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Abstract Copper oxide nanoparticles were immobi-
lized on quartz sand and their catalytic activity for the
degradation of an organic dye was investigated. The
use of nanoparticles as catalysts for non photo-induced
oxidation of water contaminants is relatively new. The
CuO catalyst has shown promising results when sus-
pended in free form in batch systems. Because hetero-
geneous catalysis is often the preferred mode of
operation for application of catalytic technology, we
studied the effect of immobilization of the nanopar-
ticles on quartz sand in a flow-through system and its
implication for the catalytic process. The coated sand
was packed in a column and its catalytic activity for
the degradation of an organic dye was investigated in a
series of flow-through experiments with hydrogen
peroxide as the oxidant. Control experiments with
uncoated sand were also performed for comparison.
The coated sand demonstrated high catalytic ability,
achieving complete oxidation of the dye. During the
reaction, CO2 was produced, leading to a decrease in
the water saturation in the column and reduced contact
surface between the nano-CuO catalysts and the dye
solution. The degradation was improved by enabling a
longer residence time of the dye in the column, yield-
ing up to 85% degradation of the dye. These results
suggest that CuO nanoparticle-coated sand is an

efficient catalyst for complete degradation of the or-
ganic dye.

Keywords Nano copper oxide . Oxidation . Flow-
through experiment . Heterogeneous catalysis .
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1 Introduction

The oxidative degradation of organic pollutants by
heterogeneous catalysis is considered to be one of
the most effective techniques for water remediation
(Ollis 1985; Mills et al. 1993; Hoffmann et al. 1995).
The oxidation in these cases is usually done by sus-
pending catalyst powder, most commonly titanium
dioxide, in an aqueous solution of the pollutant, usu-
ally in the presence of an oxidation agent such as
hydrogen peroxide, and irradiating it with UV/visible
light to activate the catalyst. This irradiation results in
in-situ formation of active radicals such as hydroxyl or
superoxide that are able, in many cases, to completely
oxidize the pollutants to CO2 and H2O. This method
was shown previously to be effective for degradation
of many types of organic pollutants, including chloro-
form (Kormann et al. 1991), pesticides (Konstantinou
et al. 2001; Pourata et al. 2009), dioxins (Choi et al.
2000) and pharmaceuticals (Achilleos et al. 2010;
Yang et al. 2010), as well as for removal of inorganic
pollutants such as heavy metals (Tennakone and Keti-
pearachchi 1995; Jung et al. 2009) and inactivation of
viruses and bacteria (Watts et al. 1995; Alrousan et al.
2009).
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In a previous study, we demonstrated the use of
CuO nanoparticles in free form as catalysts for the
degradation of alachlor and phenanthrene with hydro-
gen peroxide as an oxidant (Ben-Moshe et al. 2009).
We showed that the reaction is not Fenton-like as it
does not utilize ions as catalysts. The nanoparticle
catalyst demonstrated high catalytic efficiency for the
complete mineralization of the pollutants without for-
mation of hazardous byproducts. It has the additional
advantage of not requiring any type of irradiation for
its activation. To further improve the reaction and incor-
porate the advantages of heterogeneous catalysis, which
can lead to large-scale use of this technology, it is
necessary to immobilize the nanoparticles in a way that
will maintain their catalytic properties. This is important
for a variety of applications (e.g., chemical reactions,
contaminant degradation, and alternative energy).

The catalytic properties of immobilized titanium
dioxide were studied extensively in the past (El-Ekabi
and Serpone 1988; Tennakone et al. 1995; Xu and
Langford 1997; Naskar et al. 1998; McMurray et al.
2006; Mascolo et al. 2007; Li et al. 2008). Immobili-
zation of CuO was also investigated (Hosseinpour et
al. 2010; Lomnicki et al. 2010); however, few studies
investigated the use of immobilized copper oxide for
catalysis in general and the removal of organic pollu-
tants from water in particular. Akhavan and Ghaderi
(2010) demonstrated the antibacterial activity of cop-
per oxide nanoparticles immobilized on silica thin
films against Escherichia coli bacteria. The activity
was slightly enhanced by irradiation of UV/vis light.
Pande et al. (2008) investigated the catalytic activity
of cation exchange resin-bound copper oxide nano-
particles for alcohol oxidation in air. These nanocom-
posites demonstrate superior activity to the Cu
nanocomposite analog. The nanocomposites maintain
their catalytic properties over ten cycles of operation.
Batista et al. (2010) studied the photocatalytic degra-
dation of CuO supported on silica for the degradation
of methylene blue in a batch reactor. The catalyst
demonstrated some catalytic abilities; however, to
achieve considerable degradation, it was necessary to
irradiate the system with UV light.

