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Abstract

Environmental pollution is one of the important concerns for human health. There are different
types of pollutants and techniques to eliminate them from the environment. We hereby report an
efficient method for the remediation of environmental contaminants through the catalytic reduction
of the selected pollutants. A green method has been developed for the immobilization of copper

nanoparticles on magnetic lignosulfonate (Cu NPs@Fe304-LS) using the aqueous extract of Filago
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arvensis L. as a non-toxic reducing and stabilizing agent. The characterization of the prepared Cu
NPs@Fe304-LS was achieved by vibrating sample magnetometer (VSM), Fourier-transform
infrared spectroscopy (FT-IR), transmission electron microscopy (TEM), high resolution TEM
(HRTEM), X-ray diffraction (XRD), scanning TEM (STEM), thermogravimetry-differential
thermal analysis (TG/DTA), fast Fourier transform (FFT), energy-dispersive X-ray spectroscopy
(EDS), and X-ray photoelectron (XPS) analyses. The synthesized Cu NPs@Fe304-LS was applied
as a magnetic and green catalyst in the reduction of Congo Red (CR), 4-nitrophenol (4-NP), and
methylene blue (MB). The progress of the reduction reactions was monitored by UV-Vis
spectroscopy. Finally, the biological properties of the Cu NPs@Fe304-LS were investigated. The
prepared catalyst demonstrated excellent catalytic efficiency in the reduction of CR, 4-NP, and
MB in the presence of sodium borohydride (NaBH4) as the reducing agent. The appropriate
magnetism of Cu NPs@Fe3z04-LS made its recovery very simple. The advantages of this process
include a simple reaction set-up, high and catalytic antibacterial/antioxidant activities, short
reaction time, environmentally friendliness, high stability, and easy separation of the catalyst. In
addition, the prepared Cu NPs@Fesz0s-LS could be reused for four cycles with no significant

decline in performance.

Keywords: Lignosulfonate; Green method; Environmental pollutants; Reduction; Antibacterial,

Antioxidant; Catalysis

1. Introduction



42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

Growing human population and intense industrial activities have caused huge pollution in the
environment. Environmental pollutants are spread all over the earth including mountains, seas,
oceans, etc. [1-9]. Organic dyes are broadly applied in different chemical industries such as papers,
textiles, paints and plastics. Chemical processes produce large amounts of dyes, which leads to the
formation of dye-laden, directly entering the environment [5,8-11]. In addition, nitro compounds
have different applications as intermediates in various industries, e.g., pesticides, explosives,
pigments, pharmaceuticals, etc. [7]. Although organic dyes and nitro compounds have many
applications, they are highly toxic and carcinogenic, and many enter the ecosystem and
environment [7-9]. In recent years, various methods such as biological, physical and chemical
methods have been used to remove these contaminants. One of the most promising approaches for
the elimination of various pollutants from the environment is catalytic reduction and degradation
[7-12].

In general, the chemical reduction is performed using a reducing agent [13-15]. The compounds
are almost such that they can only be reduced by reducing agents, which is thermodynamically
possible but not kinetically [13-15]. Generally, the presence of an effective catalyst makes the
reactions kinetically feasible [15]. Nanomaterials or nanoparticles are one of the most promising
compounds, which can be applied in various fields [13-49]. One of the major problems in the
application of nanoparticles as catalysts is the problem of agglomeration and accumulation of
nanoparticles, which leads to a decline in their catalytic performance. One of the effective methods
to solve this problem is to use solid supports to stabilize nanoparticles [50,51]. For this aim, there
are different supports such as zeolite, iron oxide, graphene oxide, carbon-based materials, MOF

materials, synthetic and polymeric compounds, etc. [5,7-10,52-59].
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Lignin, the second most abundant source of biomass, after cellulose, is made from plants and
mainly located in the middle lamella of the cell wall, lignin acts as a matrix intimately bound to
the polysaccharides in order to ensure the cohesion of the structure [60]. Lignin is the pulp industry
by-product. Commonly, there are 4 major kinds of lignin including soda, Kraft, organosolv and
lignosulfonate, which can be directly obtained from grasses or woods in pulp manufacturing [61].
Additionally, lignin is the most abundant aromatic biopolymer on earth composed of randomly
branched methoxylated phenylpropane units; viz. sinapyl (S), p-coumaryl alcohols (H) and
coniferyl alcohol (G) and primary monolignols (Figure 1 (a)) [62,63,64]. Due to various functional
groups such as COOH, OH and C=0 on the surface of lignin, it is considered as a suitable choice
for catalytic support, which can support the distribution and deposition of metal nanoparticles
(MNPs) [65].

