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bstract

orous mullite ceramics with unidirectionally oriented pores were prepared by an extrusion method using rayon fibers as the pore formers and the
haracteristics of microbubbles generated by these porous ceramics were investigated. The 1200 mm long ceramics were tubular and of thick or thin
ypes of 20–30 mm inner diameter and 30–50 mm outer diameter, respectively. The thin and thick samples had porosities of 47 and 49% and average
ore radii of 7.8 �m. The gas permeabilities of the thick and thin samples were 4.1 × 10−14 and 5.4 × 10−14 m2, respectively. Microbubbles were
enerated by introducing N2 gas through the ceramic tube by immersing it into water. The minimum pressure (bubble point pressure) for generation
f microbubbles was 20 kPa, much lower than for other bubble-forming methods. The average microbubble radii ranged from about 70 to 105 �m
t flow rates of 0.15–0.25 L/min in the thin sample and 0.3–0.7 L/min in the thick sample. These bubble sizes are much smaller than calculated for a
ritz-type bubble such as generally formed by bubbling from pores and/or orifices. However, the present bubble sizes agree well with the calculated

alue based on nanobubbles, indicating that bubble formation occurs by mixing the gas with water in small pores. Since microbubbles enhance
he dissolution rate of a gas phase in water, they are potentially useful for improving water environments, especially oxygen-deficient water. The
ffectiveness of gas dissolution in water was confirmed by determining the dissolution behavior of CO2 gas using these porous ceramics.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

Porous ceramics are generally prepared by a sintering method
sing pore formers1 and/or by a partial sintering method.2 It is
owever difficult to control the porous microstructures in mate-
ials prepared by these methods. We have previously reported a

ew and simple preparation method for controlling the pore ori-
ntation by an extrusion method using flammable fibers such
s carbon fibers,3 nylon fibers4 or rayon fibers5 as the pore
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ormers. Since the fibers mixed in the paste become oriented
uring extrusion, unidirectionally aligned cylindrical pores are
eadily obtained after firing. Since the porous microstructure is
ontrolled, the resulting porous ceramics have very high perme-
bility and high mechanical strength.6 These porous ceramics
ave been designated “lotus ceramics” because of the similarity
f their porous microstructure to the root of the lotus plant.

One of the interesting properties of lotus ceramics is their
xcellent capillary action, derived from the unidirectional
lignment and suitable size of the cylindrical pores.7 The maxi-
um capillary rise in these ceramics was about 1.3 m, nearly

hree times higher than previously reported for other porous

aterials.5 The reasons for such excellent capillary behavior

re thought to be the appropriate pore size, aligned through-hole
orosity and cylindrical pore shape. This high capillary rise abil-
ty allows effective wetting of the surface of the lotus ceramics

mailto:okada.k.ab@m.titech.ac.jp
dx.doi.org/10.1016/j.jeurceramsoc.2009.11.003
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ithout the need for electric pumping, and greatly suppresses
he temperature increase in sunshine by the resulting water vapor
vaporation, giving a temperature decrease of about 10 ◦C from
surface temperature of 40 ◦C.8

Since lotus ceramics have excellent gas permeability, they
ay also be good candidates as bubble generators. Bubbles are
ell known to improve oxygen-deficient water environments9,10

nd their effectiveness is enhanced with decreasing bubble size.
mall bubbles have recently been called microbubbles (�m to
ub mm in size) and nanobubbles (smaller than �m in size).

any bubble generation methods have therefore been investi-
ated to obtain bubbles less than mm in size; these include the
sage of fine nozzles, orifices and/or pores,11–13 pressurizing
issolution methods,14 multiphase flowing methods,15,16 use of
special powerful shear rotating pump,17 etc. In all cases, bubble
eneration requires highly pressurized gas (>400 kPa), powerful
umps and/or special pumps. The bubble size (Fritz bubble) gen-
rated by an orifice or pore using pressurized gas is represented
y Eq. (1):

