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Abstract

Soft X-rays with a wave length of 1.3 x 10 — 4.1 x 10* um were tested for use in
studying the decomposition of polycyclic aromatic hydrocarbons (PAHs), widespread
hazardous and carcinogenic pollutants that are emitted during biomass burning. Both
size-fractionated and -unfractionated smoke particles, after irradiation by the soft X-rays,
were collected on quartz-fiber filters using two different residence times through the
irradiating zone to determine the effect of the soft X-ray irradiation on particle-bound PAH
concentration. Smoke particles produced by rubberwood burning had a single modal size
distribution consisting of fine particles less than 2 m and a large mass fraction of PAHs in
particles that were about 5 times higher than the urban ambient particles. The PAHs in the
rubberwood smoke were decomposed by soft X-ray irradiation up to about 30%, essentially
independent of the duration of the irradiation (0.022-0.067 sec) and with a slight
dependence on the boiling temperature of each PAH composition. From the irradiation test
for the size fractionated particles, PAHs in finer fraction particles were found to be
decomposed more effectively. Soft X-rays have the potential for use as an effective device

for pollution control.
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INTRODUCTION

Soft X-rays have recently been used as an effective neutralizer or charge inducer of aerosol
particles (Inaba et al., 1994; Kulkarni et al., 2002; Han et al., 2003). Because soft X-rays have a
high radiation energy which may degrade some chemical components, it is important to evaluate
how the irradiation influences the charging process. This may be crucial in terms of the chemical
composition of an ultra-fine atmospheric aerosol after sizing the particles by an electrostatic
method, such as differential mobility analyzer (DMA) (Willeke et al., 1993; Hinds, 1999),
because these particles are generated largely from anthropogenic sources and contain a wide
variety of degradable or volatile organic compositions, such as polycyclic aromatic hydrocarbons
(PAHs) (Environmental Health Criteria, 1998; Seinfeld et al., 1998; Finlayson-Pitts et al., 1999;
Spurny, 1999). From another point of view, if soft X-rays can degrade some hazardous air
pollutants, it is possible that they can be used to degrade pollutants, similar to UV (Chen et al.,
1996; Xiangmin et al., 1999; Sekikuchi et al., 2004). However, such degradations by soft X-rays
have not been examined extensively although the authors experimentally discussed the
degradation characteristics of particle-bound PAHs in ambient particles collected on a fibrous
filter (Bai et al., 2006a).

Particulate emissions from biomass burning have been shown to have larger fine particulate
fraction than those from fossil fuels (Hao et al., 2006; Tissari et al., 2006) and have been reported
to be rich in hazardous pollutants such as polycyclic hydrocarbons (PAHs) and other
carcinogenic components (Environmental Health Criteria 202, 1998; Hytoenen et al., 2006;
Jokiniemi et al., 2006). Air pollutants from biomass burning are of great importance in
underdeveloped and developing countries because biomass fuel is a major energy source. In
Cambodia, more than 90% of the fuel for household use is wood (National Institute of Statistics,
2006) and emissions from wood and bush burning have been shown to be substantial contributors
to ambient PAH concentration (Furuuchi et al., 2006a, 2006b, 2006¢; Murase et al., 2006). In
Thailand, the production of ribbed smoke sheet rubber (RSS) is an important industry which
consumes large amounts of biomass fuels to dry wet rubber sheets in smoking rooms. About
40,000 tons/month of rubberwood are used solely in RSS production cooperatives in southern
provinces in Thailand during the peak season (Tekasakul and Tekasakul, 2006; Tekasakul et al.,
2006; Thai Rubber Association, 2004). Based on the authors’ measurements (Tekasakul et al.,
2006), the emission of 15 PAH compounds with 2-6 aromatic rings can be roughly estimated to
be about 4 tons/year since most of the smoke is released into the atmosphere without any
pollution control devices. Moreover, a portion of smoke leaks into the factory, where the workers
are directly exposed. This is potentially harmful to the workers’ health, as well as to the health of
the general population, if the intake of smoke is excessive. Air pollution by hazardous

components along with fine particles from biomass burning is a problem not restricted to
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developing countries, but also occurs in other countries having forest resources (Hytoenen et al.,
2006; Jokiniemi et al., 2006; Tissari et al., 2006; Yli-Pirila et al., 2006;). It is associated with the
utilization of biofuels in developed countries, as well.

