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Abstract Extensive research on membrane technologies stems from the ne-
cessity for drinking water purification, wastewater treatment, and recycling
polluted water by filtration. For the successful commercialization of a filtration
process, the improvement of the mechanical properties of membrane systems
is an essential factor. Pressure-driven membrane filtration processes require
sufficient mechanical strength to withstand operational conditions. In this
study, cellulose acetate composite nanofibrous membranes, including nanocel-
luloses as reinforcing additives, were synthesized by the electrospinning tech-
nique. The polymer solutions were prepared from different weight percentages
of Cellulose nanocrystals (CNCs) and 2,2,6,6-tetramethyl-1-piperidinyloxyl-
(TEMPO) oxidized Cellulose nanofibrils (TOCNFs) from 0 to 1 wt.% and
15 wt% of Cellulose Acetate (CA). The impacts of heat post treatment pro-
cess on the mechanical properties of composite electrospun nanofibrous mem-
branes (ENMs) has been studied. The chemical and physical properties of the
composite ENMs were investigated. The morphological structure of ultimate
composite ENMs was studied by scanning electron microscopy (SEM), and
the chemical interactions were demonstrated by Fourier transform infrared
spectroscopy. A tensile test was performed to evaluate the mechanical prop-
erties of the composite ENMs. The highest tensile strength was achieved for
heat-treated 0.25TOCNF/CA composite nanofibrous membrane. These results
verify that modifying morphology and improving mechanical strength expand
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the application of electrospun nanofibrous membranes in water purification
processes.

Keywords Nanocelluloses · cellulose acetate · composite electrospun
nanofibers · mechanical properties · heat post treatment · TEMPO-Oxidized
cellulose nanofibril · cellulose nanocrystal

1 Introduction1

Cellulose acetate (CA) is one of the most abundant polymer resources, an ester2

derivative of cellulose, and an essential ingredient of green plant cell walls. The3

most common type of CA has an acetate group on two of its every three hy-4

droxyls (Fischer et al., 2008; Salama et al., 2018; Jiang et al., 2020; Lee et al.,5

2018). CA is one of the most favorable biodegradable polymers for the prepa-6

ration of polymeric membranes by electrospinning which have been utilized7

widely in filtration-based processes in particular water purification Voisin et al.8

(2017); Goetz et al. (2018), wastewater treatment Del Ŕıo De Vicente (2021);9

Abdullah et al. (2019), biosensors Vaidya and Wilkins (1994), blood purifica-10

tion Janeca et al. (2021), and tissue engineering Stamatialis et al. (2008). This11

popularity originates from extensive bio-compatibility, biodegradability Wsoo12

et al. (2020), nontoxic nature, good chemical, thermal Etemadi et al. (2016),13

and mechanical properties and relatively low cost Aboamera et al. (2019).14

Over the last decade, along with the development of nanotechnology at15

the forefront of research, electrospinning has become a prominent technique to16

synthesize polymeric nanofibrous membrane Liao et al. (2018); Aboamera et al.17

(2019). Electrospinning is a competitive candidate among other conventional18

phase inversion methods of polymeric membrane fabrication due to its low19

cost, ease of process, and high rate of production Liu and Hsieh (2002); Lalia20

et al. (2013). Nanofiber membrane production by this method is based on21

electrostatic force between spinneret and collector to stretch polymeric fibers22

from a solution. Polymer solution is ejected from syringe to a spinneret and23

by applying high voltage power between spinneret tip as positive electrode24

and fiber collector as negative electrode, polymer solution is stretched under25

high electrostatic force. The nanofibers are deposited on the collector when26

the applied electrostatic force overcomes the surface tension of solution drop27

Pan et al. (2019); Tijing et al. (2017); Selatile et al. (2018).28

Due to the fundamental effect of electrical conductivity on electrospinning29

efficiency, CA with an excellent electrical conductivity is an ideal polymer that30

can be easily synthesized via electrospinning Wsoo et al. (2020). In comparison31

to many CA membranes that are produced by other conventional polymeric32

membrane fabrication techniques such as phase inversion method, CA electro-33

spun nanofibrous membranes (ENMs) have high specific surface area, uniform34

morphology, high interconnected porosity which results in high permeability35

flux Zhou et al. (2016), controllable thickness, high alignment of nanofibers36

Aruchamy et al. (2018), and good mechanical strength Suja et al. (2017); Lee37

et al. (2018).38
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Fig. 1: Schematic representation of the chain of material-process-structure-
property in electrospun nanofibrous composite membranes (ENMs) synthe-
sized in this study. (left) Raw CA polymer; (middle) processing of the raw
material and microstructure of obtained membrane films; (right) A tiny mem-
brane film and the obtained representative properties.

