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Abstract:
  

Nanofibers
 

based
 

on
 

cellulose
 

are
 

highly
 

desired
 

due
 

to
 

their
 

remarkable
 

biocompatibility
 

and
 

attractive
 

physical
 

and
 

biochemical
 

characteristics.
 

The
 

current
 

research
 

describes
 

a
 

simple
 

electrospinning
 

process
 

and
 

the
 

nano-materials
 

therefrom,
 

utilizing
 

the
 

classical
 

cellulose-
cuprammonium

 

solution
 

without
 

the
 

more
 

exotic
 

chemical
 

solvent
 

combinations.
 

Furthermore,
 

without
 

the
 

use
 

of
 

organic
 

solvents,
 

a
 

binary
 

polymer
 

system
 

with
 

the
 

addition
 

of
 

polyethylene
 

oxide
 

(PEO)
 

is
 

introduced
 

to
 

improve
 

the
 

robustness
 

of
 

the
 

electrospinning
 

and
 

the
 

properties
 

of
 

the
 

final
 

material.
 

The
 

impacts
 

of
 

the
 

cellulose
 

source,
 

cellulose
 

mass
 

fraction
 

and
 

PEO
 

formulation
 

on
 

spinnability,
 

fiber
 

morphology
 

and
 

mechanical
 

properties
 

are
  

investigated.
 

Nanofibers
 

with
 

diameters
 

ranging
 

from
 

130
 

nm
 

to
 

382
 

nm
 

are
 

successfully
 

fabricated.
 

The
 

presence
 

of
 

copper
 

in
 

the
 

fabricated
 

material
 

is
 

confirmed
 

by
 

using
 

the
 

X-ray
 

photoelectron
 

spectroscopy
 

( XPS )
 

analysis.
 

The
 

cuprammonium
 

process
 

significantly
 

changes
 

the
 

original
 

crystalline
 

structure
 

of
 

cellulose
 

I
 

into
 

cellulose
 

Ⅲ
 

within
 

the
 

nanofiber
 

morphology.
 

The
 

nanofibrous
 

membranes
 

also
 

demonstrate
 

notable
 

antibacterial
 

characteristics
 

for
 

Staphylococcus
 

aureus
 

( S.
 

aureus )
 

and
 

Escherichia
 

coli
 

(E.
 

coli) .
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0　 Introduction
As

 

the
 

most
 

abundant
 

organic
 

polymer
 

on
 

earth,
 

cellulose
 

is
 

a
 

vital
 

component
 

of
 

plant
 

cell
 

walls,
 

providing
 

structural
 

support
 

and
 

contributing
 

to
 

plant
 

function.
 

Moreover,
 

due
 

to
 

its
 

renewable
 

nature
 

and
 

biodegradability,
 

cellulose
 

has
 

been
 

extensively
 

studied
 

and
 

utilized
 

in
 

various
 

industrial
 

applications[1] .
 

The
 

research
 

on
 

nanofiber
 

generation
 

based
 

on
 

cellulose
 

has
 

attracted
 

considerable
 

interest
 

in
 

the
 

scientific
 

community
 

due
 

to
 

its
 

distinctive
 

characteristics
 

and
 

wide-ranging
 

application
 

possibilities
 

in
 

protective
 

clothing,
 

biomedical
 

areas,
 

filtration
 

and
 

separation[2-4] .
 

Plants
 

are
 

considered
 

as
 

the
 

primary
 

source
 

of
 

cellulose,
 

and
 

cellulose
 

may
 

also
 

be
 

derived
 

from
 

several
 

other
 

sources,
 

like
 

animals,
 

fungi
 

and
 

algae[5] .
 

Recent
 

advancements
 

in
 

nanotechnology
 

have
 

paved
 

the
 

way
 

for
 

the
 

development
 

of
 

cellulose-
based

 

nanofibers.
 

These
 

nanofibers,
 

derived
 

from
 

natural
 

cellulose,
 

exhibit
 

remarkable
 

properties
 

such
 

as
 

high
 

mechanical
 

strength,
 

chemical
 

modifiability,
 

and
 

a
 

high
 

surface
 

area.
 

Furthermore,
 

they
 

are
 

biodegradable,
 

aligning
 

with
 

the
 

global
 

trend
 

towards
 

sustainable
 

and
 

environmentally
 

friendly
 

materials[6] .
Cellulose,

 

however,
 

lacks
 

solubility
 

in
 

most
 

organic
 

solvents.
 

This
 

is
 

attributed
 

to
 

the
 

substantial
 

presence
 

of
 

inter-
 

and
 

intra-molecular
 

hydrogen
 

bonds
 

linked
 

to
 

hydroxyl
 

groups
 

in
 

the
 

glycosidic
 

rings,
 

rendering
 

cellulose
  

a
 

highly
 

robust
 

and
 

stiff
 

polymer.
 

This
 

characteristic
 

necessitates
 

precise
 

solvent
 

blends
 

that
 

can
 

effectively
 

weaken
 

hydrogen
 

bonding,
 

thereby
 

inducing
 

the
 

separation
 

of
 

cellulose
 

molecules[7] .
 

Solvents
 

applied
 

for
 

the
 

dissolution
 

of
 

cellulose
 

are
 

classified
 

into
 

two
 

groups:
 

derivatizing
 

solvents
 

and
 

non-derivatizing
 

solvents.
 

Cellulose
 

is
 

subject
 

to
 

a
 

chemical
 

covalent
 

modification
 

process
 

when
 

it
 

is
 

dissolved
 

in
 

derivatizing
 

solvents,
 

substituting
 

some
 

hydroxyl
 

groups
 

with
 

ester,
 

ether
 

or
 

acetal
 

groups.
 

This
 

modification
  

chemically
  

transforms
  

cellulose
 

into
 

soluble
 

cellulose
 

derivatives.
 

These
 

cellulose
 

derivatives
 

include
 

cellulose
 

acetate,
 

cellulose
 

nitrate,
 

cellulose
 

xanthate,
  

cellulose
 

carbamate
 

and
 

cellulose
 

phosphate[8-9] .
The

 

non-derivatizing
 

solvents
 

rely
 

on
 

a
 

physical
 

alteration
 

of
 

intermolecular
 

interactions
 

instead
 

of
 

a
 

285



chemical
 

modification.
 

Illustrations
 

of
 

such
 

instances
 

comprise
 

metal-cellulose
 

complexes
 

encompassing
 

a
 

transition
 

metal
 

and
 

an
 

ammonium
 

or
 

amine
 

constituent[10] .
 

Various
 

non-derivatizing
 

techniques
 

are
 

available,
 

including
 

the
 

utilization
 

of
 

aqueous
 

alkalies
 

such
 

as
 

cuprammonium
 

hydroxide,
 

polyethylene
 

glycol,
 

thiourea,
 

lithium
 

hydroxide
 

with
 

urea,
 

sodium
 

hydroxide
 

complexes
 

with
 

urea,
 

concentrated
 

molten
 

inorganic
 

salt
 

hydrates
 

and
 

dimethylacetamide / lithium
 

chloride,
 

n-methylmorpholine
 

n-oxide
 

dimethyl
 

and
 

sulfoxide /
tetra-n-butylammonium

 

fluoride[11] .
The

 

cuprammonium
 

system
 

is
 

a
 

non-derivatizing
 

solvent
 

that
 

facilitates
 

the
 

dissolution
 

of
 

cellulose
 

by
 

intermolecular
 

interactions
 

without
 

altering
 

the
 

cellulose
 

chains,
 

hence
 

enabling
 

cellulose
 

solubilization.
 

