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1*1*1 Xrace elements In ambient air

Considerable concern has been expressed about the levels
of trace elements iIn urban atmospheres over recent
years. While these are a natural component of any
aerosol there 1is abundant evidence that levels are

increasing, particularly of the more toxic trace metals.

The composition of the aerosol varies worldwide but the
principal contrast is between urban and rural aerosols

(Table 1.1.1).

The composition of trace elements In an urban atmosphere
will be the sum of the local background level plus any
contribution from industrial processes, power
generation, transport, iIncineration and other element
releasing processes, plus re-entrained material

deposited previously.

Ihfi absorption of airborne trace npi-.aiff

Of primary importance when studying the levels of trace
elements iIn urban air is the particle size distribution

of these elements. If there i1s to be any value 1In



table 1.1.1

at remote and urban

¢, Temeni

Al
As
Br
Ca

Cl
Co
Cr
Cu
Fe
Mn

Na

Pb
Sb

n

Background
ng kg“~"
0.67 - 43
0.006 - 0.19
1.1 - 6.7
0.4 - 200
ND - 0.4
5.9 - 2100
0.040
<0.03 - 0.29
0.51 - 0.72
29 - 40
1.2 - 1.8
2.7 - 1200
< 2
3.6 - 11
0.16 - 0.24
0.24 _ 1.3
0.027 - 8.1

liLLal-1IME£]]tr8tiQns of some elemenhs iy
locations.
mUrban

ng kg'1 ng m=3
370

6.4 - 15

1.1 - 320

2.8 ND - 130
4600

1.4 - 4.5 ND - 30
6.1 - 14 6-65

19 - 57 110 - 846
680 - 940 610 - 2590

25 - 31 23 - 85
1960

13 -66 12 - 120
340 - 500 630 - 2210
4.0 - 7.3

17 - 2 39 - 240
260 - 310 150 -830



measuring element concentrations iIn urban air It must be
in the context of assessing the data for toxic risk.
Toxic risk i1s i1nextricably bound to the ability of the
respiratory system to retain or absorb any toxic

compound present (4).

The human respiratory system does not exhibit 100X
retention characteristics for i1nhaled particles over the
whole size spectrum (M,5). The most important factors
determining the pattern of deposition within the

respiratory tract are (56);
1. The dimensions of the respiratory system.

2. Respiratory patterns, especially tidal volume,
the rate of breathing and nose or mouth

breathing.

3. Secondary responses such as diseased states or

allergic conditions.

The minimum retention i1s normally about 0.5 pm where
about 2b% of the inhaled aerosol 1is retained (5,6,7).
Above 0.1 pm, deposition in the nasopharyngeal regions
Increases with increasing particle size. Particles with
an aerodynamic diameter greater than 20 un are almost
exclusively retained In the nose (6). Below 1.0 pm

4



pulmonary deposition iIncreases with decreasing particle
size (5). For particles below 0.1 un, the efficiency of
deposition approaches in value the fraction of the total

tidal volume which reaches the pulmonary air spaces of

the deep lung.

Ligure 1,111 Idealised particle retention curve
for different regions of the lung.

The upper respiratory tract serves mainly as a
protection to the rest of the system. Particles which
are collected here are eirther swallowed or expelled with
nasal clearance. Particles which are deposited in the
conducting airways are gradually raised by the
mucociliary escalator to be swallowed. Trace elements
are generally poorly absorbed iIn the gastro-intestinal
tract. Only about 5-15% of iInorganic lead associated
with particles i1s extracted (U). The only particles of
pathological iInterest are those which penetrate to, and

5



iIire deposited 1iIn, the pulinonary ailr spaces (6)-
Particles r.ay remain iIn the alveoli until tliey dissolve
a* are phagocytised. Material collected by phagocytes is
introduced uo the blood strearii via the lymphatic
cnannels. jjoutn oreatiling-, Ccjn i1ntroduce luore of the
lar]j.er particles to the alveolil because the protection
of the nasopharyngeal region has been avoided (8)- The
rate of oreathing also affects the retention efficiency

of the deep lung (6),

Clearly, as particle dialilieter decreases so the hazard
asoocia™ed with airborne toxic trace eleilrients iIncreases.
The Medical Research Council has defined "respirable
dust' mass nieasurement criteria which rei"lect the
relative hazard from different particle sizes (Fig
1.1.2), The dynamics of lung particle retention have

been confirmed by more recent studies (10)-

0 1 2 3 45 6 7 8 9 10
Diameter, ”m

Medical Research Council ™"Respirable
Dust' Curve.
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1«1.3 ¢lze Ji3tribuuiQr] of A:

Airborne Material can cover a size spectrum varyint; from
Aitken nucleir at about 0,002 to *;inu blov;n dusts up
to 100 |pm in diameter (8,11). The size distribution at
any locatiori v;ill depend upon the sources of the
aerosol, 1its aYe and the degree of turbulence

resuspending previously settled larur™i1” particles (Fig

1.1.4).

The liner particles are ¢.enerated iriain).y by coinbustion
processes through the condensation of ¢.ases and vapours.
ThGoC particles coaj,ulate and act as coridensacion nuclei
for other gases and vapours so that the size
distribution shifts to a larger size range as tiie
aerosol ages. The priiuary aerosol 1is relatively
sliort-lived but the secondary aerosol becomes more
stable as the processes of coagulation and condensation
become less favourable. The particle size range above

1 tends to be generated oy mechanical processes such
as erosion. Its stability will depend upon local

turbulence, wind-speed and precipitation.

In general, particxes greater than 9 settle very
rapidly, particles sized between 19 may remain
airborne for short periods but it is only the sub-micron

fraction that has a significant residence time (12),



I1"particles 10D aerosol Dusts
condensation Sea-spray

<— Aitken nuclei - > <-Accurnulalion-> <- i1"i1echanically-->
I-jeneratea

1EHIl-Ts—.1 1t Fulli-i.ioda lity of tne at.ibient
aerosol (8)-

In a study oi ohe size distribution of aerosols iIn
Cciiiiornia, ilidy aX (l11) found that trace eler.ients
iwot.1 anthropogenic sources were concentrated 1iIn the
sub-micron 1iracaion of the aerosol, Coriiponents such as
toxic trace riletals, carbon-compounds, bromides and
oxides of sulphur and nitrogen had a i.iaxiniun mass
concentration at around 0,5 ~m, corresponding to the
secondary aerosol. The 1;iIgjor components, silicon,
aluminiui.i, 1iron, sodium and chlorine, had a maximum mass

concentration at about 10 ~ai, reflecting their natural

origin,



Ine size disLribuLiori of trcice retals iIn urban air tends

to reflect their principal origin (Table 1.2).

Table 1.2 tipn_PiL™oiDii_irppp

y_etiilp._In_i!sA _iirbaii_i-ix (13).

Total Suspended Particulates % Less bljan
m-3) equal to Ipr§

Fe 0.5 - 1.5 10 - 37
Pb 1.0 - 35 53 - 79
Zn 0.1 -~ 1.7 10 - 65
Cu 0.1 - 0.6 16 - 60
hi 0.04 . 0.11 28 - 52
Mn 0.01 - o.31 13 - 38
Vv 0.02 . o0.15 4 - 79

LeccUse of i1ts size distribution and kuov/n toxic
eifects, lead prooably poses tiie greatest iniialation
hazard in urban air. In Cincinnati 705" of airborne lead
was associated with particles less than 1 |i0i in diameter
and the mass median equivalent diameter (MHED) of lead
particles iIn USA urban air ranged from 0.08 to

0.64 (14,15). The range of sizes reflects the source
and age of the aerosol. Paciga ~ ~ (16) found that

near a roadside the lead aerosol was predortiinarjtly

10



associated with sub-tnicrorrieter particles whereas 1In the
vicinity of lead smelters the lead was biased towards
particles greater than 3.3 /Ja. They sutii>est that
roadside lead poses a ¢greater liealth liazard than tliat

eliritted 1'rdh) smelters.

Natusch and =Allace (4,17) have invest ated tne
rnecaanisms of particle formation iIn combustion
processes. In ttie cooling flue gases the more volatile
i.1etaxS 1ncluding PO, Cd, Se, As and i1 are adsorbed on
to reiractory particles. Si.ialler particles have a hij,her
ourtface area to mass ratio and the average concentration
per unii. jliass, Y a volatiza“ole species, X, siiould
depend upon the particle diarueter. Dp according to the
form
C)(»OCCO + U Average 1intrinsic concentration of
Dp X 1In refractory particle.

Average concentration added by

absorption.
Tlie volatile trace metals are thus preferentially
concentrated on the smaller particles In the combustion
products, 1ile final distribution vjill depend upon the
particle sizes available. In coal fired power plants the
metals are associated with fly-asli particles (18,9). A
signiiicant amount of sub-—niicron luaterial 1is generated
by the ~“oursting® and fragnientation® of larger fTiy-ash

11



particles. Althouj~h the 1ncineration of uolnescic wastes
can coritrioutc si™nificantly to the levels of toxic
trace metals iIn the urban atuosphore (20), the Ilow
temperature of combustion will tend to generate a larger

aerosol (17).

Although the rS‘iilicai,ions of v.le addition of lead to
petrol are still the subject of debate (21,22,23) tliere
iIs little doubc. that this 1is tlie riigjor source of lead In
urban air (24,25,26). Lead 1s auded to petrol as
uetramethyl or tetraethyl lead as an anti-knock agent
and reacts with the lead scavengers 1,2—dicliloroethane
and 1,2-dibromethane in tlie coriibustion cha.uber (25). The
lead IS emitted as lead halide co*.jpounds iIn the form of
very dense sub-iiiicron particles. These particxes remaiti
susperjded iIn the aerosol arid are highly jriobile. The
principal loss jiechanism i1s believed to be diffusion to

upper atmospheric levels and 90~ of tiie lead is in a

form suitable for long-range dispersion (26).

Organic lead may be present iIn the urban atmosphere 1In
trace aitiounus (28,29) (Table 1.1.3). Since organic lead
IS regarded as being considerably j.joe toxic tlian

inorganic lead simultaneous monitoring may be justified

however, since all organic lead 1s eventually broken

12



down to inorganic lead it would appear that inorganic
lead 1s a greater cause for concern except iIn the

immediate vicinity of filling stations (30).

Table 1.3 Qrgnic lead iIn air (28,20)
Pb (ngm™”~) % Organic Ph

Rural ND
Residential

Urban

Pb smelter

Petrol station

Robinson £1_al (3D suggest that lead may be present 1In
the atmosphere iIn an i1norganic "molecular®™ form. Surface
imperfections of crystals may not be subject to the
theoretical dynamics of volatilisation when subjected to
physical pounding and the heat of the road surface. Thus
an 1norganic molecular vapour may be formed. The authors
have detected molecular forms of PbO, PbCl2 and PbBr2

which could not be collected on conventional Tfilters.

It 1s apparent that the physical form of airborne toxic
trace metals i1s of great significance. The environmental
effect of trace metals in small particles, or

13



concentrated at particle surfaces, jmay be much higher
tlian mii™ht be expected because of their enhanced
availability to aqueous leaching, iIn biological systems

(32,33).

1.1.4 Ear™ tors.Affeetin< Levels of Trace Elements iIn

Uk ‘quii. ALl

At a given urban location considerable fluctuations 1iIn
tlie levels of trace luetals may be encountered (34). In
the USA and the UK levels are usually higher in the
winter (1,13»34). Tiiis is due to a coiubinaoion of
effects i1ncluding lower mixing jjeights arid the use of
more heating and transport fuels iIn these niontiis. In
Glasgow, periods of fog and calm weather V/ere found to
be associated with higher levels, v;hile rain was found
to clear the atmosphere (35). Rooinson N detected
higher values of ’jjloiecular * lead on wariri, still days
(31), and in general the concentration of lead has been
found to be higiiest on dry, still days, washed out on

wet days and dispersed on vrindy days (34).

Lav-ither &), (37) report that the ratio [Pb]
street/[Pb] roof i1s lower for lead than for HO, CO and
hydrocarbons. This may be because the other components

are unstable and might be lost from the aerosol or it

14



primary lead aerosol at street level. Muskett (38)
studied the concentration of lead iIn air iIn tower blocks
in Islington, London, he detected 110 significant
Inc,rease or decrease witl"i height although an earlier
Si.udy using imicss btigs had iinipited an i1ncrease With
height. It seeilis possible that techniques which do not
account for tiie wliole particle size distribution niay
introduce bias into the results. It r.ey also be the case

that tile teciiniques used iIn these slLudies were windspeea

dependant.

Air concenorations ol lead have been found to vary
lineal ly with trafiic volunie and follow a quadratic
decay 1i1unction with respect to distance from tiie roadway
(39). 1Jormal “downtown® Ilevels of 2-3 yg were found
to be elevated up to "0 yg m- during rush hour. The
most i1mportant factor affecting local tii.iC-averaged

values was found to be wind direction.

Ttiere 1Is some dissent over the relationships between
indoor and outdoor levels. Andersen ((40) found a close
correlation between indoor and outdoor levels of
particulates and SO™ but indoor levels were 30% to 50%

lower, 110sandreas (41) considered that large particles

15
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were excluded 1'ro.i the indoor atii.osphere but that lead,
which 1s associated with smaller particles, may maintain

indoor concentrations similar ~o those found outside.

1.1.0 moul IQrInF. Trace lietals 1Ip

A ran-e of techniques 1is available for monic.orinf trace
metals 1In air varyirii™® In objectives and priitioipals and
decree of sophistication. The ;,iost @.,ii,in techniques
rely on drawin™i ailr at a constant rate through a filter.
IT au air sample is drawn slowly throujyh a filter (of
salall area) this 1i1s referred to as *low-volume ’

“a_nipliiiny. IT tlie sample 1i1s drawn rapidly through a

filter (of lar”e area) this 1iIs referred to as

Mii-Voi" sampliniy. Ttie °Hi-Vol®" Tilter 1is made from
Jlass-fl"ore and 1ts dimensions arc 5" x 7". It 1s
mounted on a device somewhat reserablitiij ™ vacuum
cleaner. 1Its principal applications are iIn ’spot’
sampling or In intermittent sampling at the same time

each day. Since tliey do not smootli out siiort-term

1 lucouations they have no application in this study.

Low volume sampling i1s employed to provide a measure of
total suspended particulates (TSP) over time periods
extending from days to weeks. The choice of fTilter

16



mat«riail Is very 1i.t,port.ant. Souc- FTilters do not collect
certain particle sizes efficiently, other are subject to
blocking and otliers iijgy introduce analytical
difficulties 42,1)3,411). Cellulose fibre (paper) fTilters
are often the least efficient iIn the sub-r.iicron size
ran;e (45). The retention characteristic of filters 1is
often expressed in tertis of tije 1 penetration or
retention of a 0.3 pur mass median diameter aerosol, ilass
median diameter is defined as that diameter above or
bciou wnioii 501 of the mass of the aeorosoi lies. It is
a convenient parameter with which define an aerosol but
hives no information aoout the distribution of particle
sizes. Since the particle diameter of some aazardous
components may be less than 0.3 (m 1t 1s desirable to
have some notion of filter efficiencies for very smali
particles. Spumy et al (46) have investigated the

retention of 0.3 jm and 0.03 /m particles by various

types of fTilter (Table 1.1.4).

It can be assumed that liillipore AA and HA fTilters will
have retentions greater than 97s across the whole size
spectrum as long as relatively low face velocities are

Iijaintaireci  (47).

17



Table 1.1.4

Tilter Gvpes
Filter Material Pore
size 7(0,03) ~(0.
pm
ilejjforane
Nuclepore Polycarbonate 0.50
Liqlng(e . 1.00 gg:g gg-g
HA-iiill ipore  cellulose 0.46  99.9 98.8
acetate
AA-Mi 11 ipoi-e K 0.80 g9.9 97.1
SS~iiiliipore 1 3.00 99.9 91.2
Fiore
Gelri1i1an-AGF Glass—fibre 99.9 099.0
FF-41-V."hatman Paper . 53:9 22:4
Face velocity: 5 cm sec”
“(0.03) ~0. are iiien collection efficieticies

particle dialiietera 0.03 and 0.3 wn..

Hhen a membrane Tfilter 1is run for long periods
"plugging” of the pores may occur. This will affect the
resistance across the filter and iIn turn the flow rate
will fall. Smith and Suprenant (45) have i1nvesUgated
changes i1n pressure differential with filtration time
and some of tneir findings are suuimariseu In Table

1.1.5.

18



Table 1.1.5 Change of oressure droD across air

samtU ing media_with jlDjilratinii time

PrA-S™nre drop (insi of water)

EN-LiLi: Initial 120 Mrs 400 hrs 600 hr
Vihati.ian Mo m 0.35 2.15 4.3 =
iiillipore* AA 2.3 2.6 3.0 3.4
liillipore HA 5.4 5.7 6.1 3.6
liurlbut Glass (.95 1.1 1.25 (8.4)=
Paper

AEG All-Glass 0.7 0.7 0. b§ (5.6)

Approx ir.jate duSt load: 03

Flow rate: 5 ft hif™™ (= 2.54 cn sec” iV,

MB ft ii.in™ (= 14.2 ci sec )

The overall performanee of millipore fillels is
cjenfecratly better than pap6r Til Lera but not as good as
glass-fibre fTilters, Hov;ever, inieliibrae fTilters have
other properties whicn iiigke thew superior 1In niany
applications. The [r.en*brane filter iy be totally
digested for cheir.iical analysis 1i.1aking extraction
technicjues unnecessary, Tielilbranes may be rendered
transparent by the addition of a fluid of siriiilar

19



thiracLivG iiciiX] so Lhat. LriGy can be cxairiiincd by
optical ;,iicroscopy (7). They ray also be collapsed to
iatr. a clear solid filai wliicli is a suitable laountin®,
1.iQilas for both optical and electron ri.icroscopy (48).
I/nen the filter itself is used as tlie electron
Microscopy substrate, only Urinii.ial disturbance of the
collected particles occurs. This is of particular
importance v;nen collecting particles to study slue

distributions.

The ..icasureriiCitt o1 dust fall i1nto jj.lass 1"unnels and
bottles can provide iniormation about tiie cycling of
eleifients buo i1s of little value iIn assessin; N airborne
concentrations. The rate of fall-out will depend upon
tne size distribuciéon of the aerosol and to a larije
extent on the prevailing liieteorolo-ical conditions (49)-
dust collected inside hoiiies. This has proved of value 1iIn

assessiriti tiie toxic metal hazard to urban dv/cllers (50).

Leaves and twigs liave been found to be reliable
indicators of deposition to vegetation (61,52), and
indigenous mosses have been shown to possess a unicjue
ability to absorb cations from the air (63), making thien
useful 1i1ndicators of local airborne pollution (54).

Goodman (X (B5) and Little and V/iffen (26) have

20



uescribeu the use UF j..oss-bacs as (uonitors of fall-out

of trace uetals to vecetauion. The laoso-oa™ co.iprises

c.bout 10 j, of acid-rinsed spha@Mui".1 noss collected from

some remote area, packed loosely iInto a ladies "bun-nef

and suspended from a 1 i bamboo cane. A refinement of

the technique 1i1s a two-dimensional “wallet” which allows

some assessiuent of the uirection of the source (563).

Tnis technique has seen employed iIn a nu..iocer of

successftul studies of trace metal transport and
distribution (53,56,57). The moss-ba™ has several

features whicii commend 1it; 1t is cheap; simple to

operate; requires no power supply; 1t 1s easy to analyse

chemically and ¢enerates data whicn i1s simple to

interpret. The moss-bag i1s an excellent model for the

mass transfer of airborne material to vegetation.

