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ABSTRACT   11 
 12 
The Ferrocene additive is also reported as UV active and giving absorption peak of 220-260 nm at 2.8 13 
X 10-3 mol/l. Ferrocene additive was melt blended with LDPE at 3 different concentration of ferrocene 14 
i.e. 1, 2 & 3% using twin screw extruder. After blending with LDPE the performance of photo and bio 15 
degradation was evaluated. The films were evaluated for their mechanical, thermal, infrared 16 
spectroscopic analysis, and morphological characteristics. The results show that ferrocene can be 17 
used as an effective photo-biodegradable additive. The photo degradation rate of the additive is very 18 
high at high concentration of ferrocene additive and the biodegradation was also proving that some 19 
low molecular weight species was formed during photo degradation, which is responsible for the 22% 20 
biodegradation after 47 days. 21 
 22 
Keywords: Photo degradation; Ferrocene; Biodegradation; Low density Polyethylene (LDPE). 23 
 24 
1. INTRODUCTION  25 
 26 
Nearly two percent of all plastics ultimately reach the environment, leading to acute pollution 27 
problems. The solution of plastic ecological problem lies in the development of photodegradable and 28 
biodegradable polymer with controlled lifetime. The additives like Ketones, quinones and peroxides 29 
are initiators of photo-degradation reactions [1-11] . They absorb light with the wavelength of 380 nm, 30 
which cause their excitation or cleavage into free radicals. These may initiate polymer degradation 31 
and other transformations by the abstraction of hydrogen atom from a macromolecule (PH˚) and 32 
formation of polymer alkyl radical (P˚) [12-14].  The general mechanism for the thermal and photo 33 
degradation are shown in Figure.1 : 34 
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 53 

 54 
Figure 1: The general mechanism for photodegrdation  and thermal degradation 55 

The stability of polyolefins is not influenced by the direct absorption of sunlight because hydrocarbons 56 
do not absorb sunlight with the wavelengths of >290 nm. Thus the increase of the oxidation rate under 57 
the influence of sunlight has to be due to absorption by other species. These species can be 58 
degradation products which are formed during processing or storage (hydro peroxides or ketones), 59 
polymerization catalyst residues and charge transfer complexes between the polymer and oxygen 60 
[16] . Hydro peroxides and ketones can initiate the photo-oxidation [15-17] . Photo-chemically hydro 61 
peroxides can decompose homolytically into alkoxy and hydroxyl radicals. The quantum yield of this 62 
reaction is very high. However, for PE, it has been shown that the hydro peroxides formed during a 63 
thermo-oxidative degradation which does not initiate the photo-oxidation [18-20] . Ketones formed can 64 
decompose photolytically according to the Norrish I or II reactions [15-17] .  Both reactions cause 65 
chain scission, but only the Norrish I reaction yields radicals. For both decomposition reactions, the 66 
quantum yield depends on the mobility of the excited ketone.  In systems with a high mobility, the 67 
quantum yield of the Norrish I reaction is higher than that of the Norrish II reaction, while in systems 68 
with a low mobility it is the other way around.  Addition of low molecular weight dialkyl ketones to PE 69 
has no influence on its photo oxidative stability, from which it is concluded that initiation of the photo-70 
oxidation by the Norrish I reaction is of minor importance. With respect to initiation of photo oxidation 71 
by carbonyl group, α, β un-saturation [21]  has been given special attention.  72 