The
 

cuprammonium
 

ion
 

always
 

pairs
 

up
 

with
 

the
 

hydroxyl
 

groups
 

at
 

positions
 

C2
 and

 

C3
 of

 

the
 

glucopyranose
 

units
 

in
 

the
 

cellulose
 

structure[12]
 

( Fig. 1 ) .
 

This
 

interaction
 

reduced
 

intermolecular
 

hydrogen
 

bonding
 

within
 

cellulose[13] ,
 

thereby
 

facilitating
 

the
 

separation
 

of
 

cellulose
 

molecules.
 

The
 

dissolution
 

mechanism
 

has
 

been
 

thoroughly
 

examined
 

and
 

confirmed
 

by
 

various
 

researchers[14-15] .
 

Copper
 

was
 

predominantly
 

present
 

in
 

the
 

amorphous
 

region,
 

leading
 

to
 

a
 

reorganization
 

of
 

the
 

molecular
 

arrangement
 

of
 

cellulose[16] .
 

During
 

the
 

cellulose
 

recovery
 

process,
  

the
 

copper
 

hydroxide
 

lay
 

on
 

the
 

surface
 

of
 

the
 

fabric
 

while
 

the
 

ammonia
 

component
 

evaporated[17] .
 

　 　 Fig.
 

1　 Schematic
 

diagram
 

of
 

structure:
 

(a)
 

cellulose;
 

(b)
 

cuprammonium
 

cellulose

Electrospinning
 

is
 

a
 

highly
 

adaptable
 

technique
 

that
 

facilitates
 

the
 

formation
 

of
 

nanofibers
 

with
 

regulated
 

morphology,
 

a
 

high
 

volume-to-surface
 

area
 

ratio
 

and
 

customizable
 

mechanical
 

characteristics[18] .
 

Electrospinning
 

can
 

produce
 

nonwoven
 

cellulose
 

membranes
 

for
 

various
 

applications[19-22] .
 

Polyethylene
 

oxide
 

(PEO),
 

a
 

biodegradable
 

polymer
 

soluble
 

in
 

water,
 

has
 

been
 

used
 

for
 

better
 

electrospinnability
 

and
 

mechanical
 

characteristics
 

of
 

the
 

resultant
 

nanofibers.
 

The
 

integration
 

of
 

PEO
 

enhances
 

the
 

intermolecular
 

interaction,
 

resulting
 

in
 

better
 

fiber
 

formation
 

and
 

increased
 

mechanical
 

strength[23] .
 

Moreover,
 

PEO
 

can
 

effectively
 

optimize
 

the
 

fiber
 

diameters
 

and
 

the
 

membrane
 

porosity,
 

enhancing
 

jetting
 

stability
 

during
 

electrospinning
 

and
 

increasing
 

the
 

surface
 

area
 

of
 

the
 

membranes[24] .
 

The
 

main
 

problem
 

with
 

the
 

formation
 

of
 

fibrous
 

materials
 

from
 

electrospinning
 

through
 

pure
 

cellulose
 

solutions
 

is
 

that
  

it
 

frequently
 

results
 

in
 

the
 

production
 

of
 

spherical
 

nanoparticles[25] .
 

Our
 

primary
 

objective
 

is
 

to
 

explore
 

the
 

fabrication
 

process
 

of
 

cellulose-based
 

nanofibers
 

by
 

using
 

cuprammonium
 

solution
 

and
 

investigate
 

their
 

antibacterial
 

properties.
 

We
 

aim
 

to
 

provide
 

a
 

comprehensive
 

understanding
 

of
 

the
 

synthesis
 

methods,
 

characterization
 

techniques,
 

and
 

potential
 

applications
 

of
 

these
 

nanofibers.
 

The
 

combination
 

of
 

cellulose
 

cuprammonium
  

solution
 

with
 

PEO,
 

although
 

intuitively
 

simple,
 

has
 

not
 

been
 

fully
 

elucidated
 

to
 

date,
 

and
 

our
 

study
 

contributes
 

to
 

the
 

existing
 

body
 

of
 

knowledge.
 

We
 

report
 

herein
 

the
 

recent
 

work
 

exploring
 

the
 

binary
 

system
 

based
 

on
 

such
 

combination,
 

demonstrating
 

the
 

benefit
 

in
 

the
 

processing,
 

characteristics
 

and
 

functionality
 

of
 

the
 

nanofibrous
 

membrane
 

system
 

based
 

on
 

cellulose
 

and
 

PEO.
 

1　 Materials
 

and
 

Methods
 

1. 1　 Materials
Ammonium

 

hydroxide
 

with
 

a
 

mass
 

fraction
 

range
 

of
 

28% - 30%,
 

copper
 

( Ⅱ )
 

hydroxide
 

and
 

PEO
 

with
 

relative
 

molecular
 

masses
 

of
 

300,
 

500
 

and
 

1 000
 

kDa
 

( denoted
 

as
 

PEO300,
 

PEO500
 

and
 

PEO1000,
 

respectively)
 

were
 

purchased
 

from
 

Shanghai
 

Aladdin,
 

China.
 

The
 

cotton
 

linter
 

( degree
 

of
 

polymerization
 

of
 

about
 

1
 

430)
  

was
 

provided
 

by
 

Central
 

Cotton
 

Research
 

Institute,
 

Multan,
 

Pakistan.
 

The
 

needle
 

wood
 

(degree
 

of
 

polymerization
 

of
 

about
 

1
 

185),
 

a
 

softwood
 

pulp
 

of
 

pine
 

tree
 

( pinus ),
 

was
 

purchased
 

from
 

Dalian
 

Yangrun,
 

China.
 

Other
 

reagents
 

applied
 

in
 

this
 

research
 

were
 

of
 

analytical
 

quality
 

and
 

obtained
 

from
 

commercial
 

vendors
 

in
 

Qingdao,
 

China.
 

Deionized
 

water
 

was
 

used
 

in
 

the
 

experiments.
1. 2　 Electrospinning

 

of
 

cellulose
 

nanofibers
Cuprammonium

 

solution
 

with
 

a
 

2%
 

mass
 

fraction
 

of
 

copper
 

hydroxide
 

was
 

prepared
 

by
 

mixing
 

copper
 

hydroxide
 

with
 

ammonium
 

hydroxide
 

using
 

a
 

magnetic
 

stirrer
 

for
 

10
 

min.
 

The
 

cuprammonium
 

solution
 

was
 

utilized
 

to
 

dissolve
 

cellulose.
 

The
 

mass
 

fractions
 

of
 

the
 

cellulose
 

in
 

the
 

solution
 

were
 

maintained
 

at
 

a
 

range
 

of
 

2%
 

to
 

5%.
 

The
 

mixture
 

was
 

subjected
 

to
 

magnetic
 

stirring
 

for
 

30
 

min.
 

Distinct
 

solutions
 

of
 

PEO
 

with
 

mass
 

fractions
 

ranging
 

from
 

1. 0%
 

to
 

2. 0%
 

were
 

prepared
 

individually
 

and
 

subsequently
 

blended
 

with
 

cellulose
 

solution
 

in
 

varying
 

mass
 

ratios
 

(1 ∶ 1,
 

3 ∶ 1
 

and
 

4 ∶ 1,
 

respectively)
 

of
 

the
 

dissolved
 

cellulose
 

to
 

the
 

PEO
 

solution.
 

