
Ti-icri-r.oclyna.-.-.-'-ca.,-idK,.netic Variables in Tobacco Pyrolysis an6

t'i-ieirinfl,,ienceon thc,Relationshit)between Srnokin!,7and Health.

:.A.E. Bell, PhD(l) D. H. Laing(2)C,

ABSTRACT

!@tat,-@:t4.calanaiysis of recent rara t-@nt*n.e=,or-,aliityrates

of pipe, cicar and cicarette smokers showed that the mortality

ratio of smokers could be best described in-terms of the ciaserate

(volume of sr.-iokeper day), len-th of ex,?osure znd toxicity of the

smoke. W,-,e-,t".-letoxicity of c4.cya.-ettesm.oke was defined as one,

the toxicity of i):ipesmoke was found to be 0.07 1! and of cicyar

s.-noke 0. 28 13. No reasonable exr)lainationof this difference

in toxicityhas been proposed. A hypothesis that the toxic;.tyof the

sr-noke is contro'.ledby the combustion conditions during pyro'-ysis

of tne tobacco is advancea.

'!*.ier:-,ocleof the combustion of cigarettes, pipes and

cic,arsand some of the che,-nicalproperties of their smoke were

studied. Substant-Aaldifferences between the cornposit,4onoft.ieir

respect-A.ve7aseous constituents and that of their particulate phase

is demonstrated. The optical tar density produced by tobacco

pyrolysis is proportional to the square of the rate of heating of the

tobacco multiplied by the mass of tobacco burned per puff. There

appears to be a quantitative link between the optical tar dehsity and

the toxicityof the smoke to mortality. Itis also demonstrated that ---
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by alteringthe combustion characteristicsof a cigarettethatthe

properties of the smoke are changed so thatthe expected mortality

ratioof male cigarette smokers aged 45 to 65 willbe reduced from

2. 1 to less than 1.1 for an average daily dose of 28 cigarettes at

25 cclpuff with an average age of startingto smoke of 19 years.

(1) Senior Research Eng. , The InternationalNickel Company

of Canada, Limited, Sheridan Park, Clarkson, Ont.

(2) Technologist, University of Toronto, Dept. of Met. & Mat. Sc.

Introduction

A statisticalanalysisof recent observations (1),(Z),

(3)and (4)on the influenceof pipe, cigar an--:cicarettesmoking

on health is undertaken in the appendix. This analysis showed

thatthe toxicityof pipe smoke was 15 times lower than the toxicity

of cigarette smoke, and thatcigar smoke was 3 times less toxic

at the same smoke dose rate and length of exposure.

No really satisfactoryexplainationof thisdifference

in toxicityhas been advanced and itis hypothesized in the appendix

that the toxicityof the smoke is controlledby the combustion

conditionsof the pyrolysis of the tobacco. This portion of the paper

describes an experimental investigationof the influence of the

pyrolysis conditions of the tobacco on the properties of the smoke.
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of Tosts

The combustion of tobacco is a complex process

invol-,-4.ngboth destructive distillationand oxidation reactions.

Two rrajor phases are present in the smoke - a Laseous ph&-ze

and a liquid particulate phase. ---rorr.thermodynamic co-is:c-

e.-atior.sitis well known that the time - terrperature relat;.or.-

ships w--"c',-iexist during the combustion are the important

variables governing the composition o-.both the particulate

and claseou.5phases.

In order to m-.nirnize the influence of tobacco type or.

the cori-bustionmode, thesame tobaccowas employed inthe

pipe as in -,hecigarette. The measurements on cioars, o@.'couz-se,

precluded the possibilityofthe use ofthe same tobacco. Cliromel-

Alur.-iel(0.006" Diameter) thermocouples were used to cont-.*nually

record tne tirne-tem.perature relationshipsin the combust;.o.-Iol-

t.ietobacco. Readincs ofthe maximum temperature attaineddurir."

the draw cycle are difficultto obtain,and admittedlythe even

te,-r.oeraturedurin--the idle (no pufz@cycle shown in Table I are

low because fine enouah thermocouples were not employed (5). The

temperature differencesare however, quitesicrfiificant.

,lr.the cigarettethe maximum temperature of over 7300C

in thefireballoccurs at a pointapproximately 0.6 cms ahead of the
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a- th The part,'culatephase in thee paper.

sn-ion-eis not produced near this rnax,',.-nu,-r.tem@perature zone

and the particulate phase of the smoke beco-nes aasecus i--'0

',ip.atedover :-)00
0C and substantial.ly-aseous over 300

0
0 C. Th-.ls

the maximum temperature in the fire ballcan not be tae primary

factor co-.itro,.I@.-i@yt@e composition of the oarticulate ahase.

