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ABSTRACT

When tobacco is pyrolysed under non-isothermal flow conditions in an inert
atmosphere, variation of the inert gas or its space velocity has only a2 minor effect on
the profiles of formation rate versus temperature for seven product gases. Thus, mass
transfer processes between the tobacco surface and the gas phase are very rapid, and
the products are formed at an overall rate whxch 1s determined entirely by that of the
chemical reactions.

The effect of radical chain inhibitors (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 smali proportion (less
than 10%) of all the gases monitored are formed by homogeneous decomposition of
volatile and semi-volatile 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 controlled
by chemical kinetic rather than mass transfer effects. Carbon monoxide reacts with
tobacco to a small extent.

When the tobacco is pyrolysed in an atmosphere containing oxygen (2-21%
v[v), some oxidation occurs at 200°C. At 250°C the combustion rate is controlled
jointly by both kinetic and mass transfer processes, but mass transfer of oxygen in the
gas phase becomes increasingly impcrtant 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 inside the combustion coal of a burning agarette the
actual reactions occurring are of secondary importance, the rate of supply of oxygen
being the dominant 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 thermai 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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INTRODUCTION

The interior of the combustion coal of 2 burning cigarette is oxygen deficient!-2,
Carbor monoxide and dioxide present in the smoke are produced by both combustion
and thermal decomposition of the tobacco3-4.

Previous studies have confirmed that both oxides of carbon can be formed
from the thermal decomposition of tobacco?-*~7. When flue-cured tobacco is heated
at 1 to 12 K sec™ ! in an inert atmosphere under flow conditions, 27% of the carbon
content of the tobacco is converted to carbon oxides®. Both oxides show two distinct
formation regions: a low-temperature region (about 100450°C), and a hlgh-
temperature region (about 550-900°Cj}.

Under oxidation conditions, about 70% of both carbon oxides formed in the
low-temperature region are produced by tobacco decomposition reactions, whereas
in the high-temperature region about 10-20% of the carbon monoxide and 2-9% of
the carbon dioxide, are produced by tobacco decomposition. ’

Many aspects of the mechanism of the formation of gases from tobacco
pyrolysis are unknown, in particular the contributions from radical. reactions,
heterogeneous and homogeneous reactions, reaction of intermediate 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 Las been developed. Using these methods, aspects of the
mechanism can be systematically assessed.

EXPERIMENTAL

Pyrolysis .s:ystem

The pyrolysis experiments were carried out- under non-isothermal flow
conditions, and the cylindrical fornace (8 mm id., 220 mm long) was similar to that
described previously®. Usually, 1 g of tobacco was placed in the furnace, the inlet gas
flow was kept constant, and the material flowing out of the furnace was filtered by
passing through two Cambridge filters* in series. A small part of the flow of filtered
gases (0.08 cm? sec™*) went into the capillary tube of the direct inlet system to a
Fmnigan 400 quadrupole mass spectrometer. The remainder of the gases flowed past
an Ether pressure transducer (Type UPI) for measurement of the total gas flow-rate.
Finally, the gases flowed directly into the detection cell of a Bosch infrared analyser
(Type EFAW 215) for measurement of the carbon monoxide content. -
, ‘The mass spectrometer was used in conjunction with an cight-channcl pcak
selector (Finnigan Model 400-280-02) which scanned eight selected peaks in the mass
specttum of the pyrolysis gases at a scan rate of 7.5 msec per channel, and gave a
quasi-continuons output for the intensity of each selected peak. These eight outpats,

*s3mm diameter, 1.4 mm thick filter disc made of interwoven glass fibres by Cambridge Filter
Corporation, Syracuse, New York. The filter traps the acrosol particles in cigarette smoke. - -
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together with the output from the ionisation gauge (Edwards Model 1G5M) which
measures the pressure in the ionisation chamber of the mass spectrometer, and the
outputs from the thermocouple* inside the tobacco sample, the Bosch infrared
analyser, and the pressure transducer, were monitored on a multichannel data
‘logging system. The latter system consisted of CAMAC data-handling modules,
manufactured by Nuclear Enterprises Ltd. Thus, a total of twelve channels of the data
logger monitored twelve inputs from the experimental system.

Expenmental procedure :

For a given set of expenmental parameters, a total of four rcphmte experiments
were performed: 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
tobacco, 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 furnace diameter). The pressure
transducer and gas analysers were systematically calibrated immediately before each
replicate experiment, using known gas mixtures and flow-rates.

During the pyrolysis the furnace was heated from room temperature to about
1000°C. The CAMAC data logging 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 off-line computer.

Data. processmg

Preliminary mlibratmn 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 flow relationship was also linear. The
infrared analyser output/carbon monoxide concentration and thermocouple e.m.f.|
temperature relationships were quadratic. 7

The peaks monitored in the low resolution mass spectrum of the pyrolysis gases
were mfe =2, 14, 16, 30, 32, 42, 43 and 44. Many of these peaks consist of contri-
butions from more than one component**. The peaks at m/e values 2, 32 and 44 can
accurately be used to moritor hydrogen, oxygen, and carbon dioxide, respectively,
the maximum contributions from other components in the pyrolysis gases being less
than 1% in all cascs. The peaks at mfe values 30 and 43 were used uncorrected to
obtain the concentrations of ethane and propane, respectively, and the resultant
concentrations may be too high by up to 10 and 25%, respectively, due to contri-
butions from other specics in the pyrolysis gases?. The concentrations of methane,

*A Pt/Pt-13% Rh thcamocouple (0.05 mm diameter wire), used in conjunction with a cold junction
compensation unit (manufactured by Nuclear Enterprises Ltd.). ] -
*2]n particular, m/e = 16 is due to CH (from methanc) and O+, 03 * (from oxygen, carbon monoxide
and carbon dioxide); m/fe = 14 is due to N+, N3+ (from nitrogen), CHZY (from hydrocarbons}), and
CO2+ (from carbon monoxide and dioxide); while m/e =42is duz to, inter alia, C,He (from propane
and propens).
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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 previouslyZ.

Thus the appropriate experimental data values on the punched paper tape from
each pyrolysis were converted on a computer to temperature (°C), rate of temperature
increase (K sec™ 1), total gas flow (cm? sec™ 1), pressure inside the mass spectrometer
(utorr), and conceatration of individual gases (% v/v). The rate of formation of a
given gas (umol sec™ ') was calculated assuming ideal behaviour of the flowing gases,
using the total gas flow and concentration of individual gas, as described previously®.

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 interval during the pyrolysis.
The total amourt of individual products formed for various extents of reaction were
calculated. Finally, 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 AFFECTING THE PYROLYSIS OF TOBACCO IN THE ABSENCE OF OXYGEN

Results

The products monitored from the pyrolysis of flue-cured Virginia tobacco
were hydrogen, methane, ethane, propane, propene, carbon monoxide and carbon
dioxide. The shapes of the gas formation ratef/temperatures profiles for carbon
moioxide and dioxide are identical to those obtained previously using an A_E.1. MS2
mass spectrometer®. The profiles for methane, propane, and the carbon oxides, are
similsr to those obtained by Burton’ using University of Kentucky IRI reference
blend tobacco pyrolysed in helium at 0.1 K sec™ !, with products analysed chromato-
graphically. However, the profile shapes for ethane and propane are significantly
different to those reported by Burton, presumably caused by differences in the two
tobacco compositions.