Subsequently,
 

following
 

a
 

15
 

min
 

mixing
 

period,
 

the
 

compound
 

solution
 

was
 

subjected
 

to
 

electrospinning
 

at
 

ambient
 

temperature.
 

This
 

process
 

was
 

carried
 

out
 

using
 

a
 

needle
 

with
 

an
 

inner
 

diameter
 

of
 

0. 6
 

mm
 

at
  

supply
 

rates
 

ranging
 

from
 

1. 67
 

μL / min
 

to
 

16. 67
 

μL / min
 

and
 

at
 

applied
 

voltages
 

between
 

15
 

kV
 

and
 

27
 

kV.
 

The
 

distances
 

from
 

the
 

collector
 

were
 

maintained
 

at
 

100
 

mm
 

to
 

160
 

mm,
 

while
 

the
 

relative
 

humidities
 

(RHs)
 

were
 

kept
 

within
 

a
 

range
 

of
 

28%
 

to
 

59%.
 

The
 

obtained
 

nanofibrous
 

385
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membranes
 

were
 

dried
 

at
 

60
 

℃
 

for
 

2
 

h.
1. 3　 Characterization

The
 

morphological
 

characteristics
 

of
 

nanofibrous
 

membranes
 

were
 

examined
 

through
 

scanning
 

electron
 

microscopy
 

( SEM )
 

using
 

a
 

Phenom
 

Pro
 

instrument
( Hitzacker,

 

Germany ) .
 

The
 

measurement
 

of
 

fiber
 

diameters
 

was
 

conducted
 

using
 

the
 

NanoMeasurer
 

1. 2. 5
 

software.
 

An
 

electronic
 

extensometer
 

was
 

utilized
 

to
 

analyze
 

the
 

mechanical
 

traits
 

of
 

the
 

nanofibrous
 

membranes.
 

The
 

X-ray
 

diffractometer
 

(XRD)
 

patterns
 

were
 

obtained
 

with
 

a
 

DX-2700
 

X-ray
 

diffractometer
 

( Japan)
 

with
 

Cu
 

Kα
 

radiation
 

(40
 

kV,
 

40
 

mA) ,
 

the
 

noted
 

region
 

of
 

2θ
  

was
 

5°-80°,
 

and
 

the
 

scanning
 

speed
 

was
 

5. 0
 

( °) / min.
 

The
 

samples
 

included
 

electrospun
 

nanofibers
 

made
 

from
 

the
 

cotton
 

linter
 

and
 

the
 

needle
 

wood.
 

These
 

nanofibers
 

contained
 

a
 

mass
 

fraction
 

of
 

3%
 

cellulose
 

and
 

2%
 

PEO500.
 

X-ray
 

photoelectron
 

spectroscopy
 

( XPS )
 

was
 

employed
 

to
 

examine
 

the
 

bonding
 

states
 

of
 

surface
 

components
 

within
 

the
 

sample.
 

The
 

experiments
 

were
 

conducted
 

using
 

a
 

Thermo
 

Fisher
 

ESCALAB
 

250Xi
 

spectrometer
 

( Japan)
 

equipped
 

with
 

an
 

Al
 

Kα
  

X-ray
 

source
 

with
 

an
 

energy
 

of
 

1 486. 6
 

eV.
1. 4　 Antibacterial

 

activity
 

assessment
 

The
 

disc
 

diffusion
 

method
 

was
 

used
 

to
 

evaluate
 

the
 

antibacterial
 

effect
 

of
 

nanofibrous
 

membranes
 

against
 

Staphylococcus
 

aureus
 

(S.
 

aureus)
 

and
 

Escherichia
 

coli
 

( E.
 

coli ) [26] .
 

In
 

a
 

short
 

procedure,
 

the
 

bacterial
 

suspensions
 

(200
 

μL,
  

1×106
 

CFU / mL)
  

were
 

introduced
 

onto
 

the
 

solid
 

agar
 

medium
 

and
 

evenly
 

distributed
 

using
 

a
 

glass
 

spreading
 

rod.
 

Initially,
 

the
 

customized
 

samples
 

with
 

a
 

diameter
 

of
 

approximately
 

16
 

mm
 

were
 

placed
 

in
 

Petri
 

dishes
 

cultured
 

with
 

S.
 

aureus
 

and
 

E.
 

coli.
 

Subsequently,
 

the
 

Petri
 

dishes
 

were
 

incubated
 

for
 

24
 

h
 

at
 

37
 

℃.
 

The
 

area
 

of
 

inhibition
 

zones
 

surrounding
 

each
 

sample
 

was
 

determined
 

using
 

the
 

ImageJ
 

1. 46r
 

software.
 

The
 

antibacterial
 

tests
 

were
 

conducted
 

in
 

triplicate
 

using
 

samples
 

that
 

were
 

prepared
 

individually.
　 　 　

2　 Results
 

and
 

Discussion
2. 1　 Formation

 

of
 

electrospun
 

nanofibrous
 

membranes
We

 

focused
 

on
 

the
 

interactions
 

between
 

cellulose
 

sources,
 

cellulose
 

mass
 

fractions,
 

PEO
 

mass
 

fractions,
 

PEO
 

relative
 

molecular
 

masses,
 

the
 

cellulose
 

cuprammonium
 

solution’ s
 

viscosity,
 

and
 

the
 

resultant
 

nanofibers ’
 

mean
 

diameter.
 

Table
 

1
 

presents
 

the
 

solution
 

compositions
 

of
 

cellulose
 

and
 

PEO,
 

as
 

well
 

as
 

the
 

fiber
 

diameter
 

and
 

morphology.
 

Table
 

2
 

displays
 

the
 

pertinent
 

electrospinning
 

process
 

parameters
 

of
 

each
 

sample.
 

No
 

Taylor
 

cone
 

was
 

observed
 

for
 

cellulose
 

cuprammonium
 

solutions
 

within
 

the
 

mass
 

fractions
 

of
 

1%
 

to
 

5%
 

at
 

the
 

applied
 

voltage.
 

The
 

electrospinning
 

process
 

resulted
 

in
 

a
 

spherical
 

droplet
 

that
 

increased
 

in
 

size
 

with
 

the
 

increase
 

of
 

cellulose
 

mass
 

fractions.
 

Ultimately,
 

the
 

droplet
 

was
 

sprayed
 

with
 

minimal
 

extension,
 

which
 

deviated
 

from
 

the
 

typical
 

electrospinning
 

process.
 

The
 

solution
 

viscosity
 

played
 

a
 

considerable
 

role
 

in
 

the
 

process
 

of
 

Taylor
 

cone
 

generation
 

and
 

the
 

ability
 

of
 

the
 

polymer
 

solution
 

to
 

generate
 

extended
 

fibers.
 

The
 

escalating
 

mass
 

fractions
 

of
 

cuprammonium
 

cellulose
 

may
 

also
 

induce
 

more
 

pronounced
 

viscoelasticity
 

of
 

the
 

solution
 

which
 

is
 

adverse
 

to
 

the
 

elongational
 

flow,
 

thus
 

impeding
 

the
 

fiber
 

formation.
 