However, 1t is highly unsuitable as a monitor for trace

metals In the urban environment, where 1i1nhalation hazard

13 tne principal concern. For particles greater tlian 10

um the lijoss bag i1s very efficient, but it 1is

extremely inefficient iIn the critical 0.05-0.20 ™“m size
range (26,50). Its collection cliaracteristics are also

highly dependent upon wind speed (58).

Some of the techniques used iIn occupational 11ygiene
liionitoring attempt to discriniinate between the

"respirable”™ and '‘non-respirable’™ components of the

21



aerosol .The A.nerican Conference of Governi.iental
Industrial Hygienists has defined criteria for the
assessment of the respirable component of an aerosol
1.1.5). The health Effects Research Laboratory of
the USA 1:,nviromuental Protection Agency recommends that
a standard for inlialed particles should extend to 15 pm
to allow for the worst case situation (mouth breathing)
(09). nowever, this is now to be reduceu to 10 [jn (59A).
the reco.wiiendeu minimuni cut-off brin™s the criteria
broadly into line with the earlier AGGI1J standards. The
"respirable®™ component may oe defined as those particles
sufficiently small to be aspirated into the human
alveolil (60). Tlie considerable iInter-individual
difierences have been discussed above so i1t is clear
that any definition must be highly 1i1oealised. However,
any method which does not tawe this distinction 1iInto
account will provide a crude and perhaps misleading
indication of inhialation hazard. This 1is oest
illustrated by observing that one 10 ym particle has the
same mass as one million 0.1 pn particles (and possibly
the same trace metal content too). Only a few
resuspended particles of road dust are needed iIn order
to achieve the sa.ie lead content as a more
representative sample of smaller, respirable particles
(61). The ratio of Inhalable particle concentration to

total suspended particles 1i1s reported to range

22



aerosol. lhe Aiiiericon Conference of Governmental
Inuustrial nyitienists has Jefined criteria for the
assessment of the respirable component of an aerosol
@*iis 1.1.5). The health Effects Research Laboratory of
the USA Environmental Protection Agency recommends that
a standard for inhaled particles should extend to 15 jjm
to allow for the worst case situation (mouth breadiih-)
(59). »however, this 1s now to be reduceu to 10 fpr (569A).

me recomiuended minimum:! cut-off brings the criteria

oroauly i1nto line with the earlier AGGIiI1 standards. The

’respiraole” component may be defined as tilose particles
sufficiently small to be aspirated iInto the human
alveoli (60). Thlie considerable inter-inu ividual
difierences Iliave been discussed above so i1t is clear
that any uefinition must be highly idealised. However,
any method which does not tawe this distinction iInto
account will provide a crude and perhaps misleading
indication of initalation hazard. This 1Is cost
Illustrated by observing that one 10 fju particle has the
same mass as one million 0.1 “ri particles (and possibly
the same trace metal content too). Only a few
resuspended particles of road dust are needed iIn order
to achieve the same lead content as a more
representative sample of smaller, respirable particles
(61). The ratio of inlialable particle concentration to

total suspended particles i1s reported to range
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from 0.5 to 0.7 (62).

A number of dichotomous samples are available on the
market and typical of these are the Cassella "Hexlef
and -Personal Dust Sampler®. Both of these are designed
to conform to the HRC retention curve and separate the
aerosol by removing large particles iIn an elutriator and
collecting the -respirable- component on a filter. The
division 1iIs somewhat arbitrary but i1t i1s a considerable
improvement on Total Suspended Particulates sampling

when an assessment of inhalation hazard is required.

Aerodynamic % passing
_ diameter, m
% penetration selector

diameter, m

Criteria“o) "Respirable® Mass measurement

Cascade 1mpactors are designed to provide a serial
separation of the particles according to their
aerodynamic properties. Particles may be collected on up
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to C stages where eacli stage 1is dei"ineu by 1ts cut-off
k@ass tiedian equivalent diari.eter (IWIED). Equivalent
diameter 1is the diameter of a unit density sphere which
has the same inertial characteristics as a given
particle. A detailed discussion of the use of oiie

1“riderson 2000 11,1pactor appears 1In Section 1.2.1.

1.1.7 SjjuiH_Part icle DvrirUnjc:,

Tne 1hoss-dcil i1s a passive sa.,ipler for dry deposition to
veietaGion. The ai;i of this work is to apply tliis type
ol teciinique, witii all its benefits to the probler.i of
aar.ipline for respiraole hazard. It IS necessary 1o
consider some of tlie physical mechanisuis i1nvolved iIn the
collection of particles from caseous media, host of the
theory has been developed around i1ndustrial filtration
and dusu conarol equipment, although there has been some

recent work in the Tfield of passive dosimeterins for

vapour-s and ;,ases (63,64).

Six mechanisms have been 1i1dentified In the capture of
particles; 1nertial 1i1mpaction, iInterception,
gravitation, diffusion, electrostatic attraction and

temperature gradient motion (Figure 1.1.6).
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dl liiiict ioii r: radius of collector
b: InL@rcepuion j: uisplaceiiient

C: Diffusion

irajectories of particles subject to

brb—
various collection rnechanisins. (After
George and Poeluein (63)),
Inertial 1mpaction occurs v;hen particles deviate from

tne streamlines of the carrying gas as i1t i"itows around

or over the collector. It 1is most significant for larger

(iteavier) particles at high gas velocities.

25



It iIs the cloruiridnt i1.,echaniam In the Ffiltration of

industrial ”~ases and in MIli-Vol * satuplinc cechniques and

collection ol paruicles by tlie i.iocsshaij,. It 1s also

responsible for the retention of larner particles 1In the

nasopnaryn”eal regions of the respiratory systeta. Th.e
inspired air passes tiirough the nasal hairs and over tie
internal convolutions of the air passages at nigh speed.

The einiiciency of collection 1is related to particle laass

and gass velocity since collection 1is dependent on

particxe 1nertia where

particle 1Inertia = LU B- il <

u = velocity

Particle shape and density will also be a factor, v;i;ich

iIs vty theoretical criteria are always expressed 1In

"equivalent diameter” for unit density spheres.

Interception is only important for large particles which

follow the streamlines and niake contact with the

collector surface. In most cases tlie effect can be

considered to be negligible. Gravitation 1is only
significant for large particles at low gas velocities,

It IS tne mechanism involved iIn dust fall techniques.
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Diliusioti only dffects those particles suall enougli to
oe suoject to Brounian motion (ar.ciOi.i motion of the
particle caused by the buffeting by ,,as tioleoults). The

rate of collection is relateu to the ra.e at uhici,

particles can cross a layer of Ia,,,i.nar flou adjacent to

the collector surface (see Fig 1.6). Loffler (65) state:

tuat the collection efficiency 1is i1nversely related to

the Peclet nuoiber, Pe, wiiere

@) Pe =Dc Vu DC = pijai.iecer of cyi incirical
a coll ec tor"
Gas velocity
dirtiuslon coefficierjo

(2) : Boltzitian®™s corjstanL
3 u Dp - Absolute teiuperatur-e
- Cuturin -han; coi"rec tion factor
(0.50 - 0.75)
> tiyar. lic viscocity of “as
= drameter of the particle

For a given system at a fTixed temperature, collection

eificiency can be seen to be inversely proportional to

the diameter of the collector (Dc), the diameter of the

particle (Dp) and the velocity of the gas flow (V).

Diffusion collection 1is the principal mechanism i1nvolved

iIn the retention of very small particles iIn the lung.

The lung i1s a highly branched system and the passage

diameter 1s reduced at each bifurcation. As the diameter
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of the alveolar passages approaches the root n.ean square
(KMS) displaceuent of the particles due uo hrovinian
motion, the probability of a ¢iven particle reachinc the
walls approaches 1/2 (5). The number of particles
retciined i1s also related to the rate and depth of
oreathin”™. If breathing 1is slovier, tnen the time chat
the particles spend iIn tlie narrow passages 1S 1Increased,
ana the probaoixity of a particle reaching the waxl 1is
increased. Deep breathing j,ay ad,iitt more

par oicle-contaln in™ air to the ¢ ilveolt and allow a ,1lore

coiijplete change of air.

electrostatic attraction between two oppositely charged
bodies, or the induced force where only one body 1is
charged, can enhance collection efficiencies. The
collection efficiency may be greater tnan 100g where the
collection efficiency, n, for a fibre, 1i1s defined as tiie
ratio 01 e nu,,iber of particles collected by a unit
length of fibre a, iIn unit time, to the total number

wnich flow toward the projected surface of the fTibre 1In

unit tiiiie.

@ n= a fibre diaiiieter
cCoo V'( Upstream gas \_/elocity
n. upstream particle
concentration

number of particles collected
per unit length per unit triie
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The force between two point charnes can be calculated by
Couloi.ib"a law. 1In jnost caaes the collector 1is uncharged
and capture then relies on 1ii.lage forces between the
charged particle and the collector. This force depends
on tne cnarge on the particle and on tiie dielectric
constant of the collector material. Dielectric constant
13 defined as tiie ratio of the capacitance of a
capacitor wiun tue space between tiie plates being fTilled

with the dielectric material, to the capacitance of the
same capacitor 1In and 1s given the symbol, £. The
dielecti-ic constant is related to tiie behaviour of
bonding electrons. When the material 1iIs subjected to an
electrostatic TfTield some electrons are able to modify
tneilr orbits so that there is a net, though sligiit,
transfer of negative charge towards the positive pole of
the field. The surfaces of the material then carry a
charge. 11 there are polar bonds present in tire
structure tliese may align with the field and increase
the charging effect (66). If a charged particle
approaches a dielectric, an induced charge, of opposite
sign to that of the particle, will form on the surface
of the dielectric and the two bodies will be attracted
towarus each other. Some typical dielectric constants
are given In Taole 1.1.6. The unexpected dielectric of

polyethylene 1s due mainly to the formation of

extraneous carbonyl group dipoles during the



iﬁduiJCcurin— process. The dielectric properties of
teryiene (polyethylene tereplithalate, ICI) and nylon
6,6 (polyliexaiiietiiylene adipaiuide, ICl) vary wich
nuIinidik.y and teniperature (69). Tue dielectric of nylon
i1s iniuch hiiglier wlien it i1s wet but teryiene 1is

unci fecteu.

e
g

Table 1.1.6 * ) Qo
idvyr J . 267 f6G) -

£l
<

Gl ass i-10
ca

Ebonite

Polyethylene 2.01 (p - 0.92) p = densicy

Teryiene

nylon 6,6

ijylon 6,6 (wee)

Vater

Alcoiol 26

"dnen electrostatic forces are active particles nay be

collected even 1f they originate at a distance ],

ofi-set from the streamline which 1is ¢greater tiian the

raoius of the collectitiin fibre () (See Fi¢ 1.1.6). Thus

tiie collection efi"iciency tuwy be i1ncreased to

oi“niiicantly greater than 1 (as defined 1In equation 3).

Electrostatic forces are most effective when particle

inertia i1s low. Thus tiiey tend to enhance diffusive

collection but be i1neffective wiien i1nertia 1is hihli(Fi-

1.1.7).
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idealised effecao of eireclLrosLauic forces
ol collecLiorj exficiency as particle
inertia cilan[cs (aaapted *o,.i 63 and 70).

tS - dice ofostatic effect

1iany an tliropotien ic sources erat particles wnich carry
preooirjinantly positive or negative charges and
elecoroscatic charge 1i1s a universal feature of
equilibriated aerosols (70). As a ruie 40" to 503 of
particles iIn the sub-rticron size range carry electrical
cnarijcs wl). |In addition, TfTine particles frot,
cotibustion sources frequently carry strong uni-polar
charges, even elementary cliarges (Q = +1) on particles
rtay have marked effects. Only 16> of uncharged methylene
blue pan-icles were retained on a wool felt filter
whereas 99t of elementary charged particles were

retained (65)- The effect of particle charging 1is
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roporled to be i1nsi-nifleant iIn lung depobioion unleso
the char™:.e 1s iIn excess of 10 (71). This 1is probably
because uirifusxonal deposition oT very sn.all parLicles
iIs al;nost I/ anyway and the charge aids the collection

of <oi.,e of Uie uore marginal, larger particles.

Te.1iperaL.ure gradients between surfaces can cause
convective cells to be established. This may facilitate
a transfer of air particles from the air body to t,)he
suriaces by chermophoresis. No application of tiiis

pi incipal iIn this wi"k is foreseen .

bind tunnel scudies of deposition to moss bags and grass
trays have demonsurated a "U" shaped collection
eliicliericy vs particle size curve which 1s broadly
similar to the lung retention curve (56,72). Thus the
mechanisms oi diffusion and inertial iImpaction are
active iIn these systems. The collection efficiency by
inertial i1mpaction and the iwinimum size of particle

aifecced by tlie liuechanism iIs dependent upon wind-speed.
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“e“e7 HaalRn parameters for a passive sampler

A passive sampler for respirable trace elements in urban
atmospheres should have all of the positive attributes
of the moss-bag. It should be cheap, simple to operate,
require no power supply, be easy to analyse chemically
and it should generate data which it is easy to
interpret. In addition, it should be biased to collect
only those particles which can reach the deep lung and
to exlude all particles outside this size range. It has
been shown that in the lung and the moss-bag, particles
in the respirable size range are collected predominantly
by a diffusive transfer mechanism. It is plain to see
that a passive sampler for respirable particles should

operate on this principal too.

Diffusion across a boundary layer to a collecting medium
Is a mechanism which is seeing increasing use in passive
sampling devices for gaseous species in air (64,73).
Inorganic gases, including NHMNC02, CI2, N and QO and
organic gases and vapours including CCI®, toluene and
benzene have been monitored in this way. Usually the
gas is adsorbed on to a solid such as activated
charcoal, from which it can be later desorbed for

analysis. The rate of mass transfer across the fixed
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path 13 defined by Ficn’s law:

(4).
W dc V i j.isss transfer raue
q D = diffusional coefficient
X A = cross-sectional area of

) the diffusion patii
iC*="coi jcentration cradienl,
dXx across diffusion path

It can be shown that tne mass transferred iIn unit title

IS proportional to the concentration of tne pollutant 1iIn

cue air The technique 1Is reporteu to have a

precision of better cuan 5S which 1i1s as ¢oou as most

active systems. Sources of error include variations 1in

tlie geometry of the collector, variations m factors

whica may affect the diffusion coefficient (temperature

anu pressure) and sacurat ion of the sorberic.

The- diffusion of fTine particles to veietation is related

to surface rouahness or T“hairiness® (72). The rate of

oifiusion 1i1s also related to the diameter of a

coileotina fTibre and the material from which the Tfibre

IS made. Hind speed has a marked effect on ,,he

oolleotion of laret-r sized particles and may cause

turbulant diffusion of smaller particles. So iIf the

collection i1s to be by Broulnian diffusion to a TfTibrous

mediur-l, then a number of desitian considerations must be

considered :-



1. The collecting medium must have a minimal Tibre
diameter and a high packing density to ensure maximum

collection of particles.

2. The collecting medium must be protected from direct
wind In order to prevent impaction of the larger,

non-respirable particles.

3 Ambient air must be able to exchange freely with air

surrounding the collecting medium.

4. The dimensions and geometry of the sampling device

should be standardised iIn order to Improve precision.

"Q ErgtgtVDe design for the pggsive sampler

In order to satisfy the design considerations It was
proprosed that the sampler should comprise some piece of
fine material held on a frame of fixed dimensions,
supported inside a cover to reduce the wind-speed. A
net cone would be a suitable device for the cover
because i1t would (1) collect larger particles by
impaction while allowing smaller particles through, (i1)
deflect iIn the wind to protect the surface of the
collector, (ai11) allow air to circulate freely around
the collector and (iv) protect it from the rain (Fig.
1.1.8).
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Tr*e (ilesi~n i1s based upon a conical cover of r.ieh
niaterial within which 1s suspended tiie sampling medium.
Tne mesh that was selected was green coloured P.V.C.
sreennouse shading and i1t was supported on a frame made
irom plastic coated wire. Some simple experii,;ents with
&) air line and pieces of paper showed tliat 1t could

eitilectively reauce windspeed.

1.1. Design of Cover.
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4<«119 Plan of workK

Although the design is well removed from the geometry
and structure of the human lung, i1t was hoped that
particle collection would occur by the same principles
and that the device would collect a representative
sample of respirable particles for analysis for toxic

trace metals.

It was proposed that a number of these covers should be
constructed, and a variety of sampling materials
suspended inside them. The prototype samplers would then
be exposed alongside a conventional air sampling
apparatus at a suitable site. The aerosol particle size
distribution at the sampling site would be assessed
using a cyclone, and compared with the particle size
distribution of particles collected by the passive
samplers as assessed by microscopy. The accumulation of
trace metals by the conventional sampling technique and

the prototype samplers could also be compared.

The selection of sampling media was based upon
availability, within the criteria of minimal Tfibre
diameter and standardisation. The 1i1dea of using rubber
Tfilaments for aerosol sampling as described by Watson
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(ol) i particularly interesting. The rubber Tfilar,:ents
are fon;ied by drawing out threads of Dunlop rubber
solution. The Tilar.ionts can be less than 1 vyi, m
diaiTieter and are thus very delicate.

The l1inal cii1oice of tiiedia tor testing wasi

Glass v/ool

Angora wool yarn

Mylon Tfibre yarn
Terylene fibre yarn
Rubber solution TfTilaments

Lens cleaning tissue

All the saMples were wounted on a balsa woou frame (7 cm
X 7 cm). The glass wool was held by gulling i1t out
across the fraiiie and glueing i1t in place. The yarns
were wrapped round the outside of the frame a fixed
number oi turns. The rubber solution was drawn out
across the fraiiie and stuck on the i1t, and the lens

tissue was glue to one face of the frame.
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1x2 Characterisation of the Urban Aerosol

112;1 Introduction

A number of samplers are available which can provide
data as the particle size distribution of the aerosol.
Some devices rely on light scattering, filtration, or
microscopic sizing, but these do not take into account
density and other properties which are responsible for
the dynamics of such particles in air and in the lung
(74). Devices which apply impaction as the collection
mechanism take these dynamic properties into account.
As a consequence they do not categorize the aerosol
according to its true particle diameter but according to
its equivalent diameter as defined as "the diameter of a
sphere of unit density having the same terminal setting
velocity as the sampled particle” which means that they
have identical aerodynamic characteristics (75).
Inertial impaction devices all have a sudden deviation
to the air flow. They can be divided into two
categories; those with many small jets and those with
one large jet. Both types may be used to provide a
sample which can be used to estimate the component of
the aerosol, although they do not operate on identical
principals. Typical of the small jet type is the

Andersen 2000 Inc. cascade impactor (74). This device
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divides the aerosol into a series of defined particle
size components. It is up to the scientist to interpret
the data obtained. The small jet size means that
relatively precise cut-offs between stages can be
obtained. In the large jet type samplers such as the
Casella personal sampler, the air path is designed so
that the spread of collection efficiency, caused by the
ability of particles to deviate from the axis of air
flow, approaches the collection efficiency profile of
the human lung. The Casella device has been designed to

conform to the "Johannesburg Curve" (fig. 1.2.1) (76).

The Andersen 2000 Inc. Cascade impactor consists of a
series of perforated aluminium discs interposed with
glass plates. Air is drawn through the device at a
constant rate (1 cu.ft. min"?) so that it is forced to
change direction sharply at the glass plates

(fig. 1.2.2) (77). Particles of a given aerodynamic
size will have sufficient inertia to deviate from the
streamlines and impinge on the glass plate. At each
stage the perforations are smaller and the distance
between the aluminium and glass plates reduced so that
smaller particles Impinge on the glass plate (Table
1.2.1). At the final stage a Millipore AA (0.8 “m pore
size) filter collects all the particles less than 0.4 "m

equivalent diameter (fig. 1.2.3).
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% Penetration

Elgure 1.P.1 The "Johannesburg Conference" Curve.

