saline solution containing hydrogen peroxide, partic-
ularly, when the applied stress exceeds the critical
stress for martensite transformation. The probable
cause of the fracture is localized corrosion associated
with the preferential dissolution of nickel ions. This
may be one reason for the fracture of Ni-Ti supere-
lastic alloy in vive.
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Because the fracture of medical/dental devices made of Titanium (Ti) and Ti
alloys by hydrogen embrittlement has been reported, the effects of surface oxide
films on hydrogen absorption and the mechanical strength of Ti were studied.
To form a surface oxide film, cp-Ti wires were annealed in ambient air at 800°C
for 2h. Half of the specimens were immersed in a mixed solution of NaF and
H,PO, (APF). Some of the specimens were removed from the surface film by
abrasion after heating and immersion in the APF solution. Thermal desorption
spectroscopy (TDS) was carried out to detect ions/molecules released during
heating from room temperature to 1,200°C in a high-vacuum vessel for the treated
specimens. A high ion intensity was detected for hydrogen at m/z = 2; however, the
ion intensities of the other ions/molecules were almost at the background level
in the measurements in which the specimen did not undergo severe corrosion.
The hydrogen concentration in the specimens related to the heat and chemical
process was determined quantitatively, and found to be not significantly enhanced
by the annealing or immersion in APF solution when the specimen formed the
surface film with the annealing. The mechanical strength of Ti was decreased when
the specimen, which was removed from the oxide film, was attacked by hydrogen,

Dentistry in Japan
Vol. 43 pp. 99~103, March, 2007

thereby decreasing its mechanical strength.

Key words:  Titanium — Corrosion — Strength — Hydrogen — Oxide film

INTRODUCTION

Titanium (Ti) is an active metal. However, surface
oxide films (TiO,) provide corrosion resistance and
biocompatibility to this metal. The surface of Ti, which
had been worked or polished/grinded, has a noncrystal
thin oxide film. This surface film is not adequate
to protect against chemical reaction. When Ti is
annealed in ambient air, the metal becomes covered
with crystalline oxide films such as anatase and rutile,
and its corrosion resistance is improved. However,
the thickness of such oxide films rapidly increases
at temperatures higher than 900°C, and flakes fall
off as scales. It is recognized that the control of the
surface film on Ti is very important for the develop-
ment of corrosion-resistant alloys."

In an electrochemical study, the corrosion of metal
related with electric potential and pH is carried out
using corrosion diagrams developed by Pourbaix.”
In the thermodynamically stable region in water at
latm (1x10°Pa), Ti is in a passive state. However, Ti
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deteriorates in solutions containing fluoride ions.*®

Thermal desorption spectroscopy (TDS) is a
method of analyzing the ions released by quadrupole
mass spectrometry (QMS) while heating a specimen
in a high-vacuum vessel. This is a useful method
of obtaining information on the ions absorbed or
taken up by a specimen.” In this study, the release of
ions/molecules from cp-Ti wires, annealed cp-Ti wires
and cp-Ti wires, which were immersed in a fluoride-
containing solution, were analyzed by TDS. The effects
of annealing and immersion treatment in APF solu-
tion on the uptake or absorption of ions/molecules
were determined. Moreover, the relationship between
the surface oxide film and the degradation of the Ti
substrate was discussed.

MATERIALS AND METHODS

Cp-Tiwires (TI-451414, Nilaco, Tokyo) with a diameter
of 0.6mm were cut into specimens of 50 mm length.
The asreceived wires were polished with #800-grit
SiC paper and ultrasonically washed in acetone and
distilled water for 15min each. The specimens were
annealed at 800°C for 2h in ambient air in an elec-
trical furnace. Some of the annealed specimens were
immersed in an aqueous solution (pH3.0) of 2.0%
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acidulated phosphate fluoride (APF; 2.0% NaF + 1.7%
H;PO,) at 37°C. For half of the specimens, the surface
oxide film was removed using abrasive paper, and the
specimens were ultrasonically washed. The surface
morphology of each specimen was observed by scan-
ning electron microscopy (SEM). The specimen for
TDS was arranged after annealing and immersion
treatment in APF solution. Ions released from the
specimens in a high-vacuum chamber (1.3 X 1077Pa)
were measured by TDS (EMD-WAI10005/W: ESCO,
Tokyo) during heating at 0.56°C/sec. The time interval
for the detection of the released ions by QMS was
Hsec. Table 1 shows a list of the heat and immersion
treatments of the specimens with their codes.

Tensile test was carried out at room temperature
using an Instron-type machine (Autograph AG-100A4,
Shimadzu, Kyoto) at a strain rate of 1.7x107*/sec.
Stress-strain curves were measured for three speci-
mens with the same treatment. The fractured surface
was observed by SEM.

RESULTS

1. As-received Ti specimen (A)

The surface morphology of A (asreceived cp-Ti)
showed scratches, which might have been caused by
drawing the specimen through a die, along the longi-
tudinal direction. In high-magnification photographs,
tear cracks were observed. Specimen A was heated to
1,200°C (1st run), and cooled to room temperature in
an evacuated chamber in the TDS equipment. After
that, the specimen was reheated to 1,200°C (2nd run).

B-1

100am

100 m
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Figure 1 shows the net ion intensity of the hydrogen
(m/z=2) that was released from specimen A, that
is, the data used was obtained subtracting the back-
ground data (2nd run) from the data of the Ist
run. The integrated value of the intensity curve from

Table 1 Codes of specimens with heat and immersion treatments

Code Heat and immersion treatments

A As-received material: reference

B-1 Annealed at 800°C for 2 h

B-2 Surface film removed from B-1 by abrasion
Cl B-1 immersed in APF solution for 30 days
c2 Surface film removed from C-1 by abrasion
C3 B-2 immersed in APF solution for seven days
8.0E-09

m/z=2

Cp-Titanium. Grade 1

A0E-09 — /[\\
2.0E-09 —
Net ._
J’nd Run =,
200 400 600

60E-09 —

lon Intensity (A)

1st Run
) 'y
o

800 1,000 1,200
Temperature (°C)

0.0E+00

Fig. 1 Desorption curves of hydrogen ion intensities at
m/z=2, released during heating of A by TDS

The vertical axis shows ion intensity and unit is ampere
on the 107° order.

100 m

100 pwm

Fig. 2 Surface of specimens before tensile test

B-1: After annealing at 800°C for 2h. B-2: After removing the surface oxide film from B-1 by abrasion.
C-1: After immersion of B-1 in APF solution for 30 days, C-3: After immersion of B-2 in APF solution for seven days.
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room temperature to 1,000°C was compared with
the reference data, and the number of hydrogen
molecules released from specimen A was calculated to
be 1.1 10" for 10 mg. From this value, the hydrogen
concentration in specimen A was calculated to be
37 mass ppm. Here, the hydrogen concentration can
be calculated as {(mass of hydrogen) X (number of
released ions)}/{(weight of specimen) X (Avogadro’s
number: 6.02 X 10®amu/g)).

