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AB!crRAcr 

When tobacco is pyroIysed under non-isothermal ffow conditions in an inert 
atmosphere, variation of the inert gas or its space velocity has only a minor effect on 
the profiies of formation rate versus temperature for seven product gases. Thus, mass 

tram&r processes between the tobacco surface and the gas phase are very rapid, and 
the products are formed at an overall rate which is determined entirely by that of the 

chemical reactions. 
The effea of radical chain inl&itors (nitrogen oxides) on the pyrolysis is 

complex because of the resultant oxidation. Nevertheless, no evidence was found for 
the occurrence of radical chain reactions in the gas phase. A small proportion (Iess 
than 10%) of all the &eases monitored are formed by homogeneous decomposition of 
voIatile and semi-voIatiIe intermediate products, in the furnace used, 

At temperatures above about 600°C the reduction of carbon dioxide to carbon 
monoxide by the carbonaceous tobacco residue becomes increasingly important_ 
However, when tobacco is pyrolysed in an inert atmosphere, only a small amount of 
carbon dioxide is produced above 600°C and consequently its reduction to carbon 
monoxide contributes only a small proportion to the total carbon monoxide formed 
above that temperature. The rate of the tobacco/carbon dioxide reaction is controIled 

by chemical kinetic rather than mass transfer effects. Carbon monoxide reacts with 
tobacco to a smah extent_ 

When the tobacco is pyrolysed in an atmosphere containing oxygen (931% 
V/I& some oxidation occurs at 200°C At 250°C the combustion rate is controlled 
jointiy by both kinetic and mass transfer processes, but mass transfer of oxygen in the 
gas phase becomes kx-easin~y important as the temperature is increased, and it is 
dominant above 400°C About 8% of the total carbon monoxide formed by combus- 
tion is lost by its further oxidation. 

The results imply that Guide the combustion coal of a burning cigarette the 
actual reactions occuning are of secondary importance, the rate of supply of oxygen 
being the don&an t factor in determining the combustion rate and heat generation, 
In contrast, in the region immediately behind the coal, where a large proportion of the 
products which enter mainstream smoke are formed by thermaZ decomposition of 
tobacco constituents, the chemistry of the tobacco substrate is critical, since the 
decomposition kinetics are controlled by chemical rather than mass transfer effects. 
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The interior of the combustion coal of a burning cigarette is oxygen d&cient’~2. 
Carbon monoxide and dioxide present in the smoke are produced by both combustion 
2nd thermal decomposition of the tobacco3*f 

Previous studies have coulirmed that both oxides of carbon can be formed 
from the thermal decomposition of tobacco2-S7. When fhxuued tobacco is heated 
at I to 12Ksec-’ in an inert atmosphere under flow conditions, 27% of the carbon 
content of the tobacco is converted to carbon oxide@_ Both oxides show two distinct 
formation regions: a low-temperature region (about 10450°C), and a high- 
temperature region (about 550-900aC) 

Under oxidation conditions, about 70% of both carbon oxides formed in the 
Iow-temperature region are produced by tobacco decomposition reactions, whereas 
in the high-temperature region about IO-20% of the carbOn monoxide and 2-9% of 
the carbon dioxide, are produced by tobacco decompsition. 

Many aspects of the mechanism of the formation of gases from tobacco 
pyrolysis are unknown, in par&&r the contributions from radical. reactions, 

heterogeneous and homogeneous reactions, reaction of iutermediate products and the 
effect of mass transfer processes on the gas formation rates. For the present study, an 
automated pyrolysis technique with a data collection procedure and off-line computer 
processing of the results Iias been deveIoped_ Using these methods, aspects of tSe 
mechauismcaubesystematicallya5sxsed_ 

Pyroi-ysis sysle??l 

The pyrolysis experimex~ts wxe carried out under non-isothermal flow 
conditions, and the cylindrical furnace (8 mm i-d., 2.20 mm long) was similar tti that 
described pzeviousIy6_ Usually, 1 g of tobacco was placed in the furnace, the inlet gas 
flow was kept constant, and the material ffowiug out of the furnace was fXtered by 
passing through two Camb ri d ge She& in series_ A small part of the flow .of tiltered 
gases (O-08 cm? sac-‘) went into the capilIary tube of the dhzct i&t system to a 
Fmni8an 400 quadrupole mass spectrom+er_ The remainder of the gases flowed past 
an Ether pressure transducer (Type UPl) for measurement of the total gas flow-rate. 
Fdy, the gases flowed direztly into the detedion cell of a Bosch infrared analyser 
(Type EFAW 215) for measure ment of the carbon monoxide content, : 

-The mass spectrometer was used in conjunction with au eight-chanuel peak 
selector (F&n&m Model 400-28042) which scamxd eight selected peaks in the mass 
spectrrunoftbepyroIysisgasesataxanrateof7,SmsecperchanneZandgavea 
qnasixontinuous output for the intensity of e&h seIecttxi peak These eight outputs, 

. . -_ 

l 58nun’dianMer iArmn t&k filter disc madc'ofiaawoven gks~fibrci by Cakbrid&eFi& 
~~-sS Y=L NeWYOrk,TbtfibXWlpSthC acrOsdglmicksincigarcttesmokc.~ 
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together with the output from the ionisation gauge (Edwards Model fG5M) which 
measures the pressure in the ionisation chamber of the mass spectrometer, and the 
outputs fkom the thermocouple*_ inside the tobacco sample, the Bosch .infrared 
analyser, and the press-ure transducer, were monitored on a multichannel data 
Iogging system. The latter system consisted of CAMAC data-handling modules, 
manufktumd by Nuclear Enterprises Ltd Thus, a total of twelve channel of the data 
logger monitored twelve inputs from the experimental system 

Ekperihmtal procedure 
For a given set of experimental parameters, a total of four replicate experhnents 

were performedz two replicate experiments with the thermocouple at the linear and 
radial centre of the tobacco, and two with the thermocouple at the linear centre of the 
tobzco, and 1 mm from the furnace wall (the cylindrical furnace had an i-d, of 8 mm 
and the tobacco sample extended right across the face diameter)_ The pressure 
transducer and gas analysers were systematicaUy calibrated immediately before each 
replicate experiment, using known gas mixtures and flow-rates. 

During the pyrolysii the furnace was heated from room temperature to about 
ICHWC. The CAMAC data lodging system scanned its input data at pre-set time 
intervals (dependent on the heating rate applied to the tobacco)_ The calibration and 
experimental data from the four replicates, obtained on punched paper tape from the 
CAMAC data logger, were processed on an of&line computer_ 

Dasa processing 
preliminary calibration experiments showed that for all the gases determined 

by mass spectrometry, the peak intensity/gas concentration relationships were linear_ 
The pressure transducer output/volumetric gas fiow relationship was also linear. The 
infrared analyser .outputjcarbon monoxide concentration and thermocouple e-m-f_] 
temperature relationships were quadratic. 

The peaks monitored in the low resolution mass spectrum of the pyroIysis gases 
were m/e = 2, 14; 16,30,32,42,43 and 44. Many of these peaks consist of ccmtri- 
butions from more than one componenP_ The peaks at m/e values 532 and 44 can 
accurately be used to mooitor hydrogen, oxygen, and carbon dioxide, evelyT 
the maximum contributions from other components in the pyrolysis gases being less 
than 1% in all casts. The peaks at m/e values 30 and 43 were used uncorrected to 
obtain t&concentrations of ethane and propane, respectiveIy and the resultant 
concentrations may be too high by up to IO and 25%, respectively, due to contri- 
butions from other species in the pyrolysis gases’. ‘I’& concentrations of methane, 

*A ptlpt-13% ikh tb amowaplc (0.05 mm diamdcr wire), used in conjunction with acold jmxction 
compensation I+ (mamSaaurui by Nuckar Entap~-&~~ Ltd..). 
f pa&c&r. m/e = 16 is due to Ce (from mczhanc) and O*, 0:: (from oxygen, carbon monoxide 
and carbq~ dioxide); n/e= 14 is due to N+. Nz *+ (from nitrogen), CEig (from hydrocarbons). and 
CO*+ (from carbon mcxmxide and dioxide); while m/e = 42 is due to. inter aiii C&G (from propane 
andpropcnc). 1 
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propene, and nitrogen were obtained by solving the simultaneous equations for 
concentration and intensities of the multi-component peaks, as described previously2_ 

Thus the appropriate experimental data vaIues on the punched paper tape from 
each pyroIysis were converted on a computer to tempemture (“C), rate of temperature 
increase (K sec-‘X total gas fiow (cm3 set-I), pressure inside the mass spectrometer 
(Irtorr), and coneeutration of individual gases (% v/v). The rate of formation of a 
givengiiS(pIZ0l5?5’)waSdcuIated ascamin,o ideaI behaviour of the flowing gases., 

using the total gas fiow aud concentration of individuaI gas, as described previousIy”_ 
The mean of the two replicates of central and side tobacco temperature, and the 

four replicates of the rates of formation of the various gases together with the variation 
at the 95% confidence limit, were calculated at each time intervai during the pyrolysis_ 

The total amount of individual products formed for various extents of reaction were 
caIcuIated. Finaliy, the computer program plotted the central and side tobacco 
temperature against reaction time, and the rate of formation of the gases against 
mean tobacco temperature. 

