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ABSTRACT 

This study investigated the effect of different proportions of synthesized eggshell/silver nanomaterial 
(ES-Ag) on the structural property modification and the impartation of antimicrobial activity on 70/30 
poly(butylene-co-adipate terephthalate)/polylactic acid (PBAT/PLA) immiscible blend. The ES-Ag 
was synthesized using a single step ball milling process, and characterized with XRD, and TEM. 
These results confirmed existence of Ag NPs in the interstitial spaces of the eggshell particles. The 
films were designed using hot melt extrusion and 3D printing for mechanical and antimicrobial testing 
respectively. These films were also characterized by TGA, XRD, tensile testing and antimicrobial 
analysis. The incorporation of ES-Ag (0.5-2.0 % content) compromised tensile properties of the blend, 
due to poor interaction between the matrix and the ES-Ag in the ternary systems but thermal analysis 
revealed improvement in onset of degradation temperature and char yield at 500 °C. Though 
toughness was better than that of PLA, the strength was lower but synergistic to those of PBAT and 
PLA. The results revealed that the PBAT/PLA/ES-Ag ternary system had properties intermediate to 
those of the pure polymers.  
 
1 INTRODUCTION: 

Consumer interest in high quality and safe food products, coupled with environmental concerns 
drives the development and study of antimicrobial biodegradable coatings, fillers and films. Edible 
coatings, obtained from generally recognized as safe (GRAS) materials, can potentially improve food 
freshness, appearance and integrity. They can be used in combination with other food preservation 
techniques to enhance the effectiveness of the food preservation chain [1]. Antimicrobial films and 
coatings have emerged as new concepts of active packaging and have been developed to reduce, 
inhibit, or delay the growth of microorganisms on the surface of food in contact with the package [2-
6]. The use of antimicrobial packaging films to control the growth of microorganisms in food has an 
impact on shelf-life extension and food safety [1, 7-13]. Many organic antimicrobial agents are 
available and can impart antimicrobial activity in active packaging materials. Also some inorganic 
nanomaterials incorporated in polymers are able to alter their microstructures to improve mechanical 
properties while adding antimicrobial benefits to the polymer systems.  

 
Barrier to oxygen is critical in food packaging materials, due to high sensitivity of many food 

products to oxidative degradation, moisture dependent microbial growth, and the need for aroma 
retention. The improvement in barrier properties to gases, vapors, and aromas in biopolymers make 
them attractive for the food protection [7]. Hence, antioxidant nanobiocomposites based on poly (-
caprolactone) (PCL) have been prepared by incorporating hydroxytyrosol (HT) (natural antioxidant) 
and nanoclay, (cloisite 30B (C30B)), to help improve the poor PCL intrinsic barrier properties. 
Significant improvement in oxygen barrier was realized in ternary nanobiocomposites containing 
C30B and 10 wt. % HT [7]. In contrast, the generation of singlet oxygen by fullerenes revealed some 
antimicrobial potential in packaging materials. Blends of Sc3N@Ih-C80 metallic nitride fullerene 
(MNF),C60 fullerene with polystyrene-block-polyisoprene-block-polystyrene (SIS) were evaluated for 
antimicrobial activity on S.aureus and E. coli. The films provided 1-2 log, kill of both bacteria, with 
C60 blend film showing more antimicrobial activity than Sc3N@Ih-C80 [9]. Antimicrobial activity in 
this material is attributed to the in situ generation of reactive oxygen species (ROS) under white light 
to induce oxidative damage on the cell membranes of bacteria [14].  
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Silver is a known antimicrobial agent. However, this can vary based on the interactions between 

