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Sulfur dioxide
and particulate matter

General Description

Sulfur dioxide (SO,) and panif:la dbc:ived fto:} ::: c:onrx]:ussl;o‘?“:f‘:;i:
el ajor air poltutants in urbaa arcas - Sul :
{ S:)i)jr:d‘;aluicuhle mattes arc parts of a comp_lex .pollutam r:l(::urc. Fo
guld'cline purpases, 2 division into three categories is appropnate.

(@) sulfur dioxide,

(b) theacid acrosolsthat may 1es
i the atmosphere, and

() suffur dioxide plus particles.

utt from the oxidation of sulfuc dioxide

[oxi ioxide i fourless gas that reacts on the
dioxide. Sulfur dioxide is B oo s ! ]

surff\:(er:r[ a S:riuy of airtborae solid particles. hlns readily soluble i watet
xidized within airborne water droplets. ) ]
andﬁ:l?u!:‘d?oxidc sesults from the combusuot:‘ of :ullju;—::‘n‘:::t;::;:::l
‘ i ini olher in 1

he smelting of sulfur-containing orcs, anc 0% 21 proo

‘l‘)’;:::stic fires cagn also produce emissions containing sullur dioxide

i i i is formed from
idaerosol. Sulfuricacid (H,50.) isastrong acid thatis{
the ’:a“cit‘il;n of sulfur tnaxide gas (SQ,)_wuh water. Sulfl u:tc a?d ;:f dﬂ::i?:'i
hygroscopic. As a pure matcrial, 1t 15 3 clear colourless lqhi .
bf)?liug-point of 330 °C. Ammonium blS\!‘fal.& (NH.ﬂSl(l)_J. w ﬁ: s Jett
acidic than sulfuric acid as a purc malcrial, is a crystallinc soltd,

melting-point of 147°C.

Particulate master. Airborne particulaie matter ;cpusen:is‘:) :(:::‘;:llt:
mixture of organic and inorganic substances. Mz_sun| eot:u‘);:m o in
duwide into twa principal groups: coarse particles ah(g: Jhan - | gl
acrodynamic diameter, and fine pa_mch:s sma}\ct than 'd‘;‘n'l aee
dynamic diameter. The smaller particles _c:mam the secon: y
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acrosols (gasto particle conversion), combustion pacticles and recondensed
argaaic and melal vapoucs. The largee particies usually contain carth crustal
materials and (ugitive dust from roads and industeies, The acid component of
particulate matter, and most of its mutagenic activity, is generally contained in
the (inc fraction, although in fog some coarse acid droplets are also present.

Because of the complexity of particulate matter and the imponance of
particle size in determining exposure, multiple terms are used to describe
padticulate matier. Some terms are derived from and defined by sampling
methads, ¢.g. suspended particufate matter, catal suspeaded panticulates,
black smoke. Other terms refer more to the site of deposition in the respir-
atory tract, e.g. inhalable, thoracic partictes that deposit primarily in the
lower respiratory (ract below the larynx. Other teems, such as PM, (par-
ticulatc master with an acrodynamic diameltee of 10um), have both physio-
logical and sampling components.

Methods for sampling and analysing suspeaded particulate maiter were
discussed by WHO (1) and the US Environmental Protection Agency (EPA)
(2). Thesc methods included “‘smoke"* measurements, which may cepresent
the darkncss of stain abtaincd on a white filter-paper through which air has
been passed (according to the British smoke metbhod, sometimes refersed to
as the black smake method), and aiso total suspeaded particulate measure-
ments (gravimetric measurement of particulates of all sizes collected on 2
glass fibre filter by a high volume sampler accardiag 1o the methad of the US
Department of Health, Education, and Welfare (3), as well as by several
other methods),

Respirable particles (1), typically with a 4.5 um acrodynamic diameter
(5092 cut-off point). are collected by the black smoke method and its
variations; some particles up 10 7-9um are also collected.

Mcthods (0 mcasure total suspcaded particulates (by high volume
sampler) have been used extensively in the USA. There are problems with
this methad, however, ia that the size range of particles sampled extends well
beyond those particles that atc able 10 penctrate the uppec respiratory tract,
and in arid rcgions the methad is liable to sample wind-entrained dust of
noncambustive origin. This problem has been recognized by US EPA who
recommended that particulate matter of less than 10um acradynamic di-
ameter (PM,,) be measured, as a better indicator of health-related particles

Recommendations have been made by the International Organization
for Standardization (I1SO) regarding the accodynamic pariicle size range
corresponding with thoracic penctration (4), and samplers that have ac-
ceplance chavacteristics that approximate that curve are being increasingly
used. Such thoracic particle measurements accosding to the 1SO standacd
(ISO-TP)are roughly equvalent to the sampling characicristics for particu-
fatc matter with a 50% cut-off poiat at [0um diameter.

Saurces

Sulfur dioxide
v ere are some natural sources of sulfur dioxide (such as volcanocs)
.. ~~hutetoenvironmental levels in the European Region, man-made

e ———
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contributions from the combustion of fossil fucls are of prime concem in
relation 10 human esposures. Over the pasi 10-20 years there has been a
tendency towards declining emissions in much of the Region, dueto changes
in the types or amounts of fuel used. More importantly, however, the types
of sources have changed even more, away from smalf multiple sources
(domestic, commercial or industriat) towards large single saurces such as
power stations, which ditperse pollutants a¢ higher altitudes. The net resule
has begn 2 marked reduction in concentrations of sulfur dioxide in many
large cities that were 8t one time highly polluted. A more widespread
distribution, by long-distance transport within the Region, is now the domi-
nant pattern.

Acid aerosol

The major proportion of sulfur emissions (rom cambustion sources is
emitted as sul(ur dioxide, which is further oxidized to sulfur trioxide in the
stmasphere at 2 rate of 0.5-10% per hour. As a result of the presence of
maisture, sulfuric acid is formed; this is present as an aerosol, often as-
sociated with other pollutants in droplets orsolid particles extending over a
wide range of sizes. Mast of the sulfuric acid in ambient air results from
sulfur dioxide emitted by combustion. Other direct or primaty point sources
of sulfuric acid include acid manufacturing plants and consumiag in-
dostries, such as fertilizer and pigment factories,

Sulfuric acid and its partial atmospheric neutralization product, am-
monium bisullate, represent almost all of the strong acid conlent in the
ambient aerasol. The ultimate nevtralization product, ammonium sulfate
((NH,),80.,), is only weakly acidic. Other sirong acids in the ambient air,
e.g. nitric acid (HNQ,) and hydrochloric acid (HC), will be present as
vapours, except when incorparated into fog droplets.

