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Copper doped zinc oxide nanopowders used for degradation
of residual azo dyes in wastewaters
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The influence of copper doping (1.5 wt%) on the structural and on the photocatalytic properties of two different
types of ZnO nanopowders (commercial one and ZnO activated by an original patented procedure) was studied. The
crystallite size and the oxidation state of the dopant were investigated respectively by X-ray diffractometer (XRD),
Electron paramagnetic resonance (EPR) and X-ray photoelectron spectroscopy (XPS) methods. The EPR spectra
registered isolated Cu*" ions in both samples. The photocatalytic efficiency of the prepared nanosized samples was
examined in the reaction of oxidative degradation of Reactive Black 5 (RBS5) dye under UV light. Examined powders
have shown significant degree of degradation of the investigated textile dye pollutant, the maximum value of the rate
constant (35.9x103 min™') was obtained for the activated Cu/ZnO. The higher photodegradation activity for Reactive
Black 5 of the activated Cu/ZnO sample (99.5%) than that of the commercial copper doped ZnO (98.0%) could be
explained by the presence of a second phase of CuO clusters in the former. The present research study established that

activated copper-doped ZnO can be used as an effective photocatalyst for the removal of azo dyes in wastewaters.

Key words: Cu-doping, ZnO, photocatalytic activity, azo dye pollutant.

INTRODUCTION

During the last decade, photocatalysts have been
developed and applied to the removal of dyes from
industrial effluents [1, 2]. One of the most efficient
ways of reducing contaminations of water is by
photocatalytic treatment [3]. The intrinsic defects
of ZnO are beneficial for setting up catalytic sys-
tems and also changes of surface properties such as
surface defects [4]. The photocatalytic activity of
ZnO can be improved by control of the designed
shape [5], incorporating another atom into the lat-
tice [6, 7], increase of surface area [8] and so on.
Transition metal doped ZnO is attracting the atten-
tion of most researchers. The efficiency of the do-
pant element to the changes of electrical properties
depends on its ionic radius and it is also strongly
influenced by the synthesis method. Recent inves-
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tigations on Cu doped ZnO have reported that Cu
exists in 2+ oxidation state in the host lattice [9, 10].
The substitution of Cu into the ZnO lattice improves
the photocatalytic activity [11]. Cu-doped ZnO na-
nopowders have been synthesized by sonochemical
method [12, 13], sol-gel method [14], hydrothermal
method [15, 16], vapor transport method [17], solu-
tion combustion method [18] and co-precipitation
method [19, 20]. Photocatalytic activities of copper
doped zinc oxides have been investigated by the
degradation of Methylene Blue dye [14], resazurin
dye [17], Methyl Orange [20, 21].

In the present work copper-doped ZnO sam-
ples were prepared by modified deposition meth-
od. Two types of ZnO samples were used: ZnO
powders activated by an original procedure and
commercial — delivered by Chemapol, doped with
1.5 wt.% Cu. The aim was to investigate the influ-
ence of copper doping on the structural and on the
photocatalytic properties of ZnO nanopowders to-
ward degradation of textile azo dye Reactive Black
5 (RBS5) under UV light.
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EXPERIMENTAL

Two types of Cu/ZnO samples were prepared:
commercial — delivered by Chemapol and Cu/ZnO
powders activated by an original patented proce-
dure, described in [22]. The preparation includes
dissolution of the technical purity grade ZnO in
NH,OH, then simultaneous treatment by adding
NH,OH and bubbling CO,, leading to precipitation
of (Zny(OH),(CO,),). Then it is filtered, washed and
dried at 90 °C. Both the so activated zinc hydroxide
carbonate precursor and the commercial ZnO were
impregnated with definite quantities of the aqueous
solutions of Cu(NO,),.3H,0. The concentration of
metal dopant was so calculated as to give 1.5 wt.%
Cu (with respect to the Zn amount). These suspen-
sions were stirred continuously at temperature 70°C
under reflux for a short period of time. After that
was dried at 100 °C for 6 h. Finally, the resulted
powder was calcinated for 3 h at 350°C in air. The
so prepared samples were denoted as Cu/ZnO com-
mercial and Cu/ZnO activated.

