¥ ® ROYAL SOCIETY

Materials
PP OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue

Green synthesis of a CuO/rGO nanocomposite
using a Terminalia arjuna bark extract and its
catalytic activity for the purification of waterf

’ '.) Check for updates ‘

Cite this: Mater. Adv., 2022,
3, 2170

Vanita Kumari, Sandeep Kaushal2* and Prit Pal Singh (= *

In the present study, biogenic synthesis of a CuO/rGO nanocomposite was carried out successfully
using Terminalia arjuna bark extract. Various analytical methods such as UV-vis, PL, FTIR, XRD, FESEM,
EDS, HRTEM and XPS were used for the characterization of the synthesized CuO/rGO nanocomposites.
Furthermore, the as-prepared nanocomposite samples were efficaciously utilized for selective removal
of Bi** and Cd?* ions from aqueous solution. Prior to adsorption investigations, the contact time, initial
metal ion concentration, pH, and amount of adsorbent were all tuned. The removal effectiveness of one
of the nanocomposites, CG-V for Bi** and Cd?* ions from the aqueous system was determined to be
98% and 91%, respectively. The maximum adsorption capacity of the nanocomposite for Bi** and Cd?*
was found to be 138.8 and 112.4 mg g%, respectively. The photocatalytic studies revealed that 98% of
eriochrome black T (EBT) and 90% of methyl orange (MO) dye were degraded in 80 and 100 min,
respectively. Adsorption isotherm analysis and kinetic investigations were also carried out to determine
the mechanism and adsorption kinetics which followed pseudo second order. This research is expected
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Introduction

In recent decades, human well-being and the environment have
been enormously compromised by toxins like heavy metal ions
and organic pollutants." Several industries such as leather,
paint, textile, etc. are responsible for the presence of these
non-biodegradable pollutants in the environment which
adversely affect human health and wildlife.> Heavy metal ions
are one of the major contaminants in industrial effluents which
pollute freshwater and marine life. Among these heavy metal
ions, Bi** and Cd”>* ions are widely used in various fields
including pharmaceutical industries as antacids, antiseptics,
anti-ulcers, pesticides and fertilizers.>* The long-term
consumption of food and water contaminated with these metal
ions may lead to serious health issues as they may damage
different organs and interrupt other activities by complexing
with ligands of amino acids. Thus, the advancement of
new methodologies for the selective removal of Bi** and Cd**
ions at the sub-micro levels is a vital issue. For this purpose,
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into the biogenic synthesis of nanocomposites and their applications in

adsorption on suitable adsorbents is a modest and economical
technique and is one of the superior methods as compared to
other conventional methods.

The widespread use of different toxic components by various
factories pollutes water and has an impact on the ecosystem.
Organic dyes are perhaps the most common source of water
pollution, and they originate from a variety of industries
such as textiles, paper, and plastics.” Due to their xenobiotic
characteristics, toxicity, complex chemical structure and carci-
nogenic nature, removal of these dyes from sewage water
before their release into the ecosystem is extremely desired.
Eriochrome black T (EBT) and methyl orange (MO) have found
extensive use in several activities, e.g. dying of silk, cotton, wool
etc. These dyes have adverse effects on human well-being®” and
thus, precise elimination of these dyes by using simple and fast
methods is of prime significance. For this purpose, photocatalytic
degradation is one of the amazing approaches that acquired
significant consideration, due to its great efficacy and low energy
requirement.®*°

With exceptional physical and chemical properties, GO
has been extensively used in catalysis,'"' adsorption,'?
photocatalysis,'® energy storage,'* solar cells'> etc. GO
disperses easily in water due to hydrophilic reactive oxygen
functional groups on its surface. The presence of these groups
on the GO or rGO surface offers numerous avenues such as
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high solubility and formation of a complex with metal ions such
as hydrated copper oxide, iron oxide, aluminium oxide etc. In the
recent past, GO surface has been modified with a huge range of
metals, oxides of metals, semiconducting materials and other
nanoparticles that include Pd,'® Pt,"” Au,'® TiO,,"® Fe;0,>° and
many more. This mixing significantly improves the ability of
these new hybrid materials to perform special tasks in numerous
applications such as catalysis, super-capacitors, electrocatalysts
etc.>* These hybrid nanocomposites often display improved
properties and enhanced functionalities, owing to synergistic
effects between GO nanosheets and nanoparticles.*

Copper oxide (CuO) is economical and eco-friendly in com-
parison to other costlier metals or their oxide nanoparticles.
It is a versatile semiconductor with a narrow band gap, having
an appropriate energy level position and thus, is more
frequently used in various applications.>**® Recently, Wang
et al. fabricated an rGO-Cu composite with a multi-layered
structure and explored its enhanced features such as tensile
strength, hardness, and electrical conductivity.>” The application
of graphene-copper and graphene-copper oxide nanocomposites
in gas sensors,”® lithium-ion batteries,” biosensors,> super-
capacitors®' and medical field has already been reported in the
literature.

