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Abstract

The CuO-NiO bimetallic oxide nanoparticle (BMNP) was synthesized via a chemical route by varying the concentration
of Ni**. The prepared CuO-NiO BMNP was investigated using various analytical instruments. The direct bandgap of
CuO-NiO BMNP was decreased from 5.45 to 4.85 eV with the increasing concentration of Ni**. The XRD of the prepared
sample confirmed the formation of a mixture of CuO-NiO BMNP. The crystallite size was calculated as 32 nm. The FT-IR
spectrum showed the metal oxide stretching around 450-700 cm™!. The HR-TEM confirmed the BMNP formation with a
particle size less than 20 nm. The catalytic activity of CuO-NiO BMNP was tested towards the reduction of a mixture of
hazardous pollutants present in the effluent. The apparent rate constant (k,,,) values were determined as 0.0217 X 102 57!
for reduction of Cr(VI) and 0.0212 x 1072 s~! for reduction of Flur dye, respectively. The catalytic role of CuO-NiO BMNP
was further confirmed by synthesizing the derivatives of indole and brilliant green (BG) dye. The experimental results were

carefully analyzed and compared with the literature report.
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Introduction

Recently, the bimetallic oxide nanoparticle (BMNP)-based
nanocatalysts are very much useful in the catalysis field due
to their high activity towards the chemical reactions. Among
the BMNP, the CuO and NiO-based BMNPs are showing
interesting properties because of their divalent, coloration
and high reactivity. The Cu—Ni nanocatalyst was synthesized
at various ratios by the micro-emulsion route (Ahmed et al.
2008). A surfactant-free and eco-friendly green methodol-
ogy were adopted for the synthesis of Cu—Ni nanocatalyst
(Nasrollahzadeh et al. 2019). Ni—-Cu bimetallic nanoparti-
cle was used for the catalytic reduction purpose (Bian et al.
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2009). Cyanation of aryl halide was done effectively with
the help of the prepared Cu—Ni nanocatalyst by the NaBH,
reduction method (Mayakrishnan et al. 2020). A sol-gel
method was adopted for the synthesis of Cu—Ni nanocata-
lyst (Quiroz et al. 2012). Similarly, the Cu—Ni nanocatalyst
was used for various catalytic applications, such as reduc-
tion of nitrophenol and dyes (Ismail et al. 2018), selective
hydrogenolysis of glycerol to 1,2-propanediol (Pudi et al.
2015), selective oxidation of benzaldehyde (Liu et al. 2019),
reduction of p-nitrophenol (Vivek et al. 2020) and conver-
sion of furfural into 2-methyl furan (Seemala et al. 2018).
The application of nanocatalyst in the crosslinking of the
natural polymer was not reported in the literature. This moti-
vated the authors to do this research work.

Cyanuric chloride (CC) is a chlorine substituted tria-
zine with antimicrobial activity. In chemistry, it is used as a
crosslinking agent and is a temperature-dependent process.
In the field of polymer chemistry, it is used as a crosslink-
ing agent to increase the molecular weight of the polymer.
Fujita et al. (2020) reported the CC cross-linked indoxyl-
glucoside units for bio-molecular design. Cyanuric chloride
crosslinked poly(divinylbenzene) was reported in the litera-
ture (Hao et al. 2020). The DSC study on CC crosslinked
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collagen was thoroughly studied by Chakarska et al. (2010).
Cyanuric chloride was cross-linked with phenol sulphonic
acid condensation product for the chromium-free tanning
process. (Yu et al. 2020). The crosslinking of CC with PP
fiber grafted styrene—divinylbenzene copolymers was done
by Zhang and Li (2009). Similarly, The crosslinking of CC
with polymeric materials, such as poly(ethylene oxide)
for Li batteries (Tigelaar et al. 2006), hyper cross-linked
polymer for CO, capture (Shao et al. 2018), elastomers for
catalytic application (Fatona et al. 2020), amidoximated
acrylic microfiber (Almulaity et al. 2018) and chitosan (Al
Rasheed et al. 2020) was also carried out for certain end-use
applications. The literature survey indicates that very few
reports are available on the CC crosslinked biopolymers to
increase the molecular weight of the same. In the present
research work, the molecular weight of Lignin is increased
via crosslinking reaction with CC at different feed ratios.