The performance of pressure driven membrane-based water purification39

processes from water flux and selectivity points of view depends significantly40

on mechanical characteristics of the membrane. According to the study of41

Golizadeh et al. (2019) Golizadeh et al. (2019) on mechanical properties of42

CA composite ENMs, tensile strength and Young’s modulus of CA ENMs43

were approximately 1.56 ± 0.19 MPa and 41.6 ± 12.3 MPa, respectively. The44

number of fiber cross-links per fiber length is the prominent factor that affects45

highly the tensile strength and Young’s modulus of CA ENMs Liu and Tang46

(2007). The introduction of nanofillers like cellulose nanocrystals (CNCs), and47

cellulose nanofibrils (CNFs) to CA polymer solution and performing heat post48

treatment (HPT) process can improve these linkages between fibers and result49

in the improvement of mechanical properties Wsoo et al. (2020); Jiang et al.50

(2020).51

CNCs, and CNFs are renewable nanoparticles originated from cellulose52

and depending on the source and preparation process, their lengths may vary53

between 100 and 2000 nm, and diameters ranging between 2 and 20 nm. Pre-54

treatment step in their preparation process which highly affects their char-55

acteristics, can be chemical-based or enzymatic Mokhena et al. (2018); Goetz56

et al. (2018); Ma et al. (2014). The most important pretreatments are TEMPO-57

mediated oxidation, mechanical refining, hydrolysation, and carboxymethyla-58

tion. The key point in 2,2,6,6-tetramethyl-1-piperidinyloxyl (TEMPO)-mediated59

oxidation is the negatively charged surface of the chrystals and the fibrils.60

The individual fiber and chrystal due to electrostatic repulsion forces can be61

stayed free and results in an improved dispersion Patiño-Masó et al. (2019);62

Levanic et al. (2020). These nanoparticles have attracted the researchers’ in-63



4 Nasrin Attari, Robert Hausler

terest to substitute other reinforcements in composite membranes Jonoobi64

et al. (2010). The introduction of these nanofillers to polymeric solution is an65

effective technique to produce a mechanically-strong composite nanofibrous66

membranes Voisin et al. (2017). Furthermore, in order to cross-link the CNCs67

and TEMPO oxidized cellulose nanofibrils (TOCNFs) and improve the fibrous68

linkages, HPT process is recommended. Recently, CNFs have been success-69

fully used as a reinforcing agent for various polymers such as Poly (lactic70

acid) Ghasemi et al. (2018); Jin et al. (2020), poly (vinyl alcohol) Abe et al.71

(2020), and poly(butylene succinate) Wang et al. (2020). In addition, CNCs72

have been used as nanofillers for reinforcing of poly-(e-caprolactone) (PCL)73

Sheng et al. (2014); Hivechi et al. (2020), poly-(acrylic acid) (PAA) Yang74

et al. (2012), polyethylene oxide (PEO) Mokhena et al. (2018), poly(vinyl75

alcohol) (PVA) Geng et al. (2020), poly(methyl methacrylate) (PMMA) Ni76

et al. (2019), and polyvinylidenefluoride-co-hexafluoropropylene (PVDF-HFP)77

Wang et al. (2019); Lalia et al. (2014). According to the pre-mentioned studies,78

