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Atmospheric microwave air plasma was used to treat asbestos-like microfiber particles that had two
types of ceramic fiber and one type of stainless fiber. The treated particles were characterized via scanning
electron microscopy (SEM) and X-ray diffraction (XRD). The experiment results showed that one type
of ceramic fiber (Alumina:Silica=1:1) and the stainless fiber were spheroidized, but the other type of
ceramic fiber (Alumina:Silica=7:3) was not. The conversion of the fibers was investigated by calculating
the equivalent diameter, the aspect ratio, and the fiber content ratio. The fiber content ratio in various
conditions showed values near zero. The relationship between the normalized fiber vanishing rate and
the energy needed to melt the particles completely per unit surface area of projected particles, which
is defined as 71, was examined and seen to indicate that the normalized fiber vanishing rate decreased
rapidly with the increase in . Finally, some preliminary experiments for pure asbestos were conducted,
and the analysis via XRD and phase-contrast microscopy (PCM) showed the availability of the plasma
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1. Introduction

Asbestos refers to natural fibrous silicate minerals with several
types based on their composition. They fall into two groups: serpen-
tines and amphiboles [1]. Serpentines are structured with sheets
of silicates and essentially consist of chrysotile. Amphiboles have
a structure with double-chain silicates such as amosite, crocido-
lite, and anthophyllite [2]. Asbestos minerals show several good
performance aspects such as incombustibility, low thermal con-
ductivity, high electrical resistance, and resistance to alkali, acid,
and microorganisms. Because of such properties, asbestos has been
widely used in construction.

Asbestos, however, has serious problems such as its needle
shape, lightweight, and easy inhalation. When accumulated in the
lungs, itis considered to induce two kinds of cancer - mesothelioma
and lung cancer - and two nonmalignant conditions: asbestosis and
diffuse pleural thickening [3]. Because of these toxicities, the import
and fabrication, and use of asbestos have been banned, except for
limited uses under the Labor Safety Law Enforcement Ordinance
No. 9 since October 1, 2004. The total amount of asbestos imported
to Japan until 2004 was about 10 billion tons, 90% of which was used
in construction [4]. Therefore, much asbestos can still be expected
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from the renovation of old buildings that contain asbestos. Some
processes aimed at achieving full crystallochemical transformation
of asbestos have been studied such as vitrification (1200-1600 °C),
ceramization (700-1000°C), and chemical attack (~50°C) [1,5,6].
These processes have led to the stabilization of asbestos.

Airborne asbestos is very harmful, and a person leaving a
disposal station for asbestos-containing materials needs efficient
treatment. Therefore, this study proposes the treatment of airborne
asbestos from the exhaust gas of disposal stations with microwave
air plasma to prevent its spread.

Microwave plasma is an electrical discharge with microwave
as its source energy. It has some advantageous features such as
electrode-less discharge, high gas temperature (about 3000 °C),
and compact size [7]. Its electrode-less discharge enables it to be
unaffected by oxygen. The apparatus has almost the same size
as a kitchen microwave oven, so it can be easily attached to the
disposal station. Moreover, it is possible to convert air into sta-
ble plasma with a small amount of electricity. Applying this high
gas temperature will melt asbestos and then spheroidize it and
change its composition. Thus, the hazard of asbestos is deemed to
be decreased.

In this study, atmospheric microwave air plasma treatment of
asbestos-like microfiber materials was investigated under several
experiment conditions. These microfiber materials were chosen
because they have similar needle shaped and close melting points
to asbestos. The plasma-treated fiber materials were observed
with scanning electron microscopy (SEM). The diameter of the
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Nomenclature

S area of the projected particle (m?2)

Dq diameter of the equivalent circular area (m)

w minor axis of the approximate ellipse of the pro-
jected particle (m)

L major axis of the approximate ellipse of the pro-
jected particle (m)

AR aspect ratio (—)

Vv fiber content ratio (—)

t time required to increase the temperature of the
particle until its melting point (s)

ty time required to melt the particle completely at its
melting point (s)

h heat transfer coefficient of plasma (Wm=2K-1)

Op density of the solid particle (kgm~3)

Vp volume of the solid particle (m3)

Ap surface area of the solid particle (m?)