From previous stage

Perforated

metal disc

casing
To next stage
Figurel.P.p Detail of particle collection
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""Johannesburg Conference' Curve.

From previous stage

E£1EJ1CELEX2 Detail of particle collection
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J V.

The Impactor should, in theory, provide unambiguous
results. However, in practice, there are a number of

Important shortcomings (2):

aounce-Qff; Particles bounce off the glass

plate and proceed to a later stage.

Re-entra Ingnt-.; Particles are re-entrained by

the air-stream.

Wall-loaaea; Particles diffused and sometimes
Impact on to the impactor walls and
other surfaces instead of the

glass plates.

Crpaa-scnaitivity.;Collection efficiency does not
change from O to I00i at a fixed
particle size, so particles of
a given size may be distributed

on to two or more plates.

Discreetneaa» A limited number of stages
introduces problems when
Interpreting the discreet mass
data in terms of a continuous
distribution of mass as a

function of size.
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Each stage will therefore have its own collection
characteristics so the notion of 'effective cut-off
diameter* is introduced. The ECD is defined as the
diameter for which the collection efficiency for a given
stage is 50% (75). Its use assumes that a given stage
collects all particles greater than the ECD and none

less than it.

1.2.2

Details of the operating technique for the Andersen

Impactor appear in setion 1.7.2.

The impactor was run for periods of 8, 24 and 48 hours
during May and June 1979. The percentage results were

averaged from four runs to obtain a weighted average.

1 2.3 Results

The weighted average percentage of the total, for each
stage (Table 1.2.2) is normally used to obtain an

estimate of the Mass Median Equivalent Diameter (MMED)
of that aerosol. A cumulative size distribution curve
iIs prepared by plotting log ECD for each stage against
the per cent mass accumulated greater or equal to this
diameter on a normal probability scale (fig. 1.2.4). A
long-normal size distribution is assumed and a line of
best fit is calculated and drawn. The MMED corresponds
to the 50 percentile of the cumulative mass curve.
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These data indicate a mass median equivalent diameter of
1.3 /m for particles in the air at the North London

Site.

lable 1.1.2 £er cent mass collected on each atago

Stage i-Magg Cumulative 1
27.1 27.1
13.6 40.7
9.7 50.4
6.8 57.2
5.8 63.0
6.3 69.3
4.0 73.3
10.3 83.6
15.8 99.4

m3*2iM Discussion

The use of the mass median equivalent diameter for
characterisation of the ambient aerosol has been
criticised for its implied assumption of a mono-modal
log-normal size-mass distribution (79,80). In an
Industrial situation particles will probably originate

from one principal source and the size-mass distribution
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nay be expected to be log-normal. The urban aerosol,
however, may orginate from a variety of different
sources and a single log-normal distribution should not
be assumed. |Indeed, a number of aerosols have been
found to be multi-model (13,78,80). |If a control
measure is Introduced which is based on the assumption

of log-normality it may be ineffective (79).

An assessment of the size-mass distribution can be
obtained by plotting the mass collected on each stage
divided by the size interval against the log of the mid
point of each stage (fig. 1.2.5). The empirical data
deviate from the best-fit log-normal curve most at the
upper and lower limits. The elevated point at 9 jim
following a minimum at 6.3 }m may indicate a small
secondary distribution. Interpretation of the final
point should be guarded because an arbitrary upper lim it

of 20 "m is assumed.

The log-normal line of best fit appears to
under-estimate the mass of particles in the 0.4 - 0.5 "m
size range. The cascade impactor is reported to be poor
at characterising the sub-micron portion of the aerosol
(82). However, if the technique is under-estimating
this part of the aerosol, then it might also
under-estimate the respirable hazard. It appears that a

major part of the mass of the aerosol at the
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North London site falls within the respirable range*
The most likely source of particles at this size
(adjacent to the Al road) is motor vehicles. The small
secondary distribution may reflect re-suspended
particles. The relatively high mass found in the 0.4
0.6 ym size interval indicates that the passive sampler
should be designed to be efficient over this size
interval if it is to provide a realistic indication of

inhalation risk.

Estimation of Particle Size Collection
Characteristics bv Optical and Ei#etron

Microscopy
m;3; 1 Introduction

Small samples of exposed and unexposed sampler media
from the north London site were examined by optical and
scanning electron microscopy. The nature of the
collecting fibres and of the collected particles was
studied. During the course of the experiment the design
of the sampler cover was modified. The early cover was
a cone of plastic mesh (ca. 0.4 cm. mesh). On later
covers an additional covering of fine net (c.a. 0.05 cm.

mesh) was employed to prevent large particle impaction.
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Optical MIoroacopY

Table 1.3.1 Belatlve Fibre DImenajon«
Material Fibre Dimensions
Terylene Yarn 19 - 22 "m round
Cotton Wool 15 X 6 m eliptical
Lens Tissue 7 X 9 pm eliptical
Glass Wool 7 X 12 pm round
Angora Wool Yarn 15-35 pm round, "ropey"
Brushed Synthetic Yarn 25-30 pm round," curly"
"Evo-stick" filaments 5-100 pm round, "knobbly"
Table 1.3.2
Material Magnification

x50 xI00 x400 xI000
Angora Wool 5-10 11-22 12 1.2
Nylon Fibre 5-10 11 6 2.5
Glass Wool 5-10 6-17 3 1.6
Terylene Fibre - . 5-17 2.5
Glue Filaments 5-20 1 5 0.5
Lens Tissue 10-100 10-20 3 2.1

The nembrane filter from the final atage of the Anderson
Cascade Impaotor appeared as a mottled grey and black
mass at X100 and X400 magnifications. At X1000
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particles can be seen clustered around the mouths of the

pores. Many of the particles appeared as agglomerated

masses and these masses had diameters in the size range

0.5 to 1.5 m. The fundamental particle was difficult

to see but appeared to have a diameter of about 0.2 j,a.

Materials exposed in the early design of cover collected
particles in two fairly distinct size ranges. The larger

class had range of about 5 - 100 and the smaller

class less than about 3;Jm. The larger particles were

not counted at higher magnification because of the
limited field of view. The smaller class were not seen

at lower magnifications. As magnification increased,

more small particles could be seen and the minimum

diameter that could be resolved fell. Therefore the

minimum diameter cannot be defined unless magnification

can be Increased.

It was found to be Impossible to give an accurate

estimate of the particle size distribution using

cumulative frequency techniques. This is because the

number of particles visible is very small; the visible

size distribution is dependent upon the magnification
used, and the optical microscope becomes unreliable for

particles less than 0.5 fim (8i]).
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J-«3i3 Electron Microscopy

Small samples of exposed materials were mounted and
coated by Ns Kiortyahan of the Polytechnic of North
London Electron Microscope Unit. They were examined
using a Philips Scanning Electron Microscope. The most
Interesting frames were recorded as photomicrograms and

a selection of these is reproduced in plates | to V.

Unexposed fibres showed no dlscerible particles at all.
Exposed samples showed two classes of particle.
Agglomerated particles appeared to be made up of smaller
units, and had diameters of the order of 1-2 “m. The
PM®®ry particles which comprised the larger
agglomerated particles and appeared independently, had
diameters less than 0.5 “m. These primary particles
appeared to have a minimum diameter at about 0.14 pm
although this may reflect the lower limit of resolution
of the photomicrograms. The lower limit of resolution

w ill depend on the instrument and conditions employed.
3»3t7 Discussion of Microscopy Rgaultic

The Information obtained in this study is of an
essentially qualitative nature. No sucess was achieved
iIn estimating the particle size distribution by
microscopy, but some indication of the character of the

aerosol sampled was obtained. Samplers with the early
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hoods appeared to collect particles from two size
distributions with approximate arithmetic mean diameters
Of 15 jia and 3 )»>a with a minimum at about 6 /xm. In the
later hoods (with an additional fine mesh outer cover)
the larger particles seemed to be totally excluded and
the smaller particles were less abundant above 2 pm.

Electron microscopy showed that these particles extended

down to, and probably below 0.14 jin.

These observations would indicate an aerosol with at
least two modes; one centred at around 15 fim and a
second at about 1 with a minimum at about 6 ~m.
Little and Wiffen (26,85) studied the aerosol size
distribution at a site adjacent to the M4 Motorway.
They identified three classes of particles (Table

1.3.3).

The particles seen in this study would appear to

correspond to Little and Wiffen’'s categories 2 and 3,
with some larger agglomerated particles outside Little
and Wiffen*s range. These probably reflect the urban

setting of the passive samplers, where larger

re-suspended particles are more like to occur. Little

and Wiffen were able to observe primary particles as

small as 0.1 jjm. In this study 0.14 “m was about the

smallest size that could be discerned.
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Table 1m3m3 Particle size distribution of Motorway

aerosol (89)

Category
0.1 Opaque, discrete Primary vehicle ex-
rounded haust particles
0.1-1.0 Diaphanous chain Mostly diesel smoke
aggregates
0.5-5.0 Dense, flaky or Carbonaceous parti-
amorphous cles from exhaust,

re-suspended road

dust

The early design of cover allowed the impaction of
particles up to about 100 um in diameter. This was
clearly undesirable so the cover was modified with an
outer layer of finer mesh in order to exclude these
larger particles. Examination of the later design
showed that the larger size range had been effectively

excluded.

It is not possible to assess the precise collection
charateristics of a particle sampling device from
atudies such as these. For an accurate evaluation an
aerosol of known dimensions would need to be generated

and the sampler exposed under controlled conditions,
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such as in a wind tunnel. However, we can see that with

the modified cover the device excludes larger particles
in the non-respirable range while still collecting some

smaller respirable particles. A knowledge of the

dynamics of particle collection indicates that diffusion

iIs the most likely mechanism of collection if wind-speed

has been adequately controlled, and allows the tentative

prediction that the sampler has collection
characteristics which approximate to those of the human

respiratory system.

AflfllYtlcal Technlouea for ffie

1 Introducti ITtp

Preparation and analysis proceeds through three stages:
Ashing of organic material to reduce the bulk of the
sample and free trace metals, digestion under acidic and
oxidizing conditions to solubllse metals, and the
determination of the concentration of metals in the
solution by electrochemical, spectroscopic or other

means.

The technique recommended for extracting heavy metals
from glass-fibre filter materials is low temperature
ashing followed by Soxhlet extraction (165). In low
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temperature ashing an oxygen plasma is formed by passing
oxygen through a high frequency electro-magnetic field.
Oxygen radicals so formed react with the sample at a
temperature of 50°-250°C. This method prevents the
significant loss of metals Pb, Zn, Cd, Hg, Th, Se and As
which may occur when glass fibre filters are ashed at
550 C in a muffle furance (165). It has been suggested
that the losses of metals during muffle furnace ashing
are due to the formation of insoluble silicates rather
than volatilisation (166). The losses were
insignificant for Pb, Zn and Cd added to paper filters.
Ashing may be unnecessary for glass fibre filters (165).
Collected metals can be extracted into concentrated HCL

on a low heat (168).

For organic matrices, including cellulose acetate

membrane filters, ashing at 500°-550°C should not result
in a loss of metals so long as the temperature is raised
gradually from cold (169). An acid mixture (HNO”/HCION)
has also been used successfully for the determination of

metals in membrane filters (39).

Burnham (170) found that while atomic absorption
spectrophotometry (AAS) was relatively free of chemical
and spectral interferences, centrifuging of solutions
was necessary in order to reduce matrix effects from

glass-fibre filters. Beyer (168), however, determined
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metal concentrations in glass-fibre filter extracts by
AAS and found no significant interferences for Cd, Cr,
Co, Cu, Pb, Mn, Ni or Zn. The important difference is
that Burnham dry ashed while Beyer used wet ashing. The
interferences encountered by Burham may have been caused

by silica from the filter in suspension (165).

It was considered desirable that an analytical technique
should be employed which could be applied to all the

m aterials in order to provide a reliable basis for the
comparison of results. Wet ashing followed by AAS was
thought to be the most promising technique. There are
some doubts about interferences from glass-fibre filters
but these can be avoided by the simple expedient of

using only cellulose-acetate membrane filters.

Some unexposed membrane filters and some unexposed
samples of materials suitable as passive sampler
collection media were analysed in order to determine

blank values and detection lim its.
iLiUZ Method

Samples were digested in a nitric/perchloric acid
mixture and analysed by atomic absorbtion
spectrophotometry. Full details of the technique appear

in section 1.7.1.
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Detection limits were determined on six reagent blank
samples. The detection lim it was calculated as twice

the standard deviation of the six blank readings (Table

1.4.1).

Six unexposed membrane filters and six samples each of
silk fabric, angora wool, glass wool and lens cleaning
tissue were analysed by the method to obtain blank

values (Table 1.4.2).
lable 1.4..1 Instrumental Det™otvion Limit.« (yq
Element Pb Cu cd 7n

Detection Limit, 0.04 0.30 0.02 0.10

Ifbifl 4m2 Blank Concentrations (Jjg g”)

Pb Cu Cd Zn
Membrane filter N/D N/D N/D N/D
Silk 1.5 N/D N/D 11.1
Angora Wool N/D N/D N/D 39.5
Glass Wool 10.3 11.6 44.8 52.7
Lens Tissue N/D N/D N/D N/D

N/D = Below detection Limit

58



JjA 13 PISGuaslon

The techniqgue has been found to be practicable In all
cases except glass wool. Glass wool resists acid attack
and has to be removed and rinsed before analysis. Glass
wool was also found to have very high blank
concentrations and so was excluded as a potential
collecting medium. The membrane filters were found to
have low blank concentrations as were lens cleaning
tissues. Angora wool and silk had small blank values
but It was considered that these levels would be
Insignificant If the materials were effective collectors

of airborne particles.

These preliminary studies gave reagent blank signals
which were Indistinguishable from deionised water
signals. However, during later work high reagent blanks
were occasionally encountered. To Investigate the
possible source of contamination a small sample of
laboratory dust was collected and analysed. It was
found to contain 451 fis ¢g"~ Cu, 1944, pg g"' Pb and 70
8 ~ Cd. Even a small amount of laboratory dust
finding Its way Into a sample would result In a
considerable enhancement of the signal. Unfortunately,
the probability that a sample will become contaminated
Is far greater than the probability that a reagent blank

w ill be contaminated, because of the extra handling
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involved. Steps were taken to reduce the risk of
contamination and the incidence of high blanks was

reduced

115 Ereliminarv Survey
Is5;1 Introduction

A location was selected within the Polytechnic of North
London site where the passive samplers could be exposed
undisturbed and where there was a power supply. The
chosen site was on a low roof and was surrounded by
higher buildings. This was probably not ideal but the
number of available sites was limited. The location was
about 100 mto the north-east (and thus down-wind) of
the busy Holloway Road. Holloway Road is part of the Al
linking the Midlands and North of the UK with the City

of London.

1-.5.2 Results

Membrane filters have been reported to be prone to
clogging. For the first one-month exposure period the
gas meter was read frequently to observe the effect of

particle collection on flow rate (Fig. 1.5.1).
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The flow was linear at 109.7 cu.ft. per day

( =0.70 Imin ~). The flow rate was found to be

consistent at about 110 cu.ft. per day throughout the

trials.

The weight of the metals Pb, Cd, Cu and Zn collected on
the membrane filters was divided by the volume of air
sampled to obtain monthly estimates of the average

concentration of each metal In the air (Table 1.5.1)

The weight of the metals Pb, Cd and Cu collected on the
sampling media was divided by the number of days
exposure to obtain a value for the mean monthly

deposition (Table 1.5.2).
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1.5.1

Month Pb Cd Cu Zn

Jjg.m“3 ng.m“~ ng.m"r pg.m*

Jan. 1.24 8.8 58.2 0.26
Feb. 1.26 2.4 62.8 0.24
Mar. 0.56 2.6 39.4 0.16
Apl. 0.64 1.6 32.8 0.28
Nay. 0.74 7.8 65.4 0.54
Jun. 0.44 4.4 59.2 0.58
Jul. 0.22 4.4, 13.8 0.20
Aug. 1.68 7.8 33.6 0.10
Sept. 0.46 2.0 27.4 0.12
Oct. 0.22 1.8 16.2 0.06
Nov. 0.42 8.8 19.8 0.08
Discussion

The results of the trial run are presented in graphical
form) in figures 1.5.2] 1.5.3f and 1.5.~. It can be seen
that there are no obvious relationships between the
measured concentrations of the metals in air and the
amounts accumulated by any of the sampling media. It
was considered that lead was the most suitable metal for
investigating correlations between the different
sampling methods because the metal is present at
relatively high concentrations and is believed to be

associated with small particles.

Tthle Mean monthly deposition of trac#
mfitals to various sampling media

/over.
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Pearson’s *r* Test (Appendix A) was used to calculate
correlation coefficients between the various sampling
methods (Table 1.5*3)* For this size sample the *r*
value would have to be greater than 0.7 in order to be
statistically significant at the p < 0.025 level. All
of the data was plotted graphically using the Trivector
Microcomputer System ’'Regression Graphics’ programme

(Appendix B).

Tabl e 1«5i3 Correlation coefficlanta for amount of

lead collected bv each sampling method

Cotton Gauze lens Tissue Silk Angora
Air concentration 22 .10 .22 43
Angora Wool .98 .06 .01 -
Silk fabric 93 .03 - -
Lens cleaning
tissue 41

— rnTiiWIwr



[PD] i Air [Pb] in sampling

«-3 .
media, g“n
1.0
J FMAMIJJ A S OND
Low-vol sampler
Angora Wool Silk Fabric
Lens Tissue Cotton Gauze

FAgurfi—1«5t2 Monthly distribution of lead

oollected by sampling methods.
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[Cd] in Air [Cd]
«-3

in sampling

media, ng
10
J F M A MIJJ AS OND
Low-vol sampler Silk Fabric
Lens Tissue Cotton Gauze

figure—! m5m3 Monthly distribution of cadmium
collected by sampling method.
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[Cu] iIn Air [Cu] in sampling

ng mo media, ng g“~
Low-vol sampler Silk Fabric
Lens Tissue Cotton Gauze

Figure 1i5i Monthly distribution of copper
collected by sampling methods.
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It was noticed that on several of the scatter diagrams
one point in particular was isolated from the other data

points. The air concentration value for August and the
silk passive sampler value for October were found to be
causing this effect. Strictly speaking a data point
should never be excluded as an outliner unless there is
some specific reason for editing that particular point.
This practice is never justified purely on the grounds

that it improves the statistical result! In this case

each point is the highest value found using the two
sampling methods and contamination of the sample is
suspected. However, no statistical inferences will be
drawn from the re-calculated correlation coefficients
(Table 1.5.4). These recalculated values exclude the
air concentration for August, and the silk and cotton
gauze data points for October. An examination of the
scatter diagrams for the statistically significant
correlations between cotton gauze and angora and silk
samples cast some doubts on the correlations (Figs.
1.5.5, 1.5.6). The high *r* value generated by the
gauze and silk data is caused by the correlation
calculations giving undue weight to the coincidence of
suspect outliers in the data. The calculation of the
correlation coeffiecient assumes that the data is
normally distributed. In this example it is clearly not

the case.






LINEAR REFRESSON
FAPIE ; SILK / SAUE n=5

08+ 13#AN\

CF F GCRREATION = 922

Full scale = .72

Full Scale= .55

Figure I.R.fi  scatter diagram of Cotton Gauze/Silk
Fabric regression.
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When these are removed the *r* value adopts a more

modest proportion (Table 1.5.4).

between cotton gauze and silk

The correlation

IS more interesting. The

data conforms closely to the regression line but

intercepts about half-way along the 'angora* axis

indicating a high endogenous concentration. The

correlation is significiant at the p < 0.001 confidence

level but since there are only five data points may be

considered to be suspect.

