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Abstract

Environmentally friendly nanoparticles are often utilized to remediate organic pollutants such as dyes in water bodies. Herein,
we describe the adsorption and photocatalytic properties of Cu,O nanoparticles (Cu,ONPs) for the removal of reactive red
2 dye (RR2) from synthetic dye solutions. Cu,ONPs as an adsorbent is synthesized by direct precipitation method using
sodium hydroxide with cupric chloride in the existence of ascorbic acid as a reducing agent. Scanning electron microscopy
(SEM), X-ray diffraction (XRD), dynamic light scattering (DLS) and Fourier transform infrared (FT-IR) analysis were used
to characterize the synthesized Cu,ONPs. SEM images show that the average size as-prepared of Cu,ONPs was determined
to be 62.84 + 11 nm with a homogenous cubic shape. The zeta potential of NPs was measured to be +22 +5 mV with a
hydrodynamic diameter of 147 + 8 nm, according to DLS results. The nanoparticles exhibit excellent adsorption activity for
RR2 solution (10-60 pg cm™>) at room temperature and pH 5. The RR2 dye adsorption on nanoparticles in the existence of
dark and UV light conditions was investigated. Our results indicate that the removal percentage of adsorption in the dark
is around 78% and in the light is about 90%. Adsorption behaviors of the Cu,ONPs adsorbent fit well with pseudo-second-
order kinetic model and Langmuir isotherm. The Cu,ONPs were also found to be highly selective for anionic RR2 over
cationic methylene blue dye, allowing facile separation of the two dyes from aqueous solutions of dye mixtures. The results
also show that Cu,ONPs have good recyclability, indicating that they would be a cost-effective material with a considerable
possibility in water treatment.
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Introduction
D4 Ahmed F. Halbus Industrial pollution is a serious problem that has a negative
ahmed.halbus @uobabylon.edu.iq impact on the environment. Water pollution containing dyes

produced by companies and utilities is one of these forms
of pollution [1]. The discharge of dangerous substances into
the environment, such as heavy metals, pathogens and dyes
is becoming a major global problem [2]. Synthetic dyes are
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used in different filed including packaging, paper, printing,
food, textiles, leather, and pharmaceutical [3, 4]. Aromatic
rings and azo groups with the propensity to create poisonous
amines are the most common components of these dyes [3].
Dyes have unique qualities like high water solubility, high
light stability, which can interfere with sunlight transmis-
sion into the water, carcinogenic, mutagenic, and poison-
ous impacts [5]. Thus, the removal of dyes from water and
wastewater is a major global concern for human health and
environmental protection [6, 7]. To date, coagulation [8],
membrane separation [9], photocatalysis [10], and adsorp-
tion [11] have all been investigated as methods for removing
dyes from water. Because of its simplicity and cheap cost,
adsorption technology is regarded as one of the best efficient
and cost-effective [12, 13]. For dyes removal, a variety of
adsorbents have been utilized, including biomass materi-
als, porous structure materials, metals and metal oxides
[14—-17]. To remove dye pollutions in practical applications,
it is still necessary to investigate novel adsorbents with high
efficiency [18]. Due to their porous nature and large spe-
cific surface area, metal oxide nanoparticles as adsorbents
have gotten a lot of interest in recent years for removing
synthetic dyestuffs from aqueous solutions via adsorption
[19, 20]. Solar light is used in photocatalysis to generate
hydrogen from water splitting, which then destroys organic
contaminants. During photocatalysis, semiconductors absorb
light energy that is more than or equal to their band gap,
generating holes and electrons, which produce free radicals
that oxidize the substrate [21]. Cuprous oxide is a p-type
semiconductor with a 2.4 eV band gap [22]. Because of its
interesting magnetic properties and unique optical [23] it
becomes a promising material for a variety of uses like solar
energy transformation [24-26]. It's also commonly utilized
in gas sensors [27]. It's also a key component of co-oxidation
[28] and is frequently utilized in lithium-ion batteries [29]
and semiconductor technologies [30]. Cu,ONPs are also
appealing materials because of their low manufacturing
costs and the natural availability of their precursor [31]. Pho-
tocatalysis is now one of the most widely used technologies
for removing dyes and heavy metals from aqueous solutions
[32-34]. This study aims to synthesize Cu,O nanoparticles
using direct precipitation and characterized. Cu,ONPs were
produced and employed as an adsorbent to remove anionic
dyes. Cu,O nanoparticles successfully removed the RR2
dye from an aqueous solution in a short period of time. We
also report here the use of Cu,ONPs, for the separation and
selective adsorption of anionic RR2 dye from dye mixtures.
Despite the ubiquity of Cu,ONPs, there have been very few
reports on selective dye separation, and no reports on the
use of Cu,ONPs for RR2 dye removal. Figure 1 shows a
schematic of RR2 adsorption, selective removal and pho-
tocatalytic decolourisation on Cu,ONPs in the existence of
light and dark conditions.
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Results and discussion
Characterization of the prepared Cu,ONPs