A melting heat of the solid particle (Jkg1)

G specific heat (Jkg=1 K1)

k thermal conductivity of plasma (Wm~1K-1)

Dy diameter of the solid particle (m)

Ty temperature of plasma (K)

To initial temperature of the particle (K)

Tm melting point of the particle (K)

—-AV fiber vanishing rate (—)

—AV|Vy normalized fiber vanishing rate (—)

equivalent circular area, the aspect ratio, and the fiber content ratio
were used as particle shape indices. The relationship between the
heat needed to melt the particle per surface area and the fiber van-
ishing rate were also considered in evaluating the applicability of
the plasma method. Once the methodology was optimized, three
types of pure asbestos were plasma-treated, and the content of the
asbestos after its plasma treatment was evaluated.

2. Experiment
2.1. Experimental methodology

Fig. 1 shows the experimental setup of the plasma treatment. To
generate plasma, air streams were fed tangentially through a noz-
zle into a quartz torch (I.D.: 9.5 mm). Microwave power (2.45 GHz,
maximum power 1.5 kW, IDX Co., Ltd.) was coupled to the gas as
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Fig. 1. Experiment apparatus.
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Table 1
Experiment conditions.

Reaction tube (mm) 1.D.=9.5,0.D.=11.6, L=400

Swirl air flow rate (L/min) 8.1,11.4,14.0
Carrier gas flow rate (L/min) 3.5, 5.1
Input power (W) 1000
Type of fiber particle:
IBI wool (IW) Al,03=0.46, Si0, =0.51
SMF300UE (SMF) Fe=0.83, Cr=0.16, Ferritic stainless steel=0.01

Fibermax (FM)

Pure chrysotile (CHR)

Pure amosite (AMO)

Pure crocidolite (CRO)
Particle density (kg/m?)

Al;03=0.72, Si0, =0.28
MggSizOs(OH)4 =0.95
(Fe,Mg)7(Sig022)(OH)2 =0.99

Naz FE32+ F623+(518022 )(OH)Z =0.99
IW=2700; SMF=7700; FM =2900
CHR=2550; AMO =3475
CRO=3250

IW=2033; SMF=1742; FM=2143
CHR=1794; AMO =1572; CRO=1466
IW=436; SMF=272; FM =588
CHR=1012; AMO =359; CRO=529
IW=1.8-3, SMF=5-10, FM=4-6
CHR=25.5, AMO =24, CRO=29
IW =34, SMF=15-50, FM =48
CHR=53, AMO=96, CRO=98.5

Melting point (K)
Melting enthalpy (kJ/mol)
Fiber average diameter (j.m)

Fiber average length (pum)

it passed through a rectangular waveguide. Pure argon gas was
introduced for the plasma ignition before creating totally pure air
plasma.

Raw particles were fed constantly into the air plasma from the
top of the quartz tube with a particle feeder (type: MF, Technoserve
Co., Ltd.) and air as a carrier gas. The plasma-treated particles were
trapped in water and filtered. Then the samples were dried and
analyzed via SEM (KEYENCE, VE-8800) to observe their melting
condition and shape change. They were also analyzed via X-ray
diffraction (RIGAKU, RINT-2200) to investigate their phase alter-
ation. Three kinds of microfiber particles were used as precursor
materials: IBI wool (IW, Ibiden Co.); stainless fiber (SMF300UE, JFE
Techno-research Co.); and Fibermax (FM, ITM Co.). The experiment
was conducted by varying the particle feed rate and the swirl air
gas flow rate, which are the experiment conditions listed in Table 1.

Once the methodology was optimized, experiment results on
pure asbestos of the Japan Association for Working Environment
Measurement (JAWE) were described. Due to the handling of haz-
ardous materials, the experiments were conducted in an area
cleared by the Ministry of Environment of Japan. The layout of
the workplace is shown in Fig. 2. It was isolated with a double
plastic sheet. A Negative Air Machine with HEPA filter was used
as an air ventilator. A security zone was set at the entrance that
was equipped with an air shower machine. Safety equipment such
as dust masks, coveralls, gloves, and shoe covers were provided
to prevent exposure to airborne asbestos while undressing in the
workplace.