Lignin is a biopolymer with a polyphenolic structure.
Extraction of organic soluble lignin is a commonly employed
commercial process, but it yields only low molecular weight
lignin. For certain end-use applications, the polymer should
have high thermal and mechanical properties. This can
be achieved through crosslinking of lignin using various
crosslinking agents. Balakshin et al. (2020) reviewed the
crosslinking of lignin. An increase in cell walls of lignin
was achieved through ferulate crosslinking (Boutin et al.
2018). Lignin was technically crosslinked via esterification
and free radical methods (Luo et al. 2018). Lignin hydrogel
was prepared via crosslinking with PEG for medical appli-
cations (Larreneta et al. 2018). Enzymatically cross-linked
lignin sulphonate was reported in the literature (Weiss et al.
2020). Lignin was grafted with dimethylaminoethyl meth-
acrylate via the ATRP method (Lu et al. 2015). Lignin was
crosslinked through phenolic reaction (Chen et al. 2020).
Lignin was crosslinked with sulphated carbon for the selec-
tive removal of cationic dyes (Zhu et al. 2021). The main
idea of the present research work is to increase the molecu-
lar weight of Lignin via surface crosslinking. Moreover, the
study on crosslinking of Lignin with CC using BMNP as a
catalyst is scarce in the documented literature.

Recently, the quality of the environment is highly dimin-
ished by the various activities of metal, chemical and dye
industries. The degradation of individual pollutants is much
easier than the mixture of pollutants because of the com-
plex and intermediate product formation. To increase the
efficiency of the degradation process, a nanocatalyst-based
catalyst is being used. Recently, various techniques were
followed for the degradation of Ar pollutants present in the
effluent water (Yaswanth et al. 2019a, b). Sun et al. (2019)
prepared a Cu—Ni nanocatalyst for the reduction of nitrophe-
nol and dyes. Glainmer et al. (2021) reviewed the catalytic
utilization of the nanocatalyst system for wastewater reme-
diation. The Cu—Co nanocatalyst was used for the reduction
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of nitroarenes and organic dyes (Gholinejad et al. 2020). Fe/
Pd nanocatalyst-based catalyst was utilized for the reduction
of Cr(VI) (Shi et al. 2019). Cu—Pd catalyst was used for the
reduction of nitrate (Santos et al. 2020; Ullah et al. 2017).
Reduction of Cr(VI) into Cr(III) was attempted in the pres-
ence of Cu—Ni as a nanocatalyst (Boreah et al. 2014). The
reduction of Cr(VI) was examined using Cu/In oxysulphide
nanocatalyst under dark condition (Chen and Kuo 2017). A
conventional methodology was adopted for the synthesis of
BMNP and characterized by various analytical methods. The
novelty of the present study is the synthesis and utilization
of CuO-NiO-based BMNP as a catalyst for the reduction
of a mixture of effluents and indole derivative preparation
in an effective manner. The BMNP is an effective catalyst
and plays a vital role in the degradation of environmental
pollutants.

Experimental

All the required chemicals, such as CuSO,, NiSO,, Cul,
Indole, benzaldehyde and iodobenzene were purchased from
Showa Chemicals, India. Brilliant green (BG) dye, metha-
nol, FeCl; and chloroethylamine were purchased from CDH
chemicals, India. Potassium dichromate Cr(VI), p-nitrophe-
nol (NTP), KOH and fluorescein (Flur) dye were procured
from Merck, India. NaBH,, acetone, tetrahydrofuran (THF)
and cyanuric chloride (CC) were purchased from Nice
chemicals, India. Lignin (Lig) with the M, =8000 g/mol
and N-methyl pyrrolidone (NMP) were purchased from E.
Merck, India.

A simple chemical reduction method was followed for
the synthesis of CuO-NiO BMNP at different feed ratios,
such as 4.0, 1.5, 0.66, 0.25 and 1.0. The synthesis procedure
is mentioned below (Deka et al. 2021): The Cu to Ni ratio
was kept as 1:1 for the preparation of BMNP. Equal con-
centrations of CuSO, and NiSO, were taken in a 250 mL
round-bottomed flask (RBF) charged with 100 mL DDW
under nitrogen purging. The chemical reduction was initiated
by the addition of 10 g of hydrazenium hydroxide at room
temperature under vigorous stirring condition. The chemical
reduction of both Cu and Ni was confirmed by the change in
color of the reaction medium. The content of the RBF was
filtered and washed with acetone to remove the unreacted
materials. The dried final mass of CuO-NiO BMNP was
stored in a vial under a nitrogen atmosphere.

The molecular weight of Lignin before and after
crosslinking with cyanuric chloride (CC) was analyzed
by carrying out the gel permeation chromatography (GPC)
analysis using Perkin Elmer Series 200 in THF solvent.
The Brunauer—-Emmett-Teller (BET) analysis was car-
ried out and the active surface area of CuO-NiO BMNP
was determined as 161 m?/g by nitrogen adsorption and
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desorption method using BELSORP-max, Jp. Shimadzu
3600 NIR spectrophotometer, Jp was used to record the
UV-visible spectra. The CuO-NiO BMNP formation was
confirmed by HR-TEM using JEM 2100, Jp. The binding
energy of the CuO-NiO BMNP was determined by XPS,
Thermo Scientific, Theta Probe, UK. The functionalities
present in the CuO-NiO BMNP were examined with the
help of the FT-IR Shimadzu, Jp. The XRD was recorded
on Brucker K 8600. The SEM with EDX was recorded on
SEM, JSM 6300, JEOL model, US. The sample dispersed
in DDW was used to record the fluorescence emission
spectra on the Elico SL174, In.