The optimal conditions for Cu,ONPs stability were deter-
mined by measuring zeta potential and particle size in
aqueous solutions. At pH levels ranging from 3 to 12, the
zeta potential (ZP) and particle size of this sort of sample
were determined. Figure 2A displays the zeta potential
measurements of produced Cu,ONPs vs. different pH val-
ues. The zeta potential of Cu,ONPs was about+22 +5 mV
and their average particles size was 147 +8 nm at pH 5, as
displayed in Fig. 2B-D.

Figure 3A illustrates the XRD patterns of four samples
of Cu,ONPs that were synthesized without annealing and
those that were annealed for 180 min at 100, 200, and
300 °C. Figure 3A shows that the peaks at 29.5°, 36.4°,
42.3°, 61.3°, 73.5°, 77.3° correspond to the Cu,ONPs
planes (110), (111), (200), (220), (311), and (222), respec-
tively. There were no impurities and all diffraction peaks
may be attributed to the pure shape of cubic Cu,ONPs
(cuprite—03-065-3288). The size of crystallite may be
calculated by scherrer’s formula D =k 1/f cos@ where the
constant k is taken to be 0.94, 1 is the wavelength of X-ray,
and f and @ are half width of peak and half of the Bragg
angle, respectively. The data in Fig. 3B shows that the
crystallite sizes were discovered to be about 22—-34 nm.
Figure 3C, D show SEM images of the synthesized Cu,O
nanoparticles. Using the Image J program, 200 particles
were randomly selected from SEM images, the size of
Cu,ONPs was determined to be 62.84 + 11 nm. Cu,O nan-
oparticles have a cubic shape, which can be seen clearly in
these images with the higher magnification (Fig. 3C) and
is perfectly consistent with XRD analysis.

Figure 4 shows the FT-IR spectra in the region
500-4000 cm™~! that was obtained using four samples
of Cu,0ONPs that had not been annealed and had been
annealed at 100, 200, and 300 °C. Mostly, metals oxides
have absorption bands under 1000 cm~! because of inter-
atomic vibrations [35]. In the FT-IR spectra of all four
Cu,ONPs studied, there was a strong peak appearing at
about 535 cm™!. The Cu—O stretching band corresponds to
these emerging peaks. Nevertheless, there are discrepan-
cies between the four samples in the asymmetric and sym-
metric frequencies between 1000 and 4000 cm™!, which
might be related to temperature's effect on the bands.

Adsorption and photocatalytic studies

The ability of the synthesized Cu,ONPs to remove RR2
dye was tested. As shown in Fig. 4B, increasing the
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Fig. 1 Schematic diagram showing the photocatalytic process, selective removal and adsorption of Cu,ONPs with RR2 dye in the existence of

light and dark conditions

Cu,ONPs dose resulted in an increase in RR2 dye adsorp-
tion percentage. This was attributed to the increased
likelihood of the RR2 dye getting into contact with the
available active sites of the Cu,ONPs, which increases as
the amount of adsorbent increases. Nevertheless, the RR2
dye adsorption capacity decreased as the Cu,ONPs dose
increased, as presented in Fig. 4B. This is due to the fact
that the capacity of adsorption is inversely proportional
to the amount of adsorbent used. In the current study, the
efficiency of nanoparticles to remove RR2 dyes in dark and
light conditions was assessed using RR2 dye as an anionic
dye model. The UV-Vis spectra were used to determine
the RR2 dye concentrations before and after adsorption
under light and dark conditions, as presented in Fig. 5A,
B. The RR2 dye was removed from the aqueous solution
and adsorption of RR2 on the nanoparticles was observed.
After adsorption, UV-Vis spectra reveal minimal absorp-
tion bands for RR2 dye in the solution. This effect might

