:cauu were linked together with Ed oD composition lead | tl
piping, using soldered ;]oints where practicabla or. butt ;joints,,
sleevad with poly‘ohene tube, sealed and hald in place with
'Bondcrate' canen‘a. P

W'D TUNHEL IT

The apparatus deseribed above was considered unsu:ltabla

:t’or hydrogen oyenide fumigat:.on. Aoeordingly an all glass |
| apparatus was constructed embodying 8 reservoir of 100 l ﬂask

whioh passesserl two outlets diametrioally opposed (Fig. B)
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silicone rubber '
2 disc-S  plate and
~— flttmgs of bross }
-
Se— —_
7 T —
4 U
T 6

Fig. 5 Fumigent wind tunnel IT

- The seme motor (1), valve (2), ezposuia'ehamber {3) and
rlowmaters (4) were used as before, and these ‘were 1nter- o
comnected by Stendard B 24 glass sookets and glass right«angla
bends with B 24 cones at either end. campression sopper pipa 'L
- fittings, 1n which the metal rings were repleced by neoyrane 'O;
rings were used to Join longer lengths of glass tubing snd to
allow'éume.xléxibility’to the riowleircuit; Thé apparatus wés .
dosed byvinjection of 1liquid hydfogen cyanide through a ruhbér‘
" geptum (5) mounted in the brass flange fitting (6) closing the
neck of the reservoir. A baffle (7) waé fitted ﬁithin the
reservolr to mix the rumigant.. |

WIND TUNNEL I1I1

A third wtna tunnel, de 1gnad for use within"a desiccator
is illustrated in Fig. 6. ‘
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were‘carried_out in a large sweet jar in a horlzontal posi-
tion. DDVP vapour was generated from 'Vapona' pellets,

The wind tunnel was set up with the insects to be fumi- .
gated inside and positioned within the fumigation chamber
through the neck of the jar. Electrical connection was made
by a co-axial socket located in a hole in the 1lid and made:
gas tight with cement. A silicqne‘rubber septum, similar to
that in the second wind tunnel, allowed gas samples to be
taken with a gless syringe. .

WINDSPEED AND VELOCITY PROFILES

The windspeed within the exposure chamber of tunnels I
and IT is calculated from the volume of air passing in unif
time, indicated by the flowmeter, and the cross-sectlional area
of the chember. This area was 1.77 sq. cm. Thus the two
flowmeters covered velocitles between 10 and 470 am/éeo. A
© B em/sec velocity, used on a number of occasions,.was found
by extrapolation at the lowsr end of the flowmeter.

Zero windspeed was obtalined by almost c¢losing the fine
control valve. With the pump running the gas flow through
the chamber was suffleient to replace fumlgant lost by
absorption. TUptake of nicotine by beeswax under these con-
ditions\agreed with that absorbed in a still nicotine atmos-
phere within a desiceator.

The nature of the flow in the chamber, whether laminar
or turbuient, affects not only the absorption coefficient

of a freely absorbing medium, but also the velocity profile
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20ross the tube. A much wider range of velooities occur in
leminar flow (Flg. 7a) then in turbulent flow (¥ig. 7b).

Fig. 7 Velocity profiles' across tubes

(e) in leminar flow x axis - velocity;
{b) in turbulent flow x axis - mean veloolity.

~ Turbulence may be expected in a pipe of ciroular cross section
when the value x - P‘—!f%' exceeds a certain valus. JXor
ordinery smooth-walled tubes K can be teken as 2000 {Inter=
national Critical Tebles). S

Thus, the velocity at which the flow in this partioulapr
exposure chamber may be turbulent is about 200 om/sec for air.
Observation of the movement of a fine glass fibre suapendéd" in
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the air stream showed that turbulence appsared in an empty
exposure chamber between 43 and 53 cm/sec and that the fan
speed end the valve setting hed no effect on these values.

3. (b) MODIFICATIONS TO 4 DESTGCATOR FOR FUMICGATIONS WITH

One series of nicotine fumigations was carried out with
superimposed pressure fluctud‘bions. A 45 1 desicoator with a
central hole of about 13" diameter in the 1id was used as the
fumigation chamber, the hole being closed with & removable
polybhené bung. A petri dish in the desiceator well conbtained
a8 filter paper soaked In nicotine, which proved sufficient to
meintain a steady toxic concentration during a series of fumi-
gations. |

An electric clock-motor, fitted with a paddle, was
mounted :!.n the desiecator to provide gentle stirring,

- electrical connections were made by two wires led through a
hole 1n the bung. A two-way tap was also mounted in the bung.
One branch led to a filter pump, and when the tep was turned

to this position, the pressure within the desioccator was re-
duced. The other branch led to 3 bubdblers filled with niootinei
and thence to the atmosphere; when turned to this position
normal pressure was restored with fumigent laden air. 4

The pressure in the desiccator was measured with a merem.-y;
manometer connected by a polythene tube through the bung.

Gas samples wéra withdrawn by syringe through a plece of
silicone rubber inserted in a fourth hole in the bung.
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The insect cages were of copper geuze about 3" long end
A" diemeter. During a fumigetion the cages rested on-a coarse
gauze shelf (2 ‘mesh to the inch) above the well. "rhé cages
were inserted and w:lthdrawn wi‘hh a hookad wire, through the
central hule.
3. () GAS-LIGUTD CHROMATOGRAPHY.
| As & number of .ﬂmigant insecticides were to be used, :
‘bheir assay by the teolmique of gas-liquid chromatography
(GLC) with a hydrogen fleme detector was assessed, found
suifgblg and adopted, An apparatus was econstructed around a .
detector }nade} of brass and similar to that deséribed,‘.by
Onkieho::}g {1960). 'Th’e jet and pick up electrode were of
platinum., Gas flows were monitored by rotameters and con-
’ﬁrollea. by fine needle valves. The columns used were packed
in borosilicate glass tubing and were enclosed in a' steam
Jacket. Silicone rubber '0' rings were used to Qeal the
columns in brass Tittings (for detalls see Appendix) i‘he
conductivity of tha hydrogen flsme was measured by & cathode
follower impedanqa convertor circuit similar to that deecrib,ad
by smith (1960) - see Appehdix for circuit diagram. The 6 SN7 .
valve wag replaced by an E 80 CC, the ‘outpuf being fed into a
l oV poténtiomotrio recorder. A serles of shunts appro-
priate to the input impedence of the recorder were arranged to
give a stepped output with two-fold increments. At the most
sensitive setting, baseline noise was about & of full scale
defleotion (FSD).
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- 3. (d)  SOLVENT GON(?MRATION. o

Many of the fumigant solutions extracted i‘rom insacts and
waxes were too dilute to be assayed airectly by r;x.c and had to
be concentrated. - The Kuderna-Danish taohniqua was used for
this concentration, in which the solvent is removed through a
| fz?aéﬁibnabing‘ 6olum, thus preventing the ascape of higher ,
boiling material. The epparatus was constructed of three parts.
The lower portion consisted of a 10 ml graduated test tube,
above which there was a pear-sheped vessel, 60 ml in capacity
: supportiﬁg a vigreux column of 4 to 5". B 14 cones and sockets .
cmmectad each part. TIn use, a clean pin‘ weg dropped inside
the apparatus to prevent bmnping, and the lower two inches of
't;he graduated tube immersed in a water bath. When most of the
solven‘b had boiled awsy and about 0.5 ml remeined, the
apparatus was removed from the water bath and allowed to oool.
The inside walls were then washed dovn with one or two mls of |
solvent ‘dielivered :i‘i‘Om a teat pip'ette; Surprisingly; ‘bhi‘fs
oPeration was found to be almost superfluous for reproducable
resul'bs ’ but was included as a precaution. The bulb and
vigrqux could now be replacgd by & B14 stopp’er‘until the
#olvent was subsampled and assayed by GLG.
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1.

4. METHODS - ANALYTICAL PROCEDURES
(a) Hydrogen Cyanide

Deteminations of hydrogan cyanide were carried out by a
slight; moditication of the micramethod (Luba'hti., 1955) in
whieh tha g,as is absorbed in aqueous sod ium bicar‘bonate and
ti‘brated with fodine. Gas semples were withdrawn through the
rubber sgptum used for dosing the app_aratus, with an all glass :
26 ml syril.nge, fitted with a long ngedle (2" x 26 gaugse).

'I'hé gas .samp:‘l.e taken depemed on the concentration and was
varied from § ml for high concentraﬁions, ébov_e 10 mg/1, to
15 ml for low concéntrati_ona. The ges samp_le was slowly

- bubbled through 1 ml 0;5 per oent sodium bicarbonate,v con-
vta:m'éd'in a _microv'tast-mﬁe. Little loss of cysnide could be
’deteeted by méll, aﬁd as the results agreed well, it may be,
assumed thet substantially al.‘l. the oyanide was ‘absorbed in
this way . ' |

The above procedure was carried out ‘oerore and a:fter a
fumigation to apsess the ges ooncentrations. nuring a fumi--
gation, or a saries of m1gations, 0,5 ml gas samples were
.assaygd with the hydrogen flame detector. Considerable tailing
‘éf the h&drogen cyanide peék was experienced at room tempera-
tures, the most suitable column and temperature for the purpose
were :f:ound to be a column of 10% polyethyleneglycol succinate
'48" long and one sixteenth inches diemeter run at 1oo°c. In
this way, the cyanide was held back sufficiently for the |
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recorder 'Bo follow the detector response, and enabled samples
to be analysed every five minutes if required. Pesck areas
are difficult to determine under these conditiona owing to
the narrow cyanide peak. Beak heights gave estimates agreeing
to within o o |

(b) NIBGTINE

Preliminary quantative estimations of nicotine were made
Sy' an exbension of the colorimetric method described by
Rintakul end Hennen (1950) and Blackith (1953). Attempts o
inerease the sensitivity mther;by reduoing the volumes.of
acid and slkali used end by extraction of the colour complex
with aznéliér volﬁmes of chloroform were satisfactory only. for
gas: samples taken from the wind tunnel, using evacuated
vessels of 200 ml capacity. Assays by this method for the
anall quantitias of nicotine residues in insects were in-

g eons:!.stent.

The majority of the nicotine assays were carried ou'!;
with the G1LC apnaratus described above. Polyglycol columns
have bean found most sultable for the aasay of tobacco |
alkaloias, 5.ncluding nicotine (Quin, 1959). The column used
hers was 80-100 mesh alkeli washed feelite 545 {waghed with
sodium bicarbonate) supporting 10% w/w stationary phase of 4 |
parts polyethylene glycol 400 and one part dinonyl phthalate,
' stea.m jacketed at 100 6.

| With van in,jaetion port pressure {see Fig. in Appendix)
of 10 pounds per ‘sﬁgaxe inch (psi), the nitrogen flow rate
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~was about 30 mJJmm' hydrogen flow was maintained at

80 ml/min and air at 800 ml/mm. cali‘n:gtion graphs were
prepared by mgaction of_samplers‘ of a standard solntion of
pura' nic}otine in chquéijpim or nfhe;tane. The - graphs were
liﬁeaz at the more sénsj.tivq settings of the instrument.
‘Tha‘pi'oduet_pf peak height and width atlhallf‘_hei'ght were used
_fqr pee‘}‘s’ inensnratipn. This essessment was found to be more
ﬁreciéke ﬁhan a measure o:f peak height alore,

o | GavsAconcentrations:were determined by teking 15 ml of
air/fumigent mj,x"bur'g'in‘ an all-glass syringe and injecting
into the inlet pért of the gas-liquid chrbmatography apparatus,
The nicotine peaks are cchparad with ‘those from a standard
solution made up in cm.oroform or heme. Concentrations
determined in this way were lower ,than. those determined by
colorimetric enelysis of vacuum samples. There are two

| pqssible reasons for this. The first, and probadbly minor one,
- is tha'b.‘a gas semple teken in the syringe is increased to the
pressure within the iﬁjeétipn port as soon as the rubber
septum is.pierced; this cpﬁlc‘l cause some condensation of
nicotine from the sample which may or may not have reached
equilibrium by the tims the semple has been expelled from thé
Syringe. The chromatogram pesk will therefore give a Lower
value for the nicotine present in the sample than the true one,
since some of the fumigant will remain on the- walls of the
sy;'inge. The second reason is that the colorimetric method
for nicotine assay has been shown by Bleckith (1953) not to be
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speciflc for nicotine but also to react to similai' compounds
of lower molecular weight. Thus, ges samples assayed colori-
metrically will give e value higher than the correct one when

impurities are present.

S

¥ig. 8 Gas chrematograms of nicotine air samplea.

a) fresh nicotine, soncentration - 18 ng/l.
b) efter 3 hours, concentration ~ 12 pg/l. -

Flg. 8a shoﬁ a chromatogram of & gas sample taken tiom
the wind tunnel while the nicotine in the saturator was still
fresh. There are at least three impurities, barely saparaited ’
on this bolumn, which are eluted almost immediately, After a
short interval of 2-3 hours, this triple peak may be seen to
be greater, end the nicotine pesk to have dimimished (Fig. ab) . '_

From this velue the concentration of nicotine fell slowly
and reached a value of 5 pg/l after a period of 34 weeks;
below this figure the nicotine peek camnot be measured |

accurately.
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gince anélysis bnyLa showed the qnanbities of the im-
-purities ptesenz to vary; it was felt that a.more-reliablé'
estimate of concentration would be obtained by this method
than by‘cbldrimetry. Loss in the syringe is prdbably}small;‘
the conoentration of nicotine present 1n the gas samples being 5
conalderably 1owur then the calculated saturation value.
If, eftar tnjection of 2 gas sample, the syringe 1s allowad to
stand with the plunger withdrawn to ths 15 ml mark for 10-15
minutes, allowing sufficient time for the residual nicotine to
evaporate, the nicotiné peak following injection of this semple
cannot be distihguished'fram the baseiinb noise. It may be
coneluded that the concentrations detezmined by GLG are only
likely to diffar from the true value when saturation is
approached. The concentrations found in the wind tunnel were

well below the calculated saturation figure.

~ Extraction of Nicotine from Fumigated Insects

Three possible methods were tested. The rirét, developed
' rrdm the éolorimetrie analysis method, Involved extraction of
nicotine as the hydrochlorids riom sn insect homogenate in
_dilute'hydrochléric acid (.04N). The filtrate was made up to
15 ml, added to & separating funnel, and made alkaline by the
addition of a small quantity of strong, agueous cauétie pbtash
(ses Fig. 9).
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Fig. 9 Recovery of nicotine from aqusous

solutions of different pH (500 ng

nicotine in 15 ml JO4N H'1).
The freed niéotine was extracted by three successive
" washings of 20,10 and 10 mls chloroform, which, after
dehydration with anhydrous sodium sulphate was concentrated -
to a Xnown volume of about 2 mls. A concentrate subsemple of
10 pl was subssquently assayed by GLC. This method is not
entirely suited to all insect material as there is a tendency
to form a stable emulsion in the separéting funnel, owing,
possibly to the action of soaps formed by hydrolysis and
esterification of some inseet lipids. The second method was
‘Yo extract the homogenate with dimethyl sulphoxide, & solvent
with small affinity for fats. This extract proved difficult
to chromatogram satisfactorily owing to its decomposition
above 100°¢. and the nicotine present could not be easily
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separated by column chromatography with snother solvent,

A sﬁraightetomrd extraction of the insect homogenate with
ohloro’rorm‘ was best, the dehydrated solution being run
-through 5 oms. of magnesium oxide before concentration.
Small amounts of ‘co-‘-extzfacted meterial led to a baseline
drift of the subsequent ehromatograms whié!;_. was small enough
to be acoéptable. -

- BExtractions from “bs_eswax and parafﬁn,wax were made byA
sheking with dilute hydrochloric ecid, warmed above the
melting point of the wax. Following cooling and filtratlonm,
the acid solu‘bio:; wag made alkalix;e, and ths same procedure
followad;,as above., Chloroform was found to be the most
sui:bablé éolvant for extracting nicotine from en alkaline
agueous medium {see Fig. 10).