Polyolefins are relatively inert due to its hydrophobic chain and high molecular weight. So 73 
degradability offers a complimentary strategy to deal with this waste problem. One of the simplest 74 
ways to accelerate the degradation process is to modify the existing polymer. Different approaches to 75 
develop photodegradable polyolefins have been adopted, including both co-polymerization with 76 
ketene or CO groups and addition of photo initiating metal complexes. Photo-oxidation leads to an 77 
increase in the low molecular weight fraction by chain scission, thereby facilitating biodegradation. It 78 
also leads to an increase in the surface area through embrittlement.  In addition, the formation of 79 
carbonyl groups on the surface increases its hydrophilicity. Consequently, the possibility of further 80 
degradation induces a significant enhancement towards mineralization of plastic material.      81 
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After initiation of photo degradation of films, biodegradation can be evaluated by using 82 
microorganisms such as aspergillums Niger and pencillium funculosum. These microorganisms are 83 
involved in the degradation of both natural and synthetic plastics. The biodegradation of plastics 84 
proceeds actively under various organic fraction solid compost or municipal solid waste conditions 85 
according to their properties, because the microorganisms responsible for the degradation differ from 86 
each other and they have their own optimal growth conditions in the organic fraction of solid compost. 87 
Polymers especially plastics are potential substrates for heterotrophic microorganisms. 88 
Biodegradation is governed by different factors that include polymer characteristics, type of organism, 89 
and nature of pre-treatment. The polymer characteristics such as its mobility, tacticity, crystalline, 90 
molecular weight, the type of functional groups and substituent’s present in its structure, and 91 
plasticizers or additives added to the polymer all play an important role in its degradation. During 92 
degradation the polymer is first converted to its monomers, and then these monomers are 93 
mineralized. 94 
 95 
High molecular weights result in a sharp decrease in solubility making them unfavourable for microbial 96 
attack because bacteria require the substrate to be assimilated through the cellular membrane and 97 
then further degraded by cellular enzymes. At least two categories of enzymes are actively involved in 98 
biological degradation of polymers: extracellular and intracellular depolymerases. During degradation, 99 
exo enzymes from microorganisms break down complex polymers yielding smaller molecules of short 100 
chains e.g., oligomers, dimers, and monomers, that are smaller enough to pass the semi-permeable 101 
outer bacterial membranes, [22]  and then to be utilized as carbon and energy sources. The process is 102 
called depolymerization. When the end products are CO2, H2O, or CH4, the degradation is called 103 
mineralization. It is important to note that biodeterioration and degradation of polymer substrate can 104 
rarely reach 100% and the reason is that a small portion of the polymer will be incorporated into 105 
microbial biomass, humus and other natural products dominant groups of microorganisms and the 106 
derivative pathways associated with polymer degradation are often determined by the environmental 107 
conditions. When O2 is available, aerobic microorganisms are mostly responsible for destruction of 108 
complex materials with microbial biomass resulting CO2 and H2O as the final product [23] . 109 
 110 
Conventional polyolefins are still much the best solution for many applications requiring tough films 111 
because LDPE are cheap, easy to process and both mechanically tough and bio-inert. Although both 112 
PE and PP will degrade naturally, the time scale is too long for them to be considered environmentally 113 
“friendly’ and the increasing demand for such materials requires ways of converting them into water-114 
wettable, mechanically weak material in short periods. The solution lies in accelerating natural 115 
oxidative degradation of the polymer. In many applications the target is that the properties will 116 
deteriorate quickly at the end of the useful lifetime.  Finally, upon total mechanical degradation, the 117 
residual plastic should be taken up into the bio-cycle without any negative persuaded on the 118 
environment [24] . 119 
 120 
2. MATERIALS 121 
 122 
2.1 Low density Polyethylene (LDPE) 123 
 124 
The LDPE used in this study is obtained from Reliance Industries Ltd, India. The homopolymers 125 
LDPE (grade 24FS040) has a melt flow index of 2.4g/10 min. 126 
 127 
2.2 Ferrocene  128 
 129 
Ferrocene is also used as photodegradable additive, which is commercially available. Ferrocene AR 130 
Grade with 98% purity obtained from Aldrich Polymer Products, USA has the melting point 174-131 
176°C. The structural formula of Ferrocene is given  in Figure. 2. 132 
 133 
 134 
 135 
 136 
 137 
 138 
                                139 
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                                                          140 
                                         Figure. 2:  Structural Formula of Ferrocene 141 
 142 
The Ferrocene additive is also reported as UV active and giving absorption peak of 220-260 nm at 2.8 143 
X 10-3 mol/l. This additive when blended with polymer is capable of degrading polymer because it is 144 
photo active above the wavelength of > 300 nm and UV exposure was also done on the same UV 145 
range as given in Figure. 3.   146 