PART 1, FACTORS -G THE PYROLYSIS OF TOBACa3 KE TFiE ABSENCE OF OXYGEN 

The products monitored from the pyrolysis of flue-cured Virginia tobacco 
were hydrogen, methane, ethane, propane, propene, carbon monoxide and carbon 
dioxide. The s-napes of the gas formation rate@mperatures profdes for carbon 
monoxide and dioxide are identical to those obtained previously using an A.E.1, MS2 
mass speetrometer6. The profiles for methane, propane, and the carbon oxides, are 

sin&r to those obtained by Burton7 using University of Kentucky IRI reference 
bIend tobacco pyrolysed in helium at 0.1 K set- r, with products anzdysed chromato- 

graphicahy- However, the profiIe shapes for ethane and propane are SignificantIy 
different to those reported by Burton, presumably caused by differences in the two 
tobacco compositions_ 

The 95% confidence limits of the points on the formation rate profi.Ies are 
dependent on the magnitude of the quantity being analysed, The confidence limit of 
the carbon monoxide formation rate points is 2-10% of the formation rate value; 
thou of the hydrogen and carbon dioxide points is .5-10%; methane is IO-20% ; 
propane is 825%; ethane is 1540%; whiIe that of propene is 1535%. 

Although smaU amollnts of molecular nitrogen are produced by a burning 

cigarette’, distinct nitrogen profiles amongst the background scatter of the corrected 
m/e = 14 peak were not observed in the present study. This is entirely due to the 
retWiveIy smaIi contribution of nitrogen to that peak_ 

1-I kfie fled- ofhonw&neous reaction of infermedkte products -. 
The residence time in the furnace was v+-ied for the pyrolysis prc$ucts from 

tobacco heated in argo& in order to azqsss the co&ii&on of hckkgeneous reaction 
of these products to the ova pr&iu&on rates-of_& gases. T&o ex&iments were 
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carried out: one in which 0.25 g tobacco was pyroiysed near the furnace inlet, such 
that the pyrolysis products fiowed for 200 mm through the heated zone before Ieaving 
the furnace; in the second experiment 0.25 g of tobacco was pyrolysed near the furnace 
exit, and the pyrolysis products travelkd 20 mm before. Ieaving the furnace. The 
residence time in the furnace depended on the rate of production of gases (i.e., to*A 
fiow in the furnace) and the furnace temperature. With the tobacco at the furnace 
inlet position, the residence time decreased from 3.0~~ at room temperature to 
0.7 set at 1000°C (flow of argon into the furnace = 333 cm3 set- ‘)_ The residence 
times for the “inlet” exwriment were ten times Ionger than those for the “exit” 
experiment 

For all the gases determined, the rate of formation was greater in the“ inlet” 

experiment up to at Ieast 800°C The formation profile for propane, for example, is 

shown in Fig. 1 and the total quantities of gases formed are summarked in Table l*. 
During the course of the whole pyrolysis, the rate of production of ‘all gases 

increases as the residence time of the pyrolysis products in the furnace increases. Thus 
a proportion of all the gases monitored are formed by homogeneous decomposition 

MEAN TOBACCO TEYPERATURE t-C) 

Fig. 1. Effect of varying the residence time of tobacco-pyrolysis products in the furnace on propane 
formation rates, under inert conditions x , Tobacco at furnace inkt; 0. tobacco at furnace outlet 

*In this Tabk, as in ail tables of the p nzsalt paper. the dcconvolution of the profiles into low-tall- 
pcraturc (20-400°C) and high-temperature (4OWXKPC) regions has been done by dividing the 
complete proi5Ic with vertical lines at 400 and 900°C The dcuxwohxted figures in the tables are thus 
apprkimate oniy. 
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EFFECf OF POSITION OF TOBACCO IN FURNACE ON TOTAL QUAM’ITIES OF 
GASES PRODUCED BY PYROLYSIS IN ARGON- 

Low - 598 2327 
793 Xi& (m 1,693 

Total @O-900) us2 66S 115 435 44.0 5291 3,120 

Exit h W) 21 139 518 509s 
I-w (4oo-900) 82 235 1292 803 
ToraI (rrrwo) 2,228 630 103 374 326 1,910 2J398 

#&Sg of tobacco: inkt f?ow into fumacc=333cm3scc~1; mean tobacco heating ratc=l.gK 
see-’ _ 

TABLE 2 

h= PROPORTION (%) OF PRODUCTS FORMED VIA HOMOGENEOUS 
REACl-ION OF XNTERiMEDIATE PRODUm 

Tanp, rmqpc NeS proportibn of gfo&iZs formed via htmogenemu rktion of 
cc) iute& 

a2 c% c2H6 GH6 C,Hs co co2 

J&%u W) 23 XOJ, 72 52 
Hi!& (M) 6.3 5.4 9.8 -0.6 
Totd W-900) 6.8 27 S_S 7.5 15 9.1 3-7 

‘-llleqnotcd proportion rdim to those pl-oducts fomlai via intcmlaiiatcs when the reactant tobacco 
is at the awrage ccntxe of the fixnace To a l%st approximation it is given byz 

Propomon= Q~w-Q~rrl~~~ 
a 

-Q2ZLX,= quantity of gases producal with tobacco at inkt position CabIe 1). 
Q _==I = quantity of pscs produad with tobacco at exit position Vabk I)* 
Q = mean of Qllm and Qdre 

of volkile and se@-volatiJe intermekate pr~ucts, the proportions of each-being 
given in Table 2 J3e&& of experi~~ental error and the srn~‘quantities of hydro- 
csbon%d&nnined, the difkr&~ foi the hy dRxarbons may not.be significaxlt_ 

I-2 Tie e_@ct of ram’cal~d-dio propagations tiibit0r.s 
The efkct of 1% v/v nitric oxide or nitro&n dioxide on the formation rzste of 

&bon monoed&, for &ampl&, frbm tObacs$ xq&&is is shbti. in. Figi 2;..me total 
. 

qiinti*s of +Aiucts form+ ti~given in ~&!k 31 
FIinshelwoddg &&stated &at the 6% direct evidence for the particip&ion of 



35 

Y 

YEAN TOBACCO TEYPERATURE C*CB 

fig. 2. E&a of nitrogen oxides on formation of carbon monoxide from tobacco decompositioa- 
x . Pyrolyscd in 100% argon; 0, pyrolyscd in 1% NO in argon; A. pyroI>xd in 1% NO2 in argon- 

radical chain propagation steps in a reaction is obtained by studying the in&ence of 
nitric oxide, which preferentially reacts with chain centres in the system_ Subsequently, 
most studies have assumed that nitric oxide suppresses the chain propagation steps, 
and that the net reaction oaxriug in the presence of, gitric oxide-is mokcuk 
However, this vptiqn is not true: nitric oxide partici~tes by setting up alternate 
chain reac&onsi~*” and a m easurabIe reaction rate can he obtaiqed in the presence 
of nitric oxide-even when there is no molecular contribukon to the overall reaction’ *_ 
Even though in certain hypothekal cases it qq be shown that nitric 0xid.e cqId have 
no overalJ effkct qn the rate of a chain react$on’“, it is a reasonable indication of the 
par&ipa$qn of radical &a&s if nitric oxi$e (or other radical additive) affects the 
formation rates of products. 