Un6e.- uniform puffineyconditions or at idlethe rate

of heatin(,o-@'the -,obaccois constant from anproximately 1500 c

to 500
0
C i.e. the time versus ter.-iperaturetrace on a recorder

is a straightl,.ne.

The linearityof the time - temperature trace during

puf-.7in-or idl-*.n-is also shown by Touey and Miarnpower (5). L-i

tne study of reaction rate kineticsand in irreversiblethermo-

dynamics it-*@s.veilknown that the products from any reaction

are controlled 'oyt.1-ieti,--ieand temperature variables. The only

parameter ref"Aectinc,a time - temperature relationship in sm.okincy

which can be measured in the 1500C - 5000C range is the rate ofC-

heating of the tobacco; and this parameter should be the major

thermodynamic or kineticvar4.ablecontrollingthe particulate

phase composition. The rate of 'neatingof the t6bacco found in

various ways of srrokincytobacco is shown in Table 1 as a function

of the number of puffs per minute at idleand also durincythe puff

cc
cr"

C7,%
cz:)

BATCO document for Province of BritiSh Columbia 14 April 1999

BATCO 00112217



-5-

cyc.1c. Eac"ireac;in,,is ave,-a,,cdfroni 10 to 30 rneasure-rcnts

a wide varicty oi brands. 'I'herate of heatinryo,; the

tobacco in the range 1500C - 5000C will be more indepencierit

therrrocouple size than the absolute temperature

,neasu.-err.entand the accuracy of the couples used in these

ex:)e.-ii-nentsshould be cu@@te

The velocity of -,heburnin.a interface is shown '4n

Table I at idle an---'durlrc.,pu-l'-,'inc,,as well as the mass of tobacco

burned per pu-.r.cycle.

The number o-.'puf@-@sper device was measured under

s-,andar@'conditions - the c4-care'6'.eand ci-ar at two puf--rsper

...inute, and the pipe at eight i,Du'rs per minute. The pu-" rate

during p-"pesmoking r.-.ustbe measured at a puff rate over two

puffs per -,-n,"nuteor the combustion of the tobacco wi.1 terr.-iinate

as indicated in Table 1.

Analys,*Isof the craseous phase composition was under-

taken usincynormal -as c,-iromatocyraphic procedures and the

results are shown in Table 1.

A detailed study of the particulate phase was not under-

taken. Indeed, itis not oossib'Leto know which combination of

compounds is important -..-oma health stand-joint. The major

purpose of these tests was to indicate that alteration of the variables

of coml:)ust:.onchances the properties of the particulate phase.
(Z>
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As -ioted:@nTable I the opticz.1tar cie-isilyin the srno'c-le

.7roi-itliepipe and cigar is rernarkably lowe.- than the srno'@-c-@'rom.

c;.,---rettes.:n ad6itio-.i*.tshould be noted that t-,erate of heating

in tl-ietobacco ;-scorres?ondincyly lower. To @--,:.rtherexoerirnenta"ly

substantiate -,hisapparent relatiors'nip,cicarettes were altered to

change t,-ierate of heating of t,-ietobacco. Co.-noression of the

tobacco and placin(7of a.small Ion-itudinal hole down the c4,crarettem c el

in or6er to secure proper ''(Irawing'@characteristics appears to be

the -nost e,"fective-nethod to produce the c.ian,,e.

Cigarettes were cornpressed by 1!3 in a Ion-itud:.nal

direction without chanffina the cross sectiona.1area or wri,-ik.inc,

the paper, pierced loncyitudinallyby a 3/32 inc.-irod, and subjected

to t@,csarne tests as the usual srnakin- devices and the results

4.nciicatedin Table I under "Corno. ''c;.garette. Cigarette tobacco

was also rcrolled to a density 1/3 -reater than normal cirrarettes,

pierced loncitudinal@ly.and tested as shown in Table I under

"Reconst. ''ciyaret6e.

Discussion

In the introduction itwas postulated that the properties

of the smoke from tobacco should depend on the thermodynamic and

kinetic variables of the pyrolysis to which the tobacco is subjected.

