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Abstract
The characteristics of small-ions and aerosols in the diameter range 0.4 nm to 1.1 µm, produced
during burning of paraffin wax tea-light candles, were investigated using a custom-built
aspiration condenser ion mobility spectrometer (ACIMS) and a sequential mobility particle sizer
and counter (SMPS+C) system. Peaks in the number concentration were observed at diameters 10
- 30 nm and 100 - 300 nm, consistent with ‘normal’ and ‘sooting’ burn modes. In addition, a
smaller mode in the size range 2.5 - 9 nm was observed, interpreted as a soot-precursor species.
When a fan was placed behind the burning candle a ‘modified small-ion’ signal was seen at sizes
1.1 - 2.0 nm. This was not observed without the fan present or when a lamp chimney was used.
During burning, aerosol concentration was elevated and small-ion counts were low. However
after extinction of the flame, this trend was reversed and the number of small-ions increased to
levels higher than those observed prior to burning, remaining so for several hours.
Introduction
There has been much concern over the role of ultrafine particles (UFPs) and nano-aerosols in
promoting adverse human respiratory and cardiovascular health effects upon inhalation (Seaton et
al., 1995; Donaldson et al., 1998; Lighty et al., 2000; Oberdörster, 2005; Maynard and Kuempel,
2005). It is well established that combustion sources produce large amounts of UFP matter. An
important mechanism for causation of health problems by UFPs is pulmonary inflammation via
oxidative stress (Donaldson et al., 1998; Li et al., 2003). Particles in the UFP size range are more
likely to penetrate deeper into the lung, where this mechanism acts (ICRP, 1994). The proposed
dominant metric for determining the magnitude of the effect is total particulate surface area
(Stoeger et al., 2006; Brown et al., 2001). UFPs have a larger specific surface area (surface area
per unit mass) than their larger counterparts, resulting in a greater dose per unit particulate mass.
Oberdörster (2000) exposed rats to 50 µg m-3 polytetrafluoroethylene (PTFE) via inhalation and
found that larger, older PTFE particles (median diameter 132.4 nm) produced lower toxicity and
fatality rates than those from smaller particles (median diameter 20.3 nm). Similarly, Brown et al.
(2001) observed size dependency on the inflammatory effects of inhalation of polystyrene.

