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KEYWORDS Abstract This study reports the electrochemical synthesis, antimicrobial and catalytic activity of
Arabinoxylan; copper-arabinoxylan nanocomposite. The synthesis was achieved without use of any hazardous
Hemicelluloses; reducing and stabilizing agent. The spherical copper nanoparticles (size approx. 40 nm) dispersed
Copper nanoparticles; in the arabinoxylan matrix as they formed and got stabilized. In the absence of arabinoxylan the
Green synthesis; particles rapidly converted to copper oxide suggesting a high stability for the composite. Electrolysis
Antibacterial activity; was carried out with copper plate as the sacrificial anode, carbon rod as the cathode and sodium
Catalytic activity nitrate (1.00 % in 1 % arabinoxylan suspension) as an electrolyte. The copper nanoparticles dis-

persed in arabinoxylan were characterized by surface plasmon resonance spectroscopy, X-ray
diffraction, electron microscopy and zeta potential measurements. The synthesized composite
exhibited good antimicrobial activity against P. aeruginosa, Staph. aureus and E. coli and a catalytic
activity in conversion of CO, to methanol.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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of the most exciting applications of CuNPs embedded in polymers is
their use in the ink for printing nano-circuits, where the printed board
is heated to 200-300 °C to burn off the polymer leaving the circuit
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must be degradable in this temperature range. Arabinoxylan (AX),
being environmentally friendly material, offers a good opportunity
for such an application (Igbal et al., 2011; Akbar et al.,2012). Another
important use of CuNPs is in purification of water, where the polymer
carrying the particles must be biocompatible and biodegradable (Kruk
et al., 2019; Morsi et al., 2017). Again, AX presents suitable properties
for this application.

The CuNPs are known to exert prolonged antibacterial activity due
to their large surface area and are less toxic to mammalian cells than in
the ionic form (Rakhmetova et al., 2010). They produce reactive oxy-
gen species, which cause lipid peroxidation, membrane disintegration
and breakdown of genomic DNA (Majumdar et al., 2019). Gelatin-
stabilized CuNPs have been reported to form cell filament and kill
E. coli (Chatterjee et al., 2012).

Catalytic activity of copper in various organic reactions is well
established (Nasrollahzadeh et al., 2015). Very few studies reporting
catalytic activity of CulNPs in conversion of CO, to methanol can be
found in literature. Hence, Cu-based catalysts continue to be a hot
topic of research for production of methanol by hydrogenation of
CO,. CuNPs stabilized by reduced graphene oxide have been studied
for CO, reduction to various species (Alves et al., 2015) and CuNPs
supported on nanocrystalline ZnO have shown conversion of CO, to
methanol at 450 °C (Ponce & Klabunde 2005). CulNPs produced by
reduction of Cu,O have also been reported to exert catalytic activity
in conversion of CO, to methanol (Kas et al., 2014; Le et al., 2011).
Similar study using citrate-stabilized CulNPs has also been reported
(Dongare et al., 2021).

Several synthetic approaches have been adopted to synthesize
stable CuNPs (Begletsova et al., 2018; El Bialy et al., 2020; Barriére
et al., 2012; Benavente et al., 2013; Chirieac et al., 2016). Almost all
of them employed expensive and hazardous reducing and stabilizing
agents. The harsh chemicals and solvents employed during synthesis
are difficult to remove and are ultimately released into the environment
with detrimental consequences. Moreover, synthesis of CuNPs pre-
sents a great challenge as they are highly unstable (convert to CuO)
and difficult to prepare in aqueous media. Hence, efforts are being
focused on the development of environmentally friendly and cost-
effective processes for the synthesis of stable CulNPs.

Keeping all these issues in view, the objectives of this work were set
as: i) to synthesize CuNPs without the use of hazardous and non-
biocompatible reducing and stabilizing agents; ii) to determine the
antibacterial activity of the synthesized particles; iii) to determine the
disinfection efficiency of polluted water and iv) to determine the cat-
alytic activity of the particles for conversion of CO, to methanol.

