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Abstract

To produce better antibacterial and low water-soluble submicron powders of divalent silver oxide (AgO), divalent silver oxide-diatomite
(AgO-d) hybrids were studied. AgO-d hybrids were prepared by chemical oxidation, using silver nitrate and diatomite as raw materials and
potassium persulfate as oxidant. The results show that AgO-d hybrids with AgO weight percentage up to 20.8% are obtained by oxidation
of Ag™ adsorbing on diatomite in alkaline solution (n(KOH)/n(AgNOs)=7.5) for 1.5 h at 333.15 K. Products were characterized by laser
particle sizer, SEM, XRD, XPS, FT-IR and atomic absorption spectrophotometer (AAS). AgO-d hybrids are composed of tetragonal
cristobalite, amorphous silica, monoclinic divalent silver oxide and a few of cubic silver oxide. Element Ag can be released from AgO-d
hybrids but the dissolution speed is slow, which is about 3.20 x 102 mg (L h)~'. Antibacterial effectiveness of AgO-d hybrids was tested
against Staphylococcus aureus (S. aureus ATCC6538) and Escherichia coli (E. coli ATCC8099) by the shake-flask method. Results show
that AgO-d hybrids possess excellent antibacterial properties. When the concentration of AgO-d hybrids is 10 mg L~" and the contact time

with S. aureus and E. coli is 30 min, the bactericidal rates reach up to 99.974% and 99.944%, respectively.

© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Silver or silver ions have long been known to have
strong inhibitory and bactericidal effects without any toxic
effect [I1-3]. They can inhibit the growth of various
microorganisms, including bacteria [4,5], molds [6], yeasts
[7], fungi [8-10] and viruses [11,12]. Recently, due to the
growing applications of microbial resistance in commonly
used antibiotics, intensive studies have been made to the
bactericidal activities of silver nanoparticles [13,14], silver
nanoparticle-based materials [15-17], silver containing
composites [18-20], as well as silver oxides and ultrafine
AgO powder-based materials [21-24]. The antibacterial
activity of silver-containing compounds has been widely
used to reduce infections in burn treatment [25] and
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arthroplasty [26] to prevent bacteria colonization on
prostheses [27], catheters [28], and human skin [29], as
well as to purify and improve water quality [2]. High-
valence silver oxides such as AgO possess better bacter-
icidal effect [30]. Shen et al. [31] have found that the
antibacterial effectiveness of submicron AgO was higher
than that of Ag,O of submicron size. Lalueza et al. [32]
have tested the bactericidal effect of different materials and
the result showed that their effect is ordered in the
following sequence: AgNO; > Ag-ZSM-5 > Ag,O > com-
mercial silver-exchanged zeolite (granular)> commercial
silver-exchanged zeolite (pellets) > Ag nanoparticles.
Moreover, the antimicrobial activity of AgO is influenced
by the dimension of the particles, with smaller particles
showing greater antimicrobial effect [33].

Therefore, in developing the route of synthesis, an
emphasis was made to control the size of AgO particles.
However, submicron and nano-scale powders alone in
solution easily aggregate, resulting in deterioration of their
chemical properties, a loss of their antibacterial properties
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and the difficulty of recovery [24,34]. To solve these
problems we grafted AgO submicron particles onto diato-
mite particles using a modified chemical oxidation method.
Diatomite particles can provide high surface area and high
absorbability for silver ion sorption, give excellent mechan-
ical strength for supporting AgO submicron particles, offer
thermal and chemical stability, and are inexpensive [35,36].
Diatomite has been used previously to grow TiO, NPs for
improving photo catalytic properties of TiO, and diatomite
composites [37,38]. Rastogi et al. [39] have prepared Ag—
SiO, composites on a core of silica NPs functionalized with
ethylenediamino-propyltrimethoxysilane and improved
antibacterial properties of Ag and SiO, composites.

In our study silver nitrate and diatomite were used as
precursors to develop low-cost, poor water-soluble, easily
recovered and highly-efficient AgO-d antibacterial materi-
als for improving water quality and recycling use. Thus, we
grafted AgO ultrafine particles with strongly absorbing
diatomite particles by chemical oxidation method and
studied their antibacterial activity against E. coli and
S. aureus in aqueous culture media.

2. Material and methods
2.1. Materials

Diatomite (chemical purity, Tianjin Tianda Chemical
Reagent Plant), AgNO; (analytical purity, Xi’an Non-
ferrous Metals Research Institute), K,S,Ogz and KOH
(analytical purity, Tianjin Tianli Chemical Reagent Co.,
Ltd.) were used as reactants for the synthesis of AgO-d
hybrids. MnSO, (analytical purity, Tianjin Taixing
Reagent Factory), HsPO, (analytical purity, Chengdu
Kelong  Chemical Reagent  Factory), (NHjy),Fe
(SO4), - 6H,O (analytical purity, Tianjin Tianhe Chemical
Reagent Factory), and C;3H;;NO, (analytical purity,
Chengdu Jinshan Chemical Reagent Factory) were
employed to test the content of AgO in AgO-d hybrids.
Deionized water was self-made in the laboratory.

