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Abstract
In the current work, alginate (Alg) biopolymer was blended with FeNi nanoparticles (Alg-FeNi) in 1, 3, and 5 weight% and 
are described as Alg-FeNi1, Alg-FeNi3, and Alg-FeNi5 respectively and are cross-linked by using CaCl2 as a cross-linker. 
This different Alg-FeNi blend was a solid supporting medium for stabilizing Cu NPs (Cu@Alg-FeNi). The synthesized 
catalyst was characterized through FESEM, EDS, Raman, and XRD. The templates of Cu@Alg-FeNi1-5 were used as dip-
catalysis for the hydrogenation of 4-nitrophenol (4NP) and discoloration of methylene blue (MB) and methyl orange (MO) 
dyes in an aqueous medium by using NaBH4 as a reductant. Various kinetics models were used to deduce the rate constant 
(kapp) and R2 values for the degradation reactions. By increasing the amount of FeNi, the reaction rate was also enhanced for 
all three model pollutants, and Cu@Alg-FeNi5 exhibited the most potent catalyst activity. The kapp and R2 value derived from 
zeroth order kinetics was 3.8 × 10− 1 min− 1 and 0.9188 R2 values. In the case of 4NP, MB, and MO dyes, the experimental 
data were well-fitted in zero-order kinetics, suggesting that the reaction rate is independent of the reactant concentration. 
Simultaneous removal of 4NP and MB indicated its practical applicability, and the catalyst showed good recyclability.

Keywords  Alginate-FeNi beads · characterization · pollutant degradations

Introduction

  Heterogenous and homogenous catalysis is essential cata-
lyst systems for various industrial and technological applica-
tions [1]. In homogenous, the catalyst is in the same phase 
as the reaction medium; therefore, keeping it in the stabi-
lized form is challenging. The process of aggregation and 
agglomeration is frequent in homogenous catalysis, which 
decreases their reactivity. Although surfactants are used for 
such catalyst systems, they are still not frequently used on a 
large scale. Contrary, heterogenous catalysis has a different 
phase than the reaction medium. A solid support is usually 
used to stabilize the nanoscale materials. The most active 
nanoscale material is zero-valent metal nanoparticles. Zero-
valent metal nanoparticles use solid support for their stabili-
zation. In the past few decades, various templates have been 

synthesized to stabilize zero-valent metal nanoparticles, for 
instance, TiO2, ZnO, metal oxide support, plant materials, 
polymer, and polymer-based nanocomposites. Among the 
different supporting materials, polymer-based nanocompos-
ite proved one of the most suitable supporting matrixes [2]. 
Various polymers have been used for this purpose, includ-
ing chitosan, cellulose, cellulose acetate, polyvinyl alcohol, 
polyether sulphone, and many others; however, among them, 
alginate is one of the most important ones, owing to their 
biocompatibility, biodegradability, low cost, ease in avail-
ability and sustainable nature make it a good candidate in 
food, pharmaceutical, engineering, biomedical and environ-
mental applications [3]. Alginate is the only polysaccharide 
with -COOH functional groups in each of the repeating units 
of the polymer [4]. Alginate polymer is blended with FeNi 
nanocomposite in the current study to make nanocompos-
ite beads that interact with the polymer internetworking, 
increase their porosity and mechanical strength, and pro-
vide a solid supporting surface to the membrane for NPs 
stabilization. Composite materials are an emerging field in 
science and technology, where the matrix offers room for 
the inorganic filler or reinforced materials and fix them in 
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the polymer networking [4]. Such catalyst systems are used 
mainly against the reduction of nitroarenes and discolora-
tion of dyes.

Various procedures have been reported to reduce 
nitroarenes and discoloration of dyes. For instance, adsorp-
tion, membrane technology, advanced oxidation process, 
and supported nano-catalysis are some techniques used for 
wastewater treatment. Supporting catalysts are the most 
promising techniques [5]. Synthetic polymers dominated 
various industrial sectors in the past few decades due to 
their large-scale applications. However, natural polysaccha-
ride is adopting its place in large-scale applications. Many 
researchers are now focusing on the natural polysaccharide 
polymer development on making novel materials by increas-
ing their membrane processing capacity in various industrial 
applications [6–16]. Adding nanoscale materials to the poly-
mer host can increase various characteristics of the polymer 
[2]. Nanomaterial substances are classified as materials in 
which one dimension is less than 100 nm. Particles at the 
nanoscale can abruptly increase their chemical and physical 
characteristics [1]. Therefore, nanocomposite materials have 
much better characteristics than bared polymers [2].

