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1 Introduction

Organic and inorganic pollution originate from 
domestic sewage, industrial effluents, urban run-
off, and agriculture wastewater. Some of the 
organic and inorganic pollutants can be toxic for 
organisms due to their environmental persistence 
and ability to bioaccumulation (Ali et al., 3; Lan-
genbach, 18). Efficient treatment techniques 
such as precipitation, coagulation/flocculation, 
adsorption, ion exchange, membrane filtration, 
ozonation, and advanced oxidation processes for 
the removal of organic and inorganic pollutants 
from wastewater continue to attract great interest 
(Rashed, 25).

In recent years, photocatalytic degradation has 
gained great attention for the removal of organic 
and inorganic contaminants due to their high 
removal efficiency and low energy requirement 
(Pirilä et  al., 2015). The most frequently used 
broad-spectrum radiation sources and photocata-
lyst are UV lamps and  TiO2. However, the require-
ment of a longer exposure time for adequate deg-
radation and the less photonic efficiency of the 
UV lamps make laser-induced photocatalytic deg-
radation preferable (Gayaa and Abdullah, 2008). 
Because the laser light is more consistent, mono-
chromatic, and directive, the adsorption efficiency 
of the photons released from the laser beam by a 
photocatalyst is higher compared to photons from 
conventional UV lamps.
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In a study,  Photo degradation experiments were 
carried out under visible light irradiation for Rho-
damine B (RhB). Results showed that visible light 
photocatalytic efficiency increased with laser abla-
tion (Zhang et al., 29). In another study, photocata-
lytic degradation of methylene blue (MB) with Ag/
AgCl catalyst was investigated with diode lasers 
(443  nm blue-light) as alternative light sources. 
Moreover, 440–450-nm LED light source (1 W) was 
used as control. The effects of different parameters 
such as laser energy (0–1.15 W), light source, ini-
tial dye concentration (4–20 mg/L), catalyst loading 
(0.2–1.8 g/L), and pH (3–12) were investigated on 
decolorization and degradation. It was reported that 
the decolorization and degradation of MB increased 
when the laser energy increased and 100% decol-
orization and 90% degradation of MB achieved in 
10 min under optimum conditions (pH 9.63, 4 mg/L 
MB concentration, 1.4  g/L catalyst amount) (Liu 
et  al., 19). Degradation of organic pollutants was 
also studied under visible laser light in a study. 
Neodymium-doped Yttrium Aluminum Garnet 
(Nd-YAG) 532 nm laser light (10 to 2230 mW) and 
green LED light (100 mW) were compared for deg-
radation of Bisphenol A in time of 0–15 irradiation 
by using Au/TiO2, Au/Al2O3, Au/ZnO, and  TiO2 as 
photocatalyst. It was reported that when laser light 
and LED light were used at the same power (100 
mW), laser light showed more efficiency on elec-
tron transfer (Chehadi et al., 8). However, for some 
studies, laser light may not be optimal light source 
for photo degradation process. Amoli-Diva et  al., 
(4) synthesized  TiO2-modified  Fe3O4 nanocompos-
ite by laser reduction method for photo degradation 
of rhodamine-6G (Rh6G), and they compared laser 
light (405  nm) and xenon lamp for photocatalytic 
activity. Also, the effect of various parameters such 
as pH, photocatalyst concentration, type of catalyst 
was studied on the degradation efficiency of Rh6G. 
Results showed that the photocatalysts had higher 
photocatalytic performance with xenon light source 
in comparison with laser light (405 nm). In another 
study, Nd-YAG laser (532  nm) was used for syn-
thesis of graphene  TiO2 nanohybrid catalyst. Irra-
diation conditions were 320  mJ/pulse with laser 
pulse duration of 6 ns and repetition rate of 10 Hz 
for 45  min. They reported that removal efficiency 
of methyl orange (MO) increased from 89.10 to 
99.60% when 500-W Xenon lamp was used (Ilyas 

et al., 16). Baig et al. (5) used Nd-YAG laser (Bril-
liant B) for synthesis of g-C3N4–CdS nanocom-
posites, and photocatalytic degradation of MB and 
RhB from aqueous solutions was carried out. It 
was reported that high photocatalytic activity was 
achieved under visible light irradiation.

