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ABSTRACT

KEYWORDS

N-(1-hydroxy-2-methyl propan-2-yl)formamide (HMF) was used as a new
plasticizer for corn starch to prepare starch-based film (SF). By scanning
electron microscopy (SEM), starch granuleswere completely disrupted and
proved to transfer to homogeneous material. The crystallinity of corn starch
and HMF-plasticized starch-based film (HSF) was characterized by X-ray
diffraction (XRD). The glass transition temperatures (Tg) of glycerol-
plasticized starch-based film (GSF) and HSF wereinvestigated by differential
scanning calorimetry (DSC). At relative humidity (RH) 75%, the water
resistance of HSF was superior to that of GSF, under the same conditions,
water vapor absorption of glycerol was higher than that of HMF. The water
vapor permeability of HSF was lower than that of GSF, i.e. the water vapor
barrier property of HSF was better than that of GSF. The elongation at break
of HSF was higher than that of GSF, but the tensile strength of HSF was
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inferior to GSF at 75% RH.

INTRODUCTION

Asnondegradabletraditional plasticsarewidely
used, increasing pollution of environment hasgivenrise
to concerns about thewhite pollution, and raisesthe
question how to replace them with natural polymers,
bei ng biodegradabl e and renewabl eresources. Thede-
vel opment and production of biodegradable material
madefrom starchisimportant to reducethetota amount
of plasticwasteé*?. Therefore, over thepast few years,
there has been arenewed interest in film made from
renewableand naturd polymersstarchi®4. Nativestarch
commonly hasaform of granuleswith about 15-45%
crystallinity, and the original starch wascomposed of
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amyloseand amylopectin®®. At thesametime, starchis
aninexpensive, abundant and edible natura resource®.

In order to modify the properties of starch-based
film (SF), plasticizershaveto beincorporated, because
they canform hydrogen bondswith starch, replacing
thestrong intraand intermolecul ar hydrogen bondsin
starch”. Accordingly, the mechanical properties of
gtarchfilm can be modified by the addition of plasticiz-
ersinminor amounts. During the process, theintraand
intermol ecular hydrogen bondsin starch arereplaced
by onesbetween starch and plasticizers, thusincrease
theflexibility of thefilm, and theglasstransition tem-
perauredecreases. Pladticizerscause sgnificant changes
inthebarrier propertiesof starch-based film(*8, Starch-
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based filmwasprepared usingtheplasticizers. Thetra:
ditional plasticizerswerepolyolssuch asglycerol,
which had poor water resistance and were sensitiveto
the vapor. Meanwhile, amides such asuread™ can be
used astheplasticizersfor starch-based film, too. How-
ever, urea-plasticized arch-based film stored for along
time, crystallization would occur and the mechanical
propertieswould becomeworse. So, the propertiesof
SF do not meet what peopleexpect. Thetypeof plas-
ticizer influencesthepropertiesof SF. Inviewsof the
application and deve opment of SF, itisvery important
to prepare anew nontoxic plasticizer, whichisused to
produce SF with desirable properties. In theory, the
preparation of new plasticizersisa so necessary to study
therelationship of plasticizer structureand film proper-
tiegty,

N-(1-hydroxy-2-methyl propan-2-yl)formamide
(HMF) isoneof hydroxya kylformamidesthat serveas
physiologicaly harmlesshumidifiersfor cosmeticg*? or
for theimpregnation of tire-cord madefrom nylon*3, It
isnot reported that HM F isused asplasticizer for starch
film

In thispaper, HMF isused to prepare HM F-plas-
ticized starch film (HSF) for obtaining SF with good
barrier properties. Glycerol iscommonly used asaplas-
ticizer of SF. Here, GSF isregarded as the contrast.
Thiswork isfocused on processing and characteriza-
tion of HSFintermsof morphology, XRD, DSC, wa-
ter vapor absorption, water vapor permeability and
mechanica properties.

EXPERIMENTAL

Materials

Corn starch (10.95% moisture) was obtained from
the Zhuolu Starch Company (Zhuolu, Hebel, China).
Glycerol, methanol and methyl formate (andyticd grade)
were purchased from Tianjin Fuyu FineChemicd Co.,
Ltd. (Tianjin, China). 2-amino-2-methyl-1-propanol
was purchased from Beijing HWRK Chem Co.,Ltd.
(Beijing, China).