 147 
 148 
 149 

 150 
 151 
                                 Figure. 3: UV abso rption spectra for Ferrocene 152 
 153 
Benzophenone additives have also been reported together with ferrocene in the patents DE2244800 154 
[25]  and SU626101 [26] . The patent WO200259195 [27]  describes a complex mixture of ferrocene 155 
with other metal ions as well as non metallic fillers. It does not mention starch, but instead it discusses 156 
the use of chitin and casein. There is also a report of accelerated photodegradable PE film by gamma 157 
radiated PE that contains ferrocene as described in the patent SU592324 [28] . 158 
 159 
 160 
3. PROCESSING AND TESTING 161 
 162 
3.1 Twin Screw Extruder 163 
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 164 
The twin-screw extruder manufactured by M/s Berstorff, Germany is used for the blending of the 165 
additive with the polymer. The extruder is having two co-rotating screw with 25mm screw dia and L/D 166 
ratio 48:1. The detailed specification for twin-screw extruder is given in Table 1   167 
 168 
                     Table 1: Technical Data of Twi n Screw Extruder 169 

Extruder Model ZE 25 

External dia of screw 25 mm 

Core dia 17 mm 

Torque 6 NM 

Rated torque / shaft 0.58 NM 

 170 
 Ferrocene was melt blended with LDPE at 3 different formulations 1, 2 & 3% respectively in twin 171 
screw extruder. The pellets produced were subsequently dried & subjected to film blowing process to 172 
produce films of 50 microns thickness. The aforementioned films were subjected to photo- 173 
degradation studies as per the method given in sec.3.2. 174 
 175 
3.2 Photo degradation 176 
 177 
All the blended samples were subjected to photo- degradation studies as per ASTM D 5208 using 178 
ATLAS UV Weatherometer. Films of 25 mm width were used to evaluate the degradation 179 
phenomenon. Samples were exposed to two different test cycles of UV irradiation & condensation & 180 
subsequently tested & characterized at 1, 2, 4 & 6 days interval time. The cycle time is given in the 181 
Table. 2 182 
 183 
           Table 2: UV cycle for photo degradation studies 184 

 185 

 186 

 187 

 188 
 189 
 190 
 191 
 192 
In a test for 24 hours, first eight hours is UV cycle and the next four hours is condensation cycle. For 193 
the remaining time the cycle was repeated in the same order. 194 
 195 
3.3   Mechanical Properties 196 
 197 
LDPE - Ferrocene melt blended samples before and after UV exposure, with dimensions 150 x 198 
0.060mm were subjected to tensile tests as per ASTM D 638, using Universal Testing Machine 199 
(UTM), Lloyd Instrument Ltd UK having cross head speed of 500mm/min and gauge length of 50 mm 200 
in both machine and transverse directions. The test under taken in an air conditioned at 20°C. 201 
 202 
3.4 Optical Properties  203 
 204 
Optical properties such as luminous transmittance and haze were studied for the ferrocene blended 205 
samples (LDPE) before UV exposure and after UV exposure to find the effect of additive on the 206 

S. 