Several studies have demonstrated the existence of a very small species (< 10 nm) produced
under various combustion conditions, including open flames and combustion engines, using
different measurement methods (Grotheer et al., 2004; Sgro et al., 2003; Cecere et al., 2002;
Apicella et al., 2002; Shi et al, 2001; Dobbins et al., 1998). The properties of this ‘soot precursor’
species are distinct from those of soot (> 10 nm) and they have been detected in flames
independently of soot formation (Grotheer et al., 2004). Most importantly from a health
perspective, their coagulation coefficients may be several orders of magnitude below those of
soot and that expected from the gas kinetic limit for their size (D'Alessio et al., 2005), with a
correspondingly longer lifetime and increased likelihood of emission from combustion systems
into the atmosphere. Indeed, Shi et al. (2001) have observed a significant number of particles of
size < 10 nm both 4 m upwind and more than 25 m downwind of a major road in Birmingham,
U.K. They also modelled the coagulation of these particles and showed that the particle number
concentration of 3 - 9 nm particles may decrease by only 25% after 20 minutes, using observed
data as input parameters for their model. These particles are also partially water-soluble (Sgro et
al., 2003; Cecere et al., 2002). Upon inhalation, particles of this size become increasingly likely
to deposit in the extrathoracic region and not to penetrate into the lung. However recent work
suggests there may be an extrapulmonary mechanism by which particles deposited in this region
may pass directly into the central nervous system via the olfactory bulb, circumventing the bloodbrain barrier and causing attendant health effects (Oberdörster, 2004).
Indoor combustion sources may contribute significantly to health effects. Previous work has
investigated emissions from cooking (Li et al., 1993; Raiyani et al., 1993), domestic heating
(Burtscher et al., 1986; Oanh et al., 1999; Przybilla et al., 2002), tobacco smoke, natural gas,
propane and candle flames (Huynh et al., 1991; Li and Hopke, 1993; Murr et al., 2004) and
incense and mosquito coil smoke (Huynh et al., 1991; Li and Hopke, 1993; Mannix at al., 1996).
Smouldering sources such as sidestream tobacco smoke and incense burning produce particles in
the size range 100 - 700 nm, with a peak at 200 - 300 nm, whereas particles produced in flames
are smaller, in the range 10 - 100 nm with a peak around 30 - 40 nm (Karasev et al., 2004; Li and
Hopke, 1993; Mulholland and Ohlemiller, 1982). Several case studies have investigated the
contributions to indoor submicron and ultrafine particles from various sources. Abt et al. (2000)
identified cooking as the primary indoor source of particles of size 20 - 500 nm in urban Boston,
and Matson (2005) concluded that for residential buildings in rural and urban Scandinavia, peak
indoor particle concentrations were associated mainly with indoor sources rather than transport of
particles inside from outdoors, making direct reference to cooking and candle burning.
Ion emission from flames has been observed and utilised in several early experiments
investigating atmospheric electrical properties, for example in the measurements of atmospheric
potential gradient by Volta in the late 18th Century and Kelvin in the mid-19th Century. Later,
McClelland (1898) undertook studies of the electrical properties of ions produced in flames.
Zeleny (1900) enhanced the coaxial condenser system initially used by McClelland for his work
on ions produced in gases by X-rays. Further details of these and other early studies can be found
in a review on the history of electrical aerosol measurements by Flagan (1998). Several reviews
of the literature on ionisation in flames and its measurement have been produced, see for example
Fialkov (1997). Charge production in combustion is thought to proceed mainly by chemiionisation and in hydrocarbon flames is bipolar in nature. It is predicted that charged particles are
more likely than their uncharged counterparts to deposit in the lung due to image charge effects
(Cohen et al., 1998). Increased deposition of a population of singly-charged particles over those

at room temperature equilibrium charge (charge-neutralised) distribution was observed by Cohen
et al. (1998) for 20 nm and 125 nm particles (ratio of deposition efficiencies 3.4 ± 0.3 and 2.3 ±
0.3 respectively). Thus, should a person be present in a room with a continuous source of charged
aerosols (where any increased rate of removal of particles due to additional charge is balanced or
outweighed by particle production), a higher dose may be received not only because of any
increased concentration but additionally due to increased charge. Burtscher et al. (1986)
concluded that the charge distribution depends strongly on the combustion material and can
remain highly charged compared to the room temperature equilibrium for a considerable time.
Candles are unlikely to be the primary source of combustion aerosols in most households but for
those in which candle burning takes place they may account for a significant proportion of indoor
aerosol concentration. In addition, candle burning may be used as a cheap standard source of
polydisperse aerosols in the UFP size range which is broadly representative of hydrocarbon
laminar diffusion flames and for these reasons it is important to have knowledge of the
characteristics of these particles. Li and Hopke (1993) observed a geometric mean particle
diameter of 37 nm for particles produced during candle burning. Fine et al. (1999) conducted a
study of the size distribution and chemical composition of combustion products from paraffin and
beeswax candles and observed two burning modes, a 'normal' mode with a peak in concentration
at 50 nm, and a 'sooting' mode with additional particle production at larger diameters leading to a
bimodal size distribution. However, these studies reported only sizes down to 10 nm. Reported
aerosol concentrations due to candle burning in the literature vary, probably by virtue of differing
experimental conditions. For example, Matson (2005) found that UFP concentration increased
from under 3,000 particles cm-3 to a peak of 15,000 particles cm-3 for one candle burning event in
a residential building whereas Afshari et al. (2005) obtained a maximum concentration of
241,000 particles cm-3 for candles burning in a small enclosed chamber. Previous work has also
investigated burning of candles of different composition, for example soybean oil (Rezaei et al.,
2002) and citronella candles (LaRosa et al., 2002).
This work investigates the size distributions and number concentrations of small-ions and nanoaerosols, in the size range 0.4 nm to 1.1 µm, produced during candle burning. It is, to our
knowledge, the first such work to examine particle production from candle flames to such small
sizes, and to detect particles in the soot precursor size range from such a source.
Materials and methods
Small-ion and nano-aerosol mobility spectra in the diameter range 0.4 nm to around 15 nm were
obtained using a custom-built aspiration condenser ion mobility spectrometer (ACIMS),
described by Fews et al. (2005), which is based on the ventilated cylindrical capacitor designs of
Zeleny (1900) and Gerdien (1905) . In the present paper, the distinction between small-ions and
nano-aerosols is defined by mobility, with those particles of mobility greater than 5 x 10-5 m2 V-1
s-1 (smaller than ~ 1.8 nm) classified as small-ions and particles of lesser mobility (larger size)
classified as nano-aerosols. The ACIMS detects charged particles of different mobilities by
drawing air at a fixed flow rate through a cylindrical capacitor. The voltage across the capacitor is
cycled stepwise from 0 V to ± 1000 V, such that ions of a given mobility and polarity move in the
electric field and are deposited on the inner electrode, where a Keithley 6514 electrometer
measures the ion current at each voltage step. Each cycle takes approximately 15 minutes. Raw
data from these voltage scans are then deconvolved using a method of maximum entropy (Fews