Cotton Gauze

Air concentration .23
Angora Wool -
Silk fabric 46

Lens Cleaning

Tissue .53

Angora Wool

.38

S

* Unaffected

The re-calculated correlation between lead in air and

the mass of lead accumulated by the lens tissue sampler

although less dramatic, is more encouraging. The
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correlation is significant (p < 0.025 ) but the
intercept lies well up the y (lens tissue) - axis (Fig
1.5.7). This correlation can be improved further and the
y-intercept reduced if the February data point is
removed. This *data adjustment' also improves the air

concentration/silk fabric correlation to 0.81 and this

may Justify the action to some extent.

The poor correlations found between mean monthly lead
concentrations in air, as measured by a conventional
filtration method, and the amounts accumulated by any of
the sampling media under test may be attributable to

five possible causes:

1 Differences between the particle size bias of

different sampling techniques may result in

differences in metal accumulation.

2. The design of the passive samples may cause their
collection efficiencies to be subject to external
variables such as wind speed, relative humidity,

wind direction or rainfall.

The response of the passive sampler may be
time-dependent so that it is more 'active' at the

beginning of the sampling period.
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Many of the analyses of the passive sampling media
were carried out near the detection limit of the
flame atomic absorption technique. The level of
analytical error is much higher at low

concentrations.

S. High or inconsistent blank values in the sampling
media and contamination during sample exposure,
retrieval or analysis may introduce an extra

element of variability.

Replicate analyses of unexposed materials have shown the
analysis to be reproducible and blank values to be low.
It is possible that the North London site, which is
close to a main road but behind buildings, has an
unusual or highly variable lead particle size
distribution. The buildings may trap the larger
secondary particles which may be re-suspended by the
strong wind eddies around the tower block. This might
cause large variations in the concentration of
aggregated secondary lead particles which the membrane
filter would collect. The passive samplers, which have
been designed to collect only respirable particles would

not accumulate lead under these circumstances.
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High values which occur infrequently and stand out
against the bulk of the data are indicative of
contamination. It is not reliable to exclude such data
from the analysis of results although this may be done
in order to investigate suspected trends. It is clearly
important to ensure that this contamination does not
occur in the future. Since the design of the cover must
also be critical to the sampling behaviour of the device
some attention must also be paid to standardising and

improving this in the future.

This trial has not been as successful as the author
would have wished. Any trends that exist are clouded by
undefinable variations from other sources. The

conclusions that can be drawn are:-

1. Exposed concentrations are significantly greater than
unexposed, so it can be assumed that the passive

sampler collects metals from the atmosphere

2. When the pumped membrane filter collects more lead,
the lens tissue and silk fabric passive sampling
media also tend to accumulate more lead. So it can
be assumed that the rate of accumulation is related
to airborne concentrations.
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Of course, perfect correlation and linear regression
between lead in air, as measured by a pump filter, and
the lead accumulated by the passive sampler is not to be
expected, or even wished for. The membrane filter
collects 'Total Suspended Particulates' whereas the
passive sampler is Intended to collect respirable
particles only. The maximum degree of correlation that

could be achieved is only to be guessed at.

The lens cleaning tissue is the most promising choice
for further work. This is because it is manufactured
‘clean' and thus has a low blank value, it is readily
available in a standard form (Whatman 551 Lens Cleaning
Tissues) and has shown some promise in this preliminary

trial.

IfimPOral Response of Paaslv«i Samnlorji

1.6.1 Introduction

The relatively poor performance of the passive samples
when compared to conventional air sampling techniques
Indicated that the accumulation of metals by the

samplers should be studied in greater detail.
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Unfortunately it was not possible to study the
performance of the sampling devices In the controlled
conditions of a wind tunnel with monodisperse aerosols.
Instead It was decided to compare the accumulation of
lead over different exposure times in the ambient
aerosol. It was necessary to devise a scheme of
exposures so that although the samplers were exposed for
different time periods, the total exposure would be the
same so that a direct comparison could be made. This
experiment was performed twice using a different cover
design on each occasion. The first cover used (Cover B)
was a modification of the original conical cover with an
extra layer of finer mesh. The second cover (type C) was
a new design based on a wire frame with a fine nylon
mesh cover. This design allowed a larger ample area,
equal to one complete lens cleaning tissue (10 cm x 15
cm), and a more complete sheltering of the sampling

medium from direct wind (Fig [.6.1J.

1.6.2 Method

Passive samplers were exposed according to a scheme
which ensured that the total exposure time and
conditions would be identical irrespective of the

exposure period selected (Fig 1.6.2).
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Lens cleaning tissue was the only sampling medium used

in these trials since it had been shown to be the most

promising.

Samplers were digested and analysed by the methods

described in the techniques section.

fine mesh
cover

Figure 1.6.1. Cover type »C»,.

Sampling Week Week Week Week Week Week
Period | 2 3 5 6

1 Week <> <> <o 2 > Koen> <> <

2 Weeks < e
4 Weeks

8 Weeks

Figure 1.6.2 Passive sampler exposure scheme
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1.6.3 Resulta

Cover Type B ;

" _ X _g. =

Number of samplers: 16 8 4 2

Mean cone of Pb: 0.57 1.13 2.60 3.70 ppm
RSD: 84 48 15 17S

Cover Type C =

Exposure period: 1 2 4 8 wks.
Number of samplers: 16 8 4 2

Mean cone of Pb: 3.20 3.90 5.48 7.59 ppm
RSD: 93 82 47 30J

These results are better Illustrated graphically (Figs

1.6.3 and 1.6.4),

1.6.4 Discussion

The results Indicate that the anont of lead accumulated
by the passive samplers Is related to the duration of
exposure. The results achieved with Cover Type B are
more promising than those achieved with Cover Type C.
With Cover Type B the rate of accumulation appears to be

linear up to about 4 weeks and falls off slightly
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thereafter. The rate of accumulation la about

0.65 |Jg/week. The estimated precision does not fall
within acceptable limits until the fourth week. This is
probably because analytical errors, small random
contaminations and analyte losses contribute a
relatively large component at the shorter exposure

times.

[Pb] accumulated

Figure 1-6.° Accumulation of lead by type cover.

80



Figure 1.6.U Accumulation of lead by type *C* cover.

It is reassuring to observe that if the slope joining
the first two means is extrapolated back, it almost
coincides with the origin. It was felt that the low
level of precision might be attributable, to some
extent, to variations in the parameters between
individual covers. As a consequence it was decided to
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develop a further cover modificaiton. Cover Type C has
the advantages of a larger sampling area (10 cm x 15 cm
compared with 9 cm x 9 cm) and an outer covering which
iIs drawn down so that only a small aperture, about 7 cm
squared is available for air to exchange freely. It was
hoped that the almost doubling of the sampling area
would give a better analyte: contaminant ratio and that
the smaller aperture would prevent larger wind-borne
particles from impacting on the surface of the sampler.
The results achieved with Cover Type C however, were
disappointing. The rate of accumulation had only
increased very slightly to about 0.75 /Jg/week and the
precision was very much poorer after every exposure
period. It can also be seen that if the slope joining
the first two means is extrapolated backwards it crosses
the y-axis at about 2,U pg. The immediate indication is
that there is a significant degree of contamination
being introduced. A likely source of contamination is
the cover itself. The *C* type covers had already been
used for a series of trials for the electron microscope
study and were already discoloured by accumulated

m aterial. The design of the cover was such
that it had to be pushed back over the frame by hand
when the sampler was changed. This operation provided

ample opportunity for contamination by falling dust and

from the hands.
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There 1s no doubt that the passive samplers are
collecting lead from the air. The low level of precision
Obtained probably reflects the effects of unmeasured
variables such as meteorological factors and slight
variations in hood dimensions, iIn addition to
contamination. The results achieved with the "B* type
hood after four weeks show just how good the device can
be under optimal conditions, whereas the results
achieved with the "C type hood demonstrate the effects

of contamination.

ggncl udl ng Summary on Passive Samnlpr

The concentrations of trace metals iIn the urban
atmosphere sampled iIn this study were slightly lower
than those found in previous similar studies

(Table 1.7.1).

Lead In urban air la reported to be concentrated In the
sub-micron fraction of the aerosol (16). In this study
the mass median equivalent diameter (MMED) of the
aerosol was found to be 1.3p, and 1]6* of this North

London aerosol was less than [I™m.
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Table KTil Concentrations of trace metals in
ambient urban air.

Concentration found Concentration found in
in this study previous studies
Pb 0.72 0.63 - 3.50 yg i3
cd 4.80 n.d - 130 hg 3
Cu 40 100 - 846 hg i3
Zn 0.24 0.1 - 1.7 jjg 3

This indicates that the aerosol was relatively "young"
with a significant primary component. It seems highly
likely that there would be a high respirable to

non-respirable ratio for lead in such an aerosol.

The passive sampler was designed so that it would be
biased to sample the respirable part of the aerosol. The
aim was to develop a device that would provide an index
of "risk" to the urban dweller from respirable toxic
trace metals. It was felt at the design stage that the
geometry of the protective cover would be critical to
the performance of the sampler. Microscopic examination
of exposed sampling media revealed that the first hood
design allowed particles greater than 10°m to be

accumulated by the sampling medium. When a fine mesh
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outer layer was added to the cover the upper limit of
collection was reduced to about 2]im. Particles were
visible down to about O.IM*m, indicating that the

sampler was effectively collecting in the respirable

range.

The collection of lead by the passive samplers did not
correlate well with that collected by a conventional
"low volume" sampling system. A perfect correlation was
not expected because of differences in sampling bias
between the two techniques. The lens cleaning tissue

sampling medium was found to perform best overall.

The accumulation of lead by the lens tissue passive
sampler was studied over several time periods. The
sampler was found to perform best after an exposure of

four weeks.

The passive sampler shows considerable promise as a
cheap, simple and reliable monitor for respirable trace
metals in air. The effects of wind speed, temperature
and relative humidity, and the sampling bias of the
device are difficult to study under ambient conditions.
Such variables could only be reliably controlled under
wind-tunnel or exposure chamber conditions with

85



mono-disperse aerosols. Such studies would have to be
undertaken before complete confidence could be placed on
the reliability of results obtained with the passive

sampler.

The theories of small particle dynamics have been
studied and the design for a size-selective passive
sampler for trace metals in airborne respirable
particles developed. Trials showed that the device
collected particles over the desired size spectrum in
sufficient gquantities for analysis. Further studies will

be required for complete validation.
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1«1. Introduction

Hair has many attractions as a biological monitor, it
Is easily and painlessly collected in sufficient
guantities for analysis; 1t can be stored for indefinite
periods, it contains levels of some trace elements
significantly higher than many other tissues, and It is
easily analysed (86). To be a reliable biological
monitor a tissue should reflect acute and chronic
exposure to the toxin and should be as homogenous as
possible (87). Blood and urine are the media most
commonly used as biological monitors. These fTluids
reflect many of the criteria for a biological monitor,
but their value as biological monitors will depend on
the dynamics of the toxin within the biological system
(fig. 2.1.1) Blood levels would not be a good monitor
for toxins with a short half-time in blood, and urine 1is

subject to considerable variation iIn excretory patterns

(88).

Hair will tend to reflect the deposition of metals to
hard tissues and both hair and deciduous teeth have been
used to evaluate uptake of lead (89,90). Deciduous teeth
are relatively easy to collect, but the highest
concentration of lead in milk teeth is in the root and

this 1s reabsorbed before the tooth i1s shed (90).

95



Hard Tissue Soft Tissue

(dense bone, tooth, (brain, kidney, marrow,
hair) liver)
Respiratory and Diffusible Urinary, Sweat and
Gastrointestinal - A Plasma - N Gastrointestinal
Input Hetal Excretion
Erythrocyte Plasma protein
bound metal bound metal

ligure 2tl«1l Dynamics of trace metals in biological

systems (88).

Dentine also accumulates high lead levels and this
tissue 1i1s usually selected for tooth analysis. Whole
blood is the preferred medium for occupational
monitoring of lead exposure but this is not practicable
for monitoring large populations at ambient levels.
Blood and urine also, are only temporary repositaries
for the metals while iIn hair the metals may become
irreversibly bound to the hair matrix (91). The value
of hair as a biological monitor is becoming increasingly
established. Indeed, a woman has been found guilty
of arsenic poisoning and sentenced to death on the
forensic evidence of elevated arsenic levels iIn the hair
and nails of the deceased (92). However, in the more

subtle circumstances of non-occupational exposure the
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interpretation of hair data is beset with difficulties;
the concentrations of some elements may vary
considerably from site to site on the head (93); some
components may be lost during shampooing or other
treatments, and others may be accumulated by

contamination from the environment.

Although measurements made iIn any modern laboratory can
generally be assumed to be accurate, comparisons of data
obtained from different laboratories can show large
variations in absolute values (94). Differences may
reflect differences between the sample populations and,
especially in the particular case of hair, to variations
in sampling, pre-treatment and analytical techniques

(Table 2.1.1).

The purpose of this part of the thesis is to i1dentify
the problems associated with the use of human hair as a
monitor for trace metals, and to investigate a technique

through which these might be overcome.

Ihs Physiology of Human Hair

This subject has been rigorously reviewed by Hopps (86)
The growth of individual hairs 1is cyclic. Each hair
undergoes a long growing phase (anagen) and a short

resting phase (telogen). The ratio of time spent in
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the two phases varies considerably according to the

region of the body.

lable 2,1.1 I Normal*. (unexposed) concentrations of
;fAme tracfl metals, in hair (range of geometric means

naported. yjg/g)(Qi

0.085-
0

0.35-
0.58.

5.7'
15.5.
0.44.

0.40.
0.18.
3.60-
0.03-

159-

On the scalp growth continues for years and the anagen
phase 1s on average nine times as long as the telogen
phase. Hairs held in the follicle during the telogen
phase are easily dislodged by combing so most hair 1is in
the anagen phase. There is no co-ordinated growth/rest
periodicity In humans such as causes seasonal moulting
In many species. In any region of the human skin there
Is a mosaic pattern of follicles in all stages of the
growth cycle. The growth rate of anaphase hair is
approximately constant and continuous. The rate of
growth has been estimated to be 7.1 to 12.0 mm per month
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for adults and 10.1 to 13.5 mm per month for children
(97) or 0.4 mm. per day (98). The rate varies
considerably between individuals and 1 cm. per month may

be used as an approximation.

The fTollicle is a minute
organ. The matrix (@) extends
through the epidermis (b) and
Is connected to the dermal
tissue. The smooth muscle,

N rectores pilor»m (c), raises
the hailr causing "goose-
pimples. * There 1is a

sebaceous gland (d), and iIn the
axillary, pubic and perineal
areas, an apocrine gland.
Sweat glands are also
closely associated with the
follicle in the skin (e).

T - 1nner sheath

g - medulla

h : hair shaft

i

> papilla
ElJture 2.1.2 The Hair folllcl.

The fTollicle comprises a cluster of matrix cells within
which the hair develops for a period of several days.
During this time i1t Is exposed to circulating blood and
Iymph and to extracellular fluids. As the hailr proceeds
along the inner sheath the outer layers harden,
UocklIng-In®" the metabolic products accumulated during
the hair formation (fig. 2.1.2).
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Kératinisation occurs toward the distal end of the
follicle. Keratin comprises a group of proteins
containing a high proportion of disulphide bonds which
make 1t remarkably resistant to enzymic digestion and by
all but the strongest chemicals. A typical keratin
molecule comprises a two or three stranded cable of
highly oriented polypeptide chains of low sulphur
content wound into a helix with secondary folds and
distortions, associated with an unoriented matrix of
high sulphur content. The most important bond
stabilising the secondary and tertiary structure of the
keratin molecule 1is the disulphide linkage. This
linkage 1s formed by two adjacent cysteine residues
contained iIn adjacent polypeptide chains and i1t i1s this
linking which bestows on the molecule its remarkable

physical and chemical stability.

The cysteine residue i1s also of significant iImportance
because metals a have considerable affinity with the
sulphhydryl groups combining with them to form
mercaptides or metallo-proteins. About ‘Y of the hair
matrix comprises cysteine residues and electron
micrcoscopy has shown that these residues tend to be
concentrated 1iIn the outermost sections of the hair; the
eco-cuticle. This high sulphur content is probably
responsible for the incorporation of metals from body
fluids during the formation of the hair and may aid the
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entry, inclusion and diffusion of metals into the hair

after it has emerged from the scalp.
Endogenous Deposition of Trace Metals

As each hair develops iIn the follicle i1t i1s In Intimate
contact with the circulating body fluids and metals iIn
these fluids will readily combine with sulphhydryl
groups iIn the keratin. Thus hair will tend to reflect
the relative concentrations of trace metals iIn the body

fluids at the time that 1t 1s formed.

Trace metals may also be incorporated into the hair via
the endogenous route from the follicular and scalp
secretions. These are frequently considered as
exogenous sources even though they originate from the
body fluids. Sebum from the sebaceous glands comprised
water, free and combined fatty acids, waxes and
unsaponifiable matter including squalene, cholesterol,
hydrocarbons and alcohols. The role of sebum iIn the
incorporation of metals into hair 1is unclear. It may
protect the hair from adsorption of exogenous metals
(99) or i1t might provide a physical or chemical means of
incorporation of these metals i1nto the hair (100).
Eccrine sweat varies widely iIn composition according to
individual and enrironmental conditions. Water, urea,
and sodium and potassium are the principal constituents,

although amino, lactic and pyruvic acids are also
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present. Eccrine sweat is a quantitatively important
source of trace metals that may become incorporated into
the hair after its formation (Table 2.1.2). Studies
have shown that arsenic appears in sweat soon after it
iIs administered leading to rapid contamination of the
extruded portion of individual hairs (101). However, in
cases of acute poisoning, no significant levels were
found other than in root sections of anphase hairs.

This suggests that follicular component is much greater

than the contribution from sweat.
Table 2.1.2 Trace Metals in Eccrine Sweat (py/inn

Hopps (86) Kuno (100)

The principal source of endogenous metals in hair is the
diet. Inhaled particles will contribute to some extent
but this is unlikely to be significant except in the
cases of some minor trace metals which are common air
pollutants. The zinc content of human hair has been
shown to have a direct relationship to the availability

of zinc in the diet and to its metabolism (102).
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However, protein-deficient children have been found to
have depressed zinc in hair while the content of
manganese is elevated (103). The age of the individual
may also affect the concentrations of elements
depositing in hair. From birth to the early twenties

there is a gradual decrease in the concentration of ClI,

I, Al, K, V, Mn, Co, As and Br while the concentrations
of the elements Mg, Ca, Cu, and Zn gradually increase
(1071). After this initial increase, Cu and Zn slowly
decline until 80 years (102). Sex may also affect the

concentrations of trace metals in hair (Table 2.1.3).

I"ble 2,1.3 Trace metals In hair of males axi femai”a®
~g/g  (1Qt?)

Cu Cd Mn Hg Ni Pb Zn
M: 10.7-41.6 9.1-9.3 <1-3.9 0.2-12 1.0-7.2 11-50 75-194
F: 11.4-61.4 0.2-3.3 <1-2.2 0.2-30 0.7-7.5 7.6-59 65-308

The iron content is lower in the hair of women and this
may reflect menstruation (106). Hair concentrations of
certain trace metals have also been found to be lower in
certain diseased conditions (106, 107, 108).
Differences in trace metal contents may also occur in
different racial groups, hair colour, hair treatments

and medical treatments (106,109).
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The arsenic content of locks of hair taken from the
Emperor Napoleon before and just after his death have
revealed very high levels. Chronologies of the time
indicate that Napoleon may have suffered from the
symptoms of arsenic poisoning (110). Napoleon was not
necessarily poisoned by an adversary; it has been found
that in damp conditions arsenic may be released into the
atmosphere by the effects of fungus on wallpaper
pigments. The situaiton may have been made worse by the

ministrations of his physicians.

