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ABSTRACT: A novel copper-based catalyst supported by a long-chain hydrocarbon stearic
acid (CuxO@C18H36O2) was synthesized by a hydrothermal method and double replacement
reactions. The as-prepared catalyst is shown as self-assembled hierarchical nanoflakes with an
average size of ∼22 nm and a specific surface area of 51.4 m2 g−1. The catalyst has a good
performance on adsorption as well as Fenton-like catalytic degradation of Rhodamine B
(RhB). The catalyst (10 mg/L) showed an excellent adsorption efficiency toward RhB (20
mg/L) for pH ranging from 5 to 13, with the highest adsorption rate (99%) exhibited at pH
13. The Fenton-like catalytic degradation reaction of RhB (20 mg/L) by CuxO@C18H36O2
nanoflakes was effective over a wide range of pH of 3−11, and •OH radicals were generated
via Cu2O/H2O2 interactions in acidic conditions and CuO/H2O2 reactions in a neutral
solution. The highest efficiency catalytic degradation of RhB (20 mg/L) was 99.2% under
acidic conditions (pH = 3, H2O2 = 0.05 M), with an excellent reusability of 96% at the 6th
cycle. The results demonstrated that the as-prepared CuxO@C18H36O2 nanoflakes are an
efficient candidate for wastewater treatment, with excellent adsorption capacity and superior Fenton-like catalytic efficiency and
stability for RhB.

■ INTRODUCTION

With the rapid growth of human activities, the problem of water
shortage is exacerbated by water contamination.1 However,
traditional industries, i.e., dyestuff, textile, and paper, unavoid-
ably release a large number of dyes into water during the dyeing
process of their products. Over 700 000 metric tons of dyestuffs
and pigments are produced globally every year; meanwhile,
nearly 10−15% of these dyes enter into water during production
or processing, and 20% of these dyes are discharged directly into
the environment as wastewater.2 Among several organic
pollutants present in dye wastewater, azo dyes have a highly
stable aromatic structure with one or several azo bonds (−N
N−), making them difficult to degrade; Rhodamine B (RhB) is
one of them.3,4 There are various types of highly efficient water
treatment technologies that came out recently.5,6 Among the
catalytic systems, the Fenton reaction is one of the most efficient
advanced oxidation processes (AOPs) for azo dye degradation
due to its nontoxic, eco-friendly, highly efficient, cost-effective,
and sustainable oxidation.
The classical mechanism for the Fenton reaction is as follows

Fe(II) H O Fe(III) HO HO2 2+ → + +• −
(1)

Fe(II) promotes hydrogen peroxide (H2O2) conversion to
hydroxyl radical (HO•), and its chain reactions are involved in
HO• formation and decay in Fenton and Fenton-like
structures.7,8 Nevertheless, strong acidic reaction conditions,
difficulties in nanoscale catalyst collections, and insufficient
efficiency limit the application of traditional Fenton reac-

tions.9,10 Cocatalyst elements such as Cu, Sn, Ni, Fe, In, Ag, and
other metals have been employed among all catalytic
components studied.11 Copper-based Fenton-like catalysts
have received considerable attention.12,13 Cu+ and Cu2+ are
able to respond toH2O2 and have a wider range of pH due to the
larger solubility constants of Cu(OH)2.

14 Cu(I) as a “Fenton-
like” catalyst acts as follows15

Cu(I) H O Cu(II) HO HO2 2+ → + +• −
(2)

Further, Cu ions complexing with appropriate ligands could
increase the stability and catalytic activity of copper-based
catalysts. Incorporating the ligand in Cu2+ allows to electroni-
cally and sterically stabilize copper species and modulate the
Cu+/Cu2+ redox potential. Cu2+ complexes are theoretically
effective activators in copper-catalyzed Fenton-like processes
when coordinated with suitable ligands.16,17

In this work, stearic acid (C18H36O2) was used as a complex
ligand for an optimized copper-based Fenton-like nano-
composite catalyst and performed Fenton-like oxidation of azo
dyes (RhB). Self-assembled hierarchical CuxO@C18H36O2
nanoflake catalyst was synthesized by a hydrothermal method
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and a double replacement reaction. The product exhibited a high
adsorption efficiency of 99% in alkaline conditions, effective
Fenton-like reaction catalytic degradation over a wide range of
pH of 3−11, and high degradation reusability of 96% after six
cycles. The fabrication process is well described and
characterized through multiple techniques. The dye adsorption,
adsorption kinetics, isotherm, desorption, and degradation were
thoroughly investigated via controlling the time, pH, H2O2, and
initial concentrations. Furthermore, the reusability was meas-
ured, and the proposed mechanism for adsorption and
degradation has been illustrated.