100

chloroform

80}

[.le} o

hexane
40

Nicotine recovered — %

20

L 1 L L L P
o 20 40 60 80 100 120

mls, solvent

Fig 10 Recovery of nicotine from aqueous
elkaline solution by chloroform and
hexane., :
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(c) DDVR

DDVP was successfully chromatograrmed on a 24" x 1/16"
column of 100-120 mesh acid-washed 'celite 545' supporting
10% polyethylensé glycol subcinéte. (Retention time about
" ten minutes at 100°C end at an inlet pressure of 10 psi).
The concenbrations, however, at which thils fumigant 1s bio-
logically active are low, less than‘l pg per litre, and samples
of 20 ml were harely distinguisheble from baseline noise at
the most sensitive setting of the instrument. Larger.gas
semples could not be taken for two reasons: firstly, there
was a tendency to blow the flame out, and secondly, the sample
could not be introduced quickly enoﬁgh %o prbvide a sharp peak.
Long time intervaels of injection tend to produce flattened
rather then sharp peaks, and these cannot be satisfactoriiy

characterized with simple linear measurements.



- 54.

| PART IX
TPOXICITY AND gsamon OF FUMIGANT IN
RELATION TO_FUM ATR CITY
CONTRNTS |
| o PAGE
1. m'momcwm - 55
2. THE TOXICIIY OF mms 57
5. INSECT BEHAVIOUR DURING FUMIGATION 61
4. FUMIGATION WITH SUPERIMPOSED PRESSURE
FLUCTUAT ION 65
5. ATIRING AFTER FUMIGATION o 67
6. ABSORPTION OF FUMIGANT 69
7. ABSORPTION BY DEAD AND LIVE INSECTS 72
8. NICOTINE ABSORPTION BY HOUSEFLIES WITH NO ‘
EPICUTICULAR WAXES 74
9. THE DISTRIBUTION OF ABSOREED NICOTINE R 1
10, IHE EFVECT OF REFLACING EPICUTICULAR WAX o

1l. DISCUSSION : o _ L 79



55.

1T
1.  INTRODUCTION
"Fumigants enter insadts by either or both of two routes -
through the integument and through the tracheal system. The
relative importénce 6f’eaoh route varies with the fumigant and

insect concerned. In both routes the<maintenance of the bulk

. Dphase ﬂoncentration in proximity to the surface of the ingecet

must affect the raﬁe‘of entry, and,‘in the trachaal-route,
pressure diffefences and behaviour of the spiracles mizht be.
expected also~t6 exert an influence. Theoretical considera-
tibns prédict an influence bffaif movémant on both the'fagtbrs
,affecting rate of entry and that the magnitude of this in-
flﬁence_will depepd on the inseét4fumigant system studied.

An investigation into the relative importance of these
twb entry routes and the influence of gss velocity in faelli-
' tating entry by these routes was cariied out. Hydrogen
cyanide penetrates mainly through the respiratory<syétam'andv,‘
was used to investigate‘the effect of fumigant movement on
tracheal absorption. Nicotine and DbVP are knoﬁn to be able  .'
to penetrate the 1nteguement and were used to 1nvestigate thew
effects of fumigent movement on cuticular absorption.
Nicotine showed the greatest increase in efficacy when
streamed over test insects and was used in sﬁbsequant experi-

ments to investigate the manner in which this effect was pro-

duced.



5.

The effects of different treatments or methode of appli-“
"cation or a toxin may be simply assessed by a comparison of ;'
’insect resyonses to each treatment.r However, a,more\preciee_
estimate is'obtainable by 2 oompariSon of tne dosage resrcnse‘
Vrelationship for each treatment. Additional information con-'v
R cerning the rates of action and availability of the tox1n may
be extracted fram this method of analysis. '

As already noted, dosage rates in fumigation technique
are assessed in terms of . ooncentration time products. Thne |
the doeage mey be altered by changing either or both ‘of. these"
1:variablee. Withln certain limiting values of concentration
and time, the toxio effect is pr0portional to the ooncentra-v
‘tion. time product. Beyond these limits the concentration time
;product reauired %o produce a definite toxic effect increases.‘
In the 1limit, when either of the parameters ‘is small enough,
‘the required concentration time product is infinitely large.i‘
In these investigatione,-the concentrations have been held as.:
‘eteady as poseible and ‘time taken as the variable parameter.'"fﬂ

It follows from theoretical consideratlons of gas abm '
sorption that an increase in fumigant/air velocity is 1ikely
- to bring about increased absorption and therefore higher
' 'mortalities.’ There ere, however, a number of other possible
factors which oannot be ignored when . considering gas, absorp- 'ir
tion by insects. It may be that insects in reacting tc higher -
. flow rates absorb more fumigant by increased respiration or

,tracheal ventilation' or, perhaps, by attem@ting evasive
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- action in the highér wind speeds, larger areas of more

sensitive cuticle may be exposed. Desiccation nay also be an
iﬁportant supplement to'ths toxic éction of the fumigant. ‘

” Mény of the expériments described in this section were designed
to assess the validity of these theorles. In the latter half

“'of the sectlon, the absorption of fumlgant by insects 19 in-

v“vastigated by chemical assay.
-
: 2.' THE TOXIDITY OF FUMIGAETS

The method of treatment was 31mila; for all 1nseots and
fumlgants, and- consigted of serlal fumlgatlons in time for each

ofla number of gas velocities. Flfty OT more adult Oryzaophllus

could be exposed at any one time.‘ Both.mnsca adults end
Supella nymphs are larger, and flfty was thc maximum number
that could be accommodated sxmultaneously This 11mitat10n was
emphasized at gas veloclties above 500 cm/sec when the insects
would tend to accumulate at the down wind end of the chamber.
‘and form a plug which considerably restricted the flow. .Tho
test insects were placed in the exposufe chafiber, without
‘anaesthetic whencver'possible; when this proceduro was im-'
~ practicable (as it was with Supella), small‘quantities‘of
carbon dioxide wers used and the inseCtsAallowod to iocoveri
fully before being fumigated.
.' ‘ Generally, five fumigations were carrled out for each cas
‘veloclty used the time llmits belng detennxned approximately

'gbeforchand by fUmlgating batches of ten 1nsects over a wide
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.ran.z‘*e of time intervals. "A' tvmnty~:f‘6ur hour recovery period
allowed the insacts be.’mg confined -in 3 x 1l inch spec:.meﬁ
: tubes, capped with nmslin, and held at the tempera‘bura of the
fumigation (200 . r>‘5’¢3)_.: . The morta}.ity we.s recorded at the end
of this time. L -
I\migant/air velooity ei‘fects are rei‘lected by ehanges in
' the madian lethal exyosure times (mu.‘) obtained at various ﬂow
. ‘r&fces. - ‘l‘he dosage mortality dete far ‘each velocity neve been
}an'a::).ysed with a logarithmic probability transformation
(Finhejr, A1.9‘4:‘7)‘; en e:’méim:ple is “‘ shbvh"in Fiz. 11, and the MLT's.
"'plottad Wi‘bh their re"peetive velocities { see Fig,..,. 12, 13 and

14).. The 5% confidence llmlts are elco ehovm

7.0}
* :
Y=3-54x +4:26
- eo}
ey
El
1S
o
€
=
B 50OF-eeeee
[+] '
[
Q
ao} ° : / MLT - 1-62 minutes

o-0 0-2 0-4 0-6 o8 -0
Time - log minutes

Fig. 11 9The toxicity data, in probits,
plotted with log exposure times,
- for fumigations of Supells nymphs
- with hydrogen cyanide at 95 cm/sec.
- The ealculatad regression iine is
marp .
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| Hydfogen' éyanide ‘:t‘umig’ations were carried oﬁt in the all-
' glass wind tunnel I, nicotine in wind tunnel II and mm: in
wind tunnal IIx (Part ‘I : ‘
It is ev:.den'b from 'bhese cu.rves that while increase in
| velocity has libtle effect on the toxicity of hydrogen oyanide
it greatly enhances the toxicity of nicotine and DDVP
| ‘Fur‘bhermore, 'boxicity does not increase linearly with velocity :
‘but :f.‘alls oﬁ‘ ex_ponentially a‘b flow which is charaoteristic

. %0 the msect species.

1 i
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l -
1 1 t
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Gas velocitryw-:crrin:{slgs._7_ o

Fig. 12 . Effect of rumigant velocity on
the toxicity of hydrogen cyanide
(Data in Appendix Table A J) '
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- IX

‘3. INSECT BEHAVIOUR DURING FUMIGATION

A series of investigations into the behaviour of }t’h‘e‘
insects during fumigation was conducted. A4 studyv:‘.raslhade of
the time taken to paralyse the insects at different gas
velocities, their behaviour during this time, and of the pro-
portion of the total exposure time during whieh it was possiﬁfgm :
for tracheal ventllation to occur through 6pen spiracles.

Fumigated insects exhn.bi'b toxie symptoms almost

:meediately after the comnencement of a fum:.gatlon, and,
irrespective oi‘} gas veloocity, the insects become agltated, in- .
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co-ordinated and finally paralysed. The degree of agitation
varies among individuels and eppears in np way related to
velocity. A%t the concentrations used, the time taken for bothﬁ;
- nicotine end hydrogen pyanide to paralyse thé insects is short;'
between one and two minutes, and for the remainder of the
fumigation the majority are to be observeﬁ upside down Wiﬁh
legs flexed. Insects are taken to be paralysed when mobility
and involuntary movement have both ceased; small tremors were
discounted.‘ Paralysis times of insects fumigated individually'
or in pairs were recorded, twenty-five of the three species
used previously being treated at eadh of two widely separated

velocities, namely 5 and 90 em/sec. A similar treatment was

given to twenty-five Schistocerca nymphs and twenty-five

Coccinella adults. The mean velues are reproduced in Table I.-

TABLE I

Y(25) - minutes

5 cm/sec 90 cm/sac
sugélla 1.54 | 1.54
Musca 1,74 1.53
Oryzaephilus 1.80 1.71
Schistocerca 1.61 l.64
Goccinella 1.58 1.51

. (Complte date is reproduced in Table A 4 in the Appendix) .
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- The variation between individuals is considerable; ‘the
means, however, vary little with flow rate. Avpplication of
the t~test showed there to be no significante betwsen the
paralysis times for the species tested at the two velocities
used, except for Musca where the differencé was Just signifi-
cant at the 5% level. In view of the small sample and the
congiderable variation, this result may be spurious. There
were differences of only small significance between species,
and 1t may be concluded that in general gas velocity has
little effect on the time tseken to paralyse these insects.,

Tracheal ventilation

The extent of'tracheal ventilation was assesséd, first by
observation of the thoracic spiracles of adult houséflies
during fumigation, and secondly, by a series of fumigations in
which the pressure fluctuations were superimposed in an attampt
to pump mofe fumigant into the insect by way of the tracheasa.
These thoracic spiracles are more readily wvisible than the
very much smaller abdominal spiracles, and, in addition, are
closer to the central ganglion of the nervous system. Since
nicotine acts primarily on the nervous system and the spiracles
probably account for a large proportion of respiratory ex~
change, especially during flight, it would seem reasonable to
suppose they will be the most important in fumigant uptake by

the respiratory system. The insects were viewed with a

binocular micrbscoPG through a glass cover slip which was
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cémented over a hole blown in the side of the exposure tube.
. Each insect was lightly anaesthétised and cemented to'é short
length (1#"-2") of soft iron wire, the poin£ of attachment
being the dorsum of the thorax betﬁean the wing bases. The.
hind legs were removed and whén‘thé inseet had fully recovered
it was place& in the exposure tube and positioned beneath the
window by means of a magnet outéide the tube. The optimum
"viewing positions are shown in the Appendix.
‘ The ‘apparatus was then run at a pre-determined flow rate
with nicotlne present and a record made of the time thet the
spiracles were open, while the 1nsects were exposed fdf the'
MLT . appropriate to the wvelocity.

Six insects were inspected for the activity of the meso-‘
thoracic spiracle and six for the meta-thoracic spiracle at
sach of the flow rates tested. A summation of the times for
,whichkegch spiracle was oPéﬂ is reproduced graphically in
Fig. 15 as a percentage of the median lethal time plotted ’
- with respect to velocity. Tt cen be seen that as the velocit§
is incfeased”a tendency exists for the spifacles to be open for
shorter proportions of the:medién iethal time. Thus, 1n 6X=-
~periments at different velocities thé tracheal systemﬂsbuld
only take up a median lethal dose if the reduction in‘opening
time at higher‘flows is offset by improved tracheal ventilaw-

tion caused by the air movement.
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Fig. 15 The percentage of the MLT
, during which the thoracic
spilracles were open. The
MLT at any gas velocity is
- obtained from the curve for
Musca shown in Fig. 13.
(Data in Appendix - Table AS)

II

4, FUMIGATION WITH SUPERIMPOSED PRESSURE FLUCTUATION

In an attempt to enhance tracheal uptake of niCO’oin'e and,
to determine its importance in the absorption of a lethal
,dqse;'a series of fumigations were carried out in the'modified
desiccator desc:ibedrin Part I, in which; by superimposing |
pressure ;t‘luctua'bions, nicotine vapour might be 'pumpsd.i into
the respiratory system. | E ‘

The effects of low prassufes‘on insects is‘well:
documented;(Boylé,leVO) was_the first to record that insects
could bé kilied byvsubjéctiné.them to reduced pressurés for
some time. His theory that death was due to lack of oxygen
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was later shown to be unlikely and that mortelityiuas more
likely caused by des1ccation (Back end Cotton; 1925;
: Lutz, 1929, Fisk and Shepard, 1938) LlVrngetone and Reed
(1940) substantiated by E1>Nahal {1953) directly eorrelated '
vmertality at reduced pressures with water loss. Bhambhani
(1956) showed thet»et very low pressures,(2f5 mm Bg)”water“
loss_wes greetly redueed aud that\there was no mortality.
: iOW'pressures‘have[been found to enhance the toxic\effect'of

fumigente; most research has shown that at pressures ex-

"nceeding 200 mm Hg, or thereabouts mortalities closely

: approaoh those found at atmospheric pressures (Nonro, 1961)

:wf The effect of reduced pressures in enhanclng the mortality

. g during fumlgation is thought 40 be caused by the more rapld

(diffusion of the fumigant brought about by a reduction in the'f%
"number of air molecules which normally im@ede the diffusion |
“process. A | ” |
" In the present experimentrloW'pressures of this order ,
,’nmre avoided and two series of - control fumigations were
carriedgout; one at atmospheric pressure and one at‘theA‘ 
\lowest-pressure of the fluetuation eycie, nemely 500 mmrEg.7
In the third series, ‘the ﬁressure was‘altered from atmospherie,
755 mm.Hg, to 500 mm Hg and back to 755 mm Hg three times per

minute.. The test: insect vas the housefly'Musca domestiea. R

For a statistical analysis of the dosage response a ‘
' relationshlps, ch's have had to be used for the dosage _' .

perameter,reince with-pressure fluctuation, the concentretien‘



67.. .
was Tound to increase during the course of a rumigation. ﬁﬁ
eignificant differences are to be observed in the mortelities'
x'the‘data may be fitted with three parallel lines which are not
signifieently‘seperated. The x? analysis is shown in Table 11!

 TABLE IT - ANALYSIS OF x?

