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Abstract

Porous diatomite ceramics with different porosity and pore size were prepared by sintering compacts consisting of diatomite, different amounts
of sodium carbonate or pore former with different particle size. Subsequently, AgO-decorated porous diatomite ceramic composites were
synthesized by chemical oxidation using porous diatomite ceramics with different porosity and pore size as the carrier. The AgO contents of the
composites were investigated as a function of porosity and pore size. The porosity and pore size of porous ceramics varied with the addition
amount of sodium carbonate and particle size of pore former. The AgO content of the composites increased with the increase of the porosity. The
pore size seriously influenced the content of AgO deposit on porous ceramics. When the pore size of porous ceramics was in the submicron range
(o1 μm), only a thin layer of submicron AgO particles could be deposited onto the external surface, but AgO particles could not further deposit
into the inner layer. For pore formers smaller than 400 μm, the AgO contents of the composites increased with increasing size of pore former.
However, the AgO content of the composites decreased when the size was larger than 400 μm. XRD results showed the composites were
composed of cristobalite, tridymite, AgO and Ag2O.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

It is well known that silver or silver ions have a strong
inhibitory effect to microbes and good bactericidal effects [1–3].
They can inhibit the growth of various microorganisms [4–9]. It
is found that bacteria exhibit a low propensity to develop a
resistance to silver-based products. Thus, silver-based materials
can help to solve the problem of the growing microbial resistance
against metal ions, and commonly used antibiotics [10–14]. The
bactericidal effect of different Ag-containing materials is directly
proportional to their valence. For example, the bactericidal effect
of AgO with Ag2+ is superior to that of Ag2O with Ag1+, and
elementary Ag shows an inferior bactericidal effect compared to
AgO and Ag2O [15–17]. Therefore, among different silver-based
materials, AgO attracts great interests due to their great potential
for antimicrobial applications [18–20].
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In the past decades, nanoscale or submicron materials find wide
application due to their size effects. Similarly, due to their high
specific surface area and high fraction of surface atoms, submicron
and nanoscale AgO particles show higher antimicrobial activity
compared with bulk AgO particles [21,22]. However, when
employed alone in water treatment, submicron and nanoscale
particles are easily aggregated or lost in solution, leading to the
deterioration of their chemical properties and the degradation of
their antimicrobial activity [23–25]. To solve these problems,
submicron and nanoscale AgO particles have been grafted onto
porous diatomite ceramics [26]. In such a case, the degradation of
chemical activity of the AgO particles caused by their aggregation
can be effectively prevented, their loss can be greatly reduced, and
hence excellent bactericidal effect can be achieved.
In general, for AgO-deposited porous ceramic composites, the

higher the content of the AgO particles in the composite, the better
the bactericidal effect. It has been found that the porosity, pore
shape and pore size have a great influence on the properties of
porous ceramics [27,28]. Thus, it can be expected that the content
of the AgO may be closely related to the porosity and pore size of
the porous ceramics. However, it has been seldom reported so far.
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In this study, porous diatomite ceramics with different porosity and
pore size were fabricated by adding different amounts of sodium
carbonate and different particle size of pore former. The depen-
dence of the deposited AgO content on the porosity and pore size
of the ceramic were investigated.

2. Material and methods

2.1. Materials

To prepare diatomite ceramics, diatomite powders (chemical
purity, Tianjin Tianda Chemical Reagent Plant) with a mean
particle size of 26.7 μm and a size distribution of 0.7–180 μm
(diatomite was distributed in deionized water and measured by a
BT-2003 laser particle sizer) were used as source material.
Anhydrous sodium carbonate (analytic purity, Tianjin Northern
Tianyi Chemical Reagent Plant), polyacrylamide and polyvinyl
alcohol (analytical purity, Tianjin Kermel Chemical Reagent Co.,
Ltd.), and commercial available polystyrene foam (chemical purity)
were used as fusing agent, dispersant, binder and pore former,
respectively. Silver nitrate (analytical purity, Xi’an Non-ferrous
Metals Research Institute), potassium persulfate and potassium
hydroxide (analytical purity, Tianjin Tianli Chemical Reagent Co.,
Ltd.) were used as reactants during the synthesis of AgO decorated
porous ceramic composites. Manganese sulfate (analytical purity,
Tianjin Taixing Reagent Factory), phosphoric acid (analytical
purity, Chengdu Kelong Chemical Reagent Factory), ammonium
ferrous sulfate (analytical purity, Tianjin Tianhe Chemical Reagent
Factory), and N-phenylanthanilic acid (analytical purity, Chengdu
Jinshan Chemical Reagent Factory) were employed to determine
the AgO content of the composites. Deionized water was self-made
in our laboratory.

