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ABSTRACT

Cellulose acetate (CA) electrospinning solution was left in sealed glass
containers for about two weeks without performing any experiment due to
equipment breakdown. The el ectrospinnability of the solution was found to
have reduced. This led to this study which determined the effect solution
degradation due to aging on the morphology of electrospun CA nanofibers
and the maximum aging period (shelf life) of the spinning solution, before
loss of nanofiber properties can be observed. CA solution electrospun after
aging for 5 days produced finer fiberswith an average fiber diameter of 100-
110nmthanthe CA solution el ectrospunimmediately (0 days of aging) which
exhibited an average diameter of 160-180nm. CA electrospun immediately
however, had amore uniform fiber distribution. CA solution aged for over 10
days produced non-uniform fibers with beads. Aging CA solution beyond
20 daysresulted infiber breakage during electrospinning. FTIR quantitative
analysis confirmed degradation of CA solution with aging as the cause of
deterioration of the electrospinnability. The color of the CA solution spin-
ning solution also recorded a significant change due to aging.

© 2014 Trade ScienceInc. - INDIA

INTRODUCTION

KEYWORDS

Cellulose acetate (CA);
Electrospinning;
Aging;
Nanofibers.

Electrospinningisamethod that usese ectrical po-
tentid to draw nano-sca efibersfrom apolymer solu-
tion. It occurswhen the surface tension of apolymer
droplet is overcome by electrical force; thereby a
charged jet isgected. Thejet elongates and stretches
andiscollected on atarget screen after it driesfor melt
solution or solvent evaporation for dissolved polymers.
Itisan effectiveway of producing polymeric nanofibers.
Electrospinning can be used for awiderange of poly-

mersand polymer blendg*Z. Electrospinning was pat-
ented by Formhalsin 1934 and it outlined the experi-
mental set up for production of polymer nanofibersus-
ing eectrostatic force®. Electrogpun polymer nanofibers
areversatile and havefound applicationsin composite
reinforcement, filtration, e ectrical and opticd applica-
tions, tissue engineering scaffolds, drug delivery sys-
tems, cosmetics, protectiveclothing, nano-sensors, bio-
medica applicationsamong otherg?.

Of interest to thisstudy, arecellulose acetate (CA)
nanofibers. CA isaderivativeof cdlulosethat haschains
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of glucose mol ecul e units with some of the hydroxyl
unitsof cellulose substituted by acetate. The solubility
of CA depends on the average degree of substitution
and digtribution of subgtituentsaongitsmolecular chain.
CA with degreeof substitution 0.5-1 iswater soluble,
but on increasing the degree of substitution, CA be-
comeswater insol ublewith good solubility in various
organic solvents®¢. CA nanofibershasbeen dectrogoun
in solvents such as acetone, acetic acid, pyridine,
dimethylacetamide (DMAC), dioxaneand their mix-
tures™, N, N-dimethylacetamide/acetone®, acetone/
water!®, acetic acid/water*®, formic acid,
dichloromethane, acetic acid, trifluoroacetic acid
(TFA) and acetone/Dimethylformamide/
trifluoroethylene mixture®?, Theincreaseinresearch
on CA nanofibersisdueto itsunique propertiesthat
makeit suitablefor useinvariousapplicationsranging
from filtration to affinity membranesin biomedical ap-
plicationd®134, Thefactorsthat affect el ectrospinning
of CA nanofibersincludethe processparameters (ap-
plied voltage, nozzleto collector distance, polymer flow
rate, and the spinning environment) and solution pa-
rameters (concentration, conductivity and volatility of
the solvent)®. Various studieshave been doneand are
continualy being doneto fully understand the effects of
the aforementioned factors on the morphology of
electrospun nanofibers. Thisisbecausethe application
of nanofibersis dependent upon many factorswhich
includeefficient production and physical propertiesof
thenanofibers.