Keeping this in view, CuO/rGO nanocomposites have been
synthesized with different concentrations of CuO using the
Terminalia arjuna bark extract as a reductant cum stabilizer.
Terminalia arjuna commonly known as Arjuna is a member of
the Combretaceae family and is medicinally important because
of its antibacterial, antioxidant, antidiarrheal and cytotoxic
properties.*” The presence of flavonoids, glycosides, triterpenoids,
arjunic acid, arjunetin etc. was confirmed by preliminary phyto-
chemical analysis of the crude extract. Biomolecules such as
proteins, phenols, and flavonoids were found to have an essential
function not only in reducing ions to nano-size but also in
capping NPs.** Owing to these fascinating properties, Terminalia
arjuna has been treated as a suitable plant for the green synthesis
of monomers and their composites.>* In the present study, the
synthesized nanocomposite was employed for the removal of Bi**
and Cd*" ions by selective adsorption among other hazardous
heavy metal ions, and for degrading organic dyes, eriochrome
black T (EBT) and methyl orange (MO) photocatalytically from
wastewaters. The proposed research, as far as we know, comprises
novel photocatalysts for organic dye degradation and adsorption
of heavy metal ions, simultaneously.

Experimental
Materials and methods

Graphite powder (Qualikems lab, India), hydrogen peroxide
(H,0,, 30%) (Loba Chemie, India), potassium permanganate
(KMnO,) (Loba Chemie, India), copper nitrate (Cu(NO;),) (Loba
Chemie, India) and other reagents were of analytical grade.
Deionized (DI) water was employed for preparing different
solutions. Arjuna bark was procured from market (Fatehgarh
Sahib, Punjab, India).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Preparation of the bark extract

The powdered Arjuna bark (10 g) was washed properly with
deionized water to remove dirt, if any. It was then added to DI
water (100 mL) taken in a round bottom flask and refluxed for
about 5 h with constant stirring at 100 °C. The obtained extract
was filtered to remove fibrous impurities and stored at around
4 °C for further use.*

Synthesis of reduced graphene oxide (rGO)

Graphene oxide (GO) was prepared from graphite powder using
modified Hummer’s method.*® The as-prepared GO was used
for the synthesis of rGO. Initially, DI water (100 mL) was mixed
with 50 mg of this prepared GO, followed by sonication for
40 min. Subsequently, 30 mL of bark extract was added dropwise
to this suspension with continuous sonication. Thereafter, the
mixture was refluxed for about 24 h at 95 °C. The resulting
product was then centrifuged at 3000 rpm, followed by washing
with DI water and ethanol, and dried in air.”

Synthesis of CuO nanoparticles (CuO NPs)

Cu(NO3), solution (100 mL of 0.1 M) was prepared in DI water
and sonicated for 10 min. This flask was then mounted in an oil
bath at ~85 °C with magnetic stirring for 3 h, and the bark
extract was added dropwise into this solution. The bark extract
contains a variety of plant secondary metabolites such as
triterpenoids, saponins, tannins, flavonoids and other compounds.
Among different phyto-constituents, flavonoids displayed strong
reducing action. On addition of the extract, color of the mixture
changed from blue to pale green and then to brick red. At this
point, addition of the bark extract was discontinued. This solution
was heated further for 1 h for complete reduction. The resulting
mixture was centrifuged for 15 min and the supernatant liquid was
then disposed of. The obtained powdered CuO NPs were dried
overnight in an electric oven at about 80 °C.

Synthesis of the CuO/rGO nanocomposite

CuO/rGO(CG) was prepared by a sol-gel technique. 100 mL of
rGO suspension was prepared in DI water by sonication for
about 30 min. CuO nanoparticles were then added to this
suspension in varying ratios viz. CG-I (0.00:1.00), CG-II
(1.00:0.00), CG-III (0.25:1.00), CG-IV (0.50:1.00), CG-V
(0.75:1.00), and CG-VI (1.00:1.00), respectively, and sonicated
for 1 h. The mixture was then mounted on a reflux condenser
and stirred magnetically overnight at ~95 °C. The resulting
product was finally centrifuged, followed by washing with
distilled water and ethanol, and dried. The plausible mecha-
nism for the synthesis of CuO/rGO nanocomposite is given
below (Scheme 1):

Characterization

Fourier transform infrared (FTIR) spectra were recorded on a
Perkin Elmer RX1 FTIR spectrometer. A field emission scanning
electron microscope (FESEM, Carl Zeiss Supra 55) and a high-
resolution transmission electron microscope (HRTEM, Jeol
Jem 2100 plus) were utilized to visualize the morphology of
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Scheme 1 Schematic for the step-wise synthesis of CuO/rGO
nanocomposite.
CuO/rGO nanocomposite. A UV-visible spectrophotometer

(Model. UV-2600, SHIMADZU copp 01197) was utilized for record-
ing UV-vis absorption spectra of the nanocomposite. The X-ray
diffraction pattern was obtained using an X-ray diffractometer (PAN
analytical, system no. DY 3190) having a Cu-target (1 = 1.54 A) at
20 = 10-70° to explore the structure of the nanocomposite. The
elemental composition of the nanocomposite was determined
using X-ray photoelectron spectroscopy (Thermo Fischer Scientific
Escalab Xi"). Energy dispersive X-ray spectroscopy was employed for
elemental and chemical analysis of the samples (EDX, Oxford). A
spectrofluorometer (HORIBA Fluoromax plus CP-011) was used to
obtain the photoluminescence (PL) spectra at ambient tempera-
ture. An atomic absorption spectrometer (ShimadzuAA300C, Japan)
was used to estimate heavy metal ions in wastewater.

