
Introduction

Polymer layered silicate nanocomposites (PLSN)

have attracted industrial and research attention be-

cause of the enhancement in material properties, even

at very low loading levels of filler due to the high as-

pect ratio of the filler and the nano – level interactions

with the polymer matrix [1]. Montmorillonite (MMt),

one of the most common smectite clays, is a promis-

ing reinforcing material, naturally abundant and

toxin-free which can be used as one of the compo-

nents for food, medical, cosmetic and healthcare re-

cipients [2]. Therefore, the development of compos-

ites based on clay and natural or biodegradable

polymer have strong promise in designing

eco-friendly green nanocomposites for several appli-

cations with large improvements in terms of mechani-

cal, thermal and barrier properties [3–7].

Commercially available proteins, such as gelatin,

encounter nowadays application at the packaging sector

due to their interesting properties, including

film – forming ability, elasticity and effective gas barrier

properties [8, 9]. However, by its self, gelatin is a poor

choice and some properties including thermal resis-

tance, swelling capacity and barrier properties have to

be improved to fulfill the requirements for food packag-

ing applications [10]. Several strategies have been pro-

posed in the literature to overcome the above mentioned

limitations and design gelatin-based materials with

modulated properties according to the specific applica-

tions. The presence of reactive side groups in gelatin

makes possible the introduction of covalent bonds be-

tween polypeptide chain through chemical, enzymatic

or physical crosslinking reactions [11–14, 16]. Other

possibility is by compounding with environmentally

friendly reinforcements such as natural fibers [15] and

layered silicates [16, 17].

Cross-linked-gelatin/montmorillonite (Ge/MMt)

nanocomposites plasticized with glycerol with en-

hanced thermal, mechanical and swelling properties

were successfully prepared for the first time by Zheng

et al. [16, 17]. However, the relationship between

morphologies and thermal stability was poorly explored.

Our current work is focused on preparing gela-

tin/montmorillonite composite films intended to pro-

duce laminates with potential application at the pack-

aging sector. The resulting biopackaging is antici-

pated to be environmentally compatible and

degradable. Since these films will be submitted to

heat cycles during processing operations, it is neces-

sary to well understand the effect of the nanostructure

on the thermal stability for their rational application

and this is the main objective of this study.

In the present work gelatin/unmodified montmo-

rillonite composites were synthesized in the absence

of crosslinking agents and plasticizers in order to

evaluate the effect of clay on thermal properties of the

obtained films. The morphologies developed were an-

alyzed by atomic force microscopy (AFM) and the

thermal stability of the obtained materials was evalu-

ated by thermogravimetric analysis (TG).
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Experimental

Materials

Bovine hide gelatin (Ge) type B was kindly supplied

by Rousselot (Argentina), Bloom 150, pH 5.3. Un-

modified montmorillonite (Na+ MMt) was purchased

from Southern Clay Products Inc. (Texas, USA), un-

der the trade name Cloisite Na+. The cation-exchange

capacity (CEC) was 92.6 meq/100 mg of clay and the

interlayer distance was 1.17 nm (as it was determined

by X-ray diffraction on the dried powder).

Preparation of Ge/MMt composites

Ge/MMt composites were prepared by solution interca-

lation method [18]. This technique is based on a solvent

system in which the polymer is soluble and the silicate

layers are swellable. The layered silicate is first swollen

in a solvent, such as water. When the polymer and lay-

ered silicate solutions are mixed, the polymer chains in-

tercalate and displace the solvent within the interlayer of

the silicate. Model Ge/MMt nanocomposites were syn-

thesized by sonicating together an aqueous gelatin solu-

tion with an aqueous dispersion of commercial Cloisite

Na+, according with the procedure reported elsewhere

[16]. Basically, 2 g of pure gelatin powder was dis-

solved in 20 mL of distilled water at 50°C under con-

stant stirring (10 g/100 mL). In parallel, unmodified

MMt suspensions were prepared by dispersing the de-

sired amounts of clay (ranging from 0.01 to 0.4 g Na+

MMt) in 10 mL of distilled water at 50°C by sonication.

Before mixing, the pH was adjusted to 7, above the

isolectric point (ip) of the gelatin. Aqueous suspension

(10 mL) was then mixed with gelatin solutions (20 mL)

at 50°C and under vigorous stirring, in order to produce

mixtures with 1 to 15 mass% MMt. The resulting aque-

ous suspensions were then cast on teflonated plates

(10 mm diameter) and dried at 35°C during 15 h.