In our previous study, during optimization of CA
electrospinning conditionsintrifluoroacetic acid™, CA
solution wasl eft for about 2 weekswithout performing
any experiment. Thiswasdueto the breakdown of our
€l ectrospinning equipment. On e ectrospinning the CA
solution, it wasfound that itsel ectrospinnability had re-
duced. Thisstudy wasdonetoinvestigatethe effect of
aging CA solution onthemorphol ogy of thed ectrospun
nanofibers. Study on spinning solutionaging canbehe p-
ful in determining how long asol ution of acertain poly-
mer can bekept beforeit losesitsproperty of produc-
ing fibersof good morphol ogy. A part from equipment
falure, longnationd holidays, illnessor evenlong queues
before equipment use can force researchers to store
spinning sol utionsfor unprecedented periodsof time.
Giventhat thereislittleliteratureavailablein the public

domainontheaging of CA spinning solution, thereisan
urgent need to try and bridge this gap in the body of
knowledge.

A similar scenario has been reported by
Chuangchote et al, wherethey accidentally left spin-
ning solutionsof PSYMEH-PPV in seded glass con-
tainersfor aperiod of onemonth without performing
any experiment. They later discovered that their solu-
tion changed colour on aging, whichledto their study
of effect of aging period on morphol ogy and si ze of
as-spun fiberg®l, K nowledge on spinning solution
aging of apolymer can also be useful in biomedical
applications during nanoparticleloading. Aging spin-
ning sol ution during nanoparticleloading increased the
amount of Slver ionsconverted to silver nanoparticles.
Aging period ranged from 3 hoursto 10 days. This
was observed when |oading gel atin solution with sil-
ver nanoparticlesprior to electrospinning matsto be
used as antibacterial wound dressers'”). Therefore,
prior knowledge on aging effects of a polymer solu-
tion onitsspinnability and propertiesof the nanofiber
can proveuseful.

EXPERIMENTAL

CA pdletsof acetyl content 39.8%, degree of acetyl
substitution of 2.5 and mol ecular weight 30,000 and
Trifluoroaceticacid (TFA) solvent were purchased from
the Shanghai representativesof Deng\We Zhangmutou
Plasticsand Bepharm Ltd respectively.

15wt. % CA solution was prepared under room
conditionshby dissolving CA pelletsin TFAinaglass
container. Thesolution wasthen stirred using an elec-
tromagnetic stirrer for 24 hours ensuring ahomoge-
neous mixture. A portion of thesol utionwasthen dravn
and eectrospun. Theremaining solution wasthen aged
by keepingitinthe sealed glasscontainer at room con-
ditionsfor interval periodsof time. A portion of the so-
lution wasdrawn for ectrospinning eachtimetheag-
ing period was reached. The periods for aging used
were 0 day, 5 days, 10 days, 15 days, 20 daysand 30
days. O days represented the solution that was
electrospun without aging.

Prior to el ectrospinning, each solution of CA was
loaded into asyringe of internal diameter 0.7mm and
the syringe was mounted on a syringe pump (Multi-
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Syringe Pump TS2-60, BaoDing Longer Precision
Pump Co. Ltd, China) to regul ate thefeed ratewhich
waskept constant at 0.3mli/h. The needleof thesyringe
was connected to an el ectrode connected to a power
source. Thecollector screen, which wasan aluminum
plate covered with aluminumfoil for collecting CA
nanofibers connected to another grounded el ectrode.
El ectrospinning was done under room conditionswith
voltage and tip to collector distance being kept con-
stant at 25KV and 10cm respectively.
Themorphology of CA nanofiberswas observed
using Scanning Electron Microscope (Quanta 250).
SEM images of magnification X 10,000 wereandyzed
using AdobeAcrobat X Pro 10.1.2.45. A study of the
chemical groupsin the nanofibers spun from 0 days
aging (no aging) and 30 days aging solutionswasdone
using Fourier Transform-Infrared (FT-IR) Spectroscopy
(Nicolet Nexus670 (Thermo Nicolet Co., USA)). FT-
IR data was processed using Origin Pro v8. Photo-
graphicimagesof CA solution beforeand after theag-
ing periods were taken using adigital cameraat ap-
proximately 30cm from the sampl e bottle.