Doorway of Experiment Booth Safety Room

Air Shower

Experiment Booth

Negative Air Machine
with HEPA

vl

jem

Exhaust Duct (9P 300)

Stairs ﬁj—i

Fig. 2. Layout of the workplace.
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Table 2
Average values of particle shape indices before treatment.

407

Type of fiber particle IBI wool SMF300UE Fibermax Pure chrysotile Pure amosite Pure crocidolite
Dg [um] 16.7 25.0 17.4 35.8 429 48.1
AR [-] 0.32 0.43 0.19 0.485 0.25 0.29

2.2. Two-dimensional analysis

100-200 samples of both the treated and untreated particles
were captured via SEM, after which an image analysis software
(Scion Image) was used to measure the area of the projected
particle (S) and the major axis (L) and minor axis (W) of an
approximate ellipse of the projected particle. The diameter of the
equivalent circular area (Dq) and the aspect ratio (AR) were used as
the particle shape indices [Egs. (1) and (2)], with the initial values
shown in Table 2. The diameter of the equivalent circular area was

determined using Eq. (1), from the diameter of a circle that had the
same area as the projected particle. The aspect ratio (AR) shows
the ratio of the major axis to the minor axis of an approximate
ellipse of the projected particles, as shown in Eq. (2).
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Fig. 3. SEM photographs of the microfiber particles before (left) and after (right) their air plasma treatment for IBI wool (top), SMF300-UE (center), and Fibermax (bottom).
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Fig. 4. XRD patterns of the microfiber particles before and after their treatment for (a) IBI wool, (b) SMF300UE, and (c) Fibermax.
3. Results that the phase change occurred during the plasma treatment of

3.1. Treatment of the microfiber particles

3.1.1. Change in the shape of the particles after their plasma
treatment

Fig. 3 shows the SEM pictures of the microfiber particles
before and after their plasma treatment at 1kW microwave
power, a 11.4L/min swirl air flow rate, and a 3.5L/min car-
rier gas flow rate. At 200x magnification, all three types of
microfiber particles contained many fibrous particles before their
plasma treatment. Moreover, there was no spherical particle in
the untreated microfiber, but many spherical particles emerged
from the treated fiber particles, except for Fibermax. Under sev-
eral experiment conditions, the spheroidized particles were mixed
with the agglomerated and unconverted particles.

3.1.2. Investigation by X-ray diffraction

XRD analysis of both the untreated and treated microfiber parti-
cles was conducted to detect the phase change after the treatment
(Fig.4).1BI wool and Fibermax showed no alteration in their phases,
which showed the typical peaks of amorphous ceramic fiber and
mullite fiber, respectively. The SMF300UE of the stainless fiber had
different peaks before and after its plasma treatment, though. The
peaks describe the X-ray diffraction (XRD) pattern of the ferrite
stainless steel (20=44.6, 64.93, and 82.1) for the particles before
the treatment [8], but the peaks of chromite and/or magnetite
(260=35.5) appeared after the treatment [9]. It can thus be said
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the stainless fiber.

3.1.3. Effects of the particle feed rate on the particle shape indices
The particle shape indices were used to investigate the results
of the plasma treatment. The difference between the particle shape
indices before and after the treatment was calculated and described
with a delta (A). The effects of the particle feed rate on the aver-
age difference in the equivalent diameter and the difference in the
aspect ratio are shown in Fig. 5(a) and (b) at a 1 kW input power
and a 11.1 L/min air flow rate, with the values at point zero indi-
cating the conditions before the treatment. In the case of IBI wool,
AD, had a large value at a small particle feed rate, then decreased
and tended to be constant with the increase in the particle feed rate.
AD, seems to have had a peak with the increase in the particle feed
rate for SMF300UE and Fibermax. Actually, due to the high standard
deviation, the tendency that appeared was weak. Although, this
could have indicated that almost all the particles were agglomer-
ated since almost of AD, was greater than zero. This is important
because the bigger size will decrease the harmful effect of fiber. It
showed, however, that AAR had a different tendency for all types
of microfiber particles. The average AAR of IBI wool was 0.4 and
tended to remain constant, and the values of both SMF300UE and
Fibermax tended to decrease as the particle feed rate increased.