The e&ct of the nitrogen oxides on the formation of hydrogen, methane, tid 
propane (at ,least; in -the low-temperature rqion) is negligible; Propene apparently 
inqeasesjn the presence of uitric.o+de, but this may riot be sign&ant in view bf the 
large errors involved in IA easuring the smail amounts of‘propene; 
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TABLE 3 

EFFECT’ OF PYROLYSING TOBACCO IN THE PRESENCE OF NITROGEN OXIDES* 

P~Okj.sik Temp. range 

uzmosphere Cc) 

Ar LQsr -1 23.6 131 539 2265 
Hi& (400+50) 90.4 236 I#385 645 
Total (20-950) 2?290 597 114 387 36.2 I924 2310 

Ar+l%vfiNO Low (v 142 569 5593 
Hiti (400-950) 271 1,701 
Total @Cl-9SOj 2,380 589 b 413 64.1 5270 3,z. 

Ar f 1% v/v NO= Low 0) 139 515 5968 
High (40&950) 280 -74 1,034 
Total (20-950) 2,37g 626’ b 419 38.4 2,789 4.002 

- 1.0 g of tobaazo; ial& flow into fknacc = 3.33 an3 .%c- I; mean tobaazo heatingrate=1 Kwc-‘. 
D Excess& intezkmce to mle = 30 peak (used to monitor ethane) by nitric oxide and nitrogen 
dioxide. c Nitrogen dioxide a&o gives a peak at m/e = 16, which has not been corrected for. 

The effect of both nitrogen oxides on carbon monoxide formation in the Iow- 

temperature region is small (c6”%). In the presence of uitrosn dioxide, an abnor- 

mally high peak formation rate occurs at 320X, although the total amount of carbon 

monoxide formed in the 2O-tOO”C range is 4% lower than in the absence of nitrogen 

dioxide. The peak in carbon monoxide production at 320°C was probably due to 

heterogeneous decomposition of nitrogen dioxide into oxygen, and subsequent 

oxidation of the tobacco*. 

The nitrogen oxides signikautly increase the low-temperature formation of 

carbon dioxide, presumably by heterogeneous reaction with the reactant solid. 

Homogemxxs reactions such as: 

NO,+CO --, CO&NO 

are too slow in this temperature range to be signikant**_ 

In the high-temperature region, both carbon &de formation rates increase 

significantly in the presence of the nitrogen oxides. At these temperatures, the 
he&o~~eous decompo$tion of nitrogen dioxide will have gone to completion, and 

oxidation of the solid reactant by oxygen and nitric oxide can occur. 

Thns, although the efkct of nitric oxide and nitrogen dioxide on-tobacco 
pyrolysis is compkx because of the resultant oxidation, then% is no kidence for the 

*Using the valacs of nitrogFn dioxide con~catrztion in rhc present sy%an at 320%. and rate constants 
czaa&edfiompublishedA~ - paran~eters~~, _t.h+ho~geneous rate of.dcromposition_ of 
nitrogen dioxide k too slow to be significant in the prc5cnt system at 320-C. 
*For exkopk, &ing pubIishai Arrhcnius pakme!ersx4 and tie obscr& &ncentr&k at 320-C. 
thc~~atedrateofthisnaaionis13x10-~~oxan-~sec-’. .: - . : 
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suppression of the formation of any of the gases monitored. Thus, it is probable that: 

(a) the participation of radical chain reactions in the gas phase is negligible, 
and (b) if radical chains are involved, they occur within the bulk solid, which must 

be inacces&le by mass transfer of the nitrogen oxides. 

I3 The eflect of the inert gas and its space nerocity 
Virtually identical ,eas formation rate/temperature profiles were obtained when 

the tobacco was pyrolysed in hehum, nitrogen and argon (flow of 3.33 cm3 set’ r 
into the reaction furnace). Furthermore, for the pyrolysis in argon, increasing the gas 

fiow-rate into the furnace from 1.67 to 16.7 cm3 set-’ had only a small (secondary) 
eEect on the profiles_ Figure 3 ilhrstrates the effect on the formation rate of ethane, for 
example, and Table 4 summary ‘ses the resuhs for the total quantities of gases. 

MEAN TOBACCO TEYPEAATURE (eC# 

Fig. 3. E!fcct of inert gas ffow-ratc on production of ethane from tobacco pyrolysis in argon,Row of 
argon into fumarx (cm’ set- I): x .1.67; 0.3.33; q , 8.33; A, l&7_ 

Within the limits of the experimental error, the production of the hydrocarbon 

gases is effectively independent of flow-rate (the apparent effec? given in Table4, for 
ethane in the low-temperature region, for example, is seen-to be within the scatter of 
data in Fig. 3). The total amount of hydrogen produced over the whole pyrolysis 
increases by 8% as the ffow-rate is increased from f-67. to S-33 cm3 set- l, and then 
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I-ABLE 4 - . . 

EFFECXOFINERTGAStiWELOCiTY ON TOTAL GASES PRODUCED 
FROM PYROLYSIS OF TOBACCO=. 

im Jhur -1 IS:5 109 519 5303 
Hi& (4OtUXQ) 905 318 1315 706 
Total (2&9%) 5191 616 ,109 427 48.2 1,834 3,009 

3.33 Low (2cMm) - 23.6 15s 539 2,265 
HI& (4oo 90.4 236 138s 645 
Total (20-950) m 597 114 387 362 1924 ZgIO 

8.33 L&m (-) 23.1 174 567 2,415 
Hi& (4OQ-950) 793 277 1,423 640 
Total (m-950) 2,370 620 102.4 451 36vO 1990 3,055 

16-67 Low w--w 31.0 164 596 2,226 
H&e (-so) 77.6 204 1,436 606 
Torn \@0-950) 2,367 611 108.6. 368‘ 36.5 2,032 2,832 

* 1.0 g of tobacco, pyro&cd in argon at 21 K sex’ I_ 

remains cmstant, The carbon dioxide prome is unaffected by fiow up to about 550°C 
aXrough the total high-temperature carbon dioxide produced decmases with in- 
creasing fi ow (TabIe 4). The carbon monoxide profiks increase slightly but systemati- 
4x&y with flow-rare_ 

However, all the above trends are very much second order e&cts-varying the 
ficw-rate over a ten-foId ran= affects most of the gas production rates by lessthan 
lo%_ From a detaikd examination of this observation in Section I .8 of the Discussion, 
it is conchuied that the decomposition of tobacco is controlkd by the kinetics of the 
chemical reactions involved and not by the physical processes of diffusion of the 
product gases within the buIk gas phase. 

1.2 T& eflecr of carbm &oxi& on~tobimo pyroIys& -. 
>e effect of pyroIysing tobacco in the presence of 11 %-G/v carbon dioxide/89% 

v/v titrogen on the production of the carbon oxides is shown in Fig 4, These proSks 
are. identical up to about 550°C to those obtained. under -identical conditions in 
nitrogen, Above this temperature, the net carbon dioxide_ rate of production falls 
below that in pure nitrogen; above 609°C it f+ beIow the input rate. At the same 
time the rate of production of carbon monoxide rises abovi that in pure nitrogen. 
. --: L At tern- above about. 550°C, the &dothermic heterogeneous~reduction 

of carbon dioxide by. the- carbonaceous ~reactant becomes progressively1 more 
inq)c*t,_ - __ _y. ~.__,_ : _‘:..,_._ _ ‘_ *.. :-._- ‘.__._ _; ;.- 

_-- InFig,4itis~thatwhentob;icco~pyrolysk;dinnitro~thereisasmallnet 
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CO PROFlLE 

Cq PROFILE 
FROU PYROLYSIS 

MEAN TOBACCO TEMPERATURE f-C> 

24 

t 

Fig. 4. E&u of pyroiyxing tobacco in II% v/v carbon dioxin% v/v nitrogen. Tobacco heated at 
21 KsecJ; input CO= flow = 14.8 plol saz- I. x, CO2 (left-band axis); 0. CO (right-hand axis). 