silver and its host materials. Hence, establishing the antimicrobial activity of silver based packaging 
materials is very important. One study investigated the antimicrobial activity of silver (Ag) in a film 
by incorporating 0.001-10 wt. % Ag ions into ethylene-vinyl alcohol (EVOH) copolymer matrix. 
Antibacterial activity of these films assessed on contact with apple peels and chicken breast showed 
low inhibition on chicken breast (< 1 log reduction); while on the apple peels total inhibition was 
observed with 1 and 10 wt. % Ag [8]. Beigmohammadi et al. [4] also investigated the antibacterial 
activity of low-density polyethylene (LDPE) packaging films incorporated with Ag, copper oxide 
(CuO) and zinc oxide (ZnO) NPs. Coliform counts of ultra-filtrated (UF) cheese, wrapped with the 
active films revealed that the coliform bacteria reduced by 4.21 log cfu/g after 4 weeks of storage, as 
against 1.04 log cfu/g in pure LDPE films. In addition, ammonium salt modified nanoclay 
(C30B)/starch (ST), Ag NPs/ST and Ag NPs/C30B/ST nanocomposites active films investigated on S. 
aureus, E. coli and C. albicans showed that C30B/ST reduced microbial growth in S. aureus and E. 
coli, possibly due to the release of ammonium salts from C30B, which affects sensitive targets in 
bacteria. Also, the Ag NPs/ST and Ag NPs/C30B/ST films totally inhibited growth at contact areas 
with all the bacteria, due to interactions between Ag+ and the mercapto groups of the bacterial protein. 
It was suggested that C30B led to bacteriostatic effect while films with C30B and Ag-NPs led to 
microbiostatic effect [15,]. In this work we have investigated the effect of nanoparticles of eggshell/Ag 
(ES-Ag) on the microstructure and mechanical properties of PBAT/PLA 70/30 immiscible blends. The 
weakness in this blend due to poor interfacial interaction between the phase separated polymers can be 
minimized due to the inclusion of tiny ES-Ag nanoparticles. Also, the presence of silver has the 
potential to impart antimicrobial activity in the film.  

Materials and Methods 

Extrusion of polymer blends 
   Figure 1, presents the single screw extruder, detail of the die zone and temperature of each zone as 
well as some extruded ternary biofilms. About 150 g of each of the precipitated blends containing the 
dispersed biocides was dried for 12 hours at 140 °F in a hopper (DRI-AIR Industries Inc., model 
RH5).  
 

 

Fig 1. Setup of the table top extrusion machine and the biofilm products 

 
They were then extruded using a table top single screw (19 mm diameter) extruder (Wayne SN: 8001) 
which is driven by 2 hp motor. Five heating zones controlled by thermostat was used to melt the 
mixture before extrusion, three inside the barrel and two in the die zone at set temperatures 320, 320, 
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320, 315 and 312 °F, respectively (shown in figure 3.3). High barrel temperature causes the polymer to 
melt and randomly orient the particulate biocides within the flowing matrix whiles the screw rotation 
induces high velocity in the matrix, causing immense shear force which also contributes to the random 
distribution of the particles. About 25-30 mm wide and 0.1- 0.3 mm thick blend specimens were 
extruded at a screw speed of 20 rpm and a feed rate of 4.4 g/min and collect at the sheet forming die 
orifice. Continues hot molten sheet of each specimen was passed through tap water stationed at the 
orifice of the die to quench each blend. These blends were stored in a high vacuum desiccator (JOEL, 
EMDSC-U10A) and removed only when characterization is needed.  
 
Transmission electron microscopy 
 

   Transmission electron microscope (TEM- Joel 2010) was used to determine the particle sizes and 
morphologies of the prepared PENP, ES-Ag, NSC and ABM. One (1) mg of each specimen was 
disperse in 5 mL CH3CH2OH for 10 min in an ultrasonic bath and a drop of the colloidal solution was 
deposited on a copper grid for analysis 
 
Thermogravimetric Analysis (TGA) 
 
   Thermogravimetric analysis was carried out with TA Q 500 equipment. Samples of 14 ± 0.2 mg 
were place in platinum pans. An empty platinum pan was used as a reference. Each sample was heated 
from 30 °C to 600 °C in a 50 mL flow of N2. A heating rate of 5 °C/min was used and the continuous 
records of sample temperature, mass, first derivative and heat flow were taken. 
 
 
X-Ray diffraction (XRD) 
 
    XRD analysis was performed on all specimens, using a Rigaku diffractometer (DMAX 2000) 
equipped with Cu Kα radiation, a step size of 0.02°, scan rate of 1°/min, 3° to 60° Braggs angle of 
diffraction and operated at 40 kV to 30 mA. 
 