Methods

Thermal stability of Ge/MMt was analyzed by

thermogravimetry (TG). Non-isothermal degradation

measurements were performed in a

Setaram 92-12 TG 92 thermal gravimetric analyzer.

Tests were running from room temperature up to

800°C at 10°C min–1 and under helium in order to

avoid thermo-oxidative reactions (15 mL min–1).

AFM (Nanoscope III a MultimodeTM atomic force

microscope, Digital Instruments) was used to examine

composite morphologies. The microscope was allowed

to equilibrate before testing at room temperature and

kept at this temperature during all the experiments. Im-

ages were recorded in hard tapping mode (HTM-AFM)

using an integrated silicon tip/cantilever (Digital Inst.) at

a frequency of 1 Hz. The Ge/MMt films were cross-sec-

tioned under liquid nitrogen for obtaining smooth sur-

faces. All the images are shown without any further im-

age processing treatment.

Results and discussion

Preparation and morphological analysis of Ge/MMt
composites

Ge/MMt nanocomposites were obtained by mixing

ultrasonically gelatin solutions and clay suspensions.

The reaction parameters such as temperature, gelatin

solution concentration, pH and sonication time were

adjusted in order to produce exfoliated or intercalated

nanocomposites. Temperature was fixed in 50°C in

order to avoid triple helix renaturalization (which can

act as physical crosslinking points). Concerning the

pH, Zheng et al. [16] have reported that a pH above

the gelatin isoelectric point favor the intercalation re-

action. In the present work, a control experiment

showed that pH 7 was enough for dispersing the sili-

cate into the gelatin matrix. In the case of soluble

polymers, the imposition of ultrasonic wave facili-

tated delamination process of layered silicates to

achieve exfoliation. Composites with the above men-

tioned formulation were exposed to different

sonication time and the resulting materials were eval-

uated by DRX. Figure 1 presents the DRX pattern of

Ge/MMt composites with different clay contents, af-

ter 20 min of sonication. It can be seen that the origi-

nal clay diffraction peak (2�=7.3°) almost vanishing

in the composites. The broadening of the diffraction

peak is associated with the presence of intercalated

silicates along with exfoliated ones, or with disor-

dered clay platelets dispersed in the composite [19]. It

was experimentally found that lower sonication times

(10 min) do not allow to exfoliate the clay for concen-
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Fig. 1 DRX pattern of Ge/MMt composites with different clay

contents, after 20 min of sonication



trations higher than 5 mass% MMt. Contrary, higher

sonication times (30 min), conducted to agglomera-

tion of clay nanoparticles. As a conclusion, the fol-

lowing conditions were fixed: gelatin concentration

10 g/100 mL, pH 7, MMt content less than 10 mass%

and sonication time not longer than 20 min.

While DRX can provide information about the

platelets separation, this technique fails once the

nanoparticles exfoliate. Usually, transmission elec-

tronic microscopy (TEM) is used as complementary

technique to visualize nanocomposite structures.

However, TEM was not able to be applied on gela-

tin-based nanocomposites because ultramicrotoming

procedure damages the sample. To further analyze the

morphologies of gelatin-based nanocomposites, AFM

was applied. This technique only requires a sample

surface free of scratches or dust particles [20].

Figure 2 represents the HT-AFM height and phase

images of pure gelatin and composites with different

clay loading. The surface of pure gelatin film (Fig. 2a)

shows some irregularities attributed to the casting

process. In contrast, in the composites silicate parti-

cles are visible as light streaks in phase images

(Figs 2b and c). AFM observations suggest that

morphologies turn from exfoliated to exfoliated/inter-

calated or even agglomerated, as clay loading in-

creases. Nanocomposite formation is mainly con-

trolled by strong interactions such as coulombic

forces between positives sites in the gelatin (i.e. NH3

+ )

and negative sites in galleries, and hydrogen interac-

tions, between carbonyl groups in gelatin and

hydroxyl groups within clay galleries [21]. Compos-

ites with 1 mass% MMt (Fig. 2b) show exfoliated

structures, meanwhile Ge/5 mass% MMt (Fig. 2c) ex-

hibit exfoliated/intercalated structures which are pre-

dominant up to clay contents of about

10 mass% MMt. Higher clay loading conducts to

agglomerated platelets because exfoliation is

hindered due to geometrical restrictions (Fig. 2d).