Sorption experiment (K4)

A batch process was used to study the distribution coefficients
of various metal ions (Ni**, Hg**, cd*', Bi**, cr**, As*", Pd*,
Ba®*, Zn*", Fe*!| La*", Sn**, and Mn”") on the CuO/rGO nano-
composite. In this process, 40 mL of 0.01 M solutions of
different metal ions were prepared by stirring for ~1 h. Out
of these stock solutions, 20 mL of each metal ion solution was
taken separately, and stirred for ~1-2 h after adding 0.05 g of
the nanocomposite in each one of them. These mixtures were
kept overnight at room temperature to establish equilibrium.
Each solution was titrated against 0.01 M EDTA solution to
estimate the concentration of metal ions; before and after
equilibrium. The distribution coefficient was calculated using
the following formula:*®

I1-F V

Kq = —mLg™!
¢=—F x3;mlg

where I is the initial concentration, F is the final concentration
of metal ion solution, V is the volume of aqueous solution (mL)
and M represents the mass (g) of the nanocomposite.
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Adsorption experiments

A batch adsorption process was used for exploring the con-
sequences of various criteria such as dosage of adsorbent, time
of contact and pH effect on adsorption. Bi*" ion solution (50 mL)
was taken in a beaker (at room temperature), followed by
addition of 30 mg CuO/rGO nanocomposite. This procedure
was carried out on a magnetic shaker. The influence of pH on
adsorption was investigated by adjusting the pH of solution from
2 to 10 with 0.1 M HCI or NaOH. Aliquots of solution were
withdrawn at regular intervals and the concentration of Bi** ions
was estimated using an atomic absorption spectrophotometer
(AAS). The adsorption capacity, g. (mg g~ ') was calculated using
the following equation:

_(Co—-C)V
qe = W

where C, and C. denote the initial and equilibrium metal ion
concentrations (mmol), V is the solution volume (L) and w is the
mass of adsorbent (g).

Assessment of photocatalytic performance

The degradation behavior of the prepared nanocomposite was
investigated for photodegradation (at pH = 7) of dye pollutants
i.e. EBT and MO from wastewater. The photocatalytic behavior
was examined using a UV-vis spectrophotometer. In this regard,
20 mg nanocomposite was introduced to 50 mL solutions (1 X
10~* M) of each of the pollutants taken separately in a beaker.
These mixtures were then magnetically agitated in dark for 30 min
at ambient temperature to attain adsorption-desorption
equilibrium among the molecules of the pollutant and CuO/
rGO catalyst. Thereafter, these solutions were exposed to UV
radiations and aliquots of samples were collected after regular
intervals, centrifuged for about 10 min and filtered. The
absorbance measurements using a spectrophotometer were
used for calculating the pollutant concentration. The degradation
efficiency of the nanocomposite for the pollutants was calculated
as follows:

. C.—C
% degradation = ———" x 100
G
where C. and C; denote the pollutant concentrations at equilibrium

and at time ¢, respectively.

Results and discussion

Characterization of the synthesized CuO/rGO nanocomposite

A variety of sophisticated techniques like FTIR, XRD, UV-Vis,
FESEM, HRTEM and XPS were used to characterize the as-
prepared CuO NPs, rGO and CuO/rGO nanocomposite samples.

Fig. S1(a) (ESIt) provides the UV-vis spectral data of the
synthesized CuO NPs, rGO and CG-V (0.75 : 1.00) nanocomposite.
A broad absorption spectrum of CuO is located at 275 nm which
is due to the inter-band transition.*® The absorption peak was
discovered for rGO at 270 nm that might be attributed to the
graphitic C-C ring’s n-rn* transition and also confirms the
reduction of GO.*° Another spectrum shows a blue shift from

© 2022 The Author(s). Published by the Royal Society of Chemistry
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270 nm to 205 nm of the rGO peak indicating the formation of
the nanocomposite. This shift might be attributed to the sticking
of CuO nanoparticles on the surface of rGO sheets. The band gap
energy (Eg) for CuO, rGO and the nanocomposite was calculated
using Tauc’s formula:

ahv = A(hv — Eg)"?

where Av is the energy of photon and 4 is some constant which
is independent of the energy of photon. E, was determined by
extrapolating the linear segment of (akv)* vs. hv curve to the
x-axis corresponding to o = 0. The value of energy gap is
calculated to be 1.7 and 2.7 eV for rGO and CuO, respectively,
which is consistent with the previously reported data.*'**
Furthermore, a decrease in the E, value of CuO was observed
on integrating with rGO and it was found to be 2.5 eV. This
might be due to the interaction of rGO sheets with CuO NPs
distributed over them which also indicates an improvement in
electrical and optical properties.

PL spectra of the as-synthesized CuO nanoparticles were
obtained at an excitation value of 250 nm [Fig. S2a, ESIf].
Two major peaks appear in the blue region; one at 451 nm
corresponding to band-edge emission and the other at 468 nm
corresponding to an artefact. The transition void of oxygen and
interstitial oxygen generate two small peaks at 482 and 492 nm,
respectively.*>** At the same excitation, a PL spectrum of rGO
was obtained and is shown in Fig. S2b (ESIt). It shows a peak at
307 nm which confirms the oxygenated functional groups in
rGO. Furthermore, n-r* transitions of GO produce a prominent
signal at 467 nm. Another peak at 562 nm is due to electron-
hole pair recombination in the local state of a sp® carbon
cluster contained in the sp® matrix.*> Fig. S2c (ESIf) shows
the PL spectrum of the rGO-CuO nanocomposite and it
revealed the presence of an rGO related peak at 470 nm while
the other peak corresponding to 307 nm disappears. Similarly,
the CuO related emission peak at 451 nm is also present. In
addition to these peaks, some additional peaks also appear in
the violet and yellow region indicating the formation of the
nanocomposite.