4-nitrophenol reduction is one of the most reliable reac-
tions to evaluate the catalyst activity of such catalyst systems 
[2, 17–22]. 4-nitrophenol is one of the most nitroarene aro-
matic compounds which finds many applications in various 
industries such as agriculture, dyes synthesis, pharmaceu-
ticals, and others. Due to their side effects on living organ-
isms, The U.S environmental protection agency announced 
the removal of nitrophenols on a priority basis from waste-
water. 4-nitrophenols is primarily used for herbicide, fun-
gicide, insecticides, synthetic dye synthesis, and various 
explosive [17, 23]. Owing to their vast applications in a 
variety of industrial manufacturing, it is dumped in the water 
bodies where it accumulates in the water bodies for a longer 
time and reaches our drinking water resources directly or 
indirectly, thus causing server damage to the living organ-
ism, if present more significant than the permissible limit. 
4NP is an aromatic organic compound with excessive use 
in manufacturing industries such as pharmaceuticals, agri-
culture, fabrics, and dyes. Owing to their excessive use on 
a large scale, 4NP have multiple adverse effects on the kid-
ney, CNS, lungs, and stomach. Therefore, its remediation is 
significant [1].

Dyes are another organic pollutant that is not used cor-
rectly. For instance, in ancient times, people made their 
environment gorgeous by using dyes and stuff; even our 
clothes, medicine, food, beverages, and much other daily 
life stuff are color in nature [24, 25]. However, the indus-
trial setup directly dumped their extra/waste dyes and their 
things into the water resources, which is not esthetically 
good because dye traces block the passage of oxygen and 
solar light to the water. Therefore, dye and its derivatives 

directly or indirectly affect the living organism. Over the 
past few decades, interest has been developed in the manu-
facturing of synthetic dye, and on an approximation, over 
7,000 tons of dye are manufactured annually. European 
Union made a policy to send zero synthetic chemicals to 
the water resources because some dyes and their degraded 
product are toxic and carcinogenic [25, 26]. MB is a cat-
ionic dye of the thiazine family with an immense blue 
coloration. The sharp color of the MB dye stops the dif-
fusion and passage of sunlight and air in the water bodies 
if discharged. MO dye is an anionic mono-azo dye with 
deep orange color and has excessive use in academic and 
industrial sectors. The azo linkage was destroyed in reac-
tion with NaBH4 to make its hydrazine form. However, 
the hydrazine group cannot swiftly degrade with NaBH4. 
Thus, the reaction is not kinetically economical [25].

Thus, in the current study, the Alg-FeNi1-5 blend was 
synthesized to stabilize Cu NPs and was used to reduce 
nitrophenols and discoloration of dyes.

Experimental

Reagent and Materials

Sodium Alginate (CAS NO. 9005-38-3), Sodium Boro-
hydride powder (CAS NO. 16940-66-2), Methyl orange 
(CAS NO: 547-58-0) were purchased from DAEJUNG 
CHEMICALS, and METALS CO. LTD. Methylene blue 
(CAS NO. 61-73-4) and methyl orange were purchased 
from BDH CHEMICALS. Copper (II) sulfate pentahy-
drate (CAS NO. 7758-99-8), and 4-Nitrophenol (CAS 
NO. 100-02-7), were purchased from SIGMA-ALDRICH 
COMPANY.

Synthesis of FeNi Catalyst

for the synthesis of the FeNi catalyst, 0.1 M solutions of 
each FeCl3 and NiCl2 were mixed to make a 200 mL solu-
tion. After continuous stirring, the pH of the solution was 
adjusted with NaOH solution in a dropwise fashion and 
continuously monitored till the pH reached 9. Afterward, 
the reaction progressed at 70°C and continued stirring for 
six h. After completing the response, the precipitate was 
washed with the ethanol-water mixture 1:1 and centri-
fuged multiple times. After washing and centrifugation, 
the residue was dried in an oven at 80°C for six h and then 
calcined in a furnace at 400°C for five h. The FeNi catalyst 
was stored and used as an inorganic filler to the alginate 
biopolymer host for beads formation.
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Synthesis of Alg‑FeNi Beads