Synthesisof N-(1-hydr oxy-2-methylpr opan-2-yl)
formamide(HMF)

N-(1-hydroxy-2-methyl propan-2-yl) formamide
(HMF) was synthesized by the reaction of methyl for-
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mate and 2-amino-2-methyl-1-propanol accordingto
thereference®.

Themelting point of the product was examined by
micro melting point apparatus SGWX-4 (Shanghai,
China), itis68°C, HMFwas confirmed by comparing
itsmelting point with datareportedin literature®.

Sarch-based film preparation

Starch-based filmswere obtained by the casting
method. Starch and plasticizer werefirst mixed. The
mixture contained 10 g of starch/100 g of water, and
themassratiosof plasticizer to corn starch were 30:100,
35:100 and 40: 100, respectivey. Thefilm-forming sus-
pension was heated with continuous stirring and kept
a 90°Cfor 30 min. Thefilm-forming solution wascasted
on apolystyrene plate. Starch-based filmswere ob-
tained by evaporating water in an oven at 50 °C.

Scanning electron microscopy (SEM)

Corngtarchwasinvestigated with thescanning ec-
tron microscope Phillips XL-3 (FEI Company,
Hillsboro, USA), operating at an accel eration voltage
of 20kV. Starch powderswere suspended in acetone.
The suspension dropsweredrawn ontheglassslide,
dried for removing the acetone, and then vacuum-coated
withgoldfor SEM.

An S-4800 scanning electron microscope
(HITACHI Company, Tokyo, Japan) was used to ex-
aminethemorphology of fractured surfacesof SF, op-
erating at an accel eration voltage of 5kV. The condi-
tioned SF sampleswerecryo-fractured inliquid nitro-
gen. Thefracturefaceswerevacuum-coated with plati-
numfor SEM.

X-ray diffraction (XRD)

The SF samplewas placed inasample holder for
X-ray diffractometry. The corn starch powderswere
packed tightly in the sample holder. X-ray diffraction
patterns were recorded in the reflection mode at an
angular range of 10-30° (20) at the ambient tempera-
ture by an Empyrean diffractometer (Netherlands) op-
erated at the Cu/K o radiation.

Differential scanning calorimetry (DSC) testing

The DSC wasused to investigatethe crystalliza-
tion and melting behavior of the prepared SF*1. To
amulaetheconditionsduring gpplication, GSFand HSF
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were exposed to air (relative humidity around 50%)
before DSC measurements. Thewater contentsof GSF
and HSF contai ning 30% plasticizer were 16.38% and
9.72%, respectively. DSC measurementswerecarried
out inaPerkinElmer DSC 4000 (PerkinElmer, USA).
The DSC was calibrated with pureindium. An empty
pan was used asreference. Samples of GSFand HSF
were scanned at aheating rate of 20°C/mininaseded
pan. Glasstrangtiontemperaturesweredetermined from
theresulting thermograms observed during heating by
the Pyrissoftware and i dentified as second-order tran-
Stiongd?®,

Water vapor absor ption

M easurement of water contents of GSF, HSF and
plagticizers.

Theorigina water contents (dry basis) of SFwere
determined gravimetrically by drying smdl |l piecesof SF
at 105°Cfor 12h. At thiscondition, evaporation of the
plasticizerswas negligible*”. Theoriginal water con-
tent (k) of starch filmwascalculated asfollows:

_W,—W 0
k Wl X 100 Y% (1)
Herew, (g) wasthe mass of thedried sampleandw,
(g) wasthemass of the sample beforedrying.

Glycerol and HMF were stored in aclosed con-
tainer inthe presence of asaturated NaCl solution (pro-
viding relative humidity (RH) 75%)18 at 20°C and
weighed. According tothe Eq. (1) above-mentioned,
thewater content of plasticizer was ca cul ated. w, and
w, werethemass of plasticizer containing water and
pureplasticizer, respectively. Thedatawerecarried out
intriplicate.

Measurement of water contentsof barsof GSFand
HSF stored at 75% RH for aperiod.

