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The synergistic effect of oxygen releasing and oxidizing power of calcium peroxide (CaO2) provides considerable
advantages to environmental issues. In this research, a novel productivemethod to synthesize high-purity nano-
particlewas reported. Ca(NO3)2was used as an effective precursor undermild conditions. High-purity CaO2with
nanosized spherical particle was observed. Disinfection effect of the CaO2 powders was investigated using
Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus). Surprisingly, photoactivity of CaO2 was discovered.
The CaO2 exhibited intriguing photoactivity on dye oxidation and reduction under visible light. Thismethod pro-
duces high-purity nanoparticulate CaO2 for pilot-scale testing.
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1. Introduction

Several industries have grown rapidly in developing countries,
thereby increasing the pollutant waste. Regulations on management
of pollutants before releasing them to lakes, streams, groundwater and
rivers is therefore necessary for industries and even agricultural farms.
In general, contaminant chemicals in groundwater and soil include
polycyclic aromatic hydrocarbons [1], toluene [2], benzene, 2,4,6-trini-
trotoluenes [3], trichloroethylene [4], total petroleum hydrocarbons
[5], ethylbenzene, arsenic [6,7], α-methylnaphtalene [8] and endo-
crine-disrupting compounds in waste activated sludge [9]. Oxygen re-
leasing materials, such as H2O2, MgO2 [10] and CaO2 [11–13], are
among the most effective materials used in wastewater treatment. Ox-
idizing agents are also necessary for removal of some toxic chemicals.
Moreover, antimicrobial activity and photoactive material might be
helpful for complete treatment. As a result, materials that can release
oxygen, act as an oxidizing agent, increase antimicrobial activity and
be photoactive would be interesting.

Hydrogen peroxide is normally the oxygen source used in in situ
chemical oxidation for bioremediation applications in soil [14,15] and
ground water because oxygen will be generated during its decomposi-
tion. Hydrogen peroxide can also generate hydroxyl radicals when it is
in the system that is thermodynamically favorable or under UV irradia-
tion and plays an important role in chemical oxidation of pollutant
mu.ac.th (C. Randorn).
removal as shown in Eq. (1) [16,17].

H2O2 þ hv→ � OHþ �OH ð1Þ

However, hydrogen peroxide has somedrawbacks for practical utili-
zation because it is decomposed and consumed in a short time. Recent-
ly, investigation on peroxo compounds that can release oxygen longer
than hydrogen peroxide, has gained much attention.

CaO2 is an alternative promising source to release oxygen because it
can be biodegraded in soil and ground water [13]. H2O2 would slowly
release fromCaO2 in the presence ofmoisture. CaO2 has been extensive-
ly used in medicine, aquaculture and agriculture [18–22]. Disinfectant
forwater treatment has been validated recently. Prolonging disinfection
is an advantageous property of CaO2, which is an environmentally
friendly material. However, its disinfection activity depends on the
type of acid [21]. As mentioned above, the advantages of using CaO2 as
an oxygen releaser and disinfection material for environmentally
friendly water remediation, as well as high-purity CaO2 synthesis, will
be revealed in this research using beneficial chemistry.

CaO2 can be prepared by the addition of hydrogen peroxide to calci-
um compound precursors and later dried out. Possible calcium com-
pound precursors, such as Ca(OH)2 [2] and CaCl2 [18,23], are normally
chosen, as shown in Eq. (2).