. The 95% confidence limits of the points on the formauon rate proﬁl&s 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;
that of the hydrogen and carbon dioxide points is 5-10%; methane is 10-20%;
propane is 8-25%; ethane is 15-30% ; while that of propene is 15-35%.

Although small amounts of molecular pitrogen are produced by a burning
cigarette8, distinct nitrogen profiles amongst the background scatter of the corrected
mfe =14 peak were not observed in the present study. This is entirely due to the
relatively small contribution of nitrogen to that peak.

1-1 The effect of homogeneous reaction of mtermediate producls

‘The residence time in the furnace was varied for the pyrolysxs products from
tobacco heated in argon, in order to assess the contn'but:on of homogeneous reaction
of these products to the overall production rates of the gases. Two experiments were
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carried out: one in which 0.25 g tobacco was pyrolysed near the furnace inlet, such
that the pyrolysis products flowed for 200 mm through the heated zone before leaving
the furnace; in the second experiment 0.25 g of tobacco was pyrolysed near the furnace
exit, and the pyrolysis products travelled 20 mm before leaving the furnace. The
residence time in the furnace depended on the rate of production of gases (i.e., total
flow in the furnace) and the furnace temperature. With the tobacco at the furnace
inlet position, the residence time decreased from 3.0 sec at room temperature to
0.7 sec at 1000°C (flow of argon into the furnace = 3.33 cm?3 sec™!). The residence
times for the “inlet™ experiment 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 least 800°C. The formation profile for propane, for example, is
shown in Fig. 1 and the total quantities of gases formed are summarised in Table 1*.

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

2.8
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NET RATE OF PRODUCTION OF PROPANE (umé 4°) s}

200 400 . e00 sco = 1000 -
MEAN TOBACCO TEMPERATURE (°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 inlet; ®, tobacco at furnace outlet.

*In this Tabxc, as in all tables of the present paper, the deconvolution of the proﬁls into low-tem-
perature (20-400°C) and high-temperature (400-900°C) regions has been done by dividing the
complete profile with vcrmzl lmcs at 400 and 900°C- The deconvo!uted figures in the tabks are thus
approximate only. © - :
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TABLE 1

EFFECT OF POSITION OF TOBACCO IN FURNACE ON TOTAL QUANTITIES OF
GASES PRODUCED BY PYROLYSIS IN ARGON®

Position of  Temp. range Quantity of indicidual gases producéd (ol g~ 1)

robacco in o) : - - -

fm . - Ha CH, CzH; C;H. Cgﬂs CcO - CO3

Tnlet Low (20-400) 2 113 S8 2321
High (400-900) 93 262 1,693 793
Total (20-900) 2,552 665 115 435 440 2291 3,120

Exit Low (20-400) B 21 139 : 518 2,095
High (400-900) 82 235 1,392 803

Total (20-500) 2228 630 103 - 374 326 1,910 2,898

80.25 g of tobacco; inlet flow into furnace =3.33 cm3 sec—!; mean tobacco heating rate=19K
sec™ 2, :
TABLE 2

NET PROPORTION (%) OF PRODUCTS FORMED VIA HOMOGENEOUS
REACTION OF INTERMEDIATE PRODUCTS

Temp. range Ner proportion of produas formed via homogzneon: reaction of
co imermediates®

Hy CH, CiHe GCiHs GCsHs CO CO;

Low. (20-400) 23 109 ‘ 72 52

High (400-900) 6.3 54 9.8 -0.6

Total (20-900) 6.8 2.7 5.5 7.5 15 9.1 3.7

2 The quoted proportion refers to those products formed via intermediates when the reactant tobacco
is at the average centre of the furnace. To a first approximation it is given by: :
anxu-_Qun 100
o 20 R _
where Q.1 = quantity of gases produced with tobacco at inlet position (Table 1), -
Qa,. = quantity of gases produced with tobacco at exit posnuon (Table 1),
Q = mean of @Qa1c and Q,,,,-

Proportion =

of volatile and semi-volatile intermediate prodﬁcts the proportions of each’ being
given in Table 2. Bmuse of expenmental error and the small quantities of hydro-
carbons determined, the differences for the hydrocarbons may not be significant.

1 .2 Iﬁe effect of radical-chain propagation inhibitors

~The effect of 1% v[v nitric oxide or mtrogen dioxide on the formation rate of
mrbon mononde, for cxample from tobacco oyrolysxs is shown in Fig. 2. The total
quanhhs of products formed are ‘given in Table 3.
"~ Hinshelwood® has’ stated tha' the most direct evidence for the participation of
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NET RATE OF FRODUCTION OF CARBON MONOXIOE (umol 8*! g=!)

200 400 600 800 31000

MEAN TOSBACCO TEMPERATURE t°C) )

Fig. 2. Effect of nitrogen oxides on formation of carbon monoxide from tobacco dccomposmon-
X, Pyrolysed in 100% argon; @, pyrolysed in 1% NO in argon; &, pyrolvsed in 1% NO; in argon.

radical chain propagation steps in a reaction is obtained by studying the influence 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 occurring in the presence of. nitric oxide is molecular.
However, this assumption is not true: nitric oxide participates by setting up alternate
chain reactions'®-!! and a measurable reaction rate can be obtained in the presence
of nitric oxide even when there is no molecular contribution to the overall reaction®2.
Even though in certain hypothetical cases it can be shown that nitric oxide could have
no overall effect on the rate of a chain reaction'?, it is a reasonable indication of the
participation of radical \,hams if nitric oxide (or other radical additive) aﬂ'ects the
formation rates of products. ,

- The effect of the nitrogen oxides on the formation of hydrogen, methane, and
propane (at ‘least in-the low-temperature region) is negligible. Propene apparently
increases in the presence of nitric oxide, but this may not be significant in view of the
large errors involved in measuring the sma]l amounts of propene. <
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TABLE 3 |
EFFECT OF PYROLYSING TOBACCO IN THE PRESENCE OF NITROGEN OXIDES*

Pyrolysis Temp. range Quansity of individual gases produced (umol g—*)
atmosphere - co)

"H CH, C:Hs CsHs CyH; CO CcOs.

Ar Low  (20-400) 236 151 539 2,265
High (400-950) 904 236 1,385 645
Total (20-950) 2,290 597 114 387 36.2 1,924 2910

Art+1% vfyNO Low (20-400) 142 . 569 2,593
High (400-950) 271 1,701 807
Total (20-950) 2,380 589 g 413 64.1 2270 3,400 .

Ar+1%v/vNO: Low (20-400) 139 515 2,968
High (400-950) 280 2274 1,034
Total (20-950) 2378 626 * 419 384 Z,789 4,002

= 1.0 g of tobacco; inlet flow into furnace = 3.33 cm3 sec~ !; mean tobacco heating rate = 2.1 K sec— L.
® Excessive interference 10 mje =30 peak (used to monitor cthane) by nitric oxide and nitrogen
dioxide. < Nitrogen dioxide also gives a peak at mfe = 16, which has not been corrected for.