Thermal degradation of pure components and
Ge/MMt composites

It is well reported for other polymer-unmodified

montmorillonite systems that thermal stabilization de-

pends on the extension of exfoliation/delamination as

a function of clay content [3]. The effect of the

nanofiller presence on the thermal stability of the

composites was studied thermo-gravimetrically in in-

ert atmosphere. The normalized dynamic curves for

pure gelatin, montmorillonite and Ge/MMt compos-

ites (1–15 mass%) are depicted in Fig. 3. The TG

curve of pure Na+-MMt shows a main thermal event

in the temperature range between 528–676°C and it is

attributable to dehydroxylation of the clay layers [22].

As could be expected, the Na+ MMt shows a high

thermal stability than pure gelatin film. Thermal de-

composition of pure gelatin film is a gradual process

with three main stages in the TG curve. The first one,

in the range of 70–220°C, accounts for 11.1% mass

loss and can be assigned to the loss of low molecular

mass compounds, mainly adsorbed and bounded wa-

ter. The second and main stage which extends up

410°C is related to the degradation of the protein
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Fig 2 In-phase HTM-AFM images (without any further treatment), of Ge/MMt films. a – pure Ge, b – Ge/1 mass% MMt,

c – Ge/5 mass% MMt, d – Ge/15 mass% MMt



chain and accounts for 64% of mass loss [23, 24]. The

higher temperature step (T>600°C) can be attributed

to the decomposition of more thermally stable struc-

tures due to crosslinking reactions produced during

heating [23]. Cross-linking reactions may occur be-

tween hydroxyl groups and carboxylic acid formed by

the chain scission, as in the case of polyamides [25].

The addition of nano-dispersed clay produces a

delay in mass loss particularly within the temperature

range of protein chain degradation (300–440°C)

(Fig. 3). In order to analyze the effect of clay content

on the thermal stability of gelatin films, experimental

TG/DTG curves were used to obtain thermal parame-

ters as a function of clay content. The temperature

corresponding to initial of mass loss (T0) and the tem-

perature of maximum rate of mass loss (Tmax), final

residue at 800°C (mass%) and the integral procedural

decomposition temperature values (IPDT) [26],

which be represents the overall nature of TG curves,

are given in Table 1. The initial temperature of ther-

mal decomposition is a very important parameter

since it determines the maximum processing tempera-

ture which can be applied without thermally damage

the material. Therefore, T0 can be considered as a cri-

terion to evaluate the thermal stability of polymers.

The higher the T0 value the higher the thermal stabil-

ity of the polymer. Composites enhance their thermal

stability with the addition of clay, as can be concluded

from the shift of T0 and Tmax toward higher values, be-

ing maximum for 10 mass% MMt (Table 1). It seems

that exfoliated or partially exfoliated/intercalated

nanostructures could be responsible for improving

thermal stability of gelatin – based nanocomposites.

When further increasing the filler content

(i.e. 15 mass% MMt), only a slight increment in Tmax

is noticed, according to the agglomerated

morphologies observed. These results are in accor-

dance with those reported in the literature for other

polymer/unmodified Na+ MMt composites, such as

EVA-based nanocomposites [27].

As it was above mentioned, IPDT values give us

an idea of the relative stability of the composites tak-

ing into account the whole TG curve [26]. IPDT val-

ues increase up to 10 mass% MMt, in agreement with

the shift in T0 and Tmax for the main degradation step

(Table 1). Beyond this level, marked decrease is ob-

served which can be attributed to the heterogeneous

distribution of the agglomerated particles within the

gelatin matrix.

Last but not least, the percentage of char at 800°C

(Table 1) shows that composites release less amount of

volatiles as clay concentration increases up to

10 mass% MMt, in agreement with the decrease in gas

diffusion due to the presence of the nanolayers dis-

persed within the matrix which acts as a heat barrier.

Thus, it can be inferred that gelatin can be thermally sta-

bilized by adding small amounts of montmorillonite

(3–10 mass%), without any further additive.