RESULTSAND DISCUSSION

Themorphology of the CA nanofibers

The surfacesof CA nanofibers electrospun from
solutionsof different aging timeswere observed using
SEM and the microphotographs obtained. The SEM
imageswereasshownin Figure 1. Fromtheimages, it
can be seen that when the 15wt. % concentration of
CA solution wase ectrogpun immediately (0 days), the
CA nanofibersobtained appeared to bereatively uni-
form and bead free. On aging the 15wt. % CA solution
for 5days, the CA nanofibersa so gppeared to berela-
tively uniform and bead free. From theimageswhich
area thesamemagnification, CA nanofibersd ectrospun
after 5 days of aging seem to be finer than the CA
nanofibers e ectrospunimmediately. On agingthe CA
spinning solution for 10 days, the uniformity of the
nanofibers deteriorated and beads begun to form. A
amilar trendwasfollowed by CA nanofiberse ectrospun
after 15 days, with the bead size appearing to increase
insize. At 20 daysand 30 days of aging, the morphol-
ogy of electrogoun CA nanofiberswascompl etely non-
uniform andfiber breskagewaswidey evident. There-
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foreaccordingto theresults obtained in thisresearch
work the CA solution el ectrospun after 0 and 5 days of
aging appeared toform acontinuousfiber inform of a
non-woven web, with no fiber breakagewhichisas
expected for el ectrospun nanofiberg @,

Fiber diameter distribution of theCA nanofibers

Andysisof the SEM imageswasundertaken with
anam of studying thedistribution of thefiber diameter
of theCA nanafibers. Theresultsof theaforementioned
study aregivenin Figure 2. CA nanofibersel ectrospun
immediately after dissolvingin TFA solvent (0 days)
wasfound to haveaunifrom fiber distribution withthe
fiberscentraly distributed around themean (normd dis-
tribution). Theaverage diametersof thefiberswerein
therange of 160 to 180nm. On aging the CA solution
for 5days, asseen earlier, thedectrospun CA nanofibers
becamefiner with averagefiber diametersranging from
100 to 110nm.

Thefiber distribution wassomewhat uniformwitha
dight deviaionfromanormal distribution. Further aging
thedectrospinning solutionfor 10days, theresultant CA
nanofibersdidnot haveanormal distribution, indicating
thenon-uniform digtribution of thefibers. Thefiber range
asoincreased drastically. Similarly for CA nanofibers
el ectrospun after aging CA solutionfor 15, 20 and 30
days, thefiber distribution deviated fromthenorma dis-
tribution. Their fiber rangesadsoincreased. Thesecould
beindicationsof non-uniformity in electrospun fibers.
Fromthe SEM andysis, itisobviousthat CA nanofibers
morphol ogy isdependent on the period of aging of the
€l ectrospinning sol ution. For 0 daysand 5 days, thefi-
bers produced wereuniform, normally distributed, con-
tinuous and bead free. After 5 days of aging the CA
solution, the nanofibersbegan to form beads and devi-
atefromanorma distributionindicating non-uniformity
with extreme cases of fiber breakage being observed
for periods greater than 20 days. It can therefore be
deduced thet the €l ectrospinnability of CA solution kept
for longer than 5 daysreducesdrasticaly.

FTIR analysisof CA nanofibersbeforeand after
spinning solution aging

In order to determine the cumulative changesthat
occur during theaging of CA spinning solutionfrom 0-
30 days, FTIR spectroscopy was done for CA
nanofibersat 0 daysand at 30 days.
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TheFTIR spectrafrom CA nanofibersdectrospun
at Odaysof aging and 30 daysof agingarepresented in
Figure3.

For both CA nanofiberselectrospunimmediately
after dissolving CA pellets and CA nanofibers
electrospun after aging the solution for 30 days, there
was an absorption peak associated with stretching of
OH groups at 3486cm™ and 3485cm'? respectively.
Theintengtity of transmittancedighlty reduced with ag-
ing of the CA solution for 30 days. Thisindicatesthat

theabsorbancefor thisparticular group had dightly in-
creased. A changein absorption intensity between the
original spectra (0 daysaging) and thespectraof CA
nanofibersafter aging for 30 daysdepictsachangein
the state of themolecule. The changein absorptionin-
tenstieshasbeen used to determinetheremovad of side
groupsfrom achemical structure after aging!*®. Ab-
sorption peaks observed at 2942cm™ (0 days) and
2987cm (30 days) could be dueto CH stretching of
CH, and CH, groups. Theintensity of transmittance
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SEM imagesof CA nanofiber selectr ospun at varying solution aging period; (a) 0days, (b) 5days, (c) 10days, (d) 15
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Figure2: Fibredistribution graphsof CA nanofiber selectrospun at varying solution aging period; (a) O days, (b) 5days, (¢)
10days, (d) 15days, (e) 20days, and (f) 30 days
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seemed to have dlighlty reduced for CA aged for 30
days. Thereis also a shift of absorption peak from
2942cm* to 2987cmrt. Absorption peak at 1790cm?
(Odays) and 1793cm* (30 days) assigned to stretch-
ing of carbonyl group (C=0) onacarboxylicacidwas
seento haveahugevariation inintensity of transmit-
tance. Theintengity of transmittancereducedwith abig