2.2. Synthesis of AgO-d hybrids

AgO-d hybrids were synthesized by chemical oxidation
method. Specifically, diatomite was washed with deionized
water to remove fines and other adhered impurities, then
calcined in a muffle furnace at 823.15 K for 2 h, and cooled
naturally in the furnace to room temperature. 25 mL of
AgNOj; solutions with concentrations of 0.5, 1.0, 1.5 2.0
and 2.5 mol L~ " were prepared. 10 g of calcined diatomite
was separately immersed in the AgNOj; solutions for 96 h
at room temperature, in order to allow Ag™ to be fully
absorbed onto the diatomite. After that, diatomite was
separated with the AgNOj; solutions by centrifugation.
Then 100 mL of K,S,0g5 solution and 50 mL of KOH
solution were prepared. The molar ratios of K,S,Og to
AgNOj was 3:1 and that of KOH to AgNO; were 5:1, 6:1,
7:1, 7.5:1 and 8:1 respectively. Subsequently, the prepared

aqueous solution of K,S,Og was transferred to a 500 mL
glass round-bottomed flask fitted with a stirrer, a glass
funnel for introducing diatomite adsorbing Ag™ and a
separating funnel to introduce the aqueous solution of
KOH. The flask was then placed in a thermostat water
bath at 323.15-363.15 K. The separated diatomite adsorb-
ing Agt was then added into the aqueous solution of
K,S,0¢ under vigorous stirring for 2 min. And then, the
KOH solution was added drop-wise to the reaction
solution. The product solution was vigorously stirred for
a specified time (0.5-2.5h). After the specified time,
oxidation was discontinued, the solid product was col-
lected and the pH value of the reaction solution was tested
by a PHS-25 acidimeter. The solid product was then
washed repeatedly with deionized water until the product
became neutral, and was dried at 343.15 K for 8 h.

2.3. AgO mass content test of AgO-d hybrids

The mass contents of AgO in AgO-d hybrids were
determined, according to Mn?>" oxidation—reduction method.
The measuring principle of AgO mass content is

AgO+Mn?* +2H* = Ag* +Mn** + H,0 (1)

The general procedure used to measure the mass content
of AgO was as follows. A 0.1 g tested sample was mixed
with 10 mL of 5% (w/v) manganese sulfate solution and
10 mL of 25% (v/v) phosphoric acid, stirred with a
magnetic stirrer for 10 min. The solution was titrated with
standard ammonium ferrous sulfate solution with the
concentration of 0.028 mol L™" until the reaction solution
revealed light red color. A drop of phenyl anthranilic acid
indicator was added, and the titration was discontinued
when the color became light yellow. The volume required
to titrate was recorded. The mass content of AgO was
estimated from the equation [40]

0.028 x V' x 123.83
1000m
where V is the consumed volume of the standard ammo-

nium ferrous sulfate solution (mL), and m is the mass of
the AgO-d hybrids sample (g).

w(AgO) = x 100% )

2.4. Characterization

2.4.1. Size distribution analysis

The particle size, size distribution of calcined diatomite
and AgO-d hybrids were measured by a BT-2003 laser
particle sizer. Before testing, ultrasonic pretreatment was
used to disperse samples, and deionized water was used as
a testing medium.

2.4.2. AAS

The release property of AgO-d hybrids in solutions was
studied using a TAS-986 atomic absorption spectrophot-
ometer (AAS). The test procedure was as follows. Each
AgO-d hybrid sample of 0.05 g was immersed in 200 mL of
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deionized water for 6, 12, 18, 24 and 30 days respectively.
The solutions were then filtrated and the contents of
element Ag in the filtrates were determined by AAS. The
acquisition parameters were set as follows: detection
wavelength of 328.1 nm, slit width of 0.4 nm, height and
location of the atomizer of 6.0 and — 1.0 mm respectively,

the flow rate of propane of 2500 mL min~".

2.4.3. XRD

The crystal structure and phase composition of calcined
diatomite and AgO-d hybrids were analyzed by an XRD-
7000S X-ray diffractometer (XRD). XRD data were
collected at room temperature with an X-ray source of
Cu X-rays (4=0.15418 nm). Additional acquisition para-
meters were: tube voltage, 40 kV; tube current, 30 mA; 26

range, 20°-80°; and scan speed, 10° min~".