Soures . X pegréss of freedom
Position = 0.22 2
"Parallelism . | 1.74 - 2

Linearity 10,96 . 12
' (Summarized from Table A6) o

‘It appears from these results that the tracheel system ‘
is much less important than the cuticle in absorbing lethal
doses of nicotine vepour. ' B -

5. AIRING OFF AFTER FUMIGATION o

After fumigation with high’ vapour pressure fumigants,v

methyl bromide for example, a considerable pr0portion of the g
absorbed fumigant mey be desorbed from the fumigated commodity;
It has also been shown recently (Perry, et ala 1964) that be-

tween 40~ -50% of aldrin and 23-38% of dieldrin applied topicallyv
to houpefliee may be lost through volatilization. IT 1ow :
vapour pressure fUmigants are lost from insects after fumiga-‘f
tion, then eirlng at increased wind speed.must aid removal in -
Athe gsame way that it eids absorptlon.- | o

: To test thie hypothesie, batches of 50 houseflies were

fumigated‘for‘different times errenged to provide a number of‘
' mortalities after the 24-hour recovery period. Direetiy‘aftei

o



€8.
fumigation;’each group was divided in two and each sub-gfoup
of 25 was weighed. One sub=-group from each group was ailowed
to recover in 3 x 1 inch specimen tubes as before; the other
sub-group was confined in a tube with copper gauze across
either eﬁd and exposed to clean air at a wind speed of aboutb
100 om/sec. This treatment was continued for six hours after
the end of fumigation, and the insects allowed to recover in
still air. The mortality in both groups was recorded 24 hours
‘after fumigation, at which bime the insects were also re-
weighed (Appendix table A 7). .Regression analysis shows that
the‘mortalities in the two groups are not significantlj ' |
different. X° for parallelism with one degree of freedom is
0.087, and the differecnce between the MLT's is less than the
standard'errbr.‘ There was a trend, however, for lower morta-
lities to occur among the aired insects. The weight lost, a
meen of 20% in the alred and 17% in the unaired insects, must
arise mainly ffbm loss of water, very little excrement being
deposited in the recovery tubes.

It is evident that little, if any, nicotine is lost
during forced airing, though there is more water lost during
this treatment than during recovery in still air. Since
mortality is slightly reduced, however, the toxic action of
the fumigent would éppear to be more important than the

desiceating action.
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© 6. ABSORPTION OF FUMIGANT

Absor_p‘blon of the' madlan 1ethal dose

It has been es‘bablished that msect behav:.our is no'b -
affected by fumiga.nt movemen‘o and probably has 1ittle :Ln-
fluence on eny enhanced toxicity It mortality is due 'bo the
‘toxic action of the fmnigant alone, then insects fumigated at
time and flow conditions described by the toxicity/veloc:lty |
"curves above (Figs. 12-14) would ba expacted 'bo have acquiredf"
s:unilar doses, since these curves. describe B'I'p conditions at -
which ‘there i1s a 50% mortality To verlfy the levels of poison“ .

: :, presenﬁ at the and of a madian lethal :ﬁmigation, batches or

50 houseflies were :t‘um:tgataﬂ wi'bh nian‘bine at a numbe:r o:r
- veloci'bias and t:l.mes in acccrd with ‘bhe 'boxic:.ty-ﬂow curve -
(Fig. 13) . Af‘ber exposu:ca, each 'batoh was weighed and tha _};,‘
nicotine presenb assessed by 'bhe color:l.matrlc method described
| above (Part I) . The results are reproduced here :’m tems of |
| parts per million of nicotine absorbad (rig. 16)

300}

200 +

Nicotine absorbed ppm

[e]e]

(o] 30 60
Gas velocny — cm./sec.

- 2

ig. 16 Absorption of nicotine by
_E ” expoggd -at e number of gas%mcities

and for the appropriate MLT.
(Data in Appendix - Table A8) .



70 .

- Abgorption at Different Fumigant Velocities

In order to explore further the effects of velocity on
~the uptake of nicotine, insect ;umigatlons at differing
‘veloclﬁies were carried- out.{ The durations of exposure were
S1milar for any one insect sgpecies and were sufficient to
: prov;de a measurable nicotina residuc ct the end of fumiga- -
~ tilon. .

‘ Orvzagphilua mercaﬁor ‘ '
" Batches of fifty adults werec fumigated at the' flow rates - .

used in the previous experiment for periods of 10, 15 and 25"

minutes. A% the end of each rumzﬂation the beetles were

: weighed and the nlcotina assayed by the colorimetric method.

l Nicotine ooncentrations during fumigation wera then by vacuum -

sample and,assayed colorimetrlcally~ Tha results are ex~~u

“ipresséd gréphically;in‘fig; 17.

o) O after 25 mins ©

» »
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I o after 1O mins L,
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5

Nicotine absorbed x 103 ppm
o
v

N 2
o] 30 60

Yoo Gas velocity — emfsec.

Fig. 17 Absorption of nicotine by
" Oryzeephilus at a number of

gas velocities,
(Data in Appendiv - 'I'able A9)
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Musca domestica |

Bétches of about fifteen houseflies were fumigated with
nicotine i‘or 'c.en minutes at varies wind speeds, after which
they were counted s weighed and assayac’l for nicotine by GLG.
Nicotine concentrations were assessed before, during and ‘after
sach fumigation, again by GLC, oend a mean of these three |
va'lueAs taken fqr thé concentration provailing during that
fumigation. The concentration ranged f.fom 9.9 to 15;6 re/l
and the mean uptake for each 'ﬁmigat‘ion has been corrected to

X
x is the concentration of the particular fumigation. This

a concentration of 10 pg/l by mulbiplying by a factor X0 where

correction factor is p’robably a fair approximation, since the .
relation of nicotine sorp'bion to eoncentration is likely to be
" linear at low eoncentratiom Absorption with flow rate is
expressed graphically in Fig. 18. | | |

8OO
600 |

400}t

200

Nicotine absorbed ppm

o) 100 260 300

Gas veloclty - cmlsec.

Fig. 18 Absorption of nicotine by Musca
at a number of gas velocitles.

(Data in Appendix - Table A 10)
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Supella sﬁgé;;éctiigmh,
_ AFumigapibﬁsEwere similar to thbse dascriqu above.,

30 second-instar nymphp were used and were fumigated for 10
minntes‘befdre counting, weighing and determination of

nicotine absorbed. {Fig., 19)

800
600

400 F

200

Nicotine absorbed ppm

1 1 L 1
o 100 200 300 400

Gas velocity — cm/sec.

- Fig. 19 Absorption of nicotine by Su
f - at a number of gas velocities

{Data in Appendix - Table A 11)
7, Aﬁsom ION BY DEAD AND LIVE INSECTS w
It was shown in the last experiment that uptake of fumi~.,‘
gent is proportional.to the toxicity, end that insect behaviour
and paﬁalysis‘are unaffected by gas veiocitj.?fUptake of
nicotine is, ﬁhsrefore, a passive physical process in that it
is uninfluenced by the Insects' activity, and thus may well be

“simflar in both dead and 1ive houseflies.
Houseflies were treated with chloroform vapour and allowed to
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a;r fqr.ahcut-aé‘miqntas-in'ordgr.tovensure»that the insects
were dead and that 11tt19,thoraformwramained; .Thaséffiies
were fumigated in triplicate for 10 minutes in wind tunnel X
at each Qf.thxae,vélocities, 5, 40 and 95 om/sec. .Eaéh
replicate consisted of 15 dead end 15 live houseflies,
separated in the exposure chember by a piéee of copper gauze.
The order in which the insects were fUmigéted<was alternated - -
that is for one fumigation dead insects were placed in the
upstream end of thé\ohamber and for the followlng fumigetion
‘the positibns‘wﬁfe re?eised, A$ the end of each fumigation
thé inseéts were assayed fgr'niobtina as before; the results
shown here (Fig, 20) 1ﬁ&ipate that there is no difference in

absorption between dead and live houseflies.
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a,
a,
§ 400} o
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< 200t
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o 20 40 60 80 100

Gas velocity — cm./sec.

Filg. 20  Absorption of nicotine byWMusda
at o number of ges velocitles

(Date in Appendix ~ Table Al2)
o dead insects
+ live insects
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8. Ngg%TINE ABSORPTION BY HOUSEFLIES WETH‘NO EPICUTICULAR
WAXES ‘

Absorption bf nicotine by heﬁseflies is now established
as a passive physlcal process oceurring probably at the surface(
.the cuticle and supplemented to a small extent by tracheal up=-
take. If the surface of the cuticle is important then & chenge
~in surface compositlion may'alterrthe character of absorptiom.
The epicﬁticular waxes fozming the outermost part of the insect
cuticle may be readily removed with solvents. Insects are, of
éourse, killed during washing with solvent, but this is net
l"ma@eriai fo the experiment since absorptien b& dead and live
insects has been shown to be the seme. Thus, any aifferences
in absorption shown by insects, in which ﬁhe waxes are removed,
will demonstrate the effect of the epicuticular wax on fumigant
uptake and pehetration. Insects were de-waxed by three washings
| in hot chloroform beoause hot solvent has been shovn to be more
effective than cold in exposing the underlying polyphenol layer
of the cuticle (Wigglesﬁorth, 1945). » | |

Houseflies in this waxless condition were compared with
normal flies which were previously4kilied with chloroform
‘vapeur by exposing treated and untreated houseflies in babches
}of twenty to thres velocities of nicotine'fOr a period of six
‘minutes,:after which fumigant determinations were carried out
on each group. The results are ehcwn in Fig. 21 where it is
seen that a marked difference occurs, both in the total fumigant

absorbed, and in the rate at which abso:ption inereases with
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the velocity. It must be coneluded from this obseﬁation
that the epicuticuler waxes are an.aid to fumigant absorption

and are not so efficlent in restricting the entry of nicotine
~as the qnderly:!.ng layers of the cuticle.
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Gas velocity — cm./sec.

Fig. 21 Abgorption of nicotine bj Musca
at a number of gas velocities
{Data in Appendix - Table 413;
4 normal insects

0 insects in which the epicuticular wax has
been removed. '

9, THE DISTRIBUTION OF ABSORBED NICOTINE -

The marked difference in uptake which ocours'between
normal houseflies and those in which the epicuticular wax has
. beenremo\ved suggests that the wax layer is a more effective

sorbsnt :t'b‘r nicotine which then passes into the insects, or

that i1t acts as a reservoir since absbmtioxi by the wax is

greater than the underlying cuticle. To determine where the
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fumigant acocumulates, ﬁousafliea were fumigated at a number
| of gas veloclities as before., At the end of the fumigetion,
the insects were welghed and the eplcuticular waxes removed
with 5 x 10 ml washings of warm chloroform. Nicotine detera
minations were carried out on the wax extract and on the 4
remaining flies. The results are shown in l'ig. 28, cox-reevtcd
to concentrations of 10 pg/l. The quantities of n:lcotine
present in the waxes are expressed in temms ‘)q:t‘ 3723 pqr tly;
the total quantity of nicotine is expressed in ng/g of fiy.

!

Nicotine absorbed

0o 100 200 300

Gas velocity — cm/sec.

Fig. 22 Adbsorption of nicotine b{ Musoca
at a number of gas velocitTes.
{bata in Appendix -~ Table A 14)

o epicutioular waxes ordinate ng/fly
e remainder of insect ordinate pg/:t‘ly

'$ total A ord:mate xle ppm
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It is evident that a considerable proportion of the
accunuleted nicotine was present in the epicuticﬁlaf vaxes at
the end of éxpcsure, and that this quantity increased with
- flow rate until a velo¢ity‘Was reachad at which the ébsdgption
rate became a majimum. ‘EicotineArGSiduas within the insect
ww;g‘mb:e varlable and appear to be independenf of welocity.

. Ii“

10. THE EFFECT OF REPLACING THE EPICUTICULAR WAXES
WITH BEESWAX ‘

An experiment wés carried out with Oryzaephilus in which
uptake by normel dead insects was compared with that by dead
insects that had had their‘epicuticular waxes removed with
solvent end were're-coated with a2 thin layer of beeswax.

The aim of this exercise was twofold. The toxicity/
velocity curvs\{Fig. 13a) and the absorption/veélocity curves
(Fig. 17) for this beetle both tend to an asymptotic value at
Aa considerably lower velocity than thet found for either of the
otber two,species tested. This might perhaps be due to the
amall size of thls beetle, whaoh, when,lying on the floor of
the exposure chamber might be more affected by the boundary
;laver relating to the chamber rather then to the ‘insscts them-
gelves. Alternatively, the rate of absorption may be governed
by the character of the epicﬁticular waxes. Thﬁs, if the epi-
cuticular surface were to be replaced with & material of

differant absorptlon properties then the absorption/velocity

curve might‘take oge>o£1two\forms. Elther it would be similar
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to that already recorded for this insect (when it may be
assumed that size is the governing criterion) or dissimilar
when it would appear that the character of the surface was
© more important.

Beaswax is later shown to pbssess absorption properties .
differing from the epicuticular wax of QOryzaephilus adults ané
was used as an alternative epivbuticular surface.

The epicuticular waxes were stripped from the insects in
a memmer simlliar to that employed for the housefly, i.s. by
three quickrwashings with hot chloroform. The Insects were
allowad to dry and then placed on a filter paper in a 5 om
buchner funnel, above a buchner flask attached to a filter
pump. With the pump running, a wemm solution (30-40°C) of
about 10% beeswax, in 60/80 petroleum ether, was poured into
the funnel. When dry, the beetles were removed from the
funnel and allowed to air off completely on & warmm oven.
Pifty at a time were taken and exposed in glass tubes with
nylon mesh ends in the small wind tunnel IIT. In tandem with . .
‘these, in a second cage, dead untreated insects were fumigaﬁed.
After a 20 minute exposurs, each bateh was assgayed for nicotine
by the method already described. The results are expressed
graphically in Fig. 23 where it may be seesn that the order of
uptake is similar for both groups, but there appears to be a

significant difference in the velocity &t which the rate of

absorption nears the asymtotic value.
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Nicotine absorbed ppm
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© Gas velocity — cm./sec.

.‘!‘ig. 23 Absorption of nicotine by Oryzaephilus
~ at & number of gas velocit¥es =~
{Dete in Appendix = Table A.‘M)

o6 normel ingects .
R beeswax - eoated msecta

me 'bhese results i'b may be concluﬂed tha‘b it 1s more
the character of 'bhe epieuticla and not the siza of the insect
which is the governing factor in preventing continned .’meraasd
.of absorption with 'veloci'by. |

Ix
. DISCUSSION |
Toxicity da'ba aerivad :t'rom dosa.ge/response e.nalyses are
only readily oom;parable when the regressions are parallel,
Ex‘breme instances with a lack of parallelism are observed in
the mortalitiss occurring after fumigation with chloropicrin
~ end sthylene oxide, where L0g, valuss indicate equivalent

toxicities, and L@m values esteblish ethylene oxide as oone
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siderably the more effecggée fumigant (Negherbon, 1959). This
situation frequently cccurs when comparisons are made between
toxins. For comparison between treatments of the same toxin,
however, variations in slope may be attributed to differences,
afforded by the treatment, in the avallability of the toxin at
the sight of action. The precision in the estimation of a |
dosége in a regression snalysis decreases on either side of the
median lethal dose; thus, where complete mortality is not re-
required, as it is in the economic practice of fumigation, com-
padson at the median lethal dosage level 1s more sultable. In
these experiments the regreésion coefficients for each series
are of similar order and thus comparison of MLT's 1s valid.

It is evident from the earlier'expérimants, described in
this gection, that the toxieity of certain~fumigaﬁts ls en=~
hanced by stresming them over the test'inseots. Both nicotine
and DDVP are shown to possess thls property. Comparison of
median lethal exposure times at constant concentration and at
different fumigent/air velocitiéa demonstrates that the toxicit
of these fumigants is enhancad by low wind speeds and that a
velocity characteristic of each specles is reached, above which
there is 1ittle increment in toxic effect. This situation is
reflected in the quantities of nicotine absorbed by insects
with inoreasing wind speed. The quantity of absorbed toxin 1ls.
sensibly similar at median lethal exposures over a wide
velocity range, and the rate of absorptlon increases with
velocity, conforming to the shape of the toxicity wind sPeed

relationship. A similarity between the curves 1s to be
expected 1f it is assumed, not unreasonably, that mortality is
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related to fumigant absorbed.

Tt is feasible that mortality, resulting from fumigent
action, might be enhanced by water loss. Ramsay {1935b)
demonstrated that evaporation of water from the cockroach ine-.
creased as the velocity of the surrounding air was increased.