For the synthesis of nanoparticles (NPs), there exist different methods, the most important of
which are co-precipitation, hydrothermal synthesis, sol-gel, laser ablation and green methods.
Some of these methods have disadvantages, which may lead to the formation of many pollutants
in the environment. For example, they use chemical reducing agents to reduce nanoparticles [66].
One of the most promising methods for the fabrication of MNPs or metal oxide NPs is the
application of green methods, which use different compounds such as bacteria, fungi, yeasts,
natural polymers, plant extracts, etc. [67-77]. Recently, the use of plant extracts for the fabrication
of MNPs has been highly regarded by researchers. In other words, the stabilization and reduction
of metal ions using biomolecules such as polysaccharides, proteins, terpenes, amino acids,
saponins, vitamins, alkaloids, and phenolics, which are now known to be present in plant extracts,

offers the simplest and most inexpensive approach to the synthesis of MNPs [78,79].
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Filago arvensis L. from the family of Asteraceae is native to Europe, Asia, and North Africa
regions. The main morphological feature, which describes the type of the plants, is its receptacular
paleae subtend, which is located downwards and more or less surrounds the female florets. The
plant is enriched by many valuable phytochemicals such as saponines, flavonoids, glycosides,
alkaloids and tannins. Therefore, in this study the areal parts of Filago arvensis L. were applied as

the reducing media for the green fabrication of MNPs [80,81].

Here Cu NPs were synthesized using Filago arvensis L. aqueous extract and immobilized on
the magnetic lignosulfonate for the fabrication of Cu NPs@Fe3O4-LS. The prepared Cu
NPs@Fes304-LS were applied in the reduction of pollutants using NaBH4 at ambient temperature.
The particle size of FezO4 on the support was nanoscale and the supported catalyst had magnetic
properties, which could be used to separate the suspended catalyst particles from the reaction
mixture by a magnet. In addition, the biological and antioxidant activities of Cu NPs@Fe304-LS
were examined. The proposed synthetic system shows remarkable performance in terms of eco-
friendliness, simplicity and enhancement of the reaction rate. This study could technically promote
the synthesis of lignin-based catalysts, and the potential application of immobilized MNPs in

catalysis and wastewater remediation.
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103 Figure 1. Schematic representation of (a) monomeric units of lignin and (b) pathway for the
104 synthesis of Cu NPs@Fez04-LS.

105 2. Experimental
106  2.1. Apparatuses and chemicals
107  All chemical compounds were obtained from Sigma-Aldrich Chemical Co. and used without any

108  further purification. FesO4 NPs were purchased from the Iranian Nanomaterials Pioneer Company
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(Mashhad, Iran). FT-IR spectra were recorded using KBr pellets on a Varian model 640
spectrophotometer (Agilent Technologies, Santa Clara, CA, USA). The progress of the reduction
of CR, MB and 4-NP was monitored by UV-Vis spectroscopy (UV-Vis, JASCO V-630, Japan).
The TEM and XRD analyses were carried out using JEM-2100 (JEOL Ltd., Japan) and Philips
powder diffractometer, type PW 1373 goniometer (Philips, Amsterdam, The Netherlands),
respectively. In addition, the VSM, TG/DTA and XPS analyses were performed using Lake shore
VSM-7410 magnetometer at 298 K (USA), STA 1500 Rheometric-Scientific Company (STA

1500+ Model, England) and PHI 5000 VersaProbe system (ULVAC-PHI, Japan), respectively.

2.2. Preparation of Filago arvensis L. aqueous extract
100 g of dried and crushed leaves of the Filago arvensis L. and 500 mL of distilled water were
mixed at 80 °C for 0.5 h. The obtained aqueous extract was separated, cooled and kept for the

fabrication of Cu NPs.

2.3. Biosynthesis of Cu NPs

In a 250 mL flask, 50 mL of the Filago arvensis L. extract were added to an aqueous solution of
CuCl2.2H20 (50 mL, 0.005 M) and the mixture obtained was magnetically stirred at 80 °C. Cu
NPs were formed when the color of the mixture changed to black. Reduction of Cu?* to Cu® was
finished in 5 min (as checked by UV-Vis spectroscopy). Finally, the synthesized Cu NPs were

centrifuged.

2.4. Synthesis of Fe3Os-LS

Fes0s-LS was prepared according to a literature method [82]. For this aim, sodium lignosulfonate
was first dissolved in dioxane: water (9:1, v/v). A solution of potassium periodate was then added
using a peristaltic pump in the dark. Next, FesOs NPs were added to the pre-activated sodium

lignosulfonate solution over a period of 120 min. The pH and mass ratios were 6.4 and 5:1

7
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respectively. Finally, sodium lignosulfonate was bonded to FesOs4 NPs and the Fez0s-LS was

filtered by an external magnet and dried at 110 °C.