Different shapes of nanostructured hematite 
(α-Fe2O3) synthesized by pulsed laser deposition 
were compared for photocatalytic water purification. 
In ablation process, KrF excimer laser (248 nm) was 
used at 3 J/cm2, pulse duration of 25 ns, and repeti-
tion rate of 20 Hz. In another study,  WO3 nanoparti-
cles synthesized by pulsed laser (Nd-YAG) ablation 
were investigated for antibacterial properties and 
photocatalytic activity. Different laser fluencies (13 
to 23 J/cm2) were used for ablation process (Fakhari 
et  al., 2018). Laser-modified  TiO2/SnO2 powders 
decorated with SiC nanocrystals were tested for pho-
tocatalytic activity (Zhang et al., 29). For determin-
ing photocatalytic activity of products, experiments 
were carried out with Rh B by using 80-W halo-
gen lamp (340–850  nm) and 125-W mercury lamp 
(253 nm) for 2 h. Antibacterial activity of products 
was tested against Escherichia coli bacteria. The 
products synthesized with 23  J/cm2 supplied the 
highest efficiency. In another study, tungsten oxide/
reduced graphene oxide  (WO3-rGO) nanocomposite 
catalyst has been synthesized by pulsed laser ablation 
method. Experimental studies showed that  WO3-rGO 
had better photocatalytic activity when compared to 
pure  WO3 for degradation of MB dye in water (Ibra-
him et al., 15).

In this study, the use of copper(II) oxide (CuO) 
powders as catalyst and continuous wave (CW) multi-
mode semiconductor diode laser (450 nm) was inves-
tigated for decolorization of Basic Red 18 (BR18) 
and Reactive Red 180 (RR180) aqueous dye solu-
tions. The effects of laser power, solution pH, catalyst 
amount, and  H2O2 concentration were tested on dye 
decolorization. Moreover, kinetic study and reusabil-
ity of the catalyst were also studied.

2  Materials and Methods

2.1  Chemicals and Analyses

CuO was supplied from Tekkim (CAS: 1317–38-
0). Basic Red 18 (BR18) and Reactive Red 180 
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(RR180) dyes were obtained from Dystar. BR18 is 
a cationic azo dye used for coloring textiles. The 
chromophore is the cation, which contains many 
functional groups, but most prominently the quater-
nary ammonium center (Hunger et al., 14). RR180 
is an anionic single azo class dye (Lingeswari & 
Vimala, 20). Some important properties of the dyes 
are shown in Table 1.

CuO catalyst was characterized by SEM–EDX. 
Scanning electron microscopy (SEM) was used 
to observe the surface morphology of the catalyst 
(SEM, Zeiss Supra 55, Germany). The energy-dis-
persive X-ray spectroscopy (EDX) was utilized to 
quantify the composition of the elements present 
on the catalyst’s surface. The CuO powder was 
characterized by X-ray diffraction (XRD), using 
CuKα radiation with λ = 0.15406  nm, employ-
ing a Shimadzu XRD 6000 diffractometer oper-
ated at 30  mA and 40  kV, in the 2θ range from 
10 to 90°, with a scan speed of 4°/min. The spe-
cific surface areas of CuO powders were measured 
using nitrogen adsorption at 77  K (ASAP-2020, 
Micromeritics), with calculation according to the 
Brunauer–Emmett–Teller (BET) method. The zeta 
potentials of dilute suspensions of CuO powders 
were measured with a Zeta Sizer nano-ZS instru-
ment (Malvern Instruments), in the pH range from 
2 to 10, with the pH adjusted by adding 0.1 M HCl 
or 0.1 M NaOH.

2.2  Experimental Configuration for Photocatalytic 
Decolorization

In this study, a continuous wave (CW) 450-nm multi-
mode semiconductor diode laser (Thorlabs/L450G1) 
was used. A power meter (Thorlabs/PM100) was used 
to measure the optimum laser output power value. 
The laser was controlled by a laser combi control-
ler (Thorlabs/ITC-4005). The detailed experimental 
procedure can be found elsewhere (Polat et  al., 24). 
The specifications of the laser diode, the laser combi 
controller, and the TEC used in the laser-assisted 
disinfection system are described in detail elsewhere 
(Polat et al., 24).