mechanical strength of various polymeric composite nanofibrous membranes79

by addition of CNCs and CNFs are obviously improved.80

HPT is one of the most efficient approaches to improve the mechanical81

strength and overcome the difficulty of ENMs’ application in filtration pro-82

cesses Choi et al. (2004); Arribas et al. (2014); You et al. (2006). The main83

effectiveness of this method is enhancing the bonding between fiber linkages84

that results in increasing of structural integrity and mechanical strength of85

the membranes which facilitate the handling of ENMs for filtration processes86

Arribas et al. (2019); Liang et al. (2013).87

In this study, CNC/CA and TOCNF/CA composite ENMs were rationally88

synthesized. First, pristine CA nanofibers were fabricated by the electrospin-89

ning method. Then, CNC and TOCNF reinforcing nanofillers were added to90

spinning polymer solutions, and composite nanofibers were synthesized. CNC91

and TOCNF nanoparticles were loaded to improve the mechanical character-92

istics of the nanofibrous membranes. The microstructure, morphologies, physi-93

cal properties, chemical and mechanical properties of the samples were investi-94

gated. The effects of adding CNCs and TOCNFs with variable weight percent-95

ages (0, 0.25, 0.5, 0.75, and 1 wt.%) into CA polymer solution on mechanical96

properties of nanofibrous membranes were illustrated. Furthermore, we inves-97

tigated the impact of HPT process on the properties. This work provides a98

material-process-structure-property mapping for CA-based nanofibrous com-99

posite membranes. This map is schematically shown in Fig.1 where at the most100

general level, we consider a main polymer matrix, nanofillers and the solvent.101

The chemical formula of CA as the main polymer matrix is shown in the left102

block. In the process level, we dissolved the polymer solution using ultrasoni-103

cation technique until the nanofillers were well dispersed and well distributed104

in the spinning solution. On the right block of the Fig. 1, a synthesized ENM105

film is shown. The obtained samples were further characterized to determine106

the structure, chemical properties, and mechanical properties using scanning107

electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR),108

and universal tensile testing, respectively.109
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This paper is structured as follows: The polymer materials and the details110

of methods for the preparation of composite polymer solution and synthesis111

of composite ENMs and HPT process are explained in section 2. In section 3,112

the effects of nanofiller concentration, and HPT process on the morphologi-113

cal structure and mechanical properties of ENMs are discussed. In this sec-114

tion 3, we discuss the results of FTIR and tensile strength tests to find out115

the improvement of mechanical properties of ENMs. Furthermore, we present116

a summary of our findings and draw our conclusions in section 4.117

2 Methods118

2.1 Materials119

Cellulose Acetate (CA, Mn=50000, ρ=1.3 g/mL), received from Sigma-Aldrich120

Chemistry, was used as the matrix polymer. Freeze-dried powder TEMPO ox-121

idized cellulose nanofibrils (TOCNFs, 98 wt% dry powder) and freeze dried122

powder cellulose nanocrystals (CNCs, 98 wt.% dry powder), purchased from123

Cellulose LAB, Canada were used as nanofillers in the preparation of electro-124

spun composite nanofibers. Different volume ratios of N-dimethylformamide,125

DMF, and acetone, purchased from Fisher Chemical Co., were used as the126

solvent without further purification.127

2.2 Optimization of the material and electrospinning process parameters128

In our previous work Attari and Hausler (2020), the polymer solutions of var-129

ious compositions of the solvent and CA concentrations were prepared. Their130

morphological structure were studied to determine the optimized material and131

electrospinning process parameters. For the solvent composition, three volume132

ratios of DMF and acetone, (2:8), (1:1), and (1:0) were intended. In the case133

of volume ratio of (2:8), due to high volatility of acetone, the needle tip was134

blocked during the electrospinning. For the volume ratio of (1:0), pure DMF,135

the high surface tension of this solvent resulted the beads during the electro-136

spinning process. According to the morphological results, by increasing the CA137

concentration from 10 wt% to 15 wt%, the bead formation was declined due138

to the increase in solution viscosity and surface tension. On the other hand,139

the further increase in CA concentration to 20 wt% increased the viscosity140

of the solution and made nanofiber formation more difficult. Therefore, the141

CA concentration of 15 wt% and (1:1) solvent ratio of DMF and acetone were142

determined to prepare polymer solutions for this study. The efficient values for143

process parameters were determined in regard to morphological study in our144

previous work. The electrospinning process parameters values such as voltage,145

polymer solution feed rate, tip to collector distance (TCD), and process time146

were kept constant at 25 kV , 2 ml/h, 100 mm, and 2 h, respectively.147
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2.3 Preparation of CNC/CA and TOCNF/CA composite polymer solutions148