For the synthesis of Alg-FeNi beads, firstly, 2 g alginate 
biopolymer was dissolved in 100 mL distilled water for 
15 min at 100 ºC. After the dope solution, the FeNi cata-
lyst was added in different weight percentages, such as 1, 
3, and 5%, to the 20 mL prepared alginate solution and 
stirred continuously through a stirrer to make a homog-
enous mixture of Alg-FeNi. After that, the Alg-FeNi 
mixture was dropped in an aqueous solution of 1 g/20mL 
CaCl2 through a micro syringe to make the Alg-FeNi 
beads and remain in the solution for three hours. In the 
end, the beads were washed with distilled water, dried 
in an open atmosphere at room temperature, and stored 
for further use. The synthesized beads were termed Alg-
FeNi1, Alg-FeNi3, and Alg-FeNi5 beads. It is worth men-
tioning here that pure alginate beads were synthesized 
similarly, as discussed above. However, the pure alginate 
beads were fragile and dissolved in the water, so we could 
not use them in further applications.

Synthesis of Alg‑FeNi Beads Fabricated Cu NPs

Zero-valent Cu NPs fabricated with Alg-FeNi1-5 templates 
were synthesized by putting each bead separately in 30 mL 
of 10 mM copper sulfate pentahydrate solution for six h. the 
six ions were adsorbed on the active sites of each template 
and then treated with freshly prepared NaBH4 solution to 
make Cu NPs. The Cu NPs supported on each bead were 
termed Cu@Alg-FeNi1, Cu@Alg-FeNi3, and Cu@Alg-
FeNi5 catalysts, respectively. The synthetic procedure is 
enclosed in Scheme 1.

Evaluation of Catalyst in Degradation of Organic 
Pollutants

for the discoloration of MB and MO dye, 0.05 mM of both 
dyes were selected. From this stock solution, 2.5 mL was 
mixed with 0.5 mL of 10 mM NaBH4 solution in a UV 
cuvette along with 30 mg of the catalyst. The MB or MO 
discoloration reaction was monitored at 664 and 464 nm, 

Scheme 1   Synthesis of Cu@
Alg-FeNi NPs and its applica-
tion in the discoloration of MB 
dye
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respectively, in UV-Vis. absorbance spectrum. Similarly, 
the 4NP (2.5 mL of 0.1 mM) was mixed with 0.5 mL of 10 
mM NaBH4 solution along with 30 mg of the catalyst in a 
UV cuvette, and the absorbance decreased at 400 nm was 
monitored for 4-nitrophenolate anions.

For the concurrent degradation of 4NP (2.5 mL of 0.1 
mM) and MB dye (2.5 mL of 0.05 mM), both the solutions 
were mixed in a vial, and then 0.5 mL of 10 mM NaBH4 
solution was added, due to which the color of the solution 
was yellow bluish. However, the maximum wavelength of 
4-nitrophenolate and MB was changed from 400 to 415 nm 
and 664 to 675 nm, respectively, and the decrease in absorp-
tion of the mixture was monitored at 415 and 675 nm, 
respectively. The following Eqs. 1–4 was used to calculate 
the zeroth, pseudo 1st, 1st, and 2nd order kinetics, respec-
tively. In contrast, Eq. 5 was used to deduce the percentage 
degradation of nitrophenol or dye or a mixture of nitrophe-
nol and dye [20].

In Eq. 1, the variables are concentration vs. time and 
ln[A]t/[A]0 vs. time is the variable in Eq. 2. Similarly, ln[A] 
vs. time is the variable in Eq. 3 while 1/[A]t vs. time is the 
variable in time [27].

Recyclability of the Catalyst

The recyclability test was selectively performed with Cu@
Alg-FeNi5 catalyst and 4NP as the model pollutant. The 
recyclability test was performed till the 5th cycle. After 
completing the first cycle, the catalyst was fed to 2nd and 
3rd cycles, and so on. In each process of the recyclability 
test, 2.5 mL of 0.1 mM 4NP was put in the cuvette, and 0.5 
mL of 10 mM NaBH4 solution was added. To the cuvette, 
40 mg of the catalyst was added, and the reaction progress 
was recorded in time-dependent UV-Vis. Spectrophotometer. 
The same catalyst was used in all five cycles for the 4NP 
solution in the presence of NaBH4. It is worth mentioning 
that the catalyst is used without any treatment and directly 
used in the next cycle without washing or chemical or physi-
cal treatment.