FTIR analysis was used for investigating the effectual
inclusion of the extract on nanoparticles and the existence of
various functional groups in the nanocomposite material. Fig. 1
shows the FTIR spectra of all the prepared materials and proved
the existence of CuO nanoparticles along with rGO. The IR
spectrum of rGO shows a peak at ~1200 cm ' which is
associated with the C-O stretching frequency of phenol and
epoxy groups of GO, and is highly reduced in rGO. Another
peak at 1525 cm ™! corresponds to the C=C stretching vibra-
tion. A broad peak at ~3400 cm ' is highly diminished,
indicating the absence of —-OH stretching frequency. In the
spectrum of CuO, a peak corresponding to 2310 cm™ ' is
ascribed to the C-O stretching frequency of the aldehyde group
which results from bio-capping by the plant residue. The peak
that refers to the hydroxyl (-OH) group of various polyphenols
(flavonoids) present in the plant extract is observed at ~3400
em '** Also, peaks at 1017 and 1630 cm ' indicate the
existence of C-O and C—O stretching frequencies of terpenoids

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 FTIR spectra of rGO, CuO and CuO/rGO nanocomposites.

and flavanones engaged in the process of stabilization, fol-
lowed by reduction. It was also noted that the intensity of peak
located at ~1593 cm ™' in all the CuO/rGO nanocomposites,
accredited to H-O-H bending vibrations, is slightly decreased as
compared to that of pure rGO. The catalytic function of Cu for
de-oxygenation in the reduction of GO might be responsible for
this decrement. The peak at ~1380 cm ' due to =C-H
vibration was slightly diminished upon the addition of CuO into
rGO.*® The intensity of peaks becomes weak or decreases
in CuO/rGO due to chemical reduction. Moreover, with the
addition of different amounts of CuO into the rGO matrix, the
intensity of peak of CuO at ~1000 cm™" has become weaker or
decreased in CuO/rGO, due to chemical reduction.*”

3.2 X-ray diffraction (XRD) analysis

XRD of the as-prepared rGO, CuO and CuO/rGO nanocomposites
was performed (Fig. 2). In case of as-prepared rGO, a broad band
was noticed at 20 = 25.6° corresponding to the (002) peak of
graphene having a d-spacing of 0.35 nm. This indicated that the
oxygenated groups of GO have been efficiently removed by the
Terminalia arjuna bark extract, and sheets of graphene undergo
restacking during the reduction process. In addition to this, a
relatively low and broad characteristic (001) peak at 26 = 10.9°
with 0.81 nm d-spacing was also observed, demonstrating the
presence of residual oxygenated functional groups.*®* A small
diffraction peak at 26 = 43.03° is correlated to the (102) plane of
the rGO structure.*>”® The XRD pattern of biogenic CuO NPs
shows various small distinct diffraction peaks at 26 = 8.2, 23.6,
25.7, 39.1 and 43.7° with d-spacings of 1.14, 0.37, 0.34, 0.23 and
0.20 nm, respectively. This represents the (101), (213), (121),
(204), (612) monoclinic structure of CuO NPs, well matched with
JCPDS card no. 96-702-9163. Furthermore, one more diffraction
peak is observed at 20 = 60.2 with a d-spacing of 1.54 nm which
also supports the formation of monoclinic CuO NPs.’* The
XRD pattern of the nanocomposites (CG-III to CG-VI) displays
diffraction peaks corresponding to both rGO and CuO (Fig. 2),
and no other additional peak due to impurities is seen,

Mater. Adv,, 2022, 3,2170-2184 | 2173
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suggesting that nanoparticles and nanocomposites have been
successfully synthesized.

FESEM images were used to analyze the morphologies of the
as-synthesized samples (Fig. 3). CuO NPs revealed the spherical
morphology as rough agglomerates (Fig. 3a). The observations
clearly demonstrated that the phytochemicals present in the
plant extract function both as stabilizers and capping agents,
thus, modulating the size of fabricated CuO NPs during their
growth.>®> The morphology of rGO demonstrated less agglom-
eration and individual sheets that clearly demonstrated the
reduction of GO (Fig. 3b).”* On addition of CuO NPs to rGO, the
morphology changed gradually, suggesting the binding of CuO
NPs with rGO (Fig. 3c—f). The energy dispersive X-ray analysis
(EDX) of the as-synthesized sample indicated that the CuO/rGO

e - - S i
4 o o

Fig. 3 FESEM photographs of (a—f) CG-I-CG-VI nanocomposites.
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nanocomposite contained copper, carbon, and oxygen ele-
ments (Fig. 4).

HRTEM was utilized to recognize the morphology and
structure of the as-synthesized products. HRTEM images of
CuO (Fig. 5a) revealed the existence of small sized spherical
CuO NPs generated in a specific manner to produce bigger
spheres. The inset shows an inter-planar spacing of 0.34 nm
which is related to the (121) plane of orientation of the lattice.
At some spots, creation of a sheet-like morphology with wrinkles
and entangled structures may be detected in the HRTEM image
of rGO (Fig. 5b). On the other hand, HRTEM images of the CuO/
rGO nanocomposite (Fig. 5c¢ and f) presented a consistent
distribution of CuO NPs on rGO sheets. This homogeneous
dispersal of CuO NPs on rGO sheets was also confirmed from
EDS spectra. The selected area electron diffraction (SAED)
pattern of the as-synthesized samples is displayed in the inset
of their respective TEM images.

