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a  b  s  t  r  a  c  t

Chemical  oxidation  is one  of  the  many  different  methods  of  site  remediation  that  has  emerged  lately  as
an alternative  method  to traditional  techniques.  According  to this  research  calcium  peroxide  is  suitable
choice  for  contaminant  biodegradation  in  soil  and  ground  water  but speed  of  oxidation  reaction  between
calcium  peroxide  and  contaminant  is slow.  Synthesis  of calcium  peroxide  in nano  size by  increased  ratio  of
surface to  volume  can  increase  the  speed  of reaction  and  solve  the problem.  We  have  developed  a  simple
eywords:
alcium Peroxide
enton chemistry
anoparticles
olyethylene glycol

surface  modification  technique  to avoid  irreversible  agglomeration  of  calcium  peroxide  nanoparticles.
The  technique  is based  on hydrolysis–precipitation  procedure,  using  CaCl2 as  a  precursor.  Polyethylene
glycol  200  (PEG200)  is  used  as  a  surface  modifier.  CaO2 was  identified  and  studied  by characterization
techniques,  including  XRD  and  TEM.  The  results  indicate  the  ability  of  this  method  for  synthesis  of  new
reagent  in  nano  size  and  improve  quality  of  in  situ  chemical  oxidation.  Size  determination  by  TEM  image
indicates  the  size  of  calcium  peroxide  nanoparticles  approximately  15–25  nm.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

In situ chemical oxidation (ISCO) is based on the delivery of
hemical oxidants to contaminated media in order to either destroy
he contaminants by converting them to innocuous compounds
ommonly found in nature. ISCO is being used for ground water,
ediment, and soil remediation. It can be applied to a variety of soil
ypes and sizes (silt and clay). Chemical oxidation has been shown
o be effective at the destruction of the dissolved phase of non-
queous phase liquids, which are known to be difficult to remediate
hrough other tactics. Therefore, if administered correctly, ISCO has
he potential to be a low-cost, fast, effective, and relatively low

aintenance remediation technology [1].
The four main species used today in ISCO industry are perman-

anate, persulfate, hydrogen peroxide, and calcium peroxide. The
haracteristics of four main species used in ISCO are given in Table 1.
ermanganate is frequently sold in the form of the salt potassium
ermanganate. It is a well-known and widely used oxidant in ISCO
2,3], with a few benefits and limitations. The most well-known lim-

tations of permanganate are that it has a long half-life. This long
alf-life is that permanganate is a less powerful oxidative species
4].
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E-mail address: hossein banejad@yahoo.com (H. Banejad).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.06.060
Persulfate is frequently sold in the form of the salt sodium per-
sulfate, Na2S2O8, and is in many ways similar to permanganate.
Persulfate does suffer from the fact that it generates sulfate dur-
ing cleanup, which has a secondary maximum contaminant levels
(MCLs). This MCL  is much higher than the MCL  for manganese:
250 mg/L for sulfate, as opposed to 0.05 mg/L for manganese. Per-
sulfate, like permanganate, also has been shown to have little
impact on naturally occurring bacteria colonies, and therefore
should not inhibit bioremediation to any significant degree [4].

Hydrogen peroxide is the oxygen source most commonly used to
ISCO for bioremediation applications. Hydrogen peroxide decom-
poses to form molecular oxygen and water in the presence of
catalase (an enzyme found in aerobic microorganisms. and certain
abiotic catalysts) [5].  Virtually all aerobic microorganisms produce
catalase [6].  Hydrogen peroxide can be effective in promoting con-
taminant biodegradation in soil [7,8], but is readily scavenged by
metals and humic substances. This results in rapid exhaustion of
the oxygen source [9]. Oxygen released at a rate greater than by
which it can be consumed by microorganisms escapes unused via
volatilization or dissolved in groundwater. Furthermore, hydro-
gen peroxide can be toxic at concentrations required to achieve
biological treatment [7,9].
Recent studies suggest that calcium peroxide (CaO2) is a more
effective source of H2O2 for ISCO than liquid H2O2 [10,11].  CaO2
dissolves to form H2O2 and Ca(OH)2, liberating a maximum of
0.47 g H2O2/g CaO2 [12]. The advantage is that the released H2O2 is
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Table  1
Comparison between four species used in ISCO industry.