Because of its hygroscopic property, sulfuric acid in ambient air will
always be present as a solution droplet whose H' concentration varies with
ambicnt humidity. Pure ammonium bisuffale can be present as a salt crystal
at humidities up 10 B0O%. However, once it is dissolved into droplet form it
will not become a crystal again until che humidity falls below 69%. Once
inhaled into the moist respiratory tract, it will take up water vapour and
deposit as dilute droplets.

Particviote maiter

Suspended particulate matter is a term used fo cover a range of finely
divided solids or liquids that ariginate from a number of natural or man-
made sources.

Particulate matter of respirable size may be emitted from a aumber of
sources, some of themn natural (¢.g. volcanoes and dust storms) and many
others that ave move widespread and more impartant (e.g. power planisand
industrial processes, vehicular traffic, domestic coal burning, industrial
incinerators). The majority of these nop-natural sources are concentsated in
limited portions of the territory, i . the urbanized areas, where populations
are also concentrated (1. 5).
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Qccurrence in afr

Sulfur dioxide

As _arcsyl_( of the changes in sources, annual mean levels of sulfur dioxide n
majar cities of Furope, stated earlier by WHQ (/) 10 be within the range
} 007200.¢Jg/m’, are now largely below $00ug/m’. Similarly, there has been 2
decline in maximum daily mean values, which are now mainly in the
range 250-500ug/m*. Peaks over shorter averaging periods, such as 1 hour
extend to 1000-2000pg/m" and in some situations higher transient peah‘
may also accur. Indoor conceatrations of sulfur dioxide are generally lower
than ou(do_or concentrations, since absorption of sulfur dioxide occurs on
wzl.ls. furnituse, clothes and in ventilation systems. An exception is occu-
pational exposure, where concentrations of scvera) thousand micrograms
may occur cegularly (/).

Data oo European concentrations of sulfur dioxide and depositi
ather sullur compounds are based cither on national manilcri::::;:;z’:sz
which are largely concenirated in urban areas, or on cgoperative pr():
grammies for the study of the long-range transport of pollutants (6.7)
Natural concentrations of sulfur dioxide are normally below Spg/m? n.c
anaual mean sulfur dioxide concentrations in most rural arcas of El.;ropc
are bfchcn S'ﬂg/m’ and 25ug/m’. However, as a result of the common
practice of using high chimaeys to disperse emissions, there are also large
rural areas in E.ulope where average concentrations now exceed Spe/m'
Sulfur dioxide is often accompanied by elevated levels of nitrogen oxidcs.
(NO,) 13).

Acid aerosol

Current average acid acrosol levels in Europe and North America are nol
known, ‘Thc hsgh.csl current levels reporied in recent years have been
summ'anzc.d by Lioy & Lippmann ¢9). They are in the range of 20-30ug
sulluric acid perm® (6-12hours average) in vanious parts of North America
and 28pg sulluric acid per m" in Europe (Herlin (West}). The h:ghcs;
reported level in the United Kingdom was 680ug sulfuric acid per m'
(l-bour_avcragc] in London in 1962. Highee levels were almost oertainly
present in London in carlier years. Maximum ambicnt concentrations are
hkc[y o occur in urban (ogs or downwind of coal- and oil-ficed power plants
and industrial sources. The distribution of secandary acidic aerasoal is much
more general, ambient levels depending on the rates of sylfur dioxide
oxidation and 1he subsequent neutralization of sulfuric acid in the ambient
air by ammonia (NH,). Rates of sulfur dioxide oxidation depend on ambient
temperature, humidity, and concentzations of oxidanis and catalytic com-
ponents of pariicles in the atmosphere and cloud draplets. Rates of am-
momia ncu.uali.zz.tion depend on the strength of ammonia sources and
Mmospheric mixing. Ammania emissions are lowest aver water and af-
farested regians, and higher over urban and agricultural regions. [ndoor
sources of sulfuric acid are generally not sigaificant except in some occu-
pattonal environments.
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Particulate matier

In rural areas within Europe, black smoke values range (mu_: near 2210 (0
about 10ug/m’. In the larger cities, annual mean concentrations ol: smoke
range from 1010 40pg/m®. Wheee gravimetric measurements of pat,uculnes
are made, the ganual values lie between about 50 and 150pg/m’. Com;
sponding maxima are 100-250ug/m’ (black smokc) and 200-400yg/m

(suspeaded particulate matter gravimetric).

Conversion fattors

Sulfur dioxide
fpEm = 2860pg/m’
‘mg/m® = 0.35ppm
+ - .crosol ,
s . - 1erosol concentsations can be expressed as gmols of H'/m’® or as

. acid equivalent in yg/m’. There are 984g per pgmol.

Particwlate malter )
As indicated, no gencrally applicable conversion factors can be set be-

«ween black smoke values and various gravimelric pavticulate matters
values (e.g. total suspended particulates oc ISO-TP).

Routes of Exposure

Inhatation is the only raute of cxposure that is of interest in relation to the
effects of sulfus dioxide, acidic aerasol and suspended panicqlalt matieroa
numan health, For some special substances, which are constituents such as
\ead and some highly toxic organic compounds, other routes of uptake such
as the alimentary tract may also beof interest. In this context, however, only
health effecis on the respiratory tract will be considered.

Kinetics and Metabolism

Sullay dioxide .

Absorption of sulfur dioxide in the mucous membranes of the nose ar_\d
upper respiratory fract occurs as a result of its sqlub:lny in aqueous n}:dla.
The absorption is concenteation-dependent, with 85% sbsorption in the
nase at ~6mg/m’ and about 9% at 46 mg/m’. Only_ minimal amounts
reach the lower respiratory tvact (2, 70, /1). From the respiratory bract, }ulfur
dioxide enters the blood. Elimination occurs (altee biotransformation 1o
sulfate in the liver), mainly by the urinary route.