XPS analysis

To explore the compositional atomic concentration of the CG-V
nanocomposite, XPS was performed. Fig. 6 shows the XPS
spectrum of C 1s, O 1s and Cu 2p elements, respectively.
The XPS survey spectrum of the as-synthesized CuO/rGO nano-
composite is given in Fig. 6a. The deconvoluted C 1s spectrum
of the composite (Fig. 6b) indicates the presence of 3 peaks. A
significant peak at 284.8 eV reveals the existence of C—=C/C-C.
Other peaks at 286.2 eV and 288.2 eV authenticate the existence
of C-OH/O-C-0 and C=O0 bonds, respectively.*® The spectrum
for O 1s (Fig. 6¢) exhibited a dominant peak at 532.6 eV which is
attributed to C-O. Another peak near 531 eV reveals the
presence of C=O0 in carbonyl and a peak at 533.5 eV is related
to C-OH.*® The XPS spectrum of Cu 2p (Fig. 6d) revealed two

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 EDX analysis of the biogenic CuO/rGO nanocomposite.

major peaks at 934.6 eV and 954.4 eV which have contributions
from Cu®" and (Cu® + Cu"), respectively. It also showed two
satellite peaks at 941.3 eV and 943.8 eV respectively, related to
the Cu®* state (Cu0).****

Removal of heavy metal ions

Distribution coefficients (Ky) of several metal ions were deter-
mined on CuO, rGO and CuO/rGO nanocomposites by the
batch method, employing AAS. The selectivity order of various
metal ions towards the adsorbent was observed as: Bi**
(2436.36), Cd>* (2210.23), Cr** (879), Zn** (846.1), Ni** (792),
Pd>" (688), Fe>* (500), Hg”" (401.3), La*" (258.7), As®>" (200), Ba>*
(175), Sn** (112.3), Mn>" (96). Bi** and Cd*" ions have very high
K4 values indicating that they are preferentially adsorbed on
CuO, rGO and CuO/rGO nanocomposites in comparison to
other metal ions. Thus, the synthesized nanocomposites can
be deployed to separate Bi** and Cd>" ions from waste effluents.

ﬂ-(-(}/=2'(ll\>4nm

Fig. 5

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

The removal efficiency of the CuO/rGO nanocomposite for
Bi** and Cd>" ions was 98% and 90%, respectively (Fig. 7a and b).
Pure CuO and rGO were also utilized for removing metal ions
under similar reaction conditions. It was observed that the CuO/
rGO nanocomposite showed remarkably improved removal effi-
ciency as compared to those of pure CuO and rGO. Accordingly,
the adsorption of Bi** and Cd*" ions was predominantly attributed
to the loading of CuO NPs in the CuO/rGO nanocomposite.

Furthermore, the effect of adsorbent dose as well as the
influence of pH was investigated distinctly on one of the samples
(CG-V) that exhibited maximum adsorption. The adsorbent dose
is an important factor for determining the adsorption capability
of an adsorbent.”® On enhancing the dose of adsorbent from 10
to 30 mg L', the efficacy of CG-V for removing Bi** and Cd**
ions increased, reaching 98% and 90% for Bi*" and Cd*",
respectively (Fig. S3, ESIT). This could be attributed to more
active sites available for metal ion adsorption. On further
increasing the dosage amount to 40 mg L™, there was no further
increase in percent adsorption which could be due to particle
aggregation at higher adsorbent concentrations.

The surface-active sites of functional materials as well as heavy
metal speciation were significantly impacted by the pH of
solution. In terms of high selectivity, acidity of the adsorption
medium is a crucial component as it affects the properties of the
adsorbent surface.”” In modified and functionalized rGO, the
important surface functional groups present are hydroxyl
(-OH), carboxyl (-COOH) and carbonyl (-C=0). These functional
groups provide active sites for the functionalization of rGO to
form composites with metals, organic moieties and other
heteroatoms.”® Similarly, oxygen from Cu-O bonding served as
an attractive site for the complexation of metal ions. Within a pH
range of 2-10, the influence of pH on the adsorption of Bi*" and

Images of HRTEM analysis (a—f) for the CG-1-CG-VI nanocomposites.
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Fig. 7 Effect of time on the adsorption of (a) Bi** and (b) Cd?" ions on various adsorbent samples of rGO, CuO and CuO/rGO nanocomposites.

Cd*" ions by the nano-composite was fully explored (Fig. S4, ESIt). It
is noteworthy that metal ions precipitated at high pH whereas the
adsorbent may dissolve at low pH and lose its adsorption ability.”>*°
As the pH of solution is varied from 2.0 to 7.0, considerable increase
in the removal efficiency for both Bi** and Cd*" ions was observed
which decreased subsequently on enhancing the pH further. This
may be due to the fact that with the increase in pH up to 7,
protonation reaction weakens and interactions between metal ions
and functional groups on the adsorbent surface become stronger,

2176 | Mater. Adv, 2022, 3, 2170-2184

thereby increasing the adsorption of both the metal ions. Both the
metal ions were adsorbed in a limited amount in strongly acidic
media because of the presence of a high concentration of hydro-
nium ions that compete with metal ions for diffusion, leading to the
adsorption of hydronium ions on the surface of the nanocomposite
material rather than the particular metal ions.*" As a result, a
neutral solution (pH = 7.0) is best suited for metal ion adsorption.