2.5. Biosynthesis of Cu NPs@Fe304-LS
Cu NPs@Fe304-LS catalyst was synthesized by the addition of Fe304-LS (1 g) and CuCl,.2H.0
(0.5 g) in 100 mL of Filago arvensis L. aqueous extract and stirring at 80°C for 4 h. Finally, Cu

NPs@Fes304-LS were separated using an external magnet, washed with water and dried (Figure 1
(b)).

2.6 Reduction of MB using Cu NPs@Fe304-LS

In a beaker, Cu NPs@Fe304-LS (3.0 mg) was added to MB aqueous solution (25 mL, 3.1 x 107
M) and the mixture obtained was then stirred at ambient temperature. 25 mL of 5.3 x 102 M
NaBHj4 solution were then added to the reaction mixture and the reduction progress was followed

via UV-Vis analysis. At the end, the blue solution became colorless.

2.7 Reduction of CR using Cu NPs@Fe30s-LS

The prowess of Cu NPs@Fe304-LS in CR reduction at ambient temperature was also examined.
In a beaker, an aqueous solution of CR (25 mL, 1.44 x 10 M) and 5.0 mg of Cu NPs@Fe304-LS
catalyst was mixed. 25 mL of a newly prepared solution of NaBH; (5.3 x 10 M) was then added
to the reaction mixture. The progress of the reduction was followed by UV-Vis analysis. When the

reduction was completed, the orange color of the solution changed to colorless.

2.8 Reduction of 4-NP using Cu NPs@Fe304-LS
For this aim, in a beaker, 25 mL of 4-NP (2.5 x 10 M) and 7.0 mg of Cu NPs@Fe304-LS catalyst

was stirred at ambient temperature. 25 mL of freshly prepared solution of NaBH4 (0.25 M) was
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then added to the above mixture. At the end, the yellow color of the reaction media changed to

colorless.

2.9 Biological studies

The antibacterial activity of Cu NPs@Fe304-LS was studied using two bacteria viz. Escherichia
coli (ATCC25922) and Staphylococcus aureus (ATCC25923). The antibacterial activity of Cu
NPs@Fes304-LS was studied using the agar disc diffusion technique. A sterile nutrient agar (25
mL) was decanted into a Petri dish and incubated it at 37 °C for 1 day. 100 uL of a suspension
comprising of bacteria (1.5 x10® CFU/mL) extents was placed homogeneously on the agar media
surface. A piece of sterile disc was then dipped in Cu NPs@Fe304-LS suspension (300 pg/mL)
and cautiously placed on the agar plate with the smallest distance of 2 cm from each other. The
inoculated Petri dishes were incubated for 1 day at 37 °C. The diameter of each zone of inhibition
was applied to measure the antibacterial action.

Minimal Inhibitory Concentration (MIC) of Cu NPs@Fes0s-LS was defined by means of the
broth dilution technique in a 96-well plate. 100 pL of the Mueller-Hinton Broth culture medium
were decanted in each well. 100 pL of different concentrations of Cu NPs@Fe304-LS were then
added into the wells. Finally, 100 pL of a suspension comprising of 5 x 108 CFU/mL of bacteria
were distributed in the wells and incubated at 37 °C for 1 day. Gentamicin was a positive control
in this experiment. MIC is the lowest concentration required to inhibit bacterial growth. The
minimum bactericidal concentration (MBC) indicates the lowest concentration, which Kkills

microorganisms [83].

2.9.1 DPPH free radical scavenging assay
DPPH radical scavenging prowess was calculated according to the results of Karimkhani's research

group [84] with minor modifications. About 1 mL of Cu NPs@Fe304-LS was added to 3 mL of
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MeOH and 1 mL of methanolic solution of DPPH radicals (0.012 g/100 mL). The resulting mixture
was then stirred and incubated for 2 h at ambient temperature. Finally, the absorbance was recorded

at 517 nm vs. a blank. The scavenging ability was quantified as follows:

Scavenging activity (%) - [(A517nm of control-A517nm ofsample]><100 Eq. 1

A517nm of control

2.9.2 Reducing power assay

For this purpose, diverse concentrations of Cu NPs@Fe3O4-LS in 1.0 mL of deionized water were
mixed with phosphate buffer (2.5 mL, 0.2 M, pH = 6.6) and potassium ferricyanide (2.5 mL, 10
g/L). The resulting mixture was then incubated for 30 min at 50 °C. Afterward, a solution of
trichloroacetic acid (approximately 2.5 mL, 100 g/L) was added and then the mixture was
centrifuged. The supernatant separated by centifugation in the previous step was then mixed with
FeCls (0.5 mL, 1 g/L) and deionized water (2.5 mL). Finally, the absorbance was recorded at 700
nm. The standard compounds included BHA and BHT. The experiments were carried out in

triplicate.