—== Fyl] Paper
marginfor CA (30days), indicatingasubgtantial change
in the state of this group when the CA solution was
aged for 30 days. At absorption peaks 1748cm* for

both CA (0 days) and CA (30 days) assigned tovibra-

tion of the carbonyl (C=0) in the acetate group, the
intengty of transmittancedightly increased onaging CA

solution.

- CA nanofibers (30 Days)
——— CA nanofibers (0 Days)

% Transmittance

4000 3500 3000 2500

T ; T T T T T
2000 1500 1000 500

Wavenumbers (cm'1)
Figure3: FTIR spectrafor CA nanofiber sbeforeand after 30 daysof solution aging

Therewasan gppearance of an absorption pesak at
1728cn* for CA (30 days) whichwasinitidly aosent for
CA (Odays). Theappearanceof thisabsorption peak is
anindicator of presenceof an adehydegroup, initialy
absent inthe CA nanofiberse ectrospunimmediately.
Absorption peaksat 1601cnrt and 1581cm* for both
CA (0 days) and CA (30 days), associated with C=C
dretching, showed dight changeinintengty of transmit-
tance. CH, or OH bending was observed at 1433cm*
(O days) and 1448cn? (30 days) and there was dight
decreaseintransmittanceintendgty. A pesk shift wasaso
observed at thisfrequency. At 1369cm* (0 days) and
1370cm* (30 days), therewas gpproximatdly no change
in transmittance intensity. The peaks correspond to
dretching of methyl groupin acetate. Therewasadggnifi-
cant changein transmittanceintensity at 1284 cm*(0
days) and 1288cm? (30 days). The peaks indicated
stretching vibration of CO. Themg or absorption peak
on both spectraat 1233cm* (0 days) and 1225cm* (30
days), corresponding to C-O stretching rangeof anacetyl

group, showed no changewith aging of CA solution. A
big changein transmittanceintensity wasobserved at
peaks 1171 cmt (0 days) and 1170cm (30 days). The
intengity of transmittancereduced on aging, showingthat
somemol ecul esassoci ated with this peaks (C-O-C an-
tisymmetric bridge stretching) had undergone some
changes. An absorption peak previoudy not present for
CA (Odays), showed at 1074cm™ for CA (30 days). At
around 1050cm', apeak associated with the symmetri-
cd stretching of C-O of aprimary dcohol, was observed
for both CA (0 days) and CA (30 days) withthetrans-
mittanceintensity reducing dighlty onaging. Thesmal
absorption peaksat 903cm?, 748cm't and 705cm for
CA (Odays) showed dight decreaseintransmittancein-
tensitieson aging at 905cm'!, 747cm and 706¢cm'™.

Quantitativeanalysisof the FT-IR results

Tofurther understanding theextent of changeinthe
molecular vibrationsinthe CA structureduringagingin
TFA solvent, TABLE 1 was prepared.
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TABLE 1: Analysisof FTIR spectrafor CA nanofibers

CA electrospun after 0 daysaging CA electrospun after 30 days aging

} - x - o-T2o Assignment
Peak (cm™) % Transmittance (Ty) Peak (cm™) % Transmittance (T 3)
3486 86 3485 83 Slight OH stretching
2942 89 2987 85 Slight CH stretching of CH2 & CH3
1790 81 1793 49 32 C=0 stretching on carboxylic acid
1748 19 1748 33 -14 C=0 vibration on acetate group
- 1728 32 + peak Presence of aldehyde
1601 94 1601 93 Slight C=C stretching
1581 94 1581 95 Slight C=C stretching
1433 84 1448 87 Slight CH2 bending/OH bending
1369 57 1370 55 Slight CHS3 stretching in acetate
1284 59 1288 45 14 Vibration of CO
1233 12 1225 10 Slight C-O stretching in acetyl group
1171 59 1170 16 43 C-O-C asymmetric bridge stretching
- 1074 37 + peak C-O stretching in esters
1051 32 1052 37 Slight C-O stretching of primary alcohol

