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ABSTRACT

Cuprous oxide microspheres (Cu,O SPs) assembled by nanoparticles were successfully prepared
via a facile ultrasound-assisted polyol process using cupric acetate monohydrate as a precursor
and diethylene glycol as both solvent and reducing agent, and characterized by X-ray diffrac-
tion, scanning electron microscopy, transmission electron microscopy and nitrogen adsorption—
desorption. Results showed that the as-prepared product was cubic Cu,O without any impurity
and displayed microsphere morphologies with diameters of 250-300 nm, which were assembled
by nanoparticles. The as-prepared Cu,0 SPs exhibited excellent adsorption capability for methyl
orange (MO). Kinetics and isotherms studies showed that the adsorption process of MO onto
Cu,O SPs followed pseudo-second-order and Langmuir models. The maximum MO adsorption
capability according to the Langmuir model under different concentrations ranging from 90 to
300 mg/L was estimated to be 885.0 mg/g. Moreover, Cu,O SPs can be regenerated by photocata-

lytic degradation of adsorbed MO.
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1. Introduction

In recent years, the arbitrary discharge of dye waste-
water has become one of the most serious environmental
issues because organic dyes are widely used in cosmetics,
rubber, food, leather, printing and textile industries [1,2].
A small amount of dye wastewater discharged into the
hydrosphere often affects the aesthetics of water bodies,
decreases light penetration, hinders the photosynthesis of
the aquatic plants and even induces toxicity to aquatic life
[3,4]. Therefore, removing organic dyes from wastewater
prior to discharge into hydrosphere is highly important for
environmental protection and human’s health.

Various methods have been explored to deal with dye
wastewater, including advanced oxidation [5], adsorption [6],
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ion-exchange [7], membrane separation [8] and so on.
Among these methods, adsorption is deemed as a promis-
ing approach due to simple operation, low cost and energy
requirement [9]. Many adsorbents have been developed,
such as silica microspheres [10], carbon-based materi-
als [11], organoclays [12], magnetic nanoparticles [13-16],
metal-organic frameworks [17], as well as organic polymers
[18]. However, most of the aforementioned adsorbents still
have some disadvantages (e.g., low adsorption capacity,
complicated preparation process, or high cost) [19].
Recently, cuprous oxide (Cu,0) has been paid much
attention due to its low cost, low toxicity, abundant avail-
ability and easy accessibility [20], which has been widely
used in gas sensors, lithium ion batteries, solar energy
conversion, hydrogen evolution, and degradation of
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organic pollutants in wastewater [21]. It also has a poten-
tial application in adsorption of organic dyes from waste-
water [22-23]. The polyol method is one of the common
techniques for the preparation of Cu,0O. In this process,
polyol not only acts as a solvent and reducing agent, but
also acts as a stabilizer and capping agent, limiting par-
ticle growth and preventing their agglomeration [24].
However, the reaction often requires high temperature
(160°C-190°C) for a long time (2-6 h) [25,26].

Ultrasonic irradiation can produce local hot spots with
extremely high temperature and pressure even at room
temperature in bulk [27], which provides a favorable envi-
ronment for the formation of nanoparticles. Herein, Cu,0
microspheres (Cu,0O SPs) were prepared via ultrasound-
assisted polyol process, and the adsorption performance
of methyl orange (MO) onto Cu,O SPs was investigated.

2. Experimental
2.1. Materials

Cupric  acetate monohydrate (Cu(CH,COO), H,0),
diethylene glycol (DEG), methyl orange (C ,H,N,SO,Na,
MO), congo red (C,H,NNaOS, CR), methylene blue
(CHCIN,S, MB) and rhodamine B (C,H,CIN,O, RB)
were purchased from Sinopharm Chemical Reagent Co.,
Ltd., (China). All the reagents were used as received without

any further purification.