Thus, in the present work electrochemical reduction has been used
in the presence of AX to disperse the particles instantaneously in the
polymer matrix and stabilize them. Studies have reported preparation
of CulNPs by electrochemical reduction using various copper salts (Jain
etal., 2019; Murtaza et al., 2019). Yet, to the best of our knowledge, no
study has been reported involving the use of any hemicellulose as a dis-
persing and stabilizing agent. It was hypothesized that hemicelluloses
such as AX can readily disperse and stabilize CuNPs as they are
formed by electrochemical reduction without using any harmful and
toxic reducing and stabilizing materials.

2. Materials and methods

2.1. Materials

Sodium nitrate (PubChem CID: 24268), roxithromycin (Pub-
Chem CID: 444037), Nutrient agar (PubChem CID:
71571511), nutrient broth and Luria broth were from Sigma-
Aldrich, USA. Copper plate (99.99 %) was purchased from
local market. Carbon rod was obtained from a dry battery cell

(LR20G R). Arabinoxylan, having an average molar mass of
3.17 x 10° Da, from Plantago ovata seed husk, was a gift from
Dr. Shazma Massey of FC College Lahore (Massey et al.,
2016). The bacterial strains used were: P. aeruginosa (ATCC
15442), Staph. aureus (ATCC 25923) and E. coli (ATCC
25922). Hydrogen (99.999 %), carbon dioxide (99.99 %) was
from Matheson, USA. Nanopure® water was used throughout
this work. All the chemicals were used without further
purification.

2.2. Electrochemical synthesis of copper-arabinoxylan
nanocomposite

AX (1.00 g) was dispersed in water (100 mL) by mechanical
stirring to obtain a translucent suspension. To this, NaNO;
(1.0 g) was added under stirring and labeled as electrolytic
medium. The cell was set up in a 200-mL beaker using the cop-
per plate (4 x 6 cm) as the anode and a carbon rod as the cath-
ode. A variable DC power supply was connected to the
electrodes and current was allowed to pass for 30 min under
continuous stirring by a magnetic stirrer. The experiments
were carried out at 1.5, 3.0, 4.5 V; the current was recorded
to be ~5 A. The CuNPs formed and dispersed in AX matrix
and the composite was isolated by centrifugation at
3000 rpm for 15 min and dried in a vacuum desiccator. The
synthesis was repeated in triplicate at each voltage.

2.3. Characterization of copper-arabinoxylan nanocomposite

The surface plasmon resonance (SPR) spectra were recorded
by suspending the prepared Cu-AX nano composites in ace-
tone (1 w/v %) using Pharmaspec UV-1700 spectrophotometer
(Shimadzu, Japan) in 200-800 nm range. FT-IR spectra of AX
and the composite were recorded in the range 4000500 cm ™'
by placing the sample on the ATR diamond crystal of the FT-
IR spectrophotometer (IR-prestige-20 spectrophotometer, Shi-
madzu, Japan). The powder X-ray diffraction (pXRD) spectra
were recorded by the D8 Discovery diffractometer (Bruker,
Germany) using monochromatic Cu-Ka radiation (A = 1.54
06 A) operating at 40 kV and 30 mA. The data were collected
in the range 10-80° 20. The size of particles was calculated
from the highest intensity peak in the XRD spectra by use of
Debye—Scherrer equation (D = 0.94/Bcos 6, where D is the
crystal size, A is the wavelength of X-ray, 0 is the Braggs angle
in radians, and f is the full width at half maximum of the peak
in radians) (Scherrer, 1912). In order to record images by scan-
ning electron microscopy (SEM) an ultrasonically dispersed
suspension of the CuNPs in acetone was placed on a carbon
coated grid and images were obtained by Nova NanoSEM
450 (FEI, Japan) at an accelerating voltage of 20 kV.