The mechanisms of incorporation of trace metals into the
hair are not well understood. Cross-sectional trace
metal profiles of root bulbs and emerged hairs were
studied by proton-induced X-ray emission (PIXE) analysis
(111,112). The elements Fe, Cu, Zn, S, K and Ca were
detected in root bulbs but As, Se and Pb were not. The
elements As, Se and Pb were detected at the surface of
the hair after its formation. The authors conclude that
Cu and Zn are accumulated from blood during the first
stage of hair formation, and that Pb, As and Se are
introduced from sebum or sweat after the hair has

emerged.

The endogenous deposition of trace metals into hair is
poorly understood and appears to be subject to a wide

degree of variability. Madeiros (112) considers that
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hair should only be used on a population basis when

monitoring the essential trace metals. Hair may have

more u tility on an individual basis when monitoring the

toxic trace metals.

The hair Is exposed to trace metals In water, cosmetic

preparations and airborne particles. Several workers

have reported increases in the concentrations of certain

non-essential trace metals with increasing distance from

the scalp (99, 100, 101. m , 115).
iIs absorbing these metals from the

This Indicates

iImmediately that hair

environment, since the further each hair has grown from

the scalp, the longer it has been exposed. The

essential trace metals Including Fe, Cu and Zn showed no

increase with length, indicating their endogenous origin

(97, 116). It must, however, be pointed out that this

gradient has not always been seen, even among lead

workers (117).

Hair is hygroscopic and has a porosity of about 20*

(118). Absorption of fluids is very rapid; 75»

Many soluble

(w/w)

may be absorbed in only four minutes.

substances may be absorbed along with water, sweat,
cosmetics or other fluids which may come into contact

with the hair. A sample of hair, submerged in a
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sweat-llke solution containing 13 )ig/ml of lead
contained more lead than the solution after four days
(119). Waste hair has been proposed as an adsorbent for
the removal of metal contaminants from hide processing

wastes (119).

A 75 mg sample of hair was found to take up 471 pg, 481
Up» 793 pg and 457 pg of Cmv*', Cu™" Cd and Hg™"
respectively from solutions containing 500 ug of the
metals. The concentrations of Cu and Zn have been found

to be higher after using dyes and certain shampoos

120y.

Airborne contaminants may also be a significant source
of trace metals to the hair. An uncontaminated sample
of hair accumulated significant amounts of arsenic from

the air when exposed for four weeks in a gold mine

121,.

Exogenous metals may become incorporated into hair so
that they are chemically indistinguishable from those of
endogenous origin. The mechanisms of adsorption and
absorption are not well understood but it may be assumed
that the sulphydryl groups of the cysteine residues are

involved.
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N 1«5 The Use of Human Hair as a Biolo~lral

Mflnitgr

Where an essential element i1s present as a trace
component in a biological tissuei homestatic mechanisms
ensure that the probability that the conentration of the
element iIn a particular tissue sample will be above, or
below, the population mean, will be about equal. The
distribution can be assumed to be normal and this has
been found to be the case for the distribution of the
essential metals in hair (122,123). When an element 1is
non-essential and occurs as a contaminant the
probability that the concentration in a particular
tissue will be higher than the arithmetic mean, will be
much lower than the probability that the concentration
below the arithmetic mean, at or near the
background level. The frequency distributions of the
toxic metals have been found to be skewed (115,123).
For this reason a log-normal distribution is frequently
assumed for the toxic metals iIn hair, and the geometric

mean i1s thus often employed.

A number of studies have investigated the relationships
between the levels of trace metals in hair and other
biological tissues and fluids (101,122,124,125,126,).
Blood levels of metals will tend to return to normal
after exposure as the metals are cleared to the tissues.
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The deposition into hair will tend to reflect tissue
clearance and as a result may be a better index of dose.
However, hair may also accumulate metals directly from
the environment and this inevitably leads to some
ambiguity when 1interpreting the results. These factors
mean that a linear correlation between blood and hair

levels of trace metals is unlikely to occur.

Blood lead is reported to be normally distributed in the
population with the mediran coinciding with the mean at
about 30 ~g/100 ml (122). Chattopadhay et al (124)
found a reasonable correlation between blood lead and
the natural log of hair lead concentrations. The
relationship was only significant for individuals who
were iIn a steady state with respect to lead i1ntake and
excretion. In cases of massive or irregular doses the
correlation did not hold. When studying 1 cm. root
segments only, Grandjean et al (101) found strong
correlations between hair lead, blood lead and urinary
lead. They also found a strong correlation between hair
lead and urinary ALA (S-amino levulinic acid) which is
an i1ndicator of interference with haem synthesis. They
found considerable variation from hair to hair so
several 1 cm root segments were analysed to obtained an
average. A blood lead level of 60 ~g/7100 ml
corresponded to a hair lead of 70 ;jg/g (or 3 jJg/cm).
Other workers have found weaker relationships between
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blood and hair lead (125, 126).

The hair metal pool only represents 0.5 to 1.0S of the
total body pool of lead and gives a poor indication of
the amount of lead accumulated iIn the bones (127).

Teeth can give an indication of the total accumulated
dose but provide no i1nformation on the current status In
the way that blood does (128). Hair may turn out to be
a compromise between the two, providing an indication of

the rate of recent deposition to hard tissues.

It i1s particularly important to i1dentify cadmium exposed
individuals before kidney damage takes place (129).
Blood cadmium has not been found to be a reliable
indicator of body burden. In autopsy studies a
significant correlation was achieved between hailr
cadmium and kidney cadmium (130). While hair was found
to give a better correlation with liver and kidney
cadmium than blood or urinary cadmium, it was still
unable to provide a quantitative estimate of body burden
(131). It also failed to ldentify those with impaired
kidney function as indicated by elevated urinary ~2
microglobulins. It seems likely that with cadmium as
with lead, hair has the potential to indicate the recent

rate of deposition to the target tissues.

Hair mercury levels were found to be related to blood
mercury levels but were 300 times higher (132). 1In a
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population consuming fish which had been contaminated
with methyl-mercury, Tfluctuations in the levels of
mercury iIn the hair were observed. These were shown to
coincide with seasonal availability of the fish. Phelps
(132) found that blood mercury followed a constant ratio
to the concentration of methyl-mercury in the target
tissue (the brain) and was directly proportional to the
daily intake of those consuming contaminated fish. Hair
mercury may provide a permanent record of levels of

methyl-mercury in the brain (fig. 2.1.3).

Halr mercury

Daily Intake Blood
Mercury
Excretion
EIKure 2t1:3 Deposition of mercury to hair.

Using this relationship between blood and hair mercury
levels Al-Shaharlstan et al (133) used hailr mercury
levels to estimate the biological half-life of

methyl-mercury in the brain after exposure had ceased.
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The example of hair mercury indicates the potential
value of hair as a biological Indicator. However, It
must be stressed that in this case the intake was
entirely via the diet. With other metals and in other
circumstances there may be a considerable exogenous

component.
2-r-L.1  Exposure Studies with Hair

Hair samples have been found to be useful iIn numerous
studies of environmental and occupational expsoures to
trace metals. A number of studies have indicated that
hair levels of the toxic trace metals tend to follow
environmental exposure gradients while the essential
trace metals do not (134, 135,136). Lead invariably
followed exposure gradients, while copper, zinc and 1iron
invariably did not. The metals manganese, arsenic,
cadmium and aluminium were less well defined; sometimes
following the exposure trend and at other times not
(124, 136, 137, 139, 140). The particular combination
of metals following exposure gradients will presumably

reflect the sources in a particular locality.

In occupational circumstances It iIs not surprising to
find that those handling toxic metals accumulate higher
levels iIn their hair. Fergusson et al (141) found a
mean lead concentration of 363 pg/g iIn the hair of 16

battery factory employees, compared with 10.4 yg/Q in
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203 controls. It 1s quite surprising to find that the
lead In the hair of the families of the employees was
raised to 67 pg/g* Cadmium battery workers can have
hair cadmium levels up to 1IMO times the normal range
(0.13-0.5A pg/g) (172, 143). Mercury workers, and also
dentists, frequently have elevated levels of mercury 1in

their hair (144, 145).

Where i1ndividuals are not occupationally exposed to
toxic metals, differences might be expected to be more
subtle. Populations living in the vicinity of metal
refineries have been found to have hair metal levels
above those of a normal urban population (Table 2.1.4)

(124, 135, 146, 147).

Table 2.1.4; Trace Metals i1n Hair of Three

Populations (pg (148)
Rural Urban Urban, Nr.
refinery
As .45-1.7 .32-2.8 .55-5.2
Cd .25-2.7 .26-3.7 -40-8.8
Hg .28-3.5 .24-5.4 .20-6.1
Pb .50-30 .50-40 5.0-355
Se 1.3-24 1.2-38 1.5-50
Zn 40-450 40-485 45-205
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The concentration of lead iIs raised as expected, but the
cadmium level 1s also raised slightly because cadmium 1is
frequently associated with lead In ores and may be

released during the refining process.

Hair lead levels have been found to vary with soil lead
levels (125, 149) and type of plumbing (Table 2.1.5)

(150). If these differences iIn hair lead are entirely
attributable to lead in pipes, then some of these high

values may reflect endogenous accumulation.

Axvnmcnt
Plumbing (uc ) (@501

Location Number Range §jeometric
Mean
East Kilbride 81 1.4-69.7 10.2
Glasgow (No Pb) 104 2.1-334 28.9
(Part Pb) 54 9.7-350 51.5
(All Pb) 35 10.0-267 57.7

Cadmium only shows minor differences between urban and
rural populations (see Table 2.1.4 and reference 135).
Whanger (151) found differences between different

occupational groups but found even greater differences

between smokers and non-smokers. Smokers had a mean
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hair cadmium of 1.66 ug/g whereas non-smokers had a mean
hair cadmium of only 0.90 ug/g. Ely ¢1 (152) could
detect no difference between smoking and non-smoking

households.

Many studies have been made of the levels of toxic and
essential metals iIn hair. Some have even gone on to
discuss the behavioural and toxicological significance
of the data (152, 153, 15M). Cheraskin and Ringsdorf
(155) suggest that hair lead levels of 20 ppm and above
may be indicative of lead intoxication. Unfortunately,
few authors acknowledge the difference between
endogenous and exogenous metals, and none has provided a

reliable technique to discriminate between the two.

HligcrimlInating between Endogenous

and Exot”enoua Components

Katz (156) has observed considerable differences 1in
values obtained by different workers at different
locations. Not only do values for exposed populations
vary widely but "background®, “unexposed®" or “normal*
values do also. This apparent lack of agreement can be

attributed to four possible sources:

Sampling bias. It has been shown that hair
taken from different regions of the scalp, different

distancesfrom the scalp, different age groups, etc.



may have differing concentrations of trace metals.

Pre-analysis treatments. Different washing

processes may introduce bias.

Analytical bias. Identical materials
analysed by apparently similar techniques can
produce remarkably different results. This 1is
especially the case at low concentrations which

approach instrumental detection limits.

(d There may be real differences reflecting

different exposures to the metals.

In 1975 Kopito and Surachman (157) observed that "Since
there are no commonly accepted "standard procedures® for
sampling, treating and analysing hair, comparison with
absolute values obtained by other workers 1is presently
difficult, if not impossible.”™ This situation remains

unchanged.

Shapcott (158) states that "obviously i1t is Impossible,
from analysis of untreated hair, to state categorically
which proportion 1is "true" metal content and which 1is
present as a contaminant.”™ Most workers who have
recognised this problem have put their faith in washing
procedures as a means of removing “external

contamination®™ (Table 2.1.6).
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Table 2.1,6: ¢™ome Wash Procedures used to
Pre-treat Hair

Mash Procedure

2 hr Soxhlet extraction in diethylether

1% EDTAy 10 min boiling watery hot water
rinse acetone

Acetoney ethery acetone

Soak and wash in watery soak and wash 1in
methanol

Non-ionic detergenty purified diethylether

1% mild detergenty warm deionized watery
n

Detergenty deionised watery alcoholy EDTA

Double distilled watery absolute ethanoly
diethylether

M DECON-75y deionised water 0.1 M Na EDTA
Hot ethery detergenty EDTA

In addition to these proceduresy soap and shampoo
solutionsy carbon tetrachloridey benzency hexancy
hydrochloric acidy and sodium hydroxide have all been
used to pretreat hair (94). Salmeda et al (162) compared
four washing techniques after an initial rinse in

hexane: -

Organic solvent - Acetone
Complex forming agent - |[X NA2 EDTA
lonic detergent - IX Na lauryl sulphate
Non-i1onic detergent - IX Triton X-100
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They found that the duration of the wash was the most
important factor and recommended that washing should be
continued until the concentration of a particular
element could be reduced no more by further washing.
Similar studies have indicated that hot water, organic
solvents and detergent washes remove similar amounts of
elements but that complex forming agents may remove a
lot more (114, 161, 163). Deilonised water and organic
solvents are intended to remove deposits held by fatty
residues on the surface of the hair, and have been found
to remove only minor amounts of trace metals
(87,135,148). Chattopadhyay et al (135) believe that
this i1ndicates that there has been only minimal external
deposition of metals to the hair pool. They are,
however, overlooking the complex physico-chemical
associations that can exist between metals and the
matrix (Table 2.1.7).

Table 2.1.7: J”~sico-Chemical Asscrtationa h”™tw”™on
Trace Metals and Hair

1. Metals in particles adhered to
surface.

2. Metal 1ons adsorbed onto hair
Exogenous ~ n
Increasing
’ _ _ ease of
3. Metal 1ions held by weak chemical removal
bonds (eg H-bonds) within the
Endogenous hair matrix.

4. Metals firmly bound and incor-
porated i1nto hair structure.
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Metals iIn particles which are adhered to the hair
surface are easily removed by rinsing, but the metal
1tons which have migrated, and have become adsorbed onto
or within the hair matrix may not be so readily removed
No physical or chemical distinction can be made between
such metals of exogenous origin, and those which are

endogenous to the hair.

Thus any washing procedure, however reproducible, can
only make an arbitrary division between the metals in
the hair. Grandjean (101) concludes that "Endogenous
lead which has diffused into the hair i1s 1mpossible to
remove without disturbing the original lead content of
the hair,” and this, of course, applies to any other
metal. In the opinion of Chittleborough (9M), "Washing
the hair i1s to be avoided because such treatments
remove, to a lesser or greater degree, the unique and

pristine character of that sample and i1ts relationship

to i1ts original owner.'" However, he later admits that '"a

knowledge of the separate contributions of both the
endogenic and exogenic sources may prove to be quite
valuable to the environmental scientist.” Clearly, 1t is
necessary to be able to distinguish between the sources
of trace metals in hair before a valid interpretation of

hair data can be made.
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Figure 2.1.8: Concentration of lead in two adjacent
hair 0-10 mm and 15-30 mm distant
from scalp. Value given for mid-point
of segment; number of observations in
parentheses. (157).

2.1.8 Hypothetical Model for Hair as a Biological

Monitor

Hair may preserve a record of trace metal concentrations
in the blood stream. It does not provide an index of

total body burden iIn the same way that a deciduous tooth
might for lead, and neither does it give an estimate of
current exposure as would a blood level figure. Instead,

it would provide an index of blood levels over a period
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of a few weeks, depending on the hair length sampled, |f
a long strand were sampled and segmented, then a
long-term record of changing tissue levels might be

obtained.

Once the hair has emerged from the follicle though, it
IS subject to the environment in which the individual
lives. The air, water and cosmetics which come into
contact with the hair may contain trace metals and cause
them to accumulate in 1t. So hair could be a useful
indicator of the levels of trace metals iIn the
individuals®™ environment. However, normal hair washing
might cause metals to be leached from the hair and alter

the record.

If, for a given individual, exposure to all sources of
trace metals 1is relatively constant and the individual®s
metabolic state is stable, then we can assume that the
flux of trace metals to the individual®s hair via both
endogenous and exogenous routes will be constant and
continuous. It could then be expected that the
concentration of a given metal in a hair would be at a
level reflecting the endogenous contribution at the
root, and increase along the hair at a rate reflecting

the degree of environmental exposure.
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It i1s proposed that hair can provide an index of both
tissue level and environmental exposure. If a hair
sample 1s cut from as near to the scalp as possiblei
divided into two equidistant portions and analysed
separately, then the value for the rate of iIncrease with
length so obtained (the slope) may be used as an index
of environmental exposure, and the concentration of
metal at the root, obtained by extrapolation (the
Intercept), can be used as an index of tissue levels
(Figure 2.1.9). The model assumes that the rate of
accumulation will be linear iIn a steady state system. Of
course this will depend upon other factors including
personal hair hygiene, contributions from sweat and
sebum, the effects of cosmetic treatments on the hair

and physical and chemical changes which may occur as a

result of ageing.

The object of this part of the work i1s to test the
methodology outlined above to see if hair can be useful
as a dual 1index, and to Investigate some of the other

factors which may influence trace metal levels iIn hair.
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2%2 Trace Metal Analysis of Hair

2,2.1 Introduction

Prior to analysis by conventional atomic absorption
techniques the hair must be ashed to reduce the bulk of
organic material and digested under acidic and oxidising
conditions to solublise the metals. Much of the early
parts of this work were performed by flame atomic
absorption spectrophotometry (@as) using the Pye SP9.
Later analyses were carried out by atomic absorption
spectrophotometry with electrothermal atomisation using
the Perkin-Elmer AA 4000 spectrophotometer, equipped
with an HGA 500 graphite tube atomiser.

2.2.2 Analytical Technlgnps

All hair samples were analysed by atomic absorption
spectrophotometry. Details of the analytical proceedure

appear 1In section 2.7.1.

2.2.3 Accuracy and Preciainp

As this work progressed, and the author®"s appreciation
of the practice and pitfalls of analytical chemistry

developed, more checks on the reliability of the
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analyses were introduced.

The accuracy of the flame aas was confirmed by comparing
a spiked digest calibration curve with an aqueous
calibration curve (Figure 2.2.1). That the two
calibration curves are approximately parallel indicated
that there were no matrix interferences within the
flame. The 217.0 nm lead absorption line is believed to
be relatively free from spectral interferences. The mean
concentration of lead was 14.4 ppm with a relative
standard deviation of 25%. The mean concentration of
copper was 13.6 ppm with a relative standard deviation
of 7.5%. Cadmium analysis was also studied at this stage
but the relative standard deviation of 275% obtained
indicated that there was little point iIn proceeding with

cadmium analyses.

AAS with electrothermal atomization 1S more prone to

interferences than flame aas. This 1S because:

1. The analyte and matrix are concentrated within
the light beam. This means that although better
sensitivity is achieved it is at the expense of
having much more non-specific “background*

absorption.
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EIRUre 2»2tl: Aqueous and spiked hair digest
calibration curves for flame aas

[Pb] added

Figure 2.2.?!  aqueous and spiked hair digest
Calibration curves for aas with

electrothermal atomisation
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2. The tube will not be evenly heated so the analyte
may be atomised, and then condenseir or react with other
elements present iIn the matrix at cooler parts of the

tube, to be re-atomized later.

3. The analyte may react with the surface of the tube,
or the bulk of the matrix, thus inhibiting or enhancing
atomisation. This effect may be reduced or increased 1In

the presence of other matrix elements.