2.2. Preparation of Cu,O SPs

Typically, Cu(OOCCH,),H,O (1.0 g) was dissolved
into 40 mL of diethylene glycol under mechanical stirring,
and 1 mL deionized water was added to the above solu-
tion. Then the solution was further treated by an ultrasonic
T-horn (Manufactured by Nanjing Xian’ou Instrument Co.,
Ltd., China) at 480 W of dissipated power for 30 min on
1 s pulse mode (1 s on mode and 1 s off mode). The tita-
nium tip of the horn was located at the center of the solu-
tion and immersed 1 cm deep in it. During the ultrasonic
process, the solution was placed in a cooling bath, keeping
a constant temperature of 30°C. After that, the obtained
product was centrifuged, washed several times with abso-
lute alcohol and deionized water, and then dried under
vacuum at 60°C overnight.

2.3. Characterization

The crystal structure of the product was determined
by power X-ray diffraction at room temperature using a
PANalytical X'Pert diffractometer with Cu K radiation
(A =0.154 nm), running at 40 kV and 30 mA. The morphol-
ogies of the sample were characterized by a JEOL JEM-2100
transmission electron microscopy (TEM) with an acceler-
ation voltage of 300 kV and a JEOL JSM-6380LV scanning
electron microscopy (SEM) with an acceleration voltage of
10 kV. N, adsorption—desorption isotherm was carried out
on a Micromeritics ASAP 2020 nitrogen adsorption appa-
ratus (USA). The size distribution of Cu,0 SPs was deter-
mined by dynamic light scattering (DLS) method using
ZEN3600 zetasizer (Malvern instruments, UK).

2.4. Adsorption experiments

All adsorption experiments were carried out using 15 mg
Cu,0 SPs and 50 mL MO solution on a thermostatic oscil-
lator at 30°C unless otherwise stated. In adsorption kinetics
experiments, the concentrations of MO solutions were 100,
200, and 300 mg/L, respectively, and the pH value of solu-
tions was about neutral. For adsorption isotherms exper-
iments, MO concentrations ranged from 90 to 300 mg/L at
neutral pH and 30°C. After the adsorption experiment, the
mixtures were centrifuged and the dye concentration of
the supernatant was measured using a UV-vis spectropho-
tometer at a maximum adsorption wavelength of 464 nm.
The adsorption amount of MO per unit mass of Cu,0
SPs at any time was calculated by Eq. (1).

qt:CO_C‘xV (1)
m

where g, (mg/g) is the adsorption capacity of adsorbents
at time t; C; (mg/L) and C, (mg/L) are the concentrations
of MO initially and at any time ¢, respectively; V (L) is the
volume of MO solution; and m (g) is the mass of Cu,O SPs.

3. Results and discussion
3.1. Characterization of Cu,0O SPs

Fig. 1 shows the typical X-ray diffraction (XRD) pattern
of as-prepared Cu,0 SPs. The main peaks at 29.6°, 36.4°,
42.3°, 61.4°, 73.5° and 77.4° are correspond to the (110),
(111), (200), (220), (311) and (222) crystalline planes of cubic
Cu,O (JCPDS78-2076) [28], respectively. No other impurities
related to Cu, CuO or Cu(OH), are detected, suggesting the
as-prepared Cu,O SPs have high purity.

The SEM and TEM images of Cu,0 SPs are shown in
Fig. 2a—d. Fig. 2a and b distinctly indicate that the as-prepared
sample is spherical-like with diameter in 250-300 nm. A few
Cu,O SPs agglomerate together and each Cu,O microsphere
is assembled by a lot of nanoparticles. Cu,O SPs have rough
surfaces and porous structures, and some of the Cu,O SPs
have small cavity as indicated by red arrows. The typi-
cal TEM images (Fig. 2c and d) further confirm that Cu,0
SPs are mainly composed of numerous primary nanoparti-
cles and a large number of pores exist between nanoparti-
cles, which is consistent with the SEM observation. Fig. 2e
shows the size distribution of synthesized Cu,0O SPs deter-
mined by DLS technique. The average particle size of Cu,0
SPs was about 335.3 nm, which is close to the results of
SEM and TEM analysis.