The phase composition of the samples was stud-
ied by X-ray diffraction (XRD) with CuK -radiation
(Philips PW 1050). The crystallite size was estimat-
ed from the XRD spectra, according to Scherrer’s
equation.

The EPR spectra were recorded on JEOL JES-
FA 100 EPR spectrometer operating in the X—band
with standard TE,, cylindrical resonator at room
temperature. The sample was put in special EPR
cuvette and was positioned in the center of the EPR
cavity.

The X-ray photoelectron spectroscopy (XPS)
studies were performed on a VG Escalab II elec-
tron spectrometer using AlKa radiation with bind-
ing energy (BE) of 1486.6 eV under base pressure
107 Pa and a total instrumental resolution 1eV. The
BE values were determined utilizing the Cls line
(from an adventitious carbon) as a reference with
energy of 285.0 eV. The accuracy of the measured
BE value was 0.2 eV. The Cls, Zn2p, Ols and Cu2p
photoelectron lines were recorded and corrected by
subtracting a Shirley-type of background and quan-
tified using the peak area and Scofield’s photoioni-
zation cross-sections.

The photocatalytic activities of the prepared na-
nosized samples were measured in the reaction of
photocatalytic oxidative degradation of Reactive
Black 5 (RB5) dye in slurry semi-batch reactor
under UV light. The photocatalytic studies were
performed using UV-Vis absorbance spectrophoto-
meter in the wavelength range from 200 to 800 nm
and a polychromatic UV-A lamp illumination
(18W) with maximum of the emission at 365 nm
and intensity of illumination was 0.66 mW.cm™.
The initial concentration of the used RB5 dye so-

lution was 20 ppm. The investigated systems were
equilibrated in the dark period about 30 min before
UV irradiation.

RESULTS AND DISCUSSION

The XRD patterns of both Cu doped ZnO sam-
ples — the ZnO activated by an original patented
procedure and the commercial one are shown in
Figure 1. The X-ray diffraction analysis revealed
the formation of hexagonal wurtzite ZnO phase
(JCPDS 36-1451). There is no indication of peaks
of CuO phase, because of the low content of used
dopant. CuO/ZnO commercial sample showed
higher degree of crystallinity than the CuO/ZnO
activated powder. The crystallites size of the CuO-
doped ZnO samples and unit cell parameter (a) and
(c) of ZnO phase are represented in Table 1. The
CuO/ZnO activated samples show drastic decrease
in crystallites size, compared to the commercial
CuO/ZnO sample.

The EPR spectra of the Cu/ZnO commercial
sample and the Cu/ZnO activated sample at room
temperature are presented in Figure 2. Hyperfine
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Fig. 1. XRD patterns of: Cu/ZnO activated and Cu/ZnO
commercial photocatalyst samples

Table 1. Calculated values of mean crystallite size (D),
and unit cell parameter (a) and (c) of ZnO phase

Sample D, nm a, A c, A

Ref. JCPDS 36-1451 - 3.2440 5.2050
Cu/ZnO activated 16 3.2519 5.2103
Cu/ZnO commercial 40 3.2174 5.1550
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Fig. 2. EPR spectra of: Cu/ZnO activated and Cu/ZnO
commercial photocatalysts

structure due to 1=3/2 of Cu** ion in parallel compo-
nents can be seen in both spectra.

There is an EPR line with g, = 2.3845 u g =
2.0959 observed in the spectrum of commercial
Cu/ZnO sample. The resolved hyperfine structure
in parallel region suggests the presence of isolated
octahedrally coordinated Cu*" ions [23, 24].