be explained by the electrostatic attraction between cati-
onic Cu,O nanoparticles and anionic dye, which causes the
dye to be captured on nanoparticles. Due to the photoactiv-
ity of the nanoparticles, there was a significant difference
in dye removal under dark (Fig. 5A) and UV light condi-
tions (Fig. 5B) after adsorption of 0.1 g of Cu,ONPs with
60 pg cm~ of RR2 dye. Figure 5B also displays that the
red solutions containing RR2 dye become very light, virtu-
ally clear and transparent after mixing the nanoparticles
with RR2 dyes solutions for 3 h.

Furthermore, a batch adsorption approach was applied
to investigate the adsorption behavior of Cu,ONPs towards
RR2 dye. At a pH 5, batch adsorption of RR2 dye was
studied using 60 pg cm™ of RR2 with a constant dose
of nanoparticles (0.1 g) at various adsorption times.
The adsorption of RR2 dye onto nanoparticles advanced
quickly in the beginning, but the adsorption rate reduced
gradually, reaching equilibrium after 40 min in the dark
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Fig.2 A The zeta potential of the synthesized Cu,ONPs solutions versus varied pH values. B The particle size of produced Cu,ONPs at various

pH. C The particle size and D zeta potential of Cu,ONPs at pH 5

and 60 min under UV light, as shown in Fig. 6A. Because
all of the adsorbent sites are initially unoccupied, the rate
of adsorption changes quickly. After a period of time, the
adsorption rate is low due to the diminish in the num-
ber of vacant adsorbent sites and the dye concentration.
The lower rate of adsorption shows the probable mon-
olayer creation of RR2 on the surface of adsorbent. As a
result, after reaching equilibrium, the shortage of acces-
sible active sites necessitates additional uptake [36]. In
both light and dark conditions, the adsorption percent-
age of RR2 dye by nanoparticles was revealed. The rate
of adsorption was sluggish in the dark, with around 78%
RR2 dye eliminated after 3 h, but it was nearly 90% in
the light. In the literature review, the decolourisation of
dyes is familiar. The hydroxyl radicals (OH) are formed
in a reaction that functions as oxidant, which is depos-
ited on Cu,0ONPs. The hydroxyl ion radicals are formed
when water molecules on the surface of nanoparticles react
with holes (h+ yp)). Thus, the RR2 dye is degraded by
hydroxyl ion radicals [37-39].
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Kinetics of RR2 dye adsorption

Kinetic studies are extremely important in the adsorption
field because they give insight into the adsorption mecha-
nism. A substance that will be employed as an adsorbent
must have a higher adsorption ability and rate constant.
Pseudo first- [40] and second-order [41] kinetics were
applied in this study. Figure 6B-D illustrate the matching
plots of the kinetic model of adsorption. Figure 6B shows
first-order reaction kinetic plots for RR2 dye, whereas
Fig. 6C shows second-order reaction kinetic plots for RR2
dye. The pseudo-second-order model's correlation coeffi-
cient was found to be much greater than the pseudo-first-
order model's (Table 1). Moreover, the simulated adsorption
capacity obtained from the plot of the pseudo-second-order
model was found to be better matched to the actual data
than that calculated from the pseudo-first order model (see
Fig. 6B, C). The adsorption mechanism for RR2 dye on nan-
oparticles is thus best defined by the pseudo-second-order
model. Therefore, an intraparticle diffusion model [42] was
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Fig.5 UV-Vis spectra of RR2 A in dark and B UV light before and after adsorption using Cu,ONPs for 3 h. Insets are the images of RR2 dye

solutions before and after adsorption for 3 h

used to demonstrate how RR2 molecules moved from the
solution to the Cu,ONPs interconnecting pores. The linear
plot for RR2 dye does not pass through the origin, show-
ing that the intraparticle diffusion models are based on the
migration of adsorbates into nanoparticles and controlling
the rate adsorption process, as shown in Fig. 6D. The adsor-
bent parameters data for the intraparticle diffusion model are
scheduled in Table 1 for RR2 dye.