2.4.4. XPS

The surface chemical component and element quantiva-
lency of calcined diatomite and AgO-d hybrids were studied
using X-ray photoelectron spectroscopy (XPS). The XPS
spectra were obtained using a Kratos Axis Ultra instrument,
which is equipped with an analytical chamber of base
pressure ~ 10~ Torr, a dual anode X-ray source (Mg/Al),
and a hemispherical electron energy analyzer. Spectra were
excited wusing monochromatic AlKa (150W, 15kV,
1486.7 ¢V). The pass energy was set to 50eV for wide
scanning and 20 eV for narrow scanning. Binding energies
were calibrated relatively to the Cls peak (E,=284.8 ¢V)
from hydrocarbons adsorbed on the surface of the samples.

2.4.5. FT-IR

The changes of chemical structure of calcined diatomite
and AgO-d hybrids were analyzed by an FT-IR-Prestige 21
Fourier transform infrared spectrometer (FT-IR). Acquisi-
tion parameters were: range=400-4000cm~' and
resolution=2 cm~'. Samples were analyzed by using the
KBr disk technique.

2.4.6. SEM

An AMRAY MODEL 1000 scanning electron micro-
scope (SEM) was used to scan the surface morphologies of
raw diatomite and calcined diatomite at an accelerating
voltage of 30 kV. The morphology of AgO-d hybrids was
examined using a JSM-6700F scanning electron micro-
scope equipped with an Oxford INCA X-ray energy
dispersive spectroscope (EDS) at an accelerating voltage

Table 1
Chemical composition of raw diatomite and calcined diatomite (%).

of 10 kV and an accelerating current of 10 pA. For the
SEM analysis, the insulating sample was coated with a thin
film of Pt, and the chemical compositions of raw diatomite,
calcined diatomite and AgO-d hybrids were analyzed
by EDS.

2.5. Measurement of bactericidal activity

S. aureus (ATCC6538) and E. coli (ATCC8099) are used
as Gram-positive and Gram-negative bacteria respectively.
The bacteria cultures were incubated at 310.15 K in beef
extract-peptone medium (3 g of beef extract, 10g of
peptone, 15g of sodium chloride, 20 g of agar, and
1000 mL of water). The concentrations of the bacteria
were controlled from 1 x 10° to 9 x 10° CFU mL~'. AgO-
d hybrids suspensions with the concentrations of 10, 30, 70
and 112 mg L~ ! were mixed thoroughly with S. aureus and
E. coli solutions respectively. Then the mixtures were
oscillated for 30 min and dropped into the beef extract-
peptone medium at 318.15 K. Finally, the mixtures were
incubated on a rotary shaker at 310.15 K for 48 h. The
bactericidal effects of AgO-d hybrids were estimated from
the equation:

_A-B

X x 100% 3)
where X is the bactericidal rate of AgO-d hybrids (%), 4 is
the average count of bacterial colonies of control group
without bactericide, and B is the average count of bacterial
colonies of AgO-d hybrids samples tested.

3. Results and discussion
3.1. Analysis of the physical property of diatomite

3.1.1. Chemical compositions of raw and calcined diatomite

The chemical compositions of raw and calcined diato-
mite were analyzed by EDS. As shown in Table 1, raw
diatomite consists of element Si (27.15%), O (70.65%), Mg
(0.47%), Na (1.36%) and CI (0.37%). After washing and
being calcined at 823.15 K for 2 h, element Mg and Na had
disappeared from diatomite, and the amounts of element
Si and O increased. This indicates that the purity of raw
diatomite has been improved after washing and calcine
treatments.

Element Si O Mg Na Cl
Atomic percentage

Raw diatomite 27.15 70.65 0.47 1.36 0.37
Calcined diatomite 27.62 71.95 0 0 0.43
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3.1.2. Morphology analysis

SEM micrographs of raw and calcined diatomite are shown
in Fig. 1. As shown in Fig. 1(a), raw diatomite was nearly
discoid in shape with a diameter of ~40 um. Many impurities
were adhered onto the surface of raw diatomite and most of
the pores were blocked. After being calcined at 823.15 K, most
deposited impurities were burnt off. Many subcircular pores
were observed in calcined diatomite with a diameter of
~470 nm.

3.2. Potassium persulphate-mediated synthesis

of AgO-d hybrids

3.2.1. Effect of AgNOj3 concentration

Table 2 shows the effect of AgNO; (Ag™) concentration
on the content of AgO (Ag>™) in different AgO-d hybrids.
The content of AgO in the hybrids increased with con-
centration of AgNOj3. The growth rate of AgO by weight
in the hybrids increased rapidly with AgNO; concentration
below 2.0 mol L™ !, but tend to be stable over 2.0 mol L™ ".
That is to say, the adsorption amount of Ag™ in diatomite
increased with the concentration of AgNO; increasing,
then became stable over 2.0 mol L™'. This indicates that
the adsorption amount of Ag™ in diatomite has a critical
value at 2.0 mol L' of AgNO;.

