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ABSTRACT: Samples of starch2gelatin polymer reinforced with 5% of recycled cellulose were prepared using an extrusion-

compression molding process. Nanoindentation and atomic force acoustic microscopy (AFAM) techniques were used to study the

effect of reinforcement at nanoscale level. Nanoindentation tests show a 163% increase in hardness and 123% of elastic modulus

enhancement after recycled cellulose inclusion. AFAM shows that distribution of recycled cellulose into the polymer matrix is rather

homogeneous at nanoscale which improves load transfer. Thermogravimetric analysis indicates an increase in thermal stability of the

cellulose reinforced polymer matrix samples. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41787.
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INTRODUCTION

Production of biodegradable packaging from natural polymers

to reduce consumption of synthetic plastics and environmen-

tal contamination has been widely investigated.1–4 Starch-

based materials are promising candidates for packaging mate-

rials because of its availability, competitive price, and thermo-

plasticity.5,6 Mechanical properties of thermoplastic starch

(TPS) have been improved adding additives such as plasticiz-

ers, cross-linking agents, proteins, antimicrobial agents, anti-

oxidants, and texturizing agents. However, if plasticizer is

overused the elastic modulus is reduced due to a phase-

separation of the polymer matrix.7–9 On the other hand, nat-

ural fibers have been used as reinforcement, improving the

elastic modulus and decreasing hygroscopicity and plasticizing

effect of water.10–13

In nature, starch, protein, and cellulose are combined to form

stable structures as cereal grains. The formation of such struc-

tures involves interfacial compatibility between mixtures of

hydrophobic and hydrophilic polymers.14 When a grain is bro-

ken, the cracks propagate through the starch granules, not at

the interface starch2protein, although when cereal flour is

processed by extrusion it is not possible to have a material with

the same mechanical properties and complex interfaces as the

original grain. Guessama et al.15 have studied the mechanical

properties of continuous and dispersed phase in starch–zein

composite materials using nanoindentation, reporting a break

in the modulus and hardness near the interface. This behavior

indicated that there is a lack of adhesion between components,

resulting in fragility. Bourmaud et al.16 demonstrated that the

mechanical behavior of biocomposites reinforced with vegetable

fibers depend of morphology and mechanical properties of

fibers.

Nanoindentation has been used to obtain mechanical properties

from synthetic fibers such as glass fibers or carbon fibers.17–20

More recently this technique was used to evaluate elastic modu-

lus and hardness of natural fibers and its anisotropy.21,22 Simi-

larly, this technique was successfully applied to study the effect

of the reinforcement in polymers.23–25

Atomic force microscopy (AFM) has been used in the study of

polymers to obtain topography images,25–30 determine average

surface roughness,16,24,31,32 hardness and apparent friction coef-

ficient33 and estimate the interfacial interaction strength at the

interface between a polymer monolayer and a solid substrate.34

Atomic force acoustic microscope (AFAM) is used to map the

elastic modulus distribution of hard surfaces having variations

in composition by an ultrasonic frequency that is applied to the

tip or sample, providing maps of stiffness which can be con-

verted to elastic modulus map.35–41
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In this work, the mechanical properties of composite samples of

recycled cellulose reinforced starch2gelatin polymer (RC-SG)

were evaluated at the nanoscale by nanoindentation and atomic

force acoustic microscopy (AFAM), in order to study the inter-

action between starch2gelatin to develop biodegradable packag-

ing materials.

EXPERIMENTAL

Polymer Matrix Preparation

Starch2gelatin samples (SG) were used as biopolymer matrix and

prepared with hydrolyzed commercial corn starch (ALMEX SA de

CV, Guad., Mex.) adding gelatin (Products Cranbury, NJ) and

glycerol (Sigma Aldrich St-Louis, MI) (Figure 1). Pellets were

produced in a 5 mm diameter air cooled die twin-screw extruder

(Thermo Scientific Haake PolyLab OS system, Germany) with a

temperature profile of 25–30–40–50–55–60�C and screw speed of

30 rpm as reported in Ref. 42. After that, rectangular samples of

11.5 cm 3 11.5 cm 3 2 cm were produced using a compression

molding technique in a heating press (Carver Mini C press,

Wabash, In. USA) of 2 Tons force for 10 min at 90�C.

The same procedure was followed for the starch2gelatin reinforced

recycled cellulose (RC-SG) samples adding 5% w/w recycled cellu-

lose (Kimberly Clark, SJR, M�exico) to the polymer matrix.

Structural and Morphological Characterization

Scanning Electron Microscopy. Morphology of RC-SG samples

was performed on a scanning electron microscope (PhillipsVR

XL30 ESEM, 47 Eindhoven Holland) using environmental

mode.

Nanoindentation Test. Nanoindentation tests were performed on

an IBIS nanoindentation system (Fisher Crips Laboratories) using

a three-sided berkovich tip with 200 nm nominal curvature radius.

RC, SG, and RC-SG samples of 80 mm diameter were used.

