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Abstract A n11clcar microprobe with high 8patial resolution and high a工lalyti

cal sensmvity was applled to analyze atmospheric aerosol at矗ve monit。nng 8itc8 m

ShaIlghai city Meantlme，a new pattern recognition technique，w11ich llscd the Jn|cm—

PIxE 8pectruIIl of a single aeros01 particIc as its右n舭。print．was developed to identiry

the origiIl of t}le particlc Thc rcsuIts showed th献the major coⅡtributors to t}lc at—

Inospherc polllltion were so订dust(3l 6％)，building dust(30 8％)．and the ncxt wer·1

vehlcle exhaust(13．7％)，Inet a11urgic indll8try excrements(5．6％)，oil combustion(5％)
and coal combustion f2 3％)．Besides the8e，about l(1％of the par“cles could flot 1)t、

ident值ed Based on the cluster aIlalysis of thcsc parficles，th8y c011Id be dlvlded mto

ei曲t groups By infcrence，they might helo”g to some sub—pollutioIl sources fI oIIl

so订dust，bulldin只dust and metallurgic industry excrements Morcovcr，some 11ew

uo儿utlon sollrces from tyres and chemical plants were also reveakd

Keywords Single aemsol particle analysis，Source apport沁IlIIleIlt、mlclcal ml⋯卜

probe，Pattern recognition techniqu。

cLc numbers x831，0657 34 ，，、．

1 INTRoDUCTIoN

Shanzhai is located in the east coast of China It covers an area of 6}341 km2 winl a

population of about 13 Tnjllions As a majoT econo血c and industrial center of China，in

recent vears，its r叩id development has caused theⅢban aerosol pollution，which is fronl

manv natural and hⅡmam—made sources．Therefore，much attenti。n should be paid。n the

atmosphe ric poⅡuti。n in coImection wjth the血dustrial activities One of the major gods

of enviroIⅡnent al poUution monitoring and controuing is to identify the pollution sources，

to血d thelr impact on the environment and，if necessary，to reduce it to an acceptable
level㈦ There have been many Teports on the soUce apportioment oI atmospheⅢ
aerosol particles based on the bullc analysis㈦ Althou曲the bull【analytical metIl。ds

are usefm f0T identifying s011rces of the aerosol particles，they have some蛳tatjons

s“pported by National Natur“science Foundatl⋯f clllILa(11030042)
Manusc ript received datc：2000—09—2l
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Because many diff毛rent particles are Ineasured as a whole in the bulk ajlalytical Hlc“lods，

ambigllities of poUution source iden“矗cation occur eVen if a 1arge am。unt of s舭11pks aI e

measured and a time consuTIling statjstic—data haIldbng are used[引

H。wever，the 1jIllitation。fbullc aIlalytical meth。d can be av。jdedby the 111etjl()cl()f

single aeros01 paTtjcle(sAP)analysisl剖 The ass。ciatioIl of certai工l elements in a panlcIP

can be observed direc“y by the single p龃ticle measnrement Some elements tend t。c)rnlT

at reIatively hi曲concentration in a smalI p甜ticle HoweVer}in a blllk measureⅢe11t t!le

concentration of these elements Inay be at a level l。wer than the de“xtion 1indt．Tf thcse

partjcles are measured in djvlduaUy，曲e associated elements fall be deternljned∞silv

More advantages of sin91e partjc】e analysis have been discussed by OrhcH and G r】n一“

Ahhou曲the electron而cr。probe can IneasuIe SAP very emciently．its rel“vely 1。、、

analytical sensitivity restricted“s apphcation，because some import吼t tr∽e ek"、enL

features m SAP may be kstl引

A nucIear rnjcroprobe is suitabIe for SAP analysis because it has reas。naljlc 5pmiaI

resolutj。n(1pⅡ1)，hi曲analytical sensltivlty，and Versat】le a11a】ytical tech儿iqll㈣8引 s 011le

succe5sful analvses of SAP by the nuclear mjcroprobe have been reported【1‘h1引 HoweveI

because of th8 geomet“cal and nlorphological innuences of a single partifle．acfurat e

quant嫡c吼ion。f the element c。ncentrati。n in a si“g土e partide is VeTy di瓶cult Some

calculation methods，wKch trv to reduce these innuences，have been djscu5se(1、b1It f he