3.2.2. Effect of initial reaction temperature

AgO-d hybrids, which were prepared with 1.5 mol L™!
AgNO; at different temperatures, 323.15 K, 333.15K,
343.15 K, 353.15 K and 363.15 K, were used to investigate
the effect of initial reaction temperature on the content
of AgO.

From Table 3, it can be seen that initial reaction
temperature had a critical influence on the content of
AgO in the hybrids. From 323.15K to 333.15K, the
content of AgO increased with initial reaction temperature.
However, above 333.15 K, the content of AgO decreased.
Since the oxidation of Ag™ by S,02 is an exothermic
reaction [41], the released heat increases the temperature
and accelerates the reaction speed. When the initial
temperature reaches to 333.15 K, or more, the reaction
releases a lot of heat. The released heat cannot be diffused
in time, so the reaction favors the direction of gaining heat,
i.e., the dissolution of AgO, which will result in a decrease
in AgO formation.

3.2.3. Effect of reaction time

Table 4 shows the effect of reaction time on the content
of AgO in the hybrids. The content of AgO first increased,
and then decreased with time. This result indicates that the
oxidation of Ag® adsorbed onto diatomite might be
completed in 1.5 h. The stability of diatomaceous SiO, in
solution is affected by the pH value of reaction solution.
When the pH value is less than 11, SiO, does not dissolve.
However, the solubility of SiO, increases obviously when
the pH value is over 12 [42]. The pH value of the reaction
solution for preparing AgO-d hybrids was 13.47, being
strongly alkaline. Thus, the OH ™ added firstly neutralized
H™ produced by the oxidation of Ag* by S,03~ in 1.5h,
and it had not enough time to react with SiO,. When the
reaction time was over 1.5 h, the produced H* was total
neutralized. Since the pH value of the reaction solution
was over 13, SiO, would react with OH ™ and AgO to form
silicate, leading to the decrease in AgO content.

Fig. 1. SEM morphologies of raw diatomite and calcined diatomite. (a) Raw diatomite, 2000 times and (b) diatomite calcined at 823.15 K, 2500 times.

Table 2

Effects of AgNOj; concentration on the AgO content of AgO-d hybrids (333.15 K, n(KOH)/n(AgNOz)=7.5, 1.0 h).

C(AgNOs) (mol L™ 0.5
Adsorption amount of Ag™ in diatomite (mol) 0.0051
ago (%) 5.39

1.0 1.5 2.0 2.5
0.0106 0.0159 0.0228 0.0249
9.44 13.32 16.48 18.61
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Table 3

Effects of initial reaction temperature on the AgO content of AgO-d hybrids (C(AgNO;)=1.5mol L™!, n(KOH)/n(AgNO5)=7.5, 1.0 h).

Initial reaction temperature (K) 323.15 333.15 343.15 353.15 363.15
Wago (%) 8.64 13.35 12.23 10.98 7.65
Table 4

Effects of reaction time on the AgO content of AgO-d hybrids (C(AgNO;)=1.5 mol L', n(KOH)/n(AgNO5)=7.5, 333.15 K).

Reaction time (h) 0.5 1 1.5 2 2.5
®ago (%) 10.58 17.86 19.08 15.52 5.20
Table 5

Effects of KOH concentration on the AgO content of AgO-d hybrids (C(AgNOz)=1.5mol L™!, 333.15K, 1.0 h).

n(KOH)/n(AgNO3) 5 6 7 7.5 8

pH value after reaction 8.11 9.24 13.55 13.71 13.42
Wago (%) 1.21 1.91 17.34 17.86 13.27

3.2.4. Effect of KOH concentration

Table 5 shows the effect of KOH concentration on the
weight percentage of AgO in the hybrids. The content of
AgO was influenced by the concentration of KOH solu-
tion. For n(KOH)/n(AgNOz)=5-6, the weight percentage
of AgO was low and increased slowly. For n(KOH)/
n(AgNOs) > 6, the weight percentage of AgO increased
apparently and then decreased. The pH value of the
solution after the reaction first increased, and then
decreased with the increasing KOH concentration.