A number of hair digest solutions and a reagent blank
were analysed by standard additions and compared with an
aqueous calibration curve (fig 2.2.2). The spiked hair
digest solutions were found to be parallel to each other
but not to the aqueous calibration curve. This showed
that calibration with aqueous standards was not
satisfactory. It was noted that the spiked hair digest
calibration curves were parallel to the spiked reagent
blank calibration. It is possible that the interference
which causes a slight reduction in sensitivity for lead
Is due to the presence of a relatively high acid
concentration. Since the acid concentration is common to
all hair digest and reagent blank solutions, and iIn this
study the calibration curves were found to be parallel,
It was considered that matched matrix calibration would
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be most suitable for these analyses. The matched matrix
standard were prepared by taking a small aliquot (ca 0.5
ml) from each sample to be analysed and combining them.
The composite sample was then spiked with aqueous lead
standards and analysed as described above. The
concentration of lead in the calibration composite was
used as one quality control index for the analyses. A
sample of the composite was re-diluted and included at
the Dbeginning of each analytical run to check that the
sensitivity did not vary. A record of the values
obtained gives an indication of the precision of the

analysis.

Five composite samples analysed on the same day but in
different runs gave a mean concentration of ad39 ppm
with a standard deviation of .0045 ppm (BSD = 1.15%).
This i1llustrates the excellent level of precision that
can be achieved with the best modern instrumentation. A
further quality control check was made by carrying over
the calibration composite from a previous analytical
session. This quality control check was placed at the
end of each analytical run and was used iIn the same way
as the first quality control check. In addition it would
indicate any day to day changesi such as errors in
calibrations, analyte loss, or contamination. This
material was only diluted once per session so that it
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could be preserved for as many sessions as possible. The
level of precision achieved for one sample analysed on

four separate occasions was 3.2% at a concentration of
0.068 ppm.

The overall performance of the technique was assessed in
a recovery study. Early recovery studies were
disappointing because of difficulty in obtaining true
homogeneity of the sample. However, when a cryogenic
mill became available the exercise was repeated. The
cryogenic mill cools the sample in a bath of liquid
nitrogen and pounds it with a reciprocating metal
weight. The hair shatters at the cold temperature and a

well-mixed powder is obtained.

The results achieved in therecovery study were quite
satisfactory (Table 2.2.1). The concentration of lead in

the hair sample was 14.4 ppm.

Careful selection of conditions and continued quality
control has ensured that both flame and flameless atomic

absorption spectrophotometry are reliable techniques for

the analysis of lead in hair.
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Table 2.2.1 Recovery S

Addition lead conc*™® Coefficient Recovery
in solution of variation
0 0.072
1 ug Pb 0.169 97.05b
2 ug Pb 0.265 96.555
s Protocol

A limited pilot survey was mounted with the objects of
testing the methodology, and studying the relationships

between the concentration of metals iIn hair, and hair

length.

Samples of sub-occipital hair were collected from
sixth-form students from urban and rural schools in
London and Hertfordshire. All the students also
completed a short questionnaire about their hair and
hair washing habits (Appendix C). Samples were cut from
as close to the scalp as possible and labelled carefully

at the proximal end with a piece of adhesive tape.
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They were stored in sealed polythene bags prior to

analysis by flame atomic absorption spectrophotometry
2.:3:2 -Results

A full table of analytical results and questionnaire
responses appears in Appendix D. The data obtained from
individuals are considered in two populations; one
"urban” from London suburbs and Letchworth, and a
"rural" population who attended Hadham Hall School in
Hertfordshire. The distribution of the first two 3 cm
segment concentrations of lead and copper are

ilfustrated graphically in figures 2.3.1 and 2.3.2.

The first observation that can be made is that none of
the distributions conform to a normal distribution.
This means that the use of the mean as a measure of
central tendency and standard deviation as a measure of
spread are inappropriate. The distribution of the data
can also be presented as a cumulative frequency
distribution and this can be used to provide a more
suitable measure of central tendency, the median (50th.
percentile), and interquartile range, which is the
difference between the cut-off point for the lower 25%
of scores and the cut-off point for the upper 25% of

scores (fig. 2.3.3. and 2.3.4.).
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the distributions conform to a normal distribution.
This means that the use of the mean as a measure of
central tendency and standard deviation as a measure of
spread are inappropriate. The distribution of the data
can also be presented as a cumulative frequency
distribution and this can be used to provide a more
suitable measure of central tendency, the median (50th.
percentile), and interquartile range, which is the
difference between the cut-off point for the lower 25%
of scores and the cut-off point for the upper 25% of

scores (fig. 2.3.3. and 2.3.4.).
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10 Rural subjects (n=23)

Urban subjects (n=27)

iind rlL A

O 1 2 3 M5 6 7 8 910 11 12 13 33 M
[Pb] ug g™
Elgur.g_273-i-l Histogram of lead concentrations in first

two 3cm hair segments.

L I Rural subjects (n=29)
HHi Urban subjects (n=29)

0 510 15 20 25 30 35 40 45 50 55 60 65 70 75 80
[Cu] ug g*™*

Elgure 2t3i12 Histogram of copper concentrations in first
two 3cm hair segments
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The characteristics of the groups of data are presented
in Tables 2.3.1. and 2.3.2. The data may also be
divided in the first (proximal) and second (distal) 3
cm. segments and the data split in this way are

presented in Tables 2.3.3. and 2.3.4.

Xable 2j.34-1 Distribution Characterjgtics of
Lead INn HaIr ip g“%)

Median Interquartile
Range
Rural 3.3 . L5 e
Urban 5.3 5.4
Xable — Bi~tributipn CharaclL™ristics of copper
1IP-Hair (WK )
Median Interquartile
Range
Rural 15 g
Urban 23 ha
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Pol g™

SN Cumulative frequency curve for lead iIn hair

[Cul =g g

Figure 2.~.4 Cumulative frequency curve for copper 1iIn
hair
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Table Proximal and Distal Lead
Concentrations (g g”’").

Section Median Interquartile
Range
Rural Proximal 3.2 1.2
Distal 3.3 1.7
Urban Proximal 4.8 4.2
Distal 6.4 6.0
Table Proximal and Distal Copper

Concentrations (g g”'").

Copper Section Median Interquartile
Range
Rural Proximal 15 7
Distal 15 14
Urban Proximal 23 17
Distal 28 23
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21313 Discussion

The results can be interpreted more easily when
presented graphically (figs. 3.2.5. and 3.2.6.).
However, caution should be exercised when making
Interpretations because of the limited number of
observations and the relatively large degree of
variation within each group. The difference between
proximal and distal values was 1investigated within each
group using Wilcoxons matched pair test (Appendix E).
The only significant difference was for ’urban® lead
values (p = 0.025). The difference between “urban®
copper proximal and distal values was not found to be
statistically significant although the median values
certainly indicate this trend. Man-Whitney"s test was
used to compare data from various origins (Appendix E).
All the “urban® Ilead values were significantly greater
than the “rural®™ lead values (p = 0.05), and when the
distal values were taken alone, an even more signficant
difference was observed (p = 0.01). When all the copper
proximal and distal data were put together the
concentration in “urban®™ hair was significantly greater
than 1n “rural®™ hair (0.025). This difference was not
significant when proximal and distal values were

considered separately.
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[Pb]

Sy
21315 Change in Lead Concentration With Hair
Length.
[cul
g
length. Change in Copper concentration with hair
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cince ole "uruan- lead values were ai¢nii leantly
eater taan Llie proxii.ioi values 1t "wes decided to
caxculaee slopes ailu incercept valueci for these data
(letdie 2.C.3). Ihese dala were 1nvest rMated usinp
riinn-_dixtney > s test and tne slopes of the “urdan® data
were TfTound to be si™nificantiy greater tilan the slopes
Of “"rural®™ utud (p _ 0.01). There v;a no siiynil®lcant

uitirterence oetwaun the 1i1itercept values.

lo can Os concluded tnat tne oac,<:round concen tr-aoion or"
~sao iIn IUJir, as shown oy uhe rural populations, 1Is 1iIn
ohe ronpe 1.0 - 5.5 o N (0,- hIi;.iits) and tnat
concentrations .aay extend oeyond 13 (953 cut-off)
iIn an urxni jlopuiation. Tne “wide raur¥e of copper
coneenurations lound i1n tne hair of a nor..1al population
11des dijcridina ion oetweori "exposed®™ arm "noi”.iax"
dixiicult. Althou™pi tiiere is @,.Ie evidenee jhiat urbini
residents do snow L.t™her conceimrations, tne data has

-1

been au.jii,.ed to obtc;in a normal rane of o - 65 vy

(905 xitiits) .

fne si;inii"icantly iinighcr _.gradients of leau concentratio;
wion ieri[;itn (slopes) 1ound iIn the urban residents jjly
indicate ¢»’eater exposure to environii.ental lead and
suurests the potenuial merit of tiiis value as an I1ndex
O1 exposure. It xs interestiriu to note that two

neoStive slope values appear iIn tie uroan data and that
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almost half of the rural subjects show a negative slope.
This indicates that the relationship between exposure
and concentration gradient is not as simple as has so
far been implied and that there are other factors at

work.

Lead intercept values did not show a significant
difference between groups. This may mean that either
each group had a similar endogenous contribution to lead
in hair or that the intercept value is not a reliable
indicator of the endogenous component. The
extrapolation to calculate the intercept point assumes a
linear relationship between hair length and
concentration. While hair has been shown to accumulate
lead It seems unlikely that it will do so in a truly

linear fashion.

This preliminary work has shown that there is some value
in studying the way in which the concentration of lead
changes with hair length, and that the relationship may
be used to make observations about the environment in

which populations live.



2N bv hair

2.A.1  Ppifififil

This part of the work was initially planned as a
national survey of trace metals iIn hair. It was hoped
that by studying hair lead profiles of groups of
adolescents from various environments, some conclusions
could be drawn about environmental factors which affect
the uptake of lead by hair. Introductory letters,
questionnaire fTorms, polythene sample bags and
instructions were sent to twenty schools with sixth
lorms, throughout the United Kingdom. Only six schools
responded to the request and of these only 33 samples
were labelled at the proximal end and were large enough
to be useable. Only 11™ of the sampling kits sent out
were returned with a useful sample! For examination of
the effects of washing, etc on hair lead these data have
been combined with the data from the preliminary survey
(Section 2.3) 1In order to provide a better sample size
N 57). In these cases the data base will be refered

to as '"combined data".
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A detailed Table of results appear at Appendix F. The

results are summarised in Table 2.4 .1.

Table 2.4.1 of Hair

Source n  Median Interquartile
range

Bristol 7 8.0

Isle of Wight 8 4.4 131'.31

Manchester 8 10.6 8.6

Swansea 7 5.4 e'o

Tobermory 2 10.0 2.4

Combined Data 57 5.6 7.3

/Jg g“
The combined data are presented graphically in figures

2.4.1 and 2.4.2. The median of the combined data is 5.6
ygo g ™ and the interquartile range 7.3 /lg g”*. The form
of the distribution has a log-normal appearance but the
cumulative frequency distribution does not give a
straight line when plotted on log-probability graph
paper (fig.2.4.3). Statistical tests which assume a
fixed statitical distribution would be inappropriate for
these data so non-parametric methods will be used. Slope
an intercept values were calculated from the proximal

and distal concentrations (Table 2.4.2).
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coiiibineu hair lead data.
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Log-probability curve of cumulative
hair lead data.












Table 2.4.U iiair lead parameter™ fop various

Proximal Distal (P + D Slope Intercept
average)
Urban 11.0 16.0 (14.0) 0.8 8.0
Inter-
mediate 5.0 7.0 (6.0) 0.7 3.0
Rural 4.5 5.5 ( 5.5) 0.4 2.0
pe g-’ /g gt ot 0 g

Mann—/hitney 's test was used to look Tor significant
differences between each group and the rest of the data.
There were no significant differences at this level.
Vihen the urban and rural data were considered without
the intermediate data the mean concentration data was
significantly different (p = 0*005). Both proximal

(p =0.01) and distal data (p = 0.025) when taken
separately gave significant results. The intercept value
of urban subjects was significantly greater than rural
subject (p = 0.05), but slope differences wefe not

significant.

These results and those of the preliminary survey

indicate that hair lead may effectively discriminate
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between groups living in urban and rural environments.
If the »normal’ range established in the preliminary
study are accepted (1.0 - s5.5) then all of the
Manchester subjects had elevated levels. In the rural
group, 3 out of s of the Isle of V/ight subjects showed
elevated levels but both of the Tobermory subjects had

high levels (median = 10 jig g"b.

Clearly the environment is an important factor affecting

hair lead levels, but not the only one.

Water hardness is a factor which has been implicated in
some lead poisoning cases and has been shown to be
associated with hair lead levels (150). Heavy metals are
more soluble in low pH waters collected in granitic
catchment areas. Metal containing minerals are
associated with igneous mother-rocks and these may be
leached out by the soft water, giving a high background
level. The antiquated plumbing of many older properties
frequently includes lengths of lead piping. If soft
water is allowed to stand in such systems, the lead nay
become dissolved and be present in drinking water. This
Is not such a problem in hard water areas where heavy
metals have a lower solubility in the water.
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Science teachers were asked to estimate the hardness of
water in the catchment area of their school. The Isle of
Wight has hard water, Tobermory, Manchester and Swansea
have soft water, and Bristol has an intermediate supply.

The results are presented in Table 2.4.5.

Table 2.4.5 LEM_EaraiusifijiS-1fir-_P_liLfsrsni_

I1"pes
stal (P + D Slope Intercept

Average)
Hard 3 5 ( 9 0.4 1.0
Inter-
mediate 7 20 a4 2.8 2.0
Soft 8 1 (D 0.6 6.5

yg g-i :jg g-lcm-1 6-1

The only significant differences that occurred were
between the soft and hard groups for proximal, distal,
proximal and distal average and intercept values. It is
interesting to note that the expected trend is only
observed in proximal values and in the extrapolated
intercept values. It may be that the effects of water

type are only significant when the hair has just
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emerged. As the hair grows other factors may become more
important. One would need to have much more data from

diverse locations to confirm this hypothesis.

2.4.5 ;exual

The combined data was divided according to the sex of
the participants and the hair lead parameters calculated
(Table 2.4.6).

Table 2.4.6 J.ers for Majgs and
Proximal Distal (P + D Slope Intercept
average)
Male 8y 0.6
Female
. 1

/IS ¢ /jg g cm g g

Although the females showed a generally lower level of
lead in their hair, this difference was not found to be

significant.
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2.4.6 liie Effects gf Personal Hair-washing Habits on

Each participant in the study completed a questionnaire
(Appendix C), which included two questions about hair

washing habits:

1. How often do you wash your hair?
2. How Long is it since you last washed your
hair?

The differences between hair washing frequency groups is

presented in Table 2.4.7.

Table 2.4.7 D-iffgrences n. h.alr-lead Earameters for
different wash frgguen?Y Kr?upg

n proximal Distal Slope Intercept
Daily 4 8 0.1
Every
other day 32
Twice 17
weekly

g-t /flg g-icm1 |jg g-t

The »daily* group was too small for there to be any
significant differences. The distal concentrations and

slope values of the »twice weekly» group were
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significantly greater than the “every other day®" group
(p = 0.01 and 0.05), but the proximal concentrations
were not significantly different. This 1is particularly
important because i1t suggsts that hair washing affects
the rate of accumulation rather than the initial
concentration of lead In hair at the proximal end. It
seems that the frequency of personal hair washing is an
important consideration when considering the
accumulation of lead by hair. The time elapsed since the
hair was last washed seems to be a less 1Important factor
(table 2.M.8). There are no significant differences

between any of the data.

Table 2.4.8 yifferonfE™ i) JialdLj . £3d™Maji1ainEters with
1Jlig-glapsed since last wash

Days N Proximal Distal Slope
e lapsed P Intercept

NhADMDMDMNO
Co~NuTow
POOOOO
aohr,oaNnOo

yg -1 g g-lcm-1 jig g-I

It appears that the cumulative effect of the frequency
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hair washing i1s more iImportant than the effect of the

most recent wash.

It was felt that hair washing could be one of the most
important factors affecting lead levels In hair, so a
minor study was mounted. Samples of hair were obtained
from eight volunteers before and after their normal hair
wash. The concentration of lead iIn the first two 3 cm
segments (proximal and distal) was determined and the
slope and intercept values calculated (Table 2.M.9. a

full table of results appears iIn Appendix F).

Table 2.4.9 1 J2EathrE _ald SXifr
Proximal Distal Slope Intercept

Before washing 5.2 0 5.2

After washing A1 1 3.7
g /99 /g cm  yigg

The values for the concentration of lead were

significantly higher before washing (p = 0.01). Only the

slope was not significantly affected. It is particularly

important to notice that the iIntercept value was

significantly reduced (p = 0.025). This indicates that
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washing is able to remove lead from throughout the
length of the hair and i1s not only effective on the
distal segments where much of the accumulated lead 1is
believed to be associated with ’surface contamination’
This finding casts doubt on the value of the slope and
intercept as indicators of exposure and uptake,

especially on an i1ndividual basis.

2.7 The Effect—eil-li.alr £glour on the Lpv~H]

Dividing the combined data according to hair colour did
not produce any evidence of any relationship between

hair colour and hair lead (Table 2.7.10).

Table 2.1..10;
Colour n Proximal Distal Slope Intercept
Blonde 1.0
Light
Brown
Dark :
Brown o1l
Black 0.4

/3 9 fig g"~cm“™ yjg g“1
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2.4.8 } which mav affect tg.

AU _1™ad 1n hair
All participants In the study were asked i1f they had red
hair (possibly associated with i1ron), 1f they used a
dandruff control shampoo (some contain zinc pyrithione)
and 1f they smoked at all. The number of positive

replies was too small to be statistically useful.

Diet, season and other factors may also significantly
affect the levels of trace metals iIn hair. Such
variables would have to be taken iInto account on an
individual basis If a more detailed study of the

influences on lead levels In hair were to be undertaken.

2.4.9 Discussion

The combined data of lead iIn hair shows a highly skewed
distribution which has a median at 5.6 yg ¢g'"* and an
interquartile range of 7.3 yg g””. Nearly 50" of the
subjects studied had hair lead levels above the
background range established iIn the preliminary survey

(1.0-5.5 ~rg—g=n).

Significant inter-regional differences iIn lead levels

were found even though subject numbers were small, and
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urbanisation of the environment was found to be an
important factor. Soft water was also found to be
associated with higher lead levels. Only two specimens
were obtained from Tobermory but both had a relatively
high lead concentration. It iIs suggested that this might
be related to the soft water supply and that the small
slope values reflect the rural environment. The Isle of
Wight 1s also a predominantly rural area and produced a
slope value similar to that of Tobermory, The lower Ilead
concentrations found may reflect the hard local water
supply. Manchester has soft water and a high level of
urbanisation and here the slope was high and the lead
concentrations was high also. The Bristol data are
interesting because of the very high slope value and
relatively low proximal lead concentration. The Head of
Science stated that although the catchment was
predominantly suburban, it included the intersections of
the MU, M5 and M32 motorways and some aerospace industry
installations. It i1s also about 5 miles to the west of
the lead smelter complex at Avonmouth. These factors
probably contribute to a relatively high exposure level,
and the low proximal concentration could reflect a water
supply which may be harder than the Head of Science

suspects, 1T it originates iIn the Mendips.
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There were found to be significant relationships between
hair washing habits and lead levels. While this would
call iInto question the validity of iInterpreting hair
lead data on an individual basis, i1t need not detract
from the data on a group basis, as long as hair washing

habits are fairly uniform.