B =
(

3γ · RP

2ρ · g

)1/3

(1)

here RB is the bubble radius, γ is the surface tension, RP is the
rifice or pore radius, ρ is the density and g is the acceleration
ue to gravity. It is clear from Eq. (1) that microbubbles are
ifficult to generate by simply making the orifice or pore size
maller, because RB is proportional to the 1/3 power of RP, i.e.
P must be 1000 times smaller to make RB 1/10 times smaller.
y contrast, Kukizaki and Goto12 generated nanobubbles using
arious pore sizes in Shirasu porous glasses (SPG) and observed
he following empirical relationship between pore and bubble
adii:

B = 8.6RP (2)

Since the microstructure of SPG consists of uniform
ized three-dimensionally connected mesopores, this unique
icrostructure is thought to be the main reason that nanobubbles

an be generated with much smaller bubble size than calcu-
ated from Eq. (1).In this paper, the characteristics of bubbles
enerated using lotus ceramics were investigated under vari-
us conditions and the resulting bubble sizes were analyzed.
he dissolution behavior of the bubbled gas was also investi-
ated by using CO2 gas and monitoring it with a CO2 meter to
imulate the effectiveness of bubbling for environmental water
mprovement.

. Experimental procedures

.1. Samples

The starting powders were alumina (Showa Denko, Japan),
aolin clay from Kentucky, USA (Morimura, Japan) and Chi-

ese earthen clay (Inagaki Mining, Japan). The average particle
izes of these powders were 4.7, 1.0 and 20 �m, respectively.
he Chinese clay was used to color the samples yellow-brown.
he desired bulk chemical composition, achieved from appro-

c
a
f
a
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riate mixtures of these three starting materials, was SO2 = 36,
l2O3 = 56 and Fe2O3 = 5 mass%. The powder batch was dry
ixed with 20 mass% rayon fibers (Hope RB3.3Dtex Tow,
mikenshi, Japan) of average fiber diameter 16.5 �m, chopped

o 800 �m lengths by Chubu Pile Ind., Japan. The mixtures were
neaded with 40 mass% of water and molded using an extruder
Setogawa Industries, Japan) with a 95 mm barrel and inner aper-
ure of 30 or 50 mm. Tubular green bodies with inner and outer
iameters of 20–30 mm and 30–50 mm were extruded using an
utlet die. The former and latter samples are designated thin
nd thick samples, respectively. The extruded green bodies were
ried at room temperature for 3 days, then at 120 ◦C for 18 h
efore being fired at 1500 ◦C for 4 h in air.

The porosity of the samples was measured by the Archimedes
echnique using water. The pore size distribution and pore
olume of the samples was measured by mercury intrusion
orosimetry (Pascal 240, Carlo Elba, Italy) with a maximum
njection pressure of about 200 MPa. For the calculation, the con-
act angle and surface tension of the Hg was taken as 130◦ and
.485 N/m, respectively. The microstructure of the cut surface
as observed using a scanning electron microscope (SEM; JSM-
310, JEOL Japan) and the crystalline phases in the samples
ere determined by powder X-ray diffraction (XRD; XRD-
100, Shimadzu, Japan) using monochromated Cu Kα radiation.
he permeability of the samples was measured using home-built
quipment and evaluated from Eq. (3):5

P = η · L · Q

μ · A
(3)

here �P is the pressure drop from entrance to exit of the sam-
le, η is the dynamic viscosity of the liquid, L is the thickness
f the sample, Q is the flow rate, μ is the Darcy’s permeability
nd A is the cross-sectional area of the sample. The orientation
ngle (θP) of the cylindrical pores was calculated as reported
lsewhere4 using Eq. (4):

os θP = d

D
(4)

here d is the diameter of the fiber and D is the maximum
iameter of the elliptical pores observed by cross-sectional SEM
icrographs. When the orientation of the pores is perfectly par-

llel to the extruded direction, the θP is 0◦. The number of data
oints used for the measurement of θP was 300.