■ RESULTS AND DISCUSSION
Structural Analysis and Chemical Properties. The

catalyst was synthesized by the hydrothermal method and
double replacement reaction. The coordination properties of
copper (Cu) are similar to silver (Ag) in many cases, although
copper is more prone to show CuI/CuII redox properties.
Therefore, it is possible to prepare a Cu-containing metal−
organic framework (MOF) while the structure remains similar
to Ag. Copper oxides and their preparation are of concern to the
researcher because of their economic price and environmental
characteristics relating to precious transition-metal catalysts
(platinum, silver, and gold).18−20 However, it remains a
challenge to develop a synthetic route that is safe and facile to
operate. Stearic acid (C18H36O2), as an excellent environ-
mentally acceptable matrix for its biocompatibility and non-
toxicity, is a saturated long-chain fatty acid derived from
hydrolyzed animal or plant fat and contains a carboxyl group at
one side and a methyl group toward the other end.21 The polar
head group of the stearic acid chain enables and facilitates
binding with different metal cations and forms stable complexes.

It is encouraged to use them widely as a support framework to
stabilize various nanoparticles of metal/metal oxide. Moreover,
the nonpolar tail group of stearic acid establishes strong
attraction with various hydrophobic groups. To prevent
agglomeration and enhance the size distribution of metal-
oxide nanoparticles, various capping agents, including ethyl-
enediamine (EDA),22 poly(vinylpyrrolidone) (PVP),23 and
poly(allylamine) (PAAm),24 are well known. Among them,
PVP is widely used as a capping agent to enhance the
nanoparticles’ size and morphologies. PVP is a vinyl polymer
with plain and strongly polar side groups owing to the peptide
bond in the lactam chain.25,26

The morphology of the as-prepared CuxO@C18H36O2
catalyst was characterized by a field-emission scanning electron
microscope (FESEM) (Figure 1). It is shown in Figure 1a that
the as-prepared sample exhibits a uniform, spherical, flowerlike
nanoflake morphology all over the surface. These nanoflakes
have rough surfaces and are composed of smaller nanoparticles.
However, the high-magnification FESEM image (Figure 1b)
indicates that the as-prepared CuxO@C18H36O2 presents three-
dimensional self-assembled hierarchical porous structures.
Thus, the surface morphology changed and formed different
sizes of nanoflakes on the surface after the double replacement
reaction process of ion exchange between the sodium stearate
and CuSO4·5H2O. These structures are very suitable for
producing excellent diffusion paths, thus enhancing the
adsorption of molecules from the reaction system.27 The
hierarchical structure presents a high exposure area for dye
adsorption site as well as the hydrophobic structure prevents
acidic or alkaline solution reactions, resulting in the catalyst’s
excellent stability.28 The transmission electron microscope
(TEM) image shown in Figure 1c reveals that the random

Figure 1. (a, b) Low-magnification and expanded FESEM images; (c) TEM image; and (d) size distribution histogram of the CuxO@C18H36O2
catalyst.
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nanoflakes are loosely packed to each other without any distinct
edge and continuous expansion. Moreover, the individual
nanoflakes were formed simultaneously and coupled together.
During the reaction, the copper ion was exchanged with sodium
ion and formed stable complexes. As shown in Figure 1d, the
average size of the nanocomposite was found to be 22.7 ± 4.0
nm, and no large particle was observed. The particles are single
nanoflakes, implying a PVP-capped CuxO@C18H36O2 nano-
composite.
As illustrated in Figure 2, the surface properties of

nanoparticles were analyzed by X-ray photoelectron spectros-
copy (XPS). The survey spectrum showed the presence of
binding energy peaks of C, N, O, and Cu in Figure 2a. The N 1s
peak at 399.8 eV can be assigned to the protonated amino
groups.29 The wide-scan spectra displayed two main peak
positions at 934.5 and 954.6 eV, which were attributed to Cu
2p3/2 and Cu 2p1/2, respectively (Figure 2b). The high-
resolution band of Cu 2p3/2 and 2p1/2 areas indicated Cu in
monovalent and divalent oxidation states, and the peaks at 932.6
and 952.3 eV were assigned to the Cu2O, while other peaks at
934.8 and 954.6 eV were the distinctive peaks of CuO.30 It also
recorded two “shake-up” satellite peaks positioned at 940 and
944.13 eV,31 which appeared due to electron transfer from the
ligand (C18H36O2) orbital to the 3d orbital of Cu, confirming
divalent Cu oxidation in the prepared samples.32,33 The results

of the XPS showed that the functional groups of amines (NH2)
and carbonyls (CO) had suffered structural distortions in
both shape and spectrum location, indicating their function in
the complexation of Cu ions. The high resolution of Cu 2p core-
level spectrum confirmed the formation of both Cu2O and CuO.
Regarding the C 1s core-level spectrum, as shown in Figure 2c,
the binding peak at 284.8 eV was stimulated from the C−H or
C−C bond, while the peak at 288.6 eV was assigned to O−C−
O.34 As shown in Figure 2d, for the O 1s spectrum, the peak at
532.0 eV was ascribed to the carboxyl oxygen (CO) in the
PVP repeated unit and correlated to the peroxo complexes
(−O−O−) after copper oxide formation.35