Adsorption isotherms

The isotherm models provide useful information for predict-
ing the interaction of adsorbate particles and adsorbents.
The mechanism of RR2 dye adsorption onto Cu,ONPs was
explored by examining the adsorption characteristics using
the Langmuir and Freundlich linear isotherm models. The
Langmuir isotherms of RR2 dye are shown in Fig. 7A, while
the Freundlich isotherm models are shown in Fig. 7B. The
maximum adsorption capacities of RR2 dye molecules for
the synthesized nanoparticles were calculated using these
models. The results from the RR2 dye adsorption experi-
ments match well with the Langmuir isotherm model,
according to these isotherms. The maximal adsorption

@ Springer

capacities of RR2 dye are calculated to be 64.102 mg g~
based on the Langmuir isotherm model at pH 5, 60 pg cm™>
RR2 concentration, 0.1 g of Cu,ONPs and 25 °C (Fig. 7A,
B). To show the heterogeneities on the surface of Cu,ONPs,
the Freundlich model's computed n values are utilized
(Fig. 7C). Adsorption will be physical for n more than 1, lin-
ear for n equal 1, and chemical for n less than 1. In this work,
the RR2 dye has n more than 1 value, suggesting physical
absorption [43, 44].

Separation of a mixture of dyes

Cu,ONPs was used to selectively separate various organic
dyes due to their unique and rapid adsorption activity
towards RR2 dye. RR2/MB dye mixtures in an aqueous solu-
tion with varied charge states were used to test the separation
performance of Cu,ONPs. Cu,ONPs are intended to remove
RR2 dye with a negative charge from the mixed solution,
whereas MB dye with a positive charge should be left in the
solution. The colors of the dye combination of RR2 and MB
before and after adsorption with Cu,ONPs were captured by
digital images, as shown in Fig. 8B-E, and Cu,ONPs were
compared to those of the two individual aqueous solutions
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Fig.6 A The influence of time on the removal percentage of RR2
dye in dark and light conditions (the initial RR2 concentration:
60 pg cm™>, adsorbent dosage: 0.1 g in 100 cm® of RR2 solutions,
shaking rate is constant at 100 rpm, =25 °C, pH=35). Kinetic mod-

els for the adsorption of RR2 dye with Cu,ONPs B pseudo-first order
model for RR2 dye and C pseudo-second order model and D intrapar-
ticle diffusion model for RR2 dye

Table 1 Pseudo first, pseudo second order kinetic and intraparticle diffusion models for adsorption of RR2 on Cu,ONPs

Cymg dm™  Pseudo-first order kinetic model Pseudo-second order kinetic model Intraparticale diffusion model
Geey/M2E™" Geeamg g™ ky/min”'  R? Gecmg g™ ky/gmg ' min™' R Cmg g™ kp/mg R
¢! min~!"2
10 8.078 9.551 12.641 0.901 8.643 0.1262 0992  4.188 0.380 0.554
20 17.263 19.493 9.745 0.876 18.181 0.1591 0.995 10.048 0.703 0.543
30 26.677 30.864 10.126 0.938 28.011 0.177 0.996 15.973 1.053 0.533
40 34.234 38.910 8.524 0.950 35.587 0.226 0.998 22.321 1.177 0.516
50 41.954 47.393 8.218 0.946 43.478 0.231 0.998 26.709 1.492 0.555
60 45.114 50.761 7.579 0.945 46.511 0.268 0.998 26.955 2.077 0.612

of RR2/MB dyes. After combining RR2 and MB dyes, the
color of the combination of red RR2 (Fig. 8B) and blue MB
(Fig. 8C) turned purple (Fig. 8D). After 3 h of adsorption,
practically all of the RR2 dye was caught by the Cu,ONPs,
and the color of the dye combination solution changed from
purple to blue (Fig. 8E), matching the color of the pure
MB aqueous solution. UV-Vis spectra were used to meas-
ure the concentrations of RR2 and MB in the mix solution
before and after 3 h of adsorption with Cu,ONPs, as shown

in Fig. 8A. After 3 h, UV-Vis spectra show that approxi-
mately 98% RR2 was adsorbed by Cu,ONPs, on the other
hand only 20% MB was adsorbed. This shows that Cu,ONPs
selectively adsorb RR2 from the dye mixture, allowing the
dye mixture to be separated successfully. These results could
be described by the lower adsorption of the Cu,ONPs to the
MB dye, due to electrostatic repulsion and the improved
particle-dye adsorption because of electrostatic interaction
in the situation of cationic Cu,ONPs with anionic RR2 dye.