The N, adsorption-desorption isotherm and pore-size
distribution of Cu,0 SPs are shown in Fig. 3 and its inset,
respectively. The isotherm of Cu,O SPs is classified as type IV
with a type H, hysteresis loop at the relative pressure (P/
P,) range from 0.7 to 1.0, which is the typical characteris-
tic of slit-like pores formed by nanoparticles [29,30]. The
Brunauer-Emmett-Teller surface area and the pore vol-
ume of the Cu,0 SPs calculated from the adsorption-
desorption isotherm are 23.3 m%*g and 87.5 mm%g,
respectively. The pore-size distribution curve of Cu,O SPs
shows a broad pore range from 3 to 60 nm (inset in Fig. 3).
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In the process of preparing Cu,O SPs by polyol method,
water plays a critical role. As was reported by Yu et al. [31],
no Cu,O but metal copper nanoparticles were formed with-
out adding water by traditional polyol process using cupric
acetate monohydrate as precursor and diethylene glycol as
solvent. According to the above fact, a possible formation
mechanism of Cu,0 SPs was proposed as follows. Firstly,
Cu* hydrolyzed to form Cu(OH), [as Eq. (2)], and then
Cu(OH), was reduced by DEG under ultrasonic irradiation
by Eq. (3). Because DEG could combine with Cu* through
Cu-O covalent and/or Cu—OH coordination bonds [32], the
growth of Cu,0 nanoparticles is limited. And the sizes of
Cu,0O obtained using the polyol process by high temperature
are about 10 nm [31]. In the ultrasonic process, high tempera-
ture is only formed locally in the bulk solution. Nanoparticles
formed around the hot spots produced by ultrasonic irradi-
ation were further assembled in the bulk solution to form
Cu,O SPs.

Cu(OOCCH;), + H,0 - Cu(OH), + 2CH,COOH (e))

2Cu(OH), + HOCH,CH,0CH,CH,0H—2—Cu,0
+HOCH,CH,OCH,CHO +3H,0 ©)

3.2. Adsorption experiments

Two cationic dyes (MB, RB) and two anionic dyes (MO,
CR) were used to evaluate the adsorption performance of
Cu,0 SPs. As shown in Fig. 4, the removal efficiency of MO
and CR were 99.2% and 98.5%, respectively. However, the
adsorption performance of Cu,O SPs to cationic dyes was
very poor, and the removal efficiency of MB and RB were
15.3% and 10.6%, respectively. The measured zeta poten-
tial of Cu,0 SPs was 3.36 mV. Strong electrostatic attrac-
tion between the positively charged surface of Cu,0O SPs
and the negatively charged sulfonic acid group of MO and
CR may be the main reason for the excellent adsorption
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Fig. 1. XRD pattern of Cu,0O SPs.
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performance of Cu,0O SPs for two anionic dyes [33]. In addi-
tion, the special pore structure of Cu,O SPs is also favorable
to the diffusion of anionic dyes into the material.

3.2.1. Adsorption kinetics

The research on adsorption kinetics and isotherms is
of vital importance to investigate the adsorption behav-
iors of Cu,0 SPs. As a representative anionic dye, MO
was used to study the adsorption kinetics and isotherms
of Cu,O SPs. Fig. 5 shows the effect of contact times and
initial dye concentrations on the adsorption capacity of
MO onto Cu,0 SPs. The adsorption capacity displayed
a sharp increase in the initial stage, followed by a grad-
ual increase until the equilibrium stage was reached. The
adsorption capacity increased with the increase of the
initial MO concentration. The reason might be that MO
was firstly adsorbed on the surface of Cu,0 SPs and then
progressively diffused into the inside with the prolon-
gation of adsorption time [34]. At the low initial concen-
tration (100 mg/L), the adsorption equilibrium was soon
reached. However, the time to reach adsorption equilib-
rium is more than 18 h at the high initial concentration
(300 mg/L).

To further understand the adsorption process, the
pseudo-first-order, pseudo-second-order diffusion models
and intraparticle diffusion model were employed to ana-
lyze the adsorption kinetics. The linear equations of three
common models are expressed as follows [35,36]:

Pseudo-first-order model: In(g, —¢,) =Ing, -kt @)
t 1 t

Pseudo-second-order model: — = — +— (5)
9 ka. 4.