No 
Cycle 

Irradiation 

W/m2 

Temperature 

°C 

Time 

Hrs 

1. UV Irradiation 0.63 600C 8 

2. Condensation - 500C 4 
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optical characteristics of the film. For measuring haze and luminous transmittance, the BYK Gardner 207 
Spectrophotometer was employed as per ASTM D 1003. 208 
 209 
3.5 Thermal Properties 210 
 211 
3.5.1 Differential Scanning Calorimeter (DSC) Analy sis  212 
 213 
Melting behaviour of LDPE- Ferrocene blended samples were studied by employing Perkin Elmer 214 
(USA) Differential Scanning Calorimeter under nitrogen atmosphere. Sample of 5 mg weight was 215 
scanned from 45 to 200°C at the heating rate of 10° C/min to detect the melting characteristics of the 216 
sample before and after exposure to UV radiation. 217 
 218 
3.5.2 Thermo gravimetric analysis (TGA)  219 
 220 
Thermal degradation of LDPE- Ferrocene blended samples, before and after UV Exposure were 221 
analysed by Perkin Elmer (USA), at the heating rate of 10°C/min from 50 to 700°C in nitrogen 222 
atmosphere.  223 
 224 
3.6   Fourier Transforms Infrared Spectroscopy (FTI R) 225 
 226 
 A Fourier Transform Infrared Spectrophotometer, abbreviated as FTIR, can generate an infrared 227 
spectral scan of samples that absorb infrared light. FTIR is also used to analyse the photo and bio 228 
degradable product and to analyse the rate of photo oxidation of the UV degraded films. The FTIR 229 
measurements used was a Perkin Elmer system 2000 infrared spectrum analyzer with the wave 230 
number range of 400-4000 cm-1 231 
 232 
3.7    Biodegradation Test 233 
 234 

Ferrocene blended LDPE film was subjected to biodegradation test as per ASTM D 5338-98. The 235 
samples were exposed to inoculums that are derived from municipal solid waste compost .The 236 
percentage of biodegradability is obtained by determining the percentage of carbon in the test 237 
sample, converted into CO2 during the test. 238 

 239 
 240 
4. RESULTS AND DISCUSSION 241 
 242 
4.1 Mechanical Properties 243 
 244 
Exposed samples were subsequently tested for tensile strength measurement as per ASTM-D 638. 245 
Corresponding tensile strength values of the films is depicted in Table 3. 246 
   247 
Table 3: Tensile strength of the LDPE-Ferrocene fil m before and after UV exposure  248 

 
 
S. 
No 

 
 
Sample 
Identification 

 
 
Time 

Transverse 
Direction 
(TD)/Machine 
Direction 
(MD) 

 
Tensile          
Strength  
MPa 

 
Young’s 
Modulus 
MPa 

 
% 
Elongation 
At Break 

1. LDPE Virgin - MD 11.27±0.24 90.17±0.40 324.90±0.89 

2. LDPE Virgin - TD 10.25±0.42 115.22±0.47 453.44±0.79 

3. LDPE-1%ferrocene Day-0 MD 12.42±0.31 136.41±0.39 498.27±0.72 

4. LDPE-1%ferrocene Day-0 TD 11.55±0.23 132.51±0.35 535.88±0.88 

5. LDPE-1%ferrocene Day-1 MD 11.29±0.26  116.71±0.46 274.88±0.82 
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6. LDPE-1%ferrocene Day-1 TD 11.04±0.31 130.30±0.49 503.8±0.78 