Zeta sizer NanoZS90 HPPS 5001 (Malvern, UK) was used
to determine particle size and zeta potential ({) using a suspen-
sion of the composite in water (2 mg perl0 mL). For particle
size determination, a disposable cuvette was filled with the
sample and allowed to equilibrate for 2-3 min at 21 °C before
the measurement. For { measurements, the capillary cell (DTS
1060) was flushed with water and filled with sample avoiding
air bubbles in the capillary. These measurements were carried
out as 10 replicates and average values were reported.
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2.4. Antimicrobial activity of copper-arabinoxylan
nanocomposite

Antibacterial activity of synthesized copper-arabinoxylan
nanocomposite was investigated against P. aeruginosa, Staph.
Aureus and E. coli by well-diffusion method (Jain et al.,
2019). Briefly, bacterial cultures were sub-cultured on a nutri-
ent broth for 24 h at 37 °C. Agar medium was prepared by dis-
solving nutrient agar (5.8 g) in water (250 mL) and autoclaved
at 121 °C for 30 min. It was cooled below 50 °C and bacterial
sub-cultures (1.0 mL) were added dropwise, separately in three
different petri dishes and allowed to dry. Three wells of 8 mm
diameter were bored with a sterile borer in the semisolid agar
gel and labeled. The wells were filled with roxithromycin
(100 ppm, 50 pL) a positive control, AX (500 ug mL™!), and
Cu-AX composite (100 pg mL™"). The petri dishes were incu-
bated for 24 h at 37 °C and zones of inhibition (ZOI) were
measured against each bacterial strain. The experiment was
carried out in triplicate.

2.5. Water cleaning efficacy of the synthesized copper-
arabinoxylan nanocomposite

The synthesized Cu-AX composite (2.00 g) was soaked in ster-
ile water (20 mL) and allowed to swell for about 15 min. The
swollen composite was packed in a 50-mL glass burette,
allowed to settle for about 15 min and the excess water was
drained. The bacterial suspension (20 mL, 6 x 10* CFU
mL ') was passed through the composite @ 0.5 mL min~!
and the filtered water was tested for log reduction in cfu
mL ™! according to the formula:

Log- reduction (CFU mL™") = CFU mL™" before filtra-
tion — CFU mL™" after filtration.

In the control experiment same amount of AX (without
CuNPs) was used. The copper in filtered water was determined
by flame atomic absorption spectrometry. All the above exper-
iments were performed in triplicate and the results reported as
mean + SD. The comparison was carried out by the Student ¢
test with p < 0.05.

2.6. Catalytic activity of copper-arabinoxylan nanocomposite

The Cu-AX composite (1.0 g) was packed in a reactor consist-
ing of a 20-cm long stainless steel (316L) tube having 6.5 mm
inner diameter. The depth of the catalyst bed was approxi-
mately 6.0 cm. The reaction mixture composed of CO, and
H, in 1:3 M ratio according to the equation CO, + H, —» CHj3-
OH + H,O was fed into the reactor at approximately 50 atm
pressure and 400 °C. The catalyst (Cu-AX composite) was pre-
treated under the flow of the gas mixture at atmospheric pres-
sure and 250 °C for 1 h. Production of methanol was
monitored by GC-MS system in splitless mode. The GC-MS
system (Agilent Technologies, USA) consisted of: gas chro-
matograph GC7890A; mass spectrometer MS5975C with
triple-axis detector; HP-5MS column (methylpolysiloxane,
30 m x 250 pm x 0.25 um). The chromatographic and the
mass spectrometric parameters were: helium as carrier gas with
1.0 mL min~" flowrate, 150°C injector temperature, 2 min sol-
vent delay time, 60°C for 1 min then 10°C min~' to 200°C for
5 min as the column temperatures, 150°C MS source tempera-
ture, 280°C MSD transfer line temperature, 47 eV relative volt-

age, mass range 10-100 amu. Data were acquired and
processed with the GC/MSD ChemStation® (Agilent Tech-
nologies, USA).

3. Results and discussion

3.1. Synthesis of copper-arabinoxylan nanocomposite

Synthesis of stable Cu-AX composite was successfully
achieved by the method described in the section 2.2. The fully
swollen AX entrapped the CuNPs and dispersed in the
polysaccharide matrix as they formed giving little chance to
aggregate. On the passage of electric current, Cu®" ions
released from the sacrificial copper anode move towards the
cathode (carbon rod) where they are reduced to Cu® particles
and get dispersed in the AX matrix (Scheme 1). The porous
structure of AX worked as a template to produce particles of
uniform size. The composite thus formed was isolated by filtra-
tion and dried under vacuum and characterized.