3. Results and discussion

3.1 Characterization of Cu NPs@Fe304-LS

Cu NPs@Fe304-LS catalyst was synthesized by an efficient, green and eco-friendly technique
using Filago arvensis L. aqueous extract as a green reductant. The Cu NPs@Fe304-LS was
characterized by various analyses.

Figure 2 (a) shows the UV-Vis spectra of Filago arvensis L. aqueous extract and green
synthesized Cu NPs. According to Figure 2(a), the peaks at 358 and 235 nm are due to the presence
of cinnamoyl and benzoyl systems in the plant, respectively, which are connected to the transition
localized within the ring of these fractions [85]. In other words, these absorption peaks are

10
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associated with the 1 — w* transitions and indicate the presence of phenolic fractions, which act
as antioxidants for the biosynthesis of NPs, as reported in the literature. When Cu NPs are
synthesized, the color of the solution changes to black owing to the excitation of the surface
plasmon resonance effect (Scheme S1). The Cu NPs have an absorption peak at 565 nm, which
indicates that the green Cu NPs prepared are fairly stable with no clear changes in the position,
shape and symmetry of the absorption peak. According to UV-Vis analysis, the formation of Cu
NPs through reduction of Cu?* is complete in 5 min and the product is quite stable for 17 days.
To confirm the biosynthesis of Cu NPs and adsorption of phytochemicals on their surface, FT-
IR analysis was applied. FT-IR spectroscopy was also used to verify the presence of phenolic
compounds and the effects of these biomolecules on the reduction of Cu?* particles to form Cu
NPs@Fe304-LS. In the FT-IR spectrum of Cu NPs (Figure 2(b)), the peaks at 1000-1300, 1491,
1698, and 3510 cm™ are related to C-O, C=C, C=0 and OH functional groups, respectively, which
confirms the appearance of the flavonoid. Therefore, FT-IR analysis indicates the green fabrication
of Cu NPs duo to adsorption of phytochemicals on the Cu nanosurface. In other words, the FT-IR
spectrum shows the significant role of the flavonoid (polyphenolic) group in bioactive molecules,
which reduce Cu?* metal ions and form Flavonoid@Cu NRs. In the FT-IR of spectrum Cu
NPs@Fe304-LS (Figure 2(c)), the peaks at 3000-3600, 1385, and 1626 cm™ are associated with
OH, C=C, and C=0 stretching modes, respectively. Surprisingly, the other band at 575 cm™ is
attributed to the typical extending vibrations of Fe-O bond. Additionally, the peaks at 1017 and
1070 cm™ are related to the symmetric and asymmetric SO vibrations in lignosulfonate,

respectively.

11
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Figure 2. (a) UV-Vis spectra of Filago arvensis L. aqueous extract and biosynthesized Cu NPs,

FT-IR spectra of (b) Cu NPs and (c) Cu NPs@Fe304-LS.

Figure 3 (a) shows the XRD pattern of Cu NPs@Fez04-LS. According to Figure 3 (a), the peaks
at 20 = 30.3°, 35.9°, 43.4°, 54.0°, 57.3°, and 63.2° correspond to the (220), (311), (400), (422),
(511), and (440) planes of the cubic FesO4 (JCPDS 19-0629), respectively [86]. In addition, the
XRD pattern displays the structure of the sodium lignosulfonate in noncrystalline phases [87]. The
XRD pattern of sodium lignosulfonate shows four major peaks at 23.1°, 25.9°, 27.2°, and 31.5°
[87]. Based on the XRD pattern, there are no exact peaks for Cu NPs, indicating the homogeneous

dispersion of Cu NPs on Fe30s-LS surface.

12



231 The magnetic catalyst can be separated using an external magnet and then reused in the next
232 run [88,89]. The magnetic property of Cu NPs@Fe304-LS was investigated using VSM analysis

23

w

(Figure 3 (b)). VSM analysis shows the magnetic property of Cu NPs@Fe304-LS, enabling them

234 to be simply removed from the reaction media and reused several times.
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236 Figure 3. (a) XRD pattern and (b) VSM analysis of Cu NPs@Fez04-LS.
237
238 The size distribution and morphology of Cu NPs@Fe30s-LS have been investigated using TEM

239 analysis. Figure 4 (a-d) represent the TEM images of Cu NPs@Fe30s4-LS catalyst. The black

240  particles with larger particle size are due to FesO4-LS. Additionally, the small spherical dark dots
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represent Cu NPs, and it can be observed that they are homogenously dispersed on the support.
The average particle size of Cu NPs@Fe30s-LS is 26 nm with spherical morphology.