3D drawing of the experimental setup is shown in 
Fig. 1. The experiments were carried out in a glass 
beaker (GB). A magnetic bar (MB) and magnetic 
stirrer (MS) were used for mixing the dyes in the 
GB. The aluminum platform (AP) was used for both 
the assembly platform and heat sink. Laser tube 
(LT) was used for collimating and saving of laser 
diode chip. The laser diode chip (LC) was used as 
a light source for photocatalytic decolorization. The 
laser head (LH) was used to keep the stable tem-
perature of the LC. Two houses namely the house 
of laser tube (HLT) and the house of heat sensor 
(HHS) were opened to the surface of the LH for 
putting of the LT and a heat sensor (HS, Thorlabs—
AD590). Copper plate (CP) was used for transfer-
ring heat load on the TEC. The TEC was used to 

Table 1  Some important properties of the dyes

Dye name Chemical structure Formula and 

Molecular weight 

(g/mol)

UV 

absorption 

λmax (nm)

Basic Red 18 

(BR18) 

C19H25Cl2N5O2

426.34 g/mol

484

Reactive Red 

180 (RR180)

C29H19N3Na4O17S5

937.79 g/mol

542
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keep the stable temperature of the LC, and finally, 
the HS was used to measure the LCC temperature 
instantaneously.

2.3  Photocatalytic Decolorization with Diode Laser

First, LT was placed into the HLT. The TEC was 
placed under the HLT, and it was controlled by the 
LCC with 1 A. Measuring the LC temperature was 
made by the HS connected to the LCC. Then, the 
LC and the temperature were controlled by the LCC. 
After the controlling of their temperature, photo-
catalytic decolorization studies were started for both 
BR18 and RR180 dyes, respectively.

In the experiments, the condition in which the 
elimination reaches the optimum value according to 
the varying values depending on the various param-
eters was examined. These parameters are as follows: 
laser power, solution pH, CuO catalyst amount,  H2O2 
concentration, dye (BR18 and RR180) concentration, 
and kinetic studies. The reusability stability of CuO 
catalyst was tested individually for each dye. The 
optimization was achieved step by step changing only 
one parameter while keeping other parameters con-
stant for 3 h in each experiment.

3  Results and Discussion

3.1  SEM Images of the Catalyst

SEM images of the CuO catalyst are shown in Fig. 2. 
SEM–EDX technique was used to investigate the 
morphology of the catalyst. The catalyst had an irreg-
ular cubic shape with smooth surface. The EDX anal-
ysis of the catalyst showed that the elementary com-
ponents were only composed of Cu and O.

CuO powder was also characterized by XRD 
analysis (Fig.  3). Consistent with the peaks of the 
CuO standard PDF-2 01–080-1268, 32.56° CuO 110 
peak, 35.48° CuO 002 peak, 35.59° CuO − 111 peak, 
38.77° CuO 111 peak, 46.28° CuO − 211 peak, 48.78° 
CuO − 202 peak, 53.50° CuO 020 peak, 58.37° CuO 
202 peak, 61.58° CuO − 113 peak, 68.16° CuO 113 
peak, 72.48° CuO 311 peak, 75.31° CuO − 222 peak, 
80.23° CuO − 204 peak were detected (Bouazizi et. 
al., 6; Zhu et. Al., 30). The peaks of CuO were deter-
mined to be pure CuO, and the sharp diffraction peaks 
indicate that the CuO was monoclinic.

Zeta potential analysis was performed to determine 
the CuO surface charge characteristics as a function 
of pH. Figure 4 shows CuO zeta potential plotted as a 
function of pH, with a predominantly positive charge 

Fig. 1  3D explosion view of the experimental setup configuration for photocatalytic decolorization
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density in an aqueous medium. The isoelectric point 
(IEP) of the CuO was at pH:6.1. However, laser irra-
diation changed IEP of the CuO, and IEP increased 
from 6.4 to 6.8  mV when laser irradiation was 
increased from 0.5 to 2.5 W. Moreover, zeta potential 
increased after laser irradiation compared to raw CuO 
powder.