3.2. Characterization of copper-arabinoxylan nanocomposite

3.2.1. SPR spectra

The CuNPs showed characteristic SPR absorption at
566 + 2 nm (Fig. 1) indicating the formation of CulNPs corre-
sponding to the particle size of 50 nm (Creighton and Eadon,
1991). The absorption band at ~275 nm characteristic of CuO
NPs (Kumar et al., 2017b) was not observed for six days and
started appearing on the seventh day. The spectrum recorded
after two weeks is shown in Fig. 1b. This suggests that the syn-
thesized CuNPs were stable for six days. There was little effect
of voltage on the SPR absorption suggesting uniformity of the
particles. The smooth curve in the SPR spectra suggest a
spherical shape of the particles (Amendola and Meneghetti,
2009).

3.2.2. FT-IR analysis

The FT-IR spectra of both AX and the composite (Fig. 2)
exhibited characteristic absorption bands of AX indicating
the polymer remains intact. The peaks were assigned as:
1032 em ™' (3 C-OH), shoulders at ~ 1158, and ~ 895 cm™!
(Vantisym C—O—C of the B-1,4 and glycosidic-linkages)
(Barron and Rouau, 2008), 1000-1200 cm ™! (ring, vC—O—C,
vC-C, vC-0, 6C-OH), 1247 cm™! (Oantisym bridged oxygen),
1318-1373 cm™! (8C-H), 1636 cm™! (absorbed H,O deforma-
tion), 2893-2817 cm™! (vO-H and methylene vC-H),
2911-2923 cm ™' (vC-H aliphatic saturated), 3417-3449 cm™!
(vO-H). New absorption bands at ~1618 and ~1430 cm™! typi-
cal of carboxylate groups were observed in the spectrum of the
composite indicating oxidation of some of the OH groups in
the AX by the Cu?" ions. The bands in the regions
610-632 cm™" and 519-531 cm™' (polymer backbone) were
also observed. The region 800-1200 cm ™' provides informa-
tion about anomeric nature, glycosidic linkages, ring and alco-
holic groups (Cael et al., 1974).

3.2.3. SEM analysis

SEM image of the composite is shown in Fig. 3. The spherical
particles can be seen dispersed in the AX matrix. The poly-
meric network of hemicelluloses with available voids in their
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Fig. 2 FT-IR spectra of (a) AX and (b) Cu-AX nanocomposite.

structure, provides a system that prevents NPs from interac-
tion and agglomeration thereby helping in storing NPs for
longer periods of time. In the present study the synthesized
particles remained stable for a period of six days, which is con-
siderably longer period for CuNPs to remain stable in aqueous
environment.

3.2.4. XRD analysis

The pXRD spectrum of the composite is shown in Fig. 4a.
Sharp peaks at 20 values 43.33, 50.8 and 74.17 corresponding
to miller indices (hk/) (111), (200) and (220) planes of the
crystalline particles were observed. These assignments are
according to the Joint Committee on Powder Diffraction
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Fig. 3 SEM image of Cu-AX composite obtained at 4.5 V.

Standards (JCPDS), Card file No. 04-0836 (43.297, 50.433,
74.130). This pattern suggests a face-centered cubic structure
of the particles (Liu et al., 2015; Theivasanthi and Alagar,
2011). The crystallite size as determined by Debye-Scherer

3500
(111)

2000

Intensity

(200)

500

equation (Scherrer, 1918) was found to be 50 + 5 nm that is
consistent with the SPR data presented above. The broad
and weak peaks due to AX were not visible in the spectrum
of the composite as AX is grossly an amorphous material.