Acld rerosol ) )

The deposition pattern within the respirataguisact is dcpendm! on the size
distribution of the ambient droplets and humidity. Acidic ambient aerosol
typically has a mass median aerodynamic diameter of 0.3-0.6pm. Thus,

-
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even with hygroscopic growth in diameter in the respiratory aitways by a
factor of between 2 and 4, particles remain within the fine-particle range and
dcposit preferentially 'n the distal lung airways and airspaces. Some neusral-
ization of the drov'ris can occur before deposition, due (o the normal

. excretion of endngenous ammoma into the airways. Deposited free H'

teacts with componcnts of the mucus of the respiralory tract, changing its
viscosity (/2). The unreacted part of H' diffuses inta surrounding tissues.
The capacity of the mucus (0 react with H® is dependent on the H ab-
sorption capacity, which is reduced in acidic ssturated mucus as found, for
example, in asthmatics.

Under (og conditions the ambient acid is incorporated inta deaplets,
with average droplet sizes in the range of 10-15pm. Such dropletscanalso
contaia dissolved nitric acid and other acidic vapours. [nhaled fog drop-
fets will deposit primarily in the upper respiratory tract; very little will
penetrate 10 the deeper lung airways, where most of the (in¢ acidic aerosol
will deposit.

Particulate matter

As discussed clsewhere (1.71,13.14), a portion of the inhaled acrosol is
deposited by contact with 2irway surfaces and the rerainder ts exhaled. {n
inhalation toxicology, the term *‘deposition’ refers to removal (rom
inspired air of inhaled particles. ““Clearance’” refers to the subsequent remo-
val of deposited maierial from the respiratory tract. Within a specics,
depaosition of inhaled particies in the respiratory tract depends mainly on
breathing patterm and particle size (aerodynamic diameter). Larger particles
(10um and above) are mainly deposited in the extrathoracic part of the
respiratory tract (above the epiglottis) and the main proportion of particles
$-10um in size are deposited in proximity to the fine airways (cespiratory
bronchioles) with normal nasal breathing. With mouth breathing, the re-
gional deposition patiern changes markedly, extrathoracic deposition being
reduced and tvacheabronchial aad pulmonary depasition enhanced. The
proportion of mouth breathing to nose breathing increases with exercise and
conversation (15).

During mouth breathing, fine particles (< 2.5gm aerodynamic equiv-
alent diametec (DD, )) deposit primarily in the pulmonary region. between
about 3 and Spm D, sipnificant deposition in both the pulmonary and the
tracheobronchial regions occurs; at lasger sizes (about 7-15pm D), depo-
silion is predominantly 1n the (racheobronchial region as opposed 10 the
pulmonary region (/6).

Health Effects
Sullur dioxide
Acute effects

High concentrations of sulfur dioxide caa give rise to severe effects in the
farm of broachoconstriction and chemical bronchitis and 1racheitis, as seen
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in animal experiments (/) and in occupational exposures to mare than
100004g/m®. Concentrations of sulfur dioxide in the range 2600-
2700pg/m’ give rise to frank eflects with bronchospasmin asthmatics (17).

The effccts of concern in relation to shon-term exposures are those on
the respiratory iract. There if an extremely large variability of sensitivity 10
sulfur dio¥ide expasure among individuals. This is true for nomal persons,
but especially soif asthmatics are included (12). Asthmatics have very labile
airways and resistance is likely o change in response to many other stimuli,
including pollens (1,2.11). Effects obseeved in asthmatics at refatively low
coneentrations of sulfur dioxidec under laboratory exposurte situations arc
tisted in Table |

Effects of repeated and/or long-term exposures
Kepeated short-term occupational exposure to high concentrations of sul-
,u- dinkide combiaed with long-tem exposure to lower conoenteations can
. ta an increased prevalence of chronic bronchitis, especially in
+ smokers. A possible contribution of simultancously oceurring
- ucid aerosol has, however, not been examioed in these studies (24).
A epidemiological studies have associated the occurrence of pul-
Lnary effects in communities with combined exposure to sulfur dioxide

and particulates.

A continuum of response to sulfur dioxide exposures at refatively fow

concentrations has been observed in Jaboratory investigations of human
volunteers. The magnitude of the effects was much enhanced when subjects
increased their breathing rates through exercise. The findings in a wide
range of studies among asthmatics (Table 1) are consistent with a linear
relationship (25) between magnitude of effect (in teems of proportionate
increase in sirway resistance) and dose of sulfur dioxide delivered to the
airways (after allowing for removal of & substantial proportion in the nose
or mouth). Thus, in a strict sense it would be difficult to define a lowest-
adverse-effect level sinoe the cllect appeats tobe a function of the sensitivity
of 1he subject, concentration, duration of exposure (10 minutes being the
most usval duration of test exposure), level of activily and mucus theo-
logical propertics. it was, nevertheless, considered that effects of concern 10
the health of exercising asthmatic subjects were demansirable down 10
sulfur dioxide levels of about 1000ug/m’, with discernible efTects of less
certain consequence below that level.

Another aspect, of greater importance to publichealth, is the proportion
of the population liable to be affected. Detailed information regarding the
praportion of asthmatic or atherwise sensitive people in the community is
not availablc, afthough estimates of around 5% have been suggested.

Sensory effecis

Al conceatrations of 10000pug/m’, s )'‘ugdioxide has a pungent, irritating
odour. Since the odour threshold cf sulfuc dioxide is sevesal thousand
pg/m’, this criterion is not critical in rclation to public health.
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Acid aevosol: elfects an experimental snimals

Acule exposures

i_lexpmmfty mechanical function. Alterations of pulmonary funciion
particulasly increases in pulmonary flow resistance, occur afler acute expo:
sure, Repgrls of the irritant potency of various sulfate species are variable
(?. 1), owing in partto differencesin animal species and strains, and also to
differences in particle size, p¥l, composition and solubility. Sulfusic acid is
more potent than any of the sulfate salts in teems of increased airway
irritancy. fur short-tesm (1-hour) exposures, the lowest concentration of
sx_:(f uric acsfl reported to increase airway resistance was }00ug/m’ (in guinea
pu;s). The irritant potency of sulfuric acid depends in part on particle size
with smaller particles having more effect. '