Figure 3a presents the Fourier transform infrared spectros-
copy (FT-IR) analysis of the CuxO@C18H36O2 catalyst
synthesized via ion exchange, and its functional groups are
clarified. The presence of a small amount of PVP in the CuxO@
C18H36O2 catalyst is important since PVP can be a good
stabilizer or capping agent.36 From the FT-IR spectrum curves,
the framework vibrations of the pyrrolidone ring observed at
1500 and 880 cm−1 correspond to the CO stretching of the
PVP polymer and the pyrrolidone ring slanted on the
surface.37,38 The peaks proved that the glycosidic linkage at
1082 and 1155 cm−1 are assigned to the aliphatic C−O bending
and C−O stretching of the nanocomposite PVP polymer.39 The
peak around 1585 cm−1 belongs to the carbonyl stretch of stearic

Figure 2. (a) XPS survey spectra of the CuxO@C18H36O2 nanocomposite. High-resolution XPS core-level spectra of (b) Cu 2p, (c) C 1s, and (d)O 1s.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c02881
ACS Omega 2021, 6, 22188−22201

22190

https://pubs.acs.org/doi/10.1021/acsomega.1c02881?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02881?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02881?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02881?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c02881?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


acid.40 The peaks of 2920 and 2845 cm−1 are assigned to the
asymmetric C−H alkanes stretch and O−H carboxyl acid
stretch, including the C−O stretch in amino acids identified at
1048 cm−1.41 FT-IR spectra suggest that the existence of the
copper oxide nanoparticles is essential to prove the consistency
of the oxide. The bands at 473 and 624 cm−1 are ascribed to
CuO and Cu2O vibrations, respectively.42 The asymmetric and
symmetric vibrations of the carboxylate group appeared at 1446
and 974 cm−1, respectively. The plain peak at 678 cm−1 can be
assigned to the stretching vibration of CuO, and the vibrational
peak at 720 cm−1 is assigned to the Cu−O−H group active in
CuO. The C−H bending and CH2 wagging were reported at
1420 and 1318 cm−1, respectively.43 The above findings
suggested that the sample contains several functional groups,
including carboxyl and carbonyl groups.
The XRD patterns of the CuxO@C18H36O2 catalyst support

the existence of Cu2O and CuO on the sample (shown in Figure
3b). The dominant diffraction peaks at 2θ = 32, 48, 58, and 65°
corresponding to planes (110), (202̿), (202), and (310) have
confirmed the presence of CuO (JCPDS No. 45-0937) and also
clearly show small diffraction at 2θ values of 28, 32, 34, 43, and
66°, reflecting the lattice planes (110), (111), (200), (220), and
(311) that have well associated with the Cu2O structure (JCPDS
No. 05-0667).44 The reflection peaks at 22 and 23.8° are
attributed to stearic acid with an intact crystalline structure.45

Also, a couple of bands are located at 2θ = 22 and 24.56°, which
may distinctly suggest the amorphous structure of the PVP.46

This oxidation stability is most likely due to the presence of PVP,
which is capped on the particles’ surfaces. Cu ions are bound to

the N or O atoms during the particle synthesis, as-synthesized
copper particles are coated with absorbent PVP layers.47

The nitrogen adsorption and desorption isotherms, as well as
the pore size distributions of the CuxO@C18H36O2 catalyst, are
depicted in Figure 3c. The Brunauer−Emmett−Teller (BET)
formula was used to determine the specific surface area, and the
Barrett−Joyner−Halenda (BJH) equation was used to calculate
the average pore measurements using the adsorption isotherm
branch. The curve corresponds to the presence of slit-shaped
pores, where nitrogen occupies the gap between parallel plates.
In both adsorption and desorption branches, the adsorption leap
arises between partial pressures P/P0 of 0.6−0.9. The increase in
slope at about 0.6 leads to capillary condensation, which reveals
the existence of mesopores and micropores;48 however, higher
relative pressures imply several interparticle porosities. The
specific surface area of the sample was found to be 51.4 m2 g−1,
and the average uniform pore diameter was 11.5 nm (Figure 3c
inset). The obtained results revealed that the nanocomposite
exhibits a type (IV) isotherm with H3 hysteresis loops.49

The ζ-potential is associated with the electrophoresis stability
of the particles in solution. The stability of a suspension is
strongly linked with the ζ potential. The ζ-potential curves of the
CuxO@C18H36O2 nanocomposite are shown in Figure 3d. Here,
the ζ potential decreases while the pH value increases, and above
pH value 4, it changes to negative, which shows that sufficient
acidic sites are available on the composite.50 Moreover, RhB dye
is categorized by its cationic nature, which increases its
adsorption capability on the catalytic surface, thus resulting in
good catalytic activity.51 About the range of pH 5−11, the

Figure 3. (a) FT-IR spectra. (b) XRD pattern of the as-synthesized CuxO@C18H36O2 nanocomposite catalyst. (c) Nitrogen adsorption−desorption
isotherms and (inset) the pore size distribution by the Barrett−Joyner−Halenda (BJH) adsorption. (d) ζ potentials of the synthesized catalyst.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c02881
ACS Omega 2021, 6, 22188−22201

22191

https://pubs.acs.org/doi/10.1021/acsomega.1c02881?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02881?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02881?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02881?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c02881?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


sample had a negative charge ζ potential (−38.75 to −60.30
mV). It is stated that even more cationic ions extracted from
RhB would be driven into the stern layer (compact sheet) by

increasing the concentration of H+ ions, owing to electrostatic
repulsion, thereby stimulating the movement of electrons from
RhB to the CuxO@C18H36O2 catalyst and enhancing the Fenton

Figure 4. EDX mapping images of the as-prepared CuxO@C18H36O2 nanocomposite: (a) denotes the presence of elements combined together, (b)
carbon element, (c) oxygen, and (d) copper element.