Intraparticle diffusion model: g, = kt*° + ¢, (6)

where g, and g, (mg/g) are the adsorption capacity at equilib-
rium and at time ¢, respectively. k, (h™) and k, (g/mg h) are
rate constants for pseudo-first-order and pseudo-second-
order models, respectively. k; is the intraparticle diffusion
rate constant (mg/g h'?) at stage i and c, is a constant (mg/g).
The fitting curves of the pseudo-first-order and
pseudo-second-order kinetics are exhibited in Fig. 6a
and b. The parameters and correlation coefficients (R?) are
summarized in Table 1. For the pseudo-first-order model,
the calculated g, , value significantly deviates from the
experimental g, and the correlation coefficient (R?) is
relatively low. In contrast, the calculated g, , value for
the pseudo-second-order model is good agreement with
the experimental ¢, , and the correlation coefficient (R?)
reaches 0.999, which indicates that the pseudo-second-
order kinetic model is more appropriate for describing the
adsorption process of MO onto the prepared Cu,0O SPs.
The intraparticle diffusion kinetics model was used
to study the rate control steps of the adsorption process
(Fig. 6¢) and the corresponding parameters are summarized
in Table 2. According to Fig. 6¢, the slope of g, to #' is not
linear and deviates from the origin, which indicates three
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Fig. 2. SEM (a,b), TEM (c,d) images and size distribution (e) of Cu,O SPs.

steps of adsorption process occur [37,38]. The first linear  adsorption stage and corresponds to intraparticle diffu-
region represents the transport of MO molecules from bulk  sion, which is a rate-controlled stage. The last linear region
solution onto the surface of Cu,0 SPs and the diffusion rate  shows the equilibrium phase, at which intraparticle diffu-
of this stage is the fastest due to the high initial MO con-  sion further slows down until the adsorption equilibrium
centration gradient. The second linear region is a gradual reaches. The diffusion rate constant in each step decreases
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in the following order: k, > k, > k, (Table 2). These results sug-
gested that MO molecules slowly diffused through slit-like
pores formed by assembled nanoparticles into Cu,O SPs.

3.2.2. Adsorption isotherms

Adsorption isotherms clearly describe the relation-
ship between the concentration of dye in solution and the
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Fig. 3. N, adsorption—-desorption isotherm of Cu,O SPs and the
corresponding pore-size distribution (inset).
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Fig. 4. Adsorption performance of Cu,0O SPs for different cationic
and anionic dyes.

Table 1

amount of dye adsorbed on the solid phase when both
phases are in equilibrium. Langmuir and Freundlich iso-
therm models were used to analyze the experimental data.
The linear forms of Langmuir and Freundlich equations are
expressed as follows [39,40]:

Langmuir: l + —1 + 71 ()
qe qmax KL : qmax ! Ca
Freundlich:Ing, =InK, + lln C, (8)
n

where C, (mg/L) and g, (mg/g) are the equilibrium concen-
tration of MO in solution and adsorption capacity at equi-
librium, respectively. g (mg/g) is the theoretical maximum
adsorption capacity. K, (L/mg) and K, [(mg/g)(L/mg)*"] are
the Langmuir constant and the Freundlich constant, respec-
tively. And 1/n is the adsorption intensity.

Fig. 7 shows the linear fitting of Langmuir and Freundlich
isotherm models and the corresponding parameters are
listed in Table 2. According to Fig. 7, the Langmuir model
fits the experimental data better than the Freundlich model
according to the correlation coefficient (R?), which indicates
MO monolayer coverage on the Cu,0O SPs [33]. The max-
imum adsorption capacity calculated from the Langmuir
equation was 885.0 mg/g (Table 3), which was much higher
than other previously reported adsorbents (Table 4).
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Fig. 5. Effect of contact time and initial dye concentration on
the adsorption capacity of MO onto Cu,O SPs.