The Brunauer–Emmett–Teller (BET) equa-
tion was used to determine the surface area, pore 
volume, and pore size distributions using the Bar-
ret–Joyner–Halenda (BJH) model. The BET results 

Fig. 2  SEM and EDX spectra of the CuO catalyst

Fig. 3  XRD pattern of the CuO catalyst

Fig. 4  Zeta potential values of CuO powder and laser irradi-
ated CuO with different laser power

Table 2  Summary BET data of the CuO powder before and after laser irradiation

Sample BET surface area  (m2/g) Pore volume  (cm3/g) Pore size (nm)

CuO powder 0.4759 0.00039 63.7896
0.5 W laser irradiated 0.6117 0.00100 12.0739
1.0 W laser irradiated 0.7663 0.00125 9.3021
1.5 W laser irradiated 1.1344 0.00171 8.1103
2.0 W laser irradiated 1.4490 0.00230 7.6574
2.5 W laser irradiated 1.9328 0.00256 5.7898
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are shown in Table 2. It was observed that laser irra-
diation had a great impact on surface area and pore-
size distribution. The surface area was low for the raw 
CuO powder (0.4759  m2/g). In contrast, laser irradi-
ated CuO could dramatically increase their surface 
area with a maximum of 1.9328  m2/g as the irradiated 
power of laser increased to 2.5 W. The laser irradia-
tion process caused a pore size distribution between 
1 and 100 nm with obviously increased pore volume.

3.2  The Effect of Laser Power on Dye Decolorization

The photocatalytic decolorization of BR18 and 
RR180 dyes with diode laser was performed in the 
range of 0.5–2.5  W using CuO catalyst, and the 
results are given in Fig.  5. The results depicted that 
RR180 dye was decolorized more efficiently than 
BR18 dye. The dye removal efficiencies increased 
from 36.14 to 94.34% for BR18 dye and from 74.34 
to 100% for RR180 dye when laser power increased 
from 0.5 to 2.5  W. However, RR180 dye enhanced 
complete dye removal at laser power of 1.5  W for 
60 min.

3.3  The Effect of Solution pH on Dye Decolorization

The effect of solution pH in the range of 2–10 was 
investigated on dye decolorization using diode laser, 
and the results are shown in Fig.  6. The maximum 
removal efficiencies were obtained 94.34% and 100% 

for BR18 and RR180 dyes, respectively, at pH 6.0 for 
60  min. Lower removal efficiencies were obtained 
out the range of pH 6.0. The solution pH may have 
mainly caused modification of the electrical double 
layer of the solid-electrolyte interface, and accord-
ingly varying electrostatic interactions may have 
affected decolorization of the dyes (Liu et al., 2013). 
As the pH of the solution increased from 6 to 10, 
the number of positively charged CuO catalyst sites 
decreased, and the number of negatively charged sur-
face sites increased. These conditions (beyond pH 6) 
non favor the adsorption of positively charged BR18 
cations and negatively charged RR180 anions. More-
over, the reduced decolorization of BR18 at acidic pH 
might be due to the presence of excess  H+ ions, which 
compete with BR18 cations for available adsorption 
sites.

3.4  The Effect of Catalyst Amount on Dye 
Decolorization

The effect of CuO amount for photocatalytic decolori-
zation of BR18 and RR180 dyes with diode laser per-
formed in the range of 0.1–1.5 g/L is given in Fig. 7. 
The results showed that decolorization of RR180 dye 
was more efficient than BR18 dye. The maximum dye 
removal efficiencies were obtained 94.34% at 0.5 g/L 
for BR18 dye and 100% at 0.25 g/L for RR180 dye. 
The rate of dye decolorization remained almost con-
stant beyond 0.5 g/L catalyst loading. The interaction 

Fig. 5  The effect of laser power on dye decolorization (experimental conditions: catalyst amount: 0.5  g/L;  H2O2 concentration: 
1.11 mg/L; dye concentration: 20 mg/L; pH: 6.0; volume: 50 mL)
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between the initial dye concentration and the avail-
able catalyst sites can affect the dye decolorization 
rate. When total active surface area increases on 
the catalyst surface, availability of more active sites 
increases (Akyol et  al., 2). In addition, more cata-
lyst can cause increase in turbidity of the suspension 
with high dose of photocatalyst, which can cause a 
decrease in penetration of laser light and hence decol-
orization efficiency can decrease (Daneshvar et  al., 
9). Therefore, the catalyst dose of 0.5 g/L was fixed 
for further studies.