.2. Bubble size measurements

A home-built bubbler was prepared using tubular lotus ceram-
cs in a jig (Fig. 1). This bubbler was immersed in a water tank
nd dry N2 gas was supplied from a cylinder (≤200 kPa) or air
rom a conventional air pump (MV-6005VP, Enomoto Micro
ump Co., Japan). The maximum pressure and flow rate of the
ir pump was 30.7 kPa and 4 L/min when used with a power
upply delivering 100 V and 0.1 A. Both thick and thin lotus

eramics were used for the bubbler, at flow rates of 0.15, 0.20
nd 0.25 L/min for the thin sample and 0.3, 0.5 and 0.7 L/min
or the thick sample. The generated bubbles were recorded using

high-speed camera (1024-PC1 & 512PC1, Photron, Japan)
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Fig. 1. Schematic illustration of expe

s shown in Fig. 1, with a recording rate and shutter speed of
000 fps and 1/2000 s, respectively. The resulting photographs
ere analyzed using a DITECT system (DIPPMACRO-KAST,

apan). A slit was used to avoid overlap of the bubbles in this
bservation. The number of bubbles used for the bubble size
istribution measurement varied according to the flow rate, and
anged from 176 to 562.

The bubble ascent velocity was determined for the thick sam-
le from the moving distance of bubbles observed during a 15 ms

ime interval. The bubble ascent velocity was calculated from
n average of 300–500 data points.

a
t

Fig. 2. Pore size distributions of
tal set up: (a) bubbler and (b) set up.

.3. CO2 bubbling

To examine effect of bubbling in water, CO2 was bubbled
n a water at a volume of 5 L and the CO2 dissolution behav-
or was monitored using a CO2 meter (CGP-1, TOA-DKK,
apan) and a pH meter (HM-21P, TOA-DKK, Japan). The bub-
ling experiments were performed using a thick sample, and
eference measurements were also made using a commercial
ubbler (GX-62, Gex Co., Japan) and a vinyl tube. The flow rate

nd pressure for bubbling were 0.5 L/min and 50 kPa, respec-
ively.

the thin and thick samples.
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Table 1
Porosity and gas permeability of samples.

Sample Porosity (%) Permeability (×10−14 m2)
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Table 2
Bubble size and rising velocity of samples.

Sample Flow rate
(L/min)

Bubble radius
(�m)

Data number Rising velocity
(mm/s)

Thin
0.15 70 176 –
0.2 105 259 –
0.25 110 522 –

T

s
a
a
i
o
a
t
o
a
c

3

s
T
p
a
b
g

P

hin 47 4.1
hick 49 5.4

. Results and discussion

.1. Characterization of the samples

The porosities of the samples (Table 1) were 47 and 49%, the
lightly higher porosity pertaining to the thicker sample. The
ore size distributions (PSDs) of the samples measured by Hg
orosimetry are shown in Fig. 2. In this figure, PSD in Fig. 2(a)
s calculated to show cumulative pore volume distribution while
SD in Fig. 2(b) is calculated to clearly show sharpness of the
SD. The total pore volume of the thick sample was higher than

hat of the thin sample and is in agreement with the porosities
f the two samples. The both PSDs in Fig. 2(b) showed a sharp
eak at 15–16 �m in pore diameter and these pores are thought
o be those introduced by the fibers used as the pore former. The
RD pattern of the thin sample is shown in Fig. 3. The crys-

alline phase observed was mullite (Al4+2xSi2−2xO10−x), only
ne stable phase in the Al2O3–SiO2 system. The XRD pattern
f the thick sample was very similar with that of the thin sample,
hus, the crystalline phase of this sample was also mullite.

The SEM micrographs of the cross-sections of the thin and
hick samples perpendicular and parallel to the extruded direc-
ion (Fig. 4) show many cylindrical pores formed by burnout
f the rayon fibers. These cylindrical pores show considerable
rientation parallel to the extrusion direction, but the average
rientation angle (θP) of these samples is about 40◦, with 80%
f pores in the range θP = 10–50◦. Thus, the cylindrical pores in

hese samples are not as well aligned along with the extrusion
irection as in the case of the lotus ceramics previously reported
θP ≈ 10◦).3,4 This difference is attributed to the extruders used,
he size of the extruded samples, the type of fiber and the particle

Fig. 3. XRD pattern of the thin sample.
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hick
0.3 70 344 29
0.5 90 513 49
0.7 95 560 46

izes of the starting materials, etc. However, the present reason-
ble alignment of the pores may not be detrimental to the present
pplication, for which the pores should be connected from the
nside of the tube to the outside to generate bubbles; the declining
rientation angle of the present cylindrical pores is also prefer-
ble for this application. This consideration was confirmed by
he high permeability measured from the inside to the outside
f the tubular samples (Table 1). These values of 4.1 × 10−14

nd 5.6 × 10−14 m2 are several hundred times higher than for
onventional porous ceramics with similar porosity of 43%.5