2. Annealed specimens (B-1 and B-2)

The surface morphology of the annealed specimen
B-1 was similar to that of specimen A from the SEM
photo image graphs shown in Fig. 2. However, a thick
surface oxide film was confirmed by visual inspection.
With annealing at 800°C, the oxide film formed might
be rutile and measured to be 9um thick."” Figure 3
shows the ion intensity at m/z=2 for B-1 and B-2
compared with that of the reference specimen A.
Here, B-2 is the oxide film removed from specimen
B-1 by abrasion. For B-1, TDS measurements were
repeated in four cycles of heating in the same evacu-
ated chamber, because the oxide film was a barrier
that hydrogen atoms had to pass through and hydro-

T0E-0D9
m/z=2

6.0E-09

A\

2 5.0E-09
Z 40609 |——
]

< 3.0E-09

1st Ru:‘

5 20E-09

1.0E-09

0.0E+00
0 200 400 600 800 1,000 1,200
Temperature (°C)

Fig. 3 Desorption curves of hydrogen ion intensities at
m/z=2, released during heating of A, B-1 and B-2
determined by TDS
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Fig. 5 Desorption curves of hydrogen ion and water ions at
m/z=2, 17 and 18 for C-3 during heating

gen atoms remained in Ti after each of the cycles. The
detected ion intensity of hydrogen at m/z=2 decreased
depending on the number of heating cycles. However,
the curve with the peak intensity was detected for B-2,
which showed a similar curve to A (as-received cp-Ti).
The onset temperature of the release of hydrogen was
almost the same as that for A. These results indicate
that the diffusion rate of hydrogen through the surface
oxide film is extremely low, that is, the oxide film plays
an important role in preventing the occlusion and
dislodgement of hydrogen molecules. The calculated
amounts of hydrogen released for B-1 and B-2 were
calculated 33 ppm and 40 ppm (for four cycles of heat-
ing), respectively; these are almost equal to the amount
of hydrogen released from specimen A. It was con-
cluded that Ti did not take up hydrogen significantly
during annealing.

3. Immersion in APF solution (C-1, C-2 and C-3)

The surface of C-1, which was annealed and immersed
in APF solution, showed almost the same features as
B-1, that is, no traces of typical chemical attacks were
observed, as shown in Fig. 2. Figure 4 shows the results
of TDS, that is, the curves of hydrogen at m/z=2 for

1.2E-08
m/z=2 /\
1.0E-08 / L
< g0E-09 |- o2
£ GO0E-09 |-
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Fig. 4 Desorption curves of hydrogen ion intensitics at
m/z=2 released during heating of A, C-1 and C-2
determined by TDS
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Fig. 6 Desorption curves of ion intensities at m/z= 16, 19,
20, 23 and 28 for C-3 during heating

The other ion intensities were detected at the background
level in the measurement.
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C-1 and (-2 are shown in comparison with that for
specimen A. The curves for C-1, which was covered
with the oxide film, show that ion intensity increases
as temperature increases. The ion intensity was low
for the 2nd run compared with that for the 1st run,
because the specimen had a lower hydrogen concen-
tration during the lst run as a result of desorption.
The m/z=2 curve for C-2, in which the oxide film was
removed after immersion in APF solution, shows a
peak similar to those of specimen A and B-2. However,

the peak temperature of (-2 is higher than those of

A and B-2. The hydrogen concentrations calculated
were 26 and 47 ppm for C-1 and C-2, respectively. This

result shows that no significant increase in the rate of

hydrogen uptake for the specimens with an oxide film,
which was formed by annealing, was detected with the
immersion in APF solution.

The surface of C-3, in which the surface film was
removed after the annealing and immersion in APF
solution for seven days, was markedly attacked by APF
solution, and pores were observed on the surface as
shown in Fig. 2. Figure 5 shows the ion intensity curve

Table 2 Concentraton of hydrogen in the specimen
with various treatments
Code Number of Hydrogen
AE = % Ppm
molecules/10mg
A 1.1 %107 37
B-1 9.8x10' 33
B-2 1.2 10" 40
C-1 7.9x10' 26
C-2 1.4x107 47
C-3 2

26X10% 864

B-1

100 um

100pm

for C-3 by TDS. The ion intensity at m/z=17 and 18,
which were related to the ions of water molecules,
were high at temperatures lower than 400°C, and at
temperatures higher than 400°C, that of hydrogen
(m/z=2) was extremely high. The amount of hydro-
gen calculated was 864 ppm, which is 20 times higher
than those of the specimens with the oxide film formed
by annealing. Not only hydrogen and water, but also
fluoride and sodium ions, which are the components
of APF solution, were detected at higher intensities
than background levels. The peak ion intensities
related to fluorine (m/z=20 (HF) and 19 (F)) were
detected to be the order of 1077 A, as shown in Fig. 6.
The concentrations of detected hydrogen for the Ti
specimens are listed in Table 2.

4. Tensile strength

Figure 7 shows the fractography results of the speci-
mens. The ultimate tensile strength of the as-received
specimen A was 680 MPa, because the wire had been
formed by hard-cold work deformation. Because of
the annealing at 800°C for 2h (B-1), the strength
decreased to 370 MPa. These results agree with the
data for grade 1 Ti.* Tensile fracture strain decreased
from 14% to 10% because local cracks formed in
the surface oxide film, which was a hard but brittle
structure, in the early stage of the tensile test. These
local cracks developed throughout the Ti matnx,
and caused fracturing. For B-2, in which the surface
film was removed by abrasion, many surface cracks
formed uniformly in the surface layer of B-2 as shown
in Fig. 7. The tensile strength was almost equal to
that of B-1; however, the fracture strain of B-1 was
almost equal to that of the asreceived wire A. After

100 um

100um

Fig. 7 Fractured surface of specimens after tensile test for each specimen shown in Fig. 2
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the immersion in APF solution, the specimen with an
oxide film (C-1) showed almost no corrosion attack
damage as shown in an SEM photograph, and hydro-
gen concentration showed no increase. The strength
and fracture strain showed no decreases. However,
C-3, which was immersed in APF solution after the
surface film abrasion, showed excessive corrosion
attack damage as shown in Fig. 2. The strength of C-3
markedly decreased to 260 MPa. However, elongation
rate increased to 20%. These results suggest that
hydrogen absorption and strength degradation are
accelerated by the corrosion of the surface oxide film.
This may lead to the fracture of devices in high-stress
environments.

DISCUSSION

Hydrogen, oxygen, nitrogen and carbon are intersti-
tial impurity atoms in Ti. They increase the strength of
Ti by solid solution hardening, except hydrogen. The
maximum solubility of hydrogen in a-Ti is extremely
low. Hydride formation, which is brittle phase, takes
place when hydrogen concentration in Ti exceeds the
solubility limit. From this, cp-Ti, which contains higher
than 150-200ppm hydrogen, loses its ducdlity in
high-stress environments, resulting in increased notch
sensitivity. This phenomenon is known as hydrogen
embrittlement.” The solubility of hydrogen in cp-Ti,
which is used as an implant material, is standardized to
be hydrogen content lower than 150 ppm, or 100 ppm
for billet.'”