In this study, soft X-rays with a wave length of 1.3 x 10 - 4.1 x 10™* um, emitted from a
commercially available soft X-ray bulb, was applied to determine whether they can be used as an
effective decomposition technique for PAHs, a typical hazardous and carcinogenic pollutant
emitted during biomass (rubberwood) burning. The characteristics of smoke particles, such as
particle concentration, size distribution and concentration of particle-bound PAHs were examined.
Both size-fractionated and total-smoke particles, after irradiation of soft X-rays, were collected
on filters to determine the effect of soft X-ray irradiation on the concentration of particle-bound

PAHs as a function of residence time through the irradiating zone and particle concentration.

EXPERIMENTAL

Experimental setup

Fig. 1 shows a schematic of the experimental setup, which consists of a wood-burning oven
(170 cm x 95 cm % 110 cm), a soft X-ray irradiation chamber, two filter holders on the tubing
from the oven along with orifice meters and manometers for flow-rate measurement and a
vacuum cleaner as an air pump. Two sets of the particle collecting systems are required to study
the effect of soft X-ray irradiation in comparison with non-irradiated smoke particles
simultaneously. The flow rate in each sampling line is adjusted by a valve. Sampling can also be
done in a single-line system, before and after the soft X-ray tube, but this has to be done in two
separate experiments. Accuracy of the results will be reduced, as the concentration of wood
smoke is uncontrollable. The oven is constructed of building bricks and contains a gate on one
side for the wood supply. A 3-m-tall, ca. 0.2-m diameter steel tube is used as a chimney for the
flue gas exhaust. The setup is installed on the grounds of the campus of the Prince of Songkla
University, Thailand (PSU). Rubberwood is burned as a biomass fuel in the oven and a portion of
the flue gas is then introduced into the irradiation chamber at a constant flow rate adjusted by a
valve downstream of the filter holder where the smoke particles are collected on a quartz-fiber
filter (ADVANTEC, QR-100, 110 mm). Smoke particles from the oven were also sampled using
two sets of 8-stage cascade (Andersen) impactors (Tokyo Dylec, AN-200) to evaluate the
characteristics of smoke particles, including the concentration, size distribution and chemical
composition. When cascade impactors are used, they simply replace the filter holders and
vacuum cleaner as shown in Fig. 1. The filter used for particle collection by the cascade
impactors is an identical quartz-fiber filter (ADVANTEC, QR-100, 80 mm).
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Fig. 1. Experimental setup.

Fig. 2 shows the detail of the irradiation chamber. A soft X-ray tube (Hamamatsu Photonics
Photo Ionizer® L6941) with a wavelength of 1.3 x 10 - 4.1 x 10™* um, average intensity of 4.4
keV at 4-cm distance is positioned on the top of the irradiation chamber, consisting of a T-shaped
steel tubing joint shielded with a 6-mm-thick PVC T-joint where soft X-rays can easily be
shielded by a 5-mm-thick PVC sheet or a 0.8-mm-thick stainless steel sheet (Hamamatsu
Photonics, 2006). In order to avoid direct exposure of the soft X-ray bulb surface to the flue gas
and water vapor, the top end of the inner (steel) T-joint is covered by a 25-um-thick high
radiation and thermal resistant polyimide film (DuPont, Kapton®, H100). All steel parts of the
chamber assembly were rinsed with acetone and then cleaned using ultra-pure water in order to

avoid any volatile matters being emitted during the irradiation.
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Fig. 2. Details of the irradiation chamber and specification of the irradiation zone (unit in

millimeters).