.2. Bubble size distribution

Generation of bubbles was observed by varying the gas pres-
ure from 0 to 200 kPa, indicating a minimum pressure of 20 kPa.
his minimum bubble generation pressure is lower than the
ressure available from the conventional air pump used here,
llowing it to be used to examine bubble generation. The bub-
le point pressure (PB), corresponding to the minimum bubble
eneration pressure, can be calculated using Eq. (5):

B = 2σ · cos θC

RP
(5)

The calculated PB value of this sample is 6.4 kPa, setting
P = 7.8 �m and θC = 70◦ as in Ref. [6], but this calculated value

s much smaller than the observed value. The RP calculated from
he observed PB is 2.5 �m and is much smaller than the observed
P. The discrepancy between the observed and calculated PB is
ncertain in the present.

The bubble size distributions of the thin sample at flow rates
f 0.15, 0.20 and 0.25 L/min are shown in Fig. 5(a) and those of
he thick sample at flow rates of 0.30, 0.50 and 0.70 L/min are
hown in Fig. 5(b). The average bubble sizes are listed in Table 2.
n Fig. 5(a), the bubble size distribution becomes broader and
he peak position becomes slightly larger with increasing flow
ate. Thus, the average bubble radii (Table 2) increase from 70
o 105 and further to 110 �m with increasing flow rate. A sim-
lar trend is shown in Fig. 5(b) and the average bubble radii
Table 2) increase from 70, 90 and 95 �m with increasing flow
ate. Bubble size, however, has no flow rate dependency based
n the both Eqs. (1) and (2). Although we have no direct evi-
ence for this reason, it is considered that the volume size of the

as phase mixing with water in the lotus ceramics may increase
ith higher the gas flow rate.
There are two reported relationships between pore size and

ubble size, represented by Eqs. (1) and (2). These relation-
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Fig. 4. Micrographs of the thin and thick samples perpen

hips are shown in Fig. 6. In the case of Fritz bubbles (Eq.
1)), the bubble size decreases only slightly with decreasing pore
ize. By contrast, large changes in bubble size proportional to
hanging pore size are predicted in the case of nanobubbles
Eq. (2)). Thus, the pore size effectively reflects the size of
anobubbles but not of Fritz bubbles. Here, the pore radii of
he thin and thick samples were same 7.8 �m from the observed
SDs in Fig. 2(b) while the bubble radii were 70–110 �m as
isted in Table 2. As plotted in Fig. 6, the results for the present
amples are in better agreement with nanobubble behavior cal-
ulated from Eq. (2) than Fritz bubbles, calculated from Eq. (1).
ukizaki and Goto12 have reported the generation of nanobub-

b

s
4

Fig. 5. Bubble size distributions of the thin (a) and
ar and parallel cross-sections to the extrusion direction.

les using Shirasu porous glass (SPG) with three-dimensionally
onnected pores (spinodal texture). On the basis of bubble gen-
ration through porous materials, the behavior of the present
amples may be similar to that of SPG nanobubbles. When
orous microstructures are immersed in water and gas is intro-
uced into the water-filled pores, it mixes with the water in
he pores and forms smaller bubbles than would be formed by
wo fluids in a nozzle or orifice, as in the generation of Fritz

ubbles.

The average ascent velocities of gas bubbles in the thick
ample at three different flow rates (Table 2) range from 29 to
9 mm/s and are in fair agreement with values calculated from

thick samples (b) at three different flow rates.
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Fig. 6. Relationships between pore radius and bubble radius for Fritz bubbles
(Eq. (1)) and nanobubbles (Eq. (2)). The numbers 1–3 for open circles represent
t
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hin samples with flow rates of 0.15, 0.20 and 0.25 L/min and those of 4–6 for
olored circles represent thick samples with those of 0.3, 0.5 and 0.7 L/min,
espectively.

tokes’ Law (Eq. (6)):

= 2(ρL − ρG)gR2
B

9η
(6)

here u is the ascent velocity and ρL and ρG are the liquid and
as densities, respectively.