2.2. Preparation of porous diatomite ceramics

Porous diatomite ceramics were prepared by solid-state
sintering. Diatomite powders were washed with deionized
water, and then filtrated to remove fines and other adhered
impurities. After that, the diatomite powders were calcined in a
muffle furnace at 550 1C for 2 h. Subsequently, the diatomite
powders were mixed with different additives to prepare porous
ceramics with different porosity and pore size. To prepare the
ceramic matrix with different porosity, Na2CO3 was used as
fusing agent and mixed with the pretreated diatomite powders
and polyacrylamide (PAM, 0.6 wt%). Five kinds of mixtures
(MA1, MA2, MA3, MA4, and MA5) with different weight
percentage of Na2CO3 (7 wt%, 10 wt%, 13 wt%, 16 wt% and
19 wt%, respectively) were obtained. To prepare the ceramic
matrix with different pore size, polystyrene as a pore former
was added into the mixture of diatomite powders, polyacryl
amide (PAM, 0.6 wt%), and Na2CO3 (13 wt%). Using poly-
styrene (PS) with diameter of 83, 200, 300, 400 and 500 μm as
a pore former, five kinds of mixtures (MB1, MB2, MB3, MB4
and MB5) with different pore size were obtained.

The mixtures (MA1-5 and MB1-5) were then ball milled for
6 h with zirconia balls as the grinding media. After that, they
were mixed with 0.6 wt% polyvinyl alcohol (PVA) liquid
(weight ratio of 40/60), resulting in a well-dispersed slurry.
The slurry was squeezed out to form a cylindrical sample with
diatomite of 6 mm under a pressure of 0.5 MPa. For compar-
ison, the mixture MA2 was also pressed under a high pressure
of 6.4 MPa. The samples were then dried at 50 1C for 6 h, and
fired at 300 1C to burn out of the PS. Finally, the compacts
were sintered in a alumina crucible at 1000 1C for 2 h,
resulting in ceramic matrix samples of CA1, CA2, CA3,
CA4, and CA5 (produced from MA1–5, correspondingly),
CA21 (produced from MA2 under a pressure of 6.4 MPa), and
CB1, CB2, CB3, CB4, and CB5 (produced from MB1-5,
respectively).

2.3. Synthesis of AgO-decorated porous diatomite ceramic
composites

AgO-decorated porous diatomite ceramic composites were
prepared by direct chemical oxidation. Specifically, the obtained
ceramic matrices were separately immersed in 25 mL of 1.5 mol/L
AgNO3 solutions for 96 h at room temperature. After filtration,
Ag-decorated porous ceramic composites were obtained. The
amount of Ag+ in the porous ceramics was measured according
to the Volhard method [29]. The obtained Ag-decorated ceramic
was then utilized to prepare AgO-deposited porous ceramic
composites through the following process. Firstly, 100 mL of
K2S2O8 solutions and 50 mL of KOH solutions were prepared in
advance. The molar ratios of K2S2O8 to adsorptive Ag

+ and that of
KOH to adsorptive Ag+ were controlled at 3:1 and 5.5:1,
respectively. Secondly, the prepared aqueous solution of K2S2O8

was transferred to a 500 mL glass round-bottomed flask, which
was then heated up to 60 1C. The Ag-decorated ceramics were then
added into the aqueous solution of K2S2O8. During this process,
the KOH solution was added into the reaction solution quickly
after the ceramic particle surface were observed to become black.
Thirdly, the flask was placed in a constant temperature oscillator at
60 1C and oscillated for 1 h at a speed of 200 r/min; finally, the
solid product was obtained by filtration. The AgO-decorated
porous ceramic composites were ready after the solid product
was washed with deionized water and then dried at 70 1C for 4 h.