The effect of both nitrogen oxides on carbon monoxide formation in the low-
temperature region is small (<6%). In the presence of nitrogen dioxide, an abnor-
mally high peak formation rate occurs at 320°C, although the total amount of carbon
monoxide formed in the 20-400°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 significantly increase the low-temperature formation of
carbon dioxide, presumably by heterogeneous reaction with the reactant solid.
Homogeneous reactions such as:

"NO,+CO - C02+N0

are too slow in thxs temperature range to be significant**_

In the high-temperature region, both carbon oxide formation rates increase
significantly in the presence of the nitrogen oxides. At these temperatures, the
heterogeneous decomporition of nitrogen dioxide will have gone to completion, and
ox:datxon of the solid reactant by oxygen and nitric oxide can occur. -

Thus, although the effect of nitric oxide and nitrogen dioxide on tobacco
pyrolysis is complex because of the resultant oxidation, there is no evidence for the

*Using the valucs of nitrogen dioxide concentration in the present system at 320°C, and rate constants
calcnlated  from published Arrhenius parameters!3, the homogeneous rate of. decomposmon of
nitrogen cioxide is too slow to be significant in the present system at 320°C, .. - '
**For example, using published Arrhenius parameters®* and the observed conocntmnons at 320°C
the calculated rate of this reaction is 1.3 105 gmol cn~3 sec—1. - - .
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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 inaccessible by mass transfer of the nitrogen oxides.

1.3 The effect of the inert gas and xts space velocity

Virtually identical gas formation rateftemperature profiles were obtamed when
the tobacco was pyrolysed in helium, nitrogen and argon (flow of 3.33 cm? sec™!
into the reaction furnace). Furthermore, for the pyrolysis in argon, increasing the gas
flow-rate into the furnace from 1.67 to 16.7 cm? sec™* had only a small (secondary)
effect on the profiles. Figure 3 illustrates the effect on the formation rate of ethane, for
example, and Table 4 summarises the resulits for the total quantities of gases.

NEY RATH OF PRODUCTION OF ETHANE (umot 3°! g°!)

o %00 200 &00 800 1000
MEAN TOBACCO TEMPERATURE (9C)

Fig. 3. Effect of inert gas flow-rate on production of ethane from tobacco pyrolysis in argon. Flow of
argon into furnace (cm?® sec™1): x,1.67;®, 3.33; [, 8.33; A, 16.7. .

Within the limits of the expzsrimental error, the production of the hydrocarbon
gases is effectively independent of flow-rate (the apparent effect given in Table 4, 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 flow-rate is increased from 1.67 to 8.33 cm?> sec™?, and then
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TABLE 4

EFFECT OF INERT GAS IFLOW VELOCITY OV TOTAL GASES PRODUCED
FROM PYROLYSIS OF TOBACCO*

Gas flow-rate Temp. range Quantity of indicidual gases praduczd (umnol g~ *)

inro furnace co
(cm® sec™%) ’ Hy CH, Czng CsHy CiHg Cco CO;
1.67 : Low (20-400) 185 109 - 519 2,303
: High (400-950) 905 318 131S 706
] Total (20-950) 2,191 616 . . 109 - 427 48.2 1,834‘ 3,009
333 -~ Low - (20-400) - 236 15t 539 2,265
High (400-950) 9.4 236 1,385 - 645
Total (20-950) 2290 597 114 387 362 1924 2910
8.33 Low (20-400) 231 174 567 2415
High (400-950) 793 277 1,423 640
Total (20-950) 2,370 620 1024 451 360 1,990 3,055
16.67 Low (20-400) 310 164 596 2.2%
High (400-950) 776 204 1,436 606

Total 20-950) 2,367 611 108.6 368 - 36.5 2,032 2,832

* 1.0 g of tobacco, pyrolysed in argon at 2.1 K sec™ 1.

remains constant. The carbon dioxide profile is unaffected by flow up to about 550°C
aithough the total high-temperature carbon dioxide produced decreases with in-
creasing flow (Table 4). The carbon monoxide proﬁlm increase slightly but systemati-
cal'y with flow-rate

However, all the above trends are very much second order eﬁ'ects—varymg the
ﬂow-rate over a ten-fold range affects most of the gas production rates by less than
10%. From a detailed examination of this observation in Section 1.8 of the Discussion,
it is concluded that the decomposition of tobacco is controlled by the kinetics of the
chemical reactions involved and not by the physical proo&ss&s of diffusion of the
product gases within the bulk gas phase.

1 4 The e_ﬂ'ect of carbon dioxide on tobacco pyrolysis

The effect of pyrolysing tobacco in the presence of 11% v]v mrbon dmxxdelSQ%
v/v nitrogen on the production of the carbon oxides is shown in Fig. 4. These profiles
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 600°C it falls below thc input rate. At the same
ume the rate of production of carbon monoxide rises above that in pure nitrogen.

- At temperatures above about 550°C, the endothermic heterogeneous rediction
of carbon dioxide by the mrbonaceous mcumt becomw progr&sswely ‘more

In F'g. 4itisseen thatwhen tobaoco is pyrolysed in mtrogen, therexs a small net
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Fig- 4. Effect of pyrolysing tobacco in 11% i)lv carbon dioxide~-89% v/v nitrogen. Tobacco heated at
2.1 K sec™?; input CO, flow = 14.8 ymol sec™ ¥, x, CO; (eft-hand axis); @, CO (right-hand axis).

production of carbon dioxide above 550°C, even though this concentration is readily

consumed when the tobacco is pyrolysed in 11% carbon dioxide. The rate of reduction

of carbon dioxide is pmportxonal to its concentration in the gas phase. Thus, during

the pyrolysis of tobacco, the low carbon dioxide concentration produced above 550°C

means that only a small proportion of the total carbon monoxide produced in the
high-temperature region is formed via carbon dioxide.

’ The effect of varying the flow-rate of the carbon dioxide/nitrogen gas xmxture is
shown in Figs. 5 and 6 for carbon dioxide and the product carbon monoxide,
respectively. The flow-rate has no effect until the reduction of carbon dioxide starts to
become effective 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 increasing flow-rate. It is shown in Section 1.6 that this increase
in rate is caused by kinetic effects rather than the overall reaction being controlled by
mass transfer. processes. Since the exit carbon dioxide flow-rate differs appreciably
from the inlet, an increase in gas flow-rate increases the intrinsic rate of reaction by
increasing the- average carbon dioxide concentration within the reaction zone.
However, at temperatures above 850°C when the inlet flow to the furnace is 1.67 cm?®

sec™ !, all the carbon dioxide is consumed (Fig. 5). Under these conditions, the mass
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Fig 5. Effect of gas flow-rate into furnace on resultant flow of carbon dioxide, when tobacco is
pyrolysed in 11% v/v carbon dioxide-89% v/v nitrogen. Tobaoco heated at 1.7 K sec—1.

trasfer of carbon dioxide into the reaction zone is also effective in controllmg the
reaction rate. :

1.5 The e_ﬂ'ect of carbon monoxzde 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 is mcrmsed The mechamsuc mterprctauon of these results is discussed in
Sectlonl7- . : PR : :
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Fig. 6. Effect of gas flow-rate into furnace on production of carbon monoxidc from pyroiysis of
tobacco in 11% v/v carbon dioxide-89% v/v nitrogen. Tobacco heated at 1.7 K sec™t.