The aqueous solution of a binary mixture of toxic pol-
lutants was prepared by mixing 1 mL of 10 M NTP solu-
tion with an equal concentration of Cr(VI) or Flur dye
in DD water. Then it was mixed with 2 mg of CuO-NiO
BMNP nano-catalyst and 15 mg of NaBH, in a cuvette
reactor. This reaction mixture was subjected to UV—vis-
ible spectral measurement at a regular interval of 1 min
to monitor the pollutant reduction process. The catalytic
reduction potential of CuO-NiO BMNP was understood
by measuring the apparent rate constant (k,,) using the
recorded absorbance values (Chishti et al. 2021).

Indole and benzaldehyde were taken in a 2.2:1 ratio in
3 mL DDW. With this 3 mol% of CuO-NiO BMNP was
added and stirred at room temperature for 1 h (Rafiee et al.
2009). At the end of the reaction, 3 mL of aliquot was
pipetted out to carry out the UV—visible spectral measure-
ment. The rate of reaction was computed using Eq. (1).

Absorbance
Volume X time X Molecular weight

x 1000
(M

An equal concentration of indole and iodobenzene was
taken in a 10 mL round-bottomed flask (RBF). 5 mol% of
Cul (0.025 mmol) and KOH (1 g) were added in a vigorous
stirring condition under N, atmosphere. The temperature
of the reaction was maintained at 100 °C in NMP solvent.
At the end of the reaction, 3 mL of aliquot was taken to
carry out the UV—visible spectral measurement (Malavade
et al. 2020).

1 g of BG dye was dispersed in NMP solvent (5 mL).
Then, it was mixed with 0.50 g chloroethylamine and
0.10 g of FeCl; (anhydrous) under vigorous stirring con-
dition. The contents were heated at 65 °C for 2 h in the
presence of 0.05 g of K,CO;. At the end of the reaction,
the contents were filtered and freeze-dried (Yu et al. 2015).
The dried product was dispersed in 3 mL. DDW and sub-
jected to UV—visible spectral analysis. A similar procedure
was adopted for the preparation of BG dye derivative in
the presence of 2 mg of CuO-NiO BMNP. The rate of
reaction was determined using Eq. (1).

Rate of reaction =

1.0 g of Lignin (M,, 8000 g/mol) was dissolved in THF
and treated with 1.0 g of CC at 0-5 °C for 1 h. Then the
contents were precipitated by the addition of excess acetone.
The dried mass was dissolved in THF (spectral grade) to
perform the GPC measurement (Pardal et al. 2001). The
crosslinking of Lig with CC was carried out at a different
concentration of CuO-NiO BMNP using the above-men-
tioned experimental procedure. For all the samples, the M,
M, and polydispersity (PD) values were calculated from
the GPC traces.

Results and discussion
Characterizations

The UV-visible absorption spectrum of CuO-NiO BMNP
is shown in Fig. la—e. It exhibited an absorbance peak at
394 nm associated with the Cu conjugated Ni nanoparti-
cle. It was found that while increasing the Cu/Ni ratios,
the absorbance value of the peak at 394 nm was gradually
increased (Fig. la—e). Devi and Singh (2016) explained
the UV-visible spectrum of Cu—-Ni nanomaterial. The
obtained result of our study is more similar to their report.
This confirmed that both Cu and Ni can form BMNP easily.
The direct bandgap of CuO-NiO BMNP was determined
from Tauc’s plot (Fig. 1f—j). The bandgap was found to be
decreased from 5.45 to 4.85 eV with the increasing Cu to
Ni ratio. The existence of chemical interaction between CuO
and NiO in the BMNP was concluded by the decrease in
bandgap value. The bandgap energy of Cu—Ni nanocatalyst
was reported as 1.7 eV in the literature (Devi and Singh
2016). When compared with the literature report, the present
research work produced higher bandgap energy due to the
formation of CuO and NiO BMNP. The mixture of meta-
loxides and BMINP formation is further supported by XRD,
HRTEM and XPS.