(1)d[A] = −kdt + C

(2)ln[A]t∕A0 = −kt + C

(3)ln[A] = −kt + C

(4)1∕[A]t = −kt + 1∕[A]0

(5)Percent degradation =

(

A0 − A
t

A
t

)

× 100

Instrumentation

The weight of the reagents and catalyst was weighted 
through OHAUS analytical balance. Perkin Elmer Lambda 
365 UV/Vis. The spectrophotometer was used to record the 
degradation of nitrophenol and dyes. Textural properties 
and elemental composition were recorded through FESSEM 
and EDX model JSM-IT-100 JEOL Japan and JDX-3532 
JEOL XRD; Japan aided with Kα λ = 15 nm was employed 
to investigate the crystalline nature of the catalyst. Raman-
532 Tec-Ci of Technospex Company Singapore was used 
for the Raman scattering experiment. For heating purposes, 
Dragon Lab MS7-H550-Pro Hot plate-aided magnetic stir-
rer was used.

Results and Discussion

Characterization

FESEM

The left side of Fig. 1a–c is the external surface, and the right 
side of FESEM images is the beads’ internal surface. The 
left side of Fig. 1a indicates a rough surface area for Cu@
Alg-FeNi1, where the small spherical Cu NPs are embed-
ded in the polymer networking. In contrast, the right-side 
image showed an array of elongated polymer tubes enclos-
ing small particles of Cu NPs. These long tubes are con-
nected to make a continuous channel. Some flakes appeared 
among the various extended tubes suggesting the presence 
of FeNi NPs. Figure 1b left sides indicated a rough surface 
with embedded Cu NPs. The right side of Fig. 1b states 
a mixture of elongated tubes and smooth sheets. However, 
these sheets are made from merging tubes by zooming the 
image. Cu NPs are embedded inside the polymer network in 
both tubes and sheets. The Cu@Alg-FeNi3 shows a rough 
exterior surface with cracks and a few microvoids in which 
the Cu NPs protruded from the surface (Fig. 1c left side). 
The right side FESEM image of Cu@Alg-FeNi3 indicated 
nanotube polymer channels. By zooming the image, the Cu 
NPs are embedded in the tubes, while beneath these tubes, 
some amorphous stuff suggests the presence of FeNi NPs.

EDS

Figure 2a indicates the FESEM images from which the 
elemental window is extracted. The primary window 
shows peaks for C, O, Na Fe, Ni, and Cu by 15.05, 39.55, 
3.33, 8.23, 2.36, and 31.48 elements by weight%, respec-
tively, showing the purity of the catalyst. Figure 2b shows 
the FESEM images of Cu@Alg-FeNi3 as indicated on the 
left side from which peaks are various elements extracted, 
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for instance, C, O, Na, Fe, Ni, and Cu elements, which 
are present by 14.53, 46.53, 4.51, 9.84, 2.43, and 22.13 
by weight% respectively. Thsignificfactorsements in the 
element window of Cu@Alg-FeNi3 are C, O, Na, Fe, 
Ni, and Cu elements. These elements are present in the 
catalyst backbone, indicating the purity of the catalyst. 

Similarly, the C, O, Na, Fe, Ni, and Cu elements appeared 
in 8.15, 37.28, 8.01, 17.83, 5.95, and 22.77 by weight%, 
respectively. The elemental window shows peaks for the 
above aspects in the Cu@Alg-FeNi5 catalyst, suggesting 
the purity of the sample as shown in the inset of Fig. 2c.

Fig. 1   FESEM images of Cu@Alg-FeNi1 (a), Cu@Alg-FeNi3 (b), and Cu@Alg-FeNi5 (c). The left pictures are the surface, and the right side 
is the internal view of the beads
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Raman Spectroscopy

A Raman scattering experiment was performed to analyze 
the chemical structure of all three catalysts (Fig. 3a). The 
spectrum shows many noises; however, some identifiable 
peaks originated in all three catalysts. Peaks originating in 
the 550–610 cm− 1 were due to the FeNi oxides or Cu NPs 

in all three catalysts [28]. The slight shifts in these values 
in all three catalysts were due to the different interactions. 
An embedded peak in the 1000 cm− 1 is due to a glycosidic 
ring of the Na or Ca alginate ring. A peak at the range of 
1250 cm− 1 was represented by C–O bond stretching vibra-
tions. The peaks at 1516 cm− 1 were due to the carboxylate 
symmetric stretching vibration. This vibration is a little 

Fig. 2   Left side is the FESEM images from which the elemental window is extracted (right side) for: a Cu@Alg-FeNi1, b Cu@Alg-FeNi3, and 
c Cu@Alg-FeNi5.
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lower than the reported data for Na or Ca alginate, which 
might be due to the linkage of FeNi or Cu NPs, which elon-
gate the bond length, thus reducing the vibration energy of 
the bond length. The asymmetric C–H and O–H exhibited 
between 2800 and 3250 cm− 1 [29].