A five-fold inBrease in velocity, from 4-20 m/sec, raises the
loss from the surface by a third of 1ts former value, and the
loss from the tracheae by a factor of seven. In view of this
report end of the conditicns imposed in the present wind tunnel,
some increase in evaporation would be expected, though Ramsay's
ﬁ@locities ﬁere gonsiderably the greater. Weighings of insects
before and after fumigation, end after the 24 hour recovery
perilod, showsed totsl iosses not much greater than 20% by weight
end less than those which in the absence of fumigant éause‘
death. (30% for thelcbdkroach - Gunn, 1935). Thus it seems
likely that water loss is unimportant, and it may be assumed
that mortality is directly related to the amount of fumigant
absorbed. Thim theory is supported by the results of the ex~

~ periment in which insects were 'aired' after fumigation. There
was 8 slightly higher mortality in those insects which lost
least weight, also indicating that the toxic effect of the
fumigant is more important than water loss.

At the eﬁd of a fumigation, the greater proportion of the
absorbed nicotine is to be found in thé epicuticular waxes.

The residue present in the rest of the insect may have entered
by way of the tracheae or by penetration through the cuticle.
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Observation of spiracular-activity suggests that uptake by the
tracheae would fall as the velocity is increased since their
opening time is shorter at higher flows. It is unlikely,
however, that uptake by ﬁhe'raspiratory system remeins constant
as the velocity is changed, but more likely that it increases
in a manner similar to that of water loss (Ramsay, 1935b).
Summetion of the two processes would be expected to give the
constant uptaka found experimentally in the internal tissues.

The brief paralysis times exhibited by a wide range of
insect species during exposure to both nicotine and hydrogen
cyanide indicates that this condition is probably caused by-
fumigent entering through the spiracles, penetration of the
cuticls being a slow process. Hydrogen cyanide is\knbwn to
enter mainly through the tracheae, and since an incerease in
gas velocity does not alter the toxicity of this fumigent at
the concentrations used and the times teken to paralyse the
ingects by both this fumigant and nicotiﬁa are similar at high
end low velocities, it may be conecluded that movement of these |
A fumigents past the insects has a negligible effect on tracheal
uptake. |

DDVP is slower acting than either nicotine or hydrogen
cyanide, though it is faster than meny insecticides - benzene
hexachloride and DDT for example, and that it should cause
paralysis some 20 minutes after exposure is a reflection more

of the mode of action of this particular compound than of its



83,

failure to penetrate the tracheal system at all readily.

As with nicotine, the toxic dose of DDVPJprobably accunulates
in the epicuticular waxes of the cuticle, and becomes effective
over & period of time by reason of its slow release into the
haémolymph. o

A ‘theoretical estimation of the lmportance of the
respiratory system for fumigant upteke in flow conditions is
made possible by calculation of the order of tracheal aeration
that could occur and hence the maximum quentity of fumigant
that may enter in this way.

Consider a generalized insect 5 mm in dismeter,
orientated transversely to an air stream of velocity u‘cm/sac
(inset Fig. 24). Let there be spiracles with a diameter 6f
200 p situated diemetrically opposite one another in the hori-
contal plene and let them be interconnected with a trachea of
the same diemeter.

At the upstream‘spiracle there will be an increase in -
pressurs caused by the kinatic energy of the impinging air
stream which, derived from the Berﬁoulli equation, is given by:

p = pu'/z, |
where p is the air density.
At the downstream spiracle a reduction in pressure occurs
which, under optimum conditions, is approximately equal and
opposite to the freestream impact pressure given above (Erkert

and Drake, 1959). Thus the pressure drop across the length of
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the trachea is given by:

p= pua.
The .air flow through the trachea will be laminar because
the diemeter is =small, and the volume passing is given by the

Poisseuille squation,

V= Tr /
8 q”

where V is the volume passed in

unit time, r is the radius of the tube, p is the pressure drop
across length 1 and n is the viscosity of the air at the pre-
vailing tempersature. |

Substituting for p in this expression, the volume passed

7. mrfod | |
8 1n

If the generalized insect is given 10 of these tracheae
and is fumigated for 10 minutes in a nicotine concentration of
10 pg/l, the amount of nicofine taken up, assuming all ?assing
through to be absorbed? is shown for different wind speeds in
Fig, 24.

The quantity added to this by diffusion is minimel, con-
vection being a more efficient process in mass transfer. The
approximate amount diffusing into these 20 spiracles for the

same fumigation conditions given above is shown by the dotted

line in Fig. 24. ]
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Fig. 24 Theoretical effect of freastreeam
velocity on tracheal absorption.
Nicotine absorbed by 10 tracheae
during a 10 minute exposure at a
concentration of 10 ng/l.

- by convection
- - = « by diffusion.

The figure was arrived at by applicetion of the
diffusion equation

m = KA (p udR') t,
vwhere m is the mass diffusing
in time ® between two planes of area A and éonaentraﬁions
p and p', separated by a distance d. K is the diffﬁsian
coefficient for the gas through the medium concerned, in

this case nicotine and air, and has been calculated as

0.05 cm® sec. from the Gilliland equation (see Perry, 1941,
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Again optimum conditions have been assumed. The concentra-
tion of 5 mg/l is assumed to be maintained at the spiracle
face and is reduced, by absorption, to zero at a distance of
200 n into the trachea.

It is emphasized that the figures shown in Fig. 24 are
greater than would be found in practice. The tracheae seldom
cross the insect directly; thseir diasmeter is reduced
internally and the spiracle opening is typically less than the
trécheal diameter as well as being fringed with hairs, It is
also unlikely that fumigant absorption will be so rapid thet
the diffusion distance is reduced to 200 n as used for the
calculation. All these factors will retard the forcad venti-
lation of the system and lead to a total upteke less than that
shown. Even so, the amount of nicotine absorbed in this way is
a smell proportion of the quantity 2 pg/fly, found by experi-
ment in the Internal tissues after a similar fumigation.

These results are not necegsarily in contradiction of
those of Ramsay (1935,b). The highest wiﬁd speed used in this
gtudy was the same as thé lowest used by the above author,‘and
it may be seen from Fig. 24 that it is at this wind speed
( 400 cm/sec) that tracheal ventilation begins to increase more
repldly as the freestreem velocity is inereased. Cockroaches,
also, have larger tracheae, and as the volume of air péssad by
the tracheas is pr0portioﬁa1 to the fourth poﬁer of the radius,§

considerably more forced ventilation will occur in this insect

than in the smaller insects studied here,
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The experimental results support the theory, and it
may be concluded thet, for nicotine at least, air mbvament
at the velocities used has little effect in increasing
tracheal wventilation and that most of the nicotine fouhd
within the insect has arrived there by penétration pf,the
cuticle, after first being sorbed by the epicuticular waxes.

The reactions of ingects to air movement during é'fumiA
gation is similar at all veioéities§ thus, exposure of more
sengitive areas of the integument is not important in in-
creésing absorption with flow., Absorption by dead insects is
similar to that by live insects, and from this, and evidence
discussed so far, it may be concluded that the enhanced
toxicity arising from streaming nicotine and DDVP over ‘the
insgcts is caused by increased absorption at the cuticle

surface,
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1. INTRODUCTION

In the previous saction both toxicity end abgorption of
fumigent were shown to increase with gas velocity and that
this increass did not oontinue with valoc:.ty but asymptot:l-
cally appmachad a 11mit1ng value. I‘b ‘therefore seemed
appropriate to stuay fumigant upteake by simple systems in
whieh a number of the variables prasent in biological matarial
could be reduced. Absorption of fumigant, where this is
affected by gas velocity, was shown to oacu;? mainly in the
épicutieu]ar waxes; thus attgnfion was turned to the absorp-
tion characteristics of a number 6f waxes, including tk;oéa of
the epicut;cle. it was impracticable to use the epicuticular
waxes themselves for much of this investigation, hoivaver, and
beeswax was chosen as the altei-native Beeswax is similar to
epicuticular wax, its main constituents being esters of |
myrieyl alcohol - chain length 30 carbon atoms {Gilmour, 1961)
The variation of uptake of nicotine by beeswax rods with
changes in the fumigant velocity, the surface area of the wax
and the macrosculpture on the surface, was invest igat'ed.

The absorption rate from still air and the solubilities
of nicotina and DDVP in a number of epicuticular waxes are 4
described. |

The availability of the fumigants with increasing gas |
velocity to liguid systems, having fewer absorption barriers,
was also studied.
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2. EFFECTS OF FUMIGANT VELOCITY ON ABSORPTION
ﬁ'mmm‘ -

| Rods o:t‘ baeswax and paraffin wax (m. ph. 58-62"0} were
| axposea to nicotine vapour at a number of velocities, and
after exposure assgyed for nicotine. The rods were 40 mm
iong by 4 m diemeter, having a surface avea of about 530 mm>.
This size “is convenient to handle end is large enough to
provide maasu:fabla upteke even at low flow rates. The wax
réda wére ﬁiepared 'by dra{ving mol'bén wax at about 70°¢ into
glass tubes, 4 mm internel dismeter, which were first wetted
internslly witﬁ glycerol. 'zh'e; glyserol prevented the wax
from stickmg to the gless. When cool, the wax was easily
' withdrawn from the tube and aﬁer‘washing in distilled water
end drylng, was ready to be out ‘ﬁ;nto eppropriate lengths.
The @ollew ends formed by contraction during cooling were
remoied and returned to the ﬁolten wax., The rods ﬁra held
in position in the cegti'e of the exposure chamber of wind
tunnel T with & modified peper olip. The immer end of the
wire forming a standard paper olip (28 mm x 7 mm) was lifted
above the plane of the clip so that 1t lay parallel to its
old position '_ and the remainiﬁg three longitudinal members,
but about 4 mm sbove them and in the medien line of the olip
when viewed fram above. The wax rods were held to this limb

of the clip by gently warming the Wire which could then be

pushed into the end of the rod to & dapth of 1-2 mm. This
formed a firm Joint which could be easily broken when the wax
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was required for amalysis (Sea Fig. 27). Pareffin and
beeswax rods were fumigated for 20 minutes in concentrationé
of 5 pg/l. Fumigant concentrations and absorbed nicotine
were assessed by the methods deseribed in Part I.
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Fig. 25 Absorption of nicotine by beeswax
and paraffin wax rods with change
in gas velocity.

(Date in Appendix - Table A 16)

$ Beaswax
o Paraffin wax.

The results are shown in Fig. 25, from which it is
evident that the initial absorption rates and the limiting
velocitles, above which there is no further inerease in abe-
gorption rate, both differ considerably. This restriction
on further absorption is not due to saturation of the whole
wax rod, since smeller wax rods, with correspondingly amaller

surface area, continued to absorb linearly with time at a gas
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velocity of 300 om/sec. for longer fperiod's { sees Fig. 26).

300}

e

8

Nicotine absorbed — ug,

o 26 rTe) 178 30

Fig. 26 Absorption of nicotine with time
at a gas velocity of 300 cm/seec.
-~ (Niocotine 5 pg/l; beeswax rods ' -
24 x 4 mm). -
Ebling {1961) has shown the rate of movement of an oil
soluble red dye through beeswax to be of the order of
125 1 per 24 hours. If nicotine were to diffuse through
beeswax at a comparable rete, then its absorption by these
rods would be expected to continue for 16 days, though the
absorption time curve would probably begin to depar‘b'trom 1'68
linear course aﬁ:e;- abouf half this time. '}.'hed Sama argument
applies to paraffin wax, and it would seem more plausible that
the absorption rate, where this bscomes steady with inoreasing
velocity, is an indication of the meximum possible rate of
uptake by the wax which is governed by the rate of diffusion
of nicotine into the interior of the wax. The temm

*saturation veloeity! is here used to describe the velooity

at which the maximum rate of absorption is approached,



93,

III

%. EFFECT OF SURFACE SCULPTURE |

~ An ‘expés‘riment was designed to Investigate the possible
effect of turbulence on the‘transfer of nicotine from the -saa
phase to the wax. Annular or longitudinal grooves were cut'
in the surface of otherwise plein wax rods so that, though
different forms were exposed to the air streem, the total
surface area was the same for both rods. Any difference in
uptake between rods with these two groove patterns might 3
indicete the importance of turbulence in aiding absorption.‘
At low velocities, where the flow in the exposure chember is
known to be laminar, turbulence will set in as the fumigent
ﬁgasses over the annular grooves, whereas the 1ongi‘budiﬁal
. grooves should .maiﬁtain steady flow conditions. A'I; higher
rates, when the flow becomes turbulent, there will be little
difference in the flow patterns and absorption by both
seulpture patterns should be similer,

The grooves were cut with the wax rod held in a lathe
chuck., 15 annular grooves were out, using the lathe to turn
the ﬁax, end 15 longitudinal grooves cut by operating the
tool feed mechanism with the rod stationary and turning the
Tod through 24° between grooves. The outting tool consisted
of a short length of stainless steel wirs, cut square at the
end., A form of microsculpture was achleved by meking' meny
shallow holes with a fine pin over the entire surface
(Fig. 27). |
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¥ig. 28 Absorption of nicotine by grooved
beaeswax rods.,
{pata in Appendix - Tabdble A 17)

¢ lLongitudinal grooves
o Annuler grooves.
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rig. 29 Absorption of nicotine by plain
and miorosculptured beeswax rods.
{Data in Appendix - Table A 18)

P}ain surfasce
Microsculptured surface.
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i
. 4. ABSORPTION BY WAX RODS OF DIFFERENT LENGTHS

To show the effect of altering the lemgbh of the wax rod
and therefore the surface area afaij.able for absorption, a
number of rods of various‘ lengths were exposed to nicotine
vapour for 20 minutes at different gas velocitiss, after which
they were assayed for nicotine (Fig. 30). |

200 | 54 mm

100 |

Nicotine absorbed — ug.

o] 100 200 300 400
Gas velocity — cm./sec.

Fig. 30 Absorption of nicotine by beeswax
rods of different length with change -

in gas wvelocity.
{(Data in Appendix ~ Table A1l9)

From this experiment further evidence may be derived
thet the term sesturation velocity is in agreement with the
definition that it is the velocity at which the rate of ab-
sorption reaches en upper limiting value. It will be seen
that if the maximum values for the quantitles of nicotine

absorbed by each rod are extracted from the curves of Fig.30
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and are converted to the quantities absorbed per unit area in
unit tims, the rigures arrived at are l.4, l.4, 1.3, 1.3,
and 1.5 ng/emalmin, whioh compare well with 1.2 pg/em'?’/min
‘rram the first experiment 1n this section. Since the ex-
perlment aovars a wide range of wax areas, 0.88 qmz to
7.04 a®, 14 woula sppear that this rate is indeed the
~ Pastest rate at which nicotine can be absorbed by beeswax
from the gas phasa. - |

The results from this experﬁment also illustrate the
dependence of absorption on fluld dynamic conditions and the
1mrortance of the boundary 1ayér. ¥rom the inspection of the_
curves shown in Fig. 30, it may be seen that saturation
velocity is lower for the shorter rods. If the ends of the
rods are negleotsd (1in praoctice the front end 1s probably;
ebsorbing at the maximum rate at quite low velooities) and
the side of the cylinder 1s pietured as a plane surface
lying parallel with the air straam, a boundary layer of a
thickness determined by the wvelocity is established along the
length of the surface. Now let the maximum rate of absorp~
tion ocour. over length 1 when the boundery thickness 1s equal
to or less than the distance d in Fig. 31. As the wind
J velocity is inecreased, so the boundary leyer decreases in
thickness and the dlstance 1 1s increased. Therefors, at
low wind speeds only a small portion at the ﬁpstream.end of &
rod is absorbing at its maximum rate, and thus for shorter

rods the saturation velocity is lower than for longer rods,
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Fig. 31 Typical boundary layer profile
formed &bove & plain surface
lying parallel to a gas flow

Freestream veloclty uy

wmee—————— Freestream velocity ug>uj
(Vertical scale exaggerated tenfold)

In practice the total absorbed by a rod includes the quantit}
absorbed by the end faces. It was mentioned above thet the
front face is probably absorbing at a relatively low gas
velocity. The downstream face is in a turbulent weke formed
from air that has already lost much of its fumigant in
passing down the length of the rod, and will thus approach
the maximum rate of sbsorption slowly.