The presence of negative slope and iIntercept values has
cast doubt upon the usefulness of these parameters. It
was noted that negative slope values occurred more often
when the author was not present at the time of sampling.
It IS suspected that iIn these cases the proximal end had
not been correctly labelled. However, since i1t has been
found that normal hair washing can significantly reduce
the levels of lead found iIn the hair, 1t may be that
some of these negative values could be genuine. Negative
intercept values are quite obviously erroneous and 1iIn
the statistical tests have been adjusted to zero. While
intercept values have been found to follow expected
trends throughout this work, no attempt has been made to

interpret their significance.
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2 A A aL Lgsii 1In ifair
2-*-5-1)  IniroiJiifiiion

Children are at a higher risk from airborne lead than
are adults (169). They have a much higher rate of
pulmonary ventilation and smaller blood volume than
adults. They are also at greater risk of exposure to
environmenLal lead because of childhood habits like pica
and putting dirty fingers 1In moutiis. So for a given
level of exposure young children might be expected to
show elevated blood lead values and toxic effects more

frequently (169).

Proioool

Hair samples were obtained from 2-4 year old children
attending pre-school playgroups in West London. The
area was specifically chosen because of the proximity of
the Cromwell Road/M4 extension which is one of the
busiest arterial routes into London. Parents v/ere asked

to give the address of each child.

Hair samples were sectioned into the first two 3 cm
distal portions and analysed according to the procedure

described iIn Section 3.5.
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¢J.5;53

The results of the analyses and the calculated slope and
intercept values are presented iIn Table 2.5.1. The
median value and interquartile range for each parameter

Is presented with Table 2.5.2.

Iis. 21511 Xfir Chiswick
Sample Proximal Distal Slope Intercept
CCo3 10.0 15.
cco3 0.0 5.0 1.67 7.5
CCo7 39.0 42.0 1.00 37.5
cco7 12.0 22.0 3.33 7.0
CC0o9 10.0 240 4.67 3.0
CC10 29.0 45.0 5.33 21.0
cCi11 19.0 20.0 .33 18.5
gg%% ig-g 38.0 3.00 24.5
] 11. -
ccm 30.0 ° o7 140
CC15 14.0 15.0 33 13.5
CC16 13.0 17.0 1.33 11.0
CC18 13.0 17.0 1.33 11.0
CC19 7.0 12.0 1.67 4.5
CC20 17.0 12.0 -1.67 19.5
cC22 14.0 15.0 .33 13.5
cc23 33.0 )
CC25 9.0 11.0 67 8.0
CC26 13.0 15.0 _67 12.0
CC27 22.0 23.0 33 21.5
ppm ppm ppm/cm ppm
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laiilfi 2~5~.2 iiair Isad ParalDEiSJia for Chiswick children

n Median Interquartile
Range
Proximal sections 20 m.5 8.5 H) g--
Distal sections 17 17.5 10.0 H& g--
(All sections) 37 (15.5) (10.0) pg
Slopes 17 1.1 1.8 pg g-- cm
Intercepts 17 12.5 11.0 pg g--

The location of each child"s place of residence was
plotted on a map of the area together with downwind
vectors to the nearest main road, and major through

routes (figure 2.5.1).
215 1M

AlIl of the children in this survey had hair lead levels
higher than the upper limits of the background range
established i1n the preliminary survey (6.5 jJX3 g“”). The
median concentration of lead in the hair of the children
In this study was more than twice that found iIn the
"urban® adolescents in the preliminary survey, and was
greater than any of the median concentrations of lead 1iIn
the hair of adolescents in the National survey. The
data are not directly comparable, but they suggest that
the Chiswick children are exposed to higher levels of
environmental lead than are the adolescents.

161






£H0IL5 2 _jp ]

I"igp of Scimniplimp. cirea.

162

Major through route
MM . 11otorway






The children came from predominantly middle-class
backgrounds (subjective assessment) and there 1is no
significant industry in the area. The most likely

sources of environmental lead are the busy main roads

that run through the area. The concentration of lead in

the hair of each subject was compared with the downwind
distance to the nearest main road using the regression

graphics programme (Appendix B),

Only when proximal and distal data were taken together

was a significant correlation observed (figure 2.5,2)
(p=0.025). While the regression equation showed the

expected negative change in lead concentration with

increasing distance from the reoad, the scatter-diagram

shows that the data fell into three fairly distinct

groups:

1. Short distance, intermediate lead.
2. Intermediate distance, high lead

3. High distance, low lead.

It was felt that these groupings were caused by errors

In estimating the distances from the road. The analysis

was repeated using the distance to the nearest main road

irrespective of direction (fig. 2.5.3.) The correlation

was again significant at a low level (p = 0.025) and the

grouping seen previously had been dispersed.
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Considering the high degree of scatter in the data it
would be inappropriate to allocate much confidence in
the regression equation. However, it is interesting to
note that a similar equation was generated by each

analysis: [Pb] in hair = -0,33(distance from road)+23.

Analysis of slope and intercept data with respect to
distance from the road did not provide any significant
correlations. However, the regression equations

generated by the data were negative as expected.

This study suggests that infants living in urban areas
have a higher risk of exposure to environmental lead
than other groups. Major roads are significant sources

of lead Iin the hair of these children.

2.6 Ihg Pirggt Petermination of Lead in Hair

2.6.1 Introduction

Several authors have observed an increase in the

concentrations of some trace metals from the roots to
the tips of hairs (99, 157, 165). The early parts of
this work have been based on an underlying assumption
that the concentration of lead in hair increases from

root to tip in a near linear way, that reflects the type
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and degree of exposure. It was considered highly
desirable that a more detailed investigation of this

relationship should be made.

The modern graphite furnace atomic absorption system is
sufficiently sensitive to detect the levels of lead
found in single hairs (159). Alder and his co-workers
have made extensive studies of the technical aspects of
single strand hair analysis for toxic metals (159, 166,
167, 168). They found that solid sampling gave fast and
reliable results, but required painstaking attention.
They also identified a serious calibration problem; the
analysis is destructive of the sample, so standard
additions cannot be used. Silk and animal hairs,
artificial fibres, protein materials and ion-exchange
resins have all been investigated as possible
calibration matrices but with only limited success. In
earlier studies in this thesis, using wet chemical
ashing followed by graphite furnace aas, it was found
that the presence of acid in the digest solution caused
the most significant matrix effect. In solid sampling no
acid is required and it is hoped that matrix effects
will therefore be minimal. An absolute determination of
the concentration in hair (although desirable) is not
necessary so long as reliable relative values are
obtained.
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Access to two lead working firms was obtained with the
kind assistance of Dr H A Samuel of the Employment
Medical Advisory Service. Single strands of hair were
plucked from the back of the head of each subject, and
at the same time bulk hair samples were obtained (for
wet ashing and analysis). Samples were placed in sealed
polythene bags and a staple was inserted at the proximal
end. Dr Samuel took a blood sample from each subject (s
ml potassium EDTA). Single strands of hair were also
obtained from colleagues at the Health and Safety
Executive, Occupational Medicine Laboratories for use as

a control (unexposed) group.

2*6.2 AJlfllYtiflal teohniaues

Individual hairs were cut into 9nm segments and analysed
directly using the method described in section 3.7.
V/henever it was possible more than one hair froi.i the

same head was analysed and the results combined.
2.6.3 sampling resp]frS

All the results of segmented analysis of single hairs
was processed using the "Regression Graphics" programme
(Appendix B), written specifically for the purpose, to

be run on the Trivector Microcomputer system at the HSE

168



Occupational Medicine Laboratories» This programme
calculates a linear regression equation from the data
and calculates Pearsons' correlation coefficient (R).
The statistical significance of the correlation
coefficient must be found from tables. The programme
then plots all the data points and joins them up (or
their arithmetic averages if more than one value is
entered). The line of the calculated linear regression
equation is then plotted over the top. In the segment
analysis diagrams the atomic absorbance signal is
generated on the y-axis against hair length on the
x-axis. Space does not permit all the diagrams created
in this way to be shown, but a selection is presented
below (Figs 2.6.1 to 2.6.4). Note that in all these
diagrams the x-axis has been set to a maximum of 6 cm
but that the y-axis varies from 0.5 to 3*o absorbance
units. A 2rém segment length was used for some of the
samples which generated very high signals, if a extra
hair was available. AIll the segment analysis results,
converted from absorbance units to nanograms and
corrected for different segment lengths are presented,
along with correlation coefficients and levels of
significance in Table 2.6.1. Median values for slopes
and intercepts were calculated using statistically

significant data only (Table 2.6.2).
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I"hIQ 2.6.J 1i£f8ults Qf _Hair Solid .SpipiTng

AnaxXy$j I

Sample n Slope Intercept ‘R’ Sig.%
02 9 0.06 0.04 74 1.0
03 16 0.02 0.20 .23
04 17 0.13 0.10 .86 0.1
05 9 0.02 0.03 AT 1.0
07 9 -0.27 1.85 .56 -
10 19 0.28 0.20 .94 0.1
12 12 0.07 0.07 .94 0.1
13 17 0.19 0.43 .80 0.1
15 15 0.02 0.10 .59 1.0
16 12 0.08 0.36 .78 0.1
17 11 0.15 0.22 77 1.0
18 10 0.05 0.03 75 1.0
19 12 0.17 0.72 88 0.1
20 17 0.15 0.10 93 0.1
21 17 0.03 0.13 50 2.5
02 5 -0.31 3.33 .31
03 20 0.56 0.68 .94 0.1
4 14 0.54 1.61 .84 0.1
06 11 -0.34 2.80 .39
08 8 0.30 0.28 .97 0.1
11 6 0.49 2.66 67
14 5 0.03 2.26 .26 -
15 5 0.31 0.30 .99 0.1
51 5 0.97 4.67 .50
52 20 0.89 1.70 .83 0.1
53 16 0.32 0.31 .96 0.1
54 5 0.86 1.35 .94 1.0
55 6 0.11 0.07 55 -

ng cnm’” ng e
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Table 2.6.1 cent'd.

G/K 9 0.44 0.46 93
9 0.41 1.59 .79
5 0.47 1.76 .39
5 0.58 2.21 .62
1{3 0.86 3.33 .23

2.86 3.33 .50
g - 0.50 3.33 .58
1.22 0.69 .97 0.1
5 0.51 2.74 ‘A8
22 0.32 0.38 87
9 - 0.18 1.17 .60
S 0.97 2.68 .84
9 0.29 0.63 .70
21 0.13 0.09 .78
ng o ? ng cm”

lgbig 21612 Median slope and intercept values for each
group (interquartile range in parenthesis).

Slope, ngem Intercept ngem"
Normal 0.09 (0.11) 0.10 (0.23)
Exposed 0.45 (0.31) 0.73 (1.42)
P 0.01 0.01

These results indicate that both slope and intercept values
can effectively discriminate between occupationally exposed
and normal individuals when a statistically significant
correlation between hair length and lead concentration is

obtained.
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About 629 of the segment analysis results show a significant
positive correlation between lead concentration and hair
length. In most cases where a correlation was not found the
lead concentration was very high. This might reflect
differences in the pattern of uptake at high environmental
levels or may be due to analytical errors. It is not possible
to dilute a solid hair sample to bring it into the
calibration range so analysis at a less sensitive line was
attempted. Sample GG 1l was analysed at 217.0 mi and at 283.3
mm (Figures 2.6.5 and 2.6.6). The less sensitive line gave a
much more satisfactory result for this sample. It was not
possible to employ the 283.3 mm line throughout because the
majority of the samples had already been analysed

(destructively) at 217.0 nm

The slope and intercept values obtained for each individual
were compared using the "regression graphics” computer
programme. The scatter diagram showed that the data were
highly skewed towards lower values so a log-normal
transformation was performed on each set of data. A high
level of correlation was obtained from the log-transformed
data (pr0O.001) indicating a high level of association between
the variables (Fig. 2.6.7). Slope values are almost
certainly associated with levels of exposure to environmental

lead.
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If the hypothesis that the extrapolated intercept values
reflect the endogenous component is true, then these
results indicate that high levels of endogenous hair
lead are associated with high exposure levels and that

intercept values may be useful indicators of uptake.

The regression equation indicates that an intercept
value of about o0.02 ng cm‘” would be associated with a

slope value of zero. This figure may be taken to be the

background endogenous concentration when there is no

environmental exposure, and will reflect that component

contributed by the diet.

¢ce.oPItS QFf mAlY.sis after wet ashjre

Parameters obtained for the analysis of lead workers’
hair by wet chemical digestion are presented in Table
2.6.3. The data are summarised in Table 2.6.”4. For
some subjects only sufficient hair was available for

proximal concentration to be estimated.
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Table 2.6.3

1AL 5. N

gd

KWW ¢

2*6«N
1£xpo8ggd

concentration
concentration

Proximal
Distal
Slope

Intercept

Hair Lead Parameters,

MAEACE?"

Exposed Group.

Qf.hBir leaii_.parameters
--group)
Median Interquartile
Range
26 66
34 53
0.4 22
19 67
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The high number of negative slope values occurring in
the data is extremely disappointing. The level of
association between proximal and distal values was
investigated using the regression graphics programme.
The data was found to be highly skewed towards smaller
values so natural logs were used (Figure 2.6.8). The
high level of association found indicates that tlie
analytical technique is probably reliable. It is felt
that the high incidence of negative values may be due to
a failure to correctly identify the proximal end. Nb
correlation between slope and intercept data was found
when all the data was considered. However, when slope
values less than 1 were excluded a signficiant degree of
correlation was observed for the natural log data
(p=0.025) (Figure 2.6.9). This shows that if any
relationship between slope and intercept values does
exist then it may be being obscured by some weakness in

either the technique or the theory.
N*h BEMLUKS .Qf blood lead analyses

Tne individual results of the blood lead analyses was
presented in Table 2.6.5. The median concentration is
31 ~gs1o0 ml and the interquartile range 28 ~gsi00 ml.
The distribution did not appear to be skewed towards
high or low values and so was assumed to approximate to

the normal distribution. Blood lead concentrations In a
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normal population are usually less than 20 ~g/100 ml and

2515 of these values fall into that range. Only two

subjects showed dangerously high blood lead levels (GO
5, GG 52) and one (GG 52) showed signs of interference

with haemoglobin synthesis, as indicated by a slightly

raised free erythrocyte protoporphyrin level. The data

represent a typical occupationally exposed group.

Hairlead/bloofi inl'ir rU nti"n”~hins

Too few of the significant segment analyses and wet

chemical analyses coincided to make comparisons of slope

and intercept data possible. A significant correlation

was observed when the natural logs of significant
aegment intercepts were compared with the natural logs
of wet ashed proximal concentrations (p=0.025).
However, the scatter diagram shows a disappointingly

high level of spread (Figure 2.6.10).

The data were used to assess the degree of association

oetween blood lead and hair lead levels as estimated by

the two techniques. All the hair lead data was observed

logarithms
Blood

to be skewed toward lower values so natural
of the concentrations have been used throughout.
lead values appear to approximate to a normal
distribution so they have not been subjected to a

log-transformation.
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Ugd ExpQs™d V/orker§' Blood ip*d Concennrai-inn®

Sample Blood Lead Sample Blood Lead
Concentration Concentration
GK
ligZ/100 ml

In the scatter-diagrams the hair data has been
multiplied by a factor of 100. This 1s because the
graphics part of the programme cannot cope with negative

values created by the log-transformation of values less

than one.

A significant correlation was achieved between the lead
intercept concentration values achieved by segment
analysis and blood lead concentrations (p=0,05).
Examination of the scatter diagram reveals a somewhat
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weak association and the regression equation may not be
valid (Figure 2 6.11). Ho correlation was observed
between segment analysis slope values and blood lead

concentrations.

I/nen bloo(i lea(J concentrations were compared with
proximal values by wet ashing (hair data not
log-transformed) a very high degree of correlation was
Observed (p=0.001). When the scatter diagram was
examined the hair lead data were found to be skewed
towards lower values, as expected (Figure 2.6.12). When
the natural logs of the hair lead data were considered
an even higher/degree of correlation was observed
(Figure 2.6.13). The "least squares best fit"
regression equation for the blood lead/hair lead

association found was:

SUN e WS 0.06 [Pbl ppood + 2
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This equation would generate the following hair lead

values for the range of blood lead values found in this

study:

Blood Lead Hair Lead
0 7
10 14
20 25
30 45
40 82
50 148
60 270
70 ~93

~g/100 ml g-l

A significant correlation was observed between blood
lead values and intercept values achieved by wet ashing
(pr0.001) (fig 2.6.14). However, the degree of scatter
was much greater than when proxin;al sections were

considered.

JMISgPSSi0Q

Solid sampling analysis was found to be satisfactory so

long as the strictest standards of cleanliness were
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adhered to. Analysis at the 217.0 m lead absorption
line caused sensitivity problems when very high lead
levels were encountered so the use of the 283.3 mm line

IS recommended.

The expected increased in lead concentration with hair
length was observed in two-thirds of the samples. Both
slope and extropolated intercept values were high in the
occupationally exposed group. The cut-off between the
exposed and non-exposed groups occurred at about 0.3 ng
cn (slopes) and 1.0 ng cm » (intercepts). The results
of this study v/ere very slightly lower than those
reported in two earlier studies (101, 126). This may be
because the analytical procedure used in this study did
not determine the higher concentrations successfully.
The natural logs of slope and intercept values were
found to have a high order of correlation suggesting a

comnon origin: lead exposure.

The level of correlation between the results of analysis
of hair lead by the two techniques was disappointingly
poor. It is felt that this lack of agreement may be due
to imprecision in the solid sampling technique which
relies upon the analysis of only two or three individual

hairs.
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Blood lead values were only weakly associated with hair
lead slope and intercept values as determined by the
solid sampling technique. However, the concentration of
lead iIn proximal sections of hair, as determined by the
wet ashing technique showed a strong correlation with
blood lead levels. The regression equation:

hair = 0.06[Pb]
was very similar to that calculated from Chattopadhyay"'s
data (1z2i1)]):

hair = 0-05CPDb]
It Should be noted that Chattopadhyay et al quote a
different equation in their paper:

hair = + 0.025
but this 1s not supported by their data and is thought

to be 1In error.

A hair lead concentration of 82 jJjg g““ was found

to be associated with a blood lead concentration of

0 ~g/100 ml. It 1Is suggested that 80 g g“™ lead 1In
hair may be taken as a minimum level associated with
raised occupational risk. This figure should not be
applied to other non-occupational groups and 1iIn
particular to children, who at any given exposure level

may be at significantly greater risk than adults (169).
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SEflci uding summary of th« i.5e of human

head hair as a bioiogtcai monitor.

Trace metals may become incorporated into hair during
its' formation, be absorbed from sweat and sebum or be
accumulated from the environmeht after the hairs'
emergence. Trace metals may vary with hair length and
with position on the scalp. Random hair samples are
therefore unlikely to be good monitors of exposure or

uptake. The object of this work has been to investigate

the potential value of hair as a biological monitor.

It was proposed that the concehtration of metals at the
roots of the hair would be related to endogenous
deposition, and that the rate of increase with distahce
from the scalp would be related to exogenous

accumulation.

In a preliminary study of two groups of urban and rural

dwelling adolescents the rate of increase in lead

concentrations (slope) was able to discriminate between

the different exposure ratings. Extrapolated root
concentrations (intercepts) were not significantly

different. The rural group was used to estimate a
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background range, which may be defined as '"the
concentration of lead In the proximal 3cm of
sub-occipital hair collected from a group of adolescents
with minimal exposure'. The background range was 1 - 6
fJ9 g \ and this could be extended up to about 10 Yg g'l

in order to include "normal» urban adolescents.

Urban and rural copper concentrations did not differ
significantly and a normal range of 8 - 65 pPg g"* was
found. This 1is slightly higher than the range of values

reported by other authors (6 - 50 pg g"*) (91,93,94)

In a more extensive study of adolescents throughout the
United Kingdom, hair lead levels were found to be
related to the degree of urbanisation and water
hardness. Sex and hair colour appeared to make no
difference. Personal hair washing habits were found to
be an Important factor; washing tending to remove metals
from the hair. However 1t was felt that this would not
be significant as long as the data were considered only

on a group basis.