production of carbon dioxide above 550X, even though this concentration is readily 
consumed when the tobacco is pyrolysed in I 1% carbon dioxide_ The rate of reduction 

of carbon dioxide is proportional to its concentration in the gas phase. Thus, during 
the pyrolysis of tobacco, the low carbon dioxide concentration produced above 550°C 
means that onIy a small proportion of the t@ carbon monoxide prodaced in the 
high-temperature region is formed via carbon dioxide_ 

The e&et of vakying the fiow-rate of thecarbon dioxidejnitrogen gas mixture is 
shown in Figs. 5 and 6 for carbon’ dikide and the product carbon monoxide, 

respectively~ The flow-rate has no effect until the reduction of carbon dioxide starts to 
become effixtive at temperatures above about 500°C; -Above this temperature, the rate 
of production of carbon monoxide, and the rate of consumption of carbon dioxide, 

both increase with increasin g flow-rate. It is shown in Section 1.6 that this increzxsc 
in rate is caused by kinetic &ix& rather thau.the overall reaction being controlkd by 
masS tram&r. pro&sses_ Since the exit-c&bon dioxide flow-rate diffkrsappreciably 
from the inlet, an increase in gas flow-rate increases the intrinsic rate of reactioxi by 
increasitig the aVerage carbon dioxide concentration within the &on zone. 
Howevti, at tem#@tures above 850°C khen the inlet flow to the furnace is 1.67 cm3 

kc-‘, all the carbon dioxide is cozisumed (Fig. 5). -Under these conditions, the mass 
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Fis 5_ Effect of gas ffow-rate into furnact on redrant cow of carbon dioxide, when tobacco is 
pyr01pd in 11% VN carbon di0xide89~% v/v nitroga~ Tobaao heated at l-7 K see’ t_ 

frasfm of carbon dioxide into the reaction zone is also effective in controlling the 

reaction rate- 

IJ_ The effect of adion monoxziiiz on tobacco pyrolysis 

Figure 7 indicates that below 550°C pyrolysis of tobacco in the presence of 
.9_7% v/v carbon monoxide inhibits the formation of both oxides of carbon, whereas 
above 550°C the formation of carbon monoxide is decreased while that of carbon 
dioxide 3s increased, The me&u&tic interpretation of these, results is discussed in 

!Sefdion l-7, .- ;. 3 . . 
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Fig_ 6. JZfkct of gas flow-rate into furnace on production of carbon monoxide from pyrocysis of 
tobacco in 11% v/v carbon dioxide89% v/v nitrogen- Tobaca, heated at 1.7 K saz- I_ 

Discussion 
There are five- main stages to the reaction between a gas and a porous soli& 

1. Mass transport of the reactant gas from the bulk gas phase to the solid surf&x 
by dif&icn and convection. 

2 Diffusion of the reactant gas into the pores of the solid. 
3, Chemical reaction of the gas and solid, which can include adsorption of reactant 

moIecuIes, and dcsorption of product moIccutcs, from both the outer and inner 
surfaces of the solid. 

4. DifGAon of product gases out of the pores of the solid. 
5. Removal of product gases away from the surface, into the bulk phase. 
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In practice, it is often found that within a given temperature regime, one of the 
three mjor processes (bulk phase diSksion, iutemal~porc~diffusio~ or chemical 
reaction) is -much slower than the other two Is= f 6. Consequently the: overall reaction 
rate is Iimited by the rate of this process. In the &aIytical treatment of the present 
study, onIy two-processes arc consi~ bulk diffusion aud chemical kinetics. The 
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effii if any. of di%rsion witbiu single tobacco stands could be more profitably 
examined by computer modehing of the system- 

1.6 The reaction of tobacco with carbon &~oxide 
The general&d reaction sequence is; 

I. s -wms 
2s + (CW, 
3, S+(C02), 4 n(CO), 

4. (CO), = (CO)* 
5, (CQL =+ (CO?)% 

where S represents reactant solid (tobacco), 
subscripts s and g refer to +&e gases adjacent to the reactant surface and in the 

bulk gas phase, respectively, 
n is a stoichiometric factor, 

and reaction steps 4 and 5 represent diffusion across the boundary layer. 

The net rate of accumulation of carbon mono.xide in the gas phase, d(CO)$dt 
(&ml01 set-l g-‘, i.e., per g of tobacco), due to diffusion across the boundary layer, 

is given by Fick’s JAW 

(1) 

where 

and 

where 

Da, is the diffusion coefficient of carbon monoxide (em’ see-‘), 

A is the surface area per g of tobacco strands (cm2 g-l), 
d[COvdx is the concentration gradient of carbon monoxide across the 

boundary layer @no1 cmW4), 
[CO] is the concentration of carbon monoxide @ma1 cme3), 
b4 is the mass transport coefficient of carbon monoxide through the bo~dary 

layer (em3 see-’ g-l, i-e-, per g of tobacco) given by: 

&oA b,=------__ &oA(Nu) 
6 L 

6 is the thickness of the boundary layer <cm). 
The value of 6 is equal to L/(Nu), where I. is a chara@zristic length dimension 

(cm), e.g., strand thickness, and (Nu) is the Nusselt number I’. 
Similarly, for carbon dioxide: 

dccoz’~ = b, (cCOJb - [C?& 
dt 

(3) 

The values of [COL and [CO& adjacent to the surf&e depend on the kinetic 
mechanism of the reaction at the stdace_ Under stationary or quasistationary 
conditions, the kinetic rate is equal to the rate at which the reactant reaches the 
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surface by diffusion. The uukuowu surface cormmrations in cqns (1) and (3) can be 
eliminated to give the following equations for the rates of formation of products: 

(4) 

where Ad(CO&/dr is the net production rate of carbon dioxide @mol see- ’ g- I)*, 
equal to the total rate of carbon dioxide flowing out of the reaction zone less 
the earhon dioxide flow in., 

and k, is the rate constant of the reaction numbered “j”_ 
The mean bulk concentration of carbon dioxide in the reaction zone, [CO,], 

@noI cme3) is given by: 

where 

-and 

d(COz)Jdr is the average micromolar flow of carbon dioxide inside the 

reaction zone Q.fmoI set- *), equal to the mean of the micromolar flow of 
carbon dioxide into and out of the reaction zone, 
F is the mean total volumetric gas flow in the reaction zone (cm3 set- I), 
given by 

where 

and 

Fi, and F,, are the gas fiows into and out of the reaction zone, 
T is the temperature (K) of the reaction zone, 
To is the ambient temperature at v&h pi, -&d FoUt were measured_ 

Furthermore, various experimental and theoretical studi~$~ have shown that 

the mass transfer coefficient is proportional to the square root of the gas flow, i.e. 

b*=h,fi .’ (8) 

where ha is a constant of proportionality. 
Thus substituting cqns (6) and (8) into eqn (4), and the equivalent equations for 

carbon dioxide into eqn Q, gives: 

d(C0) nk3 ISI .h5 d(C03 

dr 
‘=kJS-j+ 

MKl+hs fi 
k,CSl+- -F- dt 

J- 
‘} (9) 

*.4dKO&W uriiI be mmzaka& negative ifthae is a net ax~~~~ption of carbon~dioxide 
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The observed variation of the carbon oxides net ~~Z~QII rates with gas ffow 

(Figs. 5 and 6) can now be compared to the variation predicted by eqns (9) and (IO), 
for kinetic control and diffusion control of the reaction. 