Particle clearance function. Donkeysexposed by inhalalionfor 1 hour
to 0.3-0.6pm sulfuric acid at concentrations ranging from 100 to
lOOOyg/m_' exhibited stowed bronchial mucociliary clearance (unction at
concentrations of = 200ug/m’, while rabbits undergoing similar exposures
;}‘I)gwet; a,n acceleration of clearance at concentrations between (00 and
gs:og”;n/';‘,a?;):a progressive slowing of clearance at concentrations of

Subchranic expasures
Pariicle clearance function. Donkeys exposed for 1 hour per

per week, for 6 nionths to an aerosol (0.3{0.6pm) of sulf‘::-i::\{‘i: <:y:
concentration of 100g/m!® developed highly variable clearance rates, and
a persistent shift from baseline rate of bronchial mucociliary clcar'anoe
during the exposures and for 3 months after the final exposure. Ducing the
3 mo'mhl of follow-up, 2 animals had much slower clearance than the
baseline rate, while 2 had rates faster than the bascline (26). Rabbits exposed
for U hour per day, 3 days per week for 20 days to 0.3pm sulfuric acid at
250;:;/;\3’ developed variable mucociliary clearance rales during the expo-
sure period, and their clearance during a 2-week pesiod fallowing the
exposure was substantiatly faster than their bascline rates (26).

Histology. In the study cited above, in which rabbits w
2§0p3/m’ {or 4 weeks and sacrificed 2 weeks later, hi:wlc::itc:;(‘:::“rr‘:i::i
ations of the airways showed increased numbers of secretory cells in distal
airways, and thickened cpithelial cell layers in airways cxtending from
.mcdmmmzc-d airways to teeminal bronchioles. There were na correspond-
ing changes in the trachea or other large airways (26). In a study in which
dogs were exposed daily for § years to 1100pg sulfur dioxide per m? plus
90ug sulfuric acid per m’ and were then allowed to remainin uapolluted ais
for 2 years, there were small changes in pulmonary functions during the
*xposure, which continued foltowing the termination of exposure Mor-
Rr.e-metric Iu'ng measurements made a1 the end of the two-year past-
sucure period showed changes analogous (o an incipient stage of human
-tlobular emphysema (14).
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Table 1. Effects observed in asthmatic subjects during laboratory conditions of exposure to sulfur dioxide

Sultur dionide Ouration Number and

zoncentralion®  of ezposure  type of Type of Type of Efipca® Reteronca
(pom) trin) subject expoEure dctivity

138 ", 10 7. normal Mputhpiete Rest SRaw increased signiticantly at all (18
P A ,m.t'cs R 7. atepie concentrations for aathmanc subjects,

- "1 7. ssthmatic only at 5 ppm for hormai and stopic >
subjects. Some aathmalics exhibited ~
marked dyspnosa requiring

B pronchoditation therapy 9
o S PR =
1.0 | 5 8. asthmalic  Mouthpiece Exercise SRaw sigrificently increassd in the (18.20) -
0.1, 085.05 10 -, 1, e2thmatic asthmatie grovp at 0.5 and 0.25 ppm of o
i2a) < 300us! * sulfur diowide and 8t 0.1 ppm i The twe &
O . pS0e ) 300pglre most responsive subjects. At 0.5 ppm &
three asthmatic subjects ceveloped g
wheenng and shortness of breath &
i &
3 0.50 ;‘, 186 40. asthmatic  Oral champer Rest MMFR significanlly decreosed 2.7%: {271}
__-* 1360 u:,,‘} w! Nose chips recovery within 30 rmuinutes
1%
0.5 10 5, asthmatic Mouthprece Exereise SRew incroases were observad over 122
sxercise basghine rates for 80% ot
the subjects
0.25.05% 60 24, ssthmtic  Chamber Exercise No staustically significant changes in (22}

FVC ot SRaw

c a0 12 \
g \«\3 e S.esthmate  Chamber Exarcise  No pulmonary effects seen with 0 3 ppm 1231
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Aci aerosol: effects on bumains

Acute effects .
Rugmmry mechanical function. Sulfunc acid and other sulfates have

been found to affect both the seasary and the sespiratory function in
humans. o -

Respiratory eflects from exposure to sulfuric acid (350-500ug/m’) have
been reporied to include increased respiratory rate and decreased maximal
inspiratary and cxpiratory flow mtes and udal_ yalume (2.11). However,
other sludiqs of pulmonary function in nonsensitive he'allhy adult subjects
indicated that pulmonary mechenical fuf\cu(.m was }mlc aﬂ'«tcd_ when
subjects were exposed to 100-1000ug suMuric acid perm for 10-120 miautes.
{n one study, the bronchoconstrictive action of arbuh9l was ;-aounmu‘d
by sulfuric acid and other suifate acrosals, more or I‘:ss in relation to ll\e'u
acidity. Asthmatics are substantially more scnsitive in tcrms of c_hmgﬁ in
pulmanary mechanics than heslthy people, and vigorous cxercise poten-
tiates the clfects &l a given concentration. The !owt.s(-dcmpns!ulcd-c.fl:ccl
tevel for sulfuric acid was 100ug/m’ via mouthpicce inhalation inexeecising
adolescent asthmatics. The effects were relatively small and disappcared
within about 15 minutes 1n adult asthmatics undergoing similar protacols,
the lowest-abserved-eflect level was 350pg/m’ (11,27}

Pariicle clearance function. 1o healthy nonsmoking adult volunteers
exposed to 0.5 ym sulfuric acid at rest a1 100ug/m’ for'l houf._therc wasan
acvelerationof bronchial mucociliary clearance of particles which deposited
primacily in large thoracic airways, and a slowing of dea.rance .wheg llfe
exposurc was raised to 1000pg/m’. For particlcs that de_po..med pnmm:lly in
medium-sized and small airways, there was & small but significant slowing of
cleazance a1 100ug/m’ and a grealer slowing at !OOOﬂg./m’. Tl\u: changes
are consistens with the greater deposition of acid in medium-sized to smaller
airways. Exposures to 100ug/m® for 2 hours produced slowes .clnr.ance
than the same enpasure for § hour, indicating a comulative relationship to

dose (26).