Pseudo-first-order and pseudo-second-order kinetics model parameters of the Cu,0O SPs

C, (mg/L) Dpop (mg/g) Pseudo-first-order Pseudo-second-order

Goca (MB/8) k, () R Goea (MB/8) k, (g/mg h) R?
100 331.1 189.6 0.220 0.926 333.3 1.01 x10° 0.999
200 659.2 901.0 0.172 0.932 657.5 2.31 x10° 0.999
300 872.3 1,122.5 0.136 0.951 877.2 1.30 x 10-¢ 0.999
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Fig. 6. Pseudo-first-order (a), pseudo-second-order (b), and intraparticle diffusion (c) kinetics for the adsorption of MO on
the Cu,0O SPs.

Table 2
Intraparticle diffusion model parameters of the Cu,O SPs

C,(mg/L) K (mg/gh””) ¢ (mg/g) Rk (mg/gh™) ¢ (mg/g) R k,(mg/gh'®) ¢, (mg/g) R
100 105.74 16.62 1 18.28 257.19 0.999 0.59 328.19 0.999
200 175.59 —-64.54 1 160.96 -14.88 0.999 7.45 623.18 0.999
300 261.83 -151.57 1 189.96 68.30 0.999 16.55 792.48 0.999
Table 3
Adsorption isotherm parameters of Cu,O SPs
Langmuir Freundlich
K, (L/mg) /. (mg/g) R? K, (mg/g)(L/mg) 1/n R?
0.0632 885.0 0.999 136.0 0.408 0.965

3.2.3. Reusability of Cu,0 SPs semiconductor with high photoactivity [49], the regener-

The reusability of the adsorbent is very important ation of Cu,O SPs can realize by visible light irradiation.
for its practical application. Because Cu,0 is a p-type After MO adsorption, the Cu,0 SPs were collected by
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Comparison of the maximum capacity of MO on various adsorbents

Type of adsorbent q,... (Mg/g) Reference
Cu,0 SPs 885.0 Present work
Graphene-like porous carbon nanostructure 418 [41]
Graphene oxide aerogel 55.6 [42]
Hollow carbon spheres/graphene hybrid aerogels 344.1 [43]
Functionalized carbon nanotubes 310.2 [44]

3D hierarchical graphene oxide-NiFe layered double hydroxide 438 [45]

Fe,O, nanoparticles functionalized activated carbon 150.4 [46]
Polyamidoamine dendrimer gel 680.2 [47]

Cu,0 hollow submicrospheres 446.4 [23]
Copper oxide-poly(m-phenylenediamine) microflowers 264.6 [48]
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Fig. 7. Langmuir (a) and Freundlich (b) isotherms for MO adsorption on the Cu,O SPs.
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Fig. 8. Cyclability of Cu,O SPs for MO.
centrifugation and re-dispersed in 50 mL deionized water.

The solution was irradiation by visible light at room tem-
perature until the solution was colorless. Then Cu,0O SPs

were collected by centrifugation, dried at 60°C for 12 h and
reused in the next cycle of adsorption. As shown in Fig.
8, the removal efficiency of MO was no significant reduc-
tion after five cycles, which suggested the Cu,O SPs can be
photocatalytically regenerated.

4. Conclusion

In this work, Cu,0 SPs with spherical-like structure
were prepared by ultrasound-assisted polyol process
using DEG as solvent. The adsorption experiments showed
that the prepared Cu,0 SPs had high adsorption capacity
toward anionic dyes in aqueous solutions. MO was selected
as representational anionic dye to measure the adsorption
kinetics and isotherms. The results showed that the adsorp-
tion kinetics fitted well with pseudo-second-order model.
And the equilibrium data could be well described by the
Langmuir isotherm model, with maximum adsorption
capacity of 885.0 mg/g. Moreover, Cu,0 SPs can be eas-
ily recycled and regenerated by visible light irradiation.
Hence, the prepared Cu,0 SPs can be used as a potential
adsorbent for the adsorption removal of anionic dyes from
wastewater.
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