Ca OHð Þ2 þ H2O2→CaO2 þ 2H2O ð2Þ

However, the exothermic nature of this reaction creates difficulty for
preparation. Moreover, the minor phases obtained along with the syn-
thesis of CaO2 are Ca(OH)2, CaO and CaCO3 [2,24]. Occasionally, high
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Fig. 1. XRD patterns of the products prepared using Ca(NO3)2 as a precursor under various
conditions after drying at 80 °C.
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temperatures, approximately 500 °C, or very low temperatures, approx-
imately 0–5 °C, are required for anhydrous CaO2 [25]. When Ca(OH)2 is
used for the reaction, it is generally difficult to control the purity during
precipitationwithNH4OHorNaOHbecause H2O2 reacts vigorouslywith
CaCl2 and Ca(OH)2. This behavior increases the reaction temperature
and may decrease the phases of CaCO3 and Ca(OH)2. Nanosized CaO2

was obtained using CaCl2 and H2O2 as precursors and polyethylene gly-
col (PEG 200) as a stabilizer. This finding demonstrated the effective ox-
idizing power on arsenic(III) removal [7]. The purpose of this research is
to develop wet synthesis of CaO2 using Ca(NO3)2 as a precursor, for the
first time, to the best of our knowledge. Ca(NO3)2 can eliminate the dif-
ficulty of an exothermic reaction because the reaction between
Ca(NO3)2 and H2O2 is an endothermic reaction. As a result, the simple
but productive preparation of high-purity nanosized CaO2 is suitable
for use in large-scale production and will be explored in this study.

2. Experimental

2.1. Materials

Chemicals includedACS grade Calciumnitrate tetrahydrate (SIGMA-
ALDRICH, 99%), aqueous Hydrogen peroxide solution (Merck, 30%), and
Ammonium Hydroxide (J.T.BAKER 28.0–30.0%) 2.2 Preparation of CaO2

powder.
Forty-eight grams of calcium nitrate tetrahydrate were dissolved in

50 mL distilled water, and 30 mL of 30% H2O2 was added while stirring
at ambient temperature. The solution was adjusted to a pH of 10 using
ammonia solution or NaOH, resulting in precipitation of pale yellow
precipitates. The resultant precipitates were separated from the solu-
tion by filtering and washing several times with distilled water or am-
monia solution. The powders then were dried at 80 °C or 200 °C for 2 h.

2.2. Characterization

XRD data were collected using a Rigaku Mini Flex II X-ray diffrac-
tometer. The specific surface area of the powder samples were mea-
sured by nitrogen adsorption at 77 K using the Brunauer–Emmett–
Teller (BET) method (Micromeritics TriStar II). Scanning electron mi-
croscopy and transmission electron microscopy were obtained using a
JEOL JSM-6335F and JEOL JEM-2010 electron microscope, respectively.
A UV–visible spectrophotometer (UV–vis 2450, Shimadzu) was used
to measure the diffuse reflectance spectra of the CaO2 powders.

2.3. Evaluation of photocatalytic activity

2.3.1. Photocatalytic oxidation
With aeration created by an aquarium air pump, 0.05 g CaO2 powder

was suspended in 50 mL of 1 × 10−5 M MB solution. The solution was
first kept in the dark for 30 mins to reach adsorption equilibrium at
room temperature. Then, an visible LED (white) or UV LED lamps was
switched on and a decrease in absorbance at 660 nm was monitored
every 30 min using UV–Vis spectrophotometer.

2.3.2. Photocatalytic reduction
A resazurin (Rz) ink test was used for investigation of photoreduc-

tion activity of CaO2 powders. Rz was dropped on CaO2 before irradia-
tion with visible or UV LED lamps. Color change from blue (resazurin)
to pink (resorufin) would be observed and would indicate a
photoreduced active sample.

2.4. Investigation of disinfection

The disinfection effect by the CaO2 powders were investigated using
Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus).
2.4.1. Antibacterial assay
The synthesized CaO2 powderswere put on four pathogenic bacteria

using a zone of inhibition assay on NA. Each bacterial suspension,which
is adjusted to a turbidity of 0.5 McFarland, was swabbed on an NA plate
using a sterilized cotton bud. Next, one loop full of CaO2 powder was
placed on the surface of NA covered with a tested bacterial strain. NA
plates were incubated at room temperature (27 ± 1 °C) for 24 h. Anti-
bacterial activity was investigated by measuring the zone of inhibition
(clear zone).