The
 

production
 

of
 

droplets
 

and
 

limited
 

expansion
 

is
 

the
 

result
 

of
 

a
 

decrease
 

in
 

the
 

electric
 

charge,
 

which
 

prevents
 

the
 

formation
 

of
 

a
 

Taylor
 

cone.
 

To
 

tackle
 

this
 

problem
 

and
 

mitigate
  

the
 

internal
 

charges
 

of
 

the
 

solution,
  

PEO
 

has
 

emerged
 

as
 

a
 

promising
 

additive
 

for
 

facilitating
 

the
 

electrospinning
 

process.
 

PEO
 

has
 

a
 

high
 

relative
 

molecular
 

mass
 

and
 

is
 

frequently
 

employed
 

to
 

enhance
 

the
 

spinnability
 

of
 

solutions
 

in
 

electrospinning.
 

It
 

functions
 

to
 

enhance
 

the
 

formation
 

of
 

the
 

Taylor
 

cone
 

due
 

to
 

intermolecular
 

interaction
 

among
 

the
 

hydroxyl
 

groups
 

of
 

cellulose
 

and
 

the
 

ether
 

groups
 

of
 

PEO,
 

thereby
 

assisting
 

in
 

attaining
 

the
 

desired
 

internal
 

charge
 

distribution
 

of
 

the
 

electrospinning
 

process.
 

Table
 

1　 Cellulose
 

and
 

PEO
 

solution
 

combinations
 

and
 

the
 

fiber
 

properties

Sample Cellulose
 

source

Cellulose
 

mass
 

fraction
 

in
 

cuprammonium
 

solution / %

PEO
 

relative
 

molecular
 

mass / kDa

PEO
 

mass
 

fraction
 

in
 

aqueous
 

solution / %

Mass
 

ratio
 

of
 

cellulose
 

to
 

PEO
 

in
 

solution

Fiber
 

diameter /
nm

Fiber
 

morphology

CL1 Cotton
 

linter 2 300 2. 0 1 ∶1 145±13 Fibers
 

with
 

spindle-like
 

beads
CL2 Cotton

 

linter 3 300 2. 0 1 ∶1 176±24 Fibers
 

with
 

few
 

spindle-like
 

beads
CL3 Cotton

 

linter 4 300 2. 0 1 ∶1 195±13 Beads
 

with
 

few
 

fibers
CL4 Cotton

 

linter 5 300 2. 0 1 ∶1 230±23 Fibers
 

with
 

few
 

beads
CL5 Cotton

 

linter 2 500 2. 0 1 ∶1 130±25 Spindle-like
 

beads
 

with
 

few
 

fibers
CL6 Cotton

 

linter 3 500 2. 0 1 ∶1 215±11 Fibers
 

with
 

spindle-like
 

beads
CL7 Cotton

 

linter 4 500 2. 0 1 ∶1 245±16 Fibers
 

with
 

spindle-like
 

beads
CL8 Cotton

 

linter 5 500 2. 0 1 ∶1 310±23 Few
 

fibers
 

with
 

beads
CL9 Cotton

 

linter 2 1
 

000 1. 0 4 ∶1 330±17 Fibers
 

with
 

few
 

beads
CL10 Cotton

 

linter 3 1
 

000 1. 5 3 ∶1 270±24 Fibers
 

with
 

beads
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Iqbal,
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(Table
 

1
 

continued)

Sample Cellulose
 

source

Cellulose
 

mass
 

fraction
 

in
 

cuprammonium
 

solution / %

PEO
 

relative
 

molecular
 

mass / kDa

PEO
 

mass
 

fraction
 

in
 

aqueous
 

solution / %

Mass
 

ratio
 

of
 

cellulose
 

to
 

PEO
 

in
 

solution

Fiber
 

diameter
/ nm

Fiber
 

morphology

CL11 Cotton
 

linter 4 1
 

000 1. 0 3 ∶1 — Electrospraying
NW1 Needle

 

wood 2 300 2. 0 1 ∶1 130±23 Fibers
 

with
 

beads
NW2 Needle

 

wood 3 300 2. 0 1 ∶1 — Electrospraying
NW3 Needle

 

wood 4 300 2. 0 1 ∶1 — Electrospraying
NW4 Needle

 

wood 5 300 2. 0 1 ∶1 225±23 Fibers
 

with
 

beads
NW5 Needle

 

wood 2 500 2. 0 1 ∶1 — Electrospraying
NW6 Needle

 

wood 3 500 2. 0 1 ∶1 — Electrospraying
NW7 Needle

 

wood 4 500 2. 0 1 ∶1 270±34 Fibers
 

with
 

few
 

beads
NW8 Needle

 

wood 5 500 2. 0 1 ∶1 — Electrospraying
NW9 Needle

 

wood 2 1
 

000 1. 0 4 ∶1 310±28 Regular
 

nanofibers
NW10 Needle

 

wood 3 1
 

000 1. 5 3 ∶1 150±34 Fibers
 

with
 

beads
NW11 Needle

 

wood 4 1
 

000 1. 0 3 ∶1 350±32 Fibers
 

with
 

spindle-like
 

beads

Table
 

2　 Electrospinning
 

process
 

parameters
Sample

 

Flow
 

rate / (μL / min) Applied
 

voltage / kV Distance / mm Temperature / ℃ RH / %
CL0 6. 67 23. 05 160 32 39
CL1 6. 67 23. 05 160 32 39
CL2 6. 67 23. 07 160 32 38
CL3 5. 00 23. 11 160 30 42
CL4 8. 34 24. 63 160 29 43
CL5 8. 34 23. 05 160 32 39
CL6 8. 34 23. 05 160 31 39
CL7 8. 34 23. 07 160 30 41
CL8 8. 34 25. 10 160 30 42
CL9 8. 34 15. 81 110 30 30
CL10 16. 67 27. 24 110 20 31
CL11 7. 50 24. 00 100 22 44
NW0 5. 83 21. 78 130 22 44
NW1 5. 83 21. 78 130 22 44
NW2 5. 00 23. 05 125 24 38
NW3 6. 67 22. 85 125 23 30
NW4 2. 50 16. 00 120 24 42
NW5 3. 34 20. 48 120 22 44
NW6 5. 00 23. 12 130 31 40
NW7 5. 00 21. 11 125 22 36
NW8 1. 67 19. 12 140 25 43
NW9 8. 34 15. 80 110 20 28
NW10 11. 67 27. 22 110 21 39
NW11 16. 67 22. 10 150 27 48

Previous
 

studies
 

have
 

reported
 

successful
 

electrospinning
 

outcomes
 

with
 

the
 

combined
 

solutions
 

of
 

PEO
 

and
 

other
 

biodegradable
 

polymers[27-29] .
 

However,
 

the
 

mass
 

fractions
 

and
 

molecular
 

masses
 

of
 

PEO
 

and
 

cuprammonium
 

cellulose
 

are
 

different
 

and
 

their
 

effects
 

on
 

spinning
 

and
 

fiber
 

morphology
 

are
 

yet
 

to
 

be
 

explored.

2. 2　 Characterizations
Figure

 

2
 

presents
 

the
 

viscosity
 

of
 

the
 

cotton
 

linter
 

and
 

the
 

needle
 

wood.
 