Discussion
There are five main stages to the reaction between a gas and a porous solid:

1. Mass transport of the reactant gas from the bulk gas phase to the solid surface
by diffusicn 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
molecules, and desorption of product molecules, from both the outer and inner
surfaces of the solid. -

4. Diffusion of product gases out of the pores of the solxd

5. Removal of product gases away from the surface, into the bulk phase.
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Fig 7 Eﬂ'ect of pyrolysing tobacco in 9.7% vjv arbon monoxide-90.3% v/v nitrogen on the
forma%ion of (2) carbon monoxide and () carbon dioxide. %, Pyrolysed in 100% N;, ®, pyrolysed
in 9.7% C0O-90.3% N,.

In pracﬁcc, it is often found that within a given temperature regime, one of the
three major processes (bulk phase diffusion, internal pore dlﬁ'usxon, or chemical
reaction) is much slower than the other two! -6, Consequently the overall reaction
rate is limited by the rate of this process. In the analytical treatment of the present
study, only two processes are considered: bulk diffusion and chemical kinetics. The
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effect, if any, of diffusion within single tobacco stands could be more proﬁtably
examined by computer modelling of the system.

1.6 The reaction of tobacco with carbon dioxide
The generalised reaction sequence is:

1. S - (CO),
2. S - (CO,),
3. S4(CO,), —» n(CO),
4. (CO), =(CO),
5. (COy),  =(COy),

where S represents reactant solid (tobacco),

subscripts s and g refer to the 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 monoxide in the gas phase, d(CO),/dr

(umol sec™! g~ 1, ie., per g of tobacco), due to diffusion across the boundary layer,
is given by Fick’s Law:

d (CO)
dt

~Doo 4222 = 5, qc0].~fcOL) W

where D is the diffusion coefficient of carbon monoxide (¢cm? sec™ '),
A is the surface area per g of tobacco strands (cm? g™1),
d[CO}/dx is the concentration gradient of carbon monoxxde across the
boundary layer (umolcm™%),
{CO] is the concentration of carbon monoxide (gmol cm™3),
and b, is the mass transport coefficient of carbon monoxide through the boundary
layer (cm? sec™® g~ 1, ie., per g of tobacco) given by:
_ DA _ _ Do A(Nu) | ,
| by s I ) . @
where & is the thickness of the boundary layer (cm).
The value of & is equal to L/(Nu), where L is a characteristic length dlmenswn
(cm), e.g., strand thickness, and (Nu) is the Nusselt uumber17
Similarly, for carbon dioxide:

d(CO,),
dt 7 N
The values of [CO] and [CO,], adjacent to the surface depend on the kinetic

mechanism of the reaction at the surface. Under stationary or quasi-stationary
conditions, the kinetic rate is equal to the rate at which the reactant reaches the

= bsctcoz],—[coz],) o | G
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surface by diffusion. The unknown surface concentrations in eqns (1) and (3) can be
eliminated to give the following equations for the rates of formation of products:

d(CQO), nk;[S]
ar =k [S]+ —‘—“—3[ S]+b, (kz [S]+b5[CO.]) 4
Ad(CO,), _ _bs[s] B 4
U = [S1+bs (k2 —k3[CO, 1) | &)

where Ad(CO.,),/dt is the net production rate of carbon dioxide (umol sec™! g~ 1)*,
' equal to the total rate of carbon dioxide flowing out of the reaction zone less
the carbon dioxide flow in,
and k; is the rate constant of the reaction numbered “j
The mean bulk concentration of carbon d:ozude in the reaction zone, [CO,]J,
(umol cm™3) is given by:
1 _d(COz)E

[Coz]x =7

F dz ©

where d(CO,),/dr is the average micromolar flow of carbon dioxide inside the
reaction zone (zmol sec™!), equal to the mean of the mlcromolar flow of
carbon dioxide into and out of the reaction zone,

“and F is the mean total volumetric gas flow in the reaction zone (cm3 sec™ 1),

given by:
F:‘Fin;Fm.Tz (7)
(4]

wﬁe;e F,, and F_, are the gas flows into and out of thé reaction zone,
T is the temperature (K) of the reaction zone,
and T, is the ambient temperature at which £, and F . were mmsured-

Furthermote, variouls experimental and theoretlrzl studies'® have shown that
the mass transfer coefficient is proportional to the square root of the gas flow, i.c.

=h, JF ° o ®
where A, is a constant of proportionality.

Thus substituting eqns (6) and (8) into eqn (4), and the equivalent equauons for
carbon dioxide into eqn (5), gives:

d(CO), | nk;[S] hs d(Cdz)
= tals)+ 22 hsf{ 181+ 72 2 S8 0k ©
Ad(CO,), ks JF[S] {kz— ks d(CO,)!} (10

dt k3[S}+hs /F. F  at

*4d(CO,),/dt will be numerically negative if there is a net consumption of carbon dioxide. -



45

The observed variation of the carbon oxides net reaction rates with gas flow
(Figs. 5 and 6) can now be compared to the variation predicted by eqns (9) and (10),
for kinetic control and diffusion control of the reaction.

Kinetic control. Under Kkinetic control conditions, hsﬁ> k3[S] and

h5(d(CO,),Jan)[/F>k,[S]. Equations 9 and 10 reduce to:

ﬁ?z:=k,[s]+nk3[s].d_<$’23.l o an
t dt F _
Ad(CO,) d(CO,), 1 3
= k -_— e et 2
r 2[S1—k;1S] A———‘dt F , {12)

The mass transfer co=fficients do not appear in eqns (11) and (12), and the reaction
rates are controlled entirely by the kinetics of the reaction. Thus, if [S] 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),/dr against (d(COz)Jdt)/F is linear with a
positive gradient, and eqn (12) predicts that a plot of Ad(CO,),/dr against
(d(CO,),/dr)[F is Linear with a negative gradient. In fact, the above assumption
regarding [S] is not true above about 300°C for the largest flow-rates used, since the
minimum at 930°C in the plot in Fig. 5 for a furnace inlet flow of 8.33 cm? sec™?!
indicates that all the tobacco has been consumed. However, the assumption below
900°C should be valid, and the rate parameters are plotted according to eqns (11) and
(12) in Fig. 8, at temperatures between 600 and 900°C, the values being interpolated
from the data in Figs. 5 and 6. ;

The plots in Fig. 8 are exactly as predicted by eqns (11) and (12), except that at
temperatures above 850°C, the reaction rates (d(CO),/dr and Ad(CO,),/d?) at the
lowest flow-rates fall below the linear extrapolation of the higher flows 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 controlled 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 with egns (11)
and (12), indicating that the reaction is controlled by kinetic eff=cts.