The results suggest that the formation of AgO into
diatomite was likely to be affected by the competing
precipitation-dissolution processes of AgO and the dissolution
of SiO,. When n(KOH)/n(AgNO;) value is lower than 6, the
pH value of reaction solution is low, the dissolution rate of
AgO is greater than the precipitation rate of AgO, which
results in the low weight percentage of AgO. However, for
n(KOH)/n(AgNO;)=6-7.5, the H' generated by oxidation of
Ag™ can be neutralized timely and AgO precipitation is the
main reaction. Consequently, the weight percentage of AgO
increases quickly. But further increase of KOH concentration
may cause a strong alkalinity of the solution, resulting in the
formation of colloidal silicate through the reaction of SiO, and
AgO with KOH. The colloidal materials can block the pores
of diatomite and prevent further oxidation of Ag™, which
decreases the percentage of AgO.

Based on the above analysis, the optimum conditions for
the preparation of AgO-d hybrids with the maximum
content of AgO, 20.8%, were as follows: AgNO; concen-
tration of 2.0mol L™', initial reaction temperature of
333.15 K, reaction time of 1.5h and n(KOH)/n(AgNO3)
value of 7.5. The prepared AgO-d hybrids were used for
further characterization and testing.

3.3. Physical properties of AgO-d hybrids
Table 6 is the size distribution and particle size of

calcined diatomite and AgO-d hybrids. The size dis-
tribution of calcined diatomite was in the range

0.685-180.4 um, and the median size was 26.73 um.
After the deposition of AgO, the size distribution was
in the range 0.614-116.5 pm, and the median size
decreased to 18.53 pm. Compared with calcined diato-
mite, the particle size distribution of AgO-d hybrids
became narrower and the mean particle size became
smaller. It may be caused by two reasons. One is that the
volume expansion of AgO grain formation by oxidation
of Ag™ adsorbed on diatomite and the volume expan-
sion of grain growth caused diatomite particle crush.
The other is that diatomite particles are cracked by
strong mechanical agitation.

The stability of the hybrids in solution was investigated
by immersing 0.05 g of AgO-d hybrids in 200 mL deio-
nized water for 6, 12, 18, 24 and 30 days. The silver
dissolved quantity from AgO-d hybrids was tested by AAS
and the result is shown in Table 7. It can be seen that
element Ag can be released from AgO-d hybrids in
solution. Silver dissolved quantity in the solution was
observed to increase with the immersing time. After
immersing for 30 days, the concentration of element Ag
was 23.0mgL~! and its releasing rate was about
320x 107 ?mg(Lh)~', calculated through  one-
dimensional linear regression equation. This indicates that
AgO-d hybrids have silver dissolved ability, and the
dissolution rate is slow, which is beneficial to save the
bactericide. As reported by Antelman [43], silver dissolu-
tion reaction from AgO-d hybrids in solution may be
presented as follows,

AgO+H,0=Ag " +20H" (4)

3.4. Crystal structure and chemical composition

3.4.1. XRD analysis

Fig. 2 shows the XRD patterns of calcined diatomite and
AgO-d hybrids. The typical XRD pattern of calcined diato-
mite shows that diffraction peaks at 21.774°, 28.326°, 31.147°,
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Table 6

Size distributions of calcined diatomite and AgO-d hybrids obtained by oxidation of Ag™ adsorbed onto diatomite (immersing in AgNO; solution of

2.0 mol L™, n(KOH)/n(AgNO5)=17.5, 333.15K, 1.5 h). (um).

Samples Size distribution Median size Bulk mean size Area mean size
Calcined diatomite 0.685-180.400 26.730 34.093 12.527
AgO-d hybrids 0.614-116.500 18.530 22.613 9.845

Table 7

Silver dissolved amount of AgO-d hybrids obtained by oxidation of Ag™* adsorbed onto diatomite (immersing in AgNO; solution of 2.0 mol L™,

n(KOH)/n(AgNO3)=7.5, 333.15 K, 1.5 h).

Immersing time (days) 6 12 18 24 30
Concentration of element Ag (mg L™") 4.58 9.23 13.65 18.48 23.00
. vV o §i0, peaks of Ag,O did not appear. This indicates that element Ag
i <& Ag0 of AgO-d hybrids exists in the form of AgO and litter Ag,O
I ® Ag,0 after deposition, and the crystal structures of AgO and Ag,O
- belong to the monoclinic system and cubic system,
= & respectively.
2| T = =
E $8 =5 22
é J_JWLV’JQ\%YFH v( i g 3.4.2. XPS qnalysis - . ' .
= 1) pd The chem¥cal composmon.s of calcined diatomite and
,H g ﬁ AgO-d hybrids were determined by survey XPS spectra
&= Doty Q_W (Fig. 3). The elemental composition of calcined diatomite
© 2% & 88%T8, 8, 8 ., . was Si(15.32%), O(42.40%), C(40.29%) and Na(1.99%),
20 30 40 50 60 70 80 and that of AgO-d hybrids was Si(7.84%), O(35.14%),
2Theta/degree C(49.42%), Na(0.76%) and Ag(6.84%). The carbon

Fig. 2. XRD patterns of calcined diatomite and AgO-d hybrids obtained
by oxidation of Ag™ adsorbed onto diatomite (immersing in AgNO;
solution of 2.0 mol L™', n(KOH)/n(AgNOs)=7.5, 333.15K, 1.5 h).