A titanium oxide layer, a few nanometers thick, is
generated when a metal surface is exposed to ambient
air by cutting or grinding. This oxide layer exerts a
protective action, thereby conferring a high corrosion
resistance on Ti. However, this corrosion resistance is
not adequate for use in severely corrosive environ-
ments such as a fluoride-ioncontaining solution.
From the TDS curves for hydrogen of the specimen
with an oxide film, the rate of hydrogen diffusion
through titanium oxide is extremely low. The surface
film traps released hydrogen. Titanium oxide (rutile)
plays an important role in preventing Ti from hydro-
gen uptake. The results of immersing C-3 in APF solu-
tion show that the rate of hydrogen uptake is 20-fold
the initial hydrogen concentration during a 7-day
immersion. Because Ti is an active metal, water,
fluoride and sodium ions were detected in C-3. The
presence of hydrogen, which is absorbed during
working and cleaning, is the most serious problem
for the use of Ti. However, the hydrogen content in
Ti increases in biological structures that use medical
devices. For example, the hydrogen embrittlement
of superelastic Ni-Ti orthodontic wire and Ti dental
implant have been reported."'® The reason for the
fracture is inferred to be the insufficient thickness of
the oxide film that protects hydrogen uptake in the

mouth. Thus, it is important that the formation of
oxide films such as rutile and anatase is enhanced to
increase longevity of medical and dental devices.
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The hydrogen absorption and thermal desorption behaviors of Ni-Ti superelastic alloy subjected to a sustained tensile-straining
test with cathodic hydrogen charging have been investigated. Under an applied strain in the presence of the martensite phase, hydro-
gen absorption is markedly enhanced and the amount of desorbed hydrogen, particularly at low temperatures, is increased. In

addition, the hydrogen diffusion distance in the specimen increases.

© 2007 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Hydrogen embrittlement of Ni-Ti superelastic alloy
is considered to be sensitive to stress/strain or phase
transformation [1-8]. Upon tensile loading, hydrogen-
charged Ni-Ti superelastic alloy fractures as a result
of stress-induced martensite transformation [5-8]. From
the results of a sustained tensile-loading test with hydro-
gen charging, we have demonstrated that when the
applied stress exceeds the critical stress for martensite
transformation, the amount of absorbed hydrogen in-
creases markedly; hence, the time for the alloy to frac-
ture probably becomes short [9,10]. For a sustained
tensile-loading test, however, the hydrogen absorption
behavior during the stress-induced martensite and re-
verse transformation cannot be investigated. In addi-
tion, Ni-Ti superelastic alloy is widely used under
sustained straining conditions rather than under sus-
tained loading conditions [11-14]. Therefore, to further
understand the hydrogen embrittlement of the alloy,
the hydrogen absorption and thermal desorption behav-
iors under an applied strain during stress-induced
martensite and reverse transformation must be exam-
ined. The thermal desorption behavior of hydrogen
allows hydrogen in various materials to be characterized

* Corresponding author. Tel: +81 88 633 7334: fax: +81 88 633
9125; e-mail: yokken@dent.tokushima-u.ac.jp

as diffusive hydrogen, hydrogen trapped in defects or
hydrogen in solution [15-22].

The objective of the present study is to investigate the
hydrogen absorption and thermal desorption behaviors
of Ni-Ti superelastic alloy subjected to a sustained ten-
sile-straining test with cathodic hydrogen charging.

A commercial Ni-Ti superelastic alloy (Ni 55 mass’s,
Ti balance) wire with a diameter of 0.50 mm was cut
into 120 mm long specimens. The specimens were pol-
ished with 600-grit SiC paper and ultrasonically cleaned
with acetone for 5 min.

A sustained tensile-straining test with hydrogen
charging was carried out using an Instron-type machine
at room temperature (25 + 2 °C) with specimens 50 mm
in length immersed in 150 ml of 0.9% NaCl aqueous
solution. The gauge length of each specimen was
80 mm. Strain was calculated from the displacement
of the crosshead and the initial gauge length. The condi-
tions of cathodic hydrogen charging were a current
density of 10 Am™ for 2h. After applying a sus-
tained-strain, the start of hydrogen charging was 30 s.

Hydrogen thermal desorption analysis (TDA) was
performed in vacuum at 10 ®Pa using a quadrupole
mass spectrometer (ULVAC, Kanagawa, Japan). Sam-
pling was conducted at 30 s intervals at a linear heating
rate of 100 °C h ' up to 600 °C. To account for experi-
mental errors, the TDA was carried out at least twice.

1359-6462/% - see front matter © 2007 Acta Mateniaha Inc. Published by Elsevier Ltd. All rights reserved.
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After hydrogen charging, the start of TDA was 60 min.
The amount of desorbed hydrogen was defined as the
integrated peak intensity. The amount of absorbed
hydrogen was calculated by subtracting the amount of
predissolved hydrogen (10 mass ppm). To evaluate
hydrogen distribution in a hydrogen-charged specimen,
the surface of the specimens was carefully ground to var-
ious thicknesses with 180-grit SiC paper and measured
using a micrometer caliper immediately before TDA.
The local concentration of hydrogen was calculated
from the ratio of the sectional areas and the amount
of desorbed hydrogen from the ground specimens.

The amounts of hydrogen absorbed by the Ni-Ti
superelastic alloy charged with hydrogen under various
applied strains obtained by TDA are shown in the
stress-strain curve in Figure 1. Hereafter, the uppercase
letters in the figures indicate applied sustained-strain
points, as shown in Figure 1. In our previous TDA re-
sults [23], the scatter of the amount of absorbed hydro-
gen of the alloy without an applied strain (point A) is at
most 10 mass ppm. In the present study, therefore, the
experimental errors are probably within 5-10%. On
loading, under the applied strains up to the middle of
the stress plateau due to stress-induced martensite trans-
formation (point C), the amount of absorbed hydrogen
only slightly increased compared with that without an
applied strain (point A); the increment in the amount
of absorbed hydrogen was at most 10-20 mass ppm.
This increment in the amount of absorbed hydrogen
might be caused by the increment in the number of
hydrogen trap sites induced by the elastic deformation
of the B2 parent phase. When the applied strain exceeds
the later stage of the stress plateau due to martensite
transformation (point D), the amount of absorbed
hydrogen increased markedly (approximately 350 mass
ppm). Under the applied strain in the elastic deforma-
tion region of the B19" martensite phase (point E), the
hydrogen absorption behavior approximately corre-
sponds to that under the sustained tensile-loading test
wherein the applied stress exceeds the critical stress for
the martensite transformation [9). Under the applied
strain in the plastic deformation region of the martensite

1200 + 408 ppm F
1000 +

-

E 350
200 ppm 387 ppm e
239 ppm c o

800
600
— G 324 ppm
200

Stress (MPa)

344 ppm

J 230 ppm !

H 329 ppm
oAn 210 ppm ’

10 15
Strain (%)

Figure 1. Relationship between applied strain points on the stress—
strain curve of Ni-Ti superelastic alloy and the amounts of absorbed
hydrogen obtained from TDA. The letters in the figure indicate applied
strain points. Strain is calculated from elongation (displacement of
crosshead) and initial gauge length.

phase (point F), the amount of absorbed hydrogen max-
imally increased (approximately 400 mass ppm). This
increment in the amount of absorbed hydrogen is pre-
sumably caused by the increment in the number of
hydrogen trap sites as induced by plastic deformation
[24).

On unloading from point E, an increment in the
amount of absorbed hydrogen was observed under the
applied strains up to the middle of the stress plateau
due to reverse transformation (point I). Under the ap-
plied strains from points G to I, although the applied
stress was lower than the critical stress for the martensite
transformation, the amount of absorbed hydrogen in-
creased (approximately 350 mass ppm), as compared
with that without an applied strain (point A). From a
practical viewpoint, it should be emphasized that hydro-
gen absorption is markedly enhanced under the applied
strains at the stress plateau due to reverse transforma-
tion. The amount of absorbed hydrogen only slightly in-
creased under the applied strain at the later stage of the
stress plateau due to reverse transformation (point J), as
compared with that without an applied strain (point A).