The
 

viscosity
 

increases
 

with
 

the
  

mass
 

fractions
 

of
 

the
 

cotton
 

linter
 

and
 

the
 

needle
 

wood
 

in
 

the
 

cuprammonium
 

solution.
 

The
 

cotton
 

linter
 

shows
 

high
 

viscosity
 

due
 

to
 

a
 

high
 

degree
 

of
 

polymerization[30-31] .
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Fig.
 

2 　 Viscosity
 

of
 

cotton
 

linter
 

and
 

needle
 

wood
 

in
 

cuprammonium
 

solution

PEO
 

solutions
 

with
 

different
 

relative
 

molecular
 

masses( 300, 500
 

and
 

1 000
 

kDa)
 

and
 

different
 

mass
 

fractions
 

(1. 0%,
 

1. 5%
 

and
 

2. 0%)
 

are
 

prepared.
 

The
 

obtained
 

solutions
 

are
 

denoted
 

as
 

2. 0%-PEO300,2. 0%-
　 　 　

PEO500,
 

1. 0%-PEO1000
 

and
 

1. 5%-PEO1000,
 

respectively.
 

The
 

nanofibrous
 

membranes
 

obtained
 

from
 

the
 

above
 

solutions
 

are
 

denoted
 

as
 

m-2. 0%-PEO300,
 

m-2. 0%-
PEO500,

 

m-1. 0%-PEO1000
 

and
 

m-1. 5%-PEO1000,
 

respectively. Figures
 

3(a)
 

and
 

3(b)
 

represent
 

the
 

viscosities
 

of
 

both
 

cellulosic
 

sources
 

in
 

the
 

cuprammonium
 

solution
 

with
 

different
 

mass
 

fractions
 

blended
 

with
 

2. 0%-PEO300.
 

As
 

the
 

mass
 

fraction
 

of
 

cellulose
 

increases,
 

the
 

viscosities
 

of
 

the
 

solution
 

increase.
 

The
 

cotton
 

linter
 

with
 

mass
 

fractions
 

from
 

2%
 

to
 

5%
 

in
 

the
 

cuprammonium
 

solution
 

with
  

2. 0%-
PEO500

 

show
 

viscosities
 

of
 

324,
 

618,
 

742
  

and
 

957
 

mPa·s,
 

respectively.
 

The
 

needle
 

wood
 

( Fig.
 

3 ( b ))
 

shows
 

relatively
 

lower
 

viscosities
 

than
 

cotton
 

linter
 

and
 

is
 

unable
 

to
 

form
 

jets,
 

which
 

is
 

mainly
 

characterized
 

by
 

the
 

phenomenon
 

of
 

electrospray.
 

As
 

shown
 

in
 

Fig. 3(c),
 

the
 

viscosities
 

of
 

2%-PEO300,
 

2%-PEO500,
 

1%-PEO1000
  

and
 

1. 5%-
PEO1000

 

are
 

60. 0,
 

107. 1,
 

176. 7
 

and
 

245. 7
 

mPa·s,
 

respectively.
 

The
 

viscosities
 

increase
 

with
 

PEO
 

relative
 

molecular
 

masses.

Fig.
 

3 　 Viscosities
 

of
 

different
 

samples:
 

( a )
 

cotton
 

linter
 

in
 

cuprammonium
 

solution
 

with
 

2. 0%-PEO300;
 

( b )
 

needle
 

wood
 

in
 

cuprammonium
 

solution
 

with
 

2. 0%-PEO300;
 

(c)
 

PEO
 

solutions
 

with
 

different
 

PEO
 

relative
 

molecular
 

masses
 

and
 

mass
 

fractions

Figure
 

4
 

shows
 

the
 

surface
 

morphology
 

of
 

the
 

cotton
 

linter
 

nanofiber
 

samples
 

from
 

CL1
 

to
 

CL11
 

( mass
 

fractions
 

ranging
 

from
 

2%
 

to
 

5%)
 

with
 

varying
 

relative
 

molecular
 

masses
 

of
 

PEO.
 

Notably,
 

when
 

the
 

cellulose
 

mass
 

fraction
 

exceeds
 

5%,
 

the
 

electrospinning
 

dispersion
 

is
 

often
 

disrupted
 

by
 

the
 

expulsion
 

of
 

large
 

droplets
 

from
 

the
 

spinneret.
 

The
 

observed
 

phenomenon
 

can
 

be
 

attributed
 

to
 

the
 

solution’ s
 

elevated
 

viscosity
 

and
 

the
 

cellulose
 

flocculation
 

induced
 

in
 

the
 

dispersion
 

of
 

the
 

separation
 

phases[32] .
 

SEM
 

images
 

of
 

the
 

cotton
 

linter
 

nanofibers
 

(CL2,
 

CL4
 

and
 

CL9)
 

show
 

a
 

continuous
 

nanofiber
 

with
 

mean
 

diameters
 

of
 

(176±24),
 

(230±23)
 

and
 

(330±17)
 

nm,
 

respectively.
 

Samples
 

CL3
 

and
 

CL8
 

show
 

a
 

limited
 

number
 

of
 

nanofibers
 

and
 

beads.
 

Despite
 

attempts
 

to
 

decrease
 

the
 

electric
 

field,
 

the
 

formation
 

of
 

beads
 

remained
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inevitable.
 

Noteworthy
 

variations
 

in
 

the
 

diameter
 

and
 

structural
 

morphology
 

of
 

electrospun
 

nanofibers
 

are
 

observed
 

upon
 

varying
 

the
 

relative
 

molecular
 

mass
 

of
 

PEO.
 

Samples
 

CL2
 

and
 

CL4,
 

which
 

contain
 

cotton
 

linters
 

and
 

PEO300,
 

exhibit
 

uniform
 

nanofibers.
 

In
 

contrast,
 

samples
 

CL5
 

to
 

CL8,
 

which
 

contain
 

cotton
 

linters
 

and
 

PEO500,
 

display
 

irregular
 

spindle-shaped
 

beads
 

with
 

some
 

fibers.
 

The
 

relative
 

molecular
 

mass
 

of
 

PEO
 

notably
 

influences
 

the
 

spinnability
 

of
 

the
 

solutions.
 

The
 

increase
 

in
 

the
 

bead
 

size
 

and
 

the
 

quantity
 

at
 

a
 

higher
 

PEO
 

relative
 

molecular
 

mass
 

can
 

be
 

attributed
 

to
 

a
 

rise
 

in
 

viscosity
 

and
 

a
 

decrease
 

in
 

the
 

charge
 

density
 

taken
 

by
 

the
 

jet[33] .
 

CL9
 

shows
 

continuous
 

nanofibers,
 

CL10
 

has
 

a
 

fibrous
 

and
 

bead-like
 

structure,
 

while
 

CL11
 

exhibits
 

the
 

electrospraying
 

behavior.
 

The
 

observed
 

phenomenon
 

can
 

be
 

attributed
 

to
 

the
 

lower
 

amount
 

of
 

PEO
 

in
 

CL9.
 

In
 

agreement
 

with
 

the
 

findings
 

of
 

Filip
 

et
 

al.[34] ,
 

a
 

low
 

amount
 

of
 

PEO
 

with
 

a
 

high
 

relative
 

molecular
 

mass
 

can
 

improve
 

the
 

spinnability
 

of
 

an
 

aqueous
 

sodium
 

alginate
 

solution.

Fig.
 