Effecis of longer-lerm exposure

Kitagawa (28) identified sulluric acid as the probable 'ausgl agent for
approximately 600 cascs of respiratory discase i x!u Yokkaichi ares of
central Japan between 1960 2ad 1969. The patients’ homes wese concen-
trated within 5 km of a titanium dioxide plant with a 14 m siack that emitted
rom 100000 10 300 000 kg sulfuric acid per month in the period I.961-I967.
The average concentration of sulfur trioxide in Fc.bruaty 1965 in Is.ozn._a
village 1-2km (rom the plant, was 1304g/m’, equivaledt to a sulfuric .acad
concentration of |59ug/m’. Kitagawa cnimnledllbal peak concentrations
might be up to 100 times as high when 2 aorth wind was blowing. Electro-
static precipitators were iastalled 1o convrol ?crosol.cmlzsnons in 1967, and
after 1968 the aumber of newly foung pptients with “atlergic asthmatic

bronchitis™ or “Yokkaichi asthma ™ gradually decreased. Kitagawa's quanti-
- s Ve mmid anAitha ~ritocia ucedradescribe
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cases of respiratory disease may differ from current methods. The unique
aspect of this report is the idealification of sulfuric acid as the likely causal
agent for cxcess morbidity.

Other evidence of links between high concentrations of ambient sulfuric
acid and cflects on human health is more ciccumstantial. Sulfuric acid
concentrations ia the ambicat air were certainly much higher than current
levels duging 1he classic episadesin London, the Mcuse valley, and Donora,
but so were concentrations of many other pollutants. Similarly, the decline
in the prevalence of cheonic branchitis in the United Kingdan ove- :
three decades could have been due 1o 1he decline in emissions of any o.
pollutants. However, on mechanistic grounds and in view of known expasts -
sesponse relationships, sutfuric acid is 8 more plausible candidate than suliur
diexide, carbonaceous parlicles and nther known constituents (29).

In an analysis of 1980 cross- al monality for the USA ¢30), pre-
dictars of martality due to air pc. _..on were o pressed in terms of four
acroso! pollutant surrogales, ie. total s wrucd pacticulales, inhalable
particles < ) Spm, (ine padicles <2.5pm, +::¢¢ sulfute (SO}). Among these,
only (ine particles and suiface had statistical sigmficance as predictors of
response, but these two sutrogates” P values weie typically <0.0).

The measured sulfate includes strong acids (sulfuric acid), the less acidic
salt (ammonium bisulfaic)and the (ully neutralized salt (aromonium sulface).
Since the H'/50]- ratio is highly variable in time and location and is aften
clase to 2et0, sulfate is a celatively paor surrogate for acid acrosof concen-
teation. The conclusion that sulfate is a better surrogate for the active com-
ponent of (inc particles than the ather three surrogates docs not necessarily
make 1t a good one (29). {t docs. however, lend support 1o the hypathesis
that H' is the active agent (12). Unfortunaicty, epidemiological studies are
not available by which marality and/or morbidity can be relaied to the
acidity (i.c. H® ion concentration) of respisable particles (29). This would be
cxpected to constitute a mare appropriate measurement (/2).

Seasory effects
The odour threshold for sulfuric acid has been estimated tobe 750pg/m’ on
the basis of one study and J000ug/m’ on the basis of another (2).

Suller dioxide and particulate matter

Shors-term healih ¢ffecss relared 10 24-hour average values of sulfur dioxide
and particulate macter
Variatioas in 24-hour average concentratians of sulfur dioxide, black smoke
and total suspended pacticulates have been associsted with increased mog-
tality, mowbidity and deficits in pulmonary function tests (1,2 17). Re-
gression analysis of daily pallution variablcs in relation to urban death rates
sesults in signilicant cocfTicients, even alicr accounting (or temperature and
other associations. These relationships cannot clearly establish a theeshold
effect. However, on the basis of the London studics (31) in which 24-hour
concentrations of sulfur dioxide and black smake were above 500ug/m?, che
daily mortality increased significanily above baseline rates. This does not
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preclude the possibitity that mortaluy cffects occur below these conoen-
1rations. [a fact, recent time-series analyses of New York City morstality data
over |5 years (32) suggest that vanalions in fine particlc mcasures can
explain approximately 5% of the fluctuation in monality, regardless of
weather effects. Concentrations in a range below S00ug black smoke per m’
were 1eporied in the London analysis, but a different measurement method
was used in the repori from the USA. Short-term effocis of air pallution have
been investigated in several studies involving responses in “'sensitive® popu-
lations. Pancl studics of asthmaticindividuals have becn the most frequenily
used design (11). Some of the carlier studies, using the responses of asth-
matcs to varying daily pojlution levels, have not been relied upon, primavily
becausi af their small sample size and inadequate cxposure measurements.
In addilion, incidences of illness within a population of bronchitic paticnis
have been siudied with respect to daily air pollution concentrations. Signifi-
cant changes in patients' conditions were observed when black smoke
exocoeded 250ug/m? and sulfur dioude exceeded S00pg/m’ (33). Taking
into accouat indications from some other studies, as in the earlicr WHO
report (1), the minimum level of smoke and sulfur dioxide needed (o
produce cffccts was taken as 250pug/m’.

Insome sivi:'™ « deviations in pulmonary function measures have been
observed s okt and adults that are associated with short-term fluctu-
ations a7t : concentrations (1,2 /1,34.35). In another study of
appreaim”. . .eOchildrenlivingin an industrialized community, a statisti-
cally sigriiicant negative mean slope of forced vital capacity (FVC) and
forced expiratory volume (FEV) was found for total suspended particulates
(11-2712pg/m>) and sulfur dioxide (0-281pg/m'), with a conrelation co-
efficient ¢ =0.75 (36). Jn this study total suspended particulate measurements
were complemented by parallel inhalable parnicle measyrements (37,38).
Since inhalable particle values are generally similar to thoracic particte
values, it was possible 10 estimate total suspended pariiculates/1SQ-TP
ratios. From the data collected by Dockery ¢t at. (36) it can be calculated
that in those 25% of childcen who we(c most seasitive, there was at least a
four times greater deficit in pulmonary function compared with those of
average sensitivity (for this subgroup a decrease in FEV 0 0.33 mi/ug per m’
was observed). Thase effects are associated with concentrations of total
suspended particudates in the range of 150-200ug/m’ (in the presence of
sulfur dioxidc), although total suspended particulate concentrations have
frequently exceeded 260ug/m’. Minimum levels for effects were judged to
be 180pg/m' in the presence of sulfur dioxide. Relating total suspended
pacticulates (o ISO-TP would result in the same deficit in puimonary func-
tion at concentrations of thoracic particles above L 10 4g/m? in the presence
of sulfurdioxide. These values are estimated using spevific 1otat suspended
particulates/{SO-TP ratios (37).