et al., 2005) to obtain the mobility spectra. Data from several cycles can be combined prior to
analysis to reduce noise, making the deconvolution process more accurate. The mobility limits of
the ACIMS (5 x 10-4 to 2.5 x 10-7 m2 V-1 s-1) are determined by its geometry, air flow rate and the
maximum and minimum applied voltages.
Aerosol size distributions in the range 10 nm to 1.1 µm were determined using a sequential
mobility particle sizer and counter (SMPS+C) from Grimm Aerosol Technik comprised of a
differential mobility analyser (DMA) and condensation particle counter (CPC). Air is drawn first
through a neutraliser (Am-241) to provide a known charge distribution, then through the DMA to
select particles of a given mobility range. The CPC then counts the number of particles in each
mobility bin and software is used to extract a size distribution from the raw mobility data.
The two measurement devices differ in several important ways. The ACIMS uses an electrometer
to detect the current flow from particles deposited on its central electrode and thus measures only
the charged fraction of particles, whereas the SMPS+C, used with a neutraliser, measures total
particle concentrations. The obtained ACIMS mobility data is related to the size distribution by
making the assumption that, for the diameters in question, all the particles measured are singlycharged. No neutraliser is used in the ACIMS, so if a higher proportion of particles are charged,
more will be detected. The Keithley 6514 electrometer has a current detection limit of 10-17 A,
which in conjunction with the ACIMS geometry and flow rates results in a theoretical lower
detection limit of 1.5 x 104 ions m-3, although in practice successful resolution of such a small
signal would not be achieved. The CPC used in the SMPS+C system has a resolution of 2 x 105
particles m-3 and for particles of diameter > 10 nm has ~ 100% counting efficiency.
Mobility, mass and diameter are evaluated by application of Chapman-Enskog kinetic theory
(Chapman and Cowling, 1970) which includes the effects of direct coulomb interaction, image
charge interaction and a Lennard-Jones interatomic potential (Fews, 2001, following Tammet,
1995). The parameters within this model were chosen by fitting to experimental data. Particles
are assumed to be spherical with a density of 1240 kg m-3. The masses and diameters thus
obtained are consistent with expected values (Chapman and Cowling, 1970).
Experimental work was carried out in a room of approximate volume 54 m3, where draughts were
minimised but which was not environmentally enclosed, located in central Bristol, U.K. The air
exchange rate of the room was not determined. Unscented petroleum wax based 'tea-light' candles
were used throughout the study. Candles were located at a distance of 1.8 m from the
measurement devices. Beginning in the mid-morning, several hours of measurements were taken,
in order to establish a background ion/aerosol size distribution, before lighting the candle in the
early afternoon. The candle remained lit for a further period of around 3 h before being
extinguished by first blowing out the flame then pinching the smouldering wick with wet fingers.
Measurements were then taken overnight to determine the 'recovery' timescale and ion/aerosol
profiles. Six runs were completed in total, for two of which the SMPS+C system was not
available. On three occasions, a fan was placed behind the burning candle with the intention of
reducing the travel time to the measurement apparatus. To investigate the effects of the fan on the
flame itself and on the transport of the combustion products, separate runs using the ACIMS were
completed with the candle flame shielded from the direct effect of the fan by a lamp chimney,
and secondly with the fan pointing in a direction away from the measurement instrumentation.