For the adsorption of Bi** and Cd*" ions from the samples of
wastewater, contact time between Bi*" and Cd>* ions in solution

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and nanocomposite material is critical. The ideal time for
maximum Bi*" and Cd*" ion adsorption was determined by a
series of batch tests, with the filtrate solution being examined by
AAS. The influence of time on Bi** and Cd** ion adsorption is
shown in Fig. 7(a) and (b). Adsorption of metal ions on the
surface of the nanocomposite material was single layer, smooth,
and continuous as a function of time, indicating monolayer
adsorption.®> The adsorption efficiency for Bi** and Cd** ions
increases with the contact time, and maximum Bi*" and Cd**
ions were adsorbed from solution in 180 min using the CG-V
nanocomposite. The maximum percentage adsorption on CG-V
and CG-VI for Bi*" and Cd*" ions was observed to be 97.5%, 98%,
90.5% and 91%, respectively. Under the same reaction
conditions, pure CuO and rGO were also used to remove metal
ions. The CuO/rGO nanocomposite was observed to have sub-
stantially greater removal efficiency than pristine CuO and rGO.
As a result, adsorption of Bi** and Cd** metal ions on the CuO/
rGO nanocomposite was primarily due to CuO NP doping.

It was observed that the CG-V nanocomposite has an
adsorption capacity of 98% and 91% for Bi** and Cd** ions,
respectively. The enhanced adsorption efficacy of CG-V was
credited to the doping of a higher amount of CuO NPs in rGO.

Adsorption isotherms

Adsorption isotherms are often used to comprehend the
adsorption mechanism. The Langmuir adsorption model was
chosen for predicting the mechanism of adsorption of Bi*" and

12000
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Cd*" ions on the CuO/rGO nanocomposite. As a single layer of
adsorbed species occupied the active adsorption sites on the
surface of nanocomposite, this model is commonly utilized for
the dynamic adsorption state. Furthermore, once the single
layer is built and adsorbent is immersed, no lateral interactions
are observed between metal ion species.’® Thus, the Langmuir
adsorption isotherm equation was used to estimate the highest
adsorption capacity:**

1 1 1

— =
Qe Qm KLQW Ce

where ¢. = quantity (mg) of metal ions adsorbed per unit mass
of the nanocomposite (g), C. = metal ion concentration in
solution (mg L™') at equilibrium and K is the Langmuir
constant (Lm g~ '). The Langmuir model adequately explained
the adsorption performance of the nanocomposite for Bi** and
Cd®** (R* > 0.96) (Fig. 8a and b). The maximum adsorption
capacities of the nanocomposite, estimated from isotherms for
Bi®** using the above equation are 58.8 mg g~ ' (CG-1), 70.9 mg g™ *
(CG-II), 52.6 mg g~ " (CG-III), 90.9 mg ¢~ (CG-1V), 138.8 mg g~ *
(CGV) and 1269 mg g ' (CG VI, and for Cd*>" are
66.6 mg g ' (CG-), 55.5 mg g ' (CG-I), 83.3 mg g * (CG-III),
91.5mgg ! (CG-IV), 112.4 mg g ' (CG-V) and 93.4 mg g * (CG-VI)
on the nanocomposites. A significant component in industrial-
scale utilization is the high amount of adsorption.

The Langmuir parameter b, derived from a non-dimensional
constant termed as the separation factor Ry, can be used to
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Fig. 8 (a and b) Langmuir adsorption isotherms and (c and d) Freundlich adsorption isotherms for Bi** and Cd?* ion adsorption on different adsorbent

samples of rGO, CuO and CuO/rGO nanocomposites.
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interpret the Langmuir isotherm and the interface between
metal ions and the CuO/rGO nanocomposite adsorbent:

1
K= T,

In this study, the computed value of Ry, for Bi** and Cd*" ion
adsorption on the CuO/rGO nanocomposite adsorbent was
somewhere between 0 and 1 (Tables S1 and S2, ESIt), indicating
appreciable adsorption. Tables S1 and S2 (ESIf) show the
derived Freundlich and Langmuir isotherm parameters for
Bi** and Cd** ions, respectively.

Freundlich adsorption isotherm

1
nQ,=nKy+-InC.
n

where Q. = adsorbed amount (mol g~ ') and C. = adsorbate
concentration at equilibrium (mol L™1).

1/n is the adsorption intensity, and provides knowledge
about the degree of heterogeneity. Kr is a constant in the
Freundlich isotherm and is related to the adsorption
energy.®

Fig. 8(c) and (d) show the logg. vs. log C. graph where the
value of R* is >0.91 for each sample. The straight lines
obtained successfully confirmed the adsorption isotherms
for Bi** and Cd** metal ions on the CuO/rGO nanocomposite.
The estimated values of n and K; for Bi*" and Cd*" are reported
in Table S2 (ESIf) using linear fitting. The value of 1/n(<1)
denotes the viability of the adsorption process.