Although these changes are of health conoern, the physiological signifi-
cance of such apparently reversible effects on the immediate or long-term
health of the individual is unknown, _

(n Table 2 the evidence on short-term health effects 1s summarized in
terms of the lowest-observed-eflect levels of air pollutants an health.
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Table 2. Summary of effects on human health
of lowest-abserved-eftect tevels of sutlur dioxide
and parisculate maiter {short-term exposure)

21-hour mean exposute (o

tata
Effect S0, dmohke  suspended thoracie
parbitulaies paiticles
Wwgsm))  (ug/md) &g/ mi) wg/mdy
Excoss mortality 500 500
Increasad acute respitalory
morbidity {(adults) 250 250
Uecrements in luag funcuon
(cnildien) 180 110

Long-term healih effecis related 10 annual means of sulfur dioxide

ond pariiculale matter

Marmli:y. Variations in monality (all causes)and, more specifically, in
mariality from cardiorespiratory diseases have beea found duri ng compa.ri-
100 of the {indings from dilTesent cities in several countries (7). Mukltiple-
regression aaalyses, using various indices of pollution (as loag-term means),
lcgc(!lcr with sacioeconomic factors, indicate associations with pollutants
tpaniculates and sulfatc being the ones generally incorporatedinanalyses in
the USA)shacaccount (or asmall proportion (about 45%) of the vagiation in
d'euh rales between cities (30,39-41). Thus, it coutd be said that there are
duq rnible effects of long-term exposure (o the pollution complex of the
particulate matier/sulfuc dioxide type at relatively fow annual mean levels,
but it is f:onsideved that no firm guidance on lowest-abserved-cflect levels
€an be given on the basis of refationships of this type.

Marbm‘il):. Furthes epidemiological studies on differences in the preva-
lenc; of respiratory symptams (adults and children) and the {requency of
respiratory illness (children) between communities with diffening levels of
pallution have provided results that are consistent with the conclusions
reached carlier by WHOQ (1), indicating detectable increases where anaual
mean concentrations of both black smoke and sulfur dioxide exceed
100ug/m’ (42.43). Other pollutaats, such as sulfates {or acid sulfates) may
be relevant, but no measurements were available in the studics in question
The more recent studies have mainly been analysed using multiple-
regression models, taking confounding variables inta account as fac as
rosebic 44,45). 1a this way, the relative importance of diffcrent factors

W4 o 2 — o
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lyand relationship
has been shown more clear
i::icning that effects may well extend below

s are taken to be continuous,
the pollution levels quoted.

Community-based tealth studies arc useful in aunle«(mg“n;:;:s 121‘\;:':
(es or differences in pulmanary performance (o ar pod uth o
it differ (or a variely of cultural, social, economic an other
hatcan alt in different frequencies of illness. While air qolluuon' may
e c';)n r“(o elevated illness rates, it is difficult to descnbe.wuh ocr‘mm.{1 a
o raping time or even a'specific contaminant that isunequivocs ui
b 'm:; tvilﬁ'a‘thmhow effect level. Increased age-adjusted iliness “:k -
paans s ted with indices for sulfur dioxide, black smoke, total suspen Ged
:':n.!scsu(;:‘u and fine particles in several studics (1.2.11). Community du

in i discermned in
fereaces in illness rales can be
studies conducted in the tate 1970s and carly

several more contempaorary
1980s. 11 is of interest to nole

ioxi otal suspended particulate concen-
lhn‘ i ‘mlw:r‘::‘t‘tl:?r: l;lx‘eo;?ueoc.n'l‘:ln‘ions asso‘:;aml with cf_&c}s in elﬂ:ﬂ"
ey, Ia-'nr o stance, in the USA (46) differences in com mum\y‘nllness ra c-
“udlcl:eco :socilu;i with anmualized total suspcndc:d pamcula(eﬂci;;:,
h“: ntio:s ranging from 30 to 100 pg/m* (20-S5pg/m’ _whu'\ ::“h p‘a‘i et
c-::l;urc lessthan 10pm in diameter). The two communities withibe

a pai Al
ness rates h‘d pa “C' ot ( Licie a y
1 (4 T c can ntrations for 1413 l S fess than ’.0 m n

J1ameter) of 35 and 55ug/m’ (annusl means).

In the Netherlands, a decreasing difference in resm(;g) s{::';::t‘)‘c;l
(cs between a poltuted and a cleaner area was obser : Init ob:
ra 1 average sulfur dioxide cancentrations above 10(!pg<lm‘ kst
mr':::‘d' the polluted utu.bu(afunhemid-lﬂﬂssullurdmx\ ¢ c\;_‘s <
b . 45 gnd 80pp/m’, while black smoke decreased from it
‘;.;(“;;:?g/m’ {n the clcaner area sulfur dioxide values, m:as;::d 139(;‘2‘ werc
, y {s, measured 3 .
were 10-25u¢/m’, and black smake levels,

10-15ug/m’. In France (48) diflercnces in

symptom rates ate associated

ioxi f 13-127ug/m’,
i s of sulfur dioxide over a range ©
;‘el:s::::lu:xly.::::hdry ot a range of 22-85pg/m’, as measured by @

specific technique.

( respiratory physiology
13 in lung function. Measurements 0 by
w:rgti;’c:um;:d’in sevé‘tal of the sludieuﬁgrsl) t; ;!xh{r;) i:?grli::: :‘t:‘c&
j reviewed by E n
ObSCerll((}l;; gﬁ?«;m have been conducted in the same co:tmurnll‘l‘l:s
g:emr'r;cﬁot’l of years show associations belwgn the .ma::’usl‘t:c : :mdi ;
t ries .
i + and the levels of poilution. One seric ! kics,
“;'r‘:itel:“o:'l‘::‘t;e USA (45-51), indicated efTects associated mat:r ;:::c:{
' (measured as total suspended padticulates) al an anny s id
?::!‘ gm’ though documentation of pollutionfevels in th_e series 2; Bl
wzs“incon;plclc and olher poliutents could have been involved.

maore extensive series carried out in the

Netherlands (47) it has been

i i han, as
concluded that consistently lower lung function va\ucrs' c:l\::f ::‘ hati, ¥
compared with 2 rural, ares might po-m_y;lqng-ter;n eum““ i
While rouch current information on @ wide range of po

able, it was considered that the effect coul

d have related to carlier higher
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levels, and no firm guidance can be given at this stage in rclation to
towest-abserved-adverse-e(Tect levels.