Measurements were taken overnight without lighting candles as a means of a control and size
distribution in the range 10 nm to 1.1 µm was obtained on striking matches, to determine whether
any effects observed were due to the candle alone.
Results and discussion
a) Mobility spectra and size distributions - ACIMS
Mobility spectra obtained using data from several voltage scans on the ACIMS are shown in
figure 1. Tables 1 and 2 summarise total positively and negatively charged particle counts of both
polarities for runs with no fan and with a fan placed behind the burning candle respectively.

Date
Apr 27 2005

May 3 2005

Jun 1 2005

Date
Jul 29 2004

Jun 7 2005

Jun 10 2005

Table 1. ACIMS and SMPS+C data for candle burning only.
ACIMS
+ve
-ve
+ve ions
-ve ions
aerosols
aerosols
(m-3)
(m-3)
(m-3)
(m-3)
8
8
8
before
4.65x10
4.20x10
2.37x10
2.53x108
during
1.53x108
1.34x108
4.40x109
4.60x109
8
8
8
3h after
7.35x10
5.54x10
2.09x10
2.21x108
8
8
7
9h after
6.66x10
5.60x10
6.32x10
6.27x107
before
3.94x108
3.15x108
1.40x108
1.45x108
7
7
9
during
6.81x10
6.37x10
4.62x10
4.92x109
8
8
7
3h after
7.55x10
5.93x10
9.63x10
1.09x108
9h after
8.46x108
6.59x108
6.97x107
7.83x107
8
8
7
before
3.22x10
2.44x10
8.50x10
1.11x108
during
1.01x108
8.50x107
3.54x109
3.99x109
8
8
7
3h after
9.97x10
7.49x10
6.29x10
6.57x107
8
8
7
9h after
6.97x10
4.99x10
5.87x10
7.02x107

SMPS+C
total
mean
aerosols
size
-3
(m )
(nm)
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
9
5.57x10
43.0
9.68x109
35.7
9
4.61x10
47.1
3.98x109
59.9
4.98x109
46.5
9
9.96x10
40.3
2.17x109
47.5
1.22x109
57.9

Table 2. ACIMS and SMPS+C data for candle burning with fan.
ACIMS
SMPS+C
+ve
-ve
total
mean
+ve ions
-ve ions
aerosols
aerosols
aerosols
size
(m-3)
(m-3)
(m-3)
(m-3)
(nm)
(m-3)
before
1.92x108
1.54x108
1.25x108
1.30x108
N/A
N/A
8
8
9
during
5.97x10
9.39x10
6.18x10
6.50x109
N/A
N/A
8
7
7
3h after
5.57x108
4.30x10
5.32x10
5.79x10
N/A
N/A
9h after
9.15x108
7.40x108
4.89x107
6.30x107
N/A
N/A
before
1.35x108
1.05x108
9.60x107
1.00x108
7.78x109
61.3
during
1.49x109
1.55x109
3.04x109
3.01x109
2.30x1010
41.6
8
8
7
7
3h after
1.49x10
1.14x10
6.40x10
5.80x10
5.74x109
72.2
9h after
1.43x108
1.02x108
7.69x107
8.61x107
7.48x109
71.7
8
8
8
8
9
before
2.63x10
2.14x10
1.33x10
1.41x10
7.61x10
44.4
during
1.48x109
2.37x109
8.34x109
8.17x109
2.07x1010
33.3
3h after
2.87x108
2.27x108
6.91x107
7.05x107
5.71x109
50.2
8
8
7
7
9
9h after
4.34x10
3.49x10
7.49x10
8.17x10
3.56x10
53.8

Figure 1. ACIMS mobility spectra obtained a) before lighting candle, b) during candle burning , c) several hours
after candle extinguished (all on Jun 1 2005) and d), e), f) during candle burning with fan on Jul 29 2004, Jun 7 2005
and Jun 10 2005 respectively.