3.5  The Effect of H2O2 Concentration on Dye 
Decolorization

Since there was 94.34% BR18 dye removal with 
CuO catalyst at 20 mg/L dye concentration,  H2O2 
was added to the solution and laser was applied. 
The effect of  H2O2 concentration on BR18 and 
RR180 dye removal is given in Fig.  8. As it is 
well known,  H2O2 forms  OH• radicals by pho-
tolysis reaction with UV irradiation, and these 
 OH• radicals increase photocatalytic oxidation. 

Fig. 6  The effect of solution pH on dye decolorization (experimental conditions: CuO catalyst amount: 0.5 g/L;  H2O2 concentration: 
1.11 mg/L; dye concentration: 20 mg/L; laser power: 2.5 W; volume: 50 mL)

Fig. 7  The effect of catalyst amount on dye decolorization (experimental conditions:  H2O2 concentration: 1.11 mg/L; dye concentra-
tion: 20 mg/L; solution pH 6.0; laser power: 2.5 W; volume: 50 mL)
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BR18 removal efficiency increased quite a few 
when  H2O2 concentration increased. However, 
1.11  mg/L  H2O2 concentration was enough to 
decolorize all RR180 dye, and it did not observe 
more dye removal when more  H2O2 was added into 
the reaction medium. This is due to excessive  H2O2 
addition preventing  OH• formation and sweeping 
effect. The addition of  H2O2 as electron acceptor 
significantly enhanced the decolorization process. 
Moreover, two decolorization mechanisms may be 
simultaneously occurring in the system, namely, 
direct decomposition and catalytic decomposition 
(Liu et al., 2013). In the first decolorization mech-
anism, the photons are directly absorbed by dye 
molecules; the absorption results in the initiation 
of the bond breakage. In the second decolorization 
mechanism, the photons are first absorbed by the 
CuO catalyst, and the generated free  OH• radicals 
break the bonds of the dyes.

In the laser decolorization process, the effects of 
laser,  H2O2 concentration, and CuO catalyst amount 
on individual BR18 and RR180 dye removal were 
also investigated. It was seen that laser and catalyst 
alone were not effective in BR18 and RR180 dye 
removal, and all removal was due to laser decolori-
zation with  H2O2 and CuO catalyst (Fig.  9).  H2O2 
degraded the BR18 and RR180 dyes 19.3% and 
52.9% under diode laser, respectively. In addition, 
100% and 94.34% removal efficiencies were obtained 
for RR180 and BR18 dyes, respectively, when  H2O2 

and CuO catalysts were added into the reaction 
medium under laser irradiation.

3.6  Kinetic Study

The effect of initial dye concentration on the decol-
orization efficiency is given in Fig. 10 for different 

Fig. 8  The effect of  H2O2 concentration on dye decolorization (experimental conditions: CuO catalyst amount: 0.5 g/L; dye concen-
tration: 20 mg/L; solution pH: 6.0; laser power: 2.5 W; volume: 50 mL)

Fig. 9  The effect of laser,  H2O2 concentration, and CuO cata-
lyst on laser decolorization process (experimental conditions: 
dye concentration: 20  mg/L; CuO catalyst amount: 0.5  g/L; 
 H2O2 concentration: 1.11 mg/L; solution pH: 6.0; laser power: 
2.5 W; volume: 50 mL)
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Fig. 10  Kinetic study of BR18 and RR180 dye decolorization with diode laser (experimental conditions: CuO catalyst amount: 
0.5 g/L;  H2O2 concentration: 1.11 mg/L; solution pH: 6.0; laser power: 2.5 W; volume: 50 mL)

Table 3  The correlation 
coefficients and the rate 
constant for decolorization 
of BR18 and RR180 dyes

Dye Zero order First order Second order

BR18 k0 (mg/L min) R2 k1 (1/min) R2 k2 (L/mg min) R2

20 mg/L 0.1188 0.9174 0.0165 0.9912 0.0039 0.8434
40 mg/L 0.1184 0.9888 0.0042 0.9994 0.0002 0.9831
60 mg/L 0.1059 0.9798 0.0023 0.9847 0.00005 0.9843
RR180 k0 (mg/L min) R2 k1 (1/min) R2 k2 (L/mg min) R2