SHI.VOFJ' effects

Community exposure (0 urban air pollutants, including sulfur oxides, nitro-
gen oxides and particulate matter, may give rise to feclings of discomflort,
which can only be assessed subjectively by those persons who are affected
(1.52). Aonoyance reactions 10 urban ait pollutants are common phenomena.
{n a Swedish study (52) of population groups in central Stockholm, 60% of
the population reported anaoyance of this kind. One quarter of those were
classed as being very annoyed. Comparative studies in subtrban arcas and
smafler Swedish towns disclosed lower prevalence figures for apnoyance.
Surveys of annoyance are fraught with many problems (7). Since annoy-
ance reactions have a large sociocultural component, prevalence figures in

relation 1o air pollution levels may vary from place to place and should be
determined for cach lucality.

Evaluation of Human Health Risks

Sulfur dioxide

When using the evidence f[rom human experimental studies of sullur dioxide
to draw up recommendations for guideline values aimed at protecting
people from the risk of adverse eflects, the need to avoid briel exposures (o
peak values is implied. Some proteciion (safely) factor may have to be
incorporated when using information on the loawest-observed-effect level in
order to protect especially seasitive asthmatic patients (who have not been
subject to testing), though they would be [ess likely to beinvolved inexercise
at the levels used in the experimental exposures. In relation to a lowest-
observed-effect level of concern to health of §000ug/m’® (30 minutes), it
appears reasonable (0 apply a protection (safety) factor of 2 (or the pra-
section of public health; this would give a concentration of 500pg/m’

{10 minutes). The occurrence of such concentralions can often be predicted

from the frequency distsibution of locally measuved concentrations, by

using some existing models for averaging values over different time periods
in the case of diffuse or multiple sources (53).

Predictions for point sources can also be made if the characteristics of
the source and the local diffusion conditions are kaown (54). Frequency
distribution charactesistics can also help in guiding authorities towards
solutions. These frequency distribulions are known lor a large number of
tawns in Europe (55} and the USA (56). As an example, if the aim were to
casure thatl the 10-minute mean value of 300 sg/m” was not exceeded, then
on the basis of calculations of mulitiple-source situations in the Netherlands
(35). the carresponding 1-hour value that should not be excecded would

be 350pg/m'
Acid serosol

While the data currently available are insulficient (o establish a numerical
guidetine, they do raise sernous concemn that acidic acrasal could accaunt
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for past associations belween particulate air pollution and the exacerbation
and development of chronic bronchitis, ) ‘

Recent -hour acute experimental inhalation exposu:¢ ¢ata on humans
and two animal species (donkeys and mabbits) show _nm-lar expasure-
response relationships in terms of transient and seversible changes in the
rate of tracheabronchial mucociliary clesrance. Comparable exposures,
when repeated on a daily basis in the iwo animal species, produced per-
sisient changes in clearance rates, and in ¢the one sp:« - .= which histologi-
cal examinations were made, changes in the airwe . "¢ anly 20 days of
exposurc were of a similsr characterto those seenin . .ng hn_mm.n smokers
examined at sutlopsy. The analogy with cipm‘le smoke, whc.cl\ is a known
causal factor in chronic bronchitis, has been pointed out by Li ppmann (29.).

The association shawn in Japan (Yokkaichi) between sufuric acid
aerosols and respiratory morbidity gives support 0 the hypolbenf that
acid aerosol is an important component of urban sir pollution. This h‘y-
pothesis is 2ls0 consistent with the results of cross-sectional sludxgs of daily
monality in mnjo} cities in the USA, which md.cca(e lha_( sul(alg isa better
predictar for martality than any of the nonspecific gravimetric indices that

ve been used. .

. :doru data an Fuman exposures areclearly needed to test the hypothesis
of causalnly, Situations that would be of conoern for monitoring purposes
would be those 7. 're humans were exposed nptlltfily (o concentrations at
or above 104/’ (sulfuric acid or equivalent acidity of acrosol).

dioxide and particulate matler
?"l'l'cf‘l'owe:(!f.observ?d-cﬂcct levels for short-term and lopg-urm (annual
mean) average air pollution measurements arc sux_nmnm:.d in Table_s 2
and 3. Evaluation of the measured components of air pollution in re[nnon
to public health is, howevcr, difficult {or 2 number of reasons noted in the

Table 3. Summary of effects on human hqan_h
of lowest-observed-effect levels of sulfur dioxide
and particulate matter {long-term expaosure)

Annua! mean erposure 10:

total
Cifect S0, smoke suspended
paiticulates
wg/m?} wg/m? Yrg/m3
tner d reapitatory symploms
“ochrmss oo ____ 100
180

Decrements in lung function
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WHO publication (). A number of these poiats still remain fargely un-
resolved. For example, it is not clear whether long-term effects can be
related simgply 10 annual mean values or 1o repeated exposures to peak
values. Similarly, it remains uncertain which compoaents of the sulfur
dioxide/particutates complex are involved in the adverse eflects, though
mcreasingly attention is being given (o the role of secondary products such
as acid sulfates. Arbitrary protection (safety) factors of 2 in relation (o the
morbidity and mortality data, and 1.5 for decrements in lung funciians
{considcred to represent aless severe effect), seem (0 be appropriate accord-
ing to the present state of knowledge.

Measurements of black smoke can no langer be waterpreted in terms of
#g/m’ in many localilics, and decisions have already been made (by 1SO) 10
abandon any attempt at mass cquivalence. The method isstilt of v alue asan
index of soiling capacity and of the type of potiution (coal smoke) that has
been associated in the past with adverse health effects, and to provide
continuity with any further cpidemiological studics. Therefore, obscr-
vations should be continued.

Various direcl gravimetric measurcments have beea used in recent
decades. nutably the total suspended particulate measurements (by high
volume sampler) in the USA. There are problems, however, with the wide
size range of particles sampled and the influence of wind-entrained dust.
Although a large body of data on such measurements exists, it is now
considered misleading to attempt to specify guidelines in terms of total
suspended particulates.