Typical indoor air samples produce spectra similar to that seen in figure 1a, which shows
atmospheric small-ion peaks at mobilities in the region of 1 - 2 x 10-4 m2 V-1 s-1 corresponding to
0.6 - 1.0 nm in size, with positive ions being larger and of lower mobility than negative ions.
Small numbers of charged aerosols with mobilities < 10-5 m2 V-1 s-1 are present before the candle
was lit but are not present several hours after the candle is extinguished (figure 1b). Candle

burning (figure 1c) produces large numbers of aerosols in the mobility range 10-6 to 5 x 10-5 m2
V-1 s-1, a size range of around 2.5 - 9 nm, and suppression of small-ions as they attach to these
aerosols. Similarly sized species have been reported in several other studies under various
combustion conditions (Grotheer et al., 2004; Sgro et al., 2003; Shi et al., 2001). Apicella et al.
(2002) detected the presence of at least three classes of species in a premixed laminar ethylene
flame, with estimated masses of the order 103, 105 and 106 amu, and suggested the largest two
species were very large molecules rather than aggregates of smaller molecules. Since no chemical
analysis of the combustion products was undertaken in this study, it is not possible to confirm
whether the properties of the species described above are similar to carbonaceous soot or to those
of soot precursor particles, which have a lower C/H ratio and lower coagulation rate than
carbonaceous soot (D'Alessio, 2005).
When a fan is placed behind the burning candle (figures 1d, 1e and 1f), the spectrum is shifted to
higher mobility. It is also important to note the presence of an additional peak at mobilities 5 - 9 x
10-5 m2 V-1 s-1, corresponding to an approximate size range 1.1 - 2.0 nm, on two of the three runs.
Because this 'modified small-ion' peak is relatively well-defined in comparison to the larger, less
mobile particles and is present in addition to this mode, they appear to be a distinctly different
species to the normal mode observed without the fan. The number of ions detected in this peak is
much greater than the number present in ambient air prior to candle burning, suggesting that they
are produced in the flame. The increase in number of particles measured may be due to the
presence of a greater concentration of particles, a higher proportion of those particles carrying a
charge, or a combination of both.
The fan could affect results in a number of ways, both direct and indirect. Physical disturbance of
the flame may introduce cold air, lowering the temperature of the flame, altering the fuel-air ratio
and increasing the amount of fuel-air mixing within the flame. This appears to lead to
interference with processes such as recombination and oxidation reactions, which would
ordinarily act to reduce the number and increase the size of the particles eventually emitted from
the flame. Indirect effects could include increased transport rate of combustion products to the
detectors or increased coagulation of particles due to turbulence induced by the fan.
The modified small-ion peak was observed in different positions on figures 1e and 1f and on one
other occasion (figure 1d) the peak appears to have merged into the 'soot-precursor' peak at
mobilities 3 - 5 x 10-5 m2 V-1 s-1. The most likely explanation for this is that the fan was
positioned slightly differently on each occasion, changing its effect on the flame chemistry and
leading to production of particles of differing characteristics. The lowest mobility peaks
observed, those in figure 1e, correspond to a mass of approximately 700 - 1500 amu for negative
ions and 950 - 1600 amu for positive ions. Dobbins et al. (1998) report PAHs as large as 472 amu
as constituents of soot precursor particles from an ethene diffusion flame, but the larger sizes are
detected in smaller numbers, suggesting the peaks measured in the present work are not due to
individual PAH species such as these. They could be small clusters or groups of 2- or 3-ring
aromatic compounds described in previous work (Sgro et al., 2003; Grotheer et al., 2004),
possibly also with smaller species which normally comprise the small-ion composition in
ambient air weakly bound to them. This may explain the removal of the smaller, more mobile
atmospheric ions observed before and several hours after burning.

Figure 2. ACIMS mobility spectra obtained during candle burning a) with flame shielded from the fan by a lamp
chimney, b) with the fan pointing away from the measurement devices.