Temkin isotherms

The reduction in heat of adsorption as per the Freundlich
isotherm is logarithmic but the Temkin adsorption isotherm
claimed it to be linear. The Temkin isotherm has a feature that
calculates adsorbate-adsorbent interactions. With the introduction
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of the adsorbent surface, heat of sorption of adsorbed ions
gradually decreased.
Temkin’s isotherm has the following linear form:

ge = BIn Ky + Bln C,

Ky is the Temkin parameter whereas B is the Temkin constant.
These are calculated from the intercept and slope of g, vs. In C,
graph (Fig. 9) and are given in Tables S1 and S2 (ESI).

Photocatalytic degradation

The photodegradation efficiency of the as-synthesized CuO/rGO
nanocomposite for organic contaminants, EBT and MO dyes
under UV-vis light was investigated. The usual absorption
maximum of EBT at 556 nm and that of MO at 464 nm was
recorded with a UV-vis spectrophotometer. It was observed
from the initial adsorption studies of both EBT and MO dyes on
CG-V for 30 minutes in the absence of UV radiation that very
negligible amounts of dyes were removed by the nanocomposite.
Fig. 10 shows the total degradation of EBT and MO dyes with
time using sole CuO, rGO and CuO/rGO nanocomposite photo-
catalysts. During light exposure for 80 min with CG-I, CG-II,
CG-III, CG-IV, CG-V and CG-VI of the nanocomposite catalyst,
48%, 46%, 59%, 69%, 80% and 96% of the EBT dye was
degraded as shown in Fig. 10a. At /max = 556 nm, the photo-
catalytic deterioration of the EBT dye with respect to time (C,/C,)
was examined. Without using the adsorbent, the genuineness of
self-sensitization development was also examined, and no sub-
stantial dye degradation was observed. When a catalyst was
added, a significant proportion of dye was degraded, indicating
that the dye degradation was primarily due to photocatalytic
activity of the nanocomposite.

In the case of MO, a considerable proportion of the dye
underwent degradation in 100 min with various quantities of
the catalyst. Fig. 10b shows that CG-I, CG-II, CG-III, CG-IV, CG-V
and CG-VI nanocomposite samples decomposed 45%, 49%,
59%, 78%, 89% and 90% of this anionic dye, respectively.
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Temkin adsorption model for Bi** and Cd?* ion adsorption on different adsorbent samples of rGO, CuO and CuO/rGO nanocomposites.
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Fig. 10 Graphs of ratios of concentration of (a) EBT and (b) MO dyes in water over a fixed time period using various samples of the photocatalyst.

Mechanism of photodegradation

The plausible photocatalytic degradation mechanism of organic
compounds is depicted in Fig. 11.

When the catalyst (CuO/rGO) is exposed to photons with energy
either equal to or greater than the bandgap energy of the nanocom-
posite, electrons (e~ ) are stimulated from the valence band (VB).

CuO/rGO + hv —¢e~(CB) + k" (VB) (i)

Adsorbed O, molecules on the nanocomposite surface or dis-
solved O, easily captured the irradiated electrons to produce
O, ie., superoxide radicals

e +0, > 0, (if)

As a result, O, can combine with H,O to form HO,® and
OH®, both of which are powerful oxidants that degrade organic
compounds:

0, + H,0 - HO®",+ OH" (iii)

At the same time, photogenerated holes may be retained by
the hydroxyl groups (OH™) on the surface of photocatalyst,
resulting in hydroxyl radicals (OH*):

A'+ OH — *OH,q

(iv)
h'+ H,0—*OH + H" v)

Finally, the oxidation of organic compounds takes place to
produce CO, and H,0 as shown below:

OH + organic dyes + O, — products (CO, and H,0)  (vi)

Provisionally, positive holes and electrons may recombine
momentarily, reducing the photocatalytic activity of the pro-
duced nanocatalyst.®®

When the CuO/rGO nanocomposite is exposed to UV light,
conduction band electrons travel to the surface of the catalyst and
create O,  anion radicals, followed by the conversion of OH into
*OH through holes. Both these *OH and O, radicals are

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 A plausible mechanism for organic pollutant removal over the
CuO/rGO nanocomposite.

prominent oxidants. The donor-acceptor nature of EBT and MO
dye contaminants accounts for the difference in the degradation
behaviour and time. EBT as an electron donor responds to holes
from the VB while, in contrast, MO as an electron acceptor responds
to electrons from the CB. They show different photocatalytic
degradation by the CuO/rGO nano-composite which can be attrib-
uted to the different nature of EBT and MO dyes. The oxidative
reactions described in equations (v) and (vi) may be responsible for
the degradation of both dyes. The successive attack through *OH
radicals guides the oxidation procedure of both the pollutants. The
quenchers, ethylenediaminetetraacetic acid (EDTA) and isopropyl
alcohol (IPA) confirmed the involvement of *OH and O, radicals.
The presence of quenchers slows down the degradation of dye
(Fig. 10), and degradation is hindered more by EDTA than IPA.