Large quantities of organic dyes are discharged to
natural water systems by the textile industry during
dyeing and finishing processes and by other industries
such as leather, food, and printing. It is estimated that
over 10,000 tons of dyes are produced each year, with
an estimated 1–2% discharge in production and 1–

10% loss in use (Forgacs et al. 2004). These dyes
may cause considerable environmental pollution as
well as pose risks to human health. The health effects
of synthetic dyes have been studied extensively
(Platzek et al. 1999; Walthall and Stark 1999;
Tsuda et al. 2001). Due to their stability and structural
diversity, these dyes are very hard to treat by conven-
tional methods and are usually non-biodegradable
(Robinson et al. 2001; Pearce et al. 2003; Lu et al.
2009; Ali 2010). Heterogeneous photocatalysis was
shown previously to be a promising method for the
degradation of various organic dyes (Tayade et al.
2007; Hosseinnia et al. 2010; Bernardini et al. 2010;
Guo et al. 2011).

In this study, we investigate the immobilization of
copper oxide nanocatalysts on quartz sand. The cata-
lytic activity of the coated sand is then tested in a
series of flow-through experiments for the degradation
of an organic dye. This system is different than com-
mon heterogeneous catalysts as it is not photo-induced
and does not require any type of irradiation for acti-
vation. The immobilization allows for repeated use of
the catalyst, which is necessary for large-scale appli-
cation of such an approach.

2 Materials and Methods

2.1 Materials

Lissamine green B, selected as the organic dye, and
copper oxide nanoparticles (30 nm) were obtained from
Sigma Aldrich. Peroxide solution H2O2/H2O (30%) was
purchased from Frutarom. Quartz sand (Accusand, 12/
20 mesh, 1.1 mm; Unimin Corp.) was used as a porous
medium. Deionized water (18.2 MΩ cm) was used in all
experiments.

2.2 Preparation of Coated Sand

The structure andmorphology of the copper oxide nano-
particles were characterized by transmission electron
microscopy (TEM) and X-ray diffraction (XRD). The
BET surface area was determined by N2 adsorption.
Quartz sand was soaked in hydrochloric acid for 24 h.
It was then washed repeatedly with deionized water and
dried at 400°C overnight. Copper oxide nanoparticles
were added, 1% by weight, to the dried sand. The
mixture was shaken overnight, washed repeatedly with
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water to remove unattached nanoparticles, and dried at
400°C. The final mass of attached nanoparticles was
determined by digesting a sample with concentrated
nitric acid, sonicating for 30 min, diluting the acid to
1%, filtering, and analyzing the concentration of the
metal ions in the acid solution by inductively coupled
plasma mass spectrometry (ICP-MS). The coated sand
was characterized by high-resolution scanning electron
microscopy (HR-SEM) and energy-dispersive x-ray
spectroscopy (EDS). The samples were placed on
carbon tape and sputter-coated with gold–palladium
(Edwards, S150). Samples were examined using High
Tension Mode Ultra 55 field emission SEM.

2.3 Batch Dye Degradation Experiments

An organic dye, lissamine green B, was chosen as a
model water pollutant for the experiments because of
its strong light absorption in the visible part of the
spectrum, which allows continuous monitoring of the
dye concentration in the solution. The chemical struc-
ture of lissamine green B is presented in Fig. 1.

The CuO nanoparticles (0.1 g) were suspended in a
reactor containing 100 mL of lissamine green solution
with an initial concentration of 5 mg/L. Subsequently
1 mL of H2O2 was added to the solution as an oxidant.
The reaction mixture was stirred for 300 min. Samples
of the reaction solution were taken at different times,
filtered, and the dye concentration was determined by
measuring the absorption at 633 nm by a Cary 100
UV–Vis spectrophotometer against a blank sample.
Control experiments consisting of reaction solution
of the dye with and without oxidant were performed
for comparison.