The separation of the soft X-ray tube surface from the chamber bottom and from the tube
center is 63 and 45 mm, respectively. The area irradiated by soft X-rays is actually a circular area
with a diameter of 35 mm, equal to the diameter of the tube. Hence, the residence time through
the chamber is defined here as the time required for a sample to pass through the tube diameter
(35 mm). Based on laboratory measurement of soft X-ray energy using an ion chamber survey
meter (Aloka, ICS-321, 1-cm dose equivalent rate measurement), the average energy level E of a

soft X-ray can be approximated by a function of distance L (cm) from the source as follows:
E =E, exp(~ gpL) (keV) @)

where Ej is the average energy of soft X-rays (5.20 keV), ¢ is the total attenuation coefficient
(3.46 x 10~ m%/kg, experimentally determined) and p is the density of air. For the distance to the

tube center (L = 35 mm), the average energy level can be evaluated as ca. E=4.50 keV.

Biomass fuel used

The wood used in the experiment as fuel is common rubberwood, which is abundant in
southern Thailand. Natural rubber trees (Hevea brasiliensis) are usually cut after 25-30 years
when the rubber latex productivity reaches a low point (The Thai Rubber Association, 2004).

Some of the wood is used in the furniture industry while the remainder is used as fuel in several
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industries (Office of the Rubber Replanting Aid Fund, 2006). The wood used in this experiment
was in fresh condition, the moisture content of which was is 36.2% on a dry weight basis.
Moisture content was determined by drying the samples in an electric oven at 110°C. Each piece

of wood is 6- to 10-cm in diameter, 50-cm long and weighs about 4 kg.

Procedure

Initially, 4-5 pieces of rubberwood with a total weight of about 20 kg were fed into the oven
where they were stacked up two abreast and then ignited. When the smoke concentration was
visibly thin, 1-2 pieces of the wood were added to increase the smoke concentration. This
situation is similar to the operation used in the RSS production cooperative (Tekasakul and
Tekasakul, 2006). Since the generation of smoke decreased after the wood is largely burned,
more fuelwood is repeatedly supplied at timed intervals.

Fig. 3 shows the change in smoke concentration during the test run. The particle concentration
was not quite stable and decayed exponentially with time. When an additional piece of wood was
supplied, the concentration increased to a high level, followed by a rapid and almost exponential
decrease. There were rather stable periods after the rapid decrease. After the ignition, a portion of
flue gas was sampled to the test section at two different flow rates (30 and 90 L/min) in order to
examine the influence of irradiating duration. These durations were 0.022 and 0.067 sec,
respectively. Reynolds numbers for the tube flow at each flow rate were ca. 1200 and 3500
respectively, corresponding to laminar and transient to turbulent regions. Particle Reynolds
number defined for the average size of smoke particles (~0.62 um) was much less than 0.7 for the
laminar flow limit in both flow rates.

The total flow rate from the oven measured at the chimney outlet using an anemometer was
confirmed to be sufficiently large (greater than 3000 L/min) that the influence of sampling on the
main flow can be neglected. The soft X-rays were turned on when the flue gas was flowing
through the test section and then turned off after the sampling. The sampling period was set to 3
m to avoid an excessive pressure drop through the filters. For each sampling period, the smoke
particles were collected on a filter that had been pre-conditioned for 72 h at a constant humidity
and temperature (room temperature and ~50% RH) environment (Committee of Countermeasure
for Suspended Particulate Matter, 1997). Sampling by the cascade impactors was started 30 m
after the wood was fed and then continued for 15 m. The flow rate was adjusted to a constant
value (28.3 L/min, Reynolds number ~ 1100 (laminar)). The experimental conditions are

summarized in Table 1.
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Fig. 3. Time change in smoke particle concentration during the experiment.

Table 1. Experimental conditions.

Sampled Flow Rate Sampling Number of samples
Particles (L/min) Duration Soft X-  Soft X- Note

(min) ray OFF ray ON
Total suspended 90 20r3 6 6 At least 30 minutes
Particles after wood feeding
Total suspended 30 9 6 6 At least 30 minutes
Particles after wood feeding
Size fractionated 28.3 30 2 2 30 minutes after
Particles wood feeding