111

5. EFFECT OF AIRING AFTER ABSORPTION OF NICOTINE
Tt was recorded in Part II that slightly lower mortali-
ties were found among houseflies that had been exposed to a

current of clean air after fumigation than among the insects

allowed to recover in a muslin capped specimen tube. With
this in mind it was proposed to find out if nicotine was lost
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from beeswax by airing after fumigation.

Sinca, in separate fumigations, some variation ocours in
'quantities of nicotine a‘nsor‘ned, comparison between rods
,fumigatad individuelly is undesirabla. | ‘Thus, for this ex-
‘periment rods 40 mm long x 4 mm diemeter were fumigated and
after fumigation they were helved; ons half was agsayed for
nicotine immediately and the other half aired in a 400 cm/sec
air stream for a certain time before assay. The wax rods
were exposed to fumigant at 350 cm/sec for the following
reasons. Above the saturation velocity for beeswax nicotine
is absorbed at a steady rate over all the exposed surface and
total absorption by the two halves is, therefore, found to
agree experimentally within 10% at 350 cm/ses. The result.
of airing one of the pileces is shown in Fig. 32 where it may
. be seen that a considerable guantity of nicotine is lost, the
regidﬁq being perhaps held irreversibly by the fatty scid in
the wax. |

sof ”

40 r

% loss of nicotine

Duration of qiring ~ minutes |
Tig. 32 Loss of absorbed nicotins
during airing.
{Data in Appendix - Table A 20)
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6. ABSORPTION BY DIFFERENT INSECT CUTICLES WITH
STMILAR SURFACE ARBA

It has been shown that nicotine accumulates in the epi-

cuticular waxes and that the saturation velopity varies with
each species investigated. It follows from the differenﬁ
saturation velocities recorded that the cockroach is able ﬁo
absorb the fumigant faster than the housefly which in turn is
able to absord faster thanm Oryzaephilus. This difference in
absorption rate would appear to be a reflection of the ab-
gorbing power of the epicuticular waxes. The wax on the
epicuticle of\the Toach takes the form of a mobile grease,
while that of Oryzaephilus is a much harder and higher
melting point wax. Generally, stored pro&uc£ insects and many'
others living in;dryAsurroundings‘have hard waxes. The house-
fly wax is likely to be intermedlete between these extremes, |
and it seems reasonable to suppose that the solubility of
nicotine in the mobile wax of the roach would be greater than |
in the harder wax of the housefly, and even greater ﬁhan in
the hardest wax of Qryzaephilus. Indéed, it has been ghown
that DDT orystals dissolve more readlly in the softer
epicuticular waxes and that insects with a soft wex are more
susceptible to this toxin then those with harder waxes,
(Pradhan, et al, 1952). \

8ince the rate of diffusion of a substance through &
solid is generally proportional to the solubility of the
substance in that solid (Barier, 1981), it follows that the
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rate of diffusion of nicotine into the epicutlcular waxes is

greater for the cockroach, intermediate for the housefly and

least for Qryzaephilus. This is precisely the arrangement
shown by the saturation velocities. As gas velocity‘in-
creases, mors nicotine is made available at the surface and
this continues to be removed by the roach at velocitiés
greater than that found for either of the other two insects.
Thus , the rate of removal from the surface by the roach wax
and therefors the rate of diffusion through this wax apﬁears
to be greater than it is for the housefly, which in turn is
greater than in Orzzaaghilus.

It seemed expedignt\at this juncture to measure the basgic
rate of uptake for sach insect cuticle. Before this could be
done, hcwever, a knowledge of the respective cuticular areas
was desirable. It is fortunate that accurate determinations
of‘epicuticular surface areas have been made for parts of
insects similar to those used here. The true surface areas of

Periplaneta forewlngs, Musca wings and Tenebrio elytra have

-'been shown to be larger than their apparent projected areas
by factors of 8.2, 2.3, and 6.7 respectively (Lockey, 1960).
Accordingly, sufficient wing materiasl was accumulated for the
determinétion of absorbed nicotine after fumigation. In
order that the whole surface should be available for nicotine
absorption, the insedt material was threaded on fine stainless
steel pins (inset,Fig. 5%) . The increase in thes surface area
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where the material is pierced by The pin is small in com-
parison with the total surface even for housefly wings.
Fumigent penetration to the internal surfaces of the wings
througch the pin lesion is likely to be a slow process, it
it occurs at all, &nd may be ignored for short exposure times.

Absorption of nicotine from still air per square
centimetre of true surface is shown in Fig, 33, the true
surface being calculated from the projected areas, measured

prior to fumigation, increased by the factors given above,
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Fig. 33 Absorption of nicotine by insect
cuticles. (Inset: method of support)
(Data in Appendix - Table A 21).
o Periplaneta forewings
+ lusca wings
V Tenebrio elytra.




The rates of absorption found were the reverse of those

sxpected. In unit area, most nicotine is absorbsd by

Tenebrioc and least by Peri;glaneta cuticle. This may be
caused either by Tenebrio wax absorbing nicotine at a rate
higher than that of the other samples or possibly by the
| .:underlying Tenebrio cuticle taking up ilicotine from the wax |
layer at the greater rate. In the following experiment the
- solubiliby of nicofine in these and other‘waxes wes deter—. .
mined and showed'that the former reason was more likely.
o -
7. ABSORPTION AND DESORPTION OF NICOTINE AND DDVE BY WAXES

Tt has been suggested that the first stege in the
plékup of solid insecticides is by simple solution in the
‘epicuticular wax (Armstrong, et al, 1952); (MeIntosh, 1957). .
This ié generally accepbted. However, there is little in-
forxﬁa’cibn available on the capacity of eplcuticular ivaxes
for disléolving either fumigant or solid insecticides. "
Bond (1959) showed the epicutioular waxes of Calandra to
pbntain ;L.;L pg/g of insect of hydrogen cyanide following a |
lé-hdur fumigation at 8 mg/l (at a rough ves*tima'be the amount
of hydrogen csranide absorbed is not more then 0.01% w/w in
:the’ wax) . ’Thel capacity of epicuticular waxes to hold
i'timigénts in solution is relevant to any discussion con-

‘eerning fumigent absorption, and on this account the

s0lubiliby of nicotine and DDVP in a number of wazes was
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determined. The method used was as follows.

The epicuticular waxes were extracted from.the;dead
intact insects, contained within a filter funnel, by three
‘quick washings with hot chloroform. The filtép papér was
previously cleaned, also with hot chloroform. The filtrate
was concent:ated and evaporated to dryness in a small tube
on a hot water bath. When dry and cool a polythens cap‘was
fitted and the wax stored until re@uirad;

A fine glass caplllary tube was drawn and cut into 4 cm
lengths. One end of each of these lengths was sealed in a
flame and the last 5-6 mm bent over to form a hook, after
which the remaining end was also sealed. Thé tubes were
hung by their hooks from & wire frame and were carefully ‘
washed with hot chloroform and hot water and dried in a dust
free area; subssquent handling was carried out with a pair
of forceps to avoid transfer of unwanted material to the
‘glass. After weighing, each tube was carefu;lyncbatéd with
a2 thin layer of an epleuticular wax by smearing a small
quantity of wax on the lower 3 cm and gently wﬁrminé over an
alcohol flame until the wax had formed an even film over the
glass. When cool, the tubes were weighed again to determinsg,
by difference, the amount of wax on each, All mmighings were
on a Cahn microbalance reading to o.ﬁlpg. Shellac was
applied to two tubes by dipping them in a solution of shellac
in-chloroform and allowing the chlorofoﬁm to evaporate. By

repeating this process an appropriate thickness of shellae .
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was built \ip. Glass capillary tube, rather than thin rod,
was used to reduce the weight of wax support to a minimum,
' thus enhencing the sensitivity of the balenee.

Fumigent solubilitylxms measured by placing the waxed
tubes in a glass jar at 20°C with a nicotine atmosphere of
about 5 pg/l. They were removed mdividﬁally for weighing
at increasing intervals of time until little further increase
in weight occurred, at which time the fumigant atmosphere was
removed and the fumigent allowed to desorb in dust free air.
Weights were again recorded at increasing interva;l.s of time
until a constant weight was atbained. A similer procedure
was followed for exposure to DDVP, the fumigant being
| generated by '"Vapona' pellets, Plain glasé tubes showsd no
increase 61' decrease in weight. The quarttities of nicotine
and DD\fP absorbed and the smount remaining in equilibrium
with pure air are shown in Figs. 34, 35, 36 and 37; ' %he
. fumigant sorbed is expressed as.a percentage of ﬁhe original
weight of viax and is plottad with respect to time, Complete
saturét.ion with nicotine was not reached, the experiment was
terminated at this ﬁoin'b, hbwevar, as the Tenebric wex had
taken up so much nicotine that a fluid di'op had fomed at the
bottom of the tube which threatened to drop off when handled.
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The results of these experimants are in agreement with
the previous experiment and show that the harder epicuticular
wvaxes are.capablé of absorbing more hicotine than softer
waxes.‘ |

The same order of solubility was also found for DDVP,

 though with this fumigent the total quantities taken up are

appreciably less than for nicotine.

There appears to be little difference in the relative
pfoportions of nicotine absorbed by the extracted epicuti-
cular wexes in this experiment, and those found in the
previous experiment where the waxes remained in situ. Cal-
culations of the thicknesses of the extracted waxes as they
occur on the glass tubes indicate that they were about 10
times the naturally occurring thicknesses. Equilibrium will
be established more slowly in e thick layer of wax which may
acecount for the differences in the initial rates of absorp-
tion exemplified by the shellac £ilm ebout 0.1 micron thick,
end the Oryzeephilus wax film about 1 micron thick.

IIT
8. SOME PHYSICAL PROPERTIES OF THE EPICUTICULAR WAXES

Epicuticular waxes are known to be'complex:mixtures of
long chain fatty acids, alcohols, paraffins and esters in
various proporitions, and have been recently reviewed by
Locke (1964) and Hackman (1964). Composition hes been fully
- investigated in the American roach (Gilby and Cox, 1963) and
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the mormon cricket (Baker, et al, 1960). In this section a
number of the physical properties that might affect the
solubility of fumigants in the waxes is described. An
‘ impoftant one is the softness of the wax (Pradhan, et al,
- 1952), and another, more important possibly for nicotine
’which.is a basic compound, the acidity of the wax. These two
p:operties were determined for the epicuticular waxes used
in these experiments by modificatlions of the basic methods
~described by Fryer and Weston,(1918). The wax was obtained
by washing the insects in warm chloroform as before.

Capiilary tubes were prepared, each containing a small
sample of wax. The ends were sealed and each capillary in
turn was fixed beside a tﬁermométer bulb and lowered with the
thermometer into a water bath. The wax was observed with the
aid of a low power binocular microscope while the bath was
slowly warmed with a microburner. ‘A stirrer maintained an
even temperature and aided heat transfer to the thermometer
and cépillary. | ,

Waxes, being complex mixtures of hyqrocarbons, do not
possess precise mglting points as fouﬁd for pure chemical
compounds, but a melting range, during which, as the tempera-—
ture is ralsed, they undergo & number of transitional states. -
The more varied the components, the more amorphous is the wex
and the wider the melting range. The temperature of two
staﬁes may be determined readily; these are the temperature

- of indipiant fusion when the wax softens, begins to clear and
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usually forms & meniscus when confined in a capillary tube,
oand the temperature of complete fusion at ﬁhich the wax be~
comes a completely clear liguid. Between these temperatures
bothfopaéue solid and clear liquid coexist, the solid portion
" being the higher melting point components. , 4
With the exception of Peripleneta wex, which immediately

after extraction was a pale yellow grease, the waxes from the
other insects all had similar melting ranges. Incipient
fusion oceurred at 34°, 37° and 38° respectively for Musea,
Oryzaephilus and Tenebrio, while complete fusion occurréd

only above 1009¢ in all cases. Periplanete wax, after

gtending for a few weeks, gave similar figures for the
'melting range, 34° incipient fusion end complete fusion above
100°. Musca and40rzzaephilus waxes were opaque and yellow, .
clearing at sbout 110°C to clear yellow liguids. Tenebrio
wax was opadue and white, clearing‘to a colourless liquid at
about 110°, |

The acid value of a wax 1s a measure of the free fatty
aclds present in the wax and is obtained simply by titration
of a solution of the wax in & suitable solvent, with agueous
caustic potash or soda; the acid value is defined as the
number of mg of caustic potash required to neutrélisa the
acid present in.1 gm of wax.

Only small quentities of wax were available and the
titration using phenolphthslein as an indicator was carried
out in a small glass specimen tube standing on a white tile.
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0.1 N caustic soda was added with a 10 ul Hamilton syringe

to a weighed quantity of epicuticular wax, dissolved in 2:1
alcoholic benzene. The respective acid values were

Peripleneta 40, Musca 80, Oryzasphilus 435, Tenebrio 160,

besswax 12, and shellac 47. These values may not be very
précise as, owing to the small amount of wax availaﬁle, the
blank titration formed a considerable proportion of‘the total
reading for wexes low in free acids. However, the accepted
values for beeswax and chinese inseét wax (similar to
shellac) are of the samé order, namély, 17-21 and 63 res-
pectively, and it may be taken that the values determined in |
“this experiment are not grossly exaggerated.

The éqlubiliﬁies of the fumigants in these waxes are
more closely correlated with the acid value than with the
melting point. Why ﬁhis should be‘ié not certain; it may be
that the .fatty aeids of the waxes are the only componeants
vwhich teke part in the solution, though this would seem un-
likely as élcohols and esters are not generally poor sblvents.

The correlation may be purely fortuiltous.

IIT
9. THE ABSORPTION OF FUMIGANTS BY LIQUIDS

It has been assumed previously that fumigant is made in-
creasingly available as the ﬁind speed in the exposure
chamber is raised, and it has been argued from this that the

exponential behaviour of the absorption and toxicity curves

are caused by slow fumigent penetration in the absorbing
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median, This would seem to be a reasonable assumption,
especially as fumigant concentrations are malntained atlthe
higher flows. Bbwever, in order to shOW'that this hypothesis
is correct flow fumigaticns were carried out using liqulds
es the absorbing medla. Provided ‘the volume of 1iquid is
large compared to the quantities of fumigant absorbed, this
medium should present é negligible barrier %o absorptibn COmm=~-
pared wmth the solids used previously.

Fumigations over a number of veloclties up to 400 cm/sec
were carried out in & nicotine concentration of abvout 10 ng/l.
A small glass cup containing 0.2 ml dilute sulphuric acid was
placed within the exposﬁre tube. Nicotine vapour was absorbed
by the acid, which, after a 20 minute exposure was washed into
a separating funnel end assayed for nicotine as deseribed in
Part I.

Eyﬂrogen cyanide fumigations were carried out in a
similar mammer to those for nicotine. The gas was absorbed
in 0.2 ml of 0.7% aqueoué sodium bicérbonate in the same cup
that was used for nicotine absorption. Exposures were fof
3 minutes at a concentratibn of 1.7 mg/l, after which the
bicarbonate was washed‘into a small glass vessel and titrated
with iodine, as described in Part I.

DDVP wasg absorbed in n-decane exposed to the fumigent in
depressions (15/64" deep x 15/64" diam.) drilled in aépieca of
perspex measuring 1" x 2" x 4", After each fumigation the -

remoining decans was assayed for DDVP by direct injection of
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a known amount into the GLC apparatus (see Part I). Approxi=
mately 10% of the decane sveporated during the fumigation
(the exact amount depended on the velocity) end as the final
volume could not be -estimated acourately enough for the total ;
DDVP absorbed to be calculated, the DDVP present is expressed
as parts per million of the decane sampled.