(a) Calcined diatomite and (b) AgO-d hybrids.

35.967°, 42.389°, 44.526°, 46.868°, 48.461°, 56.815° and 65.041°
can be indexed to the (101), (111), (102), (200), (211), (202),
(113), (212), (301) and (204) planes of low cristobalite. This
indicates that calcined diatomite is of crystallinity, and the
crystal structure belongs to tetragonal system. After the
deposition of AgQO, there are diffraction peaks at 21.782°,
28.189°, 31.183°, 35.972° and 46.809° in the XRD pattern of
AgO-d hybrids, corresponding to low cristobalite. Compared
with calcined diatomite, the diffraction peak positions for low
cristobalite of AgO-d hybrids did not shift significantly, but
the peaks at 42.389°, 44.526°, 48.461°, 56.815° and 65.041°
disappeared. This indicates that the deposition of AgO did not
change the phase composition and crystal structure of diato-
mite. Moreover, the silver oxides might be deposited on the
pores and surface, and block the pores of diatomite. Sequen-
tially, some weak peaks disappeared. Besides, several diffrac-
tion peaks of AgO-d hybrids appear at 32.254°, 34.154°,
37.240°, 39.407°, 53.786° and 56.736° in the XRD pattern
corresponding to diffraction crystal faces of AgO (—111),
(002), (111), (—202), (—311) and (—113). The diffraction
peak at 32.702° in the XRD pattern may refer to the crystal
face of Ag,O (111), but the other three strong diffraction

impurity might be resulted from the adsorption of residual
hydrocarbons in the UHV chamber of the XPS instrument,
or CO, from air.

As shown in Fig. 4, information about the electronic
states of silicon in calcined diatomite and AgO-d hybrids
can be deduced from high-resolution XPS spectra. The
Si2p spectrum of calcined diatomite contains two distinct
peak maxima. There must be two electronic states of
silicon existing. The peak at 102.5e¢V is in excellent
agreement with XPS data of amorphous silica [44]. And
the other peak at 103.25eV agrees well with cristobalite
reported in the Handbook of X-Ray Photoelectron Spec-
troscopy [45]. After being deposited with AgO, the Si2p
spectra of AgO-d hybrids still contain two peaks, and the
relevant binding energies are 102.5eV and 103.25¢V
respectively. This indicates that element Si in AgO-d
hybrids still exists in the form of amorphous silica and
cristobalite. Calcined diatomite exhibits a good chemical
stability.

The Ag3d XPS spectrum of AgO-d hybrids is shown in
Fig. 5. The high-resolution Ag3ds,, spectrum is resolved
into two individual component peaks. This indicates
element Ag in AgO-d hybrids exists in two forms. The
peak at 368.1 eV is contributed to AgO [46], and the other
peak at 367.7 ¢V is assigned as Ag,O [47]. It is also found
that 92.44% of element Ag exists in the form of AgO, and
7.56% in the form of Ag,O in the silver compounds,
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indicating that most of absorbed Ag™ on diatomite can be
oxidized to form AgO directly. This result further proves
that there are a few of Ag,O existing in AgO-d hybrids
deduced from XRD analysis.

To further study the chemical binding state of element
Ag in AgO-d hybrids, the Ag MNN Auger peak lines were
analyzed in this work, as shown in Fig. 6. The Ag MNN
Auger peak of AgO-d hybrids is resolved into two
individual component peaks. The peaks at 351.2eV and
356.6 eV are related to Ag,O [48] and AgO [49], corre-
spondingly. This confirms that element Ag in AgO-d
hybrids exists in the form of AgO and Ag,O.