If this postulate is correct then there should be a quantitative
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the s,.i-ioll-c:),.ooorticsand t'-escvar, ble The

o@'zobacco 6uri,-- t.-lepuff cycle was snowr,,to be one

0,-:t.-iemost important thermodynamic and kinetic t)roperties. '@he

rate o-.-ieatinc,of the tobacco at idle could have been selected to

the rnost s4lc,,nificant.i-.akea sin-.ilarde.--nonstration.From Table

d;-.'--.7crencein t.-iesr.-io'.@-eproduced was shown to 'oethe optical tar

density. Thus the relative o-ot:.caltar density (RO-LD) shou'kdbear

f-,;.nct-*.onalrelationsh4.?to the rate of heating, of the tobacco (.tlR)

0,-:

ROTD (H R)

The a:nount of coloured hydrocarbons per puff should also 'oeex-

pected to be linearly related to -,hemass of tobacco burned per pufi

(.%I/P) t@.us:

ROTD (HR) x (-M/P)

f-'.-.atisticalanalysis o'Lthe results shown in --able

indicate that the s-',.-nplebest fitequation is:-

ROTD -0.2Z -. 0.225 x ( (HR)
2

x (.M/P) 10.8

This equat'.onis shown graphically in Figure 1, along

wit',-ithe experimentally deter-,-ninedpoints. The probability that

there is no statisticalcorrelation between ROTIY and (HR) 2 x NI/P

is less than I in 100. The standard error of the best fitequation is

10.8 and the correlation coefficientbet,.veenROTD and (I-IR)2 x (M/P)
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is 0.976 (a oe,--@7ectcor relat,'-on;.s1.0)@ Tac! above equation &'so

satisfies:.ic t.,-iat-,vl-Lenthe tobacco is not bur.-i-.n,-,,i.e.

,V,/P = 0 or HR = 0, then RPTD = 0.

The -elative optical tar density per puf.1is only a.-iin-

d-.cativeprooerty of the particulate priase. From ther@nody.-ia.-r-;.c

reasoning itis possible to assert that there will be sirrilarrnath-

e-r-aticalrelationships between the combustion variables i.e. the

rate of heazi-ir,o-.the tobacco, HR, anciany of the cornpositic)na'L

variabl.es. Thus. the conclusion is oi general validity that the

cor.-.Posi.t;lonoi sr.,iokeproduced by tobacco o rolys4lsis dependently

upon the therrnody-narnic variables of the pyrolysis ane,the

hypothesis pro-pounded in t'nei--itrodi,-ctionis substantiated.

ir.the appendix "he best fitequation which fitsall of

the rnorta'@,itydata of all =,ale smokers aged 45 to 65 was found

to be:

.IVIIR= .93 .032(TOXICITY) (DOSE RATE x 10-4) 1/3 x (55-AS)

where:-

.,MR @vlorlatilyratio (ratioof deaths of smokers to non-

smokers of the same age)

DOSE PATF- = cc of smoke inhaled per diy

AS age started smokin(y.
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vtlti,:s of til4.,to%-ic:ity wul*e fou:-I(i to be; -@'or

1.0-t O,7(delined), ior pipe srnoke - 0. 07 11

and @@7orci,,ar s,--.oke- C).23 13.

Ifthe o-.)ticaltar clensityissi;in-from the srnok-I.-i,,,

device per t)uffsi--,iificantlyaffectsthe rrortalityratio of the

s-nol,cert.-ienthere should be a relationsni-?between tne relztive

tar density and the tox;.city.@"niscornpar;.son is indicated in

Table 2.

TABLE: 2

Corr.parisonof the Relat-.veOotical Tar Densitv to the Relative

Sr.-.o'r-leToxici-.v

D e v,.c e Relative Oot4.calTar Densitv/100 Re'.ativeSmoke Toxicitv

Ci,7arette 1.00 1.00 07

Ciaa:- 0.40 to 0.50 0.28 130

Pipe 0.03 to 0.08 0.07 11

Reconst.
11

Ci-arette

Thus with a hi-h decyree of con.-Lidenceitcan be stated0 0

tha@:.the toxicityof the srnoke is equal to the relstive opticaltar

dens@@ty.
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-L'iie op,.4.cal @a,-i@cn-s:ty;s only one inclicat;.onof t@.c

potei,tia',lical-.Iihazai-c!to the sr,-io"r-lerand a more -encra-, 'ry-

pothesis that the smoke toxicityis a function of the thern-,o6ynarric

variables alone is more fizt;Lnc,,.Since a relations*.Ii;.pbetween the

rate of 'nea-.inc,and the 'our-ine,-ate with the optical ta:-density

was siovrn to ex,.stat the 991,7occ-i-.-Ldencelevel and since the ootical

ta..-density is directly related to the srnoke toxicity it is oossible

to state with a larce degree o-L'con@'i6ence that there is a reiation-

s*-.ipbetween the health hazard or toxicity of srnokinr,and the

thermodynamic and -,inet@.cvar-4ables of t.-iepyrolysis of tobacco.