2.4. Characterization

The density and porosity of the ceramic matrices and AgO-
decorated porous ceramic composites were measured by using
the water displacement method based on the Archimedean
principle.
The mass contents of the AgO in the prepared composites

were measured according to the Mn2+ oxidation-reduction
method [30]. The formula is as follows:

ωðAgOÞ ¼ 0:028� V � 123:83
1000m

100% ð1Þ

where V is the consumed volume of the standard ammonium
ferrous sulfate solution (mL), and m is the mass of AgO-
decorated porous ceramic composites (g).
The ceramic matrices and prepared composites were analyzed

by XRD-7000S X-ray diffractometer (XRD). XRD data were
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collected at room temperature with an X-ray source for Cu Kα
radiation (λ¼0.15418 nm). Additional acquisition parameters
were: tube voltage, 40 kV; tube current, 40 mA; 2θ range, 10–
801; and scan speed, 101/min. The relative mass fraction of
cristobalite phase and tridymite phase in the ceramic matrix is
calculated in terms of the relative intensity of maximum cristobalite
phase peak (101) and maximum tridymite phase peak (100) [31],
as indicated by the formula (2).

ωcristobalite ¼
1

1þ 1:817ðI tridymite=IcristobaliteÞ
� 100%; ð2Þ

where ωcristobalite is the content of cristobalite phase in the ceramic
matrix, Icristobalite is the relative intensity of maximum cristobalite
phase peak (101), and Itridymite is the relative intensity of maximum
tridymite phase peak (100). The content of tridymite phase is
1�ωcristobalite.

The microstructures and morphologies of the ceramic matrices
were observed using a JSM-6700F scanning electron microscope
(SEM) equipped with an Oxford INCA X-ray energy dispersive
spectrometer (EDS) at an accelerating voltage of 20 kV. For SEM
analysis, a thin film of Pt was sputtered on the sample surface. The
amplified morphologies of the samples were observed by a 7SZ-
405 video stereomicroscope.

3. Results and discussion

3.1. Microstructure and morphology

Fig. 1 shows SEM images of the ceramic matrices. It can be
seen that for all the ceramic matrices, macropores were formed
Fig. 1. SEM micrographs of the ceramic matrices, (a) CA21, porosity:
in the ceramics after sintering, and the pore shape was
irregular. The ceramic matrix CA21, fabricated under a
pressure of 6.4 MPa, was denser than those prepared under a
pressure of 0.5 MPa. The pore size of the ceramic matrix
CA21 was around 1 μm, while those of the ceramic matrix
CA3 and CB2 with sodium carbonate and pore former
additions were in the range of 10–200 μm. The pore size of
the ceramic matrices prepared under low pressure was much
larger than that of the ceramic matrix prepared under higher
pressure.
Fig. 2(a) shows SEM micrograph of the composite prepared by

decorating AgO particles on the ceramic matrix CA21. The pore
size of the composite was around 5 μm, which was smaller than
that of its corresponding ceramic matrix. Moreover, there were
submicron particles depositing on the ceramic matrix.
EDS analysis was made on the surface marked with pane 1 in
Fig. 2(a) and the result is shown in Fig. 2(b). There mainly were
elements Ag, Si, O and C, and the atomic percentages of these
elements were 28.6%, 10.4%, 55.8% and 5.2% respectively. The
element C might result from the reaction between surface oxygen
atoms and atmospheric CO2. It was a common characteristic for
all silver oxides. This result proved that element Ag had been
deposited onto the ceramics. Besides, the O/Si atomic ratio (5.4)
exceeded the theoretical value (2). This indicated that the particles
deposited onto the pore surface might be silver oxide.
The vertical section amplified morphologies of the compo-

sites prepared by decorating AgO particles on the ceramic
matrix CA21 and CA2 are shown in Fig. 3. For the ceramic
matrix CA21, only a thin layer on the external surface of the
ceramic matrix turned gray black after AgO deposition, while
62.1%; (b) CA3, porosity: 64.2%; and (c) CB2, porosity: 61.6%.



Fig. 2. SEM micrograph (a) and local EDS analysis result (b) of the composites obtained by decorating AgO particles on the ceramic matrix CA21.