4　 SEM
 

images
 

of
 

cotton
 

linter
 

nanofiber
 

samples:
 

(a)
 

CL1;
 

(b)
 

CL2;
 

( c)
 

CL3;
 

(d)
 

CL4;
 

( e)
 

CL5;
 

( f)
 

CL6;
 

(g)
 

CL7;
 

(h)
 

CL8;
 

( i)
 

CL9;
 

( j)
 

CL10;
 

(k)
 

CL11

Figure
 

5
 

represents
 

the
 

diameter
 

distribution
 

curves
 

depicting
 

the
 

diameter
 

comparison
 

of
 

electrospun
 

fibers
 

from
 

different
 

cellulose
 

mass
 

fractions.
 

Fig.
 

5　 Diameter
 

distribution
 

curves
 

of
 

samples
 

from
 

CL1
 

to
 

CL10

The
 

diameters
 

of
 

the
 

fibers
 

with
 

varying
 

cellulose
 

mass
 

fractions
 

and
 

PEO
 

relative
 

molecular
 

masses
 

fall
 

in
 

a
 

range
 

of
  

100
 

nm
 

to
 

350
 

nm.
 

Samples
 

CL1
 

to
 

CL4
 

have
 

fiber
 

diameters
 

ranging
 

from
 

( 145 ± 13 )
 

nm
 

to
 

(230 ± 23 )
 

nm.
 

The
 

increase
 

in
 

the
 

fiber
 

diameter
 

in
 

response
 

to
 

the
 

elevated
 

mass
 

fractions
 

of
 

cotton
 

linters
 

is
 

attributed
 

to
 

the
 

higher
 

cellulose
 

mass
 

fraction
 

and
 

the
 

increased
 

viscosity[35-36] .
 

Figure
 

6
 

illustrates
 

the
 

surface
 

morphology
 

of
 

the
 

needle
 

wood
 

nanofiber
 

samples
 

from
 

NW1
 

to
 

NW11
 

which
 

are
 

prepared
 

using
 

needle
 

wood
  

and
 

PEO.
 

SEM
 

images
 

of
 

the
 

needle
 

wood
 

nanofibers
 

(NW1,
 

NW7
 

and
 

NW11)
 

show
 

continuous
 

nanofibers
 

with
 

mean
 

diameters
 

of
 

( 130 ± 23 ),
 

( 270 ± 34 )
 

and
 

( 310 ± 28 )
 

nm,
respectively.

 

The
 

electrospinnability
 

behavior
 

of
 

the
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needle
 

wood
 

cellulose
 

exhibited
 

dissimilarities
 

compared
 

to
 

that
 

of
 

the
 

cotton
 

linter.
 

Most
 

of
 

the
 

compositions
 

exhibit
 

electrospraying
 

rather
 

than
 

electrospinning.
 

Regular
 

nanofibers
 

are
 

observed
 

solely
 

in
 

samples
 

NW1,
 

NW7
 

and
 

NW11.
 

The
 

lower
 

viscosity
 

of
 

the
 

needle
 

wood
 

in
 

the
 

cuprammonium
 

solution
 

as
 

compared
 

to
 

the
 

cotton
 

linter
 

is
 

the
 

reason
 

for
 

this
 

phenomenon.
 

A
 

solution
 

characterized
 

by
 

low
 

viscosity
 

exhibits
 

a
 

correspondingly
 

low
 

viscoelastic
 

force,
 

rendering
 

it
 

insufficient
 

to
 

counterbalance
 

the
  

electrostatic
 

repulsion
 

forces
 

that
 

act
 

upon
 

the
 

stretching
 

of
 

the
 

electrospinning
 

jet.
 

This
 

phenomenon
 

results
 

in
 

the
 

partial
 

fragmentation
 

of
 

the
 

jet[37] .
 

Figure
 

7
 

displays
 

the
 

diameter
 

distribution
 

curves
 

of
 

needle
 

wood
 

nanofibers
 

generated
 

from
 

diverse
 

PEO
 

relative
 

molecular
 

masses
 

at
 

various
 

needle
 

wood
 

mass
 

fractions.
 

The
 

diameters
 

of
 

needle
 

wood
 

nanofibers
 

fall
 

in
 

100-382
 

nm.

Fig.
 

6　 SEM
 

images
 

of
 

needle
 

wood
 

nanofiber
 

samples:
 

(a)
 

NW1;
 

(b)
 

NW2;
 

(c)
 

NW3;
 

(d)
 

NW4;
 

(e)
 

NW5;
 

( f)
 

NW6;
 

(g)
 

NW7;
 

(h)
 

NW8;
 

( i)
 

NW9;
 

( j)
 

NW10;
 

(k)
 

NW11

Fig.
 

7　 Diameter
 

distribution
 

curves
 

of
 

samples
 

NW1,
 

NW4,
 

NW7,
 

NW9
 

to
 

NW11

Tensile
 

strengths
 

and
 

elongations
 

at
 

break
 

of
 

nanofibrous
 

membranes
 

are
 

shown
 

in
 

Fig.
 

8.
 

The
 

tensile
 

strengths
 

of
 

the
 

samples
  

from
 

CL1
 

to
 

CL9
 

are
 

3. 23,
 

3. 54,
 

3. 85,
 

4. 28,
 

3. 55,
 

4. 32,
 

4. 51,
 

4. 55
 

and
 

5. 23
 

MPa,
 

respectively,
 

whereas
 

the
 

tensile
 

strengths
  

of
 

NW1,
 

NW7,
 

NW9
 

and
 

NW11
 

are
 

2. 99,
 

4. 27,
 

4. 82,
 

and
 

5. 02
 

MPa,
 

respectively.
 

The
 

elongations
 

at
 

break
 

of
 

the
 

samples
 

from
 

CL1
 

to
 

CL9
 

are
 

20. 33%,
 

21. 58%,
 

23. 81%,
 

25. 62%,
 

25. 53%,
 

26. 2%,
 

28. 2%,
 

31. 29%
 

and
 

41. 4%,
 

respectively,
 

whereas
  

the
 

elongation
 

at
 

break
 

of
 

NW1,
 

NW7,
 

NW9
 

and
 

NW11
 

are
 

19. 45%,
 

25. 56%,
 

37. 8%
 

and
 

39. 53%,
 

respectively.
 

The
 

tensile
 

strength
 

increases
 

with
 

an
 

increase
 

in
 

the
 

cellulose
 

mass
 

fraction
 

and
 

the
 

PEO
 

relative
 

molecular
 

mass
 

for
 

both
 

cellulosic
 

sources,
 

and
 

the
 

elongation
 

at
 

break
 

shows
 

the
 

same
 

trend.
 

It
 

can
 

be
 

seen
 

that
 

CL9
 

and
 

NW9
 

show
 

increased
 

elongation
 

at
 

break
 

compared
 

to
 

other
 

samples.
 

Tensile
 

strengths
 

and
 

elongations
 

at
  

break
 

of
 

pure
 

PEO
 

with
 

different
 

relative
 

molecular
 

masses
 

are
 

shown
 

in
 

Fig. 8(c) .
 

The
 

tensile
 

strengths
 

and
 

the
 

elongations
 

at
   

break
 

for
 

m-2. 0%-PEO300,
 

m-2. 0%-PEO500
 

and
 

m-1. 0%-PEO1000
 

are
 

1. 67,
 

2. 37
 

and
 

3. 91
 

MPa,
 

and
 

8. 25%,
 

14. 19%
 

and
 

30. 92%,
 

respectively.
 