7. LDPE-1%ferrocene Day-2 MD 11.65±0.34 136.09±0.36 129.93±0.69 

8. LDPE-1%ferrocene Day-2 TD 10.94±0.26 110.06±0.34 502.67±0.89 

9. LDPE-1%ferrocene Day-3 MD 11.78±0.29 190.92±0.48 18.96±0.73 

10. LDPE-1%ferrocene Day-3 TD 9.02±0.32 108.95±0.35 308.66±0.83 

11. LDPE-1%ferrocene Day-4 MD 9.50±0.43 155.24±0.44 14.04±0.84 

12. LDPE-1%ferrocene Day-4 TD 8.49±0.37 106.49±0.41 288.36±0.82 

13. LDPE-1%ferrocene Day-5 MD Become Brittle 

14. LDPE-1%ferrocene Day-5 TD 7.10±0.24 57.11±0.45 92.14±0.86 

15. LDPE-1%ferrocene Day-6 MD Become Brittle 

16. LDPE-1%ferrocene Day-6 TD Become Brittle 

17. LDPE-2%ferrocene Day-0 MD 13.14±0.22 155.20±0.43 497.84±0.79 

18. LDPE-2%ferrocene Day-0 TD 11.33±0.31 144.57±0.39 330.54±0.66 

19. LDPE-2%ferrocene Day-1 MD 10.60±0.26 158.86±0.40 258.65±0.90 

20. LDPE-2%ferrocene Day-1 TD 11.12±0.32 140.51±0.54 310.21±0.84 

21. LDPE-2%ferrocene Day-2 MD 11.09±0.41 130.44±0.43 70.93±0.86 

22. LDPE-2%ferrocene Day-2 TD 10.45±0.37 115.21±0.35 285.12±0.88 

23. LDPE-2%ferrocene Day-3 MD 11.40±0.32 133.94±0.52 45.50±0.74 

24. LDPE-2%ferrocene Day-3 TD 9.42±0.22 84.45±0.51 102.01±0.72 

25. LDPE-2%ferrocene Day-4 MD 9.13±0.34 141.56±0.42 11.29±0.71 

26. LDPE-2%ferrocene Day-4 TD 8.12±0.44 80.21±0.49 52.21±0.82 

27. LDPE-2%ferrocene Day-5 MD 4.21±0.23 153.91±0.46 9.75±0.70 

28. LDPE-2%ferrocene Day-5 TD 7.24±0.27 60.21±0.51 12.12±0.62 

29. LDPE-2%ferrocene Day-6 MD 9.14±0.29 162.20±0.38 13.02±0.69 

30. LDPE-2%ferrocene Day-6 TD Become brittle 

31. LDPE-3%ferrocene Day-0 MD 12.73±0.31 172.61±0.45 419.15±0.87 

32. LDPE-3%ferrocene Day-0 TD 11.42±0.40 190.60±0.49 375.88±0.81 

33. LDPE-3%ferrocene Day-1 MD 12.31±0.35 125.14±0.38 238.25±0.79 

34. LDPE-3%ferrocene Day-1 TD 10.24±0.24 154.21±0.35 304.56±0.72 

35. LDPE-3%ferrocene Day-2 MD 12.16±0.29 113.88±0.41 116.96±0.86 
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36. LDPE-3%ferrocene Day-2 TD 9.45±0.43 130.24±0.47 271.12±0.69 

37. LDPE-3%ferrocene Day-3 MD 10.34±0.32 185.46±0.55 93.56±0.87 

38. LDPE-3%ferrocene Day-3 TD 7.26±0.45 100.45±0.39 110.01±0.81 

39. LDPE-3%ferrocene Day-4 MD 10.99±0.49 187.44±0.44 23.35±0.83 

40. LDPE-3%ferrocene Day-4 TD 6.12±0.39 94.14±0.48 40.21±0.78 

41. LDPE-3%ferrocene Day-5 MD 5.52±0.40 96.58±0.46 5.00±0.63 

42. LDPE-3%ferrocene Day-5 TD 5.21±0.42 80.45±0.41 6.12±0.61 

43. LDPE-3%ferrocene Day-6 MD Become Brittle 

44. LDPE-3%ferrocene Day-6 TD Become Brittle 

 249 
MD - Machine direction, TD- Transverse direction, ±±±± represents standard deviation 250 
 251 
It is evident that tensile strength of LDPE containing additive decreases with the incorporation of 252 
Ferrocene to the tune of 1-3%. The other properties like young’s modulus and elongation at break are 253 
also decreased on the UV exposure for 1 to 6 days. This deterioration was observed in both the 254 
direction of the samples. After 5 days the samples become brittle. The maximum degradation was 255 
observed in the sample containing 3% of Ferrocene additive. The tensile properties of LDPE-3% 256 
Ferrocene has decreased from 12 MPa to 5 MPa after 5 days of UV exposure and the elongation has 257 
also decreased from 419% to most negligible 5%. The elongation at break is lower in the case of 258 
machine direction as compared to transverse direction.This considerable deterioration proved that the 259 
samples are very much sensitive towards the UV degradation because of the Ferrocene additives.  260 