The velocities for nicotine and hydrogen cyanide
abgsorption have been corrected by a factor (x 1.59, or
177/111) which is the ratio of the.cross sectional area of
the tunnel %0 the area remaining after’ inclusion of the glass
vessel, and glves a more correct value for the velocity 6ver
the 1iquid surface. The results are shown in Figs. 38, 39
and 40, from which it is evident that as the gas velocity is
raised fumigant is made increasingly available to systems

" capable of absorbing them. ’

300
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"Fig. 38 Absorption of nicotine by dilute
sulphuric acid with change in gas
velocity. :
(Data in Appendix - Table A 24).
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Fig. 39 Absorption of hyclrogen cyanide -
by dilute aqueous sodium bicarbonate
with change in gas wvelocity. ‘
(Pata in Appendix - Table A 25).
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Fig. 40 Absorption of DDVP by n-decene
“with change in gas velocity.
(Data in Appendix - Table A 26)
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The curves for nicotine and hydrogen cyanide absorption
show a small increasc in the rate of ebsorption as the gas
velocity iﬁcreases, contrary to the éxponential decreass
expacted from a reduction in boundary layer thicknoss. This
type of ebsorption in which the curves are convex to the
velocity axis, is most probably caused by the amount of
stirring, induced by the air movement, in the liquid sorbents.
Movement in the li@uid was seen to increase at higher flows,
though a measure of the degree of mixing could not be mﬁde.
It is evident that minor barriers to absorption also occur in
liquids.

i 2

IIT
10. DISCUSSION |

To avoid confusion one criterion that has been withheld
from discussion of saturation velocity so far is that of the
Reynolds number. For a solid mqving through air a dimension-
less relationship exists between the wind speed, a linear
dimension of the solid and the air viscosity, which is known
as the Reynolds number and is equal %o %;. .

It was shovn in the introduction to this thesis that the
boundary leyers were denoted by equetions in which this
relationship played a prominent role. Now it can be shown
that for solids of varying size, but similar shape and

orientation, the boundary layer conditions at any given

Reynolds number are similar. Thus, for 2 small object, one
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Reynolds number is attained at a higher velocity than for a

larger object. Similarly, if the saturation velocity is
reached at a Reynolds number descriptive of the approPriate
boundary condition, then for small objects the windspeed at
which this is attained is higher than it is for larger objects.f
Some separation in the saturation velocities was found to occur
in practice, but the foliowing arguments show that in these
experiments this geparation is more likely to be caused by
differences in absorptive pr0perﬁies then by the respective

sizes of each insect.
The saturation velocity for Oryzeephilus was found to be

much lowsr than that for the other insects fasted. This order
of velocities can only be caused by the upper 1limit to the
rate of fumigent upteke by this insect being lower than that
in the other species, since if the 1imit to the rate of &b~
sorption were to be the same in all cases, the saturatioh
veloéity would increase as the size was reduced. An indica-

- tion that size was not the limiting factor is provided by the
experiment in which the epicutioular waxes of Oryzaephilus
were replaced with beeswax., The normal change in the rate of
absorption with inereasing velocity was altered by the bees-
wax coating, whereas 1f size had been the governing factor in
restricting the saturation veloeity the beeswax coating would
not affect the shape of the absorption curve though the

quantity of fumligent absorbed might have been altersed.
- Another indication thet size is not the prime factor

limiting the rate of absorption at the surface is provided by
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the experiment in which beeswax and paraffin wax rods were
fumigated. The absorption rates o: the two waxes in rods of )
identical shape are widely separated both in the quantity

- absorbed and in the velocity at whieh the limit is attcined;
Again, since size is ccnstant, the ahsorbing property of each
wox is the major factor in determining the limit to the rate
of absorption. |

‘The saturation veloecities for the housefly,and cockroach

were also shown to be diffafenta The cockroach nymphs wers

of a comparable size to the houseflies and any difference in
" saturation velocity is probably cauced-by their reépective
'maxﬂnwm absorption rates. The difference in microstrucﬁure

is probably not important in view of the results reported in
this section on the effects on sorption of a sculptured |
~ surface. Also, a hairy surface would be expected to ipduce c
- thicker boundary layer, the halrs being supplementary to the
viscous property of the air in reducing the velocity near the
surface, and given similar rates of absorption the fres'sﬁream
velocity at which seturation occurs must be higher for a
surface of thié kind than for a smooth surface. The reversev
wes found experimentally; +the saturation velocity for the
rough surface (housefly) was lower than the saturation velocitég
for the smoother surface (cockroach).

Beeswax rods showed a reduction in saturation Velocityc

as length was reducad, but this is not striectly ccmparable

with a true size reduction. Only one dimension was altered
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in the experiment whereas the Reynolds number concept
‘requires that all three dimensions should chenge propor-
tionately. It is concluded, therefore, that in all these
~experiments the absorptive capacities of the exposed
surfaces, rather than effects of size, were the major factors

in determining saturation velocity in each case.

The relaﬁidnsﬁip between epicuticular waxes derived from
insects and fheir capacities to absorb the fumigants, |
nicotine and DbVP,.is of interest. Contrary to previously
recorded dété (Pradhan, et al, 1958) both nicotine and DDVP
weTe found to be more soluble in hard than in soft wax though
the daté frﬁm the above authors ma& be misleading in this
context. It is reported that‘the solution of DDT erystals in
the soft epicuticular wax of the LepidoPterous larva

Euproctis lunata was much more rapid than in the hard wax of

Trogoderma grenaria, a phenomenon that.may equally well be

caused by a corresponding difference 1n the availability of
the erystals which were found to sink more quickly into soft
than into hard wax. Here, too, absorption was from a solid
phase vhich is likely to differ appreciably from fumigant

absoiption. The rate of absorption of nicotine per unit area

was very much greater by the eplcuticular wax in which it was
more soluble, than it was for the lesé active waxes, which 1é

in agreement with the general rule relating rates of diffusion
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and solubility. That wexes with similar melting points
should show such diverse properties is, perheps, not sur-.
prising when it is remembered that the relative proportions
of the coﬁponent compounds vary congiderably -~ see, for
example, the differences between the waxes of two insects
nore cloéely related than those used in this study - the
mormon cricket (Beker, et al, 1960) and the Ameiican roach
(Gilby and Cox, 1963). A summery of the proportions of the
major constituents is given below: (Table ITII, Summarized

from Hackman, 1964):

Chemical Proportion ¥resent per cent wex
Group - : - Cricke Cockroac

Hydrocarbons 48--58 76.7
Free Acids 15-18 7.2
Aldehydes - 8.9
Esters. . 9-11 5,0

It has beon demonstrated that the saturation velocity
with nicotine for the stored product beetle Oryzaephilus 1s

| less than that for either the housefly or the cockroach, in-

- dictating that the fumigant is more soluble in the softer wax
of the cockroach then in the housefly or the beetle, a situa~
tion later shown %o be untrue. The reason for this is
reveéled when the eplcuticular waxes are studied in greater
detail. h

The epicuticular wax layer is divided into three dis-
tingulisheble parts; on the inside is a layer in Which the

wax molecules are tightly packed and orientated by the under-.

lying polyphenol layer. At the surface a 'cement' layer existéﬁ
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which is considerably harder thean the remaining wax end is
also very thin, at most a few molecules deep. Between these
layers lies the bulk of epicuticular wax in which the mole-
cules are less well ordered then at the boundaries. (Wiggles-
worth, 1945 and 1948 Beament, 1955). It is the cement layer
that is the concern of the present discussion. Beament (1955)
suggests that shellac is mainly cement from the lac insect
while Locke (1964) likens the cement layer to varnish. The
thickness of this outer layer is known to vary considerably,
being thickest in the exposed cubicles of many beetles and
thinnest in the mobile layer of the cockroach, as first
demonstrated by Ramsay (1935 b) . It is :Lnfbuitivé that these
oﬁtér layers are likely to present a greater resi‘stance to
the penetration of fumigant molecules than the remaining wax,
and that the thicker, harder cement of & beetle will be
traversed with less facility by the fumigant than the outer
layer of opposite extreme found in the cockroach.

In the argument that follows it 1s assumed that Tenebrio
and Oryzaephilus have cement layers of a similar order of

thickness and that the eplcuticular waxes of Periplaneta and
Supella are also similar to one another, a supposition Whic;,h
is not unreasgonable.

t'}onsiderj the absorption process by two contrasting
epicu‘bicﬁlar waxes, oné a hard wax with a thick cement layer

and the other & soft wax with a thin cement layer at the
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surface. ,

When the rate of absorption is low, uptake will be
géverned.primarily by diffusion influenced by the partial
pressure difference between the Tumigent - in the 2ir mees
and at the cuticle surface. The partial pressure difference
will he greater in the wax through which the fumigant is able
to pass more readily, i.e., the harder wax, and uptake will be
proportionately greater.

As the fumigent/air mixture ismovéd at inereasing speed
over the surface, the fumigant becomes more freely available
and waxes'continue‘to absorb in the ordef given above untilaa
stage‘is reached at which the fumigant transfer throughrone'of
the cement layers is aﬁ a maximum. It is most likely.that the
cement layer on the hard wax will be the first to be affected
in this way and’at this point an increase in the availability
of the fumigent will have little further effect on the rate of
ébsorption by that cement laysr and the underlying epicuti-
~ecular wax., The softer wax with a smaller barrier at the
. gurface will continﬁe to absorb fumigant more quickly until
the limiting rate is attained. Under these ciréumstancas, thié
type of insect would be expected to possess the lower satura-
tion velocity, & phenomenon which was found tq occur in
pfactice, and it follows from this argument and from the ex-
perimental results that the housefly possésses a cement'layer_
that is intermediate in permeability and structurse between

that of the beetle and the cockroach.
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The cement layers were also shown to modify the rate of
absorption to a considerable degree in still air conditions.
Gomparison of the rates of absofption of epicuticular waxes in
situ with their absorption rates when extracted and coated on
glass shows that absorption by the extracted semples is more
rapid. In the extracted wéxes, the components of the cament
layer are incorpprated in the bulk of the wax by the ex-
traction process, and thus there is no relatively impermeable
barrier at the surface. After 40 minutes exposure, absorp-

tion by the waxes of Periplanete, Musce and Tenebrio, in situ

is 1.7, 2.8, and 4.3 pg/cmz respectively, and for the ex-
tracted waxes the figures are approximately: 14, 62 and
148 ug/emz respectively. It is evident from these figures
that the rate of absorption- in the natural state is 001:'1-
siderably less then that found for extracted material, and

that the relative rates of absorption for each species of

‘natural to extracted wexes (Peripleneta 1:8, Musca 1:22 and.
Tenebrio 1:34) indicates that the éament layers reétrict
nicotine uptake'in proportion to their probable thicknesses.
The difference in thickness of the wax layers could cause
this inequality but it is argued that absorption by natural
waxes had not departed seriously from linearity with time and
therefore seturation and an accompahying slowing down of the
rate of absorption was not approached. Calculation of the
maximum amount of nicotine that could theoretically be ab-

sorbed by the epicuticular waxes in situ slso shows that the
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wexes in this expérimant have not absorbed more than 304 of
the mgzimﬁm.possible} {The maximum amount of nicotine ex-
pected in situ was caloulated from the total quantity that
the‘wéxeslare knoﬁn to be able to absorb - rig; 34 - and the
amount of wax present on esch cuticie sample‘derived from

Lbckey; 1960)._

A 1ittle nivotine appears tb be lost from flies foreibly
aired after fumigétion. It also saéﬂs likxely that a propor-
tion is lost in still air, though no experiments were devised
to ShOW‘thiS,vfb: the followihg;re&Sons.,'besorption of
nicotine from epicuticglar,waxes'derived from insects was
shown to be aAconsideiaﬁiymofe rapid process then the initial
absorption (Figs. 34 and 35). This axparimént‘was carried
“out in still air.  Tha median lethal dose aceumnlated during ‘
an MLT ezposurevofihouseflies was shown in an éarly eXyériment
to be increased slightly at the higher velocitles. It is
conceivgble that this is because more nicotine is lost from
these inéects during the initial stages of the subsequent
recovery period. At low velocities the dguration of exposure
islonger than at high velocitles, and it follows that the
quantities of nicotine absorbed in this time will be dis-
tributed in greater depth in the cuticle and will be less
readily desorbed than the mbre concentratsed doses nearer the .

surface; in order to echieve the same toxic effect, 1.e., 2

50% mortality, more fumigant must be accumulated during

shorter exposures than during longer ones; This reasoning is
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supportéd by the results of the experiment in which insects
were ailred after fumigation. Though this experiment wcs not
in itself conclusive, a trend>was apparent which isx1n agree-
ment with the other results discussed above.

At this étage it is possible to introduce & tentative
explanation for there being no increase in the toxicity of
hyﬂrogen cyanide when this Tumigant is passed over lInsects
at increasing velocities. ;

If a greph is plotted of fumigant concentration against
the time required to produce a 50% mortality, a relationship
such as that shown in Fig. 41 is found.

Fig. 41 Typical concentration vs time
relation for CTg, of hydrogen
cyanide. ‘ B
7At~é certain iow concantration;vthe insect is able to survive
unharmed. - Smell inereases in concentration, above this level, E
hring about large reductions 1n the median 1etha1 exposura
times: which decrease as the concentratlon is Increased.

Eventually, a—concentration is reached where further increase
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has little éffect in reducing the MIT. Absorption by an
insect which will absorb fumigent readily, but to which an
upper limit 1s fixed with regard to rate of upteke, satisfies
the sbove conditions. When the fumigent concentration is
sufficiently-high to cause the rate of uptakekto reach this
limit, increasing the concentration further has no effect.
The effect of passing the fumigant/air mixture over the
insect 1s similar to that of increasing the conocentration, in
that more fumigant is mede available at‘the surface. In the
experiments described in Part II, the concentration used was
of the order of that used in practieal fumigatlon procedure,
and for many insect species this is close to the point at
~ which further increase in concentration hes no effect on
toxicity. Thus, it follows thet air movement will not be
‘effective in inecreasing the fumigent's toxicity at these con-
centrations.,

At this concentration the insect must be absorbing
fumigent at the maximum possible rate, which is the same as
that occurring at the saturation velocities with'other
fumigants used hére, and this rate is determined by the
insect system and not by the gas phase. Since hydrogen
cyanide enters mainly by way of the respiratory system, ab-
gsorption by this route must be at a maximum. Hence, any
forced ventilation of the respiratory system, brought abont
by increasing the gas velocity, will not. appreciably incfease
the quantities absorbed. |

If the fumigénx concentration is reduced to a level at
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which small alteration causes considersble differences in
the LTsqg, 1t is conceivable that the fumigant's toxicity will
be enhanced by movement of the bulk phase over the insect.
This was found to oceur in one unreplicateﬂ experiment, in
Which two COnseCutive 4 hour fumigations wers carried out,
one in slowly moving air snd the other at a gas velocity of
100 cm/sec.‘ The COncentratioﬁ of hydrogan'cyanide was about
6.4:mg/l at the sfart of the first fumigation and hed fallen
to less than 0.2 mg/l at the end of the second. The
resulting mortalities in 100 erzaeghilus adults in each
fumigation were 3875 and 66% respectively. Unfortunately, i£
was not possible tb mainiain Steadj concentrations_in the
apparatus concerned for the long time intervals required,
and no further Quantitativb estimations of the flow effect |
were made, owing to this difficﬁlty of standardizing the

'éonditions.
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CONCLUSIONS

One cannot draw many general conclusions from this study'
in view of the =mall number of fumigents used, of which only
one, namely,-nieotine was studied in eny detail. However, it
is apparent that absorption of the low vapour pressure fumi-
gants 1s governed by gas absorption laws as they relate %o
bulk movement of the gas phase. The reason for the movement
being ineffective in increasging the toxiciﬁy of hydrogen
cyanide is most probably that the concentrations found in
practice are already sufficient for the insect to absord the
gas at the maximum rate. Thus, though absorption may be
linear with time, any increase in the availablility of the
fumigant to the insect, caused either by an Increase in con=-
centration or by movement of the bulk gas phase, will not
induce any furthef increase in the rate of absorption. |

The rather intangible concept of the maximum rate of ab-
sorption is well illustrated in this study. There is a limit
to the amount of fumigant that an insect can take up in‘unit
time and'this has been shown to occur at a definite gas
velocibty that has been termeaAa saturation velocity. Further
gtudy with a more detailed and ecritical approach might |
separate the effects of Reynolds number from ‘the absorptive
capaclty of the surface in determining the saturation
velocity. The wind tunnels used in this investigation fell

short of the optimum from an asrodynamic standpoint. The
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saturetion velocity is not a fixed paramseter for any one wax
or insect; it indicates when the upper limit to the rate of
absorption ﬁas'been attained and this is as dependent on the
concentration as on the boundary layer.