Tensile testing 
 
    Measurement of tensile mechanical properties was done using Zwick Roell Z2.O mechanical testing 
system in accordance to ASTM D 882 using a crosshead speed of 500 mm/min and 2.5 kN load cells 
and wedge grips. Specimens were cut from the extruded sheets of polymer systems 19 mm x 0.3mm x 
120 mm. The test was conducted at 20 mm gauge length with TestXpert data acquisition and analysis 
software. At least 15 specimens were tested and averaged in to the reported mechanical properties. 
 
 
Results and Discussion 
 
    Figure 2, shows the X-ray diffraction pattern of the synthesized ES-Ag nanomaterial. The nature of 
the diffraction peaks suggests that the inorganic phase is highly crystalline with crystal sizes in the 
nanometer range due to the broader nature of the peaks [16] 
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Fig. 2. XRD pattern structural analysis of ES-Ag nanoparticles 
 

   The diffraction patterns for nano engineered ES-Ag shows that the material is highly crystalline and 
reveals peaks due to the eggshell and silver. The diffraction pattern of the curve a show characteristic 
peaks of eggshell at 2θ° = 23.0, 29.4, 31.5, 36.0, 39.4, 43.2, 48.5, 56.6, 57.4 and 60.8, corresponding 
to hkl crystal planes of (012), (104), (110), (113), (202), (016), (018) and (122) for calcite and matches 
JCPDS Pdf # 47-1743 of standard calcite.  
 

 
 
 

Fig. 3. Transmission electron micrographs of the synthesized ES-Ag 
 

Also, the pattern shows the distinct peaks of reduced silver by the presence of silver peaks at 2θ = 
38.1, 44.2, 64.4 and 77.3, corresponding to (111), (200), (220), and (311) crystal planes of standard 
silver (JCPDS Pdf # 040783).This confirmed the reduction of silver nitrate to metallic silver particles 
through the mechanochemical synthesis process. 
 
The TEM micrograph in figure 3 show dark silver particles anchored on the calcite particles with 
particle sizes less than 30 nm (10-15 nm). It is evident from the micrographs that the material is highly 
crystalline, irregular and porous. Figures (7.2 b) shows a magnified image of the crystals. The porous 
nature of the material suggests that it can facilitate good interactions with other materials through 
infiltration.  
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Thermogravimetric analysis 
 
     Thermal stability of PLA, PBAT and their blends systems determined by thermogravimetric 
analysis and the results are presented in table 1. The amount of remaining material in the various neat 
and different blends of PBAT and PLA polymers are used to determine the thermal stability or 
resistance to temperature induced degradation in a material. The incorporation of ES-Ag in the 70/30 
blend led to significant improvement in the thermal stability. The following improvements were 
observed; onset of degradation, 7-16 °C, Td50, 10-14 °C, Tdmax, 15 °C and residual yield of about 3-4 % 
from the pure blend. These improvements are due to the influenced of thermally stable ES-Ag 
embedded in the blend. The study of PVDF/PMMA blend revealed improved Tonset and T50% by 10.5 
and 30 °C respectively, due to the addition of 6% crystalline nanocellulose crystals [19]. Also, 
PLA/PHB incorporated with nanoclays, the thermal degradation temperatures were observed to have 
increased significantly. The increase has been attributed to a decrease in oxygen permeability due to 
the “crooked path” effect of the filler.  Thermal degradations of PENP and PBAT/PLA/ES-Ag blend 
composites. 
 
   This effect delays the infiltration of oxygen and the escape of volatile degradation products. 
Inorganic fillers (nanoclays) have also been found to improve the char yield by about 4 % during the 
degradation as most of them are thermally stable [20]. This conforms to our finding with the small 
amount of ES-Ag material included in the 70/30 blend as depicted in the residual yields in table 1. The 
degradation temperature of the PLA (Tdmax1) in the blend was observed to have aggravated due to the 
inclusion of ES-Ag. This is probably due to the amorphous nature of the PLA domains serving as an 
avenue for permeation of volatile combustions products, and since there is no order in the PLA 
structure the inclusion of ES-Ag increases more disorder in its domains to accelerate combustion. 
 