2.4 Flow-Through Dye Degradation Experiments

The coated sand was packed into a vertical 20-cm
cylindrical acrylic column with an inner diameter of
3.2 cm. The column was fully saturated with water.
Water was pumped through the column and the con-
centration of nanoparticles at the column outlet was
monitored to ensure that the particles did not leach out
of the column. An aqueous solution of 5 mg/L of
lissamine green B was then pumped through the col-
umn at a constant rate of 2 mL/min and the concen-
tration at the outlet of the column was determined by
measuring the absorption at 633 nm at discrete inter-
vals. After the system was stabilized, hydrogen perox-
ide was added as an oxidant to the solution. The 30%
solution was diluted by a factor of 100. A diagram of
the experimental setup is presented in Fig. 2. Each
experiment was run for 24 h after the addition of
hydrogen peroxide. The weight of the column was
measured at discrete intervals throughout the experi-
ment to monitor the quantity of solution displaced by
gas. The experiment was repeated with a slower flow
rate of 0.5 mL/min. For this slower flow rate, reuse of
the catalyst was studied. At the end of the experiment,
the coated sand was washed and dried. It was then
packed again in the column and the experiment was
repeated. For each flow rate, an experiment with un-
coated sand was also performed as a control. Each
experiment was repeated twice. At the end of the
experiment, the concentration of the attached nano-
particles was determined again by digesting samples
from different parts of the column with acid and mea-
suring the metal concentration by ICP-MS to evaluate
the amount of nanoparticles that were lost during the
experiment. The process for preparation of the sam-
ples for the ICP-MS was similar to that described in
Section 2.3. The samples were also analyzed by elec-
trospray ionization mass spectrometry (ESI-MS).

Reuse of nanoparticles in free formwas tested in batch
experiments. One hundred milligrams of nanoparticles
were added to 10 mL of dye solution with the same initial
concentration of 5 mg L−1 and 0.1 mL of H2O2. The
mixture was stirred for 2 h and filtered. The dye concen-
tration at the end of the experiment was measured by
UV–vis spectroscopy. The nanoparticles were washed
and dried, and the experiment was repeated. At the end
of the second experiment, the concentration of the at-
tached nanoparticles was determined again by ICP-MS to
evaluate the amount of nanoparticles that were lost.
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Fig. 1 Chemical structure of lissamine green B
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The content of the gas released during the reaction
was measured in a batch reactor with the same reactant
concentrations. The content of the gas was measured
at the end of the experiment using a gas chromato-
graph (GC) equipped with thermal conductivity detec-
tor and helium ionization detector. CO2 concentrations
were quantified on the basis of a calibration curve.

3 Results and Discussion

3.1 Characterization of Coated Sand

The ability of copper oxide nanoparticles to catalyze
the degradation of organic dye in a flow-through sys-
tem was investigated by coating the sand with nano-
particles and packing a column with the coated sand.
The nanoparticles were characterized by TEM and
XRD (Ben-Moshe et al. 2009). They were found to
be spherical with an average size of 30 nm and surface
area of 24 m2/g. The mass of immobilized CuO was
determined by ICP-MS to be 0.26% (w/w). The sand
was characterized by HR-SEM. Images of the sand
before and after the coating process, as well as coated
sand at the end of the experiment, are presented in
Fig. 3. The majority of the surface of the sand is
coated with large aggregates of copper oxide. These
aggregates were confirmed by EDS measurements to
be composed of CuO. Based on visual inspection of
the HR-SEM images, the sand appears to be similar
before and after the flow-through experiment,

indicating that the nanoparticles are not consumed or
transformed during the reaction.

3.2 Batch Dye Degradation Experiments

Batch experiments were performed to investigate the
kinetics of the degradation process. The results are
presented in Fig. 4. Complete degradation is achieved
by the end of the experiment (5 h). The concentration
of the dye decays exponentially, suggesting pseudo-
first-order kinetics with respect to the dye according to
the equation C ¼ A exp �ktð Þ, where C is the concen-
tration of the pollutant, k is the rate constant, t is the
time and A is a constant. The rate constant was calcu-
lated from the plot to be 0.01828±0.00008 min−1.
Without addition of catalyst (in the presence of H2O2

only), there is a linear decrease in dye concentration,
but it is much slower (23% after 5 h).