L-iac!6i-,,Ion,it can be asserted that the important variables control-

1:--,the composition of tne Dartici-,Iatep.-iaseare the rate of '.-iea6tine,,L@,., C.2

of tl-etobacco and the rate of burnina oi the tobacco. Itis inter-

es',i,-icyto note that ii ciya:-etteswere r)roduced so that 'theyexhibit

'lar prooerties to those shown in colurnns 4 and 5 o-'Table IS,@rn-@

th en tae expected mortality ratio of rnale ci-arette smokers aaed

45 to 65 with an averace daily dose rate and length exposure would

be lowered from 2. 1 to 1. 1.

Su rr,.-@na r

As shown in the appendix ciaarette s@mokina is a serious0 CP

health hazard while pipe and cicar smokina is not. No evidence has

been advanced which can explain th,*.sdia--ferenceas discussed in the
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The only possible reason was shown to be a variation

oi s-.-rokecon-i-jositionproduced by different burning conditions in

the cigarette. pipe and ci-ar.

So-.-ieof t.-iechemical properties of the c;-garette, ci,7a:-

ar.d pipe sr.-iokewere studied and a larae difference was found. For

instance, the optical tar density of cic7arettesmoke was found to be

20 t@.rneshigher than in pipe smoke. A direct relationship between

the optical tar 6ensity and the toxicity for allt@rpes of smokers was

established. Thus itcan be concluded that:

the creater health hazarc: oi ci-arette srnoking corn-

pared to D4.peand c-.carsmoking derives frorn a difierent smoke

co,-.nposition,and t.,iat:

the optical tar density is an i,-nportantindex of the

hea6ithhazard or smoke toxicity.

T'le arrazing difference in optical tar density bet-.veen

pip;eand cigarette smoke was shown to depend quant-'-tativelyon

t'nerate of heatina of the tobacco and the rate of burnina during

cornbust;.on.

By altering the construction of a cigarette it was possible

to approach the burning condit-&onsin the pipe. Smoke from the

altered c44cyaretteshad optical tar densities similar to that of pipe

smoke. Frorn these observations it can be concluded that:

c::)
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the ca.-ni)-,istior.conditions control the s.-nokccorr.,)osi-

a,.-idthat:

ci,,arettescan be altered so t.-iatthe srnoke and corr.-

bustiol-iconditions are subs,znt4@allythe sarne as pit)esand that:

the rnod4@--*iedc4-,-arettesshould be 10 ti.--iesless toxic

t'-,-,anconventional cigarettes and should not represent a health

hazard.

'Ltis irnpo.-ta-.itto note even if a filterwere produced

which could rernove all o.@'t@e coloured hydrocarbons or tar irom-

the s.-nokeit would not be possible to clairn that tliesrnoke re-

pres,-nted no health haza:-d or even tha" itwas "safer".Until

all of the potentia'.1yhazardous cornponents and rro-aps of co-m-

-poner.-.sare discovered (a very forrnidable undertakin,7) the only

.net'nodof producinc, a '2sa@-e"ciaarette is to correct the combus-

tion varia'oles, whic*.Iiare :esponsible for producing, the hazardous

substances, so that they are si-nilar to those o.-â k.-iownsafe

r.nethod of smo'z-@ing. Frorr. therrnodynar@n@@c considerations it is

then possible to clairn t.iatsuch an altered cicyarettewould be

Iisafe
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E. C. Hammond \IationalCancer LnstituteVoro-

graz)h Nc. 19 '@=.12-,-;@04. 4..1

Relation to the Dealth RzLtes of One Million Men

and Women.

(3) E. C. F@arn-,no.-idJourna'L of the Nat-@onal Cancer

institute Vol. 32, \o- 5, May 1964. Smokina, 4--1

'kelation to %@ortalityand Morbidity.

E. C. Hammond, and L. Garf nkel Nat;o.-ialCa.-icer

Insitiute@Monoaraph '.\o.19, P. 269-285, 1966.z

G. P. Tauey, & R. C. -V@umpowder Tobacco
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