It is well known that both Cu®* and Ni** are colored due
to the d—d transition. Therefore, it exhibited the fluorescence
property when the CuO-NiO BMNP was subjected to fluo-
rescence emission spectrum (FES, excited at 400 nm) as
shown in Fig. 2a—e. It showed an emission peak at 684 nm.
One interesting point noted here is that the intensity at
684 nm was gradually increased while increasing the Ni2*
concentrations. This confirmed the fluorescence nature of
CuO-NiO BMNP. Moreover, the prepared CuO-NiO BMNP
is useful in photodynamic therapy, since both Cu*" and Ni**
are bio-compatible. Rahman et al. (2015) explained the FES
of Cu—Au BMNP at 645 nm. When compared with the pre-
sent work, the emission peak was red-shifted to 684 nm from
its actual position for the CuO-NiO system. The redshift in
the emission peak confirmed the formation of CuO-NiO
BMNP, because the wavelength and emission intensity of
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Fig. 1 UV-visible absorption spectra and Tauc’s plot of CuO-NiO BMNP synthesized at various Cu/Ni ratios of (a, f) 4.0, (b, g) 1.5, (c, h) 1.0,

(d, 1) 0.66, (e, j) 0.25, respectively
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Fig.2 FES of Cu-Ni BMNP synthesized at various Cu/Ni ratios of
(a) 4.0, (b) 1.5, (c) 1.0, (d) 0.66, (e) 0.25

the peaks are greater than that of the individual metal ion.
Moreover, the emission intensity of the peak depends on the
concentration of the BMNP. The crystal structure of BMNP
was further confirmed by XRD.

The FT-IR spectrum of synthesized CuO-NiO BMNP at
different Cu to Ni ratios is given in Fig. Sla—e. The spectrum
showed the Cu—O stretching (477 cm™!) and Ni-O stretch-
ing (585 cm™!) (Devi and Singh 2016). While increasing
the Ni** concentrations, the peak at 477 cm~! associated
with the CuO stretching became sharp. The FT-IR spec-
trum confirmed that both Cu and Ni are present in their
mono-oxide form. Since the FT-IR spectrum of the BMNP
exhibited peaks at 477 and 585 cm™' corresponding to the
metal-oxides stretching which led to the conclusion of the
formation of metaloxides during the preparation of BMNP.
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Fig.3 XRD of CuO-NiO BMNP synthesized at various Cu/Ni ratios
of (a) 4.0, (b) 1.5, (c) 1.0, (d) 0.66, (e) 0.25

Hence, the FT-IR spectrum simply provided information
about the nature of functional groups available in the sys-
tem. The crystal structure of the mixture of metaloxides and
BMNP was also confirmed by XRD.

The crystalline structure of CuO-NiO BMNP was con-
firmed by XRD (Fig. 3a—e). At the lower Cu to Ni ratio, the
diffractogram exhibited peaks corresponding to Cu, Ni, CuO
and NiO NPs, whereas the diffractogram showed only peaks
corresponding to CuO and NiO for the prepared BMNP at
a higher Cu/Ni ratio. Peaks at 20.65° (dy,), 32.5° (dygy),
35.5° (dyyy), 38.4° (d; ), 42.8° (dyyp), 72.3° (dyy) are cor-
responding to Cu NP (Singh et al. 2016). The d value was
determined as 4.85 A° for the assigned peak at 20.65°. Peaks
corresponding to CuO NP are 61.6° (d,3), 48.8° (dyy).
58.1° (dyy), 66.0° and 67.8 (d33,). This is in accordance with
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the JCPDS File No. 5-0661. The crystallite size was calcu-
lated as 32 nm by the Sherrer formula. Peaks at 24.7°, 25.9°,
75.09° (ds;,), 53.4° (dyq), 75.1° (d5,,) are corresponding to
NiO NP (JCPDS, File No. 04-0835). The crystal structure
of NiO was found to be FCC. It was found that the inten-
sity of the peak at 20.65° (dy,,) corresponding to CuO was
slowly decreased and finally disappeared with the increas-
ing concentration of Ni*. Here the Cu/Ni ratio was noted
as 0.25. This study declared that the added Ni compound
controlled the crystal growth of Cu during the BMNP forma-
tion, because while increasing the concentration of Ni**, the
intensity of the peak at 20.65° slowly decreased and finally
disappeared. This proved that the prepared final product
contains a mixture of components (i.e.) BMNP formation
and a mixture of metal oxides. The crystallite size was also
confirmed by HR-TEM.

The outermost electronic configuration of CuO-NiO
BMNP was confirmed by XPS analysis (Fig. 4). The binding
energy confirmed that the elements of Ni and Cu are present
in the form of oxides, such as NiO and CuO. Furthermore, it
was confirmed by the HR-TEM technique. The O1ls appeared
at 530.1 eV. The Ni2p,;, and Ni2p,,, appeared at 855.8 and
874.9 Ev, respectively. The Cu2p;,, and Cu2p,,, appeared
at 930.4 and 952.3 eV, respectively (Zhang et al. 2015). The
XPS confirmed that there was a formation of a mixture of
CuO-NiO and BMNP. Moreover, the appearance of Ols
peak confirmed the formation of BMNP through the oxides
of Cu and Ni (i.e.) a mixture of CuO and NiO.