Values of k4 [S] and 7 obtained from the gradients of the plots in Fig. 8 are given
in Table 5. Above 700°C the value of n is 2.1 +0.3, which is the stoichiometric value

in the reduction by carbon:

C+CO, - 2CO

The values of %;{S] in Table 5 are not those which would be obtained when
tobacco is pyrolysed in an inert atmosphere, because above about 600°C in an 11%
carbon dioxide atmosphere the reaction rate and hence the value of [S] is dominated
by the reduction of carbon dioxide (Fig. 4). This reduction only occurs to a relatively
small extent in an inert atmosphere, resulting in a different value for [S] and hence
k5 [S].

*This assumption is justified in Section 2.4.
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" Diffusion control. Under diffusion control condxuons, hs,/ <k3 {S] and
h,(d(COz)‘[dt)[\/f'<kz[S] Tbus eqns (9) and (10) reduoe to: ‘

_(_i_t‘l)z kl[s]+nk2[S] N R @
Ad(CO), 1 _ h.k, acoy,. 1

A — hg- S 2 | a4
i JF k5 a& F . : a9
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TABLE 5

RATE CONSTANT VALUES FOR THE OVERALL REDUCTION OF
CARBON DIOXIDE BY TOBACCO*

Temp. (°C) nk3 1S} (em® sec™1 g7 1) k31S] (em® sec™* g7 %) n

600 . 139 . 487 0.29
650 3.27 ‘ 3.20 C102
700 : 8.60 : 5.06 1.70
750 17.3 . 9.90 1.75
800 , 40.0 16.4 244
850 67.0 32.0 2.09
900 102 450 227

2 S+ CO,—> nCO, where S is tobacco substrate and n is a stoichiomeiric factor.

Equaticn (13) predicts that d(CO),/dt is dependent only on the rate constants,
ie., temperature. Equation 14 predicts that a plot of (Ad(COz),[dt)l\/F' against
(d(CO,)/dr)/F is linear with a negative gradient. Since Fig. 8 shows that d(CO),/dz is
linearly related to (d(CO.),/d?)/F, the prediction of eqn (13) is incorrect. Further-
more, when the results:are plotted according to eqn (14), the plots are distinctly non-
linear. Consequently, the predictions of both diffusion control equations are incorrect,
confirming that the reaction is controlled kinetically.

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 reported in the literature on the reaction between carbon* or coal and
carbon dioxide and the empirical characteristics cof the reaction kinetics are well
defined!®-'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’®-18-21 consists of the following reaction steps-

6. C+CO, == C(0).0,+CO

where C(O),d, reprosents an adsorbed oxygen atom on the carbonaceous surfaoe. ,
The effect of carbon monoxide on tobacco pyrolysis is discussed in the next
section:

1.7 The reacnon of tobacco with carbon monox:de
, ‘Since the sxmphﬁed tobacco[mrbon dioxide mechanism has been shown to be
kmetlwlly controlled and the effect of carbon monoxide is effechvely an inhibition of
that reaction, only kinetic control is considered in this section.
High-temperature region. A mechanism for the effect of carbon monoxide,
consistent with reactions 6 and 7 above is:

*Thearbonshavegewaﬂybeenﬁkdeﬁnedandposmblyconminmimpuﬁﬁ&
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1. S - CO
2 S - CO;
8 S — C(O),4s

6. C+CO,==C(0),s,+CO
7. C{O)us, — CO

The arount 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 by:

20D -t [51-k-s[CON00 K100 ()
where Ad(CO)/dt is equal to the total rate of carbon monoxide flowing out of the
reaction zone, less the carbon monoxide flow in
and 8, 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:

kg[Sl =k_s[COi0o+k260 | | (16)

Thus substituting the value of 8, from eqn (16) into eqn (15) gives:

Ad(CO) —6[CO]
HED) _ k. [s1+ a1 - k_G[CO]} an
Sxmilarly, the rate of formauon of carbon dxoxlde is given by.
d(Co0,) — k,[S]+ ks[S] ' a8)
dt 1+ ._kL 1
k_s[CO]

Thus, eqgns (17) and (18) predict that increasing the value of [CO] will decrease the
value of Ad(CO)/dt and increase the value of d(CO,)/dz. This prediction is observed
to occur in practice at temperatures above about 550°C (Flg. 7), thus supporting the
postulated mechanism.

Lou-temperature 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 2 proportion
of the mrbon dioxide is formed from an “activated” form of the reactant tobacco,
and that carbon monoxide can react with the “actxvated” form to givea product other
than carbon dxoxxde.

1. S — CO

2a. S - CO,

" 2b. S - S*
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2c. S* - CO,
9. S5*4+CO — product

Reaction 9 could be an adsorption process.

Thus, for a stationary concentration of the “activated ” reactant S#*, the reaction
rates are given by egns (19) and (20), which predict the observed effects of varying
[COlL

, _A_‘f_fi(t:_.ol=k‘[s]___.k_1kzt[§]_l_ ' (19)
"% Tco]
d(COoy) k2bk2c £S] | ' '
dt kza[S]+ ko + ko [COJ 20

1.8 Mechanism for the pyrolysis of tobacco in an inert atmosphere

A Kkinetic-controlled mechanism is considered first of all.

Low-temperature region. Using the mechanism developed in Section 1.7, and
including the decomposition of intermediates, the complete generalised mechanism in
the low-temperature region consists of reactions 1, 2a, 2b, 2c, and 9-14.

10. S—>1
11. I - mCO
12. 1 - gqCO,;
13. I — other product
14. T — removed from reaction zone by flow of inert gas
where 1 represents all the volatile or semi-volatile intermediates which can de-
compose homogeneously into carbon monoxide or carbon dioxide,
and m and g 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). '

dt 14 ko, . F . ku+k12+k13+F/M,
ko(d(CO)/d1)
A B
d(COz) _ k,.[S]+ Kapk2c[S] + qky0k12(S] @
dt k. 4 Ko d(CO)  Kurtkiztkiz+FIM
2c F— " ——
F dr

c D
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where F is the mean total volumetric gas flow in the reaction zone (cm®sec™?),
given by egn (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 [I1 F/M.

Since it is observed that variation of gas flow has only a secondary effect on
d(CO)/dt, at a given temperature the only significant variable on the right-hand side
of eqns (21) and (22) is F. As F increases, the values of 4 and B on the right-hand side
of egqn (21) decrease. It is observed (Table 4) that carbon monoxide in the low-
temperature region increases slightly with flow. Thus the value of A, which is negative
in eqn (21), is more sensitive to the value of F than B.

As F increases, the value of C in eqn (22) increases, while thst of D decreas&s
Since carbon dioxide formed in the low-temperature region is insensitive to flow
(Table 4), then the magnitudes of C and D must be approximately equal. -

High-temperature region. Using the mechanism devcloped in Section 1.7, and
including the decomposition of intermediates, the complete generalised mechanism in
the high-temperature region consists of reactions 1, 2, 6, 7, 8 and 10-14. As in
Section 1.7, the rate of the forward reaction 6 is considered to be kinetically in-
significant because of the relatively small amounts of carbon dioxide produced in the
high-temperature region. Thus, assuming stationary concentrations for the inter-
mediates I, the formation rates of the carbon oxides are given by:

AUCO) _ 1574k fs] {Lr—tceCCOWNFY ok, [5]

dt ky+k_o(d(CO)ADF} kytki+k 3 +FIM
E G
N 23)
dr Lt k.F kyy+kyia+ky3+FIM
k_s{d(CO)/dD) TR
" T

On the right-hand side of eqn (23), the value of the combined term E increases
as F increases, while the value of G decreases as F increases. Consequently, the
" observed small increase in carbon monoxide with fliow in the hlgh-temperaturc region
(Table 4) is due to E being more sensitive to flow.than G.