Kinetic cunZroZ_ Under kinetic control conditions, k5,/% k3 [Sl and 

h,(d(CO~Jdz)~,/%k,[SJ. Equations 9 and IO reduce to: 

(11) 

The mass transfer co&cients do not appear in eqns (11) and (12), and the reaction 
rates arc contro%ci entirely by the kinetics of the reaction_ Thus, if [!SJ is relatively 
large, so that to a first approximation it is independent of tobacco consumed*, then 

eqn (11) predicts that a plot of d(CO)Jdt against (d(CO,)Jdt)/F is linear with a 
positive gradient, and eqn (12) predicts that a _pIot of Ad(CO,)$dt against 

(d (CO&Id W is linear with a negative gradient, In f&t, the above assumption 

regarding [s] is not true above about 900°C for the largest ffow-rates used, since the 
minimum at 930°C in the plot in Fig. 5 for a furnace inlet flow of 833 cm3 set-’ 

indicates that all the tobacco has been consumed. However, the assumption below 

900°C should be valid, and the rate parameters are plotted acco&ng to eqns (11) and 

(12) in Fig. 8, at temperatures between 600 and 9OO”C, the values beiig interpolated 
from the data in Figs: 5 and 6. 

The_ plots in Fig_ 8 are exactly as predicted by eqns (11) and (I2), except that at 

temperatures above 850X, the reaction rates (d(CO)Jdz and Ad(CO&ldt) at the 
lowest fiow-rates fall below the linear extrapolation of the higher fIows This occurs 
because the input carbon dioxide flow is completely consumed at 860°C at the lowest 
total flow-rate (Fig. 5), and so under these conditions the reaction is controhed by the 
mass transfer of carbon dioxide into the reaction zone. However, under the majority 
of experimental conditions used, the plots in Fig. 8 are in accordance wi*& cqns (11) 
and (12), indicating that the reaction is coutrolIed by kinetic e&c& 

Vahres of k3 [s] and n obtained from the gradients of the pTots in Fig. 8 are given 

in Table 5, Above 700°C the value of n is 2.1 &-O-3, which is the stoichiometric vahze 
in the reduction by carbon: 

c+co, + 2co 

The values of ks[Sl in Table 5 are not those which woufd be obtained when 

tobac& is peoIysed in an in&t atmosphere, because above about 600°C in an 11% 
carbon dioxide atmosphere the reaction rate and hence the vahre of [!Sj is dominated 
by the reduction of carbon dioxide (Fig_ 4)_ This reduction only occurs to a relatively 
&all extent in an inert atmosphere, resuhing in a different value for [Sl and hence 

k3 PI- 

Thisassumptionisjustificdinsection24_ 
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Fig_ 8_ Tobacco~~bon dioxide reaction: reaction rates plotted using kinui~ntrol equation. 

Di@biim conuol, Under difksion control conditions, h&ek,lS] and 

h5(d(COz)J’)~,/%kz[SJ~ Thus eqris (9) and (IO) reduckto: 

‘(co), = kJS]+nk,[Sj - 
dt 

Ad&O+>, 1 h,k, h _ &Cod,, 1 

dt -2=k,- = dt -F 

. . 
(13) 

p> 
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TABLE 5 

RATE CON!XAN-l- VALUES FOR THE OVERALL REDUC’KlON OF 
CARBON DIOXIDE BY TOBACCO= 

Tap. cc) nkJsl (cd see-1 g-q k$q (d s?c’ g-1) n 

600 139 427 0.29 
650 3.27 3.20 1.02 
700 8.60 5.06 l-70 
750 17.3 9.90 1.75 
800 40.0 16.4 2.44 
850 67.0 32.0 2.09 
900 102 45-O 227 

1 S+COz+- nC0. where S is tobacco subsbar.c and n is a stoichiomezric factor. 

Equation (13) predicts that d(CO)Jdt is dependent only on the rate ux~~tants, 

i.e., tempe&ure. Equation 14 predicts that a plot of (Ad(CO&/dt)@ against 

(d(C02)/cV)/~is linear with a negative gradient. Since Fig. 8 shows that d(CO)Jdt is 

linearly related to (d(CO&/dt)jF, the prediction of eqn (13) is incorrect_ Further- 
more, when the results:are plotted according to eqn (14), the plots arc distinctly non- 
linear. Consequently, the predictions of both diffusion control equations are incorrect, 
confirming that the reaction is controlled kineticaUy_ 

The above mechanism is, however, simplified, since it does not take into account 
the inhibition of the carbon dioxide reduction by carbon monoxide. There have been 
many studies deported in the literature on the reaction between carbon* or coal and 
carbon dioxide and the empirical characteristics cf the reaction- kinetics are well 
defined’6-‘8. Although the exact mechanism is probably dependent on the nature of 
the carbon surface, the postulated mechanism for which there is the most evi- 
dence’6.‘8--21 consists of the folkMing reaction steps: 

6- C+CO, G= C(O),+CO 
7_ C(O)* + co 

where C(O),, represents an adsorbed oxygen atom on the cartinaceous surface. 
The effezt of carbon monoxide on tobacco pyrolysis is discussed in the next 

section; 

1.7. The reachon of tobacco z&h carbon monoxide 
Since the simplified tobacco/carbon dioxide mechanism has been shown to be 

ki&icalIy controlled and the effect of carbon konoxide is effectively an inhibition of 
that reaction, only kinetic control is con&red in this section. 

High-temperahne region. A- me&an&m for the eEkct of carbon monoxide, 
consistent with reactions 6 and 7 above is: 

yFheCXbOOS&VC~ybecn i&ddkcd and possibly contain trace impmities. 
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1, s +CO 
zs 3 co2 
8. s --, co, 
6. C+CO, e C(O),,+CO 
7, c(O)* -co 

The amount of carbon dioxide produced in the high-temperature region is small, 
so that the rate of the forward reaction 6 is considered to be kinetically insignificant. 
Consequentiy, the net rate of formation of carbon monoxide is given byr 

(15) 

where Ad(CO)j& is equal to the total rate of carbon monoxide flowing out of the 
reaction zone, Iess the carbon monoxide flow in 

and B,, is the fraction of the free sites on the carbonaceous solid covered with 
adsorbed oxygen atoms. 

The steady state condition for adsorbed oxygen atoms is given by: 

k,lS3=k_,[COje,,+k,e, (16) 

Thus substituting the vaIue of 6c from eqn (16) into eqn (15) gives: 

Ad(C0) 

dt 
=kllsl+k~~S]~~~~-6~o~} 

-6 

SimilarIy, the rate of formation of carbon dioxide is given by: 

d(z'=k2ES]+ k,CSl 
(18) 

l+& l 
k-_6m 

Thus, eqns (17) and (18) predict that increasing the wtlue of [CO] will decrease the 
value of Ad(CO)jdt and increase the value of d(COajdt_ This prediction is observed 

to occur in practice at temperatures above about 550°C (Fig, 7), thus supporting the 

postulatedmechanism. 
Ur&emperature region, In the low-temperature region, the presence of carbon 

monoxide depresses the formation of carbon monoxide to a small extent, and that of 
carbon dioxide to a larger extent (Fig_ 7)_ This trend indicates that at least a proportion 
of the carbon dioxide is formed from an “activated” form of the reactant tobacco, 
and that carbon monoxide can react with the “activated” form to give a product other 
than carbon dioxide, 

1, s- -co 
2aS +co, 
Zb. S -+s*- ..~ 
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2c. s* - co, 
9. s++co + product 

Reaction 9 could be an adsorption process. 
Thus, for a stationary concentration of the Uactivatedn reactant S*, the reaction 

rates are given by eqns (19) and (20), which predict the observed effects of varying 
[CO]. 

My=kJS-J- kzbCsl - 

I++ l -- 

ks cc01 

(19) 

I.8 Mechanism for the pirolysi of tobacco in an inert atmosphere 

A kinetic-controlIed mechanism is considered first of all. 
Lou-temperature region. Using the mechanism developed in Section 1.7, and 

inciuding the decomposition of intermediates, the complete general&d mechanism in 
the low-temperature region consists of reactions 1,2x, 2b, Zc, and 9-14. 

IO. S-I 
Il. I -mCO 
12. 1 -c&O2 
13. I + other product 

14. I + removed from reaction zone by ffow of inert gas 
where I represents all the volatile or semi-volatile intermediates which can de- 

compose homogeneously into carbon monoxide or carbon dioxide, 

and m and q are stoichiometric factors. 