SEM with EDX study

Figure 5a indicates the SEM image of CuO-NiO BMNP.
The image showed distorted spherical particles with a fluo-
rescent surface. Again this confirmed the d—d transition pre-
sent in the metal ions and metaloxides. Thus the SEM image
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Fig.4 XPS of Cu-Ni BMNP synthesized at Cu/Ni=1.0

supported the FES of a mixture of metal oxides and BMNP.
Moreover, the particles are in an agglomerated state. Moga-
navally et al. (2014) thoroughly studied the SEM image
of CuO-NiO BMNP. Our report is coinciding with their
report. Figure 5b represents the EDX spectrum of CuO-NiO
BMNP. The spectrum showed O (0.53 keV), Ni (748 keV),
Cu (800 keV) peaks with the atomic weight % of 9.9, 45.8
and 44.3, respectively. This confirmed the 1:1 ratio of Cu
and Ni. The EDX report also confirmed the formation of
CuO and NiO BMNP.

The CuO-NiO BMNP formation was confirmed by HR-
TEM analysis. Figure 6a, b indicates the mixture of meta-
loxides and BMNP formation. One of the metal oxides is
spherical in shape, whereas the other one appears with a
distorted spherical shape (Zhang et al. 2015). The size of
the spherical particles was found to be ~20 nm, whereas
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View fold: 12.0 ym
SEM MAG: 11.5kx | Date{midy) 010617

Gandhigram Rural Institute

Fig.5 a SEM image and b EDX spectrum of CuO-NiO BMNP synthesized at the Cu/Ni ratio of 1.0

ilate ¢llodl ay .
e ) Springer



1648

Applied Nanoscience (2022) 12:1643-1656

Fig.6 a, b HR-TEM image,
¢ perfect grain structure and
d SAED pattern of CuO-NiO
BMNP

distorted spherical particles were found to be 50-80 nm in
length. Thus the result of HR-TEM was in accordance with
XRD. Figure 6¢ represents the perfect grain structure of
BMNP (indicated by an arrow mark). The SAED pattern of
CuO-NiO BMNP is shown in Fig. 6d with d(, ), d (59, and
d 311y peaks of oxides of Cu and Ni. The distance between
the two crystal planes is determined as 0.12 nm. These crys-
tal planes are corresponding to mono oxides of Cu and Ni.
Moreover, here one can see the core—shell-like structure in
HR-TEM, and the mixture of CuO and NiO was concluded
from XRD. The SAED also confirmed the crystalline nature
of the mixture of oxides and BMNP. Hence, the HR-TEM
supported the XRD and XPS data.

Catalytic reduction study

A UV-visible spectrophotometer is an ideal tool to follow
the catalytic reduction kinetics of various environmental
pollutants particularly the Cr(VI) (Amala Jeya Ranchani
et al. 2017). The catalytic reduction of binary pollutant mix-
ture systems, such as Cr(VI)—NTP, NTP—Flur dye, and
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Cr(VI)—Flur dye was performed using CuO-NiO BMNP
as a catalyst. For the reduction study, an equal concentra-
tion of binary pollutant was taken individually along with
15 mg of NaBH, and 1 mg of CuO-NiO BMNP catalyst
in a 3 mL quartz cuvette. The reactants were shaken well
before recording the UV-visible spectrum. The UV-visible
spectrum was captured at every 1 min time interval. The
efficiency of the prepared catalyst was assessed by measur-
ing the apparent rate constant (k,,,) value.

The catalytic performance of CuO-NiO BMNP nano-
catalyst on the reduction of Cr(VI) and NTP binary pollutant
mixture was investigated by capturing UV—visible spectra at
every 1 min interval (Fig. 7a—o0). All the spectra showed only
one absorbance peak at 390 nm which confirmed the com-
plex formation between the Cr(VI) and NTP. The efficient
reduction of Cr(VI) and NTP pollutant mixture was con-
cluded by the decrement in the intensity of the absorbance
peak at 390 nm in the presence of CuO-NiO BMNP catalyst.

The kapp value was evaluated as 0.0153 x 1072 s~! (Table 1)
from a graph of In(A/A) vs time as illustrated in Fig. 7p
to assess the pollutant reduction efficiency of CuO-NiO
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Table 1 k,,, value for different systems

System kapp (s™Hx107?
NTP Cr(VD) Flur Complex
NTP + Flur 0.0502 - 0.0116 -
Cr(VD) +Flur - 0.0217 0.0212 -
Cr(VD) +NTP - - - 0.0153

BMNP catalyst. The Mg-AC (Amala Jeya Ranchani et al.
2019) mediated catalytic reduction of Cr(VI) + NTP mix-
ture yielded the k,,, value of 3.41 x 102 s™'. When com-
pared with the literature value, the present work yielded a
lower k,,, value due to the agglomerated nature of CuO-NiO
BMNP and the formation of a strong complex between
Cr(VD) and NTP. The complex formation between Cr(VI)
and NTP was previously discussed in our publication
(Amala Jeya Ranchani et al. 2021).