@ Springer
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Fig.7 A Adsorption isotherms for RR2 dye on Cu,ONPs according to Langmuir. B Adsorption isotherms for RR2 on Cu,0ONPs according to

Freundlich. C Constants of Freundlich and Langmuir isotherms

Regeneration and reuse of used Cu,0NPs

The sustainable reuse of an adsorbent is actually essential
in workable applications. Therefore, the regeneration and
reuse of the used Cu,ONPs was also evaluated for 5 cycles
adsorption/desorption and the data are presented in Fig. 9.
The desorption of RR2 was applied by immersing the loaded
RR2- Cu,0ONPs in 0.01 N NaOH for 3 h followed by washing
with DW. As expected the deprotonation makes decreases
electrostatic attraction between the Cu,ONPs and the nega-
tively charged dye. After five cycles of adsorption—desorp-
tion, Cu,ONPs exhibit a high removal efficiency. The RR2
dye removal efficiency decreased as the number of reuse
cycles increased; however, the Cu,ONPs loosed only 9% of
its original efficiency during the five cycles. The decrease in
removal efficiency might thus be a result of the alteration of
the Cu,ONPs surface properties during the adsorption—des-
orption processes [45]. These findings show that Cu,ONPs
have high recyclability, making them a cost-effective mate-
rial with a good possibility in water treatment.

Conclusions

In this paper, we describe the synthesis and characterization of
Cu,ONPs using SEM, FT-IR, DLS, and XRD analysis tech-
niques. DLS analysis data displayed that the zeta potential of
Cu,0ONPs was measured to be +22+5 mV with a hydrody-
namic diameter of 147 +8 nm at pH 5 which was the most
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suitable medium for the particles to be at higher stability.
However, using the Image J program and randomly chosen
200 particles from SEM images, the average size of Cu,ONPs
was determined to be 62.84 + 11 nm. Cu,ONPs with a nano-
sized diameter and homogenous cubic shape were synthesized
successfully, according to SEM images. The results from
XRD and FTIR analysis also confirmed that Cu,ONPs were
synthesized successfully. The adsorption of RR2 dye onto
Cu,0ONPs and its photocatalytic activity were then studied.
The removal percentage of RR2 dye adsorption on Cu,ONPs
was determined to be about 78% in dark conditions while
RR2 dye degrades by 90% when exposed to UV light in the
presence Cu,ONPs. The kinetics of RR2 dye adsorption were
examined to evaluate the adsorption process, and the findings
revealed that the kinetic data acceptable the pseudo-second-
order kinetic model effectively. The adsorption equilibrium
results for RR2 dye adsorption were also discovered to greatest
suitable the Langmuir isotherm model. It was also discovered
that the anionic dye has much higher adsorbed selectively on
the Cu,ONPs adsorbent than the cationic ones. The results
also confirm that Cu,ONPs exhibited great recyclability per-
formance and thus they will be cost-effective material and have
excellent possible in water treatment.
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Experimental

Cuprous oxide nanoparticles were synthesized using cupric
chloride, sodium hydroxide, and ascorbic acid, all of these
chemicals were provided from Sigma-Aldrich, UK. RR2 dye
was provided via Ciba company, Switzerland and used for
this work without any additional purification.

