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In this work we present a study of porous glass ceramics towards bacteria-immobilization applications for water
filtration. Sol-gel synthesized glass samples were processed into Fe203-CaO-SiO2 porous glass ceramics by introducing
a pore forming agent. The crystal phase composition, morphology, and pore structure of the ceramics were characterized
by X-ray diffraction (XRD), scanning electron microscopy (SEM), N2 adsorption-desorption measurements, and
mercury intrusion porosimetry. By varying the pore forming agent and process conditions, varied pore size distributions
are produced. The volume fraction of macropores is overall large while the volume fraction of meso-pores and
micropores is overall comparably small. All samples display good biocompatability and compressive strength, making
them suitable for bacteria immobilization. The macropore sizes were determined primarily by the size of pore forming
agent, enabling control. The results provide a basis for optimizing the preparation of porous glass ceramics for bacteria

immobilization.
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1. INTRODUCTION

Ammonia treatment is crucial in wastewater
management. Traditional processes for the treatment of
ammonia nitrogen however have many disadvantages,
including high cost, high energy consumption, and low
efficacy [1]. Biological treatments, using nitrifying
bacteria to eliminate ammonia nitrogen, were demonstrated
to be superior in both efficiency and efficacy [2, 3],
leading to their wide adoption. Lingering deficiencies in
the most popular bacterial treatments can be overcome by
immobilizing the nitrifying bacteria, a blossoming area of
research [4,5]. Choosing an appropriate immobilized
carrier is critical to the success of this technology [6 —8].
Porous inorganic materials in particular have attracted
recent interest as carriers because of their large surface
area and biocompatibility [9, 10]. D. Jiang et al. studied
the adsorption mechanism of Pseudomonas putida on clay
[11]. L.L. Liu etal. explored immobilized sorangium
cellulosum on a diatomite-based porous ceramic [12]. The
water-processing activity of microbes immobilized on
porous inorganic materials has also been studied [13, 14].

Porous glass ceramics are an especially attractive
potential candidate material, with a large specific surface
area and high concentration of internal active cations
[15, 16]. To date however, only the adsorption of gas and
metal ions in these materials has been studied [17, 18]; the
microbial immobilization mechanism has yet to be
investigated [19 —21].

In this work, we present the preparation of porous glass
ceramics that could be used for bacteria immobilization.
Because pore structure can play a significant role in

* Corresponding author. Tel.: +86-0572-2599685; fax: +86-0572-
2599806. E-mail address: arince@zjhu.edu.cn (Y.Y. Wang)

356

bacteria immobilization, a series of pore sizes in such glass
ceramics must be studied. To do so, we first prepared a
glass powder via sol-gel method. Then, porous glass
ceramics with a controlled pore size distribution were
prepared by adding pore forming agent. The physical
properties, crystal phase, morphology, and pore structure
of the porous glass ceramics were analyzed. These results
enable optimization of the preparation process of porous
glass ceramics in their application to bacteria
immobilization.

2. EXPERIMENTAL DETAILS

2.1. Preparation of Fe,03;-Ca0O-SiO; porous glass
ceramics

Fe,03-Ca0-SiO; glass samples (Fe;O3 15 wt.%, CaO
42 wt.%, SiO, 43 wt.%) were prepared via sol-gel
synthesis [22]. These glass samples were ground into a
powder and mixed with a pore forming agent and
polyvinyl alcohol binder. The pore forming agent of
sample 21010 and B11020 was sodium bicarbonate while
the pore forming agent of sample S2A4 was bamboo
powder. The pore forming agent of sample 21010 was
sieved through a 100-mesh gauze and that of B11020 was
sieved through a 150-mesh gauze. The samples were then
pressed into strips at varying pressures with a tablet press
(Table 1), followed by further sintering in air by heating at
a rate of 5 °C/min to 1050 °C and holding for 1 h.

Table 1. Preparation conditions of different samples

Pore forming Polyvinyl  |Pressure,
Sample | Glass, wt.% agentwt.% | alcohol, wt.% | MPa
21010 85 10 5 10
B11020 85 10 5 20
S2A4 85 10 5 20



mailto:arince@zjhu.edu.cn

2.2. Characterization

The water absorption and apparent porosity of the
samples were determined using the vacuum method. First,
the sample was cleaned and dried in an over, then cooled
to room temperature. The weight of the sample is m1. Next,
the samples were placed in a beaker and vacuum dried at
0.133 kPa for 5 min. Distilled water was slowly injected
into the beaker until the samples were immersed for 5 min,
and the sample together with the container were removed
from the vacuum oven. Then, the saturated sample was
placed in a wire basket and suspended in a water container.
The saturated sample weight in liquid is my. Finally, the
saturated sample was removed from the liquid and quickly
wiped to remove the water attached to the surface. The
saturated sample weight in air is ms. The water absorption
and apparent porosity of the samples were calculated using
to the following equations, water absorption:

_ , 1
w, ="M 1009 @)
m
and apparent porosity:
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Compressive strength was tested using an electronic
universal testing machine (WDW-H10) following the
standard test method for ceramic material compressive
resistance (China, GB/T 4740-1999).