accllracy js stiu not satis矗ed【13，14】 However，、ve can recogn拓e eacll pa州clc direftly by

its spectrm instead of its c王1emic以composition． T}1e PIXE spectrmn pattern ran bc
consjdered as the曲ge‘print of the particle A method of the pattern recognltlon(PH)
has been developed fbr the identi6cation of the spectrunl paLtern Tlle stTaLegy{。r t王le

flmge‘print classiRcation and identl矗cation was uscd to identif，each rr搪asured aernsuI

partjc】e

There were two steps for the ident谲cation of particles in fhe at』nospherc At n rsL，a

set of particles PMlo(<1 opm)was c011ected as st(1ndard矗。m di行色reIlt po】luti。n∞1】rce《，
and ana】yzed bv the nuclear rnjcroprobe．Their spcctTa were recordod into a databasc。ls

a矗ngerpTint hbrary of th8 p。L【ution sources Then，otheT 5i”gle aerosoI particIes，whlc王1

were c。Uected from environmental monitormg sites in Shanghai city，were analyzed I)?

the same way and the PR program was used t。compare their spectra wlth th05e ln rhe

library and to jdentif，the origins of these particles

2 EXPERIMENT

2．1 Sarrlple coIlection and preparation

The individu“aerosol particles of p。11ution source sampIes were co儿ected什011l I工r

dllst“d trails，such as ferrous赳1d nonferr011s sme】ters，oil a兀d coaI combustlon，blⅢdlng

s溉s，1eaded gasobne，咖1eaded gasoulle'diesel fuel and sojl dust et al They contrl bLItP

the maj。一ty of the aerosol partic】es noating in the atmosphere over Shanghal Cny‘㈨

Those。f environmentm samples were coUected at矗ve monjtoring sites，r印reselltmg t11e
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800C，A droplet of the solution was dropped onto a Totary beaker 0f deionjzed water at

ro。m temperature．The d『。p】et stfetched and a very thin(o，2卢m)nylon fojl was forIned

on the water surf矗ce．Just after the fbrmation of the fbil fin a few secondsl，the colIected

single partides w盯e dropped djspersedly from the sarnpliIlg mter onto the sticky foil by a

sHlaU shaker After矗ve HdTu王tes sohdi矗cation，the fbil attached on a st aildess steel ijame

was taken饥n of the water．The s过出e p缸ticks were sep缸砒eb e1I七edded in the thin，

taut and丑at nylon foⅡ．After 24 hours baking at temperature of 60。C，the mdi讲du以

aeros01 particle was ready foT single particle analysis by the nuck盯埘croprobe．

2．2 SAP n舱asurement by the nuclear rIlicroprobe

A reuabk and efhcient experiment for sinde aerosol particle analysis dema工lded good

performances of the nuclear r11icroprobe．Because rr”st of the particles were smaner than

3 pm，both hi曲spati“res01ution and beam cⅢrent were needed The Lelpzig nucle缸

microprobe，LIPSION，satis丑ed the experimenta】requjrements A detajkd descfiptlon of

LIPSl0N can be found elsewhere c18』 A 100 pm object diaphragm and a 100“m apertu1 e

djaphragm were used to Produce a focused be脚n spot w王th 1卢m size and 80 pA beam

c11rrent for most sin臣Ie particIe measllrements．The particles weTe so smaU that it cou【d

be considered as t}dn t材get measuIements．The 2，5 MeV pTotons could penetrate most

of the particles The beam cha。ge was coⅡected by a downstream Faraday cup TheTe

was no conductive coating on the sample surface and no data correction for the effects of

the particle ma打ix and shapes．A 20 nC integrated beam charge was requjred for each

particle measlⅡeInent、Much exper缸ental“me was spent on se甜ching f0T is01ated smaU

particks A p‘oPer searching procedure was妇portant f∞hj曲emciency of七his work

At矗rst，a b堙scan area in size of 70 pm was needed to survey the sample in order to矗nd

areas where the js01ated small partic】es were cmtivated州th high distributjon density