The polymer solutions were prepared by dispersing 15 wt% of CA and different149

concentrations of CNC or TOCNF nanofillers in a mixture solvent of DMF150

and acetone (volume ratio of 1:1) as follows. The calculated amount of CA151

was stirred in half volume of solvent for 24 h using magnetic stirrer at 300152

rpm at ambient temperature until the polymer was homogeneously dissolved.153

Using a high speed ultrasonic disperser, the determined amount of CNCs or154

TOCNFs in regard to the varied weight percentage of the nanofillers from155

0 wt% to 1 wt% were dispersed in other half volume of solvent at 30,000156

rpm until homogeneous suspension obtained. Finally, the two solutions were157

ultrasonicated until homogeneous dispersion of nanofiller in spinning solution158

obtained. Table 1 presents the detailed sample codes, the values of nanofiller159

concentration, and the implementation of heat post treatment (HPT) in the160

synthesize process.161

Table 1: The composition and formulation of prepared spinning solutions

Sample Code CA
(wt.%)

CNC
(wt.%)

TOCNF
(wt.%)

HPT

CA 15 0 ×

CA-HPT 15 0 X

0.25-CNC-CA 15 0.25 ×

0.25-CNC-CA-HPT 15 0.25 X

0.5-CNC-CA 15 0.5 ×

0.5-CNC-CA-HPT 15 0.5 X

0.75-CNC-CA 15 0.75 ×

0.75-CNC-CA-HPT 15 0.75 X

1-CNC-CA 15 1 ×

1-CNC-CA-HPT 15 1 X

0.25-CNF-CA 15 0.25 ×

0.25-CNF-CA-HPT 15 0.25 X

0.5-CNF-CA 15 0.5 ×

0.5-CNF-CA-HPT 15 0.5 X

0.75-CNF-CA 15 0.75 ×

0.75-CNF-CA-HPT 15 0.75 X

1-CNF-CA 15 1 ×

1-CNF-CA-HPT 15 1 X

2.4 Electrospining process162

The preparation procedure of polymer solutions and the electrospinning pro-163

cess of CA nanofibers were described in the previous work Attari and Hausler164

(2020). The set-up consists of a 20 mL BD plastic syringe as the solution165

container which is connected to a nozzle with inner diameter of 0.8 mm to166

form the fibers. A pump controls the feed rate of the solution. The produced167
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nanofiber samples are collected using a collector that is covered by aluminum168

foil to facilitate the peeling off the membrane from the collector. Furthermore,169

a power supplier (0-40 kV) is used to make the spinneret and the collector as170

two electrodes to provide electrostatic force to form the nanofibrous membrane171

mats. CNC/CA and TOCNF/CA composite spinning solutions with 15 wt.%172

CA and variable CNC and TOCNF loadings were prepared. To achieve maxi-173

mum efficiency, different concentrations of CNCs and TOCNFs were added to174

previously obtained optimum solvent composition Attari and Hausler (2020).175

The composition of the optimum solvent is dissolution of 15 wt.% CA poly-176

mer in the equal volume ratio (1:1) of N, N-dimethylformamide (DMF) and177

acetone mixture solvent. All CNC/CA and TOCNF/CA ENMs were synthe-178

sized under previously obtained optimum electrospinning process parameter179

conditions: a polymeric solution flow rate of 2 mL/h, a distance between spin-180

neret tip and collector (TCD) of 100 mm, an electric voltage of 25 kV and181

an electrospinning process time of 2 h Attari and Hausler (2020). The elec-182

trospinning process was performed in temperature range from 20 �C to 26 �C183

and humidity range from 30% to 51%.184

2.5 Heat Post Treatment of CNC/CA, TOCNF/CA composite nanofibers185

The loose and fluffy texture of the ENMs make it difficult to handle them after186