In the spectra corresponding to activated Cu/ZnO
there are at least two different Cu* species with the
values for parallel components g, =2.3845 and g, =
2.3262, both having A, = 12 mT hyperfine splitting.
The value for the normal component of g-tensor is
found to be g, = 2.0959 and it is not resolved for
the two Cu?’ions present in the catalyst. The com-
ponent having resonance parameters g, = 2.3845 u
g,=2.0959 can be assigned to Cu?* ions substitut-
ing the Zn?* cations in the ZnO crystal lattice. The
interchangeable substitution is possible due to simi-
lar ionic radii. These g values of the copper spe-
cies have been interpreted as existence of Cu?* oc-
cupying sites vacated by lattice Zn*" ions [25]. The
other component with parameters g, =2.3262u g =
2.0959 have more poorly defined hyperfine splitting
and corresponds to the Cu?"ions in CuO clusters
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[26]. This is probably due to increasing of dipolar
interaction between Cu** ions. In conclusion in both
cases the values of g, and g, satisfy the relation
g,> g >g, =2.0023 (g represents the g factor for
a free electron) indicating that the Cu?" ions are co-
ordinated by six ligand atoms in an axially distorted
octahedron [24].

Figure 3 shows the Ols core level spectra of
CuO/ZnO activated as well as CuO/ZnO commer-
cial catalysts. Both spectra are completely differ-
ent, which is an indication of the different oxygen
bonds existing on their surfaces. The spectra were
subjected to the fitting procedure, which allows
making a detailed analysis of the influence of the
activation process over ZnO support and further
deposition of the active copper phase. The first oxy-
gen component at 530.0 eV corresponds to oxygen
bonded to Zn atom in the ZnO lattice. The second
(~531.5 eV) and third ( ~532.5 eV) components
belonged to the oxygen vacancies and to adsorbed
oxygen, OH- groups or dissociated oxygen, respec-
tively on the surface of the catalysts. The relative
intensity of the second component is proportional
to the oxygen vacancies concentrations [27]. The
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Fig. 3. XPS spectra of: Cu/ZnO activated and Cu/ZnO
commercial photocatalysts
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relative percentage of the component associated
to the oxygen vacancies within ZnO matrix for the
studied CuO/ZnO activated and CuO/ZnO commer-
cial catalysts are 27% and 36% of the total oxygen,
respectively. Nevertheless the calculated percent-
age of third type of oxygen present on the surface
is the same as that associated with oxygen vacan-
cies for both catalysts. The simultaneous formation
of the oxygen vacancies and chemisorbed oxygen
is observed and this did not depend of the way of
preparation of catalysts. Even so the quantity of the
formed defects on the surface of the Cu/ZnO com-
mercial catalyst is more than for the catalyst syn-
thesized by us. The Cu*" chemical states of copper
were estimated from the Cu2p core level for both
investigated catalysts.

Figure 4 presents concentration changes, deg-
radation degree and dependence of —In(C/Co) with
time of UV light illumination of the solution of
Reactive Black 5 on two examined catalysts. The
sample CuO/ZnO activated exhibits stronger ab-
sorption capacity towards RB dye and only after
30 minutes interval in the dark, the concentration of
the dye drops down with almost 80%. In the case of
CuO/Zn0O commercial the adsorption is weaker and
after switching on the UV lamp the photocatalytic
degradation is initiated. The possible explanation of
this could be the fact that the activated sample has
higher content of CuO clusters. The photocatalytic
efficiencies of both CuO/Zn0O activated and Cu/ZnO
commercial photocatalysts are almost similar and
really high reaching 99.5% on CuO/ZnO activated.
Rate constants were calculated using the equation
—In(C/C,) = kt on the basis of the slope of the lin-
ear logarithmic function. This photodegradation on
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Fig. 4. Dye solution concentration decrease in the course
of time of illumination by Cu/ZnO activated and Cu/ZnO
commercial photocatalysts
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Fig. 5. Oxidative conversion degrees over Cu/ZnO acti-
vated and Cu/ZnO commercial photocatalysts
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Fig. 6. Dependence of —In(C/C)) on the time of illumi-
nation over Cu/ZnO activated and Cu/ZnO commercial
photocatalysts

CuO/ZnO powders followed the pseudo-first-order
reaction kinetics. Rate constants for two compared
catalysts CuO/ZnO commercial and CuO/ZnO ac-
tivated are: 35.0 x107 min™' and 35.9 x10~* min™'
respectively.