Method

Cuprous oxide nanoparticles can be prepared in a variety
of methods. These methods are dependent on the condi-
tions of the reaction like reducing agents and temperature
as well as the sources of copper atoms. Direct precipitation
of Cu,ONPs is one of the most used methods. Briefly, the

experiment includes the reaction of sodium hydroxide with
cupric chloride in the existence of ascorbic acid as a reduc-
ing agent. The experimental procedure in this study began
with the preparation of three stock solutions of 0.05 M cupric
chloride, 0.113 M sodium hydroxide, and 0.009 M ascorbic
acid by dissolving 0.7596 g of cupric chloride, 0.4520 g of
sodium hydroxide, and 0.1585 g of ascorbic acid in Milli-
Q water using three of 100 cm® volumetric flasks, respec-
tively. Cu,ONPs were produced by gently mixing 16 cm? of
0.113 M sodium hydroxide solution with 16 cm? of 0.05 M
cupric chloride solution in a 100 cm? beaker at 500 rpm after
the stock solution stage was completed. After the color of
the solution had darkened to a thick dark blue, 10 cm?® of
0.009 M ascorbic acid was added to the solution and stirred
continuously for 30 min. During this time, the solution color
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Fig. 9 Reusability of Cu,ONPs for the removal of RR2 dye

changed rapidly from dark blue to green, then stabilized with
the appearance of turbid red, indicating the production of
Cu,ONPs. The stirring was then halted, and the precipitate
was covered with aluminum foil to avoid oxidation by air,
and allowed to settle for about 60 min. This was followed by
collecting the precipitate, which was centrifuged for 60 min
at 5000 rpm. The sediment was then collected and dispersed
in Milli-Q water using a shaking machine after the turbid
supernatant was discarded. After that, the washing procedure
and centrifugation of dispersed Cu,ONPs were repeated five
times. All of these procedures were performed at room tem-
perature. Lastly, the nanoparticles were dried at 50-70 °C in
a drying oven [46]. The formed nanoparticles were weighed
and calcined in the furnace for 180 min at three various
temperatures 100 °C, 200 °C, and 300 °C under nitrogen,
all these nanoparticles were kept away from exposure to O,
using vials with tight lids.

Adsorption and photocatalytic experiments

RR2 was chosen to study the capacity of adsorption of the
Cu,ONPs. The experimental findings were registered with
a UV-Vis spectrophotometer set to 541 nm. Cu,ONPs were
produced and added to 100 cm® of RR2 dye solutions. A
platform shaker was used to shake the solutions on a regular
basis for 3 h in the dark condition. Before and after adsorp-
tion, we examined the absorbance at the maximum absorp-
tion wavelength. The removal percentage (R %) of RR2 dye
on Cu,ONPs was determined via batch adsorption testing,
which involved placing 0.1 g of Cu,ONPs with 100 cm?
serial solutions of 10-60 pg cm™ of RR2 dye in separate
conical flasks. At a shaker speed of 150 rpm, the Cu,ONPs
containing RR2 were nicely shaken at 25 + 3 °C in the dark
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condition until they reached equilibrium. The concentration
of RR2 dye was assessed using UV—Vis spectrophotometer
(1650 PC-Shimadzu UV-Visible spectrometer). The RR2
removal percentage and the adsorption quantity of the dye
adsorbed per unit mass of adsorbent at particular time O, and
at equilibrium Q, (mg g~!) were calculated according to the
following equations [47]:

CO - Ct
%R = —— x 100%
CO

Cy,—-C)V
Qt=(0 t)
m
0, = Co=CV
m

where C, is the initial concentration of RR2 (mg dm™>)
before adsorption, C, is the RR2 concentration after adsorp-
tion at a given time ¢, C, is the concentration of RR2 in
solution at equilibrium time (mg dm~2), V is the volume of
RR2 solution (dm?), and m is the weight of Cu,ONPs (g).

In the presence of light, we also investigated the photo-
degradation activity of RR2 with Cu,ONPs. The photocata-
lytic experiment was conducted in a photochemical reac-
tor equipped with four 15 W mercury lamps from Philips
(CLEO), Poland. A platform shaker was used to irradiate
aqueous solutions of Cu,ONPs with RR2 in conical flasks.
The Cu,ONPs were suspended in 100 cm?® of an aqueous
solution of RR2 in all of the tests. 4 cm? of the reaction sus-
pension was taken after illumination and spun at 3,500 rpm
in an 800 B centrifuge for 30 min. to extract the Cu,ONPs.
To remove tiny Cu,O particles, second centrifugation was
found to be essential. The RR2 absorbance was measured at
541 nm after the second centrifugation. The RR2 removal
percentage was also calculated according to the above equa-
tion [48].
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