The reduction of a binary mixture of Cr(VI)-Flur dye was
studied in the presence of CuO-NiO BMNP nano-catalyst
by capturing the UV-visible spectra at every 1 min interval
(Fig. 8a—q). The absorbance peaks associated with Cr(VI)
and Flur dye were noticed at 375 nm and 490 nm, respec-
tively. The intensity of the absorbance peaks was notably
decreased with the reaction time. The gradual reduction in
absorbance authentically proved the reduction of a binary
mixture of Cr(VI) and Flur dye into nontoxic products.
The k,,, value for the prepared catalyst was determined by
measuring slope values from the plot of In(A/A,) vs time as
illustrated in Fig. 8r, s. The kapp values were estimated as
0.0217x 1072 s~ for Cr(VI) reduction and 0.0212x 1072 s™!
(Table 1) for Flur dye reduction, respectively. When com-
pared with the AC-Mg system, (Amala Jeya Ranchani et al.
2019), the present work yielded a lower kypp value (Table 2).
When compared with the literature reports, the present

system produced lower k,,, values towards the catalytic

reduction of NTP, Cr(VI) and Flur dye. In the literature,
the k,,, value was determined for the individual component,
but in the present research work, it is determined for the
mixture of components particularly for the bicomponent
or tricomponent systems. When the NTP is present in its
mixture form, there is a chance for the formation of a stable
complex with the other pollutants present in the system. The
complex formation will reduce the reduction behavior of
NTP or Cr(VI) or Flur dye. It is well known that both Cu and
Ni are effective catalysts. However, they produced a lower
kypp value due to the stable complex formation of the pol-
lutants. In overall comparison, one can say that the present
system yielded excellent results when the pollutants are in
their mixture form.

The reduction of a binary mixture of NTP—Flur dye was
examined using the CuO-NiO BMNP as a catalyst. The
reduction study was monitored by recording the UV-vis-
ible spectra as shown in Fig. S2(a—p). The presence of two
absorbance peaks at 395 nm and 490 nm are attributed to
NTP and Flur dye, respectively. The absorbance correspond-
ing to these peaks was decreased with the reduction time.
It proved the conversion of a binary mixture of NTP and
Flur dye into eco-friendly products (i.e.) aminophenol and a
reduced form of Flur dye. The efficiency of the prepared cat-
alyst on the reduction of NTP—Flur dye was determined by
plotting a graph of In(A/A,) vs time as shown in Fig. S2(r, q).
The k,,,, values were estimated as 0.0502 % 102 s~ (Table 1)
for NTP and 0.0116x 1072 s~! for Flur dye. The reduction
of NTP was 85% in 10 min and the reduction of Flur dye
was 99% in 16 min for the NTP and Flur dye mixture. The
obtained k,,, values are too low as compared with the lit-
erature values of 3.06 x 107 for NTP and 2.30x 1072 s™! for
Flur dye reduction (Amala Jeya Ranchani et al. 2019).

The catalytic activity of CuO-NiO BMNP was tested
towards the preparation of indole derivatives. As men-
tioned in Scheme 1, the prepared sample was analyzed by
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Table2 k,,, value of various pollutants

System Author, year Kapp ™ Catalyst
NTP Patharawadee et al. (2018) 1x1072 Ni
Das et al. (2015) 7% 1073 Au
Dash et al. (2014) 4.1%1073 Au
Amala Jeya Ranchani et al. (2020) 4.26x 1072 Cu
Present 0.0502x 102 BMNP
Cr(VI) AmalaJeya Ranchani et al. (2020) 6.11x 1072 Cu
Amala Jeya Ranchani et al. (2019) 0.128x1072 Ca
Present 0.0217x1072 BMNP
Flur Amala Jeya Ranchani et al. (2020) 4.84x 107 Cu
Amala Jeya Ranchani et al. (2019) 5.82x 1072 Ca
Present 0.0116x 10 BMNP

a UV-visible spectrophotometer. The UV—visible spec-
trum of pure indole is portrayed in Fig. 9A(a). It exhib-
its two absorbance peaks below 300 nm due to the & to
¥ transition and n to ©* transitions (i.e.) a transition of
Pi electrons to the excited Pi* level and the transition