Oxidant Strength Longevity MCL  for residual product Effect on natural bacteria

Permanganate Moderate (selective) Long 0.5 mg/L Minimal
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the material. A representative result is shown in Fig. 1, the three
dominant peaks: 2� = 30.1, 35.6, 47.3 match to the XRD of CaO2
(card number 03-0865). The XRD result strongly proved that the
CaO2 nanoparticles compound was  formed by this procedure.
Activated persulfate Very strong Very long unti
Hydrogen peroxide Very strong Very short 

Calcium peroxide Strong/very strong Moderate 

uto-regulated by the rate of CaO2 dissolution, reducing dispro-
ortionation since not all the H2O2 is available at once as with

iquid H2O2. Ndjou’ou and Cassidy compared the treatment of a
oil contaminated with petroleum hydrocarbons using a commer-
ially available CaO2-based oxidant and liquid H2O2 at pH of 8. CaO2
emoved 96% of total petroleum hydrocarbons (TPH), compared
ith 74% using liquid H2O2 [11]. Several studies have reported that

ddition of calcium peroxide in saturated soil and ground water is
uitable choice for contaminant degradation [13–21].  But the rate
f the oxidation reaction between calcium peroxide and contami-
ant is slow. Synthesis of calcium peroxide in nano size can increase
he ratio of surface to volume, so increase the speed of reaction and
olve the problem [22].

The aim of our work is development of a simple sur-
ace modification technique to avoid irreversible agglomeration
f calcium peroxide nanoparticles. The technique is based on
ydrolysis–precipitation procedure, using CaCl2 as a precursor.
olyethylene glycol 200 (PEG200) is used as a surface modifier.
aO2 was identified and studied by a variety of characterization
echniques, including XRD and TEM. The result indicates the ability
f this method for synthesis of new Fenton reagent in nano size and
mprove quality of in situ chemical oxidation. Size determination
y TEM image indicate the size of calcium peroxide nanoparticles

s approximately 15–25 nm.

. Experimental

.1. Materials

Calcium chloride (Merck, 99.5%); hydrogen peroxide aqueous
olution H2O2 (Merck, 35%); PEG 200, H(OCH2CH2)nOH (Fluka),
mmonia (Merck, 25%), silver nanoparticles (NANOPAC PERSIA Co.)
nd sodium hydroxide, NaOH (Merck) were used in their commer-
ial forms.

.2. Preparation of CaO2 nanoparticle solution

Three grams of calcium chloride was dissolved in 30 mL  distilled
ater, 15 mL  ammonia solution (1 M)  and one 120 mL  of PEG 200
as added to the stirring mixture. Then 15 mL  of 30% H2O2 was

dded to the mixture by rate of 3 drops per minute. The preparation
rocedure was carried out in a continuously stirred opened glass
eakers, V = 0.25 L, at room temperature. The stirrer velocity was
ept constant for all the experiments. After 2 h of stirring, a clear
nd colorless to yellowish solution has been received.

.3. Preparation of CaO2 nanoparticle powder

In order to precipitate the product, NaOH solution (pH 13) was
dded to form a basic medium. This was done until a pH value of
1.5 was achieved. Upon the addition of the NaOH, the mixture
as changed to a white color suspension. The white precipitate
as separated by centrifuge and after the centrifugation process
he powder was washed three times by NaOH solution. Finally, two
dditional washes by distilled water were done until final pH of 8.4
or the residue water was reached. The resultant precipitate was
ried at 80 ◦C for 2 h in an evacuated oven.
ated 250 mg/L Minimal
None Decrease significantly
None Increase significantly

3. Results and discussion

3.1. Characterization of the CaO2 nanoparticles

There are two general methods for synthesizing peroxides [23].
The first involves heating the oxide in a stream of pure, CO2-free dry
oxygen. This method is favored for making peroxides that are con-
siderably more stable than the corresponding oxide, for example,
for the preparation of BaO2. In fact, BaO2 is commercially made by
heating BaO at 500 ◦C in flowing, pure oxygen. The synthesis of the
less stable SrO2 requires more drastic conditions, namely heating
the oxide at a temperature of 350 ◦C in a bomb containing high pres-
sure oxygen (250 atm). Finally, CaO2, the least stable of the three,
cannot be conveniently synthesized by direct combination of oxide
with oxygen.