XRD

The XRD indicated amorphous and crystalline peaks for 
all three catalysts, as shown in Fig. 3b. A broad hump at 
approximately 2θ = 23–26° in all three catalysts was due to 
the amorphous nature of the polymer. A small intense peak 
for the crystalline Cu NPs appeared at 77.5, corresponding 
to the (311) planes in the Cu@Alg-FeNi1 catalyst. Similarly, 
a peak at 2θ = 38.1° (111) was exhibited in Cu@Alg-FeNi3 
and Cu-Alg-FeNi5 catalysts, suggesting zero-valent Cu NPs. 
However, some other peaks for copper oxide appeared in the 
Cu@Alg-FeNi3 catalyst. The XRD data indicated that well-
crystalline zero-valent Cu NPs are anchored on the Alg-FeNi 
template.

Catalyst Evaluation

The catalyst activity was observed against the 4NP, MB, and 
MO dyes. The concurrent degradation of 4NP and MB dyes, 

while the catalyst recyclability was carried out against the 
reduction of 4NP by using Cu@Alg-FeNi5 catalyst in the 
presence of NaBH4 as a reductant. All the catalyst activities 
are described one by one in the following section.

Reduction of 4NP

The 4NP is a ubiquitous organic compound that can be used 
to monitor the catalyst activity of a catalyst in UV-Vis. Spec-
trophotometer, because the product is only 4-aminophenol 
(4-AmP). This is a green reaction with no side effects. The 
reductant used to reduce 4NP is NaBH4, but another reduct-
ant can also be used.

As evident from Fig. 4a, the reduction of 4NP to AmP 
was carried out with NaBH4 only without a catalyst, where 
no significant change occurred. This is due to the stable bond 
of –NO2 and the high activation energy needed to convert 
4NP to 4AmP. However, after adding Cu NPs supported on 
different stabilizing matrixes such as Alg-FeNi1, Alg-FeNi3, 
and Alg-FeNi5 (Fig. 4b–d), the rate of reaction is swift. The 
highest activity was achieved with Cu@Alg-FeNi5 NPs in 
the presence of NaBH4. Thus, it is inferred from the graph 
that Cu NPs cum NaBH4 is responsible for the reduction 
of 4NP to AmP, which reduces the activation barrier of 
the reaction. In the current work, the stabilizing template 

Fig. 3   Raman scattering (a) and XRD (b) of all three catalysts

Table 1   Rate constant and R2 values derived from various kinetics models

Entry Zero-order Psuedo-1st 1st order 2nd order Degradation Time

kapp R2 kapp R2 kapp R2 kapp R2 % min− 1

NaBH4 4.6× 10− 3 0.8619 4.0 ×10− 3 0.8629 4.0 ×10− 3 0.8629 3.5 ×10− 3 0.8640 3.0 10
Cu@Alg-FeNi1 2.1 ×10− 2 0.9269 4.5 ×10− 1 0.8388 4.5 ×10− 1 0.8388 0.2 × 10 0.6528 93.0 5
Cu@Alg-FeNi3 2.8 ×10− 1 0.9444 6.1 ×10− 1 0.8016 6.1 ×10− 1 0.8016 0.2 × 10 0.5959 92.0 4
Cu@Alg-FeNi5 3.8 ×10− 1 0.9188 8.8 ×10− 1 0.8332 8.8 ×10− 1 0.8332 0.4 × 10 0.6820 93.0 3
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Fig. 4   UV-Visible spectrum of 4NP reduction with NaBH4 (a), Cu@Alg-FeNi1 (b), Cu@Alg-FeNi3 (c), Cu@Alg-FeNi5 (d), % degradation of 
4NP (e)
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for Cu NPs is very efficient, as it completes the reaction in 
only 3–5 min. As demonstrated in the inset of Fig. 4e, the 
% reduction of 4NP is approximately 93% in Cu NPs sup-
ported on Alg-FeNi1, Alg-FeNi3, and Alg-FeNi5 in 5, 4, 
and 3 min respectively. Another important point mentioned 
in the literature is the induction period t0. The induction 
period is considered an inactive period in the field of cataly-
sis in which the catalyst activates its active sites for the reac-
tion. The t0 (2 min) is only observed in the Cu@Alg-FeNi1 
catalyst, where one can see that the rate of reaction is swiftly 
enhanced after the induction period. The t0 is reported from 
seconds to minutes in the literature [30].