jllate ¢llodl ay .
des Shevis @) Springer

of non-bonding electrons to the excited Pi* level. The
direct treatment of indole with benzaldehyde leads
to indole derivative [Fig. 9A(b)] with the absorbance
value of 0.0581. The rate of reaction was computed as
4.3709 x 107 mol/lit/s (Table 3). The same indole deriva-
tive was prepared in the presence of CuO-NiO BMNP
and the UV-visible spectrum is given in Fig. 9A(c) with
the absorbance value of 0.1224. The rate of reaction was
calculated as 10.4671 x 107® mol/lit/s (Table 3). The
absorbance value is directly proportional to the concen-
tration of the indole derivative. Hence, the increase in
absorbance confirmed the catalytic activity of CuO-NiO
BMNP towards the preparation of indole. In compari-
son, the rate of reaction was 2.5 times higher in the pres-
ence of CuO-NiO BMNP catalyst. This declared that the
CuO-NiO BMNP could catalyze the indole derivative
during the reaction process. It is very difficult to com-
pare the catalytic efficiency of CuO-NiO BMNP with
the available literature because of the non-availability
of the rate of reaction. The present system proved the
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Scheme 1 Synthesis of indole and BG dye derivatives

catalytic activity of BMNP towards the indole derivative
preparation.

The catalytic activity of CuO-NiO BMNP was further
confirmed by the preparation of the benzene derivative
of indole. This derivative was prepared both in the pres-
ence and absence of a catalyst. Figure 9B(a) indicates the
UV-visible spectrum of neat indole with one broad absorb-
ance peak at 277 nm associating with the  to ©* transi-
tion. The derivative prepared in the absence of catalyst
doesn’t show any absorbance peak [Fig. 9B(b)]. It means
that there is no product formation in the absence of a

H,IN-H,C-H,C

N-(CH,-CHjz),
(Brilliant green- g-Chloroethylamine)

catalyst. Figure 9B(c) confirmed the product formation in
the presence of CuO-NiO BMNP. The spectrum showed
two major peaks with one shoulder peak. The peaks at 263
and 331 nm are associated with the & to &* transition and the
benzene derivative of indole, respectively. Apart from these,
the shoulder peak at 399 nm was appeared due to the two
phenyl ring substituted indole. The appearance of multiple
peaks confirmed the catalytic activity of CuO-NiO BMNP
towards the indole derivative preparation reaction. The rate
of reaction was determined as 1.65 x 107> mol/lit/s from the
UV-visible absorbance value (Table 3). The higher rate of
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reaction confirmed the catalytic activity of CuO-NiO BMNP
towards the indole derivative preparation. There is no rate
of reaction available in the literature report for the prepared

Table 3 Determination of rate of reaction for different derivative
preparation

System Amax (nm) Rate (mol/lit/s)

Indole 284 -

Indole + benzaldehyde 445 4.3709x107°

Indole + benzaldehyde + CuO-NiO 445 10.4671x107°
BMNP

Indole +iodobenzene - -

Indole + iodobenzene + CuO-NiO 340 1.65%107
BMNP

BG dye 622 -

BG dye+CEA 635 1.2040x 107

BG dye + CEA + CuO-NiO BMNP 635 24759107

jllate ¢llodl ay .
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BMNP. ¢ UV-visible spectrum of (a) neat BG dye, BG dye-chloro-
ethylamine derivative prepared in the (b) absence and (c) presence of
CuO-NiO BMNP catalyst

indole derivative. However, this proved that one can prepare
the indole derivative in the presence of BMNP catalyst with
a good % yield.

The catalytic activity of CuO-NiO BMNP was further
supported by the preparation of brilliant green (BG) dye
derivative. The neat BG dye showed two absorbance peaks
at 424 and 624 nm [Fig. 9C(a)]. After the Friedel-Crafts
alkylation reaction in the absence of catalyst, it shows
two peaks but with redshift [427 and 636 nm, Fig. 9C(b)].
The absorbance value was determined as 0.3606 from the
UV-visible spectrum, and the rate of reaction was calcu-
lated as 1.2040 x 107> mol/lit/s (Table 3) using the absorb-
ance value. For the sake of comparison, the CuO-NiO
BMNP catalyzed BG dye derivative was prepared by
Friedel-Crafts reaction. The UV-visible spectrum (433
and 636 nm) is given in Fig. 9C(c) with an absorbance
value of 0.7191. The rate of reaction was calculated as
2.4759 x 10~ mol/lit/s (Table 3). The increase in rate of
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reaction confirmed the catalytic activity of CuO-NiO
BMNP towards the BG dye derivative preparation. There
is no standard literature report available for the rate of
reaction. The present investigation proved that the struc-
ture of BG dye can be modified while preparing its deriva-
tive in the presence of a BMNP catalyst.