The HRTEM and fast Fourier transform (FFT) images of Cu NPs@Fe304-LS shown in Figures
4 (e-g) confirm the highly crystalline structure of FesO4 and Cu NPs. Furthermore, the STEM

image of Cu NPs@Fe30s-LS indicates a homogeneous nanostructured catalyst (Figure 4 (h)).

14



246 Specimen [ STEM DF ]

247 Figure 4. (a, b) TEM, (c, d) HRTEM, (e) FFT, and (f) STEM images of Cu NPs@Fe304-LS.
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The XPS analysis of Cu NPs@Fe304-LS is displayed in Figure S1. According to Figure S1 (a),
the peaks at 711, 283, 531, and 932.7 eV confirm the presence of Fe, C, O, and Cu respectively.
Moreover, the peaks at 952.7 and 932.7 eV are due to Cu NPs (Figure S1 (b)) [90].

The thermal stability of Cu NPs@Fe304-LS was studied in the range of 25-700 °C using
TG/DTA analysis (Figure S2). In the initial stage, the loss of weight in the range of 30-100 °C is
due to the loss of adsorbed water. In the next stage; that is, 380-550 °C range, mass reduction is
expected to occur due to the elimination of organic compound chelated with biosynthesized NPs
owing to the increased temperature. At temperatures higher than 550 °C, the loss of weight is
related to the decomposition of the catalyst.

Figure S2 shows the EDS and elemental mapping of Cu NPs@Fe304-LS. Figure S2 confirms
the presence of C, Fe, S, Cu, and O in the structure of Cu NPs@Fe304-LS. Furthermore, elemental
mapping indicates that Cu NPs are uniformly dispersed on the catalyst surface. It should be noted
that nickel grids have been used for TEM analysis instead of conventional copper grids to clearly
confirm the presence of copper in the prepared catalyst. Therefore, the presence of nickel in the

EDS spectrum is due to the nickel TEM grid.

3.2 Cu NPs@Fe30s-LS catalyzed MB reduction

Due to the toxic and non-biodegradable nature of dyes [91-98] and to evaluate the catalytic effect
of Cu NPs@Fe304-LS, this catalyst was used in the reduction of MB in the presence of NaBH4
(Scheme 1 (a)). In the absence of Cu NPs@Fez0s-LS, the reduction reaction does not occur (Table
1, entry 1). The effect of the loading Cu NPs@Fe30:-LS heterogeneous catalyst on the reduction
of MB dye is shown in Table 1. The reduction of MB was studied in the presence of 1.0 and 3.0

mg of Cu NPs@Fesz04-LS catalyst (Table 1). The results reveal that catalytic activity increases

16
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upon increasing the weight of Cu NPs@Fe30s-LS catalyst from 1.0 to 3.0 mg. According to Figure
5 (a), MB shows an absorption peak at Amax=663 nm. Nonetheless, upon the addition of Cu
NPs@Fes04-LS to the reaction mixture, the reduction of MB occurs and the color of the solution
disappears. The change of color was observed using UV-Vis spectroscopy at designated times.
When the amount of catalyst is increased from 1.0 to 3.0 mg, the reduction of MB takes place

immediately (Table 1, entry 3).

Table 1. MB reduction using different amounts of Cu NPs@Fe304-LS.

Entry Cu NPs@Fes04-LS (mg) NaBHs (M) Time
1 0.0 5.3x103 110 min?
2 1.0 5.3x10% 32s
3 3.0 5.3x10°% Immediately

& No reaction.

3.3 Cu NPs@Fe304-LS catalyzed reduction of CR

The catalytic prowess of Cu NPs@Fe304-LS in the reduction of CR aqueous solution was studied
(Scheme 1 (b)). In the absence of Cu NPs@Fe30s-LS, the reduction of CR does not occur (Table
2, entry 1). In the presence of the Cu NPs@Fe304-LS catalyst and NaBHys, the absorption intensity
at Amax=493 nm declines with reaction time (Figure 5 (b)), and the solution color disappears,
indicating CR reduction. To determine the appropriate amount of Cu NPs@Fe304-LS catalyst, the

reduction of CR was carried out using diverse amounts of Cu NPs@Fe304-LS catalyst (Table 2).

Table 2. CR reduction using different amounts of Cu NPs@Fe30s-LS.