Using the lamp chimney (figure 2a) results in a spectrum similar in shape to those without the
chimney, but shifted to lower mobility and without the modified small-ion peak observed
previously, suggesting the fan has a direct effect on the flame. ACIMS charged nano-aerosol
concentration was around 1 x 1010 m-3, similar in magnitude to that observed without the lamp
chimney. Pointing the fan away from the measurement devices (figure 2b) produces a greater
number of aerosols in the size range 7 - 15 nm, with a lesser peak in the smaller size range 2 - 3.5
nm. In addition, the modified small-ion peak is present (at sizes 0.9 nm and 1.1 nm for negative
and positive ions respectively), although at much lower concentrations than with the fan directly
facing the ACIMS. The ion peak has a mobility between those observed in ambient air and those
with the fan directed towards the ACIMS. In addition to removal by attachment to larger aerosol
particles, these small-ions may also reduce in size over time by breakdown into smaller groups of
ions and molecules. This would result in an increase in mobility and concentration with time until
the peaks more closely resemble the pre- and post-burn ambient small ions. ACIMS charged
nano-aerosol concentration during burning with the fan pointing away is much lower than is
observed without the fan (around 2 x 109 m-3 compared with 7 x 109 - 1 x 1010 m-3 with no fan),
which is likely to be a result of increased coagulation and growth above the maximum size range
measurable by the ACIMS, due to the forced turbulent flow and increased mixing within the

room induced by the fan. This may not be as important when the fan is directed toward the
instrumentation as less time is available for coagulation in the forced flow.
ACIMS data analysis assumes that each particle detected carries a single charge. For the sizes
concerned and under ambient conditions, the contribution from multiply-charged particles is
negligible. However, during candle burning, charge distribution is not at room temperature
equilibrium, therefore the percentage of particles carrying two or more electronic charges may be
higher than expected. This problem is exacerbated for the largest particles, which can hold more
charge, so the observed count per bin may be overestimated as the measured particle size
distribution is shifted to lower diameters.
b) Size distributions - SMPS+C
Typical aerosol size distributions obtained from the SMPS+C are shown in figure 3, and the
results show similar trends to those from ACIMS data. All data given in parts b) and c) refer to
number concentration of particles. Candle burning produces large numbers of aerosols especially
below 50 nm in diameter (peak ~ 20 nm) and use of the fan both increases the number of particles
detected and reduces their mean size (peak is shifted below the measurable range of the
SMPS+C, < 10 nm). Secondary peaks at larger sizes (~ 200 nm) appear during candle burning
both with and without the fan consistent with a sooting mode. These results are broadly
consistent with previous studies, see for example Karasev et al. (2004), Fine et al. (1999), Li and
Hopke (1993) and Mulholland and Ohlemiller (1982).

Figure 3. SMPS+C size distributions in the range 10-1000 nm. Data taken from individual runs on Jun 1 2005
(curves a to c) and Jun 10 2005 (curve d).

c) Particle concentration as a function of time
Figure 4 shows typical ACIMS small-ion (~ 0.4 to 1.8 nm) and charged nano-aerosol (~ 1.8 nm
to ~ 15 nm) number profiles with time, for positively and negatively charged particles separately.
Figure 5 shows typical total number particle counts in the size range 10 nm to 1.1 µm as a
function of time obtained using the SMPS+C. Measured concentrations for all runs on both
ACIMS and SMPS+C systems, before and during candle burning, and 3 hours and 9 hours after
extinguishing, are given in table 1 (without the fan) and table 2 (with the fan).

Figure 4. Small-ion and charged nano-aerosol counts obtained from single runs on the ACIMS during a) candle
burning on Jun 1 2005, and b) candle burning with fan on Jun 10 2005.

Figure 5. Aerosol counts obtained from single runs on the SMPS+C during a) candle burning on Jun 1 2005, and b)
candle burning with fan on Jun 10 2006. The solid vertical lines represent candle lighting and the broken vertical
lines when the candle was extinguished.