3.4.3. FT-IR analysis

The chemical structures of calcined diatomite and AgO-
d hybrids were analyzed by FT-IR in the range of 400—
4000 cm ', as shown in Fig. 7. The peak locations relating
to the corresponding chemical bonds are in a good
agreement with those reported in the literatures [50-53].
The main absorption bands of calcined diatomite were
found at 474.5, 613.4, 790.8, 1091.7, 1402.2, 1462.0,
1629.8, 1664.6, 2167.9 and 3450.6 cm™~'. The absorption
peak at 474.5cm ™' is attributed to the Si-O-Si bending

70000
L = 1, calcined diatomite
60000 |- z° © 2,AgO-d hybrids
I Zf n.g‘ 8
& 50000 5 o 3
- L 24 ;:" & =S
$ 40000 | \““'l 3 5 %
—~ \ HL o 2 < J <
) F o -;w = P N
% 30000 | Eﬂ 7 P -
g =] an §
] [ El
S 20000 | i rf*—"”.}
L g w g o
C { Qoo
10000 [ R
kf_w_”&ll_fdjtl pX
ol ey
1 1 1 1

Il 1
800 600 400 200 0

Binding Energy / eV

1200 1000

Fig. 3. XPS survey spectra of calcined diatomite and AgO-d hybrids
obtained by oxidation of Ag® adsorbed onto diatomite (immersing in
AgNO; solution of 2.0 mol L™', n(KOH)/n(AgNO3)=7.5, 333.15K,
1.5 h).
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vibration. The bands at 613.4 and 790.8 cm ™' represent
SiO-H vibration. The band at 1091.7 cm ™' reflects the
siloxane (—Si—-O-Si—) group stretching, and the peak at
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Fig. 5. XPS Ag3d spectrum for AgO-d hybrids obtained by oxidation of
Ag™ adsorbed onto diatomite (immersing in AgNOs solution of 2.0
mol L™!, n(KOH)/n(AgNO3)=7.5, 333.15K, 1.5 h).
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Fig. 7. Infrared absorption spectra of calcined diatomite and AgO-d
hybrids obtained by oxidation of Ag* adsorbed onto diatomite (immer-
sing in AgNO; solution of 2.0molL~', n(KOH)/n(AgNO3)=7.5,
333.15K, 1.5h). (1) Calcined diatomite and (2) AgO-d hybrids.

2167.9 cm ! is attributed to the Si-H stretching. The sharp
bands observed at 1402.2cm ™' and 1462.0 cm ™" are the
characteristics of bending in-plane-OH vibrations or bend-
ing in-plane sym. The bands at 1629.8-1664.6cm ™'
represent H-O-H bonding vibration of water, and the
intense and broad band at 3450.6 cm ™! can be assigned to
O-H stretching vibrations in hydroxyl groups. This attri-
butes to the presence of adsorbed water by diatomite
samples. Compared with the spectrum of calcined diato-
mite, the peaks’ positions of AgO-d hybrids had small
shifts, which was associated with the chemical combination
between calcined diatomite and AgO. The bands at 613.4,
1462.0, 1629.8 and 3450.6 cm ' were shifted to 619.1,
1460.1, 1625.9 and 3458.4 cm ™' respectively. This could
result from the interaction between AgO and SiO-H, -OH
of diatomite in AgO-d hybrids.

There are two possible interactions between AgO and
SiO-H, —OH of diatomite in AgO-d hybrids. Diatomite
was immersed firstly in silver nitrate solution before the
preparation of AgO-d hybrids. In nature, the most com-
mon medium diatomite contacted is water. Silicon hydro-
xylation function groups can be formed, after it
hydroxylates in water according to Egs. (5) and (6).

>Si+OH = > SiOH (5)

>SiO+H = > SiOH (6)

Hydroxylation function group can react with inorganic
cations in solution through electrostatic interaction, which
is called surface coordinate reaction [54]. Since there is
empty orbital in silver ions, they have a strong tendency to
coordinate. Thus, silver ions react with the hydroxylation
function groups in water according to Eq. (7) and (8), and
silver ions are absorbed.

> SiOH+Ag* = > SiOAg+H* (7)

> SiOH+AgOH = > SIOAgOH™ +H* (8)

After the immersion, silver ions absorbed on diatomite
were oxidized by potassium persulfate to form AgO-d
hybrids, and the > SiOAgO or (> SiO-Ag-O)- bond was
formed. Moreover, there are three stages of reactions when
AgO-d hybrids were dried. The first stage is desorption of
free water and bound water on the surfaces of diatomite.
Desorption of divalent silver oxide hydrated water is the
second stage. The third stage is dehydration between OH
groups and then Si—-O-Ag—O bonds were formed, combin-
ing AgO with diatomite together firmly. The reaction can
be expressed as shown in Fig. 8.

3.5. Morphology analysis

Digital photographs of calcined diatomite and AgO-d
hybrids are shown in Fig. 9. The color of diatomite changed
from white to gray-black after chemical oxidation. It has been
found that the color of silver nanoparticles is yellowish brown,
those of Ag,O nanoparticles and ultrafine AgO powders are
brownish black and black respectively. Thus, the color of
AgO-d hybrids might arise from the diffusion of submicron
AgO particles or Ag>,O nanoparticles onto diatomite.