Pure
 

PEO
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shows
 

low
 

strength
 

and
 

elongation
 

at
 

break
 

as
 

compared
 

to
 

that
 

blended
 

with
 

cellulose.

Fig.
 

8　 Comparison
 

of
 

tensile
 

properties
 

of
 

various
 

nanofibrous
 

membranes:
 

( a)
 

cotton
 

linter / PEO;
 

( b)
 

needle
 

wood / PEO;
 

(c)
 

PEO
 

with
 

different
 

relative
 

molecular
 

masses
 

and
 

mass
 

fractions

XRD
 

is
 

utilized
 

to
 

analyze
 

the
 

original
 

materials
 

and
 

the
 

structural
 

disparities
 

in
 

the
 

electrospun
 

material
 

(Fig. 9) .
 

The
 

utilization
 

of
 

liquid
 

ammonia
 

for
 

cellulose
 

treatment
 

facilitates
 

the
 

processing
 

of
 

cellulose
 

fibers
 

reacting
 

with
 

hydroxyl
 

groups,
 

subsequently
 

disrupting
 

hydrogen
 

bonds,
 

and
 

thereby
 

accelerating
 

the
 

swelling
 

of
 

cellulose
 

fibers[38-39] .
The

 

crystallinity
 

Xc
 is

  

determined
 

using
 

XRD
 

and
 

calculated
 

as[39]
 

Xc =
Ac

Ac + Aa
( ) × 100%,

where
  

Ac
 and

 

Aa
 are

 

the
 

area
 

of
 

crystalline
 

and
 

amorphous
 

regions,
 

respectively.
Figures

 

9(a)
 

and
 

9(b)
 

indicate
 

the
 

diffraction
 

peaks
 

of
 

the
 

cotton
 

linter
 

and
 

the
 

needle
 

wood
 

at
 

2θ
  

around
 

15. 8°,
 

22. 9°,
 

34. 5°,
 

and
 

15. 7°,
 

22. 8°,
 

34. 9°,
 

respectively.
 

The
 

peaks
 

are
 

attributed
 

to
 

the
 

planes
 

of
 

(101),
 

(002)
 

and
 

(040),
 

which
 

are
 

in
 

agreement
 

with
 

the
 

characteristic
 

diffraction
 

peaks
 

of
 

cellulose
 

I[40-42] .
 

The
 

XRD
 

patterns
 

of
 

the
 

cotton
 

linter
 

and
 

the
 

needle
 

wood
 

nanofibrous
 

membrane,
 

shown
 

in
 

Figs.
 

9( c)
 

and
 

9(d),
 

display
 

prominent
 

peaks
 

at
 

19. 2°
 

and
 

19. 1°,
 

respectively.
 

These
 

peaks
 

suggest
 

the
 

presence
 

of
 

PEO[43] .
 

The
 

distinct
 

peaks
 

at
 

approximately
 

21. 7°
 

for
 

the
 

cotton
 

linter,
 

and
 

11. 4°,
 

21. 3°
 

and
 

37. 0°
 

for
 

the
 

needle
 

wood
 

are
 

the
 

evidence
 

of
 

cellulose
 

Ⅲ[22,44] .
 

The
 

transition
 

from
 

cellulose
 

Ⅰ
 

to
 

cellulose
 

Ⅲ
 

can
 

be
 

detected
 

by
 

monitoring
 

the
 

displacement
 

of
 

the
 

( 002)
 

peak,
 

which
 

undergoes
 

a
 

shift
 

in
 

its
 

2θ
  

value
 

from
 

22. 8°
 

to
 

21. 3°
 

during
 

the
 

conversion
 

process[39] .
 

The
 

crystallinity
 

of
 

cuprammonium
 

cotton
 

linter
 

and
 

needle
 

wood
 

is
 

54. 6%
 

and
 

54. 2%,
 

respectively.
 

Dissolution
 

of
 

cellulose
 

in
 

cuprammonium
 

induces
 

disruption
 

of
 

the
 

long-range
 

crystalline
 

arrangement,
 

leading
 

to
 

lower
 

crystallinity.
The

 

XPS
 

spectra
 

of
 

cuprammonium
 

cellulose / PEO
 

nanofibrous
 

membrane
 

are
 

given
 

in
 

Fig. 10.
 

In
 

a
 

theoretical
 

context,
 

it
 

has
 

been
 

observed
 

that
 

pure
 

cellulose
 

demonstrates
 

two
 

distinct
 

peaks
 

of
 

carbon
 

and
 

oxygen
 

in
 

the
 

full
 

XPS
 

spectra[45-46] .
 

The
 

XPS
 

spectra
 

of
 

cellulose /
PEO

 

nanofiber
 

displayed
 

three
 

signals
 

at
 

around
 

284
 

eV
 

and
 

531
 

eV
 

for
 

carbon
 

and
 

oxygen,
 

and
 

931
 

eV
 

which
 

was
 

associated
 

with
 

the
 

presence
 

of
 

copper
 

atoms[47] .
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Fig.
 

9　 XRD
 

patterns:
 

(a)
 

cotton
 

linter;
 

(b)
 

needle
 

wood;
 

(c)
 

electrospun
 

cotton
 

linter
 

nanofibrous
 

membrane;
 

(d)
 

electrospun
 

needle
 

wood
 

nanofibrous
 

membrane

Fig.
 

10　 XPS
 

spectra
 

of
 

cuprammonium
 

cellulose / PEO
 

nanofibrous
 

membrane:
 

( a)
 

full
 

spectrum;
 

( b)
 

C
 

1s
 

spectra;
 

(c)
 

main
 

and
 

satellite
 

peaks
 

of
 

Cu
 

2p

The
 

high-resolution
 

XPS
 

spectrum
 

of
 

C
 

1s
 

of
 

cuprammonium
 

cellulose / PEO
 

nanofibrous
 

membrane
 

shows
 

C—C,
 

C—O
  

and
 

C 􀪅􀪅O
 

groups
 

(Fig.
 

10(b)) .
 

The
 

C—C
 

connections
 

often
 

involve
 

the
 

carbon
  

atoms
 

primarily
 

derived
 

from
 

cellulose[48-49] .
 

The
 

carbon
 

atoms
 

connect
  

non-carbonyl
 

oxygen
 

atoms
 

to
 

form
 

C—OH,
  

in
 

which
 

the
 

oxygen
 

atoms
 

are
 

primarily
 

derived
 

from
 

cellulose[48,50] .
 

The
 

C
 

1s
  

peak
 

appears
 

when
 

the
 

carbon
 

atom
 

is
 

bonded
 

to
 

either
 

two
 

non-carbonyl
 

oxygen
 

atoms
( O—C—O )

 

or
 

a
 

single
  

carbonyl
 

oxygen
 

atom
 

(C 􀪅􀪅O) [51] .
 

The
 

binding
 

energy
 

associated
 

with
 

the
 

O
 

1s
 

orbital
 

engaged
 

in
 

the
 

—C 􀪅􀪅O
 

moiety
 

is
 

estimated
 

to
 

be
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approximately
 

531. 4
 

eV[52] .
 