the fabrication step. HPT process was conducted to improve the coherence187

structure and mechanical resistance of the CNC/CA and TOCNF/CA ENMs.188

HPT was carried out in a glass beaker that contained deionized (DI) water189

in 70�C which must be higher than the boiling point of the solvent mixture190

in order to complete evaporate of the solvent from the synthesized ENMs and191

lower than the glass transition temperature of the CA matrix polymer (110�C)192

to form good connectivity between the nanofibers right after electrospinning193

step for 2 h. The nanofibrous membranes were stored at ambient temperature194

for 24 h to be dried.195

2.6 Characterization196

2.6.1 Solution characterization197

The electrical conductivity of spinning solutions was measured using a con-198

ductivity meter (OAKLON pH/CON 510 Benchtop Meter). The conductivity199

electrode was entirely submerged in the solution, and at the room temperature,200

the conductivity measurement was carried out after stabilizing the reader. The201

viscosity of spinning solutions was determined by a digital viscometer (Brook-202

field) in a 20 mL cylindrical sample container at a constant solution tempera-203

ture of 25�C using an S-31 spindle. The rotation frequency of the S-31 spindle204

was 50 rpm, and the shear rate was 10.2 s�1.205
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2.6.2 Morphological analysis206

The morphological structure of CNC/CA and TOCNF/CA composite nanofibers207

was investigated by a Scanning Electron Microscope (SEM), Hitachi Model208

S3600-N. The SEM was performed at 5 kV in three magnifications. The SEM209

samples were coated with gold using a sputter coater (Quorum Technologies -210

Model K550X) under 35 mA current for 2 minutes.211

The fiber distribution and mean fiber diameter size were measured using212

image processing software (ImageJ, 2.0.0-rc-43/1.50e) based on 40 fibers.213

2.6.3 Mechanical testing214

Mechanical properties of samples were measured on a Pneumatic tensile ma-215

chine (Alliance RF/200(MTS))at a loading speed of 2 mm/min equipped with216

load cell of 100 N. All the ENM samples were measured 70 mm long by 10217

mm wide. The upper and lower chucks were clamped to the sample at 10 mm.218

An averaged value from three replicates was taken for all samples. The room219

temperature and relative humidity was controlled constant at 25 � and 50%,220

respectively.221

2.6.4 Fourier transform infrared spectroscopic analysis (FTIR)222

Fourier transform infrared (FTIR, Perkin Elmer) spectroscopic analyses of all223

samples were done with a resolution of 2 cm�1 by averaging 64 scans in the224

range of 4000–400 cm�1. FTIR of all nanofibrous membranes were taken under225

an attenuated total reflection (ATR) mode using corresponding accessory.226

3 Results and discussion227

3.1 Effects of nanofiller addition and heat post treatment process on the228

structural morphologies of CA composite nanofibrous membranes229

In this study, CNC/CA and TOCNF/CA solutions composed of 15 wt% matrix230

CA polymer and four concentrations of 0.25, 0.5, 0.75, and 1 wt% CNC or231

TOCNF nanofillers in 1:1 volume ratio of DMF and acetone mixture solvent232

were electrospun. Electrospinning method is used to prepare the composite233

nanofibrous membranes and study the effects of nanofiller concentration and234

HPT process on microstructure and mechanical properties during constant235

electrospinning process conditions. The following sections describe the impact236

of heat treatment process, and the concentration of CNCs and TOCNFs on237

bead free morphological structure and accordingly on mechanical properties238

of the CA nanofibers, respectively.239
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Fig. 2: SEM images, fiber diameter distribution and range for pristine CA
nanofibers and CNC/CA and TOCNF/CA composite nanofibers before and
after heat post treatment process (a)Pristine CA nanofibers (b)CNC/CA com-
posite nanofibers (c)TOCNF/CA composite nanofibers (d)Mean fiber diame-
ter vs. nanofiller loading (e)Fiber diameter range vs. nanofiller loading