The coordinates ofeach small particIe iIl the blg scanning area weTe diEitized and recorded

fot fu!theT sⅡ协n scans． And then，set up the smaU scan area in size of 6～10卢In and

rr的ved oIle or more isolated smaⅡp缸ticks into the viewmg area The three山mension胡

movement of the sample stage wa8 p。ecisely d远it c。ntroued The accuracy ofthe saIrLple

displacement was better than l“m One or more is01ated smaU particles were cmrered

bv the beam within the scanninE afeas Ea出single particle measuTement took ab叭lt

15 minutes The characteristic spectrum of sin91e par“ck was extracted from raw data

according to the p缸ticle shape h the smaU scanninE area．

2．3 Pattern recognition

Based on the artmcial nellrd network(ANN)technjque，a pattem recognition pro—

cedllre was developed for the ident媳cation。f sing】e aeros01 partjcles．Tbe ANN technique

attempts to simlllate the function of human brains f曲quajjtative assessment in nlany

五elds．Ithasbeenusedfbrtheinterpreta七jon ofvaTious spectraillthe丘elds ofnlfraredll川，

uhravi01et噜哪，g蛐斗Tay[2l】，and X．ray spectroscopy般2引．An extensive desc“ption of
ANN by McCleuand and Rumemar小q is av越able．An art击cial neuTon Teceives sign出s
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from external sollrces or丘om other neur。ns aIld produces one output Value that can

be used as an input to other neurons。r a工1 output result of the network． The t。pol—

ogy。f an ANN depends on the comP】exity of application． The algorithm used iIl Lhis

study was standard back—propagation(BP)[2剖．The algorithm employs processillg neu—

rons c。nnected by links；there is a coemcient(the“weight”)associated with each link

The neurons receiVe inputs from the external world or丘om other neuTons，and趴lnl

the sign出s f毫eding to them and output this sum to each cLriven cormection scaled by

a“squashing”function with a sigⅡloid shape，typically the№ction，=1／(1+F 。)，
where z=∑inputs Then the si斟al was passed t。the other neurons or to exteTnaJ
world The ANNs cc叽stitute a means of pattern classjncation in which an input pattern

(i e，a nomauzed PIxE spectr啪)is trallsformed访to an output pattern(i e，a vector
whose values T印Tesent the desired classiflcation of the PIxE spectrum) Herein the input
and output patterns龃e caUed traiⅢng pattern An ANN is always trajned oVer a number

of trainjng pairs；thj8 gro“p is coUectiVely caⅡed the tr出njng set The difrerence between

the actual and desired output，taken over the entire trajning session，fbeds back through

the netw。rk in the reverse direction to signal flow(hence back—pr。pagation)modifying
the weights as they go R印eat this process until a suitable 1eVel of error is achjeVed

The ANNs arcllitectuTes implemented ln t王Lis work consisted。f thee layers(iILp Llt，

hjdden}and output 1ayer) The input layer contains 1024 cha皿els of a spectrum Th。

outpu上layer contains N neurons co玎espond证g to the number of reference patterns(po【一
1uti。n sources)．Each of the neurons in the output layer produces an output Value l or o

(i e，>o．7 or<o．3)

Like a real brajn，an ANN has to take a training course bef。re doi“g any identi丘一

cation jobs The pllrpose。f the network tra“ng is to血d the right combination of aⅡ

parameter5 in a network，which can produce a desired output code fbr every reference

pattem．Whne the network reads a reference pattern．the modmcation of th8 parameters

take place in the backward direction，which is fr。m the output 1ayer to the input layer

After several periods of mo di矗cation and regressions，the行nal total error for a上l of the

input patterns reaches a Iow criterion The tr aining course is then矗nished and aU the

‘‘knowled譬e”1earned iIl the course js stored in a matrix The neural network ls now able

to perfoⅡn a reliable identmcation j。b for any unkn。wn input pattern． Only when an

unknown spectn吼矗ts one of the referenc8 patterns well enough，does ns correspondiIlg
neuron只ive out a vaJue of l，AU others酉ve an output。f zero