Children aged 2 - 4 yrs living In an urban area were
found to have hair lead levels that were higher than any
of the adolescent groups. There was a weak 1inverse

relationship between the individual hair lead levels and

197



the distance from a major road, to the child"s home.

Leaded petrol i1s thus implicated as a possible source.

These Infants may be at much higher risk than the other

groups studied because of the combined effects of
Increased exposure and the greater susceptibility of

small children to toxic effects.

Single hairs complete with roots were collected from a

normal and an occupationally exposed group. The hairs

were analysed longditudinally and a significant positive

correlation between hair length and lead concentration

was found in 62* of the subjects. Both the slope and

intercept values could discriminate between the exposed

and normal populations.

Bulk hair samples (about 1g of sub-occipital hair cut

close to the root) and blood samples were also taken

from the exposed group. The proximal 3om hair lead

concentrations correlated well with the blood lead

values and the regression equation was calculated:

INCPb
]hair = °*x°onnnnrplood

The single hair analysis results did not correlate well

With the bulk hair or blood lead results. It was felt
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that this was because the single hairs were subject to

too much biological and analytical variability.

The most useful parameter found throughout this study

has been the concentration of lead in the proximal 3cm

of sub-occipital hair. The calculated slope and
intercept values were sometimes useful supplements, and
were particularly interesting in the single hair
analyses. However, negative values often occured and

these were a clear indication of some weakness in either

the theory or technique.

It is not clear whether the proximal concentration
reflects endogenous deposition or exogenous
accumulation, although it seems most likely that it
comprises a component of each. However, since it has
been shown to be related to blood lead concentrations,
degree of urbanisation, water hardness and occupational

exposure it clearly shows great promise as a screening

tool for assessing potential risk. A concentration of 80

/ig g'’ was estimated as being the minimum level of risk
for an occupationally exposed adult population. This

figure cannot be applied to the other groups.
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Normal hair lead values reported in the literature, for
rural and urban populations, fall into the range 0.5 to
"0 /)y g””. The proximal concentration ranges and median
for each group studied here are presented in table

2.7.1.

IsbIfi-227 1Ju Proximal hair lead concentration

for each study group (*g.-g“”

Range Median
U.K. Adolescents 1 - 20 6
Urban 1 - 34 5
Rural 2 -8 3
Urban Infants 7-39 15
Occupationally 8 - 850 26

exposed adults

Many papers have been published on this subject and many
authors have commented on the need for a standardised
approach. All too few have followed that advice and
nearly every paper introduces some new variation. In

that respect this work i1s no exeption. It does, however.
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provide a solution to the problem which 1i1s simple,

straightforward and quick:

1. Take sub-occipital hair only.
2. Cut as close as possible to the scalp.

3. Don"t wash.

Analyse only the proximal 3cm portion.

Further work 1is required to investgate more fully the
mechanisms of metal 1incorporation, accumulation and

loss. Then, with a standardised technique, data can be
collected which will be direcly comparable, and a better

understanding of trace metal toxicology aquired.

Hair i1s not strictly a "biological monitor®" because
although i1t is a biological product, it can accumulate
environmental, as well as systemic metals. It should

perhaps be called a "natural personal monitor®™ instead.
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3.1 Equipment :

Pye SP9 atomic absorption spectrophotometer system

Pye SP9 Video electrothermal atomisation furnace

Varran AA5/AA6 atomic absorption spectrophotometer
Vartan CRA 90 electrothermal atomisation funace

Varian 9176 chart recorder

Perkin Elmer 4000 atomic absorptionspectrophotometer
Perkin Elmer HGA 400 electrothermal atomisation furnace
Perkin Elmer AS 40 sample dispenser

Perkin Elmer 56 chart recorder

Trivector ’Trilab 111* microcomputer systenm

Hamilton Microlab *M" diluter/dispenser

3.2 Reagents:

Nitric Acid BDH ’Analar’ grade s.g.= 1.42
Perchloric Acid BDH “Analar* grade
Poy Cd, Cu & Zn BDH “Spectrosol* 1000ppm

Standard solutions

Triton X-100 Fisons Scintillation grade

203



1.3 1ihemical Anal Y,Si.a gf Air Sampling Materia]«

Samples of collecting material or membrane filters were
weighed and placed iIn clean glass beakers (60 cn).
Concentrated nitric acid (10 cm) was added and the
beakers covered with clean watch-glasses. The beakers
were glaced on a hotplate iIn a fume cupboard and allowed
to boil gently. When the volume was reduced to about
one half the beakers were removed from the hotplate and
allowed to cool. Concentrated perchloric acid (2 o)
was then added and the beakers were placed back on the
hotplate. The temperature of the hotplate was raised
until white fumes of perchloric acid began to be evolved
and heating was continued until about 2 cm”™ remained

The solutions were allowed to cool down and the
watch-glasses were rinsed into the beaker using dilute
nitric acid (&%). The beakers were then rinsed twice
into volumetric flasks (10 cm membrane filters, 5 cn®
other samples) with dilute nitric acid (6X) and made up
to volume. Sample solutions were stored in polythene

bottles (25 c).

Standard solutions were prepared daily in dilute nitric

acid (%) 1In a range of concentrations and stored 1in

polyethylene bottles (25 cm) (Table 3.1)
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IAbi e . 3" ¢t.atldard-~Qlution Concentrations (Uff

Pb Cd Cu

Instrument Adjustment: 10 1.0 10
Calibration Standards;! 0.2 0.1 1.0
2 0.5 0.5 5.0
3 1.0 1.0 10.0

All samples and standards were analysed using a Pye SP9
atomic absorption spectrophotometer with automatic
background correction, using an acetylene/air fTlame,
under the following conditions (Table 3.2). Sample and
standard solutions were determined twice using a 5

second instrumental integration period.

Calibration curves were constructed for each metal
daily. Some examples appear at Figure 1.4.1. Slight
differences in sensitivity were observed from day to
day. These were probably due to slight changes 1iIn gas
pressures, burner alignment, lamp current and general

setting-up.
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N2 XD.s.trument Operating Conditions

Line Fuel flow Burner Height Lamp

rate- Currei

(nm) (L.min” ®) (cm) (mA)

Pb  217.0 18 6 6.0

Cd 228.8 17 3.7

Cu 32n.7 15 5 7.5

Zn  213.9 17 5 8.0
Slit width:

Integration time

Air flow rate; 3N L.min“A

flpgratign of the Andersen Cascade Imoactor

The plates of the i1mpactor were thoroughly cleaned 1in
dilute nitric acid (5S), rinsed twice in deionised water
and dried in a drying cabinet. The membrane filter was
acclimatized in a desiccator for M hours. Plates and
filter were accurately weighed on a five-figure balance.
The plates and filter were loaded into the impactor and
It was taken to i1ts operating location. The flow rate
was checked by placing a gas meter 1in series after the

filter.
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After running, the filter was again acclimatized for 4
hours. The plates and filter were re-weighed on the
five-figure balance, the differences being taken as the

mass collected at each stage.

1-5 1lP.t. Il MicrO-S"Opy Technigpgg

Samples of fibres were mounted on glass microscope
slides (8x2 cm) and held in place with glass cover
slips (1x1 cm) secured with mounting adhesive. The
slides were examined using a Vickers binocular
microscope at X50, X100, XUOO and X1000 magnifications.
The microscope was calibrated using a stage micrometer
In order to estimate fibre diameters. The relative cross
sectional areas of particles were estimated using the
British Standard Graticule (fi1g.3.2), which is also
known as the “Fairs Graticule®. The graticule 1is
designed so that the areas of the circles double
progressively. Each particle 1is assigned to a class
size defined by two adjacent circles, which represent
the size limits of that class. The method 1is reported

to be reliable In the range 150 um to 0.38 umn (83).
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about 150 C, When the solutions had been reduced to
about one half of the original volume they were removed
from the hotplate and allowed to cool. Perchloric acid
(70%) was added to each beaker (2 cm®) and the solutions
were replaced on the hot-plate. As the volume of
solution approached about 2 cm”™ dense white fumes of
perchloric acid were evolved and the beakers were

removed from the hot-plate and allowed to cool.

When cooled to room temperature the lower surface of the
watch-glass was rinsed into the beaker using dilute
nitric acid (10%). The beakers were then rinsed twice
into a volumetric flask (6 cm™) and the volume made up
with dilute nitric acid (5%). All solution were stored

in closed polythene bottles (25 cm”) prior to analysis.

Where solutions were to be analysed by aas with
electrothermal atomisation it was felt that the
potentially hazardous perchloric acid oxidation stage
could be excluded because the digest solution would be
ashed within the graphite furnace. Sample preparation
was essentially the same as for flame aas except that
there was no perchloric acid addition and the samples

were made up to a final volume of 10 cm™.
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All the glassware and the plastic bottles were soaked 1in
dilute nitric (ca 5%) between use and rinsed twice with

deionised water and dried iIn a warm ailr cabinet before

use.

For flame aas standard solutions were prepared daily 1in
dilute nitric acid (%) iIn a range of concentrations and

stored in polyethylene bottles (25 cm®) (Table 3.3).

Table 3.3 Standard. on Concentrations

Pb Cu

For Instrument adjustment

Calibration standards: 1

1.0 ppm

All samples and standards were analysed using the Pye
SP9 atomic absorption spectrophotometer with automatic
background correction using an ailr/acetylene fTlame.

Operation conditions were adjusted and optimised daily
(Table 3.4).
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Table 3.M flpjLimal, Instrumental Conditions

Metal Pb Cu

Absorption Line 217.0 324.7 nm
Fuel flow rate 18 15 1.min
Burner height 6 5 cm
Lamp current 6.0 7.5 mA
Band pass 0.5 0.5 nm
Integration time 5.0 5.0 sec
Oxidant flow rate 3”0 34.0 1.min™

Calibration curves were constructed daily (Fig 3.1).
Some variation 1iIn sensitivity was observed from day to
day which was probably due to slight changes in gas
pressures, burner alignment, lamp current and general
setting-up. Two reagent blank samples were included for
every ten hair samples. The instrumental detection limit
was calculated as twice the standard deviation of the
means of the reagent blank samples. Detection limits

were 0.05 ppm for lead and 0.50 ppm for copper.
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Hair samples collected later iIn the study were analysed
by aas with electrothermal atomisation using a Perkin
Elmer 1tOO0O/HGA <400 system (Plate VI). Instrumental
conditions were optimised using a 20 ul injection of
1.0 ppm Pb solution. Ashing and atomisation curves were
constructed by varying the ash and atomisation
temperatures (Fig 3.40. The following operating

parameters were used throughout (Table 3.5).

Graphite Furnace aas Operating

Parameters

Dry Ash Atomise Clean
Temperature 110 500 1600 2400 °C
Ramp time 10 10 0 1 sec
Hold time 30 20 5 4 sec
Absorption Line : 283.3 nm
Shit width: 0.2 nm
Purge Gas: Argon, 300 ml min“~
Gas fTlow on atomise: 0 ml min'l
Injection volume: 20 ul

Deuterium background correction
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Calibration standards of 0,0.2, 0.5 and 1.0 ppm Pb in
dilute acid (B%) were prepared daily. Calibration was
achieved by standard additions to a composite hair
digest sample. A Hamilton Microlab *M* diluter/
dispenser was employed using programme 1 (Table 3.6) to
give a final dilution of 149 for the aqueous standards
(giving final concentrations of 0, 0.02, 0.05 and 0.1
ppm) plus a dilution of 1+1 for the hair digest
composite in a nitric acid (1.01)/Triton X-100 (0.U)
diluent. The Triton X-100 surfactant is added to aid
sample spreading iIn the tube. Hair digests are diluted
1+1 with nitric acid/Triton-X using Hamilton Microlab
"M” programme 2 (Table 3*6). Any samples which gave a
peak height greater than the top standard were diluted
1+9 with nitric acid/Triton-X (1.01/0.U) using diluter
programme 3 against standards in 1+9 diluted composite
prepared using diluter programme M (Table 3.6).
Calibration curves for 1+1 and 1+9 diluted hair digest
composite were constructed daily (Figure 3.5). Data are
collected from the Perkin ElImer MOOO/HGA 500 system
automatically by a Trivector Systems microcomputer
system. Calibrations were performed and presented
graphically on the microcomputer before hair digest
samples were analysed. Hair digest solution
concentration calculations were performed using the

microcomputer system.
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PROGRAMME 1

STEP

PROGRAMME 2

STEP

PROGRAMME 3

STEP

OUOPRWN R

Hamilton Diluter Programmes

ACTION

ASPIRATE
ASPIRATE
ASPIRATE
DISPENSE
ASPIRATE

DILUENT
STANDARD
SAMPLE

RINSE

DIPENSE RINSE

ACTION

ASPIRATE
ASPIRATE
DISPENSE
ASPIRATE

DILUTIONS (1+1)

DILUENT
SAMPLE

RINSE

DIPENSE RINSE

ACTION

ASPIRATE
ASPIRATE
ASPIRATE
DISPENSE
ASPIRATE

DILUENT
STANDARD
SAMPLE

RINSE

DIPENSE RINSE
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STANDARD ADDITIONS (U1)

VOLUME

1100 ul
100 ul
500 ul
1000 ul
500 ul
500 ul

VOLUME

500 ul
500 ul
1000 ul
500 ul
500 ul

STANDARD ADDITIONS (1+9)

VOLUME

800 ul
100 ul
100 ul
1000 ul
500 ul
500 ul

SWITCH

«
[<¢
«

SWITCH

SWITCH

«
«
[<¢






3] 9 S™ii.d .S.aiDJ3ling Technique

Hair strands were placed on a clean sheet of graph paper
(1 mm markings) and the proximal (root) end 1identified.
A section (9 mm, corresponding to the length of the
graphite furnace) was cut using a cleaned scalpel blade
and the hair segment was carefully transferred to the
graphite furnace (Plate VIIl) using a pair of cleaned
plastic forceps, Varian AA5 and AA6 spectrophotometers
with GTA 90 graphite furnace atomisers were used for the

analyses (Table 3.7).

Table 3.7 Eijcnace conditions for segmental

Anal:y*3_of single hairs

Dry Ash Atomise
Temperature, 200
Hold, sec 20
Ramp, °C sec"”
Line: 217.0 nm 5mA

Bandpass: 0.2 nm

background correction
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matrix matched calibration should always be iInterpreted
with caution. In this case aqueous calibration was the

only course available.

A number of the lead workers®" hair gave very high
absorbance values so calibration had to be achieved to
as high a level as possible. Standards of 0, 0.5, 1.0
and 2.0 ng were used and calibration was achieved up to

1.5 absorbance units

Bulk hair samples obtained from lead workers were
divided into 3 cm sections and analysed according to the

technique described iIn Section 2.2.

Blood samples were analysed according to the Health and
Safety Executive Occupational Medicine Laboratories
standard method for blood lead analysis. Briefly,
samples are diluted 1+10 with Nitric acid (1%) Triton
X-100 (0.1%) and injected into the furnace. Calibration
IS by matched matrix standards. The laboratory adopts
stringent quality control procedures and performs
consistently well in the National External Quality

Assurance Scheme.
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Appendix A Pearsons' *r' test for correlation

Pearson's 'r' describes the degree of linear correlation between

two variables. From a sample of N pairs of scores (X, Y) and we

wieh to decide whether in general, we can make a useful prediction

of the value of Y when we Know the corresponding X score.

We compute r:
N2XY - X5Y

y(NEX2 - (SX™) (Sy” . (Sy)2”

Uliere "r" is a measure of correlation whose value lies between

-1 and +1. Values of r near to 0 indicate a low level of correlation.
Positive values of r indicate a positive correlation and negative

values a negative correlation. The statistical significance of r

may be found from tables.

1/\
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Appendix ¢ Polytechnic of North London
Questionnaire

Department of Chemistry
Trace Metals Analysis of Human Hair Research Froi 1

1= Your Age: 2 Sex-

31 . Nanio of street iIn which you live:
3. How long have you lived there?
4. llov often do you wash your hair?

Daily

Every 2nd day

Twice a week

Once a week

Less than once a week (tick one box)

How long since you last washed your hair?

Today 4 days ago
Yesterday 5 days ago
2 days ago 6 days ago
3 days ago Bore
6. What colour is your hair? 7. Is it ginger?
Blonde Very
Light brown Slightly
Dark brown Mo
Black
8. Is your hair dyed?  Yes/No. 9. Do you use a dandruff control shampoo?

Yes/No.

10. Do you smoke?

10*20 a day
5-10 a day
0-5 a day



Agpedi= D

Besults Tabi»

Swipl« No.

1- .,V stwaab

Notai Conoontration, ppa.

Ctt

46.8
43.6
67.0
52.9

70.3
56.8

52
112

12.3
15.6
13.0

13.2
20.6
299
25.3

12.8
14.7

24.0

30.5
29.7
28.1

18.4
18.7
18.6

19.3
61.6

@

40.5

21.3

48.7

Pb

1.0

2.9
2.2

5.0
5.8
1.0
310

1.8
3.0
4.3
3.0

8.6
5.0
ésl
6.0

8.3
1.4

4.4
59
YA YA
6.0

4.5
10.8

7.7

10.7
11.8

2752
20.0

6.1

8.0

Soz

m <

Qaostioniiairo Bosponso

4 5
2 1
351
2 1
2 3
2 1
2 2
2 1
2 2
2 1

6 7 9 10
4 0 0 O
2 0 1 0O
2 0 0
O 0 0 O
2 0 0 O
3 0 0 O
3 0 0 O
3 0 0 O
3 0 1 0
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Metal Concentration,pp«« Questionnaire Sespénse
Suple No«

Sex ~ 5 6 7 9 10

22A 19.6 4.8 r 351 3
22B 26.2 5.6

22C 2N

Neu 2if1 4.6

2h 10.3 2.6 N 2 2 2
29A 51.5 2.3 M 3.5 1 3
29B 60.8 3.1

29¢c 63.9 6.4

Neu 58.7 3.9

30A 19 .~ 2.2 N 2 3 2
30B 36.1

Mean 27.8 2.9

31A 11.6 2.9 M 2 2 2
31B M 2.0

Mean 9.7 2.5

35A 10.6 n/D F 1 4 1
358 11.9 N/D

35¢C 162¢ N/D

Neu 11.7

37A ~k.K 2.9 F 2 2 2
>>fB N7 2.9

>kc 14.8 ¢i0

Neu 14.6 3.6

21A 22.9 3.2 N 2 1 2
21B 21.2 h i

Neu 22.1 3.5

26 9.3 5.2

37A 9.7 3N M 1 2 3
37B 2.4

Meu 9.8 2.9









“"pendix E Mann - Whitney test for paired data,
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Appendix F Results of hair washing study,

B - Before
A - After

ofilPLE  PRCn“AL  DISTAL SLOPE  INTERCEPT

3T B u 10.0 1.0 5.4
31A c.? 7.1 4

PV B 0.3 6.1 =N 6.8
PV A 2.9 3.1 1 2.8

SAUPLE  PROn.IAL  DISTAL SLOPE  INTERCEPT

HH B 5.4 5.5 0 5.3
fili A 3.0 2.9 -0 3.0
3B B 5.C 6.5 o 4.3
BA 4.9 43 "1t 5.2

?l BPI ppi/ce ppi

SAFIPLE  PRCnHAL  DISTAL SLOPE  INTERCEPT

o 48 43 A 5.0
1A 3.3 43 i 2.8
P8 3.3 43 3 2.3
P A 3.6 3.4 -1 71
I8 4.8 4.3 ol 5.0
1A 18 2.7 3 1.3
CE B 3.0 5.9 -0 6.0
CE A 48 6.9 7 3.8

ppi ppi ppa/ci ppi

L.
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