If the intermediates I and “activated” reactant S* are present in stationary 
concentrations, the rates of formation of the carbon oxides are given by eqns (21) and 

(22). 

kq(d(CO)ldt) 

A 
/ 

B 

d(z)= kz,[S] + k2bk2c@j + &3&12c~1 
(22) 

k +k9 d&O! k,,+k,,+kl+F/M 

2c --- 
F dt 

/ . 
C D 
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where F is the mean total vohrmetric gas ffow in the reaction zone (cm3 set-‘), 

given by eqn (‘7) above, 
M is the mass of tobacco in the reaction zone (g), 

and the rate of the mass transport reaction step 14 is equal to mFjiW_ 
Since it is observed that variation of gas ffow has only a secondary effect on 

d(CO)j&, at a &en temperature the onIy significant variabfe on the right-hand side 
ofeqps (21) and (22) is E As F immases, the values of A and B on the right-hand &de 

of eqn (21) decrease. It is observed (fable 4) that carbon monoxide in the low- 
temperature region increaks slightly with fI ow_ Thus the v&e of A, which is negative 

in eqn (21), is more sensitive to the value of F than B. 
As Fincmases, the value of C in eqn (22) increases, while that of D decmases, 

Since carbon dioxide formed in the Iow-temperature region is insen&& to flow 
(I’able 4)= then the magnitudes of C and D must be approximately quaI. ‘.- 

EgJi-&vqerufzzre rqiorz_ Using the mechanism developed in Section l-7, and 
in&ding the decomposition of intermediates, the complete general&d mechanism in 
the hi_@-tempemture region consists of reactions I, 2, 6, 7, .8 and 10-14. As in 
Section 1.7, the rate of the forward reaction 6 is considered to be kineticahy in- 
significant because of the Aatively smalI amounts of carbon dioxide produced in the 
high-temperature region. Thus, assuming stationery concentrations for the inter- 

mediates I, the formation rates of the carbon oxides are given by: 

. I . , 

E G 

(u) 

H. . . J 

On the right-hand side of eqn (23), the value of the combined term E increases 
as F imrreases, while the vaIue_of G decreases~&I;increases, ConsequentIy~ the 

observed smalI increase in carbon monoxide with ff ow in the high-tcmpcraturc region 
(Table 4) is due to E being more sensitive to ffow-than G_ 

In eqn (24). the values-of both H and.J decmase with increasing F. Hence 
d(COd/dt systematkahy decrases with increasing flow in the high-temperature region 

(TabIe 4) 
. ConsequentIy,the observed efkts of space VeIocity on the formation of the 

carbon oxides from tobaa% decomposition -over the compIete temperature range 
>%udicd can becompletely accounted for by agenerelkineticaI.IycontroIIed mechanism_ 

The mechanism is enti@y consisknt with the’independentiy observed effects of 



conducting the pyrolysis in the presence of excess of either carbon dioxide or carbon 
monoxide. It is, therefore, concluded that bulk phase diffusion prays no part in the 
formation me&an&m of gases by the pyrolysis of tobacco in an inert atmosphere. This 

conclusion is further substantiated by the absence of any observed effect on the gas 
formation rate tempe.rature pro&s when the tobacco is pyrolysed in helium, nitrogen, 
or argon. 

Further support for this conclusion is obtained by considering the predicted 

implications of a difksion-controkd mechanism. For the decomposition of tobacco 
in an inert atmosphere, there is no reactant _eas to diEuse to the surface, and so only 

processes 3,4 and 5 are possible (see first paragraph of Discussion). Under diffusion- 
controlled conditions, the diffusion of products away from the &ace is rate-limiting, 
The further reaction of the products carbon monoxide and carbon dioxide is relatively 
small, and will take place before they have diffused from the surf&z Product con- 
centrations corresponding to the saturation concentrations are established at the 
surf5.a~ The rate of accumulation of carbon monoxide in the bulk gas phase, for 
example, is given by: 

d(co’@ = b,([CO$,--[CO-j$ = b&O-j, = ha &[CO],, 
dt 

(25) 

since [CO], 9 [CO], under diffusion control, where [CO], is the saturated surface 
concentration of carbon monoxide, which is a function of temperature only. 

Thus, at a given temperature, eqn (25) predicts that the rate of a difksion- 
controlled reaction is directly proportional to JF_ This is not so at any temperature, 
conkning that the reaction is not difTusion-controlkd_ 

_ An akmate type of mechanism to those discus& above is that all the carbon 

oxides formed from tobacco are secondary products which largely decompose 
homogeneously in the vicinity of the reactant surface. However, the predicted kinetic 
expressions from permutations of this type of mechanism have a flow dependence on 
the reaction rates which is not observed. 

PART 2. FACTORS AFFECTING THE PYROLYSIS OF TOBACCO lN AN A’T3SOSPHERE 

COKTAININGOXYGEN 

2.1 ?7’te eflect of oxygen concentration in the pyrol’sis atmosphere 
In this. Section, the results obtained when tobacco was pyrolysed in an 

atmosphere containing O%, 9% and 21% v/v oxygen in nitrogen are compared. The 
inlet~owofgastothefivnaoewas3-33cm3sec”inallcases_T6emeanheating 

rates were 1.9, 2.1 and 2.6 K set-‘, respectively, at each oxygen concentration, due 
to the exothermicity of the combustion. 

The consumption of oxygen as a function of temperature is ~ustrated in Fig 9. 

A measurabIe consumption of oxygen occurs at temperatures as low as 2OOOC. When 
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200 400 600 6GO 1000 

UEAY fOBACC0 TWPERATURE l6Cl 

F&. 9. EEcct of aygu concentration on the consumption of oxygen by tobacco combustion. 
x.~[o~=9%Y~~niaogm;o,inltlal[o~=2I%v~inniao~. 

f&e pyrdy5k atmosphere initialIy contains 9% vjv oxym the oxyeen is completely 
consnmedat46O”C HOWf3Er,lWllfZLtIltheinstial0xygenG0ncenrration isZl%v/v,it is 
nevercompktelyconsumed,andre~&~a minimum mass fiow of 03-0_4Jun01 sec-1 
over the temperature range 500 to 840°C. Above this temperatrue, the oxygen flow 
increases due to the consumption of tobacco. The negative gradient of the plot 
between 950 and 1ooO”C is due to the subsiding of the exothermic combustion 
reactioII& as dkcuSed previotIsIy6. 

The eiEct that the oxygen concentration in the pyrolysis atmosphere has on the 
formation of methane, for exampk, is shown in Fig. IO_ The total amounts of 
pr0du.cf.s formed up to 950°C are given in Table 6, 

The rates of formation of both oxides of carbon are extremely sensitive to 
O~~W concentration, especialIy above about 4OO”C, where the combustion reactions 
are dominan t. The observed trends have been discussed previousI~?. 

Increa&g the oxygen. ~ncentration deareases the total quantity of both 
hydrogen-and methane formed, but extends the temperature range over which they 
are produced (Fig. IO). The hydrogen concentration is.not reducled to zero in the 
presence of oxygen, because the explosion limits-will_ be-inhibited bylthe smaII 

22 anqmts of hydrocarbons present. . The effect on propane and protine prod&ion is 
morecompkxCE3bIe6)_ 1. -’ .:-.._, .: ., _.: 
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Fig, lo_ Effect of oxygen concentration in pyrolysis atmosphere on formation of methane from 
subzsw pyrolysis. A, Initial [O,) = 0; X, initi& (0-J = 9% v/v iii am; 0, initial [C&J = 21% v/v 

in nit.rogaL 

2.2. The ej$ect of homogeneous oxialz~ion of intennediute products 

The experiments described in Section I.1 were repeated, with the tobacco 

pyrolyscd in 9% v/v oxygen in nitrogen. The results obtained for hydrogen, for 
. 

example, are shown in Fig. 1 I _ The total quantities of products formed are slrmmansed 
in TabIe 7. The results are expressed in the experimental units per 0.25 g bf tobacco, 
rather thau adjusting them to per gram_ This is because the quantities of oxygen used 
were sufkient to consume the whole of the O-25 g sample of tobacco used whereas 

these same quantities would not compIetely consume 1 g of tobacco (e.g., Fig 9) 
The geueral trends for methane and propane are the same under both inert aud 

oxidation conditions (Tables 1 and 7)-bath have some secondary formation from 
au intermediate which is not oxidised. However,.for the other gases, oxidation in the 

gasphaseis occurring: when the tobacco is placed at the fiunacc inlet, 8% more 

oxygen is consumed than at the exit position (Table 7). In the high-temperature region, 
where oxidation is dominant, the t&al carbon dioxide produced increases, whiIe the 

totaI carbon monoxide decrease&, as the residence time of the gases in the furnace 
increa&s. &&Ii, the effect of the homog:ncotk comb&ion of carbon mono.xide is 
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TABLE 6 