3.1.1 Structural effects of heat post treatment process240

The SEM micrographs of pristine CA ENMs before and after heat treatment241

process are shown in Fig. 2 (a). The CA nanofibers were physically joined242

together by thermal treatment and due to slight surface melting the diameter243
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of the fibers were increased. According to the Fig. 2(a), the fiber distribution244

is widened after heat treatment and mean fiber diameter is increased from245

0.203 nm to 0.270 nm.246

3.1.2 The effect of nanofiller concentration on conductivity and viscosity of247

composite spinning solutions248

In this section, we study the effect of concentration of CNCs and TOCNFs249

on the conductivity and viscosity of the composite spinning solutions. In gen-250

eral, the final morphology of nanofibers are highly affected by several solution251

parameters such as viscosity and conductivity. The conductivity and viscosity252

of CA composite solutions for different concentrations of CNCs and TOCNFs253

are summarized in Fig. 3(a) and (b), respectively. The viscosity and also the254

conductivity of CNC/CA spinning solutions were increased with the elevation255

of CNC concentrations from 0 wt.% to 1 wt.%. The same increasing trend256

could also be seen for TOCNF/CA spinning solutions in Fig. 3(a) and (b).257

At the equal concentration, the viscosity and conductivity of the TOCNF/CA258

solutions are higher than CNC/CA solutions. This could be due to the fibrous259

molecules of TOCNFs which affected the entanglement with CA.260

Fig. 3: The impact of CNC/TOCNF concentration on a) conductivity and b)
viscosity of the spinning solutions

3.1.3 Effect of CNC and TOCNF addition on microstructure of Composite261

nanofibers262

The SEM micrographs and corresponding fiber diameter distribution graphs263

of CNC/CA and TOCNF/CA ENMs before and after HPT process are shown264

in Fig. 2 (b), and (c). The various morphologies as a function of CNC and265

TOCNF concentration ( 0.25, 0.5, 0.75, and 1 wt.%) are demonstrated. Addi-266

tionally, in Fig. 2 (b), and (c) the effect of HPT on the morphology of various267

CNC/CA and TOCNF/CA composite nanofibers along with their fiber diam-268

eter distribution can be observed. As discussed for pristine CA ENMs in the269

previous section, the fiber diameter distributions are widened after heat post270
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treatment process. Fig. 2 (d) summarizes mean fiber diameters of CNC/CA271

and TOCNF/CA composite nanofibers in relation to nanofiller concentration272

before and after HPT. As can be seen in Fig. 2 (d), for CNC/CA composite273

nanofibers, mean fiber diameter is increased from 203 nm to 393 nm by the274

augmentation of CNC concentration from 0 to 1 wt.% in the composite spin-275

ning solution and for TOCNF/CA composite nanofibers, an increase of mean276

fiber diameter from 203 nm to 427 nm is observed with augmented TOCNF277

concentration from 0 to 1 wt.% in the composite spinning solution. This ob-278

servance is in correspondence with the results from Fig. 3 (a) and (b) which279

are described in the previous section. The increasing of CNC and TOCNF280

concentration result in the elevation of both viscosity and conductivity of the281

solutions and they require more electrostatic force to form nanofibers with282

the same diameter. Hence in constant spinning conditions, the increasing of283

viscosity results in elevation of fiber diameter. Fig. 2 (e) shows that the fiber284

diameter range is widened by increasing the CNC and TOCNF concentra-285

tion. Wider fiber diameter distribution in TOCNF/CA composite nanofibers286

in comparison to CNC/CA composite nanofibers has root in higher viscos-287

ity due to fibrous TOCNF molecules. Furthermore, according to the Fig. 2288

(e) HPT process increases the fiber diameter range. According to the Fig. 2289

(d), and the description of CNC/TOCNF concentration and heat post treat-290

ment effects, the highest mean fiber diameter is obtained for 1-CNF-CA-HPT291

sample which is composed of 15 wt.% CA, 1 wt.% TOCNFs, equal volume292

fractions of DMF and acetone as solvent and heat treatment is performed on293

it.294

The FTIR spectrums of CNC/CA composite nanofibrous membranes and295

TOCNF/CA composite nanofibrous membranes for different concentrations296

of the nanofillers in the wavenumber range of 500-4000 cm�1 are given in297

Fig. 4 a, and b, respectively. The dominant spectral bands at 1031 cm�1, 1218298

cm�1, and 1738 cm�1 are corresponding to the stretching vibrations of C-O299

and -C=O carboxyl groups from residual acetate groups in the CA matrix.300

The bands near 1369 cm�1 and 900 cm�1 correspond to the C-H bending301

vibration of -CH3 group. The peak around 600 cm�1 is the bending vibration302

of -CH. The presence of a band at 1639 cm�1 due to -OH bending indicates303

the presence of water in the structure of the nanofibers. The increased peak304

area is due to the increased concentration of nanofiller, which is evidence of305