In eqn (24), the values of both H and J decrease with increasing F. Hence
d(CO,)/dr systematxcally decrases with increasing flow in the high-temperature region
(Table 4).

.-+ Consequently,- the observed effects of space velocnty on the formauon of the
carbon oxides from tobacco decomposition over the complete temperature range
studicd can be completely accounted for bya general kinetically controlled mechanism.
The mechanism is entirely consistent with the independently observed effects of
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conducting the pyrolysis in the presence of excess of either carbon dioxide or carbon
monoxide. It is, therefore, concluded that bulk phase diffusion plays no part in the
formation mechanism 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 temperature profiles when the tobacco is pyrolysed in helium, nitrogen,
or argon.

Further support for this conclusion is obtained by considering the predicted
implications of a diffusion-controlled mechanism. For the decomposition of tobacco
in an inert atmosphere, th=re is no reactant gas to diffuse 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 surface 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 surface. Product con-
centrations corresponding to the saturation concentrations are established at the
surface. The rate of accumulation of carbon monoxide in the bulk gas phase, for
example, is given by:

d(f;?)! b4([COLs—[CO],) = bs[CO], = hs \/F[CO. 5

since  [COL,>[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 diffusion-

controlled reaction is directly proportional to J F. This is not so at any temperature,
confirming that the reaction is not diffusion-controlled.

" An alternate type of mechanism to those discussed 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 raechanism have a flow dependence on
the reaction rates which is not observed.

PART 2. FACTORS AFFECTING THE PYROLYSIS OF TOBACCO IN AN ATMOSPHERE
. CONTAINING OXYGEN

Results
2.1 The effect of oxygen concentration in the pyrolysis atmosphere -

In this Section, the results obtained when tobacco was pyrolysed in an
atmosphere containing 0%, 9% and 21% v/v oxygen in nitrogen are compared. The
inlet flow of gas to the furnace was 3.33 cm3 sec™! in all cases. The mean heating
rates were 1.9, 2.1 and 2.6 K sec™ %, mpectxvely, at each oxygen concentration, due
to the exothermicity of the combustion.

The consumption of oxygen as a function of temperature is illustrated in Fig. 9.
A measurable consumption of oxygen occurs at temperatures as low as 200°C. When
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Fig. 9. Effect of oxygea concentration on the consumption of oxygen by tobacco combustion.
x , Initial {O;] =9% v/v in nitrogen; @, initial {[0;]1 = 21% v/v in nitrogen.

the pyrolysic atmosphere initially contains 9% v/v oxygen, the oxygen is completely
consumed at 460°C. However, when the initial oxygen concentration is 21% v/v, it is
never completely consumed, and reaches a minimum mass flow of 0.3-0.4 gmol sec™!
over the temperature range 500 to 840°C. Above this temperature, the oxygen flow
increases due to the consumption of tobacco. The negative gradient of the plot
between 950 and 1000°C is due to the subsiding of the exothcrmlc combustmn
reactions, as discussed previouslyS. .

The effect that the oxygen conccntratmn in the pyrolysns atmosphere has on the
formation of methane, for example, is shown in Fig. 10. The total amounts of
products formed up to 950°C are given in Table 6.

- The rates of formation of both oxides of carbon are extremely sensitive to
oxygen concentration, especially above about 400°C, where the combustion reactions
are dominant. The observed trends have been discussed previouslyS. .~

Increasing the oxygen.concentration decreases the total quantity of both
hydrogen and methane formed, but extends the temperature range over which they
are produced (Fig. 10). The hydrogen concentration is not reduced to zero in the
presence of oxygen, because the explosion limits-will - be- inhibited by.the small
amounts of hydrocarbons prmsentzz The eﬁ'ect on propane and propene productxon is
more complex (Table 6). - L
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Fig. 10. Effect of oxygen concentration in pyrolysis atmosphere on formation of methane from
iobaeco pyrolysis. 8, Initial [O;] =05 <, initiai [O;] = 9% v/v in aitrogen; @, initial [0;] =212, v/v
in nitrogen.

2.2. The effect of homogeneous oxidation of intermediate products

The experiments described in Section 1.1 were repeated, with the tobacco
pyrolysed in 9% v/v oxygen in nitrogen. The results obtained for hydrogen, for
example, are shown in Fig. 11. The total quantities of products formed are summarised
in Table 7. The results are expressed in the experimental units per 0.25 g of tobacco,
rather than adjusting them to per gram. This is because the quantities of oxygen used
were sufficient to consume the whole of the 0.25 g sample of tobacco used whereas

these same quantities would not completely consume 1 g of tobacco (e.g., Fig. 9). -
The general trends for methane and propane are the same under both inert and
oxidation conditions (Tables 1 and 7)—both have some secondary formation from
an intermediate which is not oxidised. However, for the other gases, oxidation in the
gas phase is occurring: when the tobacco is placed at the furnace inlet, 8% more
oxygen is consumed than at the exit position (Table 7). In the high-temperature region,
where oxidation is dominant, the total carbon dioxide produced increases, while the
total carbon monoxide decreases, as the residence time of the gases in the furnace
increases. Clwly, the effect of the homog.:neous combustion of carbon monoxide is
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TABLE 6

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

Initial conc. Temp. range Quantity of individual gases produced (pumol g~ *)
of oxygerz in (°C)
p}'fa’}"if gas Hz CH‘ Csz C;H. C;HG CcOo CO; AOz
(% v/v) o (oxygen
: consumed)
o* Low (20400) 236 178 540 2,556
High (400-950) 102 275 1,567 852
Total (20-950) 2660 691 1256 453 466 2,107 3408 —
9= Low (20-400) 353 168 522 2,496 619
High (400-950) 82.8 252 5,081 2,748 4,118
Total (20-950) 2,000 600 118 420  29.7 5,603 5,244 4,737
21° Low (20-400) 234 782 3,110 1,274
High (400-950) 321 5,185¢ 5,665 7,212
Total (20-950) 1,810 535 f 555 444 5,967 8,775 8.486

» 1.0 g of tobacco, pyrolysed in oxygen-nitrogen mixture, inlet flow into furnace =3.33 cm? sec™ .
® Mean tobacco heating rate=1.9 K sec—!. € Mean tobacco heating rate=2.1 K sec™!. ¢ Mean
tobacco heating rat= =2.6 K sec~ 1. ® The total quantity of gases figure is obtained from the area
undermneath the formation rateftime curve. The tobacco heating rate in 21% oxygen is greater than
that in 9% oxygen. Consequently, the total amount of carbon monoxide formed between 400-950°C
in 21% oxygen is only 2% higher than that formed in 9% oxygen, even though the formation rate of
carbon monoxide is higher in 21% oxygen. © Figures not available: interference to mass spectro-
metric peak.