The second technique, which is more suitable for the prepara-
tion of less stable peroxides, involves precipitating the insoluble
peroxide from aqueous solution by adding H2O2 to a basic solution
of the metal salt. For example using for synthesis CaO2, Eq. (1).

CaCI2 + H2O2 → CaO2 (hydrate) + 2HCI (1)

Addition of aqueous ammonia to neutralize the HCl, forces the reac-
tion to favor the precipitation of the peroxide hydrate, Eq. (2).

2HCl + 2NH3 → 2NH4Cl (2)

In a previous work [24] nano-sized zinc peroxide has been synthe-
sized by this method and stabilized successfully by polyethylene
glycol 200 (PEG200). This report presents the preparation of cal-
cium peroxide nanoparticles using the second synthesis technique
and PEG200 as a surface modifier. The thermal decomposition prop-
erties of CaO2 were also investigated.

XRD analysis was done on CaO2 powders in order to identify
Fig. 1. XRD of CaO2 with polyethylene glycol.
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Fig. 3. Absorption spectra of the AgNPs.

Fig. 4 shows change in absorbance vs. time for the reaction of
CaO2 in nano and micro size with AgNPs. As it is obvious the reac-
tion of CaO2 in nanoparticles with AgNPs is faster than it is with
CaO2 in micro size and is almost completed within 8 h. It seems
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Micro

Nano
ig. 2. TEM images of precipitated CaO2 with polyethylene glycol. The bars are 25
nd 100 nm.

TEM images of CaO2 nanoparticles prepared with
ydrolysis–precipitation method shows in Fig. 2A and B, from
he images, it can be seen that the CaO2 particles are faceted
anocrystals with low aggregation and low average size with a
oderate size distribution.

.2. Improve quality of in situ chemical oxidation (ISCO)

LSPR is well known to be excited on nanostructured noble met-
ls such as gold and silver. Noble metals have intrigued people for
enturies because of their optical properties, which include the
isplay of a bright glow in various attractive colors. As described
y the Mie  theory, these properties are strongly dependent on the
ize, shape, interparticle distance, and the local environment of the
oble metal nanostructures [25]. Briefly, as the size of the metal
tructures decreases from the bulk-scale to the nano-scale, the
ovement of electrons through the internal metal framework is

estricted. As a result, metal nanoparticles display specific absorp-
ion bands in the UV–vis spectra when the incident light resonates
ith the conduction band electrons on their surfaces. These charge
ensity oscillations are simply defined as LSPR [26]. Fig. 3 shows
he absorption spectra of the AgNPs plasmon was purchased from
ANOPAC PERSIA Co., against reagent blank.
For comparison between oxidation ability of CaO2 in nano and
icro size we design this experiment (Scheme 1). CaO2 decompose

n the presence of water to produce hydrogen peroxide. The silver
anoparticles (AgNPs) have the catalytic ability for the decompo-
Scheme 1. Reaction mechanism between CaO2 and AgNPs.

sition of hydrogen peroxide; then the decomposition of hydrogen
peroxide induces the degradation of silver nanoparticles. Hence,
a remarkable change in the localized surface plasmon resonance
absorbance strength could be observed. The amount of decrease
in surface plasmon resonance band of AgNPs corresponded to the
concentration of hydrogen peroxide could be directly monitored
using the spectrophotpmetric methods.
Time(h)

Fig. 4. Change in absorbance vs. time for the reaction of CaO2 in nano and micro
size with AgNPs (pH = 7).
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hat at this rate oxygen releases with a rate equal to the rate of its
onsumption by microorganisms and suitable rate for degradation
f contaminants.

. Conclusion

Stabilized nanoparticles of calcium peroxide were formed
y an improved and simple technique. The process is spon-
aneous and no additional equipment or energy source is
equired. The calcium peroxide preparation method is based on
xidation–hydrolysis–precipitation procedure, with polyethylene
lycol 200 as a surface modifier. Pure, stabilized nanoparticles of
alcium peroxide remained in the nano-scale during all stages.
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