more -OH vibration from adsorbed water. The TOCNF chemical structure306

is illustrated in Fig. 4-b. According to Fig. 4 a, and b, by increasing CNC307

loading, the absorption peaks became stronger gradually. However, in the case308

of TOCNFs, by elevation of Nanofiller concentration from 0 wt% to 1 wt% the309

absorption peaks are remained almost constant at the concentration of 0 wt%310

to 0.75 wt%, and with further increase in TOCNF concentration to 1 wt%311

strong absorption peaks are obtained. The small peaks were observed at 2920312

cm�1 (-CH stretching vibrations from alkyl groups) and 3420 cm�1 (free -OH313

stretching vibrations of -OH groups) in FTIR spectra of 1-CNF-CA composite314

ENM. The peak at 3420 cm�1 indicates the formation of H-bonding between315

TOCNF molecule and adsorbed water.316
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(a)

(b)

Fig. 4: FTIR spectras of ENMs (a) CNC/CA composite nanofibers (b)
TOCNF/CA composite nanofibers before heat post treatment (For interpreta-
tion of the colors in this figure please refer to online version of this document.)

Fig. 5 shows the FT-IR spectra acquired from the 0.5-CNC-CA nanofibers317

before and after heat treatment process. All the coinciding peaks indicate318

that heat treatment process does not cause any compositional change of the319

composite nanofibers.320

All these results are proofs of the feasible morphological controlling of the321

CA nanofibers using an efficient, effective procedure for achieving the desired322

surface morphology.323
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Fig. 5: FTIR spectras of 0.5-CNC-CA nanofibrous composite membranes be-
fore and after heat post treatment process

3.2 Mechanical properties324

Fig. 6 presents stress strain curves for CNC/CA and TOCNF/CA composite325

nanofibrous membranes with different reinforcement concentrations for before326

and after heat treatment process. The impact of the increase in concentration327

of CNC and TOCNF nanofillers on the fracture stress and strain is investi-328

gated in Fig. 6-a and b, respectively. The fracture stress and strain of pristine329

CA nanofibrous membrane is 5.099 MPa and 0.76%, respectively. By increas-330

ing the CNC concentration from 0 wt% to 1 wt%, both fracture stress and331

fracture strain reach a maximum of 15.39 MPa, and 1.18% at the CNC con-332

centration of 0.5 wt% which are 3.02 times and 1.55 times that of pristine333

CA nanofibrous membrane, respectively (Fig. 6-a). Similar works which are334

introduced CNCs as nanofiller to the structure of nanofibers, only showed335

1.4 times (Sun et al. (2015))Sun et al. (2015) and 2.2 times (Jiang et al.336

(2020)Jiang et al. (2020) improvement in fracture strength of CNC/CA com-337

posite nanofibers in comparison to CA nanofibers. As can be seen in Fig.338

6-b, the maximum fracture stress and strain of 22.6 MPa, and 1.25% are339

achieved for 0.25-CNF-CA composite nanofiber membranes which are 4.43340
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Fig. 6: The effect of (a) CNC and (b) TOCNF addition and (c),(d) Heat Post
Treatment on mechanical properties of CA ENMs (For interpretation of the
colors in this figure please refer to online version of this document.)