TABLE 7

EFFECT OF POSITION OF TOBACCO IN FURNACE ON TOTAL QUANTIT[ES
OF GASES PRODUCED BY PYROLYSIS IN 9% v/v OXYGEN/91% v/v NITROGEN®

Position of - Temp. range Quantity of individual gases produced (umol per 025 g)
tobacco in co , — - -
fnrnace Hz CH‘ C3H6 C;H. C;Hg CO CO; . AO;
. : - - - (oxygenm -
consumed)
Infet . = Low (20-450) L . . 169 948
.. .High (450-900) P . 957 2,100
Total (20-900) ~ 211 156 * 167 s 1,126 3,048 3,730
Exit .. Low . (20~450) - . . o S . 148..--.830
. High (450-900) e L165 1940 =
Totzl (20-500) 352 143 * 146 * - 1,313 2,770 3,464

»0.25 g of tobacco; inlet flow into furnace = 3.33an’sec"‘ mmn tobacco h&ung rate = 2.1 K
sec™ *. ® Formation profiles too ill defined for meaningful integration.
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Fig. 11. Effect of varying the residence time of tobacco-pyrolysis products in the furnace on hydrogen
formation: tobacco pyrolysed in 9% v/fv oxygen in nitrogen. X, Tobacco at furnace inlet; ®, tobacco
at furpnace outlet. ’

TABLE 8

PROPORTION (%) OF PRODUCTS FORMED BY HOMOGENEOUS REACTION
OF INTERMEDIATE AND FINAL PRODUCTS IN AN OXIDATION
ENVIRONMENT

" Temp. range Net proportion of product formed, due to homogeneous reaction of
cO) intermediate and final products in an oxidation environmemt®
H. CH. CsHs co- CO.  AO:
. . (oxyger
Low (20-450) , 6.6 6.6
High (450-900) —98 40
Total (20-900) —25% . 44 67 —13 a8 . 3.3
) Qiatet— Qeast
* Proportion = T 100 (see footnote to Table 2).

where Qa1 = quantity of gascs produced with tobacco at inlet position (Table 7); Qex = quantity
ofgases produced with tobacco at exit position (Table 7); and Q =mean of Qarer a0d Qexge- :
® Negative quantities indicate that the product has a netconsumption due to homogenous reaction. -
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greatier than the decomposition of intermediates to the carbon oxides. Homogeneous
combustion of hydrogen is particularly noticeable (Fig. 11 and Table 7).

At temperatures up to 380°C, the formation rate of carbon dioxide is indepen-
dent of position in 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 exiremely fast.

. 60%
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Bl nd s el At gl gl -

o . - 800 ) 1000
MEAN TOBACCO TEMPERATURE (°C ) )

Fig. 12. Effect of gas flow into furnace on resultant flow of oxygen when tobacco is pyrofysed in
9% vjv oxygen in nitrog=n. Flow of gas mixture into furnace (cm® sec™ ) 4, 1.67; [, 3.33; @, 8.33;
x,167.. - . - - o . - . e . B PSR
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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 from hydrogen, these proportions are small (]&ss than 10%), and their value is
determined by the relative proportions of:

(a) formation via homogeneous decomposition of volatile or semi-volatile

intermediates,

(b) homogeneous oxidation of the intermediates,
and (c) homogeneous oxidation of the product.

2.3 The effect of space velocity under oxidation conditions
Figures 12 and 13 and Table 9 illustrate the effect of increasing the flow-rate

of a 9% v|v oxygen-91% v/v nitrogen gas mixture into the furnace from 1.67 to

16.7 cm> sec™ 1.

In contrast to the situation in an inert atmosphere (Section 1.3), space veiocity
has a very pronounced cffect 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 furnace is increased from 1.67 to 16.7 cm3

80t

N "} » ] o ~
o -] -] o o -]

NEY RATE OF PRODUGTION OF CARGON DIOXIOE Cumol 8! g 1)
]
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o . 200 400 600 2800 1000
IIEAN TOBACCO TEHPERATURE (eC)

Fig. 13. Effect of gas ﬂow-raxe on producuon of carbon dxox:de from tobacoo pyrolysis in 9% vfv
oxygen in nitrogen. Flow of gas mixture into furnace (cm? sec—!):A, 1.67; 1, 3.33;®, 8.33; x, 16.7.
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sec™ ! (see footnote to Table 9). Thus a small proportion of the increase in formation
ratc with space velocity in Fig. 13, for example, is due to the increased iobacco heating
rate*. However, by far the major effect is due dn’ectly to the variation in flow veloc:ty
itself.

-

TABLE 9

EFFECT OF GAS FLOW VELOCITY ON TOTAL GASES PRODUCED FROM
PYROLYSIS OF TOBACCO IN 9% vjv OXYGEN/91% v/v NITROGEN®

Gas flow-rate Temp. range Quantity of individual gases produced (umol g —*)
into furnace (*C) .
(cn® sec™1) H, CH, C:H; CsHy C,H, CO CO-» AQs
- : (oxygen
consumed)
1.67® Low (20-450) 10f 110° : 530 2,467
" High (450-950) 538 228 3,638 1,201
Total (20-950) 1,790 620 68. 338 28 ° 4,168 3,668 2,340
333 Low (20-450) 35.3¢ 168° 607 2,929
High (450-950) 828 252 4,996 2315
Total (20-950) 2000 €00 118 420 30 - 5,603 5,244 4,740
8.33¢ Low (20-450) 641 3,152
High (450-950) 4,557 4,860
Total (20-950) 1,700 530 = 550 298 5,198 8,012 7,480
167 Low (20-450) - 652 3,370
) High (450-950) 5.286 8,278
Total (20-950) 1,812 6Q5 s 759 41 59383 11,648 11,690

* 1.0 g of tobacco.

® Mean tobacco heating rate =2.0 K sec™ 1.

€ Mean tobacco beating rate=2.1 K sec™!. thcdxﬂ'erenoesarecausedbythecxothexmmtyofthc
¢ Mean tobacco heating rate = 2.4 K sec—*. [ combustion

¢ Mean tobacco heating rate =27 K sec—1.
‘20!0400‘Ctunpcxamrcnnsc.'metavaﬂabk-mwfcmcemmasspmmncpak.
b 1ll-defined profiles.