Figure 5. (a) UV absorption spectra for RhB in different reaction times (20 mg/L dye concentration, pH = 7). (b) RhB adsorption performance in
different systems (pH = 7). (c) Effect of pH on the adsorption of the RhB dyes. (d) Desorption efficiency versus pH rates.
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catalytic performance of the catalyst. Moreover, increasing the
concentration of OH− ions and more cationic ions in the
diffusion layer owing to the electrostatic attraction between the
dye molecule and catalyst hinder their electron transfer. As a
result, it can be concluded that a more alkaline environment
would be benefited for efficient adsorption. As seen in Figure 4,
the energy-dispersive X-ray (EDX) mapping profile reveals the
existence of elements and uniform distribution of carbon,
oxygen, and copper components in the produced nano-
composite powder. In addition, Cu2O and CuO exist both for
the transfer of charges and improving catalytic reactions.52 The
specific CuxO/stearic acid compound prevents the direct
contact of activated Cu+/Cu2+ with an acidic or alkaline
solution, while it provides charge transfer for RhB dye
degradations.53

Adsorption Studies of Dyes.Adsorption of RhB dyes from
an aqueous solution is successfully responded through the
synthesized CuxO@C18H36O2 catalyst. The change in UV−vis
absorption spectra for the initial concentration of 20 mg/L RhB
dye solution (λmax = 553 nm) was studied for the CuxO@
C18H36O2 catalyst without H2O2 at different reaction times
(shown in Figure 5a). The adsorption efficiency of the catalyst
for the removal of RhB dye was further examined. The dye
removal efficiency (R%) was calculated using eq 3.

R C C C% ( ) 100/0 t 0= − × (3)

Here, the initial and final concentrations of dyes are denoted
by C0 (mg/L) and Ct (mg/L), respectively.

The adsorption capacity at equilibrium (qe) was calculated
using eq 4.

q C C V W( ) /e 0 e= − (4)

where C0 and Ce (mg/L) are the initial and equilibrium
concentrations of dye solutions, respectively. Also, the volume of
dye solution V (L) and weight of the adsorbentW (mg/L) were
added to the experimental solution.
As illustrated in Figure 5a, the CuxO@C18H36O2 catalyst

absorption efficiency was evaluated through UV−vis absorption
spectra for the abovementioned dye solution at room temper-
ature. At the initial reaction time of 3 min, a significant decrease
in adsorption was observed, but with gradually increasing
reaction time, the dye concentration declined steadily, becoming
almost flat after 180 min (equilibrium point) at pH 13.
Furthermore, Figure 5b compares CuO, Cu, and Fe powders
as a function of the reaction time at room temperature in alkaline
conditions (pH 13). The Ct/C0 of RhB shows that CuO and Cu
powders slightly decrease the dye concentration with the
reaction time, and Fe powders degrade by a significant amount,
while the CuxO@C18H36O2 composite exhibits an excellent
absorbance performance and shows much higher adsorption
activity of 99% of RhB after 180 min.
The pH level in the reaction system is closely linked to the

absorbance efficiency.54 The adsorption behavior was studied in
the pH range of 5−13. As shown in Figure 5c, the adsorbent
surface was prone to have a net positive charge, and therefore,
the cationic dye (RhB) adsorption is very low due to the
repulsive forces between the positive surface of the adsorbent

Figure 6. (a) Pseudo-first-order kinetic plot and (b) pseudo-second-order kinetic plot for the degradation of RhB in the presence of the CuxO@
C18H36O2 catalyst. (c) Langmuir isotherm model and (d) Freundlich isotherm model for RhB dyes.
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and the cationic dyemolecules when the pH is below 5.0. On the
other hand, while the solution pH was above 7, the adsorbent
surface was likely to have a net negative charge that enhanced the
adsorption of cationic dye at about 50% of adsorption, and on
gradually increasing the pH value, the amount of dye adsorption
notably increased and reached almost 99% at the high alkaline
condition (pH 13). The results suggest that the principal
adsorption mechanism is attributed to the electrostatic
interaction between the negative adsorbent surface and the
positive part of the dye molecules. The desorption efficiency
versus pH rate shown in Figure 5d indicates that at pH 13, the
desorption of RhB was only 22% and gradually increased with
the decrease of pH levels, with 98.8% desorption rate being
achieved at pH 5, revealing that the pH value plays a key role in
the desorption mechanism. The carboxyl groups on the dye
molecule were disassociated in a lower pH solution, which
deteriorated the interaction between the RhB and the catalyst.
Therefore, the analysis mentioned above implies that this system
could efficiently operate adsorption−desorption under near-
neutral and alkalic conditions.
Adsorption Kinetics. A kinetic study was designed to