3.1.4. Effects of the swirl air flow rate on the particle shape indices
Fig. 6(a) and (b) shows the behavior of the average difference

in the equivalent diameter and the difference in the aspect ratio at

the swirl air flow rates of 8 L/min, 11.1 L/min, and 14 L/min. As the
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Fig. 5. Effects of the particle feed rate on the (a) equivalent diameter and (b) average aspect ratio for an input power of 1000 W and a swirl air flow rate of 11.1 L/min).
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Fig. 6. Effects of the swirl air flow rate on the (a) equivalent diameter and (b) average aspect ratio for an input power of 1000 W and a carrier gas flow rate of 3.5 L/min.

swirl air flow rate increased, the average AD, decreased for IBl wool
and Fibermax, but not for SMF300UE. This is interesting because
the volume of plasma is considered to be lower at a higher swirl
air flow rate [9], which should result in a lower melting condition.
The average AD, of SMF300UE peaked at 14.0 L/min, though. This
suggests that at this rate, the fiber particles of SMF300UE received a
higher gravity force due to their density and tended to have a short
transit time inside the plasma. As a result, SMF300UE melted only
at the surface, attached to each other, and agglomerated to form a
bigger size.

On the other hand, the average AAR indicates the lowest point
for all types of microfiber particles at a swirl air flow of 14.0 L/min,
as shown in Fig. 5(b), which was a reasonable result because the
volume of the plasma plume was considered to have been lowest at
that condition [10]. Thus, fewer particles passed through the high-
temperature plasma region.

The arithmetic average of the aforementioned AD, and AAR has
awide standard deviation that makes it difficult to clearly conclude
the tendency of the treatment results. By assuming, however, that
each case had a normal distribution, the amount of particles left
untreated was predicted.

3.1.5. Adoption of the fiber content rate

As noted in the previous section, it was difficult to clearly con-
clude the results tendency using the arithmetic average. Besides,
the average value often fails to express the real conditions with
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Fig. 8. Relationship between 7 and the normalized fiber vanishing rate (- AV/Vy)
of (a) the microfiber particle only (IP=1000W and AFR=11.4L/min) and (b) of the
microfiber particle with pure asbestos (IP=1000 W and AFR=12.5L/min).

respect to energy. Even if two particles have the same aspect ratio,
the bigger particle needs more heat to melt. The arithmetic average
is still important from the aspect of safety. According to the World
Health Organization (WHO), asbestos fiber has an aspect ratio that
is greater than 3:1 [11]. Based on this, the fiber content ratio is
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Fig. 7. Behavior of the fiber content rate for an input power of 1000 W due to the change in the (a) particle feed rate and (b) swirl air flow rate.
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Fig. 9. SEM photographs of the pure asbestos before (left) and after (right) its air plasma treatment for chrysotile (top), amosite (center), and crocidolite (bottom).

defined as the ratio of the projected area of the particles with an
AR value below 0.33 to the total area of the projected particles, as
follows.

B > projected area of particle with AR < 0.33
- > projected area of particle

v x 100% (3)

The effects of the particle feed rate and the swirl air flow rate
on the fiber content ratio are shown in Fig. 7. The values at zero
on the x axis represent the fiber content ratio of the microfiber
particles before the plasma treatment. The fiber content ratio of
IBI wool and SMF300UE decreased to almost zero at a lower par-
ticle feed rate and a lower swirl air flow rate. The fiber content
ratio of Fibermax decreased only to about 0.7 for the experiments
with the particle feed rate as a parameter and to 0.5 at the lowest
value of the swirl air flow rate. By adopting this new particle shape
index, it can be concluded that IBI wool and SMF300UE were better
treated than Fibermax and showed an approximately zero value for

the fiber content ratio under several experiment conditions. These
results indicate that this method would be useful for asbestos,
the melting point of which is roughly similar to that of these
microfibers.