Analysis of PAHs

The collected samples were weighed after 72 h of conditioning and then analyzed for the
concentrations of PAHs. Following the same procedure used in a previous paper (Toriba et al.,
2003), 15 different PAH compounds—i.e., Naphthalene (Nap), Acenaphthene (Ace),
Phenanthrene (Phe), Anthracene (Ant), Fluorene (Fle), Fluoranthene (Flu), Pyrene (Pyr),
Benz[a]anthracene (BaA), Chrysene (Chr), Benzo[a]pyrene (BaP), Benzo[b] fluoranthene (BbF),
Benzo[k]fluoranthene (BkF), Dibenz[a,h]anthracene (DbA), Indeno[1,2,3-cd]pyrene (IDP) and
Benzo[ghi] perylene (BghiPe)—were analyzed using HPLC (HITACHI, L-2130, 2200, 2300,
2485) with a fluorescence detector and an Inertsil ODS-P column (5 pm, 4.6 mm diameter, 250
mm length) + acetonitril/ultra-pure water mobile phase after ultrasonically dissolving the
samples on the filter in an ethanol/benzene (1:3) solution and evaporation on a rotary vacuum
evaporator. The recovery efficiency was confirmed to be 0.82 + 0.12 (n = 3) by adding a standard
reagent (Accustandard, 0.2 mg/mL in CH,Cl,: MeOH (1:1)) to dissolved samples (Tang et al.,
2004). Reproducibility of PAHs analysis was in error of less than 1.4% (n = 3). The linearity of
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the calibration curve was confirmed to be within an error of + 5.7% in the range of 2 to 200
ng/mL in the standard for all analyzed PAHs. Travel blank values of PAHs were subtracted from

analyzed values.

RESULTS AND DISCUSSION

Characteristics of smoke particles from rubberwood burning

Fig. 4 shows the size distribution of smoke particles from the rubberwood burning smoke
(Furuuchi et al., 2006a). It contains major particles in the accumulation mode, similar to other
cases of biomass burning (Hao et al., 2006; Tissari et al., 2006). Fig. 5(a) shows the summed up
concentration of PAHs with 2-6 aromatic rings in each size range. Compared with ambient
particles in the city central of Hat Yai, Thailand (Furuuchi et al., 2006a), the concentration of
PAHs in the smoke particles is extremely high especially in fine fractions less than 2-3 pm. Fig.
5(b) shows the mass fraction of PAHs for each size range of particles. Smoke particles from
rubberwood burning make up ca. 5 times larger portion in size average than urban ambient
particles, indicating that the rubberwood is a serious emission source of PAHs. Fig. 6 shows PAH
profiles on a mass fraction basis, where Nap is not shown because of a less reliability on the
concentration. Large fractions of Phe, Flu and Pyr are consistent with previously reported results
(Furuuchi et al., 2006b), where Flu and Pyr are typical compositions emitted from biomass
burning (Environmental Health Criteria 202, 1998).
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Fig. 4. Size distribution of smoke particles.
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each size range of particles, where the number of samples is 2 for the source (average smoke

particle concentration = 353 + 21 mg/m’) and 4 for the ambient.
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Fig. 7 shows the relation between smoke concentration and the mass fraction of PAHs with 4-6
rings in total smoke particles, where the soft X-rays are turned off. Although there are
fluctuations ~30%, the mass fraction of the PAHs in the smoke particles is rather constant except
for the period soon after wood supply. Hence, in the following sections, characteristics of the

PAHs in the samples during the stable burning period obtained at least 30 minutes after wood
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Fig. 7. Mass fraction of each PAHs in relation to smoke particle concentration.

Decomposed fraction of PAHs

Fig. 8 shows the influence of the average mass fraction of each PAH composition in particles
after soft X-ray irradiation compared with the case of non irradiation for a flow rate Q = 90 L/min.
The mass fractions of each of the PAHs are reduced as the result of the soft X-ray irradiation. The
decomposition of PAHs at a flow rate of 30 L/min is similar. Fig. 9 shows the decomposed
fraction 7 plotted against the boiling temperature of each PAH composition, where 7 is defined

as
n=M,-M)/M, )