3 RESULTS AND DISCUSSION

3．1 Characterization of pollution sources

The discriIllination of diffeTent poUution souces was eII上lancedby inVestigating 8in。

gle aerosol particles． 356 SAPs from poUution sources were meas叮ed with the same

facilities These micro—PIXE spectra were classi矗ed into six categories according to the

corresponmng s01lrces They were building dust(m ainly cement dust)，metauu。gic indus—
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try excrements，aut。mobde exhaust血cIuding excrements from Ieaded gaso“ne，unleaded

gasol‘me and diesel fuel，son dust，on combustion，and coal combustion．

EⅧ，W

F培．2 Sh‘yplcal m记ro—PIxE 8pcftra from polllltl。n sollrces

Fi昱．2 shows six typic a1 111icro—PIXE spectra from poUution sources The spectral

patterns can be consjdered as the矗ngerprjn￡s of che sjngle aerosol par“cles．Each so L【rce

has it s typic aI 6ngeTprint with its characteristlc elemcnts The main feature of aerosol

partjc】cs矗om bu丑击“g d“st had lligh l。ading for Ca and Fe，foll。wed by a lower l。adiIIg

for elements such as K，Zn．High iron concentration could be found jn the口artjcles froIll

the metamu百c indus亡ry 0￡her trace eIemencs，such as Cr，Mn，Pb、wPre also f。und In

these血dustriaI poUution sollrces They皿ght come from raw materl als used or catalvsts
added The sin91e par“cles丹om dj开jrent automobde e罡haust w℃re nleasured．Because

the organic tetra—akyl一1ead(Pb(e2H4)5)as an anti—knock_agent and the ethylene dmallde

050u
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(c2H4c12 and c2H4Br2)as scavengers were added to t11e leaded petr01，high loa cLiIlg王or
Pb and Br was found in the particles from 1eaded petr01 However，in this experiment，low

lead concentration was also detected in the particles from unleaded gas01ine． Probablv，

the lead i【L the unleaded gaso“ne was de“ved from the crude oil Meanwh订e，Br a11d C1

were also found血the particles矗om umeaded墨asol试e，which could be a feanlrc Llsed

to distingulsh them f『om other poUutjon sources The particles矗onl diesel fucl were

characterized by S，Ti and Cu，Zn in low concentration

The characteristic eIements of single aerosoI particles from oiI combustion werP V、

Ni，Cu Those from soil dust and co甜conlbus“on were Rb and Sr B LLt Darticles fronl foal

Combustion contajned As and Ga w11ich were not found in the soil dust Tlle corre】atlon

coe伍cient between them was less than 0 8 0ther sub一矗n叠erpnnts were included in some

p。Uution soⅢces，such as metaUulgic jndustry excrements，depending on t11e che r11ical

composition of raw materiai used and the type of the combustjoIl process

3．2 Source aPportionnlent of single aerosol particles

About seven hundred sing【e aerosol p缸ticIes of environmenta【samples were col。

1ected at the nve moIlitoring sites．The environmental samples were measured with t11e

same facilitles as described ab。ve Then，by PR program，thc poUutI。n sources of thesc

particles were ldenti矗ed．T‘able 1 shows the results of the s01Ⅱce aD口ortionInent at the

di开brent monjtoring sjtes On aver89e，the nlajor comp。nents in the PMl¨sarnples wPrc

soil dust(3l 6％)and buiIding dust(30 8％) It is tTlle that theⅡmIⅡcip aI constructlon
has been the largest business in the city recently But aut。mobile exhaust was also矾m1．

port耵Lt poUution source which shouJd not be ignored Tts contributjon to the atHlosphere

p01lu“on was 13．7％． However，the largest contributor in the automobile e盖haust was

lea“d gasoHne(8．4％) D1lring the last矗ve years，annually co工lsumed gasobne in silaIlg—
hai has surpassed one rnj山ont。nsfo引 EnoTmous 1ead was e血“ed to the atmosphcre、
w王lidl wotlld aHbct hujnan health a』1d ec01091cal environment Fonunately，Shan岳haj

murdcipal government has paid much more attention oIl it and phased out of the leaded

gasoliIle

Due to cIose to building work area，the contribution of thc par“cles from bui Jding

dust was 11i曲er at the GIIXL site(46．3％)．The saITlples from sites within iⅡdustrial oI

high traffic density area，such as GHxL，DPQ and xJH，had higher aerosol contrlbutloIls
froIn vekcle exhaust and metaUuTgic 111dustrv excrements HoweveT，jt is also cle¨that

the air quaUty was better at the JPZX site，which is bufrered f『om the road tra插c and

djstant rTom the血dust“al sources The aerosol DarticIes in the atmosDhere of JPZX

maillly came from s01l dust(53 7％) B11t nunor particks from vehicle exhaust and

metaUurgic industry were also foImd there，which mdicates that industria】and road

tr“Hc eITlissions collld be widely distributed in the atmosphere
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T且ble 1 Source apportioIlIne Tlt at th Hve sample sites

site of d11st dust (1eaded ∞lnbustl。n combu8tion componeIlt

samples ／％ ／％ ga80lille)／％ ／％ ／％ ／％
GHXL 120 46．3 2 3 16 8f9．51 12 3 2 3 6 d 13 6