3.3 Flow-Through Dye Degradation Experiments

The concentration of dye at the outlet of the column
was measured by UV–vis spectroscopy. Plots of the
relative concentration (concentration divided by initial
concentration) vs. time are presented in Fig. 5 for two
flow rates, 2 and 0.5 mL/min. Additional experiments
were performed with uncoated sand as controls. The
beginning of dye addition is considered the initial
reaction time (t00). The results are also summarized
in Table 1. In the control experiment, for the higher
flow rate, the relative concentration of the dye began

Magnetic 
stirrer

Dye 
solution H2O H2OH2O2

3-way valve

Peristaltic 
pump

column

spectrophotometer

Fig. 2 Schematic diagram
of the experimental setup
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to rise after about 20 min, reaching 100% after about
60 min. Upon addition of oxidant after 1,000 min, a
small decrease in concentration is evident (about
10%), suggesting degradation of the dye by the hy-
drogen peroxide. The concentration then rose back to
100%, and remained constant until the end of the
experiment. The residence time for this flow rate was
30 min. The residence time is the time the solution
spends inside the column; it is calculated by dividing

the pore volume (the volume of the column that is
occupied by the solution) by the flow rate.

When the coated sand was used for the higher flow
rate experiments, the initial increase in measured dye
concentration at the outlet of the column was similar to
the control experiment despite the expectation of
higher adsorption capacity of the nanoparticles com-
pared to the uncoated sand. In both cases, the concen-
tration reached 100% and remained constant until the
addition of hydrogen peroxide at t01,000 min. This
suggests a steady state in which the rate of adsorption
is equal to the rate of desorption. After the addition of
oxidant, rapid gas (bubbles) formation was observed
inside the column. This was accompanied by a de-
crease in the dye concentration at the outlet of the
column, reaching a value of 42% of the initial con-
centration, after which the concentration increased
again and stabilized at 67% for the rest of the exper-
iment. This increase can be attributed to a decrease in
the pore volume due to the formation of bubbles as a
result of complete degradation of the dye to carbon
dioxide and water. The decrease in pore volume led to
a shorter residence time of the solution in the column,
so that the contact time with the catalyst was reduced
and the yield of the dye degradation reaction was
smaller. The formation of gas can also be attributed
to release of O2 from hydrogen peroxide degradation.
The measurements of gas content are described later in
this section.

Another possible explanation for the increase in
relative dye concentration is a smaller catalyst
area that is accessible for the dye molecules due
to blocking of some of the active sites on the
catalyst by the gas bubbles, making the catalysis
process less efficient. The mass of CuO was de-
termined at the end of the experiment. The nano-
particles were found to be evenly distributed inside
the column. The total loss of CuO during the
experiment was determined by ICP-MS to be
about 2% of the CuO mass at the beginning of
the experiment. To deal with the formation of
bubbles and the subsequent reduction in residence
time and surface area, batch experiments were
performed in which the bubbles were able to leave
the open reaction freely. However, many nanopar-
ticles were found to be released from the sand to the
aqueous solution during the reactions because of
physical shearing among sand grains caused by mag-
netic or mechanical stirring.

Fig. 3 HR-SEM images of non-coated sand (a) and coated sand
before (b) and after (c) the experiment
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To improve the efficiency of the degradation pro-
cess, it is necessary to increase the residence time of
the solution inside the column. One way to achieve a
longer residence time is to use a slower flow rate. To
test this, the experiment was repeated at a slower rate
of 0.5 mL/min, which leads to an increase in residence

time by a factor of four, from 30 to 120 min. In Fig. 5,
a large improvement in degradation efficiency can be
observed. A rise in dye concentration began after
about 90 min and the concentration reached 100%
after about 180 min. Upon addition of oxidant to the
coated sand, a rapid decrease in dye concentration to

Fig. 4 Degradation of
lissamine green B in batch
experiments
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Fig. 5 Relative concentration of lissamine green B at the outlet
of the column vs. time. The dye solution was added at t00;
hydrogen peroxide was added at t01,000 min. The initial

residence times are 30 min and 120 min for 2 mL/min and
0.5 mL/min, respectively
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about 4% (the pre-oxidant conditions) is observed
(compared to 42% for the higher flow rate) followed
by increase and stabilization at 15% (vs. 67% for the
higher flow rate). For the non-coated sand, a rapid
decrease in dye concentration is also observed (de-
crease to 20% and then increase and stabilization at
80%); however no gas (bubble) formation occurred.

