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Motivation
Tobacco smoke is a complex mixture of more than 6000 compounds. It consists of gases such as carbon monoxide, volatiles, semi volatiles and liquid particles like formaldehyde and

nicotine, and solid non-volatile organics distilled into the smoke, typically long chain hydrocarbons, for example, organic carbon. The size of cigarette smoke particles is around 300 nm

volume median diameter (VMD) (σg=1.45) and concentration is in the order of 1011 particles per puff for fresh mainstream smoke (MS). Mainstream tobacco smoke is subject to rapid

changes by coagulation, hygroscopic growth, condensation and evaporation, and deposition losses as it transits from the filter to the lung. Thus, the density of the particulate phase post-

formation can change and alter its mass and mobility. The density and mobility of an aerosol particle are important physical properties for:

•Predicting particle transport in air;

•Modelling particle deposition in the respiratory tract;

•Determining other characteristics, such as particle morphology

The objective of this study was therefore to measure the effective density of cigarette smoke particles

Experimental Set-up
The experimental set-up is shown in Figure 1. The cigarette smoke (3R4F, Kentucky reference cigarette, 9.4 mg ISO tar) was generated using ISO 3308:2012 smoking parameters on a

smoking carousel and collected in a Tedlar ® bag. A Differential Mobility Analyzer (DMA) was used to size select the aerosol based on electrical mobility. This size-selected aerosol was

further classified by mass-to-charge ratio using a Centrifugal Particle Mass Analyzer (CPMA). The CPMA mass-to-charge setpoint was controlled by changing its rotational speed and

potential voltage, thus scanning over the mass of the size-selected smoke particles. The concentration of the CPMA classified particles was measured using a Condensation Particle

Counter (CPC) with the peak concentration corresponding to the average mass of the size-selected aerosol. Using the measured particle mass and the mobility-size setpoint of the DMA, the

effective density of the smoke particles was determined. Another CPC was used upstream of the CPMA to account for the decrease in the unclassified particle concentration over time.

Conclusions
From these results the following conclusions can be made:

• The particles are spheres as the effective density is independent of particle size, even with coagulation present.

• The fresh smoke particles have a volatile component as the effective density increases with time and the coagulation model, which assumes conservation of mass, over predicts the CMD

of the mobility-size distribution.

References :
•ISO 3308:2012 Routine analytical cigarette-smoking machine -- Definitions and standard conditions
•Lipowicz, P. J. (1988). Determination of cigarette smoke particle density from mass and mobility measurements in a Millikan cell, Journal of Aerosol Science, 19, 587–589.
•McAughey, J. et al. (2009). Real-time aerosol and chemical measurement of tobacco smoke, Cambridge Particle Meeting, 
•Johnson, T.J. et al. (2013). Steady-state mass-mobility measurements of cigarette smoke using a CPMA, European Aerosol Conference, Prague

Figure 1: Experimental layout of the DMA-CPC-CPMA-CPC system 
used to complete steady-state mass-mobility measurements

Figure 2: Effective density of un-aged (initial scan of each Tedlar ® bag) 
cigarette (3R4F) smoke determined using the DMA-CPC-CPMA-CPC system.

Figure 3: Effects of particle aging (t) an initial particle concentration (NI) 
on the effective density of cigarette (3R4F) smoke.

Figure 4: Comparison of particle  concentration (N) and count median diameter (CMD) measured with a 
SMPS (exp) against models considering only losses from coagulation (cog), diffusion (dif) or settling (set). 
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(kg/m3)
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Millikan 

cell

mass & 

mobility

Lipowicz, 

1988

1R3F

(Reference)

1120 ±±±± 20 Steady state

> 1 µµµµm

DMA &

ELPI

mobility & 

aero. diameter

McAughey 

et al., 2009

3R4F

(Reference)

900 - 4300 Poor mass 

precision

ELPI &

DMS

MMD &

VMD

690 – 830

DMS &

Gravimetric

Puff by Puff

Volume & 

mass

850

DMA & 

CPMA

Mobility & 

mass

Johnson 

et al. , 2013

3R4F

(Reference)

1190 ±±±± 140 Steady state

Table 1: Effective density measurements 
in the literature

Results
Table 1 summarizes previous cigarette smoke density measurement studies. DMA – CPMA configuration allows determination of effective density of aged as well as fresh cigarette smoke.

Figure 2 shows that the effective density is constant across the mobility-size range with an average of 1187±140 kg/m3, which agrees within error to 1120±20 kg/m3 determined by Lipowicz

(1988) using a Millikan cell for diameters > 1µm with a 1000 times dilution and holding time of 1 hr. Figure 3 shows that the effective density increases as the smoke particles age (t) and

decreases with increasing initial particle concentrations (NI) in the Tedlar ® bag. Possible explanations for these trends are:

• Over time the lighter components of the particles could be evaporating causing the effective density to increase;

• As the initial particle concentration increases the total amount of volatile components evaporating could be increasing, thus achieving the equilibrium vapour pressure faster and causing a

greater portion of the volatile components to remain on the particles.

Figure 4 supports these theories by comparing sequential mobility-size distributions, measured using a Scanning Mobility Particle Sizer (SMPS), of a Tedlar ® bag against losses models.

• It was found losses from settling (set) or diffusion (dif) were negligible and that the coagulation (cog) model follows the same trend as the SMPS measured particle concentration.

• The coagulation model, which assumes the conservation of mass, overestimates the count median diameter of the particle mobility-size distribution compared to the SMPS measurements

and this discrepancy becomes larger with particle aging time, supporting the theory of evaporation.
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