EFFECT OF PROPORTION OF OXYGEN IN PYROLYSIS ATMOSPHERE ON 
TOTAL GASES PRODUCED FROM PYROLYSIS OF TOBACCO- 

ob Low (2o4oo) 23.6 178 540 w= 
High (4al-950) 102 27s 1567 852 
Total (2&950) 2&o 691 125.6 453 46-6 2Jo7 3.408 - 

9e Lo%v @J-m 353 168 522 2,496 619 
High (-50) 828 252 5,081 2,748 4.118 
Total @@HO) z.(100 600 118 420 29.7 5.603 5244 4.737 

216 J&x -1 234 782 3.110 1274 
a& w=95a 321 5.185= 5.665 7,212 
Total (20-950) I.810 535 ’ 555 44.4 5,967 8,775 8.486 

*Log of tobacco, m&cd in oxygen-nitro8cn mixtun% inkt ffow into furnace = 333 cm’ set- ‘. 
LMcan tobacco heating rate=19Kscc- I. = Mean tobacco heating rate = 21 K xc-‘. d Mean 
tobacco heating rae=26Ksec-t, =?hetotalqaantityofgascsfigureisobtainedfromthc~ 
andaneath the formation rate/time curve. The tobacco heating rate in 21% om is greater than 
that in 9% om_ Conscqucnr3y, the total amount of carbon monoxide formed betwan 4a0-950-c 
in 21% oxy8en is only 2% ki&cr than that fomaai in 9% oxy8csl. eval thou8b the folmation late of 
arbon moaoxidc is hi&cr in 21% om. ’ Figwcs not availabk intcrfkrcnce tomasspatro- 
metric pak_ 

TABLE 7 

EFFECl. OF PO&TON OF TOBACCO IN FURNACE ON TOTAL QUANTITIES 
OF GASES PRODUCED BY PYROLYSIS IN 9% vjv OXYGENj91% v/v NlTROGEN’ 

mo2!ig of to-; inlet flow intc-furnact =3.33c&&c-‘5nc&n tobacco &axing-rate=21 K 
xc- *. b Forma&& profiks too ill dditkd for nwaningful integration. 
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Fig. II. Effect of varying the residence time of tobacco-pyrolysis products in the furnace on hydrogen 
formation; tobacco pyroIyscd in 9% vfv oxygen in nitrogen. X , Tobacco at fimnaa inlet; @, tobacco 
at fismaa outkt. 

TABLE 8 

PROPORTION (%) OF PRODUCTS F@RMED BX HOMOGENEOUS REACTION 
OF INTERMEDIA= AND FINAL PRODUClS I-N AN OXIDATION 
ENVIRONMENT 

T-F. rongr Net proportion of product formed. abe to homogeneous reactiim of 
cc) inrermetiiare andfinal prodacIs in an oxidbtin ennironmenP 

Ht CA; C,Hs co co2 A02 

Low (20-450) 66 66 
Hi& ~(4!50-900) -9s ko 
Total (20-!WO) -25b 4-4 6.7 -7-7 4-8 .- 3-7 

l Proportion = 
Qrsm- QuIr 

2P 
100 (see footnote to Table 2). 

wbc?c Qmcl = quantity of gases prod& with tobacco at il+t pcsition (rable 7); &. = quaxlrity 
ofgases produced with tobacco at exit position (TabIe 7); and Q = mean of Qblct and Qac_ 
@ Negative r&ntities indicat&thkt the product has a ttetconstxmption due to homogmous reaction. 
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greater than the decomposition of intermediates to the carbon oxides. Homogeneous 
combustion of hydroa,oen is particularly noticeable (Fig_ 1 I and Table 7)_ 

At temperatures up to 38o”C, the formation rate of carbon dioxide is indepen- 
dent of position ir; the furnace- This contrasts to the situation in an inert atmosphere 
where in the same temperature range 5% of the carbon dioxide was formed via 

intermediate products_ These intermediates must either be completely consumed by 
oxidation reactions, to give products other than carbon dioxide, or their oxidation to 
carbon dioxide is extremely fast. 

60 

50 

Fi~12JEfTcct ofgastlowiaofurnact on dtantiXow0fo~ygcn whentobacc0 is pyro!ysmiin 

9% VjV OxygCn in IlkOgXL l=bwOfgasm5cturcinc0 famacc(cm"scc-')z A,1.67; ~,3.33;0,8.33; 
x,162. 
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The net proportion of products formed due to homogeneous reaction of 

intermediate and final products in an oxidation environment is shown in Table 8. 
Apart Tom hydrogen, these proportions are small. Qess than lo%), and their vahte is 
determined by the relative proportions of: 

(a) IFormation via homogeneous decomposition of volatile or semi-vo?atile 
intermediates, 

(b) homogeneous oxidation of the intermedia’ces, 
and (c) homogeneous oxidation of the product. 

23 lXe eflZct of space uelocity under oxiabtion con&ions 
Figures 12 and 13 and Table 9 illustrate the effect of increasing the flow-rate 

of a 9% v/v oxygen-91% v/v nitro_pn gas mixture into the furnace from l-67 to 
16.7 cm3 set- ‘. 

In contrast to the situation in an inert atmosphere (Section l-3), space velocity 

has a very pronounced effkct on the formation rates of the reaction products under 
oxidation conditions. Because of the exothermicity of the oxidation and the increase 

in total oxidation with increase in flow-rate, the mean heating rate of the tobacco 
increases by 35% as the flow-rate into the fknace is incxeased from 1.67 to 16.7 cm3 

2QO 400 600 600 1000 

YEAN TOBACCO TEUPERATURE WC1 

Fig. 13, J3kd of gas flowJate on prodaUk of carbon dioxide from tobacco pyroIysis in 9% v/v 
0~galinnitmgcn. JTIow0fgasmixtI.E into fixrnace(cm’scc-‘):A, 1.67; f13. 3;33;0,833; x, 16.7, 
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see-’ (see footnote to Table 9). Thns a small proportion of the increase in formation 
rate with space velocity in Fig. 13, for example, is due to the increased tobacw heating 
rate*_ However, by far the major efEct is due direztly to the v&Son in flow velocity 
itselK 

TABLE 9 
. . . i 

EFFIXX OF GAS FLOW VELOCiTY ON TOTAL GASES PRODUCED FRtiM 
PYROLYSIS OF TOBACCO IN 9% v/v OXYGEN/91% v/v NITROGENa 

l.sr Low 01 IV 110’ 
High (45G950) 58 228 
Totai (20-954)) 1,790 620 68 338 

333= Low -(22m 35-3’ I6# 
High (45&950) 828 252 
Total (20-950) 2WO 600 118 420 

8_33a Low (2cbsso~ 

High (450-950) 
Total (20-950) 1,700 530 s 550 

16-7’ Low -50) 
High (450+50) 
Total (20-950) 1,812 605 = 759 

28 

30 

29L 

4iL 

530 
3,638 
4.168 

4g 
5,603 

4; 
5.198 

652 
5.286 
S,P38 

5467 

lal 
3.668 z340 

2929 
2.315 
5,244 4,740 

3,152 
4,860 
8,012 7.480 

3970 
8.278 

11,648 11,690 

l Logoftobaav_ 
bMeantohaccokatin~ratt=20Ksec-‘. 
= Men tobacco heating rate=21 KsarL_ the differemes arc caused by the cxothamicity of ihe 
* Mean tobacco heat&g xatc=24 K SIX-‘- combustion 
=Mczmt.obaccohcatingm.c=27Kscc-‘_ 
‘20to400%tempcratrucran~ 