3.1.6. Heat transfer between the plasma and the fiber particle

Although the fiber content ratio can describe the tendency
of the results under each experiment condition, the particle
shape index, which can evaluate the potential of this method, is
necessary.

In this section, the heat balance between the plasma and the
microfiber particles is discussed. The mechanism of the plasma
treatment can be described as follows. First, the particles receive
heat from the plasma and melt instantaneously, and then the
melted particles rapidly cool at the plasma afterglow. Thus,
by assuming that there is no temperature gradient inside the
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particle and that the effect of radiation can be neglected, the com-
plete melting time is described in Eq. (4).

_ 1 ,OVpCp Tf — T() pr)\.
hith=y [ A "\ T ) AT =T )
oVpCy T; - To PVpA
h(t; +6) = In + = 5
(t1+ 1) A, T —Tw ) AT Ty " (5)

It was assumed that the plasma temperature was 3000 K[12,13]
and that all the particles before the treatment were cylindrical.
Then the new parameter 7 in Eq. (5) was introduced and calcu-
lated. In the equation, 7 is the product of the multiplication of the
heat coefficient of the plasma and the complete melting time, which
indicates the amount of energy needed to melt the particles com-
pletely per unit surface area. The relationship between 1 and the
normalized fiber vanishing rate (—AV/Vp) is shown in Fig. 8. The
fiber vanishing rate (— AV) is the difference between the fiber con-
tent ratio before and after the treatment, and Vj is the fiber content
ratio before the treatment.

As shown in Fig. 8, the normalized fiber vanishing rate had a
downward tendency with an increase in 7, which has a rational
tendency. The same experiment conditions brought about nearly
the same normalized fiber vanishing rate. Thus, the fiber vanishing
rate is suggested as a proper index for evaluating the result of this
treatment method.

By assuming that the correlation in Fig. 8 is valid, an approximate
curve line can be drawn, and it becomes possible to estimate the
value of 1 that makes —AV/V; equal to unity. Moreover, by intro-
ducing the natures of pure asbestos in Eq. (5), the normalized fiber
vanishing rate is expected to reach unity for a cylinder diameter
equal to or less than 10 wm. Actually, it is still necessary to verify
this relationship by calculating a numerical model.

4. Prove treatment of pure asbestos
4.1. SEM analysis of the plasma treatment of pure asbestos

Fig. 9 shows SEM pictures of the pure asbestos before and after
its plasma treatment at 1 kW input power, a 12.5L/min swirl air
flow rate, and a 2.5-5.3 L/min carrier gas flow rate. At 500 x magni-
fication, some fibers were still observed in amosite and crocidolite,
but not in chrysotile, as shown in Fig. 8. The bigger size of the
plasma-treated particles indicates the agglomeration of the par-
ticles during the treatment.

4.2. Investigation of the plasma content in the plasma-treated
pure asbestos

To determine the effects of plasma treatment of pure asbestos,
the XRD patterns of the pure asbestos after the treatment were
compared with the XRD patterns before the treatment (Fig. 10).
Asbestos has some typical peaks that represent its content.
Asbestos peaks (chrysotile=12 and 24; amosite=10.7, 27.3, and
29.1; and crocidolite=10.5, 28.6, and 32.8) were confirmed for
all the untreated pure asbestos samples. The peaks of chrysotile
mostly disappeared after its treatment and new crystalline peaks of
forsterite (20=17.4, 23 and 32.4) and enstatite (20 =31) appeared.
The formation of forsterite and enstatite will occur as chrysotile
heated more than 850°C [14,15]. However, the typical peaks
of amosite and crocidolite remained, though they significantly
decreased. In the case of amosite, the formation of oxy-amosite
occurs at relatively low temperature (~500°C). The breakdown
of oxy-amosite begins at=800°C produces the decomposition of
hematite, magnetite, and possibly quartz [15]. Some new peaks
of a-quartz (20=21 and 27) and magnetite (20=18) appeared as
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Fig. 10. XRD patterns of the pure asbestos before its plasma treatment for (a)
chrysotile, (c) amosite, and (e) crocidolite; and after its treatment for (b) chrysotile,
(d) amosite, and (f) crocidolite. ®, chrysotile; B, amosite; O, crocidolite.