The present results with the Ni-Ti superelastic alloy
suggest that hydrogen absorption is enhanced by the
existence of the martensite phase rather than by an ap-
plied stress level. This is consistent with the previous
finding that when Ni-Ti shape memory alloys with dif-
ferent phases are charged, the martensite phase can be
observed to enhance hydrogen absorption [24] Burch
and Mason [25] reported that the thermoelastic martens-
ite transformation enhances the solubility of hydrogen
in Ti-Ni alloy at high temperature. For Tisy_Zr,Nisg
(at.%) alloys, Cuevas et al. [26] reported that the ther-
moelastic martensitic structure is able to store a much
higher amount of hydrogen than the austenitic one.
With regard to the reason for the inhibition of the
enhancement of hydrogen absorption under the applied
strain at point C, the relationship between the stress pla-
teau region of the stress—strain curves and the existence
of the martensite phase must be examined carefully [27-
31]. Shaw and Kyriakides [27,28] reported that the
stress-induced phase transformation of Ni-Ti alloy re-
sults in an inhomogeneous deformation: the nucleation
of the martensite phase in a uniform parent phase region
is associated with a stress peak on loading, whereas the
nucleation of a parent phase in a uniform martensite
phase region is associated with a stress valley on unload-
ing. Therefore, at the center of the specimen (the hydro-
gen charging region), it appears that the martensite
phase does not exist under the applied strain at point
C, although the martensite phase exists under the ap-
plied strain at point 1. The quantitative relationship be-
tween the volume fraction of the martensite phase and
the amount of hydrogen absorption should be investi-
gated further.

Figure 2 shows the hydrogen thermal desorption
curves of the Ni-Ti superelastic alloy under various ap-
plied strains. Hydrogen desorption was observed from
room temperature to 400 °C irrespective of the applied
strain points. For the specimens charged at points A,
B, C and J, the primary peak was observed at approxi-
mately 270 °C; the shoulder of the primary peak was
observed at 150-200°C. For the specimen charged
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Figure 2. Hydrogen thermal desorption curves of specimen charged
with hydrogen under various applied strains. The letters in the figure
indicate applied strain points (see Fig. 1).

under the applied strains from points D to I, the amount
of hydrogen desorbed at low temperatures increased
markedly, although the amount of the primary peak in-
creased. From the results of our previous study [23], the
hydrogen desorption behavior at low temperatures ap-
pears to be particularly involved in the hydrogen embrit-
tlement of the alloy. It seems that the marked increase in
the amount of hydrogen desorbed at low temperatures
readily results in hydrogen embrittlement.

Figure 3 shows the hydrogen thermal desorption
curves of the surface-ground specimens under the ap-
plied strain in the elastic deformation region of the
martensite phase (point E). The amount of desorbed
hydrogen decreased with decreasing diameter of the
ground specimen. The amount of desorbed hydrogen
for the 0.35 mm diameter specimen was almost the same
as that for the non-charged specimen:; hence, the
charged hydrogen exists within at most 75 pum from
the surface of the specimen. From our previous results
for the specimen charged without an applied strain (par-
ent phase) [23], the charged hydrogen exists within at
most 25 um from the surface of the specimen. The
hydrogen diffusion rate in the martensite phase (B19')
may be higher than that in the parent phase (B2). The
longer diffusion distance of hydrogen in the martensite
phase is probably one of the reasons why hydrogen
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Figure 3. Hydrogen thermal desorption curves of surface-ground
specimens charged with hydrogen under applied strain at point E (see
Fig. 1). The numerical values in this figure indicate the diameters of the
ground specimens.
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Figure 4. Hydrogen concentration evaluated by TDA as function of
distance from surface of hydrogen-charged specimens without applied
strain and under applied strain at point E (see Fig. 1).

embrittlement occurs readily under the applied stresses
above the stress-induced martensite transformation,
i.e. under the existence of the martensite phase [9,10].

Figure 4 shows the hydrogen concentration and dis-
tribution of the hydrogen-charged specimens without
an applied strain, as reported previously [23] and under
an applied strain in the elastic deformation region of the
martensite phase (point E), as evaluated from Figure 3.
The hydrogen concentration was more than 2000 mass
ppm in the vicinity of the surface of the specimen under
an applied strain. This hydrogen concentration is en-
ough to result in the pronounced degradation of the
mechanical properties of the Ni-Ti superelastic alloy.
The effects of hydrogen concentration and distribution
on the mechanical properties of the alloy have been de-
scribed in our previous articles [23,32]

Figure 5 shows the hydrogen thermal desorption
curve of the hydrogen-charged specimen under an ap-
plied strain in the elastic deformation region of the mar-
tensite phase (point E) followed by aging for 240 h at
room temperature in air without an applied strain.
Upon aging, the amount of hydrogen desorbed at low
temperatures decreased, in accordance with the desorp-
tion in specimens charged without an applied strain, as
reported previously [23,32]. The amount of desorbed
hydrogen in the aged specimens (383 mass ppm) was
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Figure 5. Representative hydrogen thermal desorption curves of
hydrogen-charged specimen under applied strain at point E (see
Fig. 1), aged for 240 h at room temperature in air. The numerical
values in this figure indicate the amount of desorbed hydrogen.



396 K. Yokoyama et al. | Scripta Materialia 57 (2007) 393-396

slightly higher than that without aging (360 mass ppm);
it appears that hydrogen does not diffuse out during
aging at room temperature in air. As reported previ-
ously [23], some hydrogen molecules that desorb at
low temperatures probably diffuse out under reduced
pressure before TDA, although hydrogen rarely diffuses
out during aging at room temperature under atmo-
spheric pressure. Upon aging, it is likely that hydrogen
desorbed at low temperatures diffuses toward the center
of the specimen and becomes stable; hydrogen rarely dif-
fuses out under reduced pressure. Thus, for the specimen
immediately after hydrogen charging, the amount of
desorbed hydrogen obtained by TDA appears to be
slightly smaller than the actual value.

The hydrogen state in the parent phase of the Ni-Ti
superelastic alloy has been described in our previous
articles [23,32]. In the present TDA results, there is no
distinct evidence that the hydrogen states are different
between the parent and martensite phases. Nevertheless,
the hydrogen desorption behavior at low temperatures
and the hydrogen distribution are changed for the spec-
imen charged in the presence of the martensite phase;
hence, the hydrogen state is possibly changed in associ-
ation with the martensite phase. Further studies are
needed to clarify this point.
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Dense fimbrial meshwork
enhances

Porphyromonas gingivalis
adhesiveness: a scanning
electron microscopic study

Hongo H, Takano H, Morita M. Dense fimbrial meshwork enhances Porphyro-
monas gingivalis adhesiveness: a scanning electron microscopic study. J Periodont
Res 2007; 42: 114-118. © Blackwell Munksgaard 2006

Background and Objective: The aim of this study was to determine how the
fimbriae of Porphyromenas gingivalis function in plaque formation.

Material and Methods: We used scanning electron microscopy to examine
aggregates and hemaggregates of fimbria-rich ATCC33277 (parent) and fimbra-
poor OZ6301C (pgmA-knockout, mutant) strains of P. gingivalis. We also assessed
the hemagglutination activity of the two strains as an indicator of P. gingivalis
adhesiveness.