evaluate the dye adsorption behavior. The kinetic mechanism,
which determines the process of adsorption, was assessed by
performing pseudo-first-order and pseudo-second-order model
equations. The pseudo-first-order kinetic mechanism is
prompted by eq 5

q q q k tlog( ) log( ) /2.303e t e 1− = − (5)

where k1 is the rate constant of the reaction, qe and qt indicate the
amount of dye adsorbed at equilibrium and time t, respectively.
The plot of log (qe − qt) vs t describes the adsorption of dyes on
the nanocomposite. The pseudo-second-order kinetic mecha-
nism is expressed by eq 6

t q k q t q/ 1/ /t 2 e
2

e= + (6)

where k2 is the second-order rate constant, qt and qe represent
the amount of adsorbate adsorbed at equilibrium and time t,
respectively. Here, the nonlinear plot qt versus t (Figure 6a) and
the linear plot of t/qt versus t (Figure 6b) are shown. The
correlation (R2) values are 0.85 and 0.99 (Table 1) for the

pseudo-first-order and pseudo-second-order kinetics mecha-
nisms, respectively. It reveals that the dye adsorption on the
surface of the CuxO@C18H36O2 nanocomposite agreed with the
pseudo-second-order kinetics mechanism.
Adsorption Isotherms. Two forms of isothermmodels, the

Langmuir and Freundlich models, have been used to evaluate
the adsorption potential and mechanism of adsorption.

Langmuir isotherm is based on the premise that monolayer
adsorption happens with a small number of equivalent
adsorption sites on the adsorbent surface, represented by eq 7.

C q C q q K/ / 1/( )e e e max max L= + (7)

Here, Ce denotes the equilibrium concentration, qe and qmax
denote the equilibrium and optimum adsorption capacities, and
KL denotes the Langmuir constant. Using eq 7, a Ce/qe vs Ce
graph was plotted and found to be linear, as seen in Figure 6c.
The values of KL and qmax determined by the slope and intercept
of the linear curve achieved from the Langmuir isotherm
equation are listed in Table 1. Freundlich isotherm is based on
the premise that the adsorbent surface is exposed to
heterogeneous adsorption. It is represented by eq 8.

n C Kln q 1/ (ln ) lne e f= + (8)

Here, qe and Ce denote the quantity of adsorption and
concentration of the equilibrium solutions, n denotes the extent
of heterogeneity of the surface, andKf is the Freundlich constant
indicating the adsorption potential.
The Freundlich isotherm (Figure 6d) was used to quantify the

values of n, Kf, and qe summarized in Table 1. The correlation
coefficient value (R2) derived in the case of Langmuir isotherm
(0.99) was found to be higher in comparison to Freundlich
isotherm (0.85) (Table 1). This revealed that the Langmuir
isotherm model performed better than the Freundlich
adsorption model, and monolayer adsorption of dye occurs on
the surface of CuxO@C18H36O2. The 1/n value of RhB (in the
limit of 0.6−1) and the large value of qmax measured from
Langmuir isotherm indicate the higher adsorption capacity of
the catalyst.
A number of classical adsorption dynamic models could be

used to evaluate mass transfer and the critical stages that
controlled the reaction rate during adsorption. The Weber−
Morris intraparticle diffusion model is utilized in this study; the
formula is presented in eq 9

qt K t C( )ip
1/2= + (9)

Here, Kip is the diffusion rate constant (mg·g−1·min−1) used to
indicate the amount of absorption per unit of time, qt is the
absorption capacity by unit mass catalysts at t (mg·g−1), and C is
a constant and linked to the thickness of the boundary layer.
It is illustrated in Figure S3 that the adsorption process

underwent three stages. In phase I, the precipitous line showed
the rapidly increasing absorption of the CuxO@C18H36O2
nanocomposite. The RhB molecules in the solution spread to
the liquid membrane attached to the CuxO@C18H36O2
nanocomposite catalyst surface and then broke through.
Followed by catalyst surface diffusion, they gradually reached
the active site. At this stage, electrostatic adsorption was the
main driving force. In stage 2, the dye molecules dispersed
through the pores of the nanoporous copper framework. When
the dye molecules reached the inner pore passages, they formed
a competitive interaction with one another, leading to diffusion
resistance. As a result, the diffusion rate constant was noticeably
less than that in the first stage. The slope value of the third stage
was significantly zero in stage 3. The adsorption active sites on
the surface of the catalyst had been utilized to near saturation
after the rapid molecular movement and diffusion via the pore
interface of the first two phases. A dynamic equilibrium process
between adsorption and desorption was exhibited at this point,
and the diffusion rate constant was near zero.