3.2.5. DLS and zeta potential measurement

The average hydrodynamic diameter of CulNPs (Fig. 4b) mea-
sured by zeta sizer was 495.4 nm with narrow/ uniform size dis-
tribution (poly dispersity index 0.484). The larger size depicted
by this technique is understandable as the hydrodynamic diam-
eter is always larger due to coating of the NPs by the polymer
(Maskos and Stauber, 2011). Zeta potential can be used to pre-
dict the stability of NPs. For a stable system stabilized solely
by electrostatic forces, a minimum + 30 mV zeta potential is
required (Bantz et al., 2014). Measured zeta potential
(-15.3 mV) of the synthesized CuNPs (Fig. 4c) indicates that
particles have a negative surface charge and are stable, which
show that AX has stabilized the particles confirming its role
as stabilizer and preventing aggregation.
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Fig. 4

(a) pXRD Spectrum, at 4.5 V, (b) Hydrodynamic diameter at 4.5 V measured by DLS technique and (c) Zeta-potential

measurement at 4.5 V (indicative of negative surface charge and high stability) of Cu-AX nanocomposite.
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3.3. Antimicrobial activity of copper-arabinoxylan
nanocomposite

Copper-arabinoxylan nanocomposite displayed strong antimi-
crobial activity (P < 0.05) against P. aeruginosa, E. coli, and S.
aureus, whereas the AX did not show any significant activity
(Fig. 5). The particles were more sensitive toward Gram nega-
tive strains i.e., P. aeruginosa and E. coli. The results suggest
that the composite can be considered as better alternative to
silver NPs due to its low cost. In addition to that, copper is
known to play an important role as an essential trace element
in the biological system (Kalinska et al., 2019). CuNPs have
been shown to have antibacterial effect on the bacterial cell
functions in multiple ways, including adhesion to Gram-
negative bacterial cell wall due to electrostatic interaction, hav-
ing effect on protein structure in the cell membrane, denatura-
tion of the intracellular proteins, and interaction with
phosphorus and sulfur containing compounds like DNA
(Baptista et al., 2018; Chatterjee et al., 2014). It has been sug-
gested that the action of CuNPs results in 2.5 times overpro-

®E coli
n S aureus

(B
n

)
=

Zone of inhibition (mm)
s @

o

Cu-AX AX
nanocomposite

Roxithromycin

(@)

» P geroginosa

duction of the reactive oxygen species (Kaweeteerawat et al.,
2015), lipid peroxidation, protein oxidation and DNA degra-
dation (Mahmoodi et al., 2018).

3.4. Water cleaning efficacy of the synthesized copper
arabinoxylan composite

In this experiment a log reduction of 6 was observed from
1.00 g Cu-AX nanocomposite, (containing approximately
100 mg Cu). The purified water was found to contain copper
below the detection limit (0.1 pg L™"). The results demonstrated
approximately 50 times higher efficacy of the composite as
compared with that of an AgNOj; system (Hwang et al., 2007).

3.5. Catalytic activity of copper-arabinoxylan nanocomposite

The total ion chromatogram and the mass spectra of the con-
verted mixture after catalytic reduction of CO, are shown in
Fig. 6. The abundance of methanol and CO, in the converted
mixture was found to be ~ 85 % and ~ 15 %, respectively. The

(b)

Fig. 5 A) comparative antimicrobial activity of roxithromycin (standard antibiotic), Cu-AX nanocomposite and AX (control) against
Gram-positive and Gram-negative bacteria; b) A typical image showing the zone of inhibition produced by the composite against P.

aerognosa.
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Fig. 6 The total ion chromatogram and mass spectra of the converted mixture.
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conversion of CO, to CH;OH in one cycle was ~ 9 %, which is
comparable to that obtained with complex catalytic systems
(Arakawa et al.,1992; Amenomiya 1987).

4. Conclusions

A highly stable copper-arabinoxylan nanocomposite having ~ 50 nm
particle size was synthesized by electrochemical reduction by use of
arabinoxylan, a natural hemicellulosic material, from the Plantago
ovata seed husk. This method is simple, fast and economical and elim-
inates the use of hazardous reducing agents and provides for a clean,
nontoxic and eco-friendly procedure for the synthesis of stable CuNPs
at room temperature. The copper-arabinoxylan nanocomposite effec-
tively catalyzed the reduction of CO, to methanol and displayed a high
antimicrobial activity against P. aeruginosa, E. coli, and S. aureus. The
composite showed great potential for cleaning infected water.
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