3. Results and discussion

3.1. Characterization of the CaO2 powders

XRDpatterns of theCaO2 powders prepared usingCa(NO3)2 as a pre-
cursor after drying at 80 °C were shown in Fig. 1. It is clearly seen that
phase and intensity of major peaks belong to CaO2, which contained 4
main peaks at 2θ = 30.2, 35.6, 47.3, and 53.2 (JCPDS card number 00-
003-0865). However, there are some minor peaks of CaCO3 at 2θ =
29.3°, 39.4°, 43.2°, 47.3°, 48.6°; Ca(OH)2 at 2θ = 18.0°, 34.1°, 47.1°,
50.8°; and CaH2 at 2θ = 27.9°, 30.1°, 31.8°, 41.5°, 60.0°, which depends
on the synthetic condition. Fig. 1a shows the spectrumof the CaO2 pow-
der that was received from rapid precipitation with ammonia followed
by distilledwaterwashing and drying at 80 °C. High crystallinity of CaO2

phasewith a small minor phase of CaCO3 were obtained. It is noted that
the rate of H2O2 addition significantly affects the CaO2 phase. High-pu-
rity CaO2 phase will be obtained if H2O2 was added to the Ca(NO3)2 so-
lution rapidly, whereas, slowly adding H2O2 caused a CaCO3(vaterite)
phase as the major phase and CaO2 will be a minor phase as shown in
Fig. 1b. Moreover, washing the powders obtained by rapid precipitation
with ammonia solution would help decrease the minor phase of CaCO3

(Fig. 1c). Higher purity CaO2 can be produced by amodifiedwashing so-
lution. As CaCO3 was a minor phase, reaction between CO2 and as pre-
pared powders during heat treatment should be avoided. Use of
ammonia solution instead of distilled water for washing was found to
increase the purity of CaO2. As a result, ammonia solution was used
for washing throughout the synthesis. A NaOH precipitating agent was
also investigated but the strong base NaOH created CaOH2 as a major
phase at 2θ = 18.0°, 34.1°, 47.1°, 50.8° instead of CaO2 as shown in
Fig. 1d. The advantage of using Ca(NO3)2 clearly showed that the
high-purity CaO2 can be obtained easily, rapidly, and economically
and can be scaled up because it did not require close scrutiny when
adding the H2O2, and there was minimal heat from the reaction



Fig. 3. Disinfection of S. aureus and E. coli by CaO2.
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between H2O2 and the calcium precursor. Moreover, it was found that
the CaO2 can be stable as a major phase up to 200 °Cwith same amount
ratio of CaCO3.

Fig. 2 Showed SEM image of the CaO2 prepared by the Ca(NO3)2 pre-
cursor after drying at 80 °C. The SEM image revealed the nanosized par-
ticle CaO2, measuring approximately 20–50 nm, with some
agglomeration, probably due to the effect of the nanosize. Interestingly,
the Ca(NO3)2 precursor can be used to prepare nanosized CaO2 without
any chelating agent or capping agent or stabilizer. Particle size of these
powders was smaller than using some conventional precursors such
as CaCl2 [25] and CaOH2 [8] and was close to the CaO2 prepared using
CaCl2, but with PEG as a stabilizer [18]. Morphology of the particles
was further studied by a TEM technique. It was found that spherical
powders and a small amount of rod shapes were observed. The first as-
sumption of the rod shape was expected to be a morphology of CaCO3

minor phase, which might be correlated in terms of amount. However,
atomic percentage from EDS of the rod shape shows similar mole ratios
of Ca:O to spherical shape and correspond to the CaO2 phase. This find-
ing may confirm that the rod shape is the CaO2 phase, as well.

A surface area of 13.16 m2/g measured by BET method is consistent
with the nanosized particle of CaO2. The physical properties of
nanosized, moderate surface area and high purity of the CaO2 prepared
using Ca(NO3)2 seems attractive for the applications. Disinfection and,
especially, photoactivity have been validated.