The surface catalytic effect of CuO-NiO BMNP was
confirmed by the increasing molecular weight (M) of
Lignin. The M, of neat Lignin was 8000 g/mol (Fig. S3a).
When it was treated with cyanuric chloride (CC), the M|,
of Lignin was increased to 8288 g/mol (Fig. S3b). The
conjugations of Lignin with CC were carried out under
ideal experimental conditions by varying the concentra-
tion of CuO-NiO BMNP, such as 2, 4, 6, 8 and 10 mg, and
their corresponding GPC images are given in Fig. S3c—g.
The data pertaining to this analysis is given in Table 4. The
reaction process is described in Scheme S1. It was found
that the M, of Lignin was increased while increasing
concentration of CuO-NiO BMNP. This can be explained
as follows: the second chlorine atom of CC cannot be
replaced by the —OH group of Lignin at 0-5 °C. Hence,
the role of CC in increasing the M, of Lignin is voided.
It means that the added CuO-NiO BMNP played a vital
in the Lignin molecular weight increment. Table 4 shows
the GPC data for different systems. The M, of Lignin
was slowly increased with the increasing the concentra-
tion of CuO-NiO BMNP. This is explained as follows:
the CuO-NiO BMNP is acting as a crosslinking center
through polyol methodology during the treatment. This
type of result was reported in the literature (Jeyapriya et al.
2015). The plot of log (weight of CuO-NiO BMNP) vs
log M, was drawn to comprehend the order of reaction
(Fig. S3h). The plot was found to be a straight line with
a slope value of 0.479. The M, of Lignin was increased
in the order of 0.479 with the increasing concentration of
CuO-NiO BMNP. This further proved the active participa-
tion of CuO-NiO BMNP towards the increase in molecular
weight of Lignin via surface catalytic effect. The surface
area of the prepared catalyst is given in the experimental

Table4 GPC data

System Weight of CuO— M, (g/mol) M, PD
NiO BMNP (mg)
Lignin - 8000 7272 1.1
Lignin+CC - 8228 6329 1.3
Lignin+CC 2 12,515 8343 L5
Lignin+CC 4 13,970 8217 1.7
Lignin+CC 6 16,739 12876 1.3
Lignin+CC 8 20,137 16,780 1.2
Lignin+CC 10 23,678 13,154 1.8

part. There is no standard literature available to compare
with this result.

Catalytic reaction mechanism

It is well known that the CuO-NiO catalyst is a porous
material with an active surface area of 161 m*/g. During
the catalytic reduction of hazardous pollutant, such as NTP
or Cr(VI), the pollutant was first adsorbed on the surface of
the catalyst and then that was temporarily accommodated in
the porous structure of the catalyst. Moreover, the reducing
agent such as NaBH, is also adsorbed on the surface which
leads to the reduction reaction (Amala Jeya Ranchani et al.
2021). Once the reaction is over, the reduced product was
pushed out automatically by temperature which led to fur-
ther reduction. In the case of indole derivative preparation,
the reactants are also adsorbed on the surface of the catalyst.
On the surface itself, the reaction occurred and the products
are formed. Due to the change in surface energy, the formed
products are diffused into the reaction medium. In the case
of Lignin, the catalyst interacted with the —OH of Lignin and
acted as a crosslinking center. In such a way more Lignin
chains are adsorbed on the surface of the catalyst through
the —OH group of Lignin. A similar type of effect was noted
by Jeyapriya et al (2015) while using Ag nanoparticles as a
crosslinking center. Now the Lignin chains are acting as an
end-capping agent or stabilizing agent. In such a way, the
molecular weight of Lignin was increased.

Conclusions

The CuO-NiO BMNP was successfully synthesized by vary-
ing the Cu/Ni ratios. The absorbance at 394 nm gradually
increased for the prepared CuO-NiO BMNP while increas-
ing the concentration of Ni*. The direct bandgap value of
BMNP was decreased with the increase of Ni** concentra-
tion. The emission intensity at 684 nm was increased while
increasing the Ni** concentration. The M—O stretching was
noted at 477 cm™! for CuO and 595 cm™! for NiO in the
FT-IR spectrum. The XRD results declared that the NiO
controlled the crystal growth of CuO nanoparticles. The
XPS showed the Ols, Ni2p and Cu2p peaks correspond-
ing to the CuO-NiO BMNP. The SEM image of CuO-NiO
BMNP showed distorted spherical morphology with a
fluorescent surface. The EDX data confirmed the 1:1 ratio
of Cu and Ni present in the prepared CuO-NiO BMNP.
The HR-TEM image showed the defected grain structure
of CuO-NiO BMNP. The catalytic reduction study con-
firmed the complex formation between Cr(VI) and NTP.
The CuO-NiO BMNP mediated indole derivative and BG
dye derivative exhibited higher rate constant values. The
molecular weight of Lignin cross-linked CC was increased
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with the increasing concentration of CuO-NiO BMNP, since
it acted as a crosslinking center. The order of reaction was
estimated as 0.479 for this process. This study successfully
proved the catalytic potential of CuO-NiO BMNP.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13204-021-02326-0.
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