Table 1. Fitting Data of Adsorption Kinetics and Isotherms

(a) Adsorption kinetic models

Pseudo-first-order model Pseudo-second-order model

k1 (g/mg/min)

qe
(m-
g/g) R2 k2 (g/mg/min) qe (mg/g) R2

0.163 16.67 0.846 0.01139 20.06 0.998
(b) Adsorption isotherms

Langmuir isotherm Freundlich isotherm

qmax
(mg/g)

KL (
L/g) RL R2

Kf (
mg1−1/n·L1/n·g−1) n R2

28.24 1.167 0−1 0.997 316.22 0.213 0.849
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A nonlinear curve fitted with the Langmuir model on BET
adsorption data has a good correlation with an R2 value of 0.61
(p-value < 0.001). This nonlinearized isotherm expression
showed (in Figure S5) significant similarity with our
experimental results.
Catalytic Degradation of RhB. As a demonstration of the

application of CuxO@C18H36O2, the organic cationic dyestuff
RhB was selected to assess the catalytic performance. Figure 7
demonstrates the catalytic performance at different conditions
for the degradation of RhB in the presence of H2O2. As shown in
Figure 7a, in the absence of catalysts, RhB was degraded slightly
by H2O2. Besides, degradation of RhB was moderately enhanced
by the catalyst’s CuO or Cu2O nanoparticles and in the presence
of H2O2. The catalytic oxidation of RhB happened via CuO/
Cu2O, and the adsorption was increased because of its negative
surface, which suggests the excellent catalytic ability of
synthesized catalysts. However, no obvious catalytic activity
was observed in the absence of H2O2 (Figure 7b). It can be
noticed that the strong catalytic efficiency of CuxO@C18H36O2
appeared mainly due to the rapid adsorption of RhB molecules
to the catalyst by π−π stacking interactions between RhB and
the π-conjugation mechanism of the catalyst, as well as the two-
dimensional planar structure contributing to the fast degrada-
tion of RhB.55

Effect of Initial pH. In Fenton’s reaction, one of the key
parameters is pH value, and it has been stated that the optimum
pH value is about 2−4 for the traditional Fenton reactions.56,57

Tests were carried out to degrade RhB at different initial pH
values. Figure 7c shows that the RhB decolorization rates for pH
values of 3, 5, 7, 9, and 11 achieved 99.2, 94.1, 88.5, 78.1, and
49.5%, respectively. The findings showed a remarkable
degradation efficiency against RhB within a broad operating
pH range of 3−11, suggesting that stearic acid coupled with
copper oxide could transcend the limitation of a rigorous pH
scale of the homogeneous Fenton method. It is reported that the
decolorization value improved as the pH level reduced,
approaching a maximum at pH 3.58 RhB is a cationic dye and
its degradation rate is maximum at a low pH range. A higher
decolorization rate for copper at a lower pH is due to a stronger
ability to extract Cu2+ ions from the oxide substrate.59

Meanwhile, in this section, stearic acid could act as a H+

donor, provide relatively stable pH environment, expand the
range of the initial equilibrium pH to the neutral condition, and
perform about 88% degradation of dyes. However, as the pH of
the solution approached 11, precipitation occurred, suggesting
that the reaction was almost entirely suppressed.

Effect of Initial Dye Concentration. Figure 7d represents
the decolorization of RhB at several initial dye concentrations,
fixing the amount of the H2O2 concentration (0.05 M) and the
pH value (3.0). It can be noticed that a higher dye concentration
led to a considerable decrease in the decolorization rate. This
may be attributed to the lack of accumulation of hydroxyl
radicals that react with a higher volume of dye in the solution.
Even decolorization of RhB reduced at the initial concentration

Figure 7. (a) Degradation performance of RhB over CuxO@C18H36O2 and comparison with different catalysts (pH = 3.0, H2O2 = 0.05M, 20mg L−1).
(b) CuxO@C18H36O2 catalytic effect on the degradation of RhB in the presence and absence of H2O2 (pH = 3.0, 20 mg L−1). (c) Effect of initial pH on
the decolorization of RhB (H2O2 = 0.05M, 20mg L−1). (d) Effect of initial dye concentration on the Fenton-like degradation of RhB (temperature: 25
°C, pH 3, H2O2 = 0.05 M).
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of 5−30 mg L−1, implying the significant potential of the Fenton
system treating the high concentration of organic compounds.
However, beyond a certain level, the dye molecules would be
inadequate for adsorption with a large number of active sites,
resulting in no significant changes in the degradation process. A
concentration of 20 mg L−1 of RhB was chosen for adsorption
and catalytic degradation of dye.
Recyclability of the Catalyst. The reusability and

durability of the as-prepared catalyst were evaluated by reusing
the catalyst in a fresh mixture of RhB and H2O2 solution. Figure
8 depicts the RhB decolorization recycling experiments for six

cycles. It shows that the initial cycle degraded 99.1% of RhB and
about 95.8% of RhB degraded after the six repetitive cycles. The
catalytic activity of the catalyst exhibited a minor difference,
implying the high stability during the Fenton catalytic reaction.
Also, Figure S1 shows a FESEM image of the catalyst with a
slight change in morphology after six cycles of catalytic
degradation, but no noticeable changes were found after the
reaction in elemental groups (shown in Figure S4). The
significant improvement in the catalytic operation of the catalyst
was due to its optical efficiency and specific structural properties.
The porous hierarchical CuxO@C18H36O2 structures have a
high active surface area and significant pore size of the
nanoflakes that offer additional space and suitable pathways
for fast and rapid diffusion of the organic dye molecules through
the internal surface during the heterogeneous catalytic
reaction.60