3.2. Disinfection of CaO2

CaO2 has been shown to have some disinfecting properties in water
whichwere examined at the bactericidal characteristics of the CaO2 dis-
infectants [21]. In this research, an efficiency of removal formicroorgan-
ismswas determined using Staphylococcus aureus and Escherichia coli. It
was found that CaO2 can inhibit growth of bacteria for both gram nega-
tive and gram positive as seen in Fig. 3. clear zone of approximately
6 mm was observed for CaO2, whereas CaCO3 did not show any
disinfecting properties. It is noteworthy that the clear zone has still
been retained for several weeks to date, implying that CaO2 slowly re-
leases H2O2 actively for an extended period.

3.3. Photocatalytic activity of CaO2

Photoactivity of CaO2 is rarely examined. To the best of our knowl-
edge, this report might describe the first time that CaO2 was investigat-
ed for photoactivity. Photobleaching of methylene blue was used to
examine photooxidation activity of the CaO2, while color changing of
resazurin was used to explored photoreduction. Photoactivity was eval-
uated under UV and visible light from a homemade LED bulb reactor. In
prior testing, control experiments confirmed that no bleaching of MB
Fig. 2. SEM image of CaO2 after drying at 80 °C.
from the CaO2 under dark conditions at ambient temperature and at
70 °C. CaCO3 and H2O2 were also used for comparative materials. H2O2

can bleach MB under UV, as expected, because the hydroxyl radicals
can be generated from a dissociation of H2O2 by UV. Next, hydroxyl rad-
icals oxidize theMB solution. However, CaO2 and CaCO3 seem not to be
photocatalysts because a very small amount of MB was bleached.

Fig. 4 showed the photoactivity of CaO2, H2O2 and CaCO3 under vis-
ible light. Surprisingly, CaO2 was highly active under visible light,
whereas H2O2 and CaCO3 were rather inactive. As a result, CaO2 tends
to be a photocatalyst under visible light, which will be good for waste-
water treatment because sunlight can be used to activate CaO2 to be
photocatalyst.
Fig. 4. Photooxidation activity of CaO2 under visible light comparison between CaO2, H2O2

and CaCO3.



Fig. 5. UV–Vis diffuse reflectance spectrum of CaO2.
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The preliminary result of bleachingMB is consistentwith theUV–Vis
diffuse reflectance spectrum of the CaO2, as shown in Fig. 5. A sharp ab-
sorption edge at approximately 330 nm or 3.75 eV and a broad absorp-
tion peak is approximately 400–550 nmor 3.1–2.25 eV can be observed.
It can be confirmed that the CaO2 can be a photocatalyst under visible
light because of that broad absorption peak. Moreover, it may be as-
sumed that the CaO2 is an effective photocatalyst because the MB
bleaching rate is fast despite the fact that the absorption peak under vis-
ible is rather broad, which means that small amounts of visible light
were absorbed. Contrary, a sharp absorption edge at 330 nm might be
too high for the UVA bulb, which gives off 365 nm radiation, resulting
in no activity of CaO2 under UVA. However, CaO2 might be active
under UVB bulb, which will be further investigated.

To obtain more data on photoactivity of CaO2, photoreduction of
resazurin was measured and compared to CaCO3. It was found that
the color of resazurin changed from blue to pink in the case of CaO2

under visible light as shown in Fig. 6 but no color change from CaCO3

under visible light. Furthermore, CaO2 can be reused to reduce resazurin
several times. CaCO3 did not show any positive results under UV or vis-
ible or even with heating at 70 °C.

4. Conclusions

A newmethod for synthesis of calcium peroxide using Ca(NO3)2 as a
precursor helps to improve the purity of calcium peroxide. This process
is simple, low-cost and environmentally friendly. The results indicated
Fig. 6. Photoreduction of resazurin of CaO2 under visible illumination.
that nanosized CaO2, approximately 20–50 nm, can be prepared with-
out any stabilizer or chelating agent. The CaO2 exhibited promising
properties on bacterial disinfection, photocatalytic oxidation and photo-
catalytic reduction.
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