For the larger aerosols the highest concentrations were generally seen immediately after lighting,
but the concentration of the smallest (as measured using the ACIMS) continued to rise after the
initial sharp increase. The concentration of charged nano-aerosols was vastly increased during
burning. Immediately after lighting and throughout burning, small-ion count is decreased. With
higher aerosol concentration, the ion-aerosol attachment rate is much faster than the ion
production rate, so rapid depletion of small-ions is expected. Elevated aerosol concentration
during burning also raises the coagulation rate of aerosols - for example, in the simple case of a
monodisperse aerosol population, coagulation rate is proportional to the square of the number
concentration (Hinds, 1982). When the source is then removed by extinguishing the candle, total
aerosol mass is no longer increasing and if size growth occurs the number concentration must
therefore decrease. Also, larger aerosols are very effective at 'sweeping up' smaller ones - for
example, the coagulation rate between 1 µm and 10 nm particles is 25 times that between 10 nm
particles alone, and 500 times that between 1 µm particles alone (Hinds, 1982). Number
concentration of sub-micron particles is highly dependent on these smaller aerosols and thus can
decrease substantially if many large aerosols are present. Candle burning produces a population
of particles of size 100 - 300 nm, for which the coagulation coefficients with 10 nm particles are
3 - 8 times that of 10 nm particles alone. Coagulation will also increase the size of some aerosols
above the measurable range of the devices, reducing the total number detected.

The modified small-ion peak with the fan is apparent in figure 4b, when a sudden increase in
concentration of both positive and negative small ions is seen upon candle lighting. For this
particular measurement, however, the concentration appears to drop throughout the candle
burning period, concurrently with an increase in nano-aerosol concentration. This would be
consistent with production of larger particles in the flame, perhaps by a gradual change in the
combustion conditions, or by increased particle growth between production and measurement.
There was little evidence of this occurring during other runs with the fan, as the concentration of
small-ions remained at a high level and the peak remained at similar mobility throughout candle
burning.
In general, an increase in small-ion concentration was observed several hours after extinguishing
when compared with background measurements, although the mobilities are similar, suggesting
that these are the same ions that are observed in ambient air. This increase continues until steadystate is reached between ion pair production and the slower net rate of removal by ion-aerosol
attachment (owing to the decreased aerosol concentration), which in the present study took up to
7 hours after extinguishing when no fan was used (data not shown). A greater concentration of
small-ions is observed until aerosol concentration increases to the ambient level observed prior to
candle lighting. This usually occurs at the morning rush-hour of the following day. The effect is
much more pronounced on weekdays, presumably due to increased traffic volume.
Measured concentration of both small-ions and aerosols in general show greater variability when
the fan is present, both during and after candle burning took place. The increase in small-ion
concentration after extinguishing was much quicker with the fan, reaching a steady-state within
90 minutes. Aerosols coagulate and are removed from the air much quicker with increased flow
and turbulence, facilitating an increase in ion concentration which occurs more quickly than with
no forced air flow. Aerosol depletion displays a similar response to use of the fan, with a
characteristic depletion half-time of 20 minutes with and 36 minutes without the fan. Afshari et
al. (2005) observed similar decay rates for ultrafine and fine particles after candle extinguishing,
in a chamber of slightly smaller size (32 m3) with an air exchange rate of 1.7 ± 0.1 h-1.
Results from the ACIMS and the SMPS+C systems are in good qualitative agreement (tables 1
and 2). Nano-aerosol concentrations in the 1.8 – 15 nm range measured by the ACIMS follow the
same pattern as the larger diameters measured by the SMPS+C throughout the candle
burning/extinguishing sequence, driven by the production of large numbers of charged particles
during candle burning. Without the fan, when aerosol concentrations (as measured by either
system) increase, ion concentration drops. Considering the concentrations during and postburning as a fraction of their values prior to burning, it could be suggested that the greater the
increase in aerosols during burning, the greater the drop in ions, and also the stronger the reverse
effect that occurs several hours after candle extinction, although further quantitative analysis
would require more data. This is less obvious looking at results obtained using the fan, primarily
because the additional smaller mode of particles produced contributes to both the aerosol count
(> 1.8 nm) and the ‘small ion’ count (< 1.8 nm) of the ACIMS results, and its position varies
from run to run. It is also noted that post-burning, when ion concentrations are highest, the size
distribution of the aerosols measured using the SMPS+C is shifted to larger diameters and their
mean size increases (tables 1 and 2).