Thepiecesof GSF and HSF containing 35% plas-
ticizerswere stored in closed containersin the pres-
ence of saturated NaCl solution (providing RH 75%)
at 20°C. The samples were weighed every day. The
water contents of GSF and HSF were cal culated on
the base of mass of dried GSF and HSF. Thedatawere
averagesof 3 specimens.

Water vapor permeability (WVP)

For the WV P studies, the starch-based filmswere
cut to asuitable size and fixed onto cylindrical bottle
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containing granular anhydrous CaCl,,. Thethickness of
each film wasmeasured with amicrometer at threeran-
domly selected points beforethefilmwasattached to
thebottle. Thebottlewas placedin ades ccator at 75%
RH, resultinginrelative vapor pressuresgradient of 0/
75% acrossthefilmat 20°C. TheWVP (Nationd stan-
dard of ChinaGB1037-88) wasdetermined gravi metri-
cally asafunction of timefor 7 days. The bottlewas
shaken horizontally after every weighing. WVP (gm'?
st Pa!) wascalculated with Eq. (2), where Am was
theweight of thewater permesated through thefilm, d
was the thickness of the film, A wasthe permeation
areaof thefilm, t wasthetime of permeation and Ap
wasthewater vapor pressure difference between both
sidesof thefilm. Thetestswere averages of 3 speci-
mens.

_ Am-d
A-t-Ap @

M echanical testing

The starch-based films were cut into strips and
stored in closed chamber at 75% RH for 48 hours.
Mechanical testing (National Standard of China
GB1040-79) of sampleswas determined inthe TH-
5000 Materiad s Testing Machine (Jiangsu, China) at a
gpeed of 10 mm/min. Thedatawereaveragesof 3 spedi-
mens.

RESULTSAND DISCUSSION

Scanning electron microscopy (SEM)

The morphology of starch and the SF was shown
inFigurel.

Compared with starch granules (Figure 1a), the
morphology of GSF and HSF were present in the ho-
mogeneousmaterid (Figure 1) for the GSF containing
30% weight content of glycerol (Figure 1b) and the
HSF containing 30% wei ght content of HM F (Figure
1c). According to thegel atinization mechanism, starch
granulesswollenand brokeninto pieceswith releasing
amylose and amylopectin mol eculesinto solution dur-
ing heet treatment of starch dispersion. Figure 1 showed
that therewas no starch granulesand remnant present-
inginthefilm at the presence of HME. Thismeant the
starch polymer was pl asticized compl etely. SEM ob-
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Figurel: SEM micrograph of (a) corn starch, (b) GSF containing 30% glycerol, (¢) HSF containing 30% HMF
servationsof filmswith different plasticizer (glycerol and  some somere-crystallization occurred™®. Other crys-

HMF) did not show structura differences.
X-ray diffraction analysis(XRD)

The X-ray diffraction patterns of corn starch, GSF
and HSF wereshownin Figure 2. Corn starch had an
A-typecrystdlinepattern (Figure 2, linea). Compared
with starch, the crystal structure of GSF and HSF
changed. During the gel atinization of the starch gran-
ules, A-typecrystalinity of corn starch disappeared.
Starch-based films could have an amorphous charac-
ter, becausethethermal treatment of film-forming sus-
pension provoked starch gelatinization, causng disrup-
tion of the double helix conformationsof corn starch,
however, the plasticizer glycerol or HMF inthefilms
may have increased the macromol ecular mobility, a-
lowing theformation of microcrystalinejunctions, i.e.
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tallinity wasformedin GSF (Figure 2, lineb) and HSF

a corn starch
b 30% GSF
c 30% HSF

Intensity
c>

0 15 20 25 30
Diffraction angle(26)
Figure?2: Diffractogramsof corn starch, GSF and HSF
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(Figure2, linec),
DSC analysis

The DSC measurements served to determinethe
relaxationd trangtionsof the Sk AsshowninFigure 3,
thetrangitionsof SF could belinkedtother glasstran-
sitiong*®. The Tg of HSF containing 30% HMF was
8.45°C, which was less than that of GSF (11.55°C)
containing 30% plagticizer. Thisevolution could beas-
cribed to the strong interactions between thestarch and
plasticizer. Intheviewsof Tg, astheplasticizer, HMF
could form stronger interaction with starch than glyc-
erol.

b 30% HSF “///a
nes— b
; — — - -
= v P
5 — 845 —
®© 84
T P _
/'////
T e d e s 7o

Temperature(°C)
Figure3: DSC ther mogramsof GSF and HSF

Water vapor absor ption

Themechanica properties of SFweresensitiveto
humidity, so the water contents of HSF were exam-
ined, the GSFwas acontrast.