Interestingly, after adding more FeNi in weight% to the 
alginate biopolymer, the induction period was not observed, 
and the catalyst activity was swift. As mentioned in Table 1, 
the rate of reactions (kaap) and R2 values were derived from 
various kinetics models. Among all the kinetics models, the 
experimental rate data is fitted in zero-order kinetics because 
of the high linearity of data. Similarly, the highest kapp value 
was displayed by Cu@Alg-FeNi5 3.8 ×10− 1 min− 1, followed 
by Cu@Alg-FeNi3 and Cu@Alg-FeNi1. The data revealed 
that by increasing the inorganic filler FeNi to the alginate 
biopolymer, the active sites of Cu NPs are enhanced, and 
thus the reaction rate is enhanced. Other kinetics equations 
were employed, including pseudo-1st, 1st, and 2nd order 
kinetics, but as clear from Table 1; the data only fit in the 
zero-order kinetics models, which suggested that the rate of 
reaction does not depend on the concentration of reactants.

Discoloration of MB dye

Many attempts have been made to decolorize the MB dyes; 
however, zero-valent metal NPs application is one of the 
most important methods for this purpose. The cationic form 
of MB dye is its oxidized form with a maximum wavelength 
of 664 nm; however, after the addition of NaBH4 MB, it 
converted to its oxidized form called the leuco MB dye. The 
leuco form of MB dye is colorless, appeared at λmax of the 
week, and had strong absorbance at 314 and 254 nm, respec-
tively. The MB dye is decolorized and degraded slowly at 

λmax 664 nm; however, after adding Cu NPs supported by 
different matrices, the reaction rate was swiftly enhanced. 
As mentioned in Fig. 5a, minor changes occurred after 9 min 
with NaBH4, after the addition of the catalyst Cu@Alg-
FeNi1-5 catalyst (Fig. 5b–d) respectively, the absorbance 
at λmax 664 nm in 5, 3, and 3 min respectively. As evident 
from Table 2, the R2 values are closer to 1 in zero-order 
kinetics compared to the other kinetics models. Therefore, it 
is inferred that the discoloration of MB dye in the presence 
of NaBH4 with Cu NPs independent of the concentration of 
the MB dye or NaBH4. Other researchers also used zero-
order kinetics to reduce MB dye in the presence of NaBH4 
[31, 32]. Approximately 96% of MB dye was decolorized 
with Cu@Alg-FeNi5 NPs in only 3 min which supported the 
fact that FeNi NPs have a promising role in establishing the 
active site of Cu NPs in Cu@Alg-FeNi5 catalyst.

Concurrent Removal of a Mixture of 4NP and MB dye

For practical applicability, both 4NP and MB dye was mixed 
in a glass vial and then added NaBH4 to the same vial. The 
NaBH4 reacts with 4NP and MB to make its nitrophenolate 
ions and reduced form of MB dye. It is worth mentioning 
that the λmax of 4-nitrophenolate ions is increased from 400 
to 415 nm and MB dye from 664 to 675 nm. This indicates 
that approximately 15 and 11 nm increase was observed in 
the λmax of 4-nitrophenolate anions and reduced form of MB 
dye. This is explained by the fact that there might be some 
weak force of interactions between the nitrophenolate and 
MB dye which brought a red shift in the mixture of 4NP and 
MB dye. The UV-Vis spectrum of 4NP + MB dye in the pres-
ence of NaBH4 is presented in Fig. 6a. As seen in the range, 
both nitrophenolate and leuco MB dye species are present, 
suggesting that no chemical interactions have occurred after 
mixing the 4NP + MB + NaBH4. Therefore, no extra peaks 
in the UV-Vis. spectrum was observed. Furthermore, the 
reaction proceedings for the 4NP + MB dye mixture were 
monitored for 9 min in the presence of NaBH4 where no 
noticeable change in the absorbance was observed. The 
removal of 4NP + MB dye in NaBH4 was further assessed 