Twenty-five indentations were performed on the surface of each

sample with a decreasing load from 400 mN to 40 mN and separa-

tion of 50 mm. Calibration of the indenter was performed on poly-

carbonate standard (E 5 3 GPa, H 5 0.19 GPa) according to the

procedure described by Alvarado-Orozco et al.43 Hardness and

reduced modulus were determined by Oliver and Pharr method.44

Atomic Force Acoustic Microscopy. A SPM-AFM system

(Bruker/Veeco/Digital Instruments Nanoscope IV Dimension

3100) was used to carry out atomic force acoustic microscopy

measurements. Diamond-coated silicon AFM probe (BudgetSen-

sors model ContDLC) with nominal length of 450 mm, first res-

onance frequency of 13 kHz and spring constant of 0.2 N/m

was used. For an isotropic material, the indentation modulus M

is equal to the plane-strain modulus M 5 E/(1-m2) where E is

Young’s modulus. In resonance tracking atomic force acoustic

microscopy, the tip of an AFM cantilever is contacted with the

surface of a sample. The tip-sample system is excited by sweep

of frequencies around of its resonant frequency, from a piezo-

electric device coupled to the lower side of the sample. A pho-

todiode detector follows the cantilever vibration sending a feed-

back signal to a high-frequency lock-in amplifier (HF2LI, Zur-

ich Instruments). The signal is amplified and filtered using the

excitation signal as a reference. RT-AFAM is a technique in

which a resonant spectrum is taken and stored for each pixel of

an image of 256 3 256 pixels. For each experimental resonant

spectrum a simple oscillator harmonic model is fitted, this let

us obtain maps of observables such as: amplitude, phase, fre-

quency, and Q-value as was previously showed by Enriquez-

Flores et al.45 From the frequency map is possible to obtain the

Figure 1. Preparation and analysis procedure of starch2gelatin polymer matrix. For more details of the AFAM system see Ref. 45. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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resonance frequency shift which are associated to variations in

contact stiffness and as a consequence to the indentation modu-

lus of the sample as was showed by Flores-Ruiz et al.39

Thermogravimetric Analysis

Thermogravimetric analysis (TGA) allows measure the mass

change of a sample as function of temperature in a controlled envi-

ronment. The loss of weigh of particular sample depends of its sta-

bility at temperature change. Thermal stability of samples was

measured with a thermogravimetric analyzer Metler Toledo TGA/

SDTA 822e (Columbus, OH) taking samples of 5–10 mg using alu-

mina crucibles. All tests were performed in nitrogen environment

at a heating rate of 10�C/min between 50�C and 800�C.

RESULTS AND DISCUSSION

Scanning Electron Microscopy

A flat disc surface of RC-SG sample prepared by extru-

sion2compression molding is shown at low magnification in

SEM micrograph of Figure 2(a). Details of recycled cellulose

presenting diameters of 16–25.9 mm embedded in

starch2gelatin matrix were observed in a SEM micrograph at

magnification of 350X shown in Figure 2(b).

Nanoindentation Test Results

Hardness and reduced modulus for this study are showed in

Figure 3(a,b), respectively. Nanoindentation measurements

indicate that starch2gelatin polymer matrix reinforced with

recycled cellulose exhibit higher hardness as shown in Figure

3(a). Cellulose-free SG polymer matrix has a hardness value of

38 MPa whereas adding recycled cellulose rise the hardness up

to 100 MPa, thus, approximately an improvement of 163%.

Reduced modulus showed an increase of 123% for recycled cel-

lulose reinforced starch2gelatin samples. These results suggest a

good adhesion and chemical compatibility between cellulose

and starch/gelatin polymer matrix which may have happened

during the extrusion process. Cellulose fibers may also be dis-

persed uniformly during the extrusion, causing an increase in

polymer matrix density and, consequently, an improvement in

their mechanical properties. In the literature gelatin has been

reported to be used as bioadhesive for medical purposes46,47;

this high adhesion characteristic of cellulose to starch2gelatin

polymer matrix may have resulted in higher material hardness.

In this respect, hardness values of 86.9 MPa for polyvinyl chlo-

ride (PVC) and 118 MPa for polyethylene terephthalate (PET)

were reported in Refs. 48 and 49.

In natural polymers, hardness values of 2400 MPa and 640 MPa

for gluten and starch respectively, have been reported by Chitchi

et al.33 Lee et al.23 registered hardness values of 620 MPa in

Lyocell. Additionally, Yun et al.50 measured hardness values of

330 MPa for polyhydroxybutyrate with 1% of carbon

nanotubes.

Thermoplastic cornstarch samples processed by injection mold-

ing have a hardness value of 141.7 MPa, but after aging for

three months this hardness increased to 177 MPa.51 Hardness of

an aged starch is related to starch retrogradation but the starch

used in this work was hydrolyzed, thus, retrogradation was

lower than native starch. That may explain why hardness values

of starch2gelatin polymer matrix were smaller than those

reported for thermoplastic corn starch.