Thedifferenceinintensity at each absorption peak
was cal culated by subtracting thetransmittancefor CA
electrospun after 30daysof spinningsolutionaging (T,,)
from transmittance of CA dectrospunimmediately af-
ter spinning solution preparation (T ). Positivevalues
of thesedifference (T -T, ) indicated decreased trans-
mittancewith aging, which trandatesto anincreasein
absorbance. Negativevauesof thedifferenceindicated
increased transmittance, trans ating to decreased ab-
sorbance. Differencesbel ow 5%, were categorised as
‘dight’ toindicate dight difference between thetwo
spectras of CA (0 days) and CA (30 days). ‘+ peak’
was used to indicate the appearance of apeak (after
agingfor 30 days), initialy absent.

Fromtheanayss, itisobviousthat therewas great
decreaseinintensity transmittancefor C=0 stretching
on carboxylic group. The percentage decreasein trans-
mittanceof carbonyl groupswasca culated using equa:
tion1.

. . T T
% Changein transmittance = %XlOO )
0

The percentage reductionin transmittance of C=0
moleculesinacarboxyl group inthe CA nanofibersdue
to aging spinning solution for 30 dayswas 39.5%. Simi-
larly, for C-O moleculesreductionin transmittance due
to aging was 23.7% and for C-O-C molecules was
found to be 72.9%. C=0 vibrations on acetate group
showed anincreaseof 73.7% intransmittanceintensity.

Itisknownthat theenergy required to causevibra-
tion, whichisacharacteristic of functional groups, de-
pendson thetypeof bondinamolecule. Thevibrations
of bondsare caused by interaction of ectricfiddwith
resonant vibrational frequency of thebond. Therefore
if thereisno changein dipoleupon vibration, el ectric
fiddwill not causeavibration. Theintensity of absorp-
tion of radiation by amoleculeisrelated to thedipole of
thebond and therelationship isthat thegreater the di-
pole, thegreater the absorption intensity. On the other
hand, the position of absorbance rel atestheforce con-
stant of the bond**?., It could be deduced that the
reduction and increment intransmittance intensity in
certain moleculesof CA experiencedin CA nanofibers
electrospun after aging for 30 days may have been
caused by achangein molecular dipole of thebonds. A
changein molecular dipoleiscaused by animbaance
of chargeinamolecule. Inthiscase, theimbaancemight
have been caused by afreeradical. Sincethe samples
wereaged under room conditions, without shieldingthe
CA solutionsfromsunlight and other artificid lights, itis
obviousthat the solution might haveabsorbed light en-
ergy. Studiesby Hon?Y into photo degradation of cel-
lul ose acetate hasrevealed that at ambient tempera-
ture, CA losesbound acetic acid with formation of gas-
eous products during these degradation. Healsofound
that photo degradation of CA isafreeradical reaction
that leads to main chain and side group scission and
formation of smal molecules. Freeradica formationis
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asaresult of main chain and sidechain cleavage and
also asaresult of lossof hydrogen atomsdueto light.
Heal so reved ed that the main chromophorein CA is
thecarbonyl of acetyl group inthe polymer.
Thereforeit can be deduced that onaging CA photo
degradation occurs. Thiscaused achangein molecule
dipolesthat inturn caused achangeinintendgty of trans-
mittancewhen CA wasaged for 30 days. C-O-Casym-
metrica bridgestretchingwith 72.9% reductionintrans-
mittancetherefore showsthat therewasagreat ded of
disturbance of these molecules in CA nanofibers
electrospun after aging. In cellulose structure, C-O-C
bond, otherwiseknown as glucosidic bond, joinsone
moleculeto another. Thegreat disturbancein thismol-
eculecould bean evidenceof mainchaindeavage. 73.7%
changeintransmittanceintengty of vibrationof C=0in
acetategroup, whichisaso agreat changefromtheorigi-
nal intengity of CA beforesolution aging, canasobean
indicator of dipoledisturbanceduring acetatesidegroup
loss. Thegppearance of two pesksinitialy absent from
the CA nanofibersbeforeagingisanindicator of forma-
tion of moleculesprevioudy absent, whichisinlinewith
production of small molecules A pesk at 1728 cm* indli-
cating presence of an addehyde and at 1074 cm* as-
sgnedtostretching C-Oinesters, could be asaresult of
formation of degradation by-productswith CA solution
aging. Moeen et d, assigned an absorption band around
1074 cm* toindicateformation of esterg?. Photo-oxi-