Table 2   Rate constant and R2 values of MB dyes derived from various kinetics models

Entry Zero-order Psuedo-1st 1st order 2nd order Degradation Time

kapp R2 kapp R2 kapp R2 kapp R2 % min− 1

NaBH4 3.1× 10− 2 0.5919 2.4 ×10− 3 0.6106 2.4 ×10− 3 0.6106 1.8 ×10− 3 0.6486 29 9
Cu@Alg-FeNi1 2.9 ×10− 2 0.9091 5.4 ×10− 1 0.6472 5.4 ×10− 1 0.6472 0.24 ×10 0.4697 96 5
Cu@Alg-FeNi3 4.7 ×10− 1 0.9165 8.2 ×10− 1 0.7462 8.2 ×10− 1 0.7462 0.25 × 10 0.6368 93 3
Cu@Alg-FeNi5 4.6 ×10− 1 0.8443 9.8 ×10− 1 0.6872 9.8 ×10− 1 0.6872 0.48 × 10 0.6132 96 3
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Fig. 5   UV-Visible spectrum of MB dye with NaBH4 (a), Cu@Alg-FeNi1 (b), Cu@Alg-FeNi3 (c), Cu@Alg-FeNi5 (d), % discoloration of MB 
dye (e)
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Fig. 6   Concurrent removal of 4NP and MB dyes with NaBH4 (a), Cu@Alg-FeNi1 (b), Cu@Alg-FeNi3 (c), Cu@Alg-FeNi5 (d), and % removal 
of 4NP and MB as a function of time (e)
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Fig. 7   UV-Visible spectrum of MO dye with NaBH4 (a), Cu@Alg-FeNi1 (b), Cu@Alg-FeNi3 (c), Cu@Alg-FeNi5 (d), % degradation of MO 
dye (e)
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in the presence of Cu@Alg-FeNi1 catalyst, and the reaction 
was observed for 25 min, where approximately both 4NP 
and MB dye derivatives were removed. It is worth mention-
ing that initially, the rate of MB dye discoloration was very 
fast, while the 4NP remained unaffected. However, after the 
removal of MB dye in approximately 6 min, the reduction 
of 4NP started and became faster when the MB dye was 
removed entirely (Fig. 6b). This data suggested that the cata-
lyst is selective for MB dye compared to 4NP.

Similarly, the mixture mentioned above was remediated 
in Cu@Alg-FeNi3 and Cu@Alg-FeNi5 catalysts. The same 
discussion is valid for these catalyzed reactions as discussed 
for Cu@Alg-FeNi1. However, the rate of reactions was very 
fast with Cu@Alg-FeNi3 and Cu@Alg-FeNi5 catalysts. 
Like Cu@Alg-FeNi1, the Cu@Alg-FeNi3, and Cu@Alg-
FeNi5 decolorized MB dye faster than 4NP (Fig. 6c and d). 
The 4NP reduction started after the discoloration of MB dye 
with all these catalysts. Figure 6e indicates the percentage 
degradation of concurrent removal of 4NP and MB dyes, in 
which MB dye degraded first, followed by 4NP reduction in 
the presence of NaBH4.

Discoloration of MO dye

Figure 7a shows the degradation of MO dye was recorded 
for 9 min with NaBH4 only, and one can see a little change 
in the absorbance of MO dye at 464 nm. However, after 
adding Cu@Alg-FeNi1-5 catalyst to MO dye solution in 
the presence of NaBH4, the discoloration of MO dye was 
enhanced, and the orange color of MO dye vanished in 6, 
4, and 3 min respectively (Fig. 7b–d). During the degrada-
tion of MO dye, a peak at 248 nm appeared in the absorb-
ance spectrum, revealing the –NH2–containing products. 
As mentioned in Table 3; Fig. 7e, approximately 98% 
of MO dye was degraded in 6 and 4 min with Cu@Alg-
FeNi1 and Cu@Alg-FeNi3 catalysts, respectively, while 
96% of MO dye was degraded in 3 min with Cu@Alg-
FeNi5 catalyst. Different kinetics models were applied 
to deduce the rate constant values and linearity of the 
reactions, however, among all these models, zero-order 
kinetics was the most suitable because of the high linear-
ity of data in this equation. By comparing the R2 values 

of all the kinetics models, the zero-order is described as 
the best model, and the experimental data agree with this 
model. Therefore, the reaction follows a zero-order kinet-
ics model where the reaction rate is independent of the 
reactant concentration.