X-ray diffraction (XRD) analysis was performed with
an XD-6 X-ray diffractometer at room temperature, with
CuKa radiation, 36 kV voltage and 20 mA current. X-ray
data were collected in the 5° < 26 < 80° range.

The microstructures of the samples were observed
using scanning electron microscopy (SEM) (S-3400N). To
improve imaging, the samples were coated with an
approximately 10 nm thick layer of Au.

The adsorption-desorption isotherms of samples were
determined by a ASAP 2020 nitrogen adsorption-
desorption apparatus. The specific surface area and pore
size distribution of the sample were calculated with a
Brunauer-Emmett-Teller (BET) model. The sample was
heated to 250 °C and degassed for 6 h at 200 °C before the
test.

The macroscopic pore size distributions of the samples
were analyzed using mercury intrusion porosimetry (IV
AutoPore 9510, USA) at room temperature.

Cytotoxicity of porous glass ceramics samples B11020
to FHC cells (CRL-1831™) was detected using a cell
counting kit-8 (CCK-8). FHC cells in logarithmic growth
phase were plated (5 x 10* cells/well) in 96-well plates and
cultured in an atmosphere of 5% CO; at 37 °C. Then,
10% fetal bovine serum (FBS, Gibco), penicillin
(100 U/mL), and streptomycin (100 pg/mL) were added to
the culture medium. The supernatant was removed after
48 h of culture. The cell culture medium was replaced by a
culture medium with porous glass ceramics samples
(0 pg/mL, 6 pg/mL, 12.5 pg/mL, 25 pg/mL, 50 pg/mL,
100 pg/mL, 200 pg/mL) and cultured for 24 h. Then the
supernatant was removed and the wells of culture plates
were rinsed twice with phosphate buffered saline (PBS).
Each well was replaced with 100 pl fresh complete culture

medium. 10 ul CCK-8 solution was added to the well, and
cultured for an additional 2 hours. Finally, the well
absorbance was measured at 450 nm using a microplate
reader (Thermo) to determine the cell survival rate. Each
independent experiment was performed in quadruplicate.
The control wells were assayed as blank controls and
subtracted from the corresponding specimens. Data are
expressed as mean values and standard deviations for each
sample group.

3. RESULTS AND DISCUSSION

3.1. Physical properties of porous glass ceramic
samples

The physical properties of the porous glass ceramic
samples, as determined by the vacuum method and an
electronic universal testing machine, are listed in Table 2.
Apparent porosities of all the samples are over 30 %,
indicating that the samples are of moderate porosity. The
apparent porosity and water absorption rate of sample
S2A4 is the highest of all the samples, but the compressive
strength is only 4 MPa, limiting the range of feasible
application for the material. The lower compressive
strength of sample S2A4 was due to its higher apparent
porosity and larger grain size, which will be shown in the
following sections. Sample 21010 displays both a
significant apparent porosity and reasonable compressive
strength, making it suitable for bacteria immobilization.
The higher porosity is favorable for the growth of bacteria
while the larger compressive strength can resist the
pressure of the water and thus plays a role in protecting the
bacteria.

Table 2. Physical properties of porous glass ceramic samples

Water | Apparent Compressive| Elastic
. . Volume
Sample |absorption,| porosity, densit strength, | modulus,
% % Y1  Mpa MPa
21010 19.6 35 1.777 16 703
B11020 16.8 33.7 2.003 304 5555
S2A4 38.9 53.8 1.379 4 294

3.2. Surface morphology and crystal phase

SEM images of the samples are reproduced in Fig. 1.
Both macro- and micro-pores exist in all samples. The
surface of sample 21010 and B11020 display a more
uniform pore distribution. The samples have smooth
surfaces and compact structures. Sample S2A4 has a loose
structure, bigger particle size, and uneven surface, possibly
explaining its lower compressive strength. The capillary
force between particles is the main factor influencing
strength during sintering process, densifying the material
[23]. The bamboo powder produces small particles with
high plasticity, reducing the capillary force.

XRD patterns of the porous glass ceramic samples are
shown in Fig. 2, demonstrating the presence of a mixture
of crystalline phases for all the samples. Two major
crystalline phases, wollastonite (JCPDS No. 84-0654) and
hematite (JCPDS No0.85-0599) were observed in sample
21010 and B11020. In addition to those phases, the XRD
pattern of sample S2A4 was characterized by the
appearance of a significant pseudo-wollastonite phase
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(JCPDS No. 74-0874). This is mainly due to the use of
bamboo powder as the pore forming agent.
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Fig. 1. Scanning electron microscope (SEM) images of porous
glass ceramic samples
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Fig. 2. Room temperature XRD patterns of porous glass ceramic
samples
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The bamboo powder ash plays the role of flux in the
sintering process, which could reduce the formation
temperature of pseudo-wollastonite. Glass ceramics with
the above crystal phases are biocompatible, making these
sample feasible carriers [24], because the hydrated silica
formed on the surface of wollastonite and pseudo-
wollastonite provides favorable sites for apatite nucleation.