20 mg/L 0.1090 0.8662 0.0171 0.9975 0.0027 0.9025
40 mg/L 0.2054 0.8668 0.0165 0.9975 0.0024 0.8321
60 mg/L 0.2818 0.8511 0.0127 0.9853 0.0008 0.9602

Fig. 11  Reuse stability of BR18 and RR180 dye decolorization with diode laser (experimental conditions: CuO catalyst amount: 
0.5 g/L;  H2O2 concentration: 1.11 mg/L; solution pH: 6.0; laser power: 2.5 W; volume: 50 mL)
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concentrations of BR18 and RR180 dye solutions. 
The results shown in Fig.  10 indicated that the 
initial concentration of BR18 and RR180 could 
influence the decolorization process. Increasing of 
dye concentration from 20 to 60 mg/L engendered 
competing for more dye molecules on the same 
active sites on the catalyst surface; subsequently, 
the generation of  OH• radicals on the surface of the 
catalyst was declined. Moreover, at high dye con-
centration, the increased color of the aqueous solu-
tion reduces the laser penetration and thereby ren-
ders the catalytic process less efficient.

The correlation coefficients and the rate constant 
for decolorization of BR18 and RR180 dyes are shown 
in Table 3. Kinetic analysis of the BR18 and RR180 
dye decolorization reaction indicated that the overall 
rate order of the reaction was pseudo first order. Simi-
lar result was found by Liu et al. (2013). They reported 
that MB was decolorized rapidly at 1 min and decolor-
ized almost completely within 15 min; the decoloriza-
tion rate was about 94%.

3.7  Reuse Stability

Reuse stability of CuO catalyst was tested for BR18 
and RR180 dye decolorization (Fig. 11). The results 
showed that no decrease in the RR180 dye removal 
efficiency was observed up to 4 cycles for CuO cata-
lyst. However, BR18 dye lost its activity dramatically 
after 2 cycles. It can be explained that the surface 
area increased as the particle size of CuO decreased 
after laser irradiation. Thus, the electrostatic repul-
sion increased between the cationic BR18 dye and 
CuO catalyst; however, the electrostatic attrac-
tion increased between the anionic RR180 dye and 
CuO catalyst. This caused to decrease decoloriza-
tion efficiency of BR18 dye with consecutive reuse 
cycle. The smaller the size, the bigger the Coulombic 
effect. In addition, catalyst losses over time during 
the separation of the catalyst from the liquid resulted 
in decreased decolorization of the RR180 dye after 
the fifth reuse. Hayat et  al. (13) reported that a 
decrease of approximately 20% was observed in the 
photocatalytic activity of the nanocrystalline  WO3 
catalyst after completion of the third cycle. Amoli-
Diva et al. (4) reported that the efficiency of magneti-
cally recoverable photocatalyst for the photocatalytic 
degradation of Rh6G still maintains 92–95%, even 
after 5 cycles.

Photocatalytic performance of CuO catalyst was 
compared with various photocatalysts reported in the 
literature. Our results demonstrated that the photocat-
alytic performance of CuO showed stable reusability 
and comparable efficiency for decolorization of BR18 
and RR180 dyes (Table  4). Therefore, CuO catalyst 
can be considered as active, low-cost, easily separa-
ble, and stable photocatalyst.

4  Conclusion

In this study, continuous wave (CW) 450-nm 
multimode semiconductor diode laser and CuO 
catalyst were used for decolorization of cationic 
and anionic dye solutions. The results indicated 
that decolorization increased for both BR18 and 
RR180 dyes when the laser power increased. 100% 
RR180 dye and 94.34% BR18 dye decolorizations 
were achieved for 180 min under optimum condi-
tions with solution pH of 6.0, catalyst amount of 
0.5  g/L,  H2O2 concentration of 1.11  mg/L, and 
laser power of 2.5 W. Performance of the catalyst 
was successfully maintained four successive runs 
for RR180 dye solutions without any decrease. It 
was clearly understood that diode laser can be an 
affective light source for decolorization of basic 
dye solutions.

Semiconductor diode laser can be considered as 
an attractive technology in the treatment of colored 
wastewater due to its excellent properties such as 
high speed, high flexibility, high sensitivity, high reli-
ability, and less chemical use and less process steps 
compared to the conventional treatment process. The 
performance of the proposed process should be tested 
on long-term pilot scale systems.
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