Compared with other bubbling equipments, the present bub-
ling method has the advantages of lower bubbling pressure,
asier microbubble formation, use of a simpler system and ease
f scaling up the bubbling area.

.3. CO2 bubbling

Changes of the CO2 concentrations in water by the use of
hree different bubblers are shown in Fig. 7 as a function of
ubbling time. All three bubblers showed increasing CO2 con-
entrations in the water due to the partial dissolution of the
ubbled CO2. The concentration increases were linear with bub-
ling time in the initial stage for all three bubbling experiments,
orresponding to a zero-order reaction, but the slopes of the
ines were less steep in the experiments with the commercial
ubbler and tube. This may be due to the higher concentra-
ion difference in the interface between the bubbles and the
ater because of the larger bubble sizes in the commercial bub-
ler and tube, delaying the dissolution by a diffusion effect.18

orresponding to the increase of CO2 concentration in the
ater, the pH decreased from 6.0 to 4.0 in the lotus sample,
.3 in the commercial bubbler and 4.4 in the tube. The lin-

ar rate constants of CO2 concentration were different in the
hree bubbling experiments and increased in the order: tube
0.22 ppm/s) < commercial bubbler (0.32 ppm/s) < lotus ceram-
cs (1.19 ppm/s). The rate constant for the lotus ceramics is

4

fi

ig. 7. Change of CO2 concentration for the three different bubbling experi-
ents.

hus much higher than for the other bubblers. Since the max-
mum rate constant at which all the bubbled CO2 is dissolved in
he water is 3.27 ppm/s, about 36% of the bubbled CO2 is esti-

ated to dissolve in the water (only about 50 cm in depth) by
he lotus ceramics. The average bubble radius from the present
otus ceramics about 90 �m, while the bubble sizes formed by
he reference bubblers were much larger, i.e. 1500 �m from the
ommercial bubbler and 3500 �m from the tube. Thus, the num-
er of bubbles formed is much greater in the lotus ceramics
nd the surface area is higher than the other bubblers. The bub-
le ascent velocities calculated from the Stokes equation (Eq.
6)) for the bubbles from these three bubblers differ greatly,
eing 18, 4900 and 26,600 mm/s, respectively. In addition to
he different bubble ascent velocities, the numbers of gener-
ted bubbles and the ratios of surface area to volume of these
ubbles increase markedly with decreasing bubble size. These
wo factors are suggested to be the reason for the difference in
he CO2 concentration and pH of the water between the three
ubblers.

The results of the present CO2 bubbling experiments sug-
est that the lotus ceramics should be effective for applications
uch as suppressing the formation of bio-fouling,9 removal
f heavy metal ions as carbonates,19 anesthesia agents for
sh,20 pH control for the safety of high pH water,21 etc.
otus ceramics are also considered to be effective for dis-
olving oxygen gas in oxygen-deficient water environments
under reducing conditions) and improving the BOD and COD
f the water. The present bubbling system has the advantage
f producing bubbles even with a weak power pump such
s an air pump; it can therefore be used to oxygenate water
nvironments with a pump powered by a conventional solar
attery.
. Conclusion

Lotus ceramics prepared by the extrusion method using
bers as the pore formers show high gas permeability, and the
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haracteristics of bubble generation using this lotus ceramics
ere investigated with the following results:

1) The thin and thick lotus ceramics studied here had porosi-
ties of 47 and 49%, average pore radii of about 7.8 �m
and gas permeabilities of 4.1 × 10−14 and 5.6 × 10−14 m2,
respectively.

2) Bubbles could be generated at lower pressure (≥20 kPa)
than with other bubbling methods, giving these materials an
advantage.

3) The resulting average bubble radii were 70–110 �m and the
relationship between pore radius and bubble radius was in
better agreement with that calculated for nanobubbles rather
than Fritz bubble models.

4) The average bubble acsent velocities were about
30–50 mm/s, in fair agreement with values calculated
from Stokes’ equation.

5) The present lotus ceramics were effective in dissolving CO2
in water because of their large surface area and slow bubble
ascent velocity due to the small bubble size. They should
therefore be effective in improving the quality of environ-
mental waters by bubbling air through them.
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