Further evidence is given for the restriction by the
cement layer on bhe penetration of insecticides, and it is
shown how & bthick hard layer 1s more restrictive than a
thinner one though the wax beneath the thicker layer is more
“receptive. The cuticls underlying:the surface ﬁax was shown

to be an even greater barrier to the penetration of nicotine.

The technigue of determining saturation velocities for

a fixed set of conditions may prove to be a useful tool in
assegsing the relative importanca of the constltuent parts

of the cubticle in regulatlng the entry of insectlecides, and
is suggested as a topic for further study. Estimations of
the rate of penetration of substances applied'to surfaées as
liquids or solids are likely %o be erroneous. Liquids may
disrupt the 1attice arrangement of the underlying components,
a disruption being known to occur with epicuticular waxes:
end solids, by virtue of their rigidity, present smell and
‘uncertain surfaces of contact to absorbing media.

By streaming the substonce, as a vepour, over test4'_
surfaces and measuring the ebsorption which occurs with in-

creasing gas veloclty, an upper limit to the rate of absorp-
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tion mey be found, and by subjecting each constituent layer
of the cuticle to this treatment, a composite picture may be
obtained of the importance of each component in the conduc-
tion of insecticidel and other substances through the cuticle.
It should be borne in mind in attempting a2 series of experi-
mentg of this nature that the upper 1imit to the rate of ab-
gorption found is that of the system as & whole. For exempls,
a nonomolecular layer which may be fresly penetrated by eny
particular substence would appear felsely impermeable if
situsted over a less readily conducting substrate,.

This techﬁique is, of course, only applicable to‘sub;
stences which ere able to exist in sufficient quantities in
the vapour phase. The exact concentrations and velocities‘
required depend on the rate of absorption, which in tﬁrn is
affected by the affinity of the sorbent for the sorbafe, and
‘¢an be determined only by experiment.

Absorption of nicotine by the tracheal system appears o
be a relatively unimportant mechanism of penetration, end it
seems reasonchls to suppose that this is true in general for
fumigants capable of penstrating the integument in more than
minimal quantities. |

Conclusions from experiments reported here, which
demonstrate little further absorption to occur when the
tracheae are forcibly ventilated, apply only to two rather
special cases. Nicotine was shown to enter mainly through the

cubicle, and a‘large increase in tracheal absorption would be
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required to add significently to the totul emount absorbed.
Hydfogen‘cyéﬁide was used at concentrations which wore high
eﬁéugh to ééuse ébsorﬁtion to have closely approached the
upper liﬁiting‘rété, and for this reason an incréase in
availability could not appréciably affect the quantitiesvab-“
sorbed. There were indications that at lower concentrations
the toxicity of hydrogen cyanide was enhanced by increased
gas velocity, and this would provide a fruitful fisld for
further work.

Oonse interasting observation,'which may easily be extended
to obther inseeticideé thaﬁ possess a maasurable vapour
pressufa, is the relative solubilities found for DﬁVP and -
nicotine in the epicuticular waxes. Both these fumigants were
more soluble in hard them in soft wax. The reasons for this
are not clear; it may be that the more crystaline structure
of the harder’Wax provides more or larger inteﬁmolecular
spaces to be filled with fumigant molecules. Or it may be
that the structure of the hard wax is able o swell as the
fumigant is absorbed, thus meking room for more solute in ‘the
herd then in the soft wax. Either possibility is open to

further invesﬁigation.

A practicel application stemming from this.invastigation
may arise in the increaéihg use of compounds of low vapour
pressure as spatial fumigants. Tha‘concentratioﬁ ofla sub~
stance of this nature in the vapour phase is inherently‘low

and thus the rate of absorpbtion of the substance by insects
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will be bélow-the maxinun possible. NMany of the insecticidal
campounds with low though workable vapour pressures are more
lipophilic than those with higher vapour pressures, and partly
because of this property they are able to penetrate the insect
integument more fapidly. With the introduction of stirring,
ingects exposed to air movement are able to absorb fumigant

at & greatsr rate Tfrom the moving air. Insects buried in
crevieés in buildings or goods would not be greatly affected
by stirring; but if the fumigant were to include an irritant,
insects would be sgtimulated to move and in their wandering
might emerge to where moving alr would bring about a more repid
and more. certain accumulation of atoxic dose than bsfore.
Thbradvantages in persuading flying insects to teke wing
dﬁring fTumigation with low vapour pressure fumigants are
obvious. Flight would not necessarily have to be swifi:
inspection of the toxicity velocity curves for nicotine and
DDVP shows that the greatest increase in effect occurs at the
lower gas velocities. '

The stirring of high vapour pressure fumigants to enhance
toxicity, as distinet from penetration of goods, has been |
limited probably by their slow uptake by insects and at
hormally‘applied concentfations, increased absorption brought
about by air movement is only slight.

Two problems exist, however, when fumigants of low vapour
pressure are stirred. The first is that considerable losses

ars likely by sorption on to all available surfzces necessi-
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tating the inclusion of a fumigant generator in the
apparatus, and the second 1s that many of thess fumigents
are toxicelogically very active, and care would have to be |
teken In zny scheme of this kind to guard ageinst the

accurmulation of toxie residues.
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BUMMARY

Tﬁree funigant wind'tunneis are describved in which
AfUmigant/air mixtures may be passed over test insects at
controlled veloeities. The effects of altering wind speed
during fumigation with hydrogen cyanide, nicotine ahd DovP
were determined by assessing the relative toxicities of the
fumigants to three insects species Supella supellectilium,

Musca domestica and Oryzaephilus mercator at different flows.

The toxiecity of hydrogen eyenide at normally epplied
conoentrafions was unaffected by the gas velocity during the
fumigation. The toxicities of both nicotine and DDVP to three
species increased proportionally with wind speed at the lower
veloecities, and approached iasymptotically to an upper limit
~ at a velooity characteristic for each insect; inereasing the
flow above this velocity had little further effect in increa-
sing the toxicity. ' '

Observations of the spiracles during the accumulation
of a median 1ethal dose showed that tha proportion of the
time during which they were open and tracheal ventilation
could take place was reduced as the velocity was increased.

In theory, similar quantities might be taken up by the
tracheae at different gas velocities since air movement would -
be expected to enhance fumigent transfer into the trachease,
thus offsetting the reduced time availadle for tracheal abe

sorption.
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The'qbserved inerease in toxicity at higher flows could
not be attributed to behavioural factors and was shown to be
caused by the increased absorption of fumigants. 'Phe gas
velocity at whiéh‘no further increase in fumigent toxicity
ocourred coincided with the 1imit to the increasing rate of
fumigant absorption and was termed saturation velocity. -

Nicotine was found to be absorbed more slowly by cuticle
frum which the epicutibular waxes had been remdvgd then by
normal cuticle. It was shown that the waxes acted as a
reservoir in which a large proportion of the accumulated:
nicotine exerted a toxic effect after the fumigetion period.

| A'Saturatiqn velocity was shown to eéxist for isolated
wexes when these were fumigated at & number of wind speeds, .
and to océur when the rate of absorption by_the substrate
reaches an upper‘limit imposed by the rate of diffusion of .
the fumigent into the substrate., No similar saturation
#élocity was found when li¢uids were éxposed to moving
fumigent.

Both nicotine and DDVP were found to be more soluble in
hard them in soft epicuticular waxes. Cement layers were
found to be of some importance in restricting the rate of -
~ absorption, though the underlying cuticle was shown to pro=
vide an even greater barrier as nicotine acoumulated in the 
epicuticular waxes during fumigetion.

The acid values of the epicuticular waxes from the

insects used were shown to increase with wax hardness, though .
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the melting ranges wafe not found to differ markedly.
The solubility of both nicotine and DDVP was greater in
those waxes with the higher acid numbers.

Absorption of fumigants by l1iquid systems was shown
to continue to inorease with gas velocity and not to
approach & 1limiting value as it doss for Imsects and

isolated waxes.
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APPENDIX.

co-axial cable

air condenser <
to amplifier

injection port

piatinum jet
and pick-up
electrode

N

air

silicone rubber
O ring ~
glass

chromatography

" column . -blanking caps

tighten on 'C'rings

nitrogen to seal coiumn

pre-heat coil N
- ~

3 inches

boiling water

Fig. 42 Cut away drawing of part of
GLC apperatus showing lay out
and method of securing columns.

All parts of brass or éopper unless otherwise

stated.
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Fig. 43 Cireuit disgram of Cathode-follower
impedanse sonverter. (Modified from

Resistors #W

1
2,8
4,5
8
7
8
9
10

11-21

22432
33

Sag

Smith 1960) .
Components.
Capaeitors
1 KiNohm 1 005 mfd paper

51 EKohm 2 1.0 mfd elestrolytic
24 ohnm '

51 ohm

100 ohm
200 ohm

150 Kohm - Valve

50 ohm w/w pot. Ve,Vb, ES00C

‘20 ohm o
200 ohm

100 Kohm preset
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makes contact ————0
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“AMAIWA—O above
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. once per revolution

Fig. 44 Tachometer sircuit for measuring
motor speed in wind tunnel IIX.

COMPONENTS
Resistors 3W : Pulse transformer
' Deakin Phillips Electronics Ltd.,

1,2 270 ohm ‘ Staines, Middlesex.

3 125 ohm 5W

4 56 ohm ~ : Semi~conductors

5 1 Kohm D1 OA 81

6 250 ohm w/w pob D2 OA 5

7 1.9 Kohm

TRI 0C 71

Capacitors

1 0.001 mfd. ceramic
2 100 mfd. electrolytic
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IN ALL TOXICITY DATA: N = number of insects used
R = mortality 24 hours after
' fumigation.

Table Al
Toxicity data supporting Fig. 12
HYDROGEN CYANTIDE FUMIGATIONS
‘Concentration 5 mg/l.

Supella supellectilium

Time _ Gas velocity cm/sec.
minutes 5 95
N R N R
1.0 30 4 30 5
1.5 30 10 30 15
2.0 30 33 30 19
340 30 26 30 26
4,0 . 30 29 30 28
8.0 30 30 30 29
%° 2.89 % 2,98
b= 5,02 % 0.69 b = 3.54.% 0.5
m=0.22 £ 0.053 m= 0.2l £ 0.0
Oryzaephilus mercator
 Time | Gas velocity om/sec.
minutes . S R N 95 R
2,0 100 6 100 3
3.0 100 7 100 11
4.0 100 20 100 a7
6.0 100 73 100 78
8.0 100 92 100 95
%? 18.75 P 5.62
b= 5.77 & 0.42 B = 6.38 & 0.46
me 0.69 & 0.01 m = 0.67 é 0001 ’



151.

Table AZ . B
Toxicity data supporting Fig. 13

NICOTINE FUMIGATIONS
Concentration 5 ug/l

Supelle sﬁpellectilium

Time Gas velocity cm/sec.
minutes 5 50 ‘ 056
N R D\ { R N E
1 30 3 2 6 30 11
2 30 4 20 9 20 15
4 30 - 13 22 16 30 22
3 30 . 24 16 14 30 28
16 20 29 24 - 24 30 30
%% 2.95 x° 1.18 %2 2.48
b =2,72 % 0.56 b = 2,43 £ 0.42 b = 2.14 % 0.56
m=0.62 + 0.05 m =0.34 + 0,06 m = 0.24 & 0.06
Musca domestica
R , Gas velocity cm/sec.
T lme 0 7 23 45 65 95
minutes "N R N R N R N R N R N R
3.0 - 0 0 50 2 B0 8 H50 12 5O 18
5,0 : - 50 2 50 9 B0 29 D0 38 HO 33
7.0 - 50 18 50 29 B0 36 5 39 5H 41
8.5 5 6 - - - - -
9.0 50 7 50 24 50 36 50 40 50 46 50 49
9.5 50 12 - - - - -
10.0 50 22 - - - - -
ANALYSTIS
cm/ sec x? b m -
0 1.45 15.32 ¢ 4,08 1.02 £ 0,02
7 0 .30 6.29 & 3.79 0.92 £ 0.05
23 2.18 5.26 &£ 0,81 0.84 & 0.03
45 0.21 3.82 £ 1.80 0.70 & 0.03
65 4,03 3.93 & 0.67 0.60 & 0.03
4,15 $ 0.61  0.58 & 0.03

95 2.87



Table A2 contd.
Toxicity data supporting Fig. 13a.
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NICOTINE FUMIGATTIONS

Concentration 5 ug/l

Gas velocity cm/sec.

- Oryzaephilus mercator
" mins, 0 5 10
N R W R N R
3,17 - - -
3.98 23 11 29 13 25 17
5,02 24 18 25 20 25 22
B.32 27 22 28 2l 27 23
7.93 23 21 27 22 23 23
10.00 25 25 28 26 28 27
‘ 40 45 50
1060 |- hd bt
2.00 - - S
2,52 21 8 21 7 25 12
3.7 24 7 24 8 32 29
.98 25 12 29 26 24 19
5,02 27 23 27 24 24 23
6.32 27 24 24 23 24 23
ANALYSIS
Gas velocity
cm/ sec x>
0 1,83
- B 3.69
10 5493
15 1,99
20 0.35
25 2.80
30 5.48
35 2.16
40 6.13
45 7 .84
50 7 .88
60 773
70 - 5.58
80 7 .43
90 6.68

15
N R

25 18
35 80
31l 28
27 a7

26 26

60

28 5
27 10
26 8
26 18
25 24

@]
L ]
o
(&)
We ie He Ho He He W He He He He He 4 He

20
N R
28 14
24 17
28 22
26 23
28 27

.70

25 8
25 11
25 18
28 27
26 24

25
N R
28 12
24 14
35 33
24 23
25 25

80”

25 1
26 1
24 -4
27 19

0.60

He He o Mo He He B He He He dis He He He o

30
N R
29 9
25 19
33 30
23 21
22 21

90

25 1
28 8
25 9
29 22
24 16

0.04
0.06
0.09
0.07
0.05
0.02
0.03
0.05
0.03

0.02

0.06
0.02
0.02
0.02
0.02

35
N R
24 13
25 22
31 28
25 24
25 25
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Table A3 .
' Toxicity data supporting Fig. 14.

 DDVE__FUMIGATIONS

Concentration<l pe/l

';, Supella supellectilium

100 5.07

"Time . Gas velocity cm/sec.
- minutes 5 100 '
: N R N R n R
1.0 25 1 25 2 25 3
2.0 25 1 25 -8 25 11
4,0 25 6 25 13 25 15
6,0 25 12 25 18 25 23
8.0 25 i7 25 22 25 24
ANALYSTIS
Gas velocity‘ 2
e/ sec . : b m
50 1.00 . 2.6l £ 0,45 0.53 £ 0.05
100 Se.l4 3.01 & 0.46 0.40 & 0.46
- Qryzaephilus mercator
Time Gas velocity,cm/sec. :
minutes 5 ‘ 50 o 100
, N R N R N R
1.0 75 1 ‘ 75 1 75 16
2.0 75 12 75 43 75 46
3.0 75 29 ‘75 47 75 71
4,0 - 75 71 .75 78 75 74
6.0 75 75 . 75 . 75 75 75
ANALYSIS
Gas velocity
cm/sec x> b .m
5 22.32 7.17 & 0.68 0.45 ¢ 0.01
50 - 19.46 5.40 % 0.49 0.33 & 0.02
- 4.87 £ 0.45 0.19 # 0.02
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Table Al.
Time in minutes taken to paralyse a number of insect

specles exposed to nicotine at two gas velocities and a
concentration of about 10 ng/l.