Fig. 3. Amplified morphologies of the composites prepared by decorating AgO particles (a) on the ceramic matrix CA21 and (b) the ceramic matrix CA2.
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the inner layer was still white. But for the ceramic matrix CA2,
most parts of the ceramics turned gray black. The color of the
composites might derive from the deposition of submicron
AgO particles or Ag2O nanoparticles, since silver nanoparti-
cles are of yellowish brown color [32], Ag2O nanoparticles are
of brownish black color [33], and AgO submicron particles are
of black color [34]. This result indicated that the pore size
would affect the AgO particles depositing on the ceramic
matrix. It is because that the pore size of the ceramic matrix
CA21 prepared under high pressure was smaller. The smaller
the pore size is, the larger is the Ag+ adsorption amount on the
ceramic matrix. However, submicron AgO particles formed by
oxidation filled up the pores on the external surface and
prevented further oxidation of Ag+ in the inner layer.

3.2. Porosity

The pores in the ceramic matrices are formed after the
powder mixture is sintered. The porosity and pore size of the
ceramic matrices are closely related to the content of carbonate
and the diameter of pore former (polystyrene) in the mixture.
Fig. 4 shows the dependence of porosity of the ceramic matrix
on the content of sodium carbonate (Fig. 4a), and on the
diameter of pore former (Fig. 4b). Obviously, the porosity of
the matrix decreased with an increase in the content of sodium
carbonate. This result showed that porosity was determined by
the content of sodium carbonate. However, for the ceramic
matrix prepared with the pore former of different size, almost
no change of the porosity can be observed. This indicated that
the size of pore former had little effect on the porosity. In
addition, the porosity of the ceramic matrix CA21 prepared
under a high pressure of 6.4 MPa was 62.1%, which was close
to that of the ceramic matrix CA3 prepared under a pressure of
0.5 MPa.
Using the matrix samples (CA1–CA5) and (CB1–CB5),

AgO-decorated porous ceramic composites (sample AgOCA1–
AgOCA5 and AgOCB1–AgOCB5) were then obtained. The
porosity of the highly AgO-decorated porous ceramic compo-
site was lower than its corresponding matrix sample, as shown
in Table 1, due to the fact that AgO particles were coated on
the inner side of pores, thus reducing the pore volume.
However, the change of the ceramic porosity during the
process of AgO decoration shows a close relationship to the
diameter of the pore former, as shown in Table 2. For example,
when the diameter of pore former was 83 μm, the porosity was
decreased from 60.0% of the matrix to 58.0% of the AgO-
decorated ceramic composite. However, when the pore former
with diameter of 400 μm was used, the porosity was decreased
from 59.6% of the matrix to 51.4% of the AgO-decorated
ceramic composite. It might be caused by the pore size of the



Fig. 4. Porosity of the ceramic matrices as a function of (a) the content of sodium carbonate and (b) the size of pore former.

Table 1
Porosity of the composites as a function of the porosity of their corresponding
matrices.

Blank ceramic matrix CA1 CA2 CA3 CA4 CA5

Porosity (%) 67.6 65.9 64.2 53.9 36.3
AgO-decorated
ceramic composites

AgOCA1 AgOCA2 AgOCA3 AgOCA4 AgOCA5

Porosity (%) 57.3 54.4 43.7 30.4 25.3
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matrix. For the diameter of pore former lower than 300 μm, the
pore of the ceramic matrix was smaller. The AgO particles
filled up and closed the smaller pores of the outer layer,
inhibiting further AgO deposition on the pores of inner side.
However, when the diameter of pore former was over 300 μm,
the pores of the ceramic matrix became larger, and more AgO
particles could deposit on the inner side of pores, resulting in
the great reduction of the pore volume.