The column weight was monitored during the
experiments; these measurements were used to esti-
mate the relative saturation of the column. Plots of the
relative column saturation vs. time are presented in
Fig. 6. For the coated sand, a decrease in saturation is
observed upon addition of oxidant, reaching a value of
80% and 67% for the higher and lower flow rates,
respectively. This change in saturation was a result of

degradation of the dye to CO2 and water, as discussed
in Section 3.4. As a result of the lower saturation, the
residence times of the solution in the column are
reduced from 30 and 120 min to about 24 and
80 min for the fast and slow flow rates, respectively.
It is important to note that although the reaction con-
tinues for the entire duration of the experiment, the
saturation reaches steady state when the rate of gas
formation is equal to the rate of gas (both dissolved
and in the form of visible bubbles) leaving the column.
This can also be seen in the plateau in the relative
concentration measurements. For the faster flow rate,
the change in relative concentration between the min-
imum value (before the column is filled with bubbles)
and the steady-state value (maximal formation of

Table 1 Summary of flow-through experiments

Experiment Flow rate (mL/min) Residence time (min) Dye concentration (%) Steady state saturation (%)

Initial Steady state Minimum Steady state

Control - Fast without catalyst 2 30 30 90 100 100

Fast with catalyst 2 30 24 42 67 80

Control - Slow without catalyst 0.5 120 120 20 80 100

Slow with catalyst 0.5 120 80 4 15 67

Repacked slow with catalyst 0.5 120 – 10 29 –
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0.95
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2 mL/min without CuO

2 mL/min with CuO

0.5 mL/min without CuO

0.5 mL/min with CuO

Fig. 6 Relative column sat-
uration vs. time, measured
by changes in column
weight, for flow-through
experiments with and with-
out CuO nanoparticles. No
changes were observed after
about 1,500 min, therefore
the measurement was dis-
continued. Measurements
were renewed toward the
end of the experiment, at
2,200 min to confirm the
stability of the plot

Water Air Soil Pollut (2012) 223:3105–3115 3111



bubbles) was larger than the change expected by the
relative saturation alone (see Table 1). This may be
due to blocking of pores that were filled with solution
by the bubbles, thus reducing the accessible surface
area for reaction and the residence time, or by coating
of sand grains with gas layer which reduce or prevent
access to the active sites. For the slower flow rate, the
change in relative concentration was smaller than the
value expected by column saturation. This may indi-
cate uneven distribution of the gas bubbles in the
column, with more bubbles concentrated at the col-
umn walls, leading to a smaller change in surface area.

For the control experiments, no change in weight
was observed throughout the experiment and no gas
(bubbles) formation was observed despite the decrease
in dye concentration upon addition of hydrogen per-
oxide. This indicates that without addition of catalyst,
the degradation process is not complete, and carbon
dioxide is not formed.

3.4 Investigation of Degradation Products

To test this hypothesis, the solution at the end of each
experiment was analyzed by ESI-MS. No change in
concentration of the organic carbon was measured for
the samples without a catalyst. When CuO catalyst
was used, a 79% decrease in concentration of organic
carbon was measured. This suggests that without ad-
dition of a catalyst, incomplete degradation takes place
(for the amount of dye that is reported to be trans-
formed), while addition of catalyst leads to complete
mineralization of the dye. Oxidation of the dye by
hydrogen peroxide without addition of a catalyst was
studied previously, and two degradation pathways
were proposed (Davies and Moozyckine 2000;
Moozyckine and Davies 2002); however, the reac-
tion products were not investigated. The positive ion
mode spectra of the ESI-MS measurements are pre-
sented in Fig. 7. For the dye solution, two main peaks
appear at m/z 599.18, corresponding to dye+Na+,
and m/z 621.11, corresponding to dye−1+2Na+

(Fig. 7a). Upon addition of hydrogen peroxide, the
original peaks are still observed; however, several addi-
tional peaks appear at lower m/z values (74.11, 124.03,
173.95, 301.17), presumably the products of incomplete
oxidation (Fig. 7b). Addition of catalyst leads to the
complete disappearance of the original peaks, with some
formation of byproducts (m/z 74.11, 134.06, 329.20),
suggesting a higher degree of degradation (Fig. 7c.).