Entry Cu NPs@Fes304-LS (mg) NaBHs (M) Time
1 - 5.3x10% 100 min2
2 3.0 5.3x 103 60s
3 5.0 5.3x 103 40 s

@ No reaction.
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3.4 Cu NPs@Fe30a4-LS catalyzed reduction of 4-NP

Furthermore, the catalytic prowess of Cu NPs@Fe304-LS in 4-NP reduction to 4-aminophenol (4-
AP) in the presence of NaBH4 has been investigated (Scheme 1 (c)). According to Figure 5 (c),
the absorption band of 4-NP is observed at Amax=317 nm and the solution is yellow in color.
However, after the NaBH,4 addition, the absorption peak increases from 317 to 400 nm due to 4-
nitrophenolate ion (4-NPT) formation in alkaline environment and the color of the solution
changes from pale to bright yellow. In the absence of a catalyst, this peak remains constant for a
long time without change in intensity. This confirms that NaBH4 alone has no effect on the
reduction. Upon the addition of Cu NPs@Fe304-LS, the intense peak at 400 nm is reduced and the
dark yellow color disappears after 180 s. Furthermore, the new at 300 nm confirms the formation
of 4-AP. The effect of various amounts of NaBH4 and Cu NPs@Fes04-LS have been studied
(Table 3). In the absence of Cu NPs@Fe30s-LS and NaBHa, the reduction reaction does not occur
(Table 3, entry 1). However, in the presence of Cu NPs@Fe304-LS, a reduction of 100% is
achieved. The presence of Cu NPs on the surface of FesO4-LS, which increases the formation of
active hydrogen species on the surface of nanocomposites, could explain the increased reduction
efficiency. The variation of the amount of Cu NPs@Fe304-LS and NaBH4 was studied and it was
found that the best results are obtained when 7.0 mg of Cu NPs@Fe304-LS and 100 equivalents
of NaBHa are used (Table 3, entry 3). In addition, longer reaction times are required using 75

equivalents solution of NaBH4 (Table 3, entries 4 and 5).
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311  Table 3. 4-NP reduction using Cu NPs@Fe30s-LS and NaBHa.

Entry Cu NPs@Fe304-LS (mg) NaBHa (equivalents) Time
1 - - 160 min?
2 5.0 100 5 min
3 7.0 100 3 min
4 5.0 75 10 min
5 7.0 75 8 min

312 @ No reaction.

313
(a) H
N\ Cu NPs@Fe;04-LS N
Catalyst _
NaBH,
(Me),N S N*(Me), (Me),N S NH*(Me),
. s
(b) HoN
N NH,
N\
N N\\ Cu NPs@Fe3;0,-LS
SO;Na N Catalyst _ .
NaBH,
O SO;Na
(¢) NO, NO, NH,
Cu NPs@Fe;04-LS
NaBH, > Catalyst
OH O OH
4-NP 4-Nitrophenolate 4-AP
314

315 Scheme 1. Reduction of (a) MB, (b) CR and (c) 4-NP using Cu NPs@Fe304-LS catalyst and

316 NaBHa.
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The proposed mechanism for the reduction of 4-NP shown in Scheme 2 involves the electron
transfer (ET) reaction of NaBHa, as a hydrogen donor. The surface of Cu NPs@Fez04-LS in the
presence of borohydride can act as electron donors in catalytic reduction reactions. Fast ET can
increase local electron concentration and facilitate ET from BH4 (donor) to 4-NP (acceptor)
through the nanocomposite, resulting in improved reduction activity. As displayed in Scheme 2,
during the reaction, BH4 ions and 4-NP are adsorbed on Cu NPs@Fe30s-LS surface via
electrostatic attraction. As a result, the nitro group of 4-NP is converted into the corresponding
amino group through the formation of 4-nitrophenolate intermediate. In addition, Cu NPs
immobilized on the Fez04-LS support plays a noteworthy role in the effectiveness of reduction of
4-NP by NaBHj4 via electron transfer between BH4 donor and nitro group, which acts as an
acceptor. In fact, BH4 ions react with the composite surface and transfer surface-hydrogen species
(which are involved in 4-NP reduction) onto the composite surface. Finally, 4-AP product was
separated from Cu NPs@Fe30s-LS surface to free up active sites to continue the process and the

catalytic sequence.

2 H,0 Nagy,
,

! 4

4-NP
BO, ,

210
. H2 . 4-AP
R )
M
7

‘ 4- Nltrophcnolatc

Cu NPS@FQ304-LS
Catalyst

Scheme 2. Proposed mechanism for the reduction of 4-NP.
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335 Due to the fact that the reduction time of MB and CR is very short, it is not possible to calculate
336  the rate constant for these two reduction reactions. However, the rate constant for the reduction of
337  4-NP has been calculated. Owing to the presence of large excess of NaBH4 compared to 4-NP, the
338 rate of reduction is independent of the concentration of NaBH4 so that the reduction of 4-NP in the
339  presence of Cu NPs@Fe304-LS can be treated as a pseudo-first-order reaction. The catalytic

340  reduction rate (k) can be determined by plotting. -In(Ci/Co) vs the reaction time, t (Figure 6).