Results: Aggregates of P. gingivalis were composed of bacterial chains and
clusters. Rich fimbriae projecting from cells of the parent strain tended to
bunch and form a dense meshwork among bacterial cells. In contrast, cells of
the mutant strain projected fewer fimbriae and the meshwork was looser.
Hemaggregates including cells of the parent strain contained a detached, dense
fimbrial meshwork that adhered to erythrocytes. Hemaggregates comprising
cells of the mutant strain included bacterial chains and clusters that adhered to
erythrocytes by shorter fimbriae than those of the parent strain. The hemag-
glutination titer of the parent strain was 10-fold higher than that of the mutant
strain, although the number of fimbriae per cell of the parent strain was only
double that of the mutant strain.

Conclusion: The results indicate that P. gingivalis adhesiveness is prominently
enhanced by the dense fimbrial meshwork. Thus, the virulence of P. gingivalis is
increased by the presence of rich fimbriae.
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gival mucosa where it forms aggregates
with gram-positive aerobic bacteria (4).

Porphyromonas gingivalis is a gram-
negative anaerobic rod that is usually

detected in the periodontal pockets of
patients with severe periodontitis (1).
Lipopolysaccharide, released from the
cell membranes of dead P. gingivalis in
periodontal pockets, activates osteo-
clasts to resorb alveolar bone (2,3).

P. gingivalis induces alveolar bone
resorption by adhering to the subgin-

Such aggregates stimulate neutrophils
and lymphocytes to induce inflamma-
tion in the subgingival mucosa, allow-
ing P. gingivalis to invade periodontal
pockets further (5). Thereafter, P. gin-
givalis adheres to the cementum adja-
cent to alveolar bone, where
osteoclasts stimulated by lipopolysac-

charide released from dead P. gingiva-
lis cause alveolar bone resorption (6).

Fimbriae are thought to not only
mediate initial P. gingivalis adherence
to the oral mucosa, but also to con-
tribute to its colonization in subgingi-
val pockets (7). Watanabe er al.
(8) identified a close correlation
between the number of fimbriae and
the adhesiveness of P. gingivalis to



human oral mucosal epithelial cells
and fibrocytes in vitro. Du et al. (9)
proved biochemically that fimbriae and
hemagglutinating adhesin mediate the
adhesion of P. gingivalis to epithelial
cells. Thus, physiological and bio-
chemical findings both show that
fimbrial adhesiveness and fimbria are
involved in hemagglutination. How-
ever, morphological images, obtained
by scanning electron microscopy
(SEM), showing how P. gingivalis
works in plaques and hemaggregates
have not been published.

To visualize the function of P. gin-
givalis fimbria using SEM images, we
examined cell aggregates and hemag-
gregates comprising P. gingivalis of
parent and mutant strains that are
fimbria-rich and fimbria-poor,
respectively (10). The hemagglutina-
tion titers of both strains were also
assessed to determine the relationship
between fimbrial density and bacterial
adhesiveness.

Material and methods

Strains

P. gingivalis ATCC33277 (parent
strain) was obtained from the American
Type Culture Collection (Rockville,
MD, USA), and the OZ6301C (pgmA-
knockout, mutant) was supplied by
Aichi Gakuin University (Aichi, Japan).
The pgmA gene of ATCC33277 (11) is
inactivated in OZ6301C by Fletcher’s
DNA cassette that is erythromycin
resistant (12). Strain OZ6301C expres-
ses about half of the amount of fimbrilin
found in ATCC33277 (10).

Method of incubation

The bacteria were suspended in 0.5 ml
of Brain—Heart infusion (BHI) broth
(Difco, Detroit, MI, USA) diluted to
50% of the standard concentration. One
drop of the suspension medium was
streaked onto plates containing Brucel-
la agar medium (Kyokutou, Tokyo,
Japan) and the plates were incubated
under anaerobic conditions at 37°C.
To confirm the effectiveness of the
DNA cassette, the pgmA-knockout
strain was incubated under anaerobic
conditions for 3d at 37°C on agar
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media containing erythromycin (final
concentration, 20 pg/ml). Pieces of
colonies scraped from plates using an
inoculating loop were mixed with
300 ml of GAM bouillon (Nissui,
Tokyo, Japan). Flasks containing par-
ent and mutant strains were incubated
for 3.0-3.5 and 4.0-4.5 d, respectively.
The mutant strain grew more slowly
than the parent strain, and was incu-
bated for 1d longer than the parent
strain to equalize the amount of
aggregates of both. We incubated
parent and mutant strains 23 and 12
times, respectively, to generate the data
shown here.

Preparation of P. gingivalis cells for
SEM

Flasks containing mutant and parent
P. gingivalis aggregates in GAM
bouillon were gently shaken to form
homogeneous cell suspensions of about
the same color.

One drop of each suspension was
removed using a sterilized chopstick
and placed on silane-coated 7-mm?
glass slides. After 10 min, the slides
were gently immersed in Petri dishes
containing 0.02 M cacodylate buffer
(pH 7.4), 0.15 m NaCl and 1% glutar-
aldehyde. The samples were fixed for
5 h, dehydrated in a graded series of
ethanol, immersed in isoamyl acetate,
dried in a critical point dryer, coated
with osmium vapor for | s using an
osmium plasma coater (Nippon Laser,
Tokyo, Japan) and observed by SEM
(S4500; Hitachi, Tokyo, Japan). We
initially selected fields where the bac-
terial cells were intact at low magnifi-
cation, and then photographed them at
5% 10* magnification. Bacterial cells
were considered intact or damaged
when the fimbriae were rich and long,
or sparse and shorter, respectively.

Semiquantitative method for
counting fimbriae

We counted the number of fimbriae per
cell from 203 and 74 photographs of
10-12 cells of parent and mutant
strains, respectively, in which cells did
not overlap. The fimbriae were counted
near the cell surface, where they were
not too bunched, under a magnifying

glass (x8) on a negative film placed on
a light box. Half of the fimbriae per cell
were counted in this manner.

Hemagglutination activity

The hemagglutination titer of P. gin-
givalis was examined using the modi-
fied method of Chu eral. (13). Cell
suspensions in liquid medium, taken
from flasks prepared as described
above, were diluted from eight- to
350-fold with saline and then mixed
with an equal amount of 5% chicken
erythrocytes in saline (Nippon Bio-
test, Tokyo, Japan) on blood test
plates. To prevent damage of the
fimbriae, the bacteria were not washed
before the hemagglutination test, and
mixed using a micropipette with a tip
that had been cut with scissors. After
I h of incubation at room tempera-
ture, the highest dilution of the
bacterial cultures that induced hem-
agglutination was recorded.

To determine the optical density of
the cells before dilution, cultures were
thoroughly dispersed, liquid medium
was replaced with saline by centrifu-
gation, and the optical density of
each cell suspension was measured by
spectrophotometry at 600 nm (UV
mini 1240; Shimadzu, Kyoto, Japan).

Preparation of SEM samples of
P. gingivalis hemaggregates

Hemaggregates of P. gingivalis were
collected from the bottom of blood
test plates, placed on silane-coated
glass slides using a micropipette and
processed, as described above, for
SEM.