times and 1.65 times those of pristine CA nanofiber membranes, respectively.341

The decrease in tensile strength above 0.5 wt% CNCs and 0.25 wt% TOC-342

NFs could be due to the potential aggregation of them. According to Fig. 6-a343

and b, the decrease in tensile strength due to the increase in TOCNF con-344

centration above 0.25 wt% is higher than in case of CNCs. This could be due345

to stronger aggregation of TOCNFs and stronger hydrogen bonding than in346

case of CNCs. The considerable improvement in fracture strength of compos-347

ite nanofibrous membranes is due to the reinforcement effect of CNCs and348

TOCNFs. The higher tensile strength properties of nanocomposites contain-349

ing TOCNFs than those containing CNCs could be attributed to the stronger350

ionic interaction between the negatively charged TOCNFs and the positively351

charged CA chains.Additionally, it may has roots in the fibrous structure of352

TOCNFs which results in higher interaction and cross linking with CA matrix.353

The main reason of the serious decline in mechanical properties of the com-354

posite nanofibers by increasing the CNC and TOCNF concentration, may be355

related to the formation of aggregates in higher concentrations. The uniform356

distribution and dispersion of nanofillers in the structure of nanofibers play357

a prominent role in their mechanical properties. Figures 6-c, and d demon-358

strate the effect of heat treatment process on mechanical properties of the359

CNC/CA, and TOCNF/CA composite nanofibers.The improvement in both360

fracture stress, and fracture strain was mainly due to cross linking between361

the nanofibers after heat treatment led to bonding between nanofibers at the362

crossover points.In addition, solvents removal from the nanofibers due to heat363

treatment can improve the integrity of the membranes. As can be seen from364

Figures 6-c, and d, the declining rate in mechanical properties of CNC/CA,365
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and TOCNF/CA composite nanofibers after heat treatment by increasing the366

reinforcement concentration is similar to the Figures 6-a, and b.367

Fig. 7: Variations of stress at break points of CNC/CA and TOCNF/CA
composite nanofibrous membranes as a function of nanofiller loading and heat
post treatment process (For interpretation of the colors in this figure please
refer to online version of this document.)

Fig. 7 shows the comparisons of fracture strength among pristine CA368

nanofibers, CNC nanofiller reinforced CA composite ENMs and TOCNF nanofiller369

reinforced CA composite ENMs as a function of nanofiller loadings and HPT370

process. Overall, the addition of CNC and TOCNF reinforcements to CA ma-371

trix result in the elevation of fracture stress. The maximum fracture stress was372

occurred in heat treated 0.25TOCNF/CA composite ENM. The addition of373

TOCNFs improves the flexibility of TOCNF/CA composite ENM film by the374

formation of a good interfacial bonding between CA matrix and the fibrils Liu375

et al. (2013); Wu et al. (2019). As can be seen in Fig. 7, by further increasing376

of TOCNF weight percentage from 0.25 wt% to 1 wt% in the polymer spin-377

ning solution the fracture strength is decreased. This decrease tendency might378

be caused by the inhomogeneous distribution of TOCNF nanofiller in the CA379

polymer matrix, caused by the high aspect ratio of TOCNFs and the forma-380

tion of aggregations occurred by strong hydrogen bonds and swollen clusters381

by water in the solution.382

4 Conclusion383

Various CA ENMs were prepared at constant optimized CA concentration of384

15 wt% and electrospinning parameters of polymer flow rate, F=2 mL/h, tip385

to collector distance, TCD=100 mm, electric voltage, V=25 kV, and electro-386

spinning process time, t=2 h. By varying CNC, and TOCNF concentration387

from 0 wt% to 1 wt% which were used as the reinforcements, the mechanical388

strength of the CA nanofibers was improved due to their reinforcing effects.389

The resulted CNC/CA and TOCNF/CA composite ENMs showed 3.02 times390

and 4.43 times more strength fracture than pristine CA ENMs. TOCNF re-391

inforcement addition to the CA polymer matrix showed better reinforcing392
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effects than CNC reinforcement due to its fibrous structure which results in393

higher interaction and cross linking with CA matrix. Furthermore, it could394

be attributed to the stronger ionic interaction between the negatively charged395

TOCNF molecules and the positively charged CA chains.396

The nanofibers were physically joined together by applying the heat treat-397

ment process to the prepared ENMs and due to slight surface melting, the398

diameter of the fibers were increased and as a result mechanical strength of399

the thermal treated samples were improved.400
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