3.3. The AgO content of the composites

Fig. 5 shows the AgO content of the composites as a function of
porosity. The AgO content increased with porosity. The rate of the
AgO content increase in the composites was slow with the porosity
of their corresponding ceramic matrices below 60%. However,
above 60%, a rapid increase of AgO content in the composites was
observed. For the same pore size of ceramic matrix, the adsorb-
ability of Ag+ is determined by the porosity of the ceramic matrix.
The highly porous structures greatly increased the contacting area
of the ceramic matrix with AgNO3 solution, making more Ag+

adsorbed on the ceramic matrix. The molecular surface of the
ceramic matrix was subjected to more unbalanced forces with the
increasing porosity, causing more Ag+ adsorbed onto the ceramic
matrix. Thus, the larger the porosity, the more the Ag+ would be
adsorbed, which had been confirmed by the tested adsorption
amount of Ag+ on the ceramic matrix after soaking for 96 h
(Table 3). Moreover, the higher the porosity, the easier it is for the
persulfate ions to enter the pores in the inner layers to oxidize Ag+

and form submicron AgO particles. In other words, the combined
action of Ag+ adsorption degree and the difficult degree of oxidant
entering the ceramic matrix resulted in the increase of AgO content
in the composites with increasing porosity.
In order to confirm the effect of pore size on the AgO
deposition, submicron AgO particles were separately decorated
on the ceramic matrix CA21 and CA3. The AgO content of the
composites was studied. The results showed that the adsorption
amount of Ag+ on the ceramic matrix CA21 and CA3 were
1.79 mmol/g and 1.59 mmol/g respectively, while the AgO content
of the corresponding composites were 1.39% and 5.55% after
oxidation. Since the pores of the ceramic matrix CA21 were
relatively smaller and the ceramics were denser, the Ag+ adsorbing
capability of the ceramic matrix CA21 was stronger than that of the
ceramic matrix CA3. However, the submicron AgO particles
formed from oxidation blocked the smaller pores, hindering further
entering of persulfate ions into the pores to oxidize Ag+. But for
the ceramic matrix prepared under lower pressure, as the pore was
larger, it could not be filled up by the newly generated submicron
AgO particles completely. Thus, persulfate ions could continue to
enter the inner layers of the ceramic matrix to oxidize more Ag+,
resulting in the higher AgO content of the composites.
To further prove the effect of pore size, the AgO contents of the

composites were studied by decorating AgO particles on the
ceramic matrices CB1–5 prepared with different diameters of pore
former, as shown in Fig. 6. It can be seen from Fig. 6 that the size
of pore former significantly influenced the AgO content of the
composites. For the diameter of pore former from 83 μm to
400 μm, the AgO content of the composites increased. However,
above 400 μm, the AgO content of the composites decreased. The
results suggest that the formation of AgO particles onto the ceramic
matrix was likely to be affected by the pore size of the ceramic
matrix. When the diameter of pore former was over 400 μm, the
pore size of the sintered ceramic matrix was larger. The larger pore
was beneficial to the entering of persulfate ions, but reduced the
adsorption amount of Ag+, leading to the decrease of AgO content
of the composites.
3.4. XRD analysis

Fig. 7 shows XRD patterns of the ceramic matrices sintered at
1000 1C. It is noted that both cristobalite and tridymite occurred in
all sintered ceramic matrices. No other phase was detected. The
phase fraction of the ceramic matrix was calculated according to
Eq. (2) [31], as shown in Table 4. The content of sodium carbonate



Fig. 5. Effect of the porosity on the AgO content of AgO-decorated ceramic
composites.

Table 3
Ag+ adsorbed amount on the ceramic matrix with different porosity after
soaking in AgNO3 solution for 96 h.

Blank ceramic matrix CA1 CA2 CA3 CA4 CA5

Porosity (%) 67.6 65.9 64.2 53.9 36.3
Ag+ adsorbed amount (mmol/g) 2.15 1.79 1.59 1.35 1.24

Fig. 6. Effects of the diameter of pore former on the AgO content of the AgO-
decorated ceramic composites.

Table 2
Porosity of the composites as a function of the pore size of their corresponding matrices.

Size of pore former (μm) 80 200 300 400 500

Porosity of blank ceramic matrix (%) 60.0 61.6 59.3 59.6 59.3
Porosity of the composites (%) 58.0 59.4 55.1 51.4 52.8

Fig. 7. XRD patterns of the ceramic matrices with different porosity and pore
size. 1—CA2; 2—CA4; 3—CB2; 4—CB4.
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and the diameter of pore former had an influence on the phase
fraction of cristobalite and tridymite. The cristobalite phase content
decreased with increasing content of sodium carbonate. Since the
decomposition reaction of sodium carbonate is an endothermic
reaction, the heat needed for the decomposition increased with the
content of sodium carbonate. Thus, the interior temperature of
sintered ceramic matrix was lowered, resulting in the reduction of
phase transition rate. In addition, the cristobalite phase content
increased with increasing diameter of pore former. It might be
because that the pore size of sintered ceramic matrix increased with
the pore former size, which was beneficial to the heat transfer.
Thus, an interior temperature rise of sintered ceramic matrix
occurred, promoting the transformation of tridymite to cristobalite.