It is generally thought that silicate layers have

good barrier to gases such as oxygen and nitrogen

[19]. Clays are believed to increase the barrier proper-

ties by creating a ‘tortuous path’ for the diffusion of

the volatiles products through the matrix [3, 22]. On

the other hand, strong-type interactions are critical for

the formation of intercalated and exfoliated hybrids

[28]. In the case of gelatin, its polyelectrolyte nature

impose that nanocomposite formation is mainly con-

trolled by strong hydrogen interactions between car-

bonyl groups in gelatin and hydroxyl groups in clay

galleries, even at pHs higher than gelatin isolectric

point. Similar interactions were considered for other

polyeletrolyte such as chitosan [29]. Thus, in order to

give an explanation to the effect of clay on thermal

stabilization of Ge/MMt composites, interactions be-

tween co-components were evaluated. An easy way to

evaluate the presence of such interactions is by
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Table 1 Characteristic parameters of the thermal degradation
of Ge/MMt composites

Sample name

Second stage
(250–410°C)

Residue
at 800°C/
mass%

IPDTc/
°C

T0/°Ca Tmax/°Cb

Ge 302 344 14.7 524

Ge/1 mass% 303 348 11.5 496

Ge/5 mass% 310 352 15.6 553

Ge/10 mass% 311 358 26.5 855

Ge/15 mass% 311 359 26.5 660

aTaken from the onset of the second stage

decomposition process;
bmaximum of the DTG curve for the second stage
cdecomposition temperature



predicting TG/DTG curves as the sum of the

individual components as follows [30]:

( / ) ( / )m m Y m m0 0�� i i

j

(1)

where Yi is the mass fraction of component i, (m/m0)i

is the normalized mass loss for component i derived

from TG experiments for the individual components, j
denotes the number of components in the actual mix-

ture. Derivatives are obtained in the same way. If

there is no interactions between co-components, ex-

perimental curves should be reproduced by Eq. (1).

Calculated and experimental TG/DTG curves ob-

tained in helium for Ge/composites are shown in

Figs 4a–c. For low clay content (i.e. 1 mass% MMt,

Fig. 4a), some slight discrepancies between experi-

mental and calculated curves are observed specially at

the end of the second stage of gelatin thermal degra-

dation, but T0 and Tmax values do not change signifi-

cantly. As clay loadings increases stabiliz-

ing/destabilizing interactions appear according with

the temperature region. For 10 mass% MMt, positive

deviations are predicted in almost the whole tempera-

ture range with higher values of T0 and Tmax (Table 1),

which is an evidence that clay restrict the diffusion of

gaseous products from the matrix degradation. Higher

clay concentrations (Fig 4c), induce unfavorable in-

teraction, mainly at higher temperatures. These re-

sults suggest that thermal stabilization can be ob-

tained at clay content of 3 to 10 mass% MMt, being

optimal for 10 mass%. Below this range no thermal

stabilizing effect is observed meanwhile higher con-

centrations of filler conducts to a decrease in thermal

stability. Once again the effect of the morphology is

evident: Ge/1 mass% MMt conducts to exfoliated

composites but the amount of clay sheets dispersed is

not enough to produce any thermal improvement may

be due to the low content of filler or inhomogeneous

distribution within the nanocomposite; for clay con-

tent of 10 mass%, a slight stabilizing effect is ob-

served according to the exfoliated/intercalated mor-

phology obtained at least up to 10 mass% clay.

Higher filler content conducts to agglomerated

(microcomposite) structures which favor the interac-

tions within each individual component over those

between components, and no stabilizing effect is ob-

served. Thus by controlling the clay content and syn-

thesis conditions, Ge/MMt composites with enhanced

thermal stability can be obtained.

Conclusions

Model gelatin/montmorillonite nanocomposites with

improved thermal stability were synthesized in the

absence of plasticizers and crosslinking agent. Ther-

mal behavior of Ge/MMt materials resulted to be inti-

mately related with the clay content, and as a conse-

quence, with the morphologies developed. AFM im-

ages of the cryo-fractured composites allowed us to

establish the relationship between clay content and

the extension of exfoliated, exfoliated/intercalated or

agglomerated structures. The AFM images showed

that exfoliated and exfoliated/intercalated

morphologies can be obtained at filler loadings in the

range of 1 to 10 mass%. Higher amounts of clay con-

ducts to platelets agglomeration and materials

evolved from nano to microcomposites. It is impor-

tant to note that the best thermal parameters were ob-

tained for formulations containing 3–10 mass% MMt,

according with the observed partially exfoliated/inter-

calated structures. This result was not only attributed
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to the inherent barrier properties of montmorillonite

but to the stabilizing interactions between gelatin and

clay, which can be related with the ‘physical

crosslinking action’ of clay, mentioned by Yao et al.
[16]. For clay loading in the range of 3 to 10 mass%,

effective hydrogen-type interactions may take place

due to the morphologies developed. Increasing

amounts of filler favored platelets agglomeration and

decreased Ge–MMt stabilizing interactions.
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