Coccinells septempunctata Schistocerca gregaria
; (adult). , (hoppers). ‘

'S5 em/sec 90 cm/sec 5 em/sec 90 cm/sec
1.&3 ‘ 1,&0 1.7 1.82
1.45 o 1.47 | 1.85 1.05
1.17 1,28 1.23 1.90
1.72 - 1.62 1.82 1.45
1.87 ©1,48 1.40 1.03
1.37 l1.22 1.27 1.50
1.78 1.50 2.03 1.37
l.a? 1.72 1.73 1.95
l.42 1.72 1.95 1.88
¢ H
1. . . .
1.62 1.42 1.48 2.22
1.45 1.35 1.52 1.17
2.03 . 1.52 2.00 2.03
1.60 1.95 1.92 1.43
1.46 1.&3 1.98 1.72
1.92 1.40 2.02 1.52
1.1"‘0 1017 2017 1010
2.87 1.97 1.63 2.22
l.L|'3 1038 - 1.0 1.13
1.27 1.70 1.12 1.60
1.65 2.08 1.15 1.72
1. 1.22

X1
E:J
=
?F‘
25
f1?

t = 0,717 t = 0.318
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Tabls A4 contd. -

Supella supellectilium Musca domestica QOryzaephilus mercator

5 em/sec 90 cm/sec 5 em/sec 90 cm/sec 5 cm/sec 90 cm/seo
1.4%7 1.2 l.42 1.17 1.80 1.58
1.55 1.28 2.00 -l.42 1.83 1.78
1.97 1.55 2.25 - 1.50 2.85 2445
loss 1062 ) 1.50 2.17 1077 - 1048
1.98 1.32 1.58 1,17 - 2407 1.82
1,48 2415 ' l.66 l.25 2.07 1.92
1.45 - 1.58 1.92 1.08 - 1.66 1.43
1.66 1.27 2.17 1.38 1.88 2.00

1,18 1.62 2.25 l.92 1.48 - 1.48
1.63 1.25 1.33 1.25 1.75 1.50

1,75 1,68 1.83 1.60 2,00 1.52
2,15 1.38 1,42 1.00 1.66 173
1.27 - le78 1,76 - 1l.42 2.03 ‘ 1.90

1,22 215 1.08 1.28 1.60 - 1.60
1,55 1,37 1.25 1.43 1.92 ~ 1.65
1.82 1.70 1.83 1.66 1.25 1.80
1.27 1.35 1.48 1.17 1.73 - 1.58
1.57 1.67 1.50 1.58 1.77 2.25
1075 1l.98 ' 2025 ’ 1-85 ) 1.52 . 2.17
1.68 1.33 2.20 1.7 . 1l.83 1.66
l.22 - 1.53 1.45 - 1.58 2,33 2.00
1.05 2.10 1.75 2.00 2485 1.58
1.54 - 1.54 : 1.74 . 1.5% 1.80 - 1.71

t = 0.005 t = 2.15 t = 1.14



Fig. 45 Optimum positions for observation
of the thoracic spiracles of Musca.

A plan view
B end view ._
My meso-thoracic spiracle

Moy meta-thoracic spiracle. .
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Table A5
Spiracle activity during fumigaticn with nicotine.

- Gas Time spent open
velociby mins. - secs.
cn/ sec 0 8 22 44 63 95
5-40 420 3-05 1-40 1-10 1-05
‘Meso- 4-30  4-10 2-50 1=-55 1l-25 1-15

415 4=45 2=45 2205 1-30 1-15
thorax  4-50 4-20 2~20 2«05 1-15 1«25
5«20 4-00 3-10 1-50 1-B0 1«20
5-30 4-30 2«50 2-00 1~15 1~-20

- 4=10 4-25 2-25 2-10 1-35 1-15

Meta- 4-50 4-40 é-10 1-45 1-20 1-20
4-40 425 2=-40  1-50 1-15 1~15

thorax 5-30  4-10 2=30 1-50 1-10 1-10
5-05 4-15 2=-35 2~00 1-10 1-30

5=30  4-30 2=-45 2~05 1-25 1~15

me&n-
" minutes 4.98 4,

%

2,75 1.93 1.33 1.28

MLT |
{ from :
Fig. 13) 10.4 8.6 6.8 5.2 4.2 3.7

%
MLT 47 50 40 37 30 35
open
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Table A6

Toxicity data from nicotine fumigation of Musca domestica
with pressure fluctuations - CTp's expressed in pg.min/l.

1. 755 mnm Hg. 2., 500 mm Hg. 3. 3 cyeles/min

500/755/500
CTp N R .~ CTp N R CTp N R
32 30 1 . 3830 2 56 30 4
48 30 B 54 30 1 8430 5
64 30 4 . 7230 3 112 30 7
96 30 11 . 108 30 11 168 30 19
128 %0 12 144 30 17 . 224 30 28
192 30 20 216 30 23 336 30 27
03 0 03 © . 03 0
ANALYSTS

For parallel lines: b = 3.39 £ 0.28 my = 2.12 £ 0.03
v mz - 2014 f 0003
2.14 $ 0.05

&

for position Z(zg) 0.22
for parallelism x%g) 1.74

for linearity 27%3,2) 10.96
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Table A7

Toxicity end welight loss data of Musca domestica adults
aired after fumigation.

The insects were exposed to a nicotine concentration of
about 1 ng/l in still air within e desicecator.

Time of | Mortaiity among = Mortality emong allowed

exposure  aired lnsects %0 recover nommally .
minutes © N "R - N - R
6 25 8 25 12
12 85 12 : 25 8.
24 25" ‘11 g6 - 16 -
48 -85 18 25" 2
°8 .. 2B 25 25 25
x* 8,54 x% 10.01
b = 1 58'% 0.32 b = 1.72°% 0,33

For parallelism xa = 0.087
Table A8 (Fig. 16).

Absorption of nico*bine by Musca domestica adults exposed
at & number of gas velocI’ﬁﬂs for the appropriate MLT.

Velocity Time Wt. of 50  Nicotine cpm.

em/ sec minutes flies - mg Trecovered pg .
0 10.4 520 109 210
8 8.6 5156 121 230
- 22 6.8 520 121 239
44 5.2 535 145 271
65 : 4,2

515 125 2453
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Table A9.

Absorption of nicotine by Oryzaephilus mercetor at a mmber
-of gas velooities.

Nicotine concentrstion: 120 mg/l by colorimetric assay.
This value is high by a factor of about 1l0x, (see p.48-49).

‘Fumigent

velosity Absorption - ppm.

cm/8e6. 10 minutes 15 minutes 25 minutes
0 610 1090 2040
.8 ' 986 1160 2120
28 : 906 1290 2540
44 1010 1470 2510
63 . | 1110 1510 2540

reagson
These figures may be high for the same/as the gas con-
centration estimate. They are relative, however, and serve
to show the approaeh to an asymptotle value and thet aebsorp-
tion of this fumigent has daparted only little from linearity
wi'bh time after 25 minutea.

Table A10. (Fig. 18).
Absorption of nicotine by Musca domesgtica at a number of
gas velooities.

The gquantities of nicotine absorbed have been correc‘oed for
| concentrations of 10 1.15/1‘

Gas Number Wt. of cone. Nicotine absorbed
Velocity of ingects corrected
cm/see¢. Inseets mg. ng/l. - ug. Ppm - ppm
0 15 190  15.6 42,1 222 148
51 16 205 11.7 58,8 287 - 245
15 15 200 12.3 60 .5 303 . 246
25 15 185 12.8 82.0 443 346
131 17 200 9.9 106 525 530
70 15 170 1l4.4 107 650 438
100 15 180 13.3 153 850 €40
150 14 165 14.5 151 915 630
200 12 148 11,5 - 119 804 700

500 12 140 12.0 127 808 750
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Table A 11. (Fig. 19).
Absorption of nicotine by Supella supellectilium at a

number of gas velocities.
(20 minute axposure, concentration 10 ng/l}.

Gas veloclty Nicotine absorbed
- em/sec. - ng/g.
0 : 278
20 : ' 02
40 ‘ 485
50 . 432
80 I 580 .
90 B 5286
100 ‘ 610
25 621
180 540
75 o - 875
200 o 660
250 oo - 860
300 S 805

350 ~ 728

Teble A 12, (Fig. 20).

Absorption of nicotine by dead .snd live houseflies._
(10 minute exposure, 10 pg/l)

Gas Live insects. (4) Dead insects {o0) \
Velocity Wt. 15 nicotine mean wWt. 15 nicotine . mean
em/sec. insects residue - . insects residue
ng Mg prm ng pe ppm
. 170 28 150 28 ‘
5 160 32 190. 180 - 32 180
155 32 § 170 30 o
150 60 : 180 - 88 . :
40 175 61 340 155 56 400
160 45 : 1606 53 :
o 175 a7 150 79 .
95 160 85 530 165 86 520

165 90 ' 175 86
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Table A 13. (Fig. 21)
Absorption of nicotine by Musca domestica with and without

epicuticular wax.
(6 minute exposure, 12 pg/l) .

Gas . Normal insects (#) Insects with epicuticular

Velocity wax removed (o)
Wt. 20 nicotine residue WwWt. 20 nicotine residue
em/sec.  insacts insects
mg ng bpn mg ne prm
5 : 2865 57 2156 260 29 110
40 275 124 450 265 36 135

95 260 - 136 535 260 4 17

Table Al4. (Fig. 22)

Location of absorbed nlaotine

(10 peg/1). o
Gas Nicotine absorbed
velocity Insects waxes 0 rest e total ¢
om/ sec. No. Wt. mg ng/fly g/ L1y ppm
b 0 235 1.8 1,7 - 291
50 16 200 4.2 2.4 527
80 20 225 4.9 2.0 611
100 23 300 5.5 3.5 694
200 20 225 6.4 1.9 688
300 19 195 6.5 1.1 725
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Table A15 {Fig. 23).

Absorption of nicotine by normal and beeswax coataed
Oryzaephilus merecator
{

pe/li).

Gas beeswax coated 4 normal © -
velocity Wt. of mnicotine residue Wt. of nicotine residue
em/sec.  insects ng ppm insects ng ppm
5 . 18 ] 500 19 11 580
40 18 17 940 18 14 780
70 l9 - 2l © 1100 i8 22 1220
100 18 24 1330 18 19 1050
150 i8 25 1390 is 19 1050

Teble Al6 (Fig. 25).

Absorption of nicotine by beeswax and paraffin wax rods
with change in ges veloeclty.

(5 pg/1).
Gas velocity ' Nicotine absorbed
beeswax paraffin wax
om/ 580 | ne ng
0 30 i 5
10 38 ‘ 6
20 44 ’ 7
30 60 ‘ o 18
40 40 ‘ 4 -
50 €0 ' 15
60 70 . -
75 - 17
90 74 -
100 72 14
125 100 -
150 97 -
200 100,127 -
228 129 -
250 111 -
275 119 -
300 129 13
325 111 -
350 122 -
400 110,119 17
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Table A 17 (¥Fig. 28).

Absorption of nicotine by grooved beeswax rods
(20 minutas, 10 pg/l) .

Gas veloclity Nicotine absorbed - ng
em/ sec. ¢irvoular grooves (o) Annular grooves {+)
0 14 15
5 ‘ 13 8
10 : : 12 : 17
15 24 - 19
25 o8 14
30 22 16
35 21 24
75 36 33
100 : : 4 ‘ 47
200 43 5%
300 5% 57
400 ' 40 39

Table A 18 (Fig. 29).

Absorption of nicotine by plain and miorosculptured
beaeswax rods. .
{20 minutes, 10 pg/l).

Gas velocity ' Nicotine sbsorbed - ng.
, cm/ sec. microsculptured (o) plein (&)

¢ 24 , 15

10 26 11
30 24 ‘ 14
50 58 21
70 41 19
100 41 26
150 57 25
200 71 31
300 8l 54

400 o7 46
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Table A 19 (Fig. 30)

Absorption of nicotine by besswax rods of different length
with change in gas velocity. '
{20 minubte expogurs, 5 pg/l).

Gas Nicotinas absorbed - ng.
velocity 5 mm 12 mm 24 mmz 40 mm 54 mm

cn/sec 88 mm:3 176 mmz 327 mm 528 mmz 703 mmz

0 5 14 23 36 .47
10 8 16 29 38 51
30 12 22 54 59 76

60 16 23 39 66 - 94
100 1l - 48 57 8l 101
200 <8 43 83 106 141
300 15 4l 106 125 180
400 31 50 91 139 180

Table A 20 (Fig. 32)

Loss of absbrbed nicotine during eiring.

Time of alring Nieot%ne lost

minutes
4 31
8 37
10 34
16 50
20 47

50 48
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Table A 21 (Figs 38) -
Absorption of nicotine by msect cu’cicle. :

(5 pa/l).
Prbj ected True Nicotine absorbsd
area  area g .
cm® en® 5 min 10 min 20 min 40 min
Peripleneta (1 ‘foi‘ewing) 5.20 42,7 17.1 '23.9 51.5 72.6
Musca (75 win.gs)‘ 15.7 6.1 - ‘36.2 54.3 10l

Tenebrio (12 elytra) 4.91 32.9 25.0 '36.2 59,2 141

Lockey, (1960) - see p. 101

Absorption per unit area -~ ng/ cm®

. 5min., 10 min. 20 min. - 40 min.
Periplanaete 0 .40 0.56 1.2 1.7
Musca - 1.0 1.5 2.8

Tenebrio 0.76 1.1 1.8 4.3
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Teble A 22 (Figs. 34 and 35).

Absorption and desorption of nicotine with time by various

waxes,

Absorption

Material

Periplaneta
Musca
Tenebrio
Oryzaephilus
Beeswax
Paraffin wax
Shellac

Dasorption

Material

Periplansta
Musca
Tenebrio
ryzae
Beaswax

Paraffin wex
Shellac

ilus

% nicotinse absorbed:

7

37

74
109

16
1

14

50
100
149
105
17
1
101

24
59
120
178
11¢
19

1

1038

" % nicotine remaining

Original
wax
Material present - ug.
Periplaneta 68
Museca - 137
Tenebrio 278
Orzzaapﬁilus 286
Besgswax 73
Paraffin wax 100
Shellac 30
Time
hours 1 2 4 5
13 12 31 -
26 39 H8 -
28 49 79 -
21 34 -~ 65
7 10 13 -
r - 1 -
- - - 83
Tine
hours 1 5 12 14
34 19 - i
66 26 - 8B
114 42 « 153
48 20 6 =~
14 12 - -
0 - - -
53 27 20 =

22

-4

1 1 o8 4%

28

t1 oo

33

63
125
188
120

20

104

59

WOID M
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Table A23 (Figs. 36 and 37).
Absorption and desorption of DDVP with time by various waxes.

Absorption
Wt. original
Time wax - ug % nicotine absorbed

Material hours ' 0 1 2 4 8 14
Periplanaeta - 163 6 7 9 10 11
Musca 124 16 22 27 31 32
- Tenabrio 135 22 30 37 40 42
- Beaswax 86 3 7 6 5 6
Desorption

| Time % nicotine remaining
Material hours 1 2 "5 10 20 -
Periplanets 18 7 7 .} 6

Musca . 16 12 7 5 4

Tenabrio - 22 15 7 4 2

Beeswax 2 2 1 1 1

Table A24 (Fig. 38).

Absorption of nicotine by dilute sulphuric acid at a
- number of gas veloocities.

Ges concentration 10 pg/l; 0.2 ml of 0.04N HyS0,

Gas velocity - cm/sec. Nicotine absorbed
Indicated Corrected ne. :
0 0 20
50 80 36
100 160 68
200 320 130
200 481 210

400 641 ' 309
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Table A 25 (Fig. 39).

Abgorption of hydrogen cyanide by dilute aqueous sodium
bicarbonate at a number of gas velocities.

{gas concentration 1.7 mg/l; 0.2 ml 0.7 NaHCOz exposed
- Tor 3 minutes).

Ges velocity om/sec Hydrogen cyanlde
Indlcated corrected absorbed - ng
0 0 16.5
10 , 16 17.5
20 : 32 19.0
100 160 %39.5

Table A 26 (?ig. 40} .

Absorption of DDVP by n—deoeme a-b a nmnber of gas
velocities. . ‘

(ges concentration <l ng/l exposed for 10 rminutes) .

Gas DDVP
velociby absorbed
~ em/sec ppm

2 50
12 80
40 160

60 208
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