Tatal suspended particulate measuremenis may, nevertheless, be used
for comparison with newer indices of poliution, and they may be of value as
a supplement to gravimetric 1SO-TP measurements, especially in areas
where there is special cancern about larger particles.

Efforts should now be made 10 establish a method of gravimetric
measurement seprescating more realistically the size range of particles that
can be inhaled into the thoracic region, even though uncerainties must
remain about she componeat or components most relevant (o health. Rec-
ommendations have aiready been made by JSO regarding the (acrodynamic)
particle size range corresponding with 1horacic penetration, and it is pro-
posed that samplers should have acceptance characteristics that approxi-
male to that curve.

The inclusion of the somewhat wider size range of particles than those
sampled by the black smoke method would mean that, even in areas where
coal smoke stifl forms a dominant part of the suspended particulates, results
from these gravimetsic instruments would be somewhat higher than saight
be obtained from co-located smoke samplers. Thus, 10 thase circumstarces
the corresponding guidelines would be a Jitile higher in true gravimetric
terms (possibly by about 10%). Now that the characteristics of present-day
pollution difTer from those of coal smoke pollution, the old data cannot be
used with any confidence as a basis for gurdelines.

ln view of the considerable uncertainties involved in formulating guide-
lines for paruculate mater, there is a need for further epidemiological
studies, parsicularly in those areas where high cancentrations will occur,
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using well defined methods for patticulate measurerment and cpidemi-
ological ssscssment, including the control of possible confounding factors ] ‘ ‘,3‘- e 2 v
"such s smoking. i L 3¢ ¢ 3
22 ElT |82 :
Gaidelines £Y 3 ~ gt ¢ H
T a 2203 z
Sulfur dioxide 3 af o« :
1t appears reasonable o apply a protection factor of 2for the proteciion of s | o S 3
public health; 8 guideline value of 500pg/m’ (10 minutes, not to be cx- E ! o 8¢ 38 kS
coeded) is recommended. A 1-hour maximum value that conforms with this 4:5 | g S ‘5' _‘: s
guideline can he calcutated as approximately 350pg/m’. 3 5 g% :’: 5 T 3 %

» : 2 |s|sgrE|2 555 -
Acid gerosol ~ K §:’ O IR B - 4 3 v &
Recommendations for air quality guideline values for the strong acid g 3 3 %Eg 23 2 .
content of ambient aecosol cannol now be made owing (o the sparsily of £ L] zEe 8 E4 % 2
curcent data on effects snd ambicat exposure levels. However, monitoring © 2 ‘ff ; g = 8
;s wazanted when Jevels (sulfuric acid or equivalent acidity of aerosol) 'g L 28 & s § e
exceed 10gg/m’. Trerefouc. ambient air should be regulady monitored (or o 233 Ia S H
the H' ion concenleation of the acrosol (which should be sampled in 8 hd £C8 ¢ E = =
size-fractionating paniculate sampler) wheo levels of this magnitude are 2 s2g g E § 2
likely to accur. 3 °% Sy 33 z @

o s8f T L B

Combined effects = e E|(w g 12,2 52 v 3

In proposing guidelines based on the present knowledge of exposure tobath '5’ < ¢t Si- £3 $ 33 é Z

sulfur dioxide and particulate matter, anarbitrary protection (safety) factor 5 85 < H 4 e 3

of 2 has been used in relation to morbidity and mortality, anda factorof 1.5 Q. a5 5 b : e

bas been used for the decrement in lung function, whichis consideredtobe a o €3g =21 ¢ g ¥

less severe effoct. The recommended guideline values ave shown in Table 4. § 5 ;:: ° E s 3 i -
B glr r i 8 @
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Vanadium

General Description

\'ar_\ad!-jm (V) is a bright wh;te ductife metai acionging to group V of the
ﬁcrxodu system of e!ements. It furms compounds mainly in vaience states + 3
4and t 5. la the presence ofoxygen, air or oaygenated blood or oxiditin \
agents, vanadium s always in the + § axidatian state In lhc. presence ogr
:educu.'lg agendts, vanadiun’ compounds are 1n the + 4 axidation stare (l;
Innadlum.forms boath cationic and anionic saits, and can form coval ji
bonds to yield ocganoms1allic compounds which are mostly unstable -

Sources

anadaum I'Sﬂﬂ ub:f{'.ufoui metzl. The average concentration of vana- ‘pe
lJfl ]ulwa carth’s crust is 150pa/3 (2). concentrations in soil vary in the r. *-c.
b- pe/g f}) ;‘md.may rcach_hugh values (up tn 4N up/g)in aceas pol!u(:d
y Qty ash (<) l'he.- vonceniration of vanadium in water iy largely dependent
“n geoagraphwal rcation and canges from 0 2 10 more than 100 /lre in
freshwater(2). and from 0.2 (0 29ug/itre in scawater(J). The ocean floor;
the mawn loag-term sink of vanadium in the glaba; circulation 't/ T'tj
concentratiens of vanadium 1a woal and crude perreleum odds v, e .’lc
£1-1500 mg/kg) (2). Sy
The world peaduction of vanadiup, w ' 15¥) iennes
!Y‘\‘ major praducing cauantries being C::}:bg‘é:‘«).;ij’)‘)h:mm .
A:lu;'l'\ Africa, USSR and the United States. ’ ‘ ’
) ost of the vanadium produccdt 15 used in fenovanadiun i
1he majonty 15 vscd in high-speed and other alloy steel (u‘sl:u”ll:n:o‘xggn!h‘:f.
vith ciiemuem, auckel, manganese, buron and tcagsten) ' "
It has been cviimaied that around 63000 tonnes of \-l.mdium anauall
nter mt.c'.'v"'m""m (rom natural sources (crustal weathering anduvoly
fim.; €72.1551305 ) and 2cound 100 660 :onnes as a resuit of man‘s zclivme;
:‘ I'!‘l' f’f""" amh\r..'wgzmc point sources of atmospheric emission are
§hurcial works £ 05 2 per toane of vanadium produced). followed by

Wt ap g of crude o end
LA B icv 1Y fare, :‘.'_;L“dl vl and coal (0.2-2 kg per 1000 connes and

aribia, Norway,
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