To confirm the formation of carbon dioxide in the
reaction with a catalyst, the content of gas released
during batch experiments was measured. Because col-
lection of gas samples from the flow-through system is
problematic, the reaction was repeated in a batch ex-
periment in a closed vial. The gas above the aqueous
solution was sampled and injected into the GC. Con-
trol experiments were also performed for comparison.
The dye disappeared completely in the presence of the
catalyst. For the control experiments without addition
of catalyst, no change in gas content was observed.
The carbon dioxide concentration did not change,
suggesting that complete degradation did not take
place. For the control with hydrogen peroxide, an
increase in oxygen concentration was expected due
to degradation of the hydrogen peroxide; however,
no such change was observed during the time of the
experiment. Addition of catalyst resulted in an in-
crease in carbon dioxide and oxygen concentration.
All measured concentrations were well within the
detection range of the instrument. The change in car-
bon dioxide concentration in the headspace of the vial
accounted for 61±1% of the initial dye concentration.
This, combined with the dissolution of CO2 in the
aqueous solution as calculated by Henry's law,
accounts for all of the carbon that was initially added
to the system (as the dye). The increase in oxygen
concentration is attributed to degradation of hydrogen
peroxide.

3.5 Investigation of Catalyst Reuse

For the slower flow rate, reuse of the coated sand
catalyst was tested by washing and drying the sand
at the end of the first experiment and then repacking it,
and repeating the experiment. The amount of attached
nanoparticles was measured again at the end of the
second experiment by ICP-MS. Nanoparticle loss was
<1%. Upon addition of oxidant to a repacked column
and repeating the experiment with the 0.5 mL/min
flow rate, a decrease in relative concentration was
measured. When comparing the results in Fig. 5, a
substantial reduction in dye concentration was found
with a minimal value of 10% followed by rise and
stabilization at 30%. The efficiency of the catalyst
after repacking is lower than in the first experiment.
This could be either due to poisoning of the catalysts
or due to mechanical problems such as loss of coated
sand grains during washing, drying, and repacking. To

3112 Water Air Soil Pollut (2012) 223:3105–3115



Dye+Na+

Dye-1+2Na+

b

a

c

Fig. 7 ESI-MS spectra of:
the dye solution (a), the
solution after addition of
H2O2 (b) and the solution
after addition of H2O2 in the
presence of catalyst (c)

Water Air Soil Pollut (2012) 223:3105–3115 3113



test whether the nanoparticles maintain their catalytic
activity (i.e., to check catalyst poisoning), batch
experiments were performed with nanoparticles in free
form. After the end of the first experiment, the catalyst
was washed, dried, and used again. The results of two
experiments were identical, with complete degradation
achieved after 30 min, suggesting the nanoparticles
completely maintain their catalytic activity without
any catalyst-poisoning affects. It is therefore assumed
that the change in degradation in the second flow-
through experiment is not due to reduced catalyst
activity, but rather the result of a smaller amount of
available catalyst due to loss of sand grains and nano-
particles during washing, drying, and repacking of the
column and loss of nanoparticles during the second
experiment.

4 Conclusions

In this work, it was shown that immobilization of
copper oxide nanoparticles on a porous medium can
be used for catalytic degradation of organic pollutants
in water. By immobilizing the nanoparticles, it is pos-
sible to easily separate them at the end of the experi-
ment for future use. The immobilized nanoparticles
demonstrated high catalytic activity for degradation
of the organic dye. Disappearance of dye color was
observed both with coated and uncoated sand; howev-
er, in the case of coated sand, this disappearance was
accompanied by formation of gas bubbles in the col-
umn and reduced column weight, suggesting complete
degradation of the dye to CO2 and water which was
also confirmed by mass balance of the CO2 emissions.
For the uncoated sand, it is assumed that incomplete
degradation takes place, as confirmed by ESI-MS
analyses. The efficiency of the degradation process
can be improved by increasing the residence time of
the solutions inside the column, for example, by using
a slower flow rate. The process can be further im-
proved by adjusting factors controlling the catalytic
efficiency of the reaction, such as pH, ionic strength,
and oxidant and catalyst concentrations, as done in our
previous work (Ben-Moshe et al. 2009) for the degra-
dation of alachlor and phenanthrene in batch systems.
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