== Fy/| Poper

dation coulddso haveoccurred duringsampleagingsince
the glass bottles were not seal ed under avacuum and
therefore oxygenwaspresentinthe CA solution.

Useof FT-IR resultsto explain electrospinning of
CA nanofibers

With theresultsof FTIR spectraof CA beforeand
after aging, the production and properties of the
el ectrospun nanofiber morphol ogy can befurther ex-
plained.

It was observed that nanofibers produced from so-
lution of 5daysof aging produced finer fibersthanthose
electrospun from CA solution without aging. Sinceit
has been ascertained that main chain and sidechains
bresk with aging, at constant e ectrospinning conditions,
the CA solutionwith shorter chainswill be stretched
more. Voltage causeschargebuild upinectrospinning
solution, that dlowseectrostatic forceinthesolution to
overcome solutionsintra-mol ecular and intermolecular
forced¥. Shorter chainshavelower intra-molecular and
intermolecular forces, and therefore more aged CA
solutionwill havelessresistanceto stretching. Thisis
why CA nanofibersafter aging for 5 daysarefiner. At
10 days, 15days, 20 days and 30 days of aging, non-
uniform beaded fibersareformed.

It isknown that for fibersto be produced during
electrospinning processthereisacritica polymer con-
centration that must be exceeded and below this con-

Figure4: Digital photographsof CA solution at (a) 0 days, (b) 5days, (¢) 10days, (d) 15 days, (€) 20 daysand (f) 30 daysof

aging
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centration, chain entanglement in the spinning solution
isnot sufficient to stabilizethedectrospinning jet, thus
contraction of jet diameter driven by surfacetension
causing bead formation?3. Degradation of CA poly-
mer chainsledto reduction inthe concentration of CA
inthe solution below thelimit required to stabilizethe
jet hence leading to non-uniform and beaded fibers
beyond 10 days of aging. Fiber breakage witnessed
for CA solution aged beyond 20 days could be asa
result of main chain deavage. Long polymer chainshave
moreintermolecul ar and intra-molecular forces, and
therefore can resist the stretching force of applied volt-
age. After 20daysof aging, the CA solutionmainchain
and side chains are reduced to a point where the ap-
plied voltageforceisgreater than themolecular forces
thuscausing fiber breakage as seenin SEM imagesfor
CA el ectrospun after 20 and 30 days of aging.

Therewasa so solution color changethat occurred
with aging CA solution. TheimagesareshowninFig-
ure4. Asthe number of days of aging increased, the
color becamedarker, with the 30 days aging solution
giving thedarkest color observed.

CONCLUSION

A study of the effects of solution degradation due
to aging on Electrospun Cellulose Acetate (CA)
nanofiberswas undertaken with theaging timevaried
from O (no aging) to 30 days. The change in the
el ectrospinnabilty of thefibers, thefiber morphology
and chemical groupswere anadyzed.

According totheresultsobtained inthisresearch
CeluloseAcetate (CA) solution aged for aperiod not
exceeding 5 days produced finer nanofibersbut of rela-
tively lower fiber distribution compared to nanofibers
produced from cellul ose acetate sol ution el ectrospun
without aging. Agingaspinning solutionfor over 10days
reduced el ectrospinnability and therefore the produc-
tion of good nanofiberswasnot possible. Keegping CA
solutionfor over 20 days, leadsto complete deteriora
tion, with nanofiber breskage occurring. Resultsof FTIR
anaysisfor theno aging (0 days) and 30 days aging of
the CA spinning solution indicated that thereweresig-
nificant chemical changesin CA solutionduring aging.
This could explain the changes observed in thefiber
morphology and the distribution of fiber diameter as
aging progressed. Therefore CA sol utions should not
be kept or stored for over 5 days after dissolving.
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