0 - K=0.013151
RZ=0.9921
.=
g 1
S)
=
-2 4
_3 T T T T T T
0 30 60 9 120 150 180 210
341 Time (s)
342 Figure 6. Plot of -In(C+/Co) vs. reaction time in the catalytic reduction of 4-NP.
343 A comparison of the catalytic activity of Cu NPs@Fe304-LS catalyst with other previously

344  reported catalysts in the reduction of MB, 4-NP, and CR in the presence of NaBH3 is given in
345  Table 4 [99-106]. The results confirm that Cu NPs@Fe304-LS catalyst shows high catalytic

346  activity in the reduction reactions compared to the other catalysts.

347
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348  Table 4. Comparison of Cu NPs@Fe304-LS catalyst with other reported catalysts in the reduction

349  of MB, 4-NP and CR by NaBHa.

Catalyst (mg) Pollutant (M) NaBH4s(M)  Time Ref.
Pd NPs@chitosan-MWCNT (4) MB (1.0 x 10%) 3mg Instantly [99]
GA-Sch-Pd (5) MB (1.0 x 10®) 0.05 5s [100]
Pd-CS-g-C3N4 (5) MB (1.0 x 10®) 0.05 5s [101]
Pd/CS/yMnO: (8) MB (1.3 x 10) 0.06 17s [102]
ZrO2-Au nanocomposite (3) MB (3.1 x 10%) 0.053 20s [103]
Fes04-Ag (1) MB (40 mg LY 0.1 18 min [104]

Cu NPs@Fe3;04-LS (3) MB (3.1 x 10%) 0.053 Instantly ~ This work
Pd NPs@chitosan-MWCNT (4) 4-NP (1.0 x 10%) 0.05 720's [99]
CS-CNTs-PdNPs (250) 4-NP (6.0 x 10%) 0.5 900 s [105]
CS-rGO-PdNPs (250) 4-NP (6.0 x 10*) 0.5 1200 s [105]
Cu/MnO2 nanocomposite (7) 4-NP (2.5 x 10?) 0.25 240s [106]

Cu NPs@FesO4-LS (7) 4-NP (2.5 x 10?) 0.25 180s This work
Cu/MnO; nanocomposite (5) CR (1.44 x 10%) 0.053 87s [106]
Cu@SBA-15 (1) CR (9.0 x 10") 0.2 7 min [107]

Cu NPs@Fe;04-LS (5) CR (1.44 x 10°) 0.053 40s  Thiswork

350

351 3.5 Biological ability of the Cu NPs@Fe304-LS

352 3.5.1 Antibacterial activity of Cu NPs@Fe304-LS

353  The main reason why NPs are considered as an alternative to antibiotics is that NPs can efficiently

354 avoid the microbes, which play an antimicrobial role under severe microbial conditions. The

355  widespread application of antibiotics has led to the emergence of many dangers to public health,

356  such as superbugs, which do not respond to any present drug, and epidemics against which

357 medicine has no defense. The development of novel and effective bactericidal compounds is

358 important for combatting drug resistance and NPs have been recognized as promising compounds
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to solve this difficulty. According to the results of ongoing research, the main methods underlying
the antibacterial effects of NPs are as follows: 1) disruption of the bacterial cell membrane; 2)
production of ROS; 3) penetration of the bacterial cell membrane; and 4) induction of intracellular
antibacterial effects, including interactions with proteins and DNA [108]. The effect of
antibacterial potency of Cu NPs@Fe304-LS on S. aureus and E. coli was investigated. The results

are reported as MIC and MBC in Table 5.

Table 5. Antibacterial activities of Cu NPs@Fe30s-LS.

Selected food related microorganisms (jug/mL)

Catalyst Bacterial strain MIC MBC
Cu NPs@Fe304-LS Escherichia coli 66+2.64 132+5.29
Cu NPs@Fe304-LS Staphylococcus aureus 32.66+1.52 65.33+3.05

3.5.2 DPPH radical scavenging prowess

DPPH is a kind of stable and hydrophile free radical applied as an antioxidant of plants extracts.
An alcoholic solution of DPPH has a maximum absorbance at 515-517 nm owing to the presence
of an unpaired electron. Electron and/or hydrogen transfer from reducing agents such as phenols
to DPPH free radical and change them to a non-radical form leads to a reduction in DPPH
absorption in this wavelength. Therefore, the antioxidant prowess of Cu NPs@Fe304-LS is shown
by percentage of reduction in absorption content of DPPH solution in Cu NPs@Fe30s-LS [109].
In Table 6, the antioxidant performance of Cu NPs@Fe30s-LS and synthetic antioxidants against
DPPH are shown using 1Csg. A lower ICs signifies a better antioxidant capability. As displayed
in Table 6, the antioxidant activity of Cu NPs@Fe304-LS is good and significant. However, the

antioxidant activity of Cu NPs@Fe304-LS is considerably lower than those of BHA and BHT.
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Table 6. Antioxidant activity of Cu NPs@Fes04-LS compared to BHA? and BHTP synthetic

antioxidants.