RMGC 231 26．5 36 7 9．2(61) 2 0 4．1 8 2 1 3 3

XJH 116 32．1 29．1 17 6(8 9) 1 7 2．IJ 3 2 1 4 3

DPQ 108 22．6 36 2 18 4(12 3) 5．7 3．o 7 3 G 8

JPzx 117 26．7 53 7 6 5(51) 6．5 O．O O 0 6 O

Ave。age 138 30．8 31 6 13．7(8 4) 5 6 1 1 1．! !坐1

3．3 Hierarchical cluster analysis of unidentmed particles

About lO％of the aerosol partlcles were not able to not be identi矗ed by PR program

It was suggested that they IIlight come from other p。Uution sollrces)which had not yet

been i11cluded in 01lr血vestjgation list．It gave h曲ts for discovermg new pollution sollrces

A hjerarchic al clusteri工lg tech正que was used to gro”p these uJlidenti矗ed p甜tjcles The

results from the cluster analysis are shown in Table 2 The unidenti矗ed particles were

clustered into eiEht盯0ups Accor山ng to the c11aracterization of their element“spectra

and our experiences，the origms of these particles could be deduced．The矗rst group and

second group had lligh load试g for K oT Ca and l。w loa山ng of Fe They were probably

de“ved from the sub．poⅡutjon sources from sdl dus￡or bujlding du5t

Table 2 Charac托rization of eleII比nb spectrunl

No．2f541

No．3flll

No 4f51

ND 5f41

No 6f71

No 7f11

No 8f11

Ca

Ti．Fe

S．Ca．Fe

C1．Ca．Cr．Fe，Zn

S，Cl，Ca，Ti．n、Zn

K、Ba

Fe．La、＆

Ti．Zn Ph

S．Ti

Cr，M11．C11

Fe．Cu

Cu Zn

There was a coⅡlmon characte“stics of Fe—rlch in the third，fburth，行fth aJld sixth

group Besides，other metalUc elements such as Ti，Cr，M】1，Zn at high c。ncentratioIl were

follIld iIl these groups．Thjs kind of particles may be related to the industrial activltles

However，i】1 thjs study，two pecuUar particles were found． The particle in the seventh

group was m缸Illy composed of K and Ba Ba may come from the wear and teaT。f tyres

on the road，as it is used in the manufactllring of rubberIn6』． IIl the atmosphere、the

concentration of La and Ce is very low，but the particle in the eighth group was enriched

in these rare．earth elements，its orig血is di伍cmt to trace back but that may be related

to the cheIIlical plant producing cat alvtic promoters It is obvious that sjngle aeros01

Darticle an“ysis has the abihty to detect the particles with pecllliar elementst whlch js

important to apportion atmospheric poⅡutlon sources
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4 CoNCLUSIoN

It was better to do the aeros01 sotlrce apportionment by using the nuclear rnjcTo—

probe an“ysis coupled with pattem recog工lition than by the tradition a1 bulk anmysls

SAP analysis was able to discrin五nate di艉rent particle types and to clarify atm。sPheric

processes i工l a uIlique way The analytical results showed that the son dust and building

dust contributed most of the atmospheric p011ution in the Shanghai clty．However、auto．

mobile exhaust，especiaⅡy 1eaded gas。1ine，should not be ignored．j蛆ore attention must

be paid on it Besides，about 10％aerosol particles c011ld not be 1dentmed By means

of cluster analysis，the unjdenti矗ed particles could be clustered血to eight species，which

was usef砒for seeking new pollu“on sources．Henceforth，otlr next、怖rk shollld continue

to a5certai工l the origins of the unidenti丘ed paTticles
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