LC-MS studies of degraded MO and EBT dyes

Liquid chromatography-mass spectrometry (LC-MS) was used
to analyze the extent of degradation of both MO and EBT dyes.
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Table 1 Comparison of photocatalytic activity of the CuO/rGO nanocomposite and other reported GO-based catalysts

% Degradation Time
Sr. No. Photocatalyst Dye (UV-light) (min) Dye concentration Dosage amount Ref.
1. TiO,-GO MB 100 25 1.16 M 20 mg 69
MO 84 240
2. Fe;0,@S/1GO cv 76 180 10mgL™" 2mgL™" 70
MB 87 180 10 mg L™ 2mg L™
3. rGO-ZnO RhB 97 90 4.79gL™! 30 mg 71
4. SnO,-graphene RhB 97 60 500 mg L~ " 20mg L ! 72
MO 95 40 500 mg L™" 20 mg L7
5. Sn0, aerogel/rGO MO 84 60 1x10°M 100 mg L " 7
6. B-GO MB 99 50 10 ppm 25 mg/0.1 L 9
MO 98 100 10 ppm 25 mg/0.1 L
7. Pc-GO MO 87.5 90 2mgL™! 32mgL! 38
MB 98 25 2mgL! 32mgL!
8. ZnO/rGO/PANI MO 100 60 10 mg L™* 25 mg 73
9. TiO,/graphene MO 85 60 0.025 g L™ 20 mg L 74
10. CuO/rGO EBT 98 80 1x10°*M 20 mg Present study
MO 90 100 1x107*M 20 mg
5.0
(a) 35 ¥ 16O (b)
Y1 e CuO
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Fig. 12 (a and b) Pseudo first and second-order kinetics plots for EBT on rGO, CuO and CuO/rGO nanocomposites.

On the basis of the HPLC-MS fragmentation pattern (Fig. S5,
ESIY), structures of various products have been proposed and
represented in Fig. S6 (ESIt). Before irradiation, the methyl
orange (MO) peak was detected at 328.07 m/z, which confirms
the presence of only the parent dye. Upon irradiation, the MO
molecule is disintegrated to several fragments with m/z values
of 344.07, 306.08, 292.07, 274.27, 223.06, 172.52 and
148.08.°7°® Similarly, eriochrome black T (EBT) showed a main
peak at 460.02 m/z corresponding to pure dye (Fig. S7, ESIt).
Fig. S8 (ESIt) shows the fragmentation of EBT dye into various
smaller molecules at m/z values of 323.22, 290.26, 274.27,
246.24, 234.20, 162.14 and 144.13.%°

The comparison of photocatalytic degradation by CuO/rGO
and that by other GO-based catalysts previously reported is
given in Table 1.

Photocatalytic degradation kinetics

The photocatalytic performance of the as synthesized CG-V
nanocomposite may be evaluated using kinetics of the

2180 | Mater. Adv, 2022, 3, 2170-2184

photocatalytic degradation of dye solution.>”® Decomposition
of both the dyes was studied using pseudo first as well as second
order kinetic models, and data were analyzed as previously
mentioned. The pseudo first-order kinetic model’s time was
plotted against log (g. — ¢;) and is presented in Fig. 12a. Based
on the kinetic data for degradation of EBT, the values corres-
ponding to R as well as equilibrium sorption capacity for all the
six samples are not appropriate, according to the results of the
first order model.

As a result, pseudo second-order kinetic equation was
utilized for the investigation of decolorization kinetics. The
graph of (t/q,) vs. t is shown in Fig. 12b, and the R> value for
each sample is close to 1 (0.97) which is consistent with the
experimental results (Table S3, ESIt).

For full understanding of kinetics, an anionic dye (MO) was
used in a similar way. The model’s viability is further tested via
values of R*> and equilibrium sorption capabilities for each of
the four samples. As can be observed in Fig. 13a, first order
kinetics was not very reliable. As a result, the graph of ¢/q, vs. t

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 (a and b) Pseudo first and second-order kinetics plots for MO on rGO, CuO and CuO/rGO nanocomposites.

was utilized to confirm that the second-order kinetic model for MO
dye holds good (Fig. 13b). The values of R* (0.99) for CG-I, CG-II,
CG-III, CG-1V, CG-V and CG-VI nanocomposites lie near unity and
suit the observed data (Table S4, ESIt). Thus, both the dyes (EBT
and MO) degrade in a pseudo second-order manner, and the
reaction rate was manifested by a chemical procedure.

The derived parameters for EBT and MO dyes are listed in
Tables S3 and S4 (ESIT). The values of g. and K, are calculated
using the slope and intercept of plot. Values of R* vary from
0.90 to 0.99 for the EBT dye for the first order kinetics, and
0.97 to 0.99 for the second order kinetics.

For first and second order kinetics, R* value for the MO dye
ranged from 0.97 to 0.99 and 0.99, respectively. From the R’
values, it was concluded that the photocatalytic degradation of
both EBT and MO dyes follows second order kinetics rather
than first order kinetics.

To assess the recyclability of the catalyst, the used solid
catalyst was isolated from the reaction mixture and cleaned by
frequent washing with a solution of ethyl acetate and water to
remove any unwanted material, centrifuged, and finally dried at
60 °C. The recovered catalyst was then utilized in the new

I BT
I mo

100

% Adsorption

1 2 3 4
Cycle number

Fig. 14 Recyclability of the CuO/rGO nanocomposite (CG-V) for the
degradation of EBT and MO dyes.

© 2022 The Author(s). Published by the Royal Society of Chemistry

photocatalytic reaction under the same reaction conditions as
considered before and replicated for 5 runs.

After four successive cycles, activity of the photocatalyst
decreases by 16% and 12% for EBT and MO dyes, respectively,
as shown in Fig. 14. The negligible surface leaching during
photocatalytic reactions could be the cause of a minor decline
in photocatal