Results

SEM observation of P. gingivalis
aggregates of parent and mutant
strains cultured in liquid medium

Cells of P. gingivalis with fimbriae
were distinct (Fig. 1). Abundant cells
of the parent strain adhered well to
glass slides, whereas mutant cells
adhered sparsely (Fig. 2). Aggregates
of the parent strain were composed of
long and abundant bacterial chains
and clusters of 20-80 pm in diameter,
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Fig. 1. Scanning electron micrograph of
Porphyromonas gingivalis in parent strain

cluster. Fimbriae bunch and form a dense
meshwork containing embedded bacterial
cells (arrow). Bar, 0.3 um.

Fig. 2. Scanning electron micrograph of
Porphyromonas gingivalis cultured in liquid
medium. (A) Parent strain. (B) Mutant
strain. Bar, 30 pum. More parent P. gingi-
valis strain is attached to slide than mutant.
Chains of the parent strain are long and
abundant, whereas chains of the mutant are
short and sparse. Clusters and chains are
arrowheads,

indicated by arrows and

respectively.

of which the margins were wreathed
with chains (Figs 2A and 3A). In con-
trast, those of the mutant strain were
composed of few chains and isolated
clusters of 10-15 pm in diameter, but
the margins were also wreathed with
chains (Figs 2B and 3B). Aggregates of
the mutant strain comprised shorter
chains and smaller clusters than those
of the parent strain.

Fig. 3. Enlarged photographs of bacterial
cluster shown in Fig. 1. (A) Parent strain.
(B) Mutant strain. Bar, 3 um. Clusters of
parent and mutant strains are wreathed with
chains (arrow).

Fig. 4. Enlarged scanning electron micro-
graph of bacterial chains. (A) Parent strain
(B) Mutant strain. Bar, 0.5 pm. Fimbnae

are rich on parent cells. Bacterial cells of
parent strain in chains connect to other cells
via dense meshworks (arrow) (A). In con-
trast, fimbriae are sparse in chains of the
mutant strain and the fimbrial meshwork is
virtually absent (B).

Cells of both strains were short rods
of about 0.8 and 0.5 pum in long and
short diameters, respectively. Cells of
the parent strain had abundant fimb-
riae that formed dense fimbrial mesh-
works in bacterial chains and clusters
(Figs 1, 4A and 5A). Cells in chains of
the parent strain were connected to

Fig. 5. Enlarged scanning electron micro-
graph of bacterial clusters. (A) Parent
strain. (B) Mutant strain. Bar, 0.5 pm.
Bacteria in parent strain clusters are con-
nected by rich, long fimbriae that form
dense meshworks (A); those of the mutant
strain are connected by fewer, shorter fi-
mbriae that form loose meshworks (B).

other cells by fimbria meshworks
(Fig. 4A), whereas chains on the sur-
face of mutant cells contained fewer
and shorter fimbriae (Fig. 4B). Clus-
ters of the parent strain contained
bunched fimbriae that formed dense,
large-scale meshworks with apparently
embedded bacteria (Figs | and 5A).
On the other hand, clusters of the
mutant strain contained sparse fimb-
riae that formed loose meshworks in
intercellular spaces (Fig. 5B).

Comparison of the number of
fimbriae per cell in aggregates

The numbers of fimbriae per parent
and mutant cell were 196.4 + 23.6 and
93.2 + 10.6 (means + standard devi-
ation), respectively. The parent strains
contained about twice as many fimb-
riae as the mutant strain.

SEM observation of hemaggregates
of parent and mutant cells

The dense fimbrial meshworks were
detached from parent bacterial cells in



Fig. 6. Scanning electron micrograph of
hemaggregate including  Porphyromon-
as gingivalis of the parent strain. Erythro-
cyte aggregation by P. gingivalis of the
parent strain is mediated by dense fimbrial
meshwork including some bacterial cells.
Bar, 10 pm.

Fig. 7. Scanning electron micrograph of
hemaggregates  including
as gingivalis. (A) Parent strain. (B) Mutant
strain. Bar, 5 um. Erythrocyte aggregation
by the parent P. gingivalis strain is mediated
by a dense fimbrial meshwork (A); that of
the mutant strain appears to be mediated by
bacterial clusters and chains (B). Hemag-
glutination was induced using a higher
concentration of mutant cells than of parent

Porphyromon-

cells.

hemaggregates and involved a few
bacterial chains with aggregated
erythrocytes (Figs 6, 7A and 8A).
Bacterial chains with long fimbriae
occasionally mediated hemagglutina-
tion (Fig. 9A). On the other hand,
mutant bacterial chains and clusters
appeared to mediate hemaggregation
(Figs 7B and 8B). Mutant cells in

P. gingivalis fimbriae examined by SEM
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Fig. 8. Enlarged photographs of Porphyro-
monas gingivalis hemaggregate. (A) Parent
strain. (B) Mutant strain. Bar, 3 um. A
dense fimbrial meshwork adheres to the
surface of erythrocytes in the hemaggregates
containing parent strain P. gingivalis (A).
The meshwork consists of fimbriae detached
from cells by using a micropipette to mix
bacteria and erythrocytes. Bacterial chains
and clusters adhere to the erythrocyte sur-
face in hemaggregates of mutant P. gingi-
valis (B). Hemagglutination was induced
using a higher concentration of mutant cells
than of parent cells.

chains and clusters had shorter fimb-
riae than those of the parent strain in
hemaggregates (Fig. 9B).

Comparison of hemagglutination
titers

The minimal optical density of the
parent and mutant strains required to
induce hemagglutination, as calculated
from the original optical density and
the dilution factor, were 0.04 = 0.02
and 0.4 £ 0.1 (means + standard
deviation) at 600 nm, respectively.
Thus, the hemagglutination titer of the
parent strain was 10-fold higher than
that of the mutant strain.

Discussion

We obtained clear SEM images of
P. gingivalis with fimbriae. The SEM
images revealed that the powerful

Fig. 9. Enlarged photographs of chains in
aggregates of erythrocytes caused by Por-
phyromonas gingivalis. (A) Parent strain. (B)
Mutant strain. Bar, 2 pm. Chains of bac-
terial cells with long fimbriae mediate hem-
agglutination in hemaggregates caused by
the parent strain of P. gingivalis (A), and
short fimbriae on mutant P. gingivalis cells,
constituting chains or clusters, also mediate
hemagglutination (B). Short fimbriae might
be artifacts of mechanical disruption.

adhesiveness and hemagglutination
activity depends on dense fimbrial
meshworks and that the density of the
meshwork depends on the number of
fimbriae per cell. This study is the first
to show morphological evidence of
fimbrial adhesiveness and involvement
in bacterial hemagglutination.

We observed fimbriae by SEM
because we used a high-power SEM
and an osmium plasma coater, incu-
bated the cells in abundant medium
and ensured minimal disruption of
samples before fixation.

The hemagglutination titer of the
parent strain was about 10-fold higher
than that of the mutant strain. Optical
density is a variable of a hemaggluti-
nation titer and reflects the numbers of
cells and fimbriae in the sample. As the
hemagglutination titer was not pro-
portional to the number of fimbriae per
cell, the high hemagglutination titers of
the parent strain can be explained by
the presence of the dense fimbrial
meshwork.
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Mutant cells contained fewer and
shorter fimbriae in aggregates than the
parent strain. We consider that aggre-
gation is difficult because the fimbriae
were sparse, and thus easily damaged
during sample preparation. The mu-
tant fimbriae in aggregates differed
from those, ~0.1 pm in length, des-
cribed by Park et al. ( 14).