Fig. 8 shows XRD patterns of the composites prepared by
decorating AgO particles on different ceramic matrices. After
being deposited with submicron AgO particles, cristobalite and
tridymite occurred in all prepared composites as well as
another phase. The diffraction peaks at 32.1511, 32.3951,
34.1951, 37.2161, 39.4981 and 53.9801 could be indexed to
the (200), (�111), (002), (111), (�202) and (�311) planes of
monoclinic AgO. The diffraction peak at 32.6301 in the XRD
pattern might refer to the crystal face of cubic Ag2O (111), but
the other three strong diffraction peaks of Ag2O did not
appear. The results indicate that the element Ag of the
composites existed in the form of AgO and a little Ag2O after
oxidation. Therefore, it can be concluded that it was possible



Table 4
Phase fraction of the ceramic matrices prepared under different conditions.

Samples The ceramic
matrix CA2

The ceramic
matrix CA4

The ceramic
matrix CB2

The ceramic
matrix CB4

Content of
cristobalite (%)

84.2 68.5 67.3 79.3

Content of
tridymite (%)

15.8 31.5 32.7 20.7

Fig. 8. XRD patterns of the composites prepared by decorating AgO particles
on the ceramic matrix CA2, CA4, CB2 and CB4. 1-Sample AgOCA2, porosity
of CA2: 65.9%; 2-Sample AgOCA4, porosity of CA4: 53.9%; 3-Sample
AgOCB4; 4-Sample AgOCB2.

Table 5
Relative strength of the strongest peak of each phase in the composites.

Samples AgOCA2 AgOCA4 AgOCB4 AgOCB2

Icristobalite (101) 100 100 100 100
Itridymite (100) 14 30.8 24.4 18.8
IAgO (�111) 29.8 20.0 19.5 17.4
IAg2O ð111Þ 10.6 7.6 4.9 7.3
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to directly generate AgO particles on the ceramic matrices
through chemical oxidation. Table 5 shows the relative
intensity of the strongest diffraction peaks for each phase of
the composites in the XRD patterns. For the samples AgOCA2
and AgOCA4, with increasing porosity of the ceramic matrix,
the relative intensity of the strongest AgO diffraction peak was
stronger. For the samples AgOCB2 and AgOCB4, the larger
the pore former size was, the stronger was the relative
intensity. It is pointed out by diffraction intensity theory that
the diffraction intensity of a phase is strengthened as the
relative content of this phase increases in the composite [31].
Thus, it can be inferred that the AgO content of the ceramic
matrix with higher porosity was larger than that of the ceramic
matrix with lower porosity. For the composites prepared by
decorating AgO particles on the ceramic matrix CB2 and CB4,
the AgO content deposited on the ceramic matrix CB4 was
higher than that deposited on the ceramic matrix CB2. This
result further confirmed the determined AgO content.

4. Conclusions

Porous diatomite ceramics with different porosity and pore
size have been prepared by adding different content of sodium
carbonate and different particle size of pore former and
sintered at 1000 1C over a range of porosity (36.0–68.0%).
The effects of porosity and pore size on the properties of AgO-
decorated porous ceramic composites were investigated. The
porosity of the ceramic matrix increased with the content of
sodium carbonate, and the increased porosity resulted in an
increase in the AgO content of the prepared composites.
Compared with their corresponding ceramic matrices, the
porosity of the composites decreased after the decoration of
submicron AgO particles. For the pore size less than micron
range, only a thin layer of AgO particles could be deposited on
the external surface of the ceramic matrices, while Ag+ in the
inner layers could not be oxidized. As the size of pore former
increased, the AgO content of the composites increased.
However, when the diameter of pore former was larger than
400 μm, the silver ion adsorption capacity of sintered ceramic
matrices and the AgO content of the composites decreased.
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