It was observed that with the increase of Ferrocene, the rate of photo degradation increase and there 261 
was no migration of the additives was observed. The highest degradation was observed in 3% 262 
Ferrocene containing LDPE film. 263 

 264 

4.2 Optical Properties Evaluation 265 
 266 
LDPE is widely used for packaging purpose and also undergoes UV exposure. The degradation 267 
mechanism can be understood by taking into account of light induced yellowing due to additive. The 268 
optical properties of LDPE with Ferrocene & LDPE virgin are shown in Table 4. 269 
 270 
       Table 4:  Optical properties of samples before & after UV exp osure  271 

S. No Sample Identification 
Luminous 
Transmittance 
% 

Haze 
% 

1.  LDPE Virgin 89.9 21.38 

2.  LDPE-1% Ferrocene  89.8 17.66 

3.  LDPE-2% Ferrocene 90.1 18.03 

4.  LDPE-3% Ferrocene 90.3 12.40 

5.  LDPE-1% Ferrocene-Day-1 90.2 20.56 
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6.  LDPE-1% Ferrocene-Day-4 89.4 25.58 

7.  LDPE-1% Ferrocene-Day-6 88.3 25.38 

8.  LDPE-2% Ferrocene-Day-1 89.7 19.69 

9.  LDPE-2% Ferrocene-Day-4 89.1 23.88 

10.  LDPE-2% Ferrocene-Day-6 89.3 18.22 

11.  LDPE-3% Ferrocene-Day-1 78.0 17.65 

12.  LDPE-3% Ferrocene-Day-4 89.3 19.12 

13.  LDPE-3% Ferrocene-Day-6 88.5 17.97 

 272 

It is evident that there is no such correlation between above properties because of the coloured 273 
additives and the colour film obtained (yellow colour) after the 1, 2 and 3% additives in LDPE. The 274 
percentage haze is decreasing with the UV exposure and this also indicates that the film has 275 
undergone degradation. 276 
  277 
4.3 Thermal properties evaluation 278 
 279 
The kinetics of thermal degradation was measured by employing DSC & TGA.  280 
 281 
4.3.1 Differential Scanning Calorimeter (DSC)  282 

The virgin LDPE shows its melting point at 114.97°C. On the incorporation of 1% Ferrocene, the 283 

melting point is decreased by 2°C i.e. 113°C due to the presence of additive in LDPE matrix. 284 
Exposure of the samples in UV radiation is showing clear trend of degradation. In case of the samples 285 
exposed for 1 day, a marginal decrease in the melting point of LDPE from 113.46°C to 113.20 °C was 286 
observed. Corresponding ∆H value also decreased drastically indicating formation of low molecular 287 
weight species. A similar decrease in the percentage of crystallinity was also noticed. At higher 288 
percentage of Ferrocene there was increase in percentage of crystallinity due to no migration of 289 
additives during UV exposure because the migration of additives will lead to generate the free volume 290 
and hence the crystallinity decreases. 291 
The percentage crystallinity was calculated from DSC results using the following relation: 292 

 293 
 294 
Where  Hf is the enthalpy of the material and Hf (100% crystalline) is the enthalpy of 100% 295 
crystalline material taken. 296 
 297 
The percentage of crystallinity and melting point is given in Table 5  and the DSC thermograms for 298 
comparison shown in Figure 4, 5, 6 and 7. 299 
 300 
Table 5:  Results of DSC- melting point, enthalpy a nd degree of crystallization for LDPE 301 