Substrate DPPH® RPd
Cu NPs@Fe304-LS 300.57+2.46 4543.33+£7076
BHA 53.8£1.13 84.06x1.6
BHT 63.8+1.3 90.5+1.15

2 Butylated hydroxyanisole.
b Butylated hydroxytoluene.
¢ Matching to ICso (ug/mL).

4 Reducing power = absorbance at 0.5 pg/mL.

3.5.3 Fe*® reducing power

The reducing ability of Cu NPs@Fes04-LS displays its powerful antioxidant prowess towards Fe*?
ions. The antioxidant Cu NPs@Fes04-LS changes yellow colored Fe*3/ferricyanide complex to
blue colored Fe*? complex. The reductive capability of NPs is enhanced with increasing
concentrations which was established achieved using the corresponding Amax value at 700 nm.
Nonetheless, the reductive ability of Cu NPs@Fe304-LS is less in comparison with BHA and BHT.

The experimental results are listed in Table 6 along with the amounts of synthetic antioxidants.

3.6 Recyclability of Cu NPs@Fe304-LS

One of the most significant issues in the synthesis of catalysts is the capability to recycle them.
The easier the process of separating the catalysts from the reaction media, the greater the
recyclability of that catalyst. The synthesized Cu NPs@Fe30s-LS are simply separated by an
external magnet because of their magnetic properties. The recyclability of Cu NPs@Fe30s-LS in

the catalytic reduction of 4-NP has been investigated. Upon the completion of the first cycle, Cu
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NPs@Fe304-LS catalyst was easily separated from the reaction mixture via an external magnet,
washed with water, dried and then reused in the next run. The same regeneration process was used
for each run. The tests displayed that Cu NPs@Fe304-LS can be recycled and reused 4 times with
no noteworthy decrease in performance (Figure S3). To address this issue, the TEM images of the
recycled catalyst displayed in Figure S3 were used to determine its morphological and size
changes. There are no significant changes in the morphology and size of the particles after the
recycling tests (Figure S3). This provides strong evidence for the structural stability and durability

of Cu NPs@Fe30s-LS catalyst.

4. Conclusions

Plant extracts have been the subject of recent studies, and the number of research papers published
in this area has exploded in the past eight years as a result of their widespread availability, cost-
effectiveness, and environmental friendliness. Plants also contain the most efficient synthetic
chemicals, which increases the rate of synthesis. Plant-mediated green synthesis of MNPs, being
simple, efficient, rapid, reliable, and eco-friendly in nature, has gained an edge over traditional
methods, which are expensive, toxic, and inefficient. This study demonstrated the synthesis of Cu
NPs@Fe304-LS catalyst using Filago arvensis L. aqueous extract. Cu NPs@Fe30s-LS were
synthesized via the immobilization of Cu NPs on the magnetic lignosulfonate surface. The
catalytic applications of Cu NPs@Fes304-LS in MB, CR, and 4-NP reduction at ambient
temperature has been studied. In this study, the NaBHs-mediated reduction of pollutants was
catalyzed by highly active Cu NPs@Fe304-LS in an appropriate time. Furthermore, we report the
antibacterial and antioxidant activity of Cu NPs@Fe304-LS. The results of the present study show

that Cu NPs@Fe30s-LS has antibacterial activity against S. aureus and E. coli. The results also

26



422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

show that FesO4-LS supported Cu NPs can improve the catalytic performance, providing an
economic and environmental protection application for MB, CR, and 4-NP reduction. The catalyst
exhibited significant catalytic activity with high crystallinity, sufficient Cu loading, magnetic
separability, and nanoscale size. The Cu NPs@Fe304-LS catalyst, which could be completely
separated using a magnet, maintains high catalytic activity after four cycles. Clearly, this novel

catalyst has potential applications in catalysis and wastewater remediation in the future.
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Facile synthesis of magnetic lignosulfonate supported copper nanoparticles.

Efficient reduction of MB, CR and 4-NP using Cu NPs@Fe304-LS catalyst.
Characterization of catalyst by FTIR, XRD, VSM, (HR)TEM, TG/DTA, EDS and XPS.
The catalyst can be reused at least four times with low loss of catalytic ability.

The antibacterial/antioxidant activities of Cu NPs@Fe30s-LS were investigated.
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