shown in Fig. 10(d). For transformation of crocidolite, the forma-
tion of oxy-crocidolite occurs at temperatures up to 650 °C. Above
650°C the oxy-crocidolite begins to break down with formation of
acmite, hematite, cristobalite, and possibly some magnetite [15].
Some new peaks of acmite (260 =30), hematite (20 =33), and mag-
netite (260 =18) were detected after treatment as shown in Fig. 10(f).

The plasma-treated pure asbestos was analyzed with phase-
contrast polarized light microscopy to confirm the results of the
XRD analysis. This was because XRD cannot distinguish between
asbestiform and nonasbestiform materials with the same mineral
phase [16]. This is why the qualitative analysis of asbestos via XRD
must be confirmed via either phase-contrast microscopy (PCM) or
SEM.

Actually, the dispersion staining methods of light microscopy
can uniquely identify asbestos fibers with diameters as small as
1 pm. This technique involves suspending liquids of known refrac-
tive indices (Cargille refractive index liquids) and observing their
color display by means of a dispersion staining objective [17].
Asbestos minerals have double refractive indices. By immersing
the fiber in appropriate liquids, the optical properties of asbestos
signals can be detected from a unique color combination with
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Fig. 11. Pictures from a phase-contrast microscope (100x ) of the pure asbestos before its treatment (left) and after its treatment (right) for chrysotile (top), amosite (center),

and crocidolite (bottom).

the polarized light. This identification was conducted via phase-
contrast microscopy (Nikon, Eclipse 80i) on pure asbestos before
and after the treatment. The asbestos dispersion-staining colors
(chrysotile = blue-violet, amosite = peach, and crocidolite = orange)
for the particles after the treatment were not detected, as shown
in Fig. 11, unlike the particles before the treatment.

From the aforementioned results, asbestos peaks were detected
via XRD but were undetected via PCM. Many needle-shaped par-
ticles remained in the treated particles of amosite and crocidolite
which was suggested due to the cohesion of pure asbestos parti-
cles, especially for amosite and crocidolite. This somehow causes
bunch formation of the fiber particles, which affects their steady
feeding. This condition affected the temperature of the air plasma
when many particles were fed into the quartz tube in one burst.

Moreover, referring to Fig. 8 in Section 3.1.6, the value of the
normalized fiber vanishing rate of the pure asbestos is small. It can
be considered that the experiment results for pure asbestos did

not reach unity because its fiber structure formed a bunch shape
that increased its average diameter to more than 10 um, as shown
in Table 1. Pure asbestos is practically never used, however, and
airborne asbestos is usually dispersed in the air, with a smaller
diameter of about 1-2 um [18].

5. Conclusion

Atmospheric microwave air plasma was used to treat microfiber
particles, followed by the conduct of the prove test for pure
asbestos-containing materials by altering the particle feed rate
and the swirl air flow rate as the experiment parameters. The
SEM results showed that the plasma-treated microfiber particles
were spheroidized and agglomerated. The XRD analysis results
showed that the peaks of the pure amosite and the pure crocidolite
remained, but not that of the pure chrysotile. The PCM results indi-
cated, however, that there was no asbestos in the plasma-treated
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pure asbestos particle. Therefore, this method was shown to be
suited for pure chrysotile and needs some improvement especially
for pure amosite and pure crocidolite.

Regarding energy use, the fiber content ratio and the fiber van-
ishing rate were used as the particle shape indices. A rational
correlation between the amount of energy needed per unit sur-
face area (1) and the normalized fiber vanishing rate was observed.
Finally, it is suggested that this atmospheric microwave air plasma
treatment method has potential for the treatment of airborne build-
ing materials that contain asbestos. That means this technology will
be efficient to treat airborne asbestos that contained in exhaust gas
of asbestos disposal station. Airborne building materials such as
cement and concrete will also be treated due to the high tempera-
ture of plasma.
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