It is known from literature that, various behav-
iors of ZnO are due to the presence of native de-
fects, such as oxygen vacancies and zinc vacan-
cies. With EPR measurements are confirmed de-
fect structures due to presence of Cu?" ion in the
ZnO crystal lattice [18, 28]. The increased photo-
catalytic activity of Cu-doped ZnO is attributed to
intrinsic oxygen vacancies due to high surface to
volume ratio in nanoparticles and extrinsic defect
due to Cu doping [17].
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CONCLUSIONS

The influence of copper doping on the structural
and on the photocatalytic properties of ZnO nano-
powders was studied. Copper-doped ZnO samples
with dopant content of 1.5 wt% were prepared by
modified deposition method. Two types of ZnO
samples were used — commercial one and ZnO ac-
tivated by an original patented procedure. The EPR
spectra registered two types of Cu?" ions: isolated
Cu?" (both in commercial Cu/ZnO and ZnO activat-
ed) and Cu*"ions in CuO clusters (ZnO activated).
The photocatalytic efficiencies of the prepared na-
nosized samples were tested in the photocatalytic
oxidation of Reactive Black 5 (RB5) dye under UV
light illumination. Examined powders have shown
significant degree of degradation of the investigat-
ed textile dye pollutant, the maximum value of the
rate constant (35.9x10-3 min') was obtained for the
activated CuO/ZnO. The photodegradation conver-
sion for Reactive Black 5 of activated CuO/ZnO
is 99.5% and 98.0% for commercial copper doped
ZnO. The possible explanation of this difference
could be the fact that the activated sample has an
additional phase of CuO clusters and smaller ZnO
crystallite size. The present research study estab-
lished that activated copper-doped ZnO can be used
as an effective photocatalyst for the removal of azo
dyes in wastewaters.
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(Pestome)

W3yyeno e BiusiHueTo Ha potupanero ¢ Mea (1.5 wt%) BbpXy CTpyKTypHUTE U (DOTOKATAUTHYHU CBOMCTBA HA
JiBa pa3nu4Hu Buaa ZnO HaHOMpaxoBe (THProBckd n ZnO, akTUBUPAH Ype3 OpUTHHAIIHA TATEHTOBaHA MPOLEAYPa).
Pa3zmepbT Ha KPUCTAINTHUTE U CTENIEHTA HA OKUCICHUE Ha JIONaHTa 0sxa M3CIe/IBaHU ChOTBETHO C PEHTTeHO(a30B
ananu3 (XRD), enekrponen napamarauter pesonanc (EPR) u pentrenoBa doroenekrponna criekrpockomnus (XPS).
Ot EPR crniektpute ca peructpupanu uzonupanu Cu’” HoHu u B qBete nmpodbu. PoTtokaTaauTudHata eheKTHBHOCT Ha
MOJIyYeHUTE HAaHOPAa3MEPHM MPOOH € M3CieBaHa 3a OKHUCIUTEIHO pasrpakaaHe Ha Oarpuinoro — PeaktuBHo UepHo
5 (RBS), nmox neiicTBHeTO Ha yNTpaBHOJIETOBA CBETIHMHA. V3clieaBaHMTE NMpaxoBe MoKa3axa 3HAUMTENHA CTETEH
Ha pasrpaxkJaHe Ha M3CIEABAHUS 3aMbPCUTEN (TEKCTUIIHO Oarpuiio), KaTo MakCHMaJlHa CTOMHOCT Ha CKOPOCTHaTa
koHcTanTa (35.9%103 min™') e mosnyduena 3a akrusupanus Cu/ZnO. ITo-BucokaTa akTHBHOCT 3a (hOTOpasrpaxaaHe
Ha PeaktuBHO UepHo 5 3a mpoba — aktuupan Cu/ZnO (99.5%), ot ta3u Ha Men, notupad Thproeeku ZnO (98.0%),
Moxe na ObJie o0sicHeHa ¢ HaianuueTo Ha CuO kirbcrepu B bpBHs. HacTosII0TO HAyYHO M3CiIeBaHEe YCTAHOBH, Y€
aktuBupanusaT Cu/ZnO Moxe 1a ce u3Moi3Ba Kato ehekTuBeH (OTOKATAIM3AaTOP 32 OTCTPAHsABAaHE Ha a300arpuia B
OTIAJHU BOJIH.
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