Figure
 

10 ( c)
 

shows
 

XPS
 

peaks
 

around
 

931
 

eV
 

and
 

951
 

eV
 

characteristic
 

for
 

Cu
 

2p3 / 2
 and

 

Cu
 

2p1 / 2,
 

respectively.
 

The
 

characteristic
 

2p3 / 2
 

binding
 

energy
 

at
 

931
 

eV,
 

separating
 

from
 

2p1 / 2
 by

 

20
 

eV[53-54] ,
 

indicates
 

the
 

presence
 

of
 

Cu2+ .
2. 3　 Antibacterial

 

activity
The

 

disc
 

diffusion
 

method
 

was
 

used
 

to
 

examine
 

the
 

antibacterial
 

properties
 

of
 

nanofibrous
 

membranes.
 

The
 

quantification
 

of
 

the
 

growth
 

of
 

bacteria
  

on
 

the
 

agar
 

plates
 

was
 

determined
 

by
 

measuring
 

the
 

area
 

of
 

the
 

inhibition
 

zone(Fig. 11) .
 

Fig.
 

11 　 Images
 

of
 

bacterial
 

survival
 

on
 

agar
 

plates
 

following
 

contact
 

with
 

nanofibrous
 

membrane:
 

( a)
 

S.
 

aureus;
 

(b)
 

E.
 

coli

The
 

area
 

of
 

the
 

inhibition
 

zone
 

of
 

S.
 

aureus
 

and
 

E.
 

coli
 

are
 

(15. 10
 

±
 

0. 71)
 

mm2
 

and
 

(8. 04
 

±
 

0. 24)
 

mm2,
 

respectively.
 

The
 

red
 

circles
 

signify
 

the
 

effectiveness
 

of
 

membranes
 

against
 

bacterial
 

clones.
 

The
 

findings
 

of
 

this
 

study
 

show
 

that
 

the
 

electrospun
 

membranes
 

exhibit
 

exceptional
 

antibacterial
 

properties.
 

There
 

is
 

a
 

possibility
 

that
 

copper
 

ions
 

are
 

released
 

into
 

the
 

surrounding
 

environment,
 

leading
 

to
 

the
 

manifestation
 

of
 

strong
 

bactericidal
 

properties[55] .
 

The
 

presence
 

of
 

amine
 

and
 

carboxyl
 

groups
 

on
 

the
 

cell
 

surface
 

of
 

bacteria
 

makes
 

the
 

liberated
 

Cu2+
 

extremely
 

attractive
 

to
 

them.
 

Cell
 

membrane
 

disruption
 

may
 

occur
 

as
 

a
 

result
 

of
 

this
 

attraction,
 

resulting
 

in
 

impaired
 

enzyme
 

performance
 

or
 

damage
 

to
 

crucial
 

biochemical
 

processes.
 

In
 

addition,
 

Cu2+
 

can
 

traverse
 

the
 

cell
 

membrane
 

and
 

potentially
 

impact
 

the
 

functionality
 

of
 

biomolecules[56] .
 

As
 

a
 

result
 

of
 

double
 

bond
 

oxidation
 

in
 

phospholipids,
 

oxidative
 

stress
 

can
 

occur
 

and
 

bacterial
 

cell
 

development
 

can
 

be
 

hindered.
 

Consequently,
 

membrane
 

fluidity
 

can
 

be
 

enhanced[57]
 

or
 

proteins
 

responsible
 

for
 

bonding
 

and
 

biofilm
 

formation
 

may
 

be
 

disrupted[58] .

3　 Conclusions

This
  

study
 

presented
 

a
 

successful
 

aqueous
 

binary
 

system
 

formulation
 

enabling
 

the
 

electrospinning
 

of
 

cellulose-based
 

nanofibers.
 

This
 

formulation
 

allowed
 

the
 

production
 

of
 

functionalized
 

nanofibrous
 

membranes
 

through
 

a
 

streamlined
 

spinning
 

process
 

bypassing
 

the
 

need
 

for
 

a
 

complex
 

and
 

environmentally
 

burdensome
 

combination
 

of
 

exotic
 

organic
 

solvents,
 

presenting
 

a
 

more
 

sustainable
 

alternative.
 

In
 

the
 

cuprammonium
 

cellulose
 

solution,
 

high
 

relative
 

molecular
 

mass
 

PEO
 

at
 

low
 

mass
 

fractions
 

and
 

low
 

relative
 

molecular
 

mass
 

PEO
 

were
 

both
 

effective
 

in
 

producing
 

smooth
 

nanofibers.
 

These
 

nanofibers
 

exhibited
 

diameters
 

within
 

the
 

range
 

of
 

130
 

nm
 

to
 

382
 

nm.
 

The
 

fiber
 

diameter
 

increased
 

with
 

the
 

increase
 

of
 

the
 

cellulose
 

mass
 

fraction
 

and
 

the
 

PEO
 

relative
 

molecular
 

mass.
 

The
 

needle
 

wood
 

exhibited
 

poorer
 

spinnability
 

than
 

the
 

cotton
 

linter.
 

The
 

conversion
 

of
 

the
 

crystalline
 

structure
 

cellulose
 

I
 

to
 

cellulose
 

Ⅲ
 

occured
 

during
 

the
 

nanofiber
 

formation
 

due
 

to
 

the
 

dissolution-
spinning-recovery

 

process
 

in
 

the
 

cuprammonium
 

solution.
 

The
 

nanofibrous
 

membrane
 

also
 

showed
 

antibacterial
 

activity
 

against
 

S.
 

aureus
 

and
 

E.
 

coli
 

owing
 

to
 

copper
 

ions
 

on
 

the
 

membrane
 

surface,
 

as
 

indicated
 

by
 

XPS
 

analyses.
 

As
 

a
 

result
 

of
 

high
 

surface
 

area,
 

controllable
 

cellulose
 

structure
 

and
 

antibacterial
 

efficacy,
 

cuprammonium
 

cellulose / PEO
 

nanofibrous
 

membranes
 

can
 

potentially
 

be
 

used
 

in
 

water
 

treatment,
 

energy
 

storage
 

and
 

food
 

packaging.
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铜氨溶液静电纺丝纤维素基纳米纤维:制备、力学性能
和抗菌性

DANISH
 

Iqbal1,
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摘　 要: 纤维素基纳米纤维因其优异的生物相容性和物理化学特性而备受关注, 并被广泛应用。 该研究介

绍了一种简单易行的静电纺丝工艺及用其制得的纤维素基纳米材料。 采用经典的纤维素-铜氨溶液, 从而

避免使用更复杂的化学溶剂组合。 进一步将聚环氧乙烷 (polyethylene
 

oxide, PEO) 引入二元聚合物体系,
改善了静电纺丝过程的稳定性及最终材料的性能, 此过程不涉及有机溶剂。 研究了纤维素来源和质量分数

及 PEO 配方对纺丝性能和纤维形貌的影响, 并使用铜氨溶液成功制备了直径为 130 ~ 382
 

nm 的纤维。 X 射

线光电子能谱 (X-ray
 

photoelectron
 

spectroscopy, XPS) 分析证实了纳米纤维中铜的存在。 铜氨溶液对纳米

纤维形态内部由纤维素 I 向纤维素 III 晶体结构的转变存在显著影响。 同时, 纳米纤维膜表现出对金黄色葡

萄球菌和大肠杆菌优异的抗菌性。
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