The oxygen is totally consumed above about 460°C when its input flow
<3.33 cm?® sec™! (Fig. 12). When its input flow > 8.33 cm? sec™ %, the mass flow of
oxygen out of the reaction zone starts to increase at temperatures above 500-600°C,
due to consumption of tobacco. Clearly, above 460°C the combustion reaction is
controlled by the bulk flow of oxygen into the reaction zone. Further consideration
of these results in the next section shows that above about 400°C the reaction rate is
limited by the diffusion of oxygen to the surface of tobacco, and that below 400°C
both mass transfer and kinetic effects are important in determining the overall reaction
*Using previous data$, in which the tobacco heating rate was systematically varied, it is estimated

thazthccarbonmomnneandwbondmdcformanonramwou!dmmbyamnmumof
S%duetoh&nngeﬂ‘m,asmeﬂowmmmmefnmwcsmauscdrmml 67w 16.7 cm> sec—
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Discus'sian

2.4 Consumptwn of oxygen: kmetzc and di ﬂ’uswn effects

In the present discussion, homogeneous oxidation of mtermedxaxe products is

ignored, since the results in Table 8 suggest that the effect is kinetically negligible. A
generalised reaction scheme for the major products of the combustion (carbon
monoxide and carbon dioxidc) is given below: :

I. S . = (CO),
2.. 8 - (CO,),
15. S+(0y), - (CO),
16. S+(0,), =+ (CO,),
17. @), =0
4. (CO), =(CO),

5. (CO,), =(COy),

The numbering of reaction steps follows in sequence from that used earlier in the
paper. Reactions 1 and 2 are tobacco decomposition reactions; reactions 15 and 16
represent generalised reactions of oxygen at the tobacco surface; while steps 17, 4 and
5 represent diffusion processes between the bulk gas phase and the tobacco surface.

124

Caumol 8°1)

o " s00 200 300 400 [1.7
MEAN TOBACCO TEMPERATURE (2C)

Fig. 14, Rate of consumption of oxygen as a function of tobacco mas,\when tobacco is pyroljrsed in
9% vfv oxygen-91% vfv nitrogen. % 1 g tobaooo ccntre offuma.cc,@, 0.25 g tobacco, fnrnacc inlet;
D, 0.25 g tobacco, furnace cxit. ;
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The results in Fig. 14 show that the rate of consumption of oxygen, when
tobacco is pyrolysed in 9% v/v oxygen in nitrogen at 2.1 K sec™ !, is independent of
the mass of tobacco being pyrolysed (0.25-1.0 g), up to 500°C. The data points in
Fig. 14 are not extended beyond 500°C because of the excessive consumption of
reactant above this temperature for 0.25 g tobacco. Consequently, [S] is relatively
large and independent of the guantity of tobacco consumed, so that reaction steps 15
and 16 can be treated as pseudo first-order reactions.

Under stationary or quasi-stationary conditions, the consumpuon of oxygcn at
the surface is equal to the rate at whxch oxygen diffuses to the surface:
Ad(O,)

di = (kx 5 [S] +ky¢ [S]) [Oz]s i 7 (26)

= b;7([021,—[0:1) . @
where b, is the mass transfer coefficient of step 17, given by cquatioris analagous to
2qn (2) in Section 1.6.
Substmmno the value of [O,), obtained by equating expressmns (26) and (27)
into expressxon (26), gives:

Ad(O;) _ kby,
dt k+b,.,[ 2k

(28)

where k= (kys+k16)IS] | | 29

The bulk concentration of oxygen in the reaction zone, [O,], (zmol cm™3), is
given by:

D

where @ is the mean total molar flow of oxygen inside the reaction zone (umol sec™ 1)
and Fis the mean total volumetric gas flow in the reaction zone (cm? s~ ), given
by eqn (7).

The mass transfer coefficient is given by'®:

byy=hy/F , | @D
where - A, 4 is a constant of proportionality.
Thus subsntut:mg eqns (30) and (31) into egn (28), followed by re-a.rrangement, ng&s-

;—=m—_+m, | R 3

where R is equal to Ad(O,)/dz.
Data interpolated from Fig. 12 arc plotted according to eqn (32) in F'g. 15. The
-error bars are calculated using the 95% confidence limits of the observed d(0,)/d¢
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Fig 15. Pyrolysis of tobacco in 9% v/jv oxygen-91% vfv nitrogen: consumption-of-oxygen kinetics

TABLE 10

VALUES OF RATE CONSTANT (k) AND OXYGEN TRANSFER COEFFICIENT
(A47) FOR TOBACCO COMBUSTION

Temp. K f

cCc) - “(emPsec=g~Y) (cm®!2 sec— 32 g—1)
250 . 1.56 3.20

300 6.86 ~ 3.80

350 36.0 5.00

375 - 78.6 5.50

400 ® 5.30

450 © 7.16

500 ' ® 8.26

* k= (kys+ky6)IS]
15. S+(03),— (CO),
16. S+(02),— (CO2.),

® Using the error bars in Fig. 15, thc minimum posm"blc value of k at 400°C is 353 cm’ sec— gt
A value of «© forkmdmusthatthechcmxmlconsmnpuonofoxygensmﬁmtdyfastcompamdm

the diffusion rate of oxygen.
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and volumetric flow values. The plots for 450 and 500°C do not include the data points
corresponding to inlet flows of 1.67 and 3.33 cm® sec™?, since the input oxygen is
totally consumed under these conditions (Fig. 12). Plots 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 [S] is large and independent of the
quantity of tobacco consumed.

Figure 15 shows that at temperatur& above 400°C, the gradients of the plots
are zero, indicating that & is infinitely large (eqn (32)). Thus, under these conditions
the reaction rate is completely controlled by the bulk phase diffusion of oxygen.
Values of A, , and &, obtained from the gradient and intercept of the plots in Fig. 15,
are given in Table 10. The variation of k with temperature 7(K) fits an Arrhenius
equation, with an activation energy of 21.4 kcal mol ™! and a pre-exponentiai A factor
of 1.49x10° cm® sec™! g~ 1. The variation of #,; with temperature 7(K) fits the
equation:

hy7=6.64x10"7T24S D (33)

Theoretically’ 6, the value of A should be directly proportional to 7°-°. 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 would suggest. A similar result has been obtained previously, by
measuring the diffusion of methane through a tobacco bed by gas chromatography?3,
where it was found that the tortuosity factor for methane diffusion through a tobacco
bed was proportional to 7°°°. The extra-temperature dependence probably reflects
the continuously changmg physuzl condition of the tobacco with temperature, such
as the accessibility of an inner porous structure.

IMPLICATIONS IN A BURNING CIGARETIE

The results presented in Part 2 mdla:te thut at temperatmes above. 400°C the
rate of combustion of tobacco is controlled by the rate of mass transfer of oxygen tothe
reaction surface. Consequently in the cigarette combustion coal the actual chemical
reactions occurring are of secondary importance, the rate of supply of oxygen being
the dominant factor in determining the combustion rate and heat generation. Thus
cigarettes containing different types of tobacco all have the oxygen concentratxons
inside their coals reduced to values close to zero, and all bave. broadly similar
temperature distributions. Fnrthermore, a mmphﬁed mathematical  expression
derived assuming that the diffusion of oxygen is the rate-controlling step in tobacco
combustion in a cigarette coal can suooessfully predlct the general shape of the com-
bustion coal?%. '

-In contrast, the results presented in Part 1 show that the rate of thermal
decomposition of tobacco to gaseous products is controlled by the chemical processes
mvolved. Thus, in the region. mmedrately behind .the coal, where a large proportxon

of the products whlch enter the mainstream smoke are formed, the ehermstry 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 coal wiil depend on the chemical composition -
of the substrate. Thus, together with the differing thermal properties of the tobacco,

the temperature gradient behind the coal should depend on the nature of the

tobacco.
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