where M; is the mass fraction of PAHs in particles when the soft X-rays are ON, and Ms is that
when the soft X-rays are OFF. Here, the mass fraction of PAHs is used to minimize the influence
of fluctuations in particle concentration. Although a fluctuation exists, values are similar for the
different flow rates and smoke concentrations and seems to decrease as the boiling temperature
increases. Such behavior regarding boiling temperature is similar to the soft X-ray decomposition
of PAHs in particles collected on the filter (Bai et al., 2006a). The total decomposition reaches
around 30%, regardless of the flow rate. The slight influence of flow rate suggests that the
irradiating duration corresponding to both flow rates is already sufficient to be decomposed by
the soft X-rays to some limit from the present configuration although a much longer duration
could increase the decomposition as shown for PAHs in particles collected on the filter (Furuuchi
et al., 2005b; Bai et al., 2006a).
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The pattern of gas flow through the irradiation zone, as well as the flow around particles, may
also affect the decomposition if the reaction is limited by the diffusion of radicals or chemicals
generated by the soft X-rays irradiation; an increase in Reynolds number might accelerate the
decomposition. However, the difference was not clear under the present condition. This should be
confirmed for different flow patterns under the same irradiating conditions (duration and energy).
The decomposition should also be accelerated by decreasing the distance between the soft X-rays
and working fluid because of the increase in the soft X-ray energy (Bai et al., 2006b).

The energy consumption to decompose PAHs (2-6 rings) by the soft X-rays using the present

89



Bai et al., Aerosol and Air Quality Research, Vol. 7, No. 1, pp. 79-94, 2007

configuration is estimated, e.g., as ca. 6.5 kWh/g-PAHs for the condition of particle concentration
=350 mg/m’, 3 mg/g of PAHs (2-6 rings) mass fraction, 7 = 30% and 90 L/min of the flue gas
flow rate (average experimental conditions, approximately). For more effective decomposition,
an increase in the total energy of soft X-rays to PAHs is important. In order to do this, a larger
capacity of soft X-ray bulb, shorter and uniform distance between the bulb and target aerosol
making use of an irradiation duct with slit-shaped cross-section, double or triple bulbs configured
in line along the gas flow direction and a slower gas velocity may be applicable. However,
detailed information on influences of parameters, such as the energy of soft X-rays (distance),
irradiating duration (residence time), flow pattern (flow rate) and particle concentration, etc. have

to be obtained first. These will be confirmed in the future work.

Influence of size of smoke particles

Fig. 10 shows the influence of the soft X-ray irradiation on the mass fraction of each PAH
obtained for the size-fractionated sampling. The distribution of PAHs are similar to those shown
in Fig. 8 for the total suspended smoke particles. The total decomposed fraction of the total PAHs
(~27%) is also similar, confirming the behavior of soft X-ray irradiation although more sized
samples should be obtained to increase the statistical reliability of these conclusions. Fig. 11
shows the relationship between the fraction of 3 rings (Ace, Fle, Phe, Ant), 4 rings (Flu, Pyr, BaA,
Chr), 5-6 rings (BaP, BbF, BkF, DbA, IDP, BghiPe) and 3-6 rings of PAHs decomposed, as well
as particle size. It is clear that the fraction that is decomposed increases as the particle size
decreases. This may be related to the fact that ultra-fine smoke particles contain more PAHs, as
shown in Fig. 5 and as reported previously (Furuuchi et al., 2005a; Tekasakul et al., 2006). In
addition, it is possible that soft X-ray irradiation is more effective for finer particles because of its

limited permittivity deep inside the particles. This will be confirmed in future work.
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Fig. 10. Effect of soft X-ray irradiation on the mass fraction of PAHs in particles collected by

cascade impactors.
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Fig. 11. Influence of soft X-ray irradiation on the fractions of PAHs in size fractionated samples.
CONCLUSION

The smoke particles from the rubberwood burning were shown to have a single modal size
distribution consisting of fine particles less than 2 pm and a large mass fraction of PAHs in
particles about 5 times higher than urban ambient particles. PAHs in smoke from rubberwood
burning were decomposed by soft X-ray irradiation up to about 30% regardless of the duration of
the irradiating (0.022-0.067 sec) and with a slight dependence on the boiling temperature of each
PAH composition. From the irradiation test using size-fractionated particles, the PAHs in finer
fraction particles were found to be more effectively decomposed. Soft X-rays were shown to be
potentially useful as an effective device for pollution control while the large loss in chemicals
will also become a problem when the soft X-ray is used as a neutralizer or a charger of aerosol
particles.
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