Ortiz-Zarama et al.25 recently reported a hardness of 30.7 MPa

for gelatin films and 14.0 MPa for carbon nanotubes reinforced

gelatin films. This hardness reduction may be because gelatin is

a soft polymer as reported by Yun et al.50 Bajardo et al.52

observed an enhancement on nanomechanical properties of the

polymer matrix with higher fiber content. These authors con-

clude that processing parameters affect directly the reduced elas-

tic modulus in polymer materials. In previous work, Zirkel

et al.53 reported a reduction in reduced elastic modulus in fluo-

rinated ethylene propylene copolymer foamed films when the

processing temperature was increased. The reduced elastic mod-

ulus, on the other hand, was higher when pressure was reduced.

AFAM Quantitative Mapping

Mechanical properties of starch2gelatin plus 5% recycled cellu-

lose (RC-SG) sample at nanoscale were evaluated by AFAM.

Topography of the sample under study is shown in Figure 4(a).

Map of indentation modulus, exhibited values in the range

from 2.1 to 2.7 GPa [Figure 4(b)]. These values are in agree-

ment with those reported by nanoindentation technique. No

starch or cellulose fibers are detected as individual material dur-

ing AFAM test and, as such, surface and indentation modulus

both have very slight variations. A reduced elastic modulus

indicates that recycled cellulose is dispersing homogeneously

Figure 2. SEM micrographs of (a) RC-SG and (b) RC.
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into starch2gelatin polymer matrix. That behaviour permits a

better load transfer, which in turn increases the mechanical and

indentation modulus properties of the composite sample.

Marinello et al.54 measured Young’s modulus of a reinforced

polymer composite made of oriented silicon using AFAM tech-

nique. These authors reported an error of 5% in thickness mea-

surement between nanoindentation and AFAM. Preghenella

et al.55 found that, in epoxy–silica nanocomposites, AFAM

results are related to bulk thermo-mechanical data, existing cor-

relation between fracture surfaces and mechanical test.

AFAM histogram in Figure 5 shows that indentation modulus

mapping of recycled cellulose reinforced starch2gelatin sample

has a maximum value of 2.54 GPa.

Thermal Stability

Thermal analysis of recycled cellulose in Figure 6 shows an

important weight loss between 133 and 330�C, believed to be

the result of polymer chains breaking. This thermogram indi-

cates that between 330 and 507�C bonds of glycosides break.

Lerdkanchanaporn et al.56 reported that cellulose degradation

starts around 216–542�C and Avicel (a microcrystalline cellulose

powder used by both food and pharmaceutical industries) deg-

radation happened between 276.1 and 542.0�C. Hietala et al.57

found recently two degradation steps in kraft pulp fibers, the

first in the range of 150–350�C presenting 70% weight loss. The

second step is located around the range of 3502525�C, while

above 550�C no thermal event occurs. Those previous results

are similar to what it was observed in recycled cellulose.

Cellulose free starch2gelatin polymer showed two points of weight

loss, the first in the range of 1552267�C and the second in the

range of 2672576�C. Kaushik et al.58 indicate that thermal degra-

dation of starch starts at 273�C and cellulose nanofibers starts at

283.2�C. Mu et al.59 report that gelatin films have three points of

weight loss, being the first at 232125�C, related to water present in

the film. The second turning point appears at 250�C, being associ-

ated with glycerol. Finally, the third inflection point is in the range

of 2652460�C linked to gelatin chain degradation. Above 600�C
decomposition of thermally stable structures occurred.

Figure 3. (a) Hardness of RC, SG, and RC-SG samples. (b) Reduced elastic modulus of RC, SG, and RC-SG samples.

Figure 4. (a) Topography image of RC-SG sample. (b) Indentation modulus map of RC-SG sample. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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Thus, in Figure 6, RC-SG thermal analysis shows the first inflec-

tion point related to water present in the sample, weight loss is

lower than SG sample. Second point is related to thermal degra-

dation of glycerol in the sample. Third inflection point corre-

sponds to total degradation of starch, gelatin and cellulose,

being extended slightly above 600�C.

Some authors in previous work state that the addition of

micro-nanocellulose improves mechanical, thermal and mois-

ture properties of starch-based materials.60–62 Xie et al. indicate

that this effect can not only be attributed to the degree of dis-

persion or chemical similarity of reinforcement in the polymer

matrix, but also to a strong adhesion of hydrogen bonds.63

CONCLUSIONS

Samples of recycled cellulose reinforced starch2gelatin polymer

matrix were fabricated using extrusion2compression molding

and their mechanical properties and interaction were investi-

gated by nanoindentation, thermogravimetric analysis, and

atomic force acoustic microscopy.

Atomic force acoustic microscopy and nanoindentation results

showed that polymer matrix reduced elastic modulus and hard-

ness was increased after recycled cellulose addition. The chemi-

cal compatibility and adhesion of added cellulose to the

polymer matrix forms a nanocomposite that becomes a homo-

geneous material with better distribution of loads under

mechanical test. Thermogravimetric analysis indicated that this

material has better thermal stability.
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Figure 5. Indentation modulus histogram of RC-SG sample.

Figure 6. TGA Thermogram of samples under study.
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