1 
* Fm not avaitabk: intafkcna tomass 

hIIl_dcGaed 
spcaro===icpeak, 

Profiks 

The oxygen is totdIy co nsumed above about 46W’C. when its input flow 
G3.33 cm3 set-’ (Fig. 12)_ When its input flow 2 8.33 cm3 see-‘, the mass flow of 
oxygen ant of the reaction zone starts to increase at temperatures above 50&6OO”C, 
due to consumption of tobaax~ Ckarly, above 460°C the combustion reaction is 

wntr&ed by the bnlk flow of oxygen into the reaction zone. Fnrther consideration 
of these resnlts in the next section shows that above about 400°C the reaction rak is 
Iimitcd by the difEUon of oxygen to &e snrfkce’of’tobacw, a& that below 400°C 
both~~~andkineticeffedsareimportantindetermining~e.overaIlreactioo 
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Dibmion 

2-4 Cottsmnption of oxygen: kinetic and diiffurion eflects 

In the present discusion, homogeneous oxidation of intermediate products is 
ignored, siuce the results in Table 8 suggest that the effect is kinetically negligible. A 
general&xi reaction scheme for the major products of the combustion (carbon 
monoxide and carbon dioxide) is given below; 

The numbqing of reaction steps follows in sequence from that used earlier in the 
paper. Rezwtions 1 and 2 are tobacco decomposition reactions; reactiks 15 and 16 
represent general&d reactions of oxygen at the tobacco surf”; while steps 17,4 and 

5 represent diffusion processes between the bulk gas phase and the tobacco surface. 

YEAM TOeACCO TEYPERATUAE co c , 

Fis 14. Rate of consimption of oxygen as a fimction of tobacco mass_‘wkn tobacco is pyr&e4i in 
9% v/v oxygua-91%~v~ nitrogen. * ,I g tobacco, came of fnmacx; 0,025 g toback, filmace inks; 
-A,O.ZSgtotxiti;-fnmact& -: 
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The resuits in Fig_ 14 show that-the rate of consumption of o_xygen, when 
tobacco is pyrolysed in 9% v/v owgen in nitrogen at 21 K set- ‘, is independent of 
the mass of tobacco being pyrolysed (0~1.0 g), up to ,v)[)“C_ The data points in 

Eg_ 14 are not extended beyond 500°C because of the excessive consumption of 
reactant above this temperature for 0_25 g tobacco.. Consequently, [Sj is relatively 
large and independent of the quantity of tobacco consumed, so that reaction steps 15 
and 16 can IX= treated as pseudo first-order reactions_ 

Under stationary or quasi-stationary conditions, the consumption of oxygen at 

the surfaceis equal to the rate at which oxygen diffuses to the surface: 

Adp = (~,,P]+kJmP,], 
: 

where b, T is the mass transfer coefficient of step 17, g+ven by equations anaIagous to 
eqn (2) in Section 1-6, 

Substituting the value of 1022, obtained by equating expressions (26) and (27) 

into expression (BY), gives: 

wfiere ~=~k,,f~,,)~~ cm 

The bulk COnCentration of oxygen in the reaction zone, [O& (@no1 cm-‘), is 

given by: 

where @ is the mean total molar fiow of oxygen inside the reaction zone @mol see- ‘) 
and Fis the mean totaf vohrmetric gas flow in the reaction zone (cm3 ST l). given 

by eqn (7). 
The mass transfer coelkient is given byr6: 

5 17 =bfi (30 

where h17 is a constant of propo.rtionahty. 
Thus substituting eqns (30) and (31) into eqn (28), followed by rearrangement, gives: 

(32) 

where R is equal to Ad(O#k 

D&a iuterpolated from 3?& 12 are &otted aarding to eqn (32) in Fig, 15, The 
error bars are c&&ted using the 95% cotidence l&its of the.~bserva-d(O~/dt 
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Fi& IS_ PyroIysis of tobacco in 9% v/v OxyJpn-91% vjv nitrogen: c@lsnmption-of~xygen kinetics 

TABLE 10 

VALUES OF RATE CONSI-ANT (k) AND OXYGEN TRANSFER COEFFICIENT 
(hl,) FOR TOBACCO COMBUSI-ION 

2.50 I.56 3.20 
300 6.86 3.80 
350 36.0 5.00 
375 78.6 5.50 
400 a? 5.30 
450 ae, 7.16 
50 co 8.26 

- k = (k,S+kl6)t~ 

15. s+(o~-w(co). 
16. S+(OA--, (CO& 
b Using thk error bars & Fig. 15, the minimum posiik hhc of k at 400°C is 353 cm’ see-l g-l. 
AvaIueofa,forkindicatcs~thechtmical~Iwrmptionof~is~yfastcomparrdto 
the diesion rate of oxygal. 
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and volumetric flow values. The pIots for 450 and 500°C do not include the data points 
corresponding to inlet fI ows of 1.67 and 3.33 cm3 set- ‘, since the input oxygen is 
totally consumed under these conditions (Fig. 12). Piots at temperatures above 500°C 

are not attempted because of the large consumption of tobacco involved (causing the 
minima in Fig 12) invalidating the condition that [Sj is large and independent of the 
quantity of tobacco consumed_ 

Figure 15 shows that at temperatures above 4OO”C, the gradients of the plots 
are zero, indicating that k is infinitely large (eqn (32)). Thus, under these conditions 
the reaction rate is completely controlkd by the bulk phase diffusion of oxygen_ 

Values of h,? and k. obtained from the gradient and intercept of the plots in Fig. 15, 
are given in Table 10. The variation of k with temperature T(K) fits an Arrhenius 
equation, with an activation energy of 21-4 kcal mol-’ and a preexponential A factor 
of I-49 x W cm3 set- ’ g-l_ The variation of hl7 with temperature T(K) fits the 
t?CpfiOnS 

h 1,=6.64x10-7T246 (33) 

TheoreticaUy16, the vaiue of li should be directly proportional to T“-‘. Thus the 
above treatment shows that the mass transfer of oxygen in the bulk phase between the 
tobacco strands is considerably more sensitive to temperature than classical mass 
transfer theory woold suggest A similar result has been obtained previously, by 
measuring the diffusion of methane through a tobaca, bed by gas chromatographyz3, 
where it was found that the tortuosity factor for methane diffusion through a tobacco 
bed was proportional to To- 6_ The extra-temperature dependence probably reflects 
the continuoush~ changing physical condition of the tobacco with temperature, such 
as the accessibility of an inner porous structure_ 

IlKkWCXiIONS IN A BURNING GIG- 

The results presented in Part 2 indicate thst at temperatures above 400°d the 
rate of comb&on of tdbaazo is c&trolM by the-r&e of titransf~of oxyg& to-the 
reaction surface_ Consequently in the cigarette~combustion coaI the actual chemical 
ilXCti0-S oaaking axe of secGn~~importanq the rate of suppIy of oxygen being 
the dominant f&or in determS.ng the corubnstion rate and heat-generation. Thus 
cigarettes containing di.Eerent types of tobacco ali have the oxygen concentrations 
inside their coals reduced to values close to zero, and all -have. broadly simibr 
temperature distributions. -%rthermore, a simplified mathematical expression 
derived assuming~that the diR&icm of oxygen is the ramntrohing Step in to&&o 
combustion in a cigarette coal can suazessftiy predict the general shape of the Corn- bastion_z4 - _ .- .-- _. _. __. ..__ . . .. 

In contrast, the resdts presented in Part 1 show that the-rate of thermal 
decomposition oftobacco to gaseous products is controlled by_the.+emical proc&ses 
+.nvolv&~Thtis, & the r&on.i&+diat~y behindthee *h@e.a la$e~propOr&on 
of the p&&s which enter the ma&&eam sm&&e are for&d, the chemist$ of the 
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tobacco substrate is critical. In addition, the heat release or absorption due to the 
pyrolytic reactions occurring behind the coa.I wiil depend on the chemical composition 
of the substrate. Thus, together with the differing thermal properties of the tobacco, 
the temperature _-d&t behind the coal should depend on the nature of the 

tobacco. 

The technical assistant of Mr_ B, G. Bunn, computing assistance of Mr. 
J. M. Davey, and the helpful diswssions with Dr. IL D. Kilburn are grateMy 
acknowkdged. 
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