AsshowninFgureda, a 75% RH, theequilibrium
water content of GSF (containing 35% glycerol) was
higher than that of HSF (containing 35% HMF). Sothe
water resistance of HSF was superior to that of GSF.

Thehydrophilicity of plasticizer wasrelated towa:
ter resistance of starch film. Asshownin Figure 4b,
under the same conditions, water vapor absorption of
glycerol washigher than that of HMF, so glycerol was
more hydrophilicthan HMF.

Water vapor per meability

AsshowninFigure5, TheWV P of HSFwaslower
than that of GSF. For example, the WV Pof HSF con-
taining 30% HMFwas 1.13x10 B gm™ s Pa?, while
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the WVP of GSF containing 30% glycerol was
3.87x10 2 gm? st Pal. Therefore, the water vapor
barriers of HSF were superior to that of GSF.

Generally, the hydrophilicity of plasticizer wasre-
lated to WV Pof SF. Asshownin Figure4b, under the
same conditions, water vapor absorption of glycerol
was higher than that of HMF, so glycerol was more
hydrophilicthan HMF. GSFwasmorehydrophilic than
HSF. At the same experimental conditions, GSF ab-
sorbed more water molecules than HSF. CaCl, was
far more hydrophilic than both GSF and HSF. At the
present of CaCl,, GSF containing morewater lost more
water to CaCl, compared with HSF. So the WV P of
GSFwashigher than that of HSF.

M echanical properties
After HSF stored at 75% RH for 2 days, tensile
45
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Figure4 : (a) Water contents of GSF and HSF containing
35% plasticizer as function of storage time at 75% RH.
(b)Water contentsof glycerol and HM Fasfunction of storage
timeat 75% RH
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Figure6: (a) Tenslestrengthsand (b) Elongationsat break
of GSF and HSF stored at 75% RH for 2 days

strength and elongation at break of HSF weretested.
Inorder tointroduce the mechanica propertiesof HSF
clearly, GSF was chosen asthe contrast.
AsshowninFigure6, when starch film containing
35% plasticizer wasstored at RH 75% for 2 days, the
tensile strength and the el ongation at break were 2.60
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MPaand 37.5% for GSF. At the sametime, theones
were 1.09 MPa and 148.3% for HSF. At the same
percentage of plasticizer contents, the elongation at
break of HSF was higher than that of GSF, whilethe
tensile strength wasinferior to GSF. Therefore, HSF
was moreflexiblethan GSF.

Withincreasing HMF content, thetensilestrength
of HSF decreased, whereas the elongation at break
increased generdly. For example, after HSFwas stored
at RH 75% for 2 days, the tensile strengths of HSF
containing 30%, 35%, 40% of plasticizer were 1.52,
1.09, 0.76 M Pa, respectively. Thee ongationsat break
of HSF containing 30%, 35%, 40% plasticizer were
132.2%, 148.3%, 140.9% respectively. HMF acted
asadilutor, formed stronger hydrogen bond interac-
tions with starch and weaken the interaction of the
molecules. Thus, thetensile strength decreased. At the
sametime, it also acted asaplasticizer that improved
the movement of the segments and macromolecules,
whichledtotheincrease of theelongation at break.

CONCLUSIONS

HMF was provento be effective asanew plasti-
cizer for corn starch. Fromtheanadysisof SEM, starch
granuleswere completely disrupted and transferred to
homogeneousmateria. X-ray diffraction anaysisindi-
cated A-typecrystallinity of corn starch disappeared
and other crystallinity wasformed. Analysisof DSC
showed that Tg of HSF was|ower than that of GSF.
The water resistance of HSF was superior to that of
GSF. WVPof HSFwaslessthan that of GSF, i.e. the
water vapor barrier property of HSF isbetter than that
of GSF. At RH 75%, the elongation at break of HSF
was higher than that of GSF, but thetensile strength of
HSFwasinferior to that of GSF.
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