Slots & Gibbons (15) and Okuda
et al. (16) have shown physiological
evidence that fimbriae have adhesive
properties and that isolated fimbriae
can induce hemagglutination. The for-
mer observed fimbrial aggregates in
hemaggregates by transmission elec-
tron microscopy. Our SEM study re-
vealed a detached dense fimbrial
meshwork that mediated hemaggluti-
nation. We used a pipette to mix the
bacterial cells and erythrocytes on
blood test plates. Thus, fimbriae
detached from the cells by mechanical
disruption formed a dense meshwork
that mediated hemagglutination. This
finding indicates that the fimbriae
themselves are adhesive.

Noiri et al. (6) immunohistochemi-
cally localized P. gingivalis fimbriae in
periodontal biopsy tissues obtained
from patients with severe periodontitis.
They found that P. gingivalis fimbriae
localize in plaques attached to the
cementum. The dense fimbrial mesh-
work of P. gingivalis observed in the
present study probably contributes to
the attachment of plaques to the
cementum, which is the optimal loca-
tion for alveolar bone resorption.

The SEM images of aggregates of
P. gingivalis of the parent strain sug-
gest how fimbriae support the process
of colonization, Two daughter cells of
P. gingivalis were connected with
fimbriae along the long axis of rods.
Thus, the repetition of amitosis causes
the formation of long chains supported
by fimbrial meshwork.

A bacterial cluster might then be
formed by chain aggregation, because
the surfaces of clusters were wreathed
with such chains. When chains become
dense, each cell in a chain connects to

other cells in neighboring chains via
fimbriae, forming fimbrial meshworks.

Subgingival plaque contains live and
dead bacteria (17) and endotoxin re-
leased from dead P. gingivalis stimu-
lates bone resorption (18). When
released deep inside large plaques,
endotoxin might diffuse smoothly
through fimbrial meshworks.

In conclusion, the presence of rich
fimbriae helps P. gingivalis to form
dense fimbrial meshworks that prom-
inently enhance its adhesiveness. Thus,
P. gingivalis forms plaques with other
bacteria in deep subgingival pockets
and becomes a potential threat within
the oral cavity.
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Abstract

Carbon nanotubes (CNTs) are capable of adsorbing pollutant chemicals. Their adsorptive capacities and adsorbing mechanisms, how-
ever, are not fully understood. As-grown CNTs often contain both crystalline and amorphous carbon, and the ratio of carbon types can
affect adsorption. In this study, highly crystalline multi-walled carbon nanotubes (HC-MWCNTs) were used as the adsorbent for volatile
organic compounds (VOCs) in contaminated air samples. Air containing 23 added VOCs (1,1-dichloroethylene, dichloromethane, trans-1,2-
dichloroethylene, cis-1,2-dichloroethylene, chloroform, 1,1,1-trichloroethane, carbon tetrachloride, 1,2-dichloroethane, benzene, trichloroethylene,
1,2-dichloropropane, bromodichloromethane, cis-1,3-dichloropropene, toluene, trans-1,3-dichloropropene, 1,1,2-trichloroethane, tetrachloroethy-
lene, dibromochloromethane, m-xylene, p-xylene, o-xylene, bromoform, and p-dichlorobenzene) was used for model samples. Adsorptive
experiments were carried out by passing the air samples through a cartridge packed with HC-MWCNTs. Initial results showing high selec-
tivity and high affinity for adsorbing aromatic VOCs (benzene, toluene, m-xylene, p-xylene, o-xylene, and p-dichlorobenzene) have provided new
insight into the adsorption mechanisms. Data suggest that the HC-MWCNTS, unlike conventional carbon materials, adsorb aromatic compounds
according to Fukui's frontier theory, which is based on the interactions between the HOMO and LUMO of the aromatic VOCs and those of the
HC-MWCNTs.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Highly crystalline multi-walled carbon nanotubes (HC-MWCNTSs); Volatile organic compounds (VOCs); Affinity-based adsorption; LUMO-HOMO
interaction

1. Introduction

Volatile organic compounds (VOCs) have received a great
deal of attention in the field of environmental control for a num-
ber of reasons. First, VOCs are ubiquitous in the environment,
workplace, and consumer products [1-4]. Humans can, there-
fore, be easily exposed to VOCs through skin contact, breathing,
and eating. Second, VOCs are suspected to have primary and sec-
ondary harmful effects [5,6] due to prolonged exposure. These
include eye and throat irritation, liver damage, and damage to
the central nervous system. Third, VOCs can form photochem-
ical smog, which contains ozone and other toxic byproducts,
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endo@endomoribu.shinshu-u.ac.jp (M. Endo).
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by reacting with other atmospheric chemicals such as nitrogen
oxides [7]. Moreover, VOCs are emitted by landfill leachate and
industrial effluent. Leakage into groundwater can cause serious
contamination problems [8].

Among VOCs, the aromatic compounds, especially benzene,
toluene, xylene and dichlorobenzene, are of particular interest.
All of the aromatic VOCs are known or suspected to be car-
cinogenetic [9]. Furthermore, these compounds have no safety
threshold dose for carcinogenic effects. Thus, even low-level
exposure poses a finite risk. In fact, benzene, toluene, and
xylenes, known as BTX, are the markers for human exposure
to VOCs [10].

In the not-so-distant past, adsorptive treatment using acti-
vated carbon as the adsorbent was deployed for VOCs
elimination [11-13]. However, the inability of activated carbon
to selectively adsorb aromatic compounds results in an unpre-
dictable lifespan for the carbon; the selectivity problem needs
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to be addressed. Over the last decade, growing effort has been
devoted to developing and utilizing new carbon materials for
VOCs elimination. The so-called carbon nanotubes (CNTs) are
especially promising because of their unique properties. CNTs
can be divided into multi-walled carbon nanotubes (MWCNTSs)
and single-walled carbon nanotubes (SWCNTs) based on the
carbon atom layers in the walls of the tubes. MWCNTSs have
been known for more than 30 years [14] and SWCNTs for 14
years [15,16). The hexagonal arrays of sp?-like carbon atoms
in the tubular graphene sheets on the surfaces of CNTs pro-
vide a favorable morphological structure for adsorbing aromatic
compounds. Long and Yang [17] have used MWCNTs as an
adsorbent for the removal of dioxin from model air samples.
They found the adsorptive capability of CNTs to be much higher
than that of conventional activated carbon, especially in the
Henry’s law region. Li et al. [18] employed MWCNTSs as an
adsorbent for solid-phase extraction of VOCs from model water
samples. The MWCNTs exhibited excellent extraction capabil-
ity and high recoverability [18,19]. These studies have provided
experimental evidence that CNTs are capable of adsorbing pol-
lutants. Nevertheless, none of these studies has explored the
possibility of using CNTs as an adsorbent for separating aro-
matic VOCs from other types of VOCs.

This study presents the first data on the use of CNTs as an
adsorbent for selectively eliminating aromatic VOCs. Model air
samples containing six aromatic VOCs and 17 aliphatic VOCs
were passed through a CNT-packed cartridge, and the amount
of VOCs retained by the CNTs was quantitatively analyzed
using GC-MS. The CNTs were found to be capable of selec-
tively adsorbing the aromatic VOCs. This is also the first study
to describe the possible mechanism for the adsorption of aro-
matic compounds by CNTs using an orbital framework (Fukui’s
frontier orbital theory).