Adsorption and Degradation Mechanism. A potential
mechanistic pathway for the Fenton oxidative degradation of
organic pollutants over the CuxO@C18H36O2 catalyst was
presented based on the nanostructure characterization and RhB
degradation experiments stated above. The degradation
mechanism can usually be divided into two subprocesses:
adsorption process and catalytic reaction.61 In terms of
adsorption, CuxO@C18H36O2 has a large specific surface area
(51.4 m2 g−1), which plays a dominant role as it offers a wide
region of adsorption area and the copious unique structure of
atomic steps existing on the surface of the catalyst (Scheme 2)
can provide distinctive surface-active sites for the strong
adsorption of dye molecules.62 Besides, this might improve the
interaction between the catalyst and organic contaminants and

make it more favorable for degradation reactions.63,64 It is also
proposed that the existence of oxygen vacancies in the system
can provide a negative charge surface that could improve the
electrostatic contact between the catalyst surface and the
cationic dye molecules.65 As far as the catalytic reaction is
concerned, it is well known that the typical Fenton reaction is
characterized by the response of aqueous Fe2+ with H2O2 to
produce a HO• radical, which is the dominant oxidizing agent
and interacts with dyes to decolorate them. The volume of the
HO• radical generated in the Fenton system increased gradually
with increasing reaction time.66 The advanced Fentonmethod is
stated to apply the solid surface of zero-valent iron (ZVI) to
produce Fe2+, thus leading to a Fenton-like reaction.67 Likewise,
Cu0 also generates Cu+ and catalyzes the decomposition of
H2O2 to create HO• radicals.68,69 Given below is the well-
established Fenton-like reaction of Cu0.

Surface Cu H O Cu 2OH0
2 2

2− + → ++ −
(10)

Cu H O Cu H HO2
2 2+ → + ++ + + •

(11)

Cu H O Cu OH HO2 2
2+ → + ++ + − •

(12)

It is shown that the activation of H2O2 by the Cu
0 catalyst can

be achieved via a sequence of electron transfer processes
between Cu2+, Cu+, and Cu0 ions. The high degradation of the
Fenton-like oxidation with Cu0 is a source to produce cupric
ions via eqs 10−12 in neutral pH. The reaction mechanism also
proposed the dye degradation initiation with the adsorption of
H2O2 on the surface, while subsequent reactions occurred
between H2O2 and Cu2O under the acidic conditions (pH < 4)
and generated HO• radicals and then attacked dye molecules as
well as organic intermediates to degrade completely, as
described in reactions (eqs 13 and 14) below.52

Surface Cu H O Cu (aq)2 2
3− + →+ +

(13)

Cu (aq) H O Cu (aq) HO3
3

2→ + ++ + + •
(14)

■ CONCLUSIONS

In this work, we have successfully synthesized a low-cost, high-
performance nanoflakes CuxO@C18H36O2 catalyst through a
facile hydrothermal method, with the stearic acid being shielded
by copper oxide nanoparticles. Owing to the unique nanoflake
morphology and a high specific surface area of∼51.4 m2 g−1, the
as-prepared catalyst shows a high degradation efficiency of about
∼99% for RhB. The degradation process is more efficient
because of the synergistic effects of adsorption and degradation
that happened simultaneously. The high degradability of the
RhB dye is attributed to the generation of HȮ radicals via
Cu2O/H2O2 reactions under acidic conditions and CuO/H2O2
reactions in neutral pH. Furthermore, due to the long-chain
hydrophobic tail of copper stearate, hydrophobic functional
groups could interact with dyes. The adsorption could be
performed under near-neutral and alkali conditions, and also the
prepared catalyst showed good reusability performance in a
neutral condition. The present work indicates that Cu2O/
CuO@C18H36O2-H2O2 could be a high-efficiency Fenton-like
reagent for achieving complete degradation of cationic azo dyes
and drives a potential application in wastewater treatments.

Figure 8. Recycling experiments of RhB decolorization for six cycles
(pH = 3.0, H2O2 = 0.05 M, dye concentration = 20 mg L−1, 10 mg of
catalyst).
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■ EXPERIMENTAL SECTION

Materials and Reagents. Stearic acid (C18H36O2), copper
sulfate pentahydrate (CuSO4·5H2O), hydrogen peroxide
(H2O2, 30 wt %), sodium hydroxide (NaOH), and ethanol

(C2H5OH) were purchased from Aladdin Reagent Co., China.
Poly(vinylpyrrolidone) (PVP) (Mw = 40 000) and hydrazine
hydrate (N2H4 50−60%) were obtained from Sigma-Aldrich,
China. Rhodamine B (RhB) was purchased from Sinopharm

Scheme 1. Synthesis Process of the As-Prepared CuxO@C18H36O2 Nanocomposite Catalyst