3.3. Cytotoxicity analysis

The activity of FHC cells cultured with different
content porous glass ceramics samples are shown in Fig. 3.
The FHC cell activities in all the experimental groups were
over 80 % after the introduction of porous glass ceramics
samples. The FHC cell activity in the 100 pg/mil
experimental group was the lowest, while the FHC cell
activity in the 12.5 ug/ml experimental group was the
highest. The cell survival rate in the experimental group
did not change significantly compared to the blank group.
The absorbance of each group with different content
porous glass ceramics samples showed a significant
difference (p < 0.05, t-Student test) compared to the blank
group, which shows that the experimental group had more
advantages in promoting cell proliferation. The results
demonstrate that the porous glass ceramics samples present
a small cytotoxic potential; there was no obvious inhibition
of FHC cell proliferation in this period. Similarly, Ferraz et
al. observed that a particulated bioactive ceramic did not
promote any cytotoxic effects in cultures of human
osteosarcoma cells [25]. Other biocompatible porous glass
samples have been observed in previous research [26, 27],
so porous glass ceramics samples could be used for
bacterial immobilization.
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Fig. 3. The FHC cell activity cultured with different sample
B11020 content

3.4. Pore size sample characteristics

The N2 adsorption-desorption isotherms of sample
S2A4 are reproduced in Fig. 4 a. The low pressure side is
raised and the high pressure side was downward-concave,
indicating that the material belongs to the Il isothermal
adsorption desorption curve family. That suggests that
there may be a high density of large pores in porous lattice.
The low pressure is raised, which indicates that the sample
has a large number of mesopores and micropores. The first
layer adsorption heat was larger than the liquefaction heat
of the gas when gas adsorbed in the hole, so the adsorption



energy is larger than gas intermolecular attraction [28].
The high pressure side rises steeply and does not saturate,
indicating that the samples contain macropores larger than
50 nm. That finding is consistent with the pore size
distribution observed in mercury intrusion below. The
adsorption-desorption isotherm curve did not close,
showing that the pore diameters are non-uniform and skew
large. BJH pore size distributions (Fig. 4 b) show that the
pore sizes of the samples are mainly distributed in the
mesoporous range. The pore size distribution of S2A4 was
unimodal in the range of 30—80 nm, with a peak between
25 and 45 nm. The peak diameter of 21010 and B11020
was between 2 and 10 nm, much smaller than that of
S2A4.
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Fig. 4. a—N2 adsorption-desorption isotherms of S2A4; b— pore
size distribution of porous glass ceramics samples

Mercury-injection volume curves of the porous glass
ceramics samples are shown in Fig.5. The mercury
injection volume increases rapidly in the low pressure
regime before saturating, reflecting the macroporosity of
the sample [29]. The mercury injection of S2A4 is the most
rapid, confirming the larger pore size distribution. As
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mercury increasingly injects into meso- and micro-pores
with increasing pressures, the injection volume
corresponds to the incidence of meso- and micro-pores.
The rapid saturation in all samples indicates that the
volume of meso- and micro-pores in the samples is
relatively low.
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Fig. 5. Mercury-injection volume curves of porous glass ceramics
samples

The macroporous size distributions calculated from
mercury intrusion porosimetry are shown in Fig. 6. The
pore size distribution of the porous block is sharp. The
macroporous distribution of both 21010 and B11020 are
located in the range of 1-5um.The peak pore size of
B11020 is 1.6 um while the peak pore size of 21010 is
2 um. The difference could be attributed to the difference
in size of the pore forming agents. The macropore
distribution of S2A4 appears in the range of 4—12 um,
with a peak at 4.5 um.
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Fig. 6. Macroporous size distribution of porous glass ceramics
samples

Both BET and mercury intrusion porosimetry show
that a series of pore size distributions are produced in the
samples. The pore size distributions of the macropores
could be controlled by the size of the pore forming agent.



The volume fraction of macropores is comparatively large
while the volume fraction of the meso-pores and
micropores is smaller, a favorable condition for
immobilized microorganisms. Macropores can be used for
microorganism residence while micro- and mesopores can
be used for mass transfer after bacterial enrichment,
helping to avoid bacterial death caused by the poor mass
transfer due to macropore blockage. This feature is
important to extending the survival time of bacteria on the
carrier, and is one of the current challenges faced by carrier
materials. Further work is in progress in our laboratory to
understand the effect of pore size distributions on the

immobilization of nitrifying bacteria.

4. CONCLUSIONS

In this work, glass powders were prepared via sol-gel
method and porous glass ceramic blocks with various pore
size distributions were prepared by introducing a pore
forming agent. The results show that the choice of pore
forming agent impacts strength and pore size distribution
of the resulting porous glass ceramics. We find that Fe,Os-
Ca0-SiO; porous glass ceramics are promising carriers of
immobilized bacteria. The crystal phase and the pore size
distribution are optimal for bacteria immobilization.
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