Fig. 10 shows the SEM micrographs of AgO-d
hybrids. AgO-d hybrids were mainly composed of large
particles with a thickness of ~2pm and length of
~20 um. Some lamelliform particles were diffused onto
diatomite (Fig. 10(a)). Fig. 10(b) shows the image of the
substance, which marked with circle 1 in Fig. 10(a). The
substances were composed of a large number of lamelli-
form particles with a thickness around 0.05 pm. Com-
pared with calcined diatomite (Fig. 1(b)), the
morphology of AgO-d hybrids is changed after the
chemical oxidation, and the discoid diatomite particles
are crushed. Due to its strong adsorptive ability, diato-
mite adsorbs a certain amount of Ag*. Consequently,
the formation of AgO grains through the oxidation of
Ag™ by S,0% results in the volume expansion, leading
to the breaking of diatomite particles.

EDS analysis was carried out to focus on the substance
marked with circle 2 in Fig. 10(a), as shown in Fig. 11. There
were most of element Ag, Si and O, whose atomic percentages
were correspondingly 1.44%, 29.06% and 69.50%. This
illustrates that element Ag is diffused into diatomite. Further-
more, the atomic ratio of 2.39 of O/Si exceeded the theoretical
value of silica, 2. This confirms that silver may exist in the
form of oxide.

3.6. Bactericidal effects

Fig. 12 shows the germicidal effects of AgO-d hybrids
with different concentrations (10, 30, 70, and 112 mg L™ 1)
against S. aureus and E. coli. The bactericidal rates were
over 99.9% against both S. aureus and E. coli, exhibiting a
good germicidal effect. When the concentration of the
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Fig. 9. Digital photographs of calcined diatomite (a) and AgO-d hybrids obtained by oxidation of Ag™ adsorbed onto diatomite (immersing in AgNOs

solution of 2.0 mol L', n(KOH)/n(AgNO3)=17.5, 333.15K, 1.5 h) (b).

AgO-d hybrids solution was 10 mg L™" and the steriliza-

tion time was 30 min, 99.974% of S. aureus and 99.944%
of E. coli were Kkilled. For the same sterilization time, the
bactericidal rates were enhanced with the concentration of

AgO-d hybrids. When the concentration was up to 112
mgL~!, the germicidal rates of AgO-d hybrids against S.
aureus and E. coli rose to 99.987% and 99.981% respectively.
The germicidal rates are improved by 0.013% and 0.037%
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Fig. 12. Bactericidal effects for AgO-d hybrids with different concentra-
tions against S. aureus and E. coli.

correspondingly, which forms a comparison to AgO-d hybrids
with a concentration of 10 mg L~'. This indicates that high
efficient sterilization effect can be achieved by using trace
AgO-d hybrids. There are two possible reasons why AgO-d

hybrids have the bactericidal activity. One is that bacteria are
easily adsorbed onto AgO particles, and the Ag®" released
from AgO changes the permeability of cell wall, denaturates
protein, inactivates enzyme, leading to the lysis and death of
the cells. The other is that the remaining of AgO particles in
AgO-d hybrids solution or dissolved Ag>" may inhibit the
replicative capacity of cell and affect the growth of bacteria.

4. Conclusions

(1) AgO-d hybrids with high AgO content were directly
synthesized by chemical oxidation, using silver nitrate
and calcined diatomite as raw materials, potassium per-
sulfate as oxidant. The optimum preparing parameters for
AgO-d hybrids were as follows: initial reaction tempera-
ture of 333.15 K, silver nitrate concentration of 2.0 mol
L™, n(KOH)/n(AgNO3) value of 7.5 and reaction time of
1.5 h. The AgO content of AgO-d hybrids obtained with
optimum preparing parameters reached to 20.8%, and the
median particle size, size distribution were 18.53 pm and
0.614-116.5 um respectively. Element Ag can be released
from AgO-d hybrids in water solution, with a releasing
rate of around 3.20 x 10> mg (L h)~ ..

(2) Calcined diatomite was composed of amorphous SiO,
and tetragonal low cristobalite. After the deposition of
AgO, AgO-d hybrids were composed of amorphous
Si0,, tetragonal low cristobalite, monoclinic AgO and
a few of cubic Ag,O. The deposition of silver oxides on
diatomite did not change the phase composition and
crystal structure of diatomite.

(3) AgO-d hybrids exhibited a strong sterilization activity.
When the concentration of AgO-d hybrids was 10 mg L™"
and the sterilization time was 30 min, the germicidal rates
of AgO-d hybrids against S. aureus and E. coli reached up
to 99.970% and 99.941% respectively. This result would
be of great importance in expanding use of the bactericidal
hybrids in many other applications that require strong
bactericidal activity.
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