Scheme 2. Proposed Mechanism for the Enhanced Adsorption and Degradation Reaction of RhB
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Chemical Reagent Co., Ltd., Shanghai, China. The chemicals
were used without further purification, and purified deionized
water was used to prepare aqueous solutions.
Preparation of Sodium Stearate Powder. At first, 1 gm

of stearic acid was melted at 90 °C temperature for 30 min and
then 20 mL of hot water was added and continued to stir in a
water bath condition for 30 min to form a uniform solution
(solution A). After that, an aqueous solution of 2 gm of NaOH
pre-dissolved in 20 mL of water and the aqueous solution was
mixed with solution A and stirred for 6 h while maintaining a
constant temperature of 90 °C. This reaction neutralized the
stearic acid and produced water-soluble sodium salt of stearic
acid. The synthesized materials were washed with 50 mL of
ethanol and dried at room temperature for 2 h. Sodium stearate
powder was obtained with a yield of ∼2.5 g.
Synthesis of CuxO@C18H36O2. To perform a double

replacement reaction for the preparation of the catalysts; 2 g
of sodium stearate was taken in a beaker and dissolved into 40
mL of water (solution B). In a separate beaker, 2 g of CuSO4·
5H2O was dissolved into 50 mL of water and mixed with
solution B with continuous stirring for 1 h at room temperature.
Then, 0.5−1 mL of hydrazine hydrate was added dropwise into
the solution and stirred for 30 min at room temperature
(solution C). After that, solution C was transferred into a
Teflon-lined autoclave for hydrothermal treatment for 12 h in an
oven at 110 °C to obtain the precipitated CuxO@C18H36O2
nanocomposite. The precipitation confirmed that the double
replacement reaction took place between sodium stearate and
corresponding copper complexes of aqueous CuSO4·5H2O.
Then, the prepared nanocomposites were mixed with a
predissolved 100 mL of PVP (1.5 gm) aqueous solution and
continued to stir at room temperature for 4 h and aged for 12 h
to complete the capping of the prepared CuxO@C18H36O2
nanocomposite. The excess PVP was removed by centrifuging at
6000 rpm for 8 min using ethanol and pure water three times.
Finally, the synthesized PVP-capped CuxO@C18H36O2 nano-
composite was dried at room temperature for 24 h and the final
samples were collected for further usage. Scheme 1 shows the
synthesis steps of as-prepared nanocomposite catalysts.
Materials Characterization. The morphology and particle

size of materials were recorded using a JSM 7600F field-emission
scanning electron microscope (FESEM) (JEOL, Japan).
Transmission electron microscopy (TEM) and energy-dis-
persive X-ray (EDX) mapping were conducted with a FEI Titan
G2 60−300 instrument. Fourier transform infrared (FT-IR)
spectroscopy (VERTEX-70) was used to obtain the functional
groups of the sample. The X-ray diffraction (XRD) patterns of
the catalysts were measured using Panalytical X’pert PROMRD
(Holland) with Cu Kα radiation. The X-ray photoelectron
spectroscopy (XPS) by an AXIS-ULTRA DLD 600W was used
to study the structural properties of the catalysts. The specific
surface area, total pore volume, and average pore diameter of the
nanocomposite catalysts were measured by the conventional
Brunauer−Emmett−Teller (BET, TriStar II 3020) technique.
The colloidal electrokinetic potential analysis was performed
using a zeta analyzer (Malvern Zeta Analyzer, ZEN3690) to
determine the nature of surface charges of the catalyst in
different pH values. The UV absorption spectra of the dye
concentration were received by a PerkinElmer Lambda 35 UV−
vis spectrophotometer (Scheme 2).
Adsorption Experiments.The dye adsorption experiments

of the synthesized catalyst were performed without H2O2, where
10 mg of CuxO@C18H36O2 adsorbent was added into 60 mL of

RhB dye/water solution (20 mg/L, pH = 7) under continuous
stirring at ambient temperature. To prevent the influence of
light, the whole process had been carried out in a black box
without any light sources. To monitor the adsorption process,
the dye solution samples for analysis were taken out from the
reactor at different time intervals and filtered with a cellulose
acetate syringe. Afterward, the UV−vis absorption spectra of the
filtered dye solution were recorded. At the end of the adsorption
process, the residue adsorbents were collected from the solution
through centrifugation and cleaned by deionized water and then
with ethanol three times before the following desorption−
adsorption cycle.

Degradation Experiments. The catalytic behavior of the
prepared CuxO@C18H36O2 nanocomposite was evaluated for
the degradation of a model azo dye rhodamine B (RhB).
Experiments were conducted in a 100mL glass Erlenmeyer flask,
equipped with a water bath heating system and constant
stirrings. To avoid light interference, the entire activity was
conducted in a black box with no light sources. At the first stage,
pH values of RhB dye solutions were calibrated either by 1 M
HCl or 1 M NaOH solution. Then, 10 mg of CuxO@C18H36O2
nanocomposite was added into 60 mL of RhB aqueous solution
(pH = 3.0, H2O2 = 0.05 M, 20 mg L−1) and the catalytic
degradation of dyes was executed.
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