d) Other measurements
Urban aerosol counts both indoors and outdoors fluctuate naturally on a daily basis and are
different on weekends to weekdays. In the present work, a typical midweek indoor minimum was
reached around 2 a.m. at 2 x 109 particles m-3, rising to a morning peak at around 9 a.m. of 5 x
109 particles m-3. However, these variations are negligible compared to the concentrations
reached during candle burning, especially when experiments are conducted during a period of the
day when natural variation is ordinarily not of the magnitude described above.
Lighting a single match caused a peak of around double the total background concentration when
measured by the SMPS+C. A large peak in the size distribution at ~ 100 nm was observed,
although a general increase in number concentration of around 20% of all sizes up to ~ 300 nm
was also seen within 3 minutes of striking. The effect appears to be significantly diluted within
one hour, although it could still contribute to the initial peak and subsequent drop in aerosol
concentration observed upon lighting the candle.
e) Potential health implications
SMPS+C data show an increase in total aerosol concentration, whereas ACIMS data show a
much greater measured number of charged aerosols during burning. However, with the current
experimental setup, it is not possible to determine whether this is due to increased concentration,
or because an increased proportion of the particles carry charge. In the ICRP model of particle
deposition in the lung (ICRP, 1994), deposition is expressed as fraction of inhaled particles,
therefore a doubling of aerosol concentration results in a doubling of received dose. Additional
charge can increase the fraction of particles retained in the lung, but increased dose is likely to be
determined by the increased concentration of particles produced during burning rather than their
charge. This is most obvious when considering the smallest particles, diameters < 10 nm, which
have deposition fractions > 95 %, regardless of their charge state. If the 20- to 30-fold increase in
nano-aerosols (~ 1.8 - 15 nm diameter) measured by the ACIMS during candle burning (Table 1)
is due mainly to increased concentration, rather than elevated charge state, then anyone present in
the same room as a burning candle will receive a vastly increased inhaled dose. The extent of this
effect could be quantified if the charge state is known, for example by comparison with total
aerosol concentration in the same size range. This was not undertaken in the present work
because the overlap of the two devices was only in the limited diameter range 10 - 15 nm.
Conclusions
Characterisation of the size distribution in the size range ~ 0.4 nm to 1.1 µm and evolution of the
number concentration profile of combustion products from paraffin wax tea-light candles was
undertaken.
Candle burning produces large numbers of particles in the size range 10 - 30 nm, where particle
number concentration is increased by 2 - 3 times above background levels prior to burning, and a
secondary peak at 100 - 300 nm attributed to sooting during inefficient burning. These results are
in broad agreement with previous work on the size distribution of combustion products. The
present study also found evidence for a smaller mode, with a peak in concentration at diameters
2.5 - 9 nm, which is interpreted as the soot precursor particle species reported in the literature. A

'modified small-ion' signal at diameters 1.1 - 2.0 nm was found but was only present when a fan
was placed behind the burning candle. It is postulated that the structure of this species is distinct
from the larger species detected, and that its presence is linked with disturbance of the flame by
the fan, as the peak did not appear when a lamp chimney was used to shield the flame.
Atmospheric small-ions were depleted during burning to around 20% of normal concentrations
because of attachment to increased numbers of aerosols produced in the flame, but increased to
higher than normal levels several hours after the flame was extinguished. Aerosol concentrations
were elevated during burning, but dropped below background concentrations after extinguishing
due to an increased coagulation rate in the particle-rich environment with no source of new
aerosols. This leads to less ion-aerosol attachment and consequently gives rise to the
aforementioned increase in small-ion concentration. The concentration of small-ions reached a
steady state several hours after extinguishing, however this process was hastened greatly by use
of a fan in the room. These results are heavily dependent on the conditions within the room at the
time in which the experiment took place.
Although not the major source of indoor air pollution in most environments, a vastly increased
inhaled dose of nano-aerosols from combustion could be received by anyone present in a typical
domestic room containing a burning candle. Further work is required to characterise the charge
state of the smallest particles produced in candle flames and to determine the extent of such
increased deposition of combustion particles in the lung.
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