2. Materials and methods
2.1. Preparation of the model air samples containing VOCs

A commercially available methanol solution (Wako Pure
Chemicals) containing six aromatic VOCs (benzene, toluene,
m-, p-, o-xylene, and p-dichlorobenzene) and 17 aliphatic VO-
Cs (1,1-dichloroethylene, dichloromethane, trans-1,2-dichlor-
oethylene, cis-1,2-dichloroethylene, chloroform, 1,1, 1-trichlor-
oethane, carbon tetrachloride, 1,2-dichloroethane, trichloroet-
hylene, 1,2-dichloropropane, bromodichloromethane, cis-1,3-d-
ichloropropene, trans-1,3-dichloropropene, 1,1,2-trichloroetha-
ne, tetrachloroethylene, dibromochloromethane and bromo-
form) was used for preparing the model air samples. Most com-
pounds were present at a concentration of 1.0 mg/mL, except for
m-xylene and p-xylene (m-xylene + p-xylene = 1.0 mg/mL). The
model air samples were generated by using a syringe to inject
100 pL. of the VOCs mixture into a 10-L tetra-bag that was
previously filled with purified air under ambient pressure. The
injection valve was immediately switched to the closed position
and the tetra-bag was then heated at 80 °C in an oven for 1h.
Samples prepared in this manner were used for the adsorptive
studies.

2.2. Highly crystallized multi-walled carbon nanotubes
(HC-MWCNTs)

Highly crystalline multi-walled carbon nanotubes (HC-
MWCNTs) were used as the adsorbent throughout this study.
The HC-MWCNTSs were produced using the floating reactant
method [20-22]. Ferrocene was used as the catalyst precursor
and toluene was used as the carbon feedstock, with hydrogen
as the carrier gas. A toluene solution containing a specified
amount of ferrocene was fed into a reactor with a temperature
of approximately 1200 °C to produce the “as-grown” nanotubes.
These nanotubes contain a substantial portion of amorphous car-
bon. The resultant nanotubes were further thermally annealed at
2600°C for 30 min in a highly purified argon gas atmosphere
to produce the HC-MWCNTs. MWCNTs and SWCNTs con-
taining relatively large amounts of amorphous carbon were also
prepared in the laboratory using the CVD method, and these
“as-grown” CNTs were used as comparison adsorbents.

2.3. Laboratory-made CNT-packed cartridges

CNT-packed cartridges were made by dispersing carbon
nanotubes in methanol using an ultrasonic generator (42 kHz)
and then loading the CNTs into an empty cartridge (tubu-
lar shaped polypropylene: length, 16.5 mm; internal diameter,
10 mm) using a vacuum pump. The final mass of CNTs in
each cartridge was approximately 80 mg. Polypropylene filters
(10 wm) were placed at each end of the cartridges to hold the
CNTs in place.

2.4. Adsorption and desorption of VOCs

The inlet end of the CNT-packed cartridge was connected to
the sample bag. The other end was connected to a Sibata charcoal
tube (Sibata, Tokyo, Japan), which is a glass tube filled with
activated carbon and is used as the domestic standard cartridge
for sampling VOCs in indoor air samples. In these experiments,
the charcoal tube was used to trap any VOCs not retained by the
CNT-packed cartridge. The outlet end of the tube was connected
to a vacuum pump and the air samples were passed through the
cartridges at an adjustable flow rate.

To measure the amounts of VOCs trapped by the charcoal, the
tube was extracted with 5.0 mL. CS,. Analysis was performed
with a Shimadzu GCMS-QP5050A system, using toluene D8
as the internal standard. The VOCs adsorbed by the CNT car-
tridge were estimated by subtraction of the VOCs retained by
the charcoal from the initial quantities injected into the sample
bag. Adsorptive and desorptive experiments were conducted in
triplicate for each sample.

3. Results and discussion

3.1. Characteristics of the highly crystalline multi-walled
carbon nanotubes (HC-MWNTs)

Fig. 1 shows typical SEM images of the HC-MWCNTs at low
(upper photo) and high (lower photo) resolutions. Tubes with
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100nm WD 6.0mm

Fig. 1. SEM images of the HC-MWCNTs at low (upper photo) and high (lower
photo) resolutions.

external diameters ranging from 40 to 90nm were observed,
together with a few carbon nano-particles. According to X-ray
elemental analysis, the metallic impurity of the HC-MWCNTs
was less than 450 ppm. The specific surface area (measured by
N adsorption based on the BET method) was 25 m*/g.
Analysis using Raman spectroscopy (Fig. 2) revealed an
extremely small R-value, which is the ratio of the intensity of
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Fig. 2. Raman spectroscopy for the HC-MWCNTs.

Table 1
GC-MS conditions for quantitative VOCs determination
Chromatograph
Column DB-624, length: 60m, ¢:
0.25 mm, Film: 1.4 pm
Carrier gas He
Total flow 50 mL/min
Split ratio 24
Injector temperature 200°C
Detector temperature 230°C

50°C (2 min) to (10 °C/min)
to 100 °C (5 °C/min) to
130°C (10°C/min) to 190°C

Oven temperature program

(5 min)
Mass spectrometer
Interface temperature 230°C
Electron multiplier voltage 1.0kV
Scan mode SIM

the D band (1350cm™!) to that of the G band (1582cm™1).
This indicates that the thermally annealed tubes were highly
crystalline. Also, the G’ band, which corresponds to the over-
tone of 2D at 2700 cm™!, was very intensive and symmetric for
the HC-MWCNTs,

3.2. Adsorptive studies

In early experiments, only HC-MWCNT-packed cartridges
were used as the adsorptive medium. However, difficulties were
encountered in extracting VOCs from the cartridge. A small
amount of the carbon nanotubes became entrained in the extrac-
tion solution and needed to be removed before the samples could
be injected into the GC-MS system. Some of the extracted VOCs
were lost during this extra step and recoveries were unsatis-
factory. This difficulty was overcome by connecting a standard
Sibata charcoal tube next to the HC-MWCNT-packed cartridge.
The VOCs retained by the charcoal tube were extracted using
CS; and the extraction solution was directly analyzed using
GC-MS. Operating conditions for the GC-MS are summarized
in Table 1.

Table 2 shows recoveries for four groups of standard samples
processed using only the charcoal tube (no HC-MWCNT-packed
cartridge). The samples were heated in an oven for 1 h at 50, 60,
70, and 80 °C, respectively. Recoveries were slightly dependent
on the temperature (Table 2) and the best recoveries (from 93.9%
to 106.3%) were obtained at 80 °C. Note that m-xylene and p-
xylene were unable to be measured separately using this GC-MS
system.

3.3. Affinity of HC-MWCNT:s for aromatic VOCs

Average values for adsorption (pg VOCs/g HC-MWCN-
Ts) are shown in Fig. 3. The HC-MWCNTs-packed cartridges
demonstrated a high capacity for adsorbing p-dichlorobenzene,
o-xylene, m-, p-xylene, toluene, and benzene (i.e., the aroma-
tic VOCs). The adsorption capacity of the HC-MWCNTs for
adsorbing p-dichlorobenzene was 1048.3 pg/g. For o-xylene,
m,p-xylene, toluene, and benzene, adsorption capacities were