Recyclability Test

The recyclability of the catalyst is an essential parameter 
in the field of catalysis to assess the longer life of the 
catalyst. In the current work, 4NP was used as a pollutant, 
and Cu@Alg-FeNi5 catalyst was selected as a catalyst 
owing to its high catalyst potential against all 4NP reduc-
tion and MB and MO dye discoloration. The recyclability 
of the catalyst was checked for five cycles, as indicated 
in Fig. 8a–e, respectively. The first two cycles were com-
pleted in 5 min with approximately 92% reduction, while 
the third and fourth cycles were completed in 7 and 9 min, 
respectively, while the fifth cycle took a little longer and 
was completed in 13 min with a 92% reduction of 4NP. 
The decline in catalyst activity is due to the high transport 
of reactants on the active sites, and such trends are pri-
marily encountered in catalysis [33]. Figure 8f indicates 
the % reduction of 4NP till the fifth cycle.

Conclusion

We have synthesized alginate biopolymer-FeNi blend 
beads templated zero-valent Cu NPs. The pure alginate 
beads were cross-linked with CaCl2 solution. However, 
these beads are very labile and quickly dissolved in water 
for further chemical studies. Therefore, FeNi composite 
was added to the alginate biopolymer at different weight% 
such as 1, 3, and 5%. The synthesized Alg–FeNi1-5 cata-
lysts were firm, not dissolved in water or solution, and 
were used for further chemical studies. The Cu@Alg-
FeNi catalysts were characterized through FESEM, EDS, 
Raman, and XRD. The FESEM images indicated that Cu 
NPs are present in the internal of Alg-FeNi networking 
showing the stable nature of the catalyst. The stability 

Table 3   Rate constant and R2 values of MO dyes derived from various kinetics models

Entry Zero-order Psuedo-1st 1st order 2nd order Degradation Time

kapp R2 kapp R2 kapp R2 kapp R2 % min− 1

NaBH4 2.2×10−3 0.4366 1.4 ×10− 3 0.4531 1.4 ×10− 3 0.4531 9.0 ×10− 3 0.4705 18 9
Cu@Alg-FeNi1 3.1 ×10− 2 0.9075 6.1 ×10− 1 0.7645 6.1 ×10− 1 0.7645 0.4×10 0.4964 98 6
Cu@Alg-FeNi3 4.5 ×10− 1 0.9168 9.1 ×10− 1 0.7451 9.1 ×10− 1 0.7451 0.6×10 0.5398 98 4
Cu@Alg-FeNi5 6.5 ×10− 1 0.9002 0.12×10 0.9239 0.1×10 0.9239 0.6×10 0.7794 96 3
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Fig. 8   UV-Vis. spectrum of 4NP reduction in the presence of NaBH4 by using Cu@Alg-FeNi5 catalyst cycle 1 (a), cycle 2 (b), cycle 3 (c), cycle 
4 (d), and cycle 5 (e), while percentage reduction of 4NP after a specific time (f)
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was also revealed during the degradation of nitrophenol 
or dyes, where no leaching was observed visibly. Simi-
larly, the EDS confirmed the purity of the catalyst and 
the amount of each element in the catalyst. At the same 
time, the Raman showed certain functional groups such 
as –COOH, C–H, O–H groups to confirm the structure of 
the catalyst, while the XRD clearly showed the crystalline 
peaks for Cu NPs, suggesting the presence of zero-valent 
Cu NPs. Catalysts were used against the sole and concur-
rent degradation of 4NP and MB dye, in which Cu@Alg-
FeNi5 catalysts showed the most potent catalyst activity 
for sole and simultaneous degradation of 4NP and MB 
dye. This suggested that an increased amount of FeNi in 
the alginate biopolymer stabilized and activated the Cu 
NPs. The same catalyst also indicated vigorous activity 
against the discoloration of MO dye. Furthermore, the 
kinetics models revealed that all three pollutants (4NP, 
MB, and MO dyes) used in this experiment followed the 
zeroth order kinetics model. Thus, the reaction rate is 
independent of the concentration of reactants. The kapp 
values for 4NP reduction or MB, MO dye discoloration 
were the highest with Cu@Alg-FeNi5 catalyst. The three 
catalysts showed excellent activity in the degradation of 
nitrophenol or dyes and thus can be used in other potential 
applications.
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