Table. 1. Thermal profiles of pure and blended PBAT/PLA polymers 
 

Specimen Tdonset  Td50 Tdmax1 Tdmax2 % Residue 
PBAT-PLA 70/30 288.06 

±5.88 
341.52  
± 0.95 

307.61  
± 1.43 

355.59  
± 0.11 

1.17 ± 0.37 

PBAT-PLA-ES/Ag 
70/30/0.5 

252.73 
±2.64 

354.34±1.17 272.81±3.71 371.16±0.53 3.51±0.83 

PBAT-PLA-ES/Ag 
70/30/1.0 

303.75 
±2.11 

356.36±0.68 277.41±1.22 371.07±0.29 4.37±0.08 

PBAT-PLA-ES/Ag 
70/30/1.5 

302.37 
±3.31 

355.46±1.03 260.27±0.64 370.45±0.60 4.58±0.11 

PBAT-PLA-ES/Ag 
70/30/2.0 

294.81 
±2.04 

352.31±1.17 261.15±0.59 370.40±0.46 4.36±0.15 

 
 
Tensile analysis 
 
    The tensile analysis of the pristine and binary blend polymer composite systems is shown in figure 
5.  Figure 5a is the full stress-strain curve representing the general mechanical behavior of the 
polymeric systems under tensile load of 2.5 KN.  Whiles figure 6b is the magnified portion of a 
showing vividly the stress strain behavior of the blend composites which appeared masked in the full 
plot. The figure (5) show that PBAT is extremely tough whiles PLA is brittle. Pure PBAT/PLA 70/30 
blend showed synergistic improvement in ductility (526 %) and strength (~17 MPa). The blend 
showed distinct yielding followed by considerable cold drawing during the tensile test, indicating 
significant transformation of the microstructure to favor ductile fracture due to blending.  The 
incorporation of 0.5 to 2.0 % of the ES-Ag into the matrix of the blend reveals that the ES-Ag has no 
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positive reinforcement to the mechanical properties of the pristine blend. Though the ductility of the 
blend composites is better than that of PLA, both tensile strength and toughness of the modified 70/30 
blends reduced dramatically compared to those of the pure blend. 
 

 
 

Fig. 4.Tensile analysis of PBAT/PLA/ES-Ag blend composites (a) stress vs strain curves, (b) 
magnified portion of stress vs strain curves in a 

 
This suggests that the ES-Ag could not bridge the gap created by interfacial chemical distinction 
which causes phase segregation between the two immiscible polymers. This contrasts the finding in 
many studies where property improvements have been reported with the use of nanomaterials in 
immiscible blends [21, 22], reactive and non-reactive compartibilization with a third component 
[21,22] and in composites [23,24]. This is probably so because ES-Ag do not have the texture and 
ability to interact well with the phase segregated blend. Particularly, the reduced silver metal is free 
and may not have any compartibilizing effect in the blend matrix, leading to significant compromise in 
mechanical properties.  
 
CONCLUSIONS: 
 
   In this work, eggshell/silver (ES-Ag) nanoparticles were prepared through a single step ball milling 
process, and studied to determine its effect on the microstructure, thermal , tensile and antimicrobial 
properties of poly (butylene adipate-co-terephthalate) (PBAT)/agro-based polylactic acid (PLA) blend. 
The nanostructure of the ES-Ag was determined by TEM and XRD analysis. The pure blend and 
composites with 0.5-2.0 % content of ES-Ag were characterized using TGA, XRD, and tensile testing. 
The X-ray diffraction revealed that the PLA is amorphous whiles PBAT semicrystalline, resulting in a 
semi crystalline immiscible blend.  The tensile test showed that ES-Ag compromised the tensile 
properties of the blend, due to less interaction between the matrix and the ES-Ag in the ternary 
composite systems.  The results suggest that the PBAT/PLA/ES-Ag ternary composite possessed 
properties intermediate to those of the pure polymers.  
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