Ferrocene Films 302 
 303 
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S 
No Sample Identification 

Peak Value  
°c 

Enthalpy 
(H) 
 J/G 

Degree Of 
Crystallinity 
Xc 

1. LDPE Virgin 114.9 117.9 89.9 

2. LDPE-1% Ferrocene  112.8 51.3 38.9 

3. LDPE-2% Ferrocene 113.8 45.2 34.2 

4. LDPE-3% Ferrocene 113.4 39.1 29.6 

5. LDPE-1% Ferrocene-Day-1 113.2 46.4 35.1 

6. LDPE-1% Ferrocene-Day-6 113.5 44.52 33.64 

7. LDPE-2% Ferrocene- Day-1 113.8 46.4 35.1 

8. LDPE-2% Ferrocene-Day-6 113.2 46.9 35.5 

9. LDPE-3% Ferrocene-Day-1 113.5 41.1 31.1 

10. LDPE-3% Ferrocene- Day-6 113.0 55.4 42.0 

 304 
 305 

 306 
 307 
      Figure 4: DSC thermogram for LDPE-1 to 3 % Fe rrocene before exposure to UV radiation 308 
 309 
 310 
On further exposure, the crystallinity values are further decreased for 3% Ferrocene sample showing 311 
that the maximum degradation was occurred in six-day exposure. The similar trend has been 312 
observed for the 1 and 2% Ferrocene samples.  313 
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This further indicates that polymer starts degrading and deterioration in other properties also provides 314 
additional evidence in degradation phenomenon. 315 
 316 
 317 
 318 
 319 
 320 
 321 
 322 
 323 
 324 
 325 
 326 
 327 
 328 
 329 
 330 
 331 
 332 
 333 
 334 
 335 
 336 
 337 
 338 
 339 
               Figure 5: DSC thermogram for LDPE-1 % Ferrocene after exposure to UV radiation 340 
 341 
 342 
 343 
 344 
 345 
 346 
 347 
 348 
 349 
 350 
 351 
 352 
 353 
 354 
 355 
 356 
 357 
 358 
 359 
 360 
 361 
 362 
 363 
 364 
 365 
 366 
 367 
             Figure .6: DSC thermogram for LDPE-2% Ferrocene after exposure to UV radiation 368 
 369 
 370 
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 371 
      Figure.7: DSC thermo gram for LDPE-3 % Ferroc ene after exposure to UV radiation 372 
 373 
4.3.2 Thermo gravimetric Analysis (TGA)  374 
 375 
The kinetics of thermal degradation was observed for film containing photodegradable additive at 1, 2 376 
& 3%. The TGA curve is shown in Figure 8, 9, 10 and 11 and the data derived from thermal 377 
degradation is given in Table 6. 378 
 379 
Table 6:  Results of TGA Characterization for samples after U V exposure 380 

S 
No Sample Identification IDT  

°C 
D1/2T 
 °C UDT 

1. LDPE Virgin 392 460 510 

2. LDPE-1% Ferrocene  393 445 500 

3. LDPE-2% Ferrocene 395 442 509 

4. LDPE-3% Ferrocene 387 435 491 

5. LDPE-1% Ferrocene-Day-1 378 419 473 

6. LDPE-1% Ferrocene-Day-6 355 392 453 

7. LDPE-2% Ferrocene-Day-1 383 431 493 

8. LDPE-2% Ferrocene-Day-6 369 408 472 

9. LDPE-3% Ferrocene-Day-1 365 409 468 

10. LDPE-3% Ferrocene-Day-6 346 376 431 

 381 
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 382 
 383 
 384 
 385 
           Figure. 8: TGA thermogram for LDPE-Ferro cene 1 to 3% before UV exposure 386 
 387 
 388 
 389 
 390 
 391 
 392 
 393 
 394 
 395 
 396 
 397 
 398 
 399 
 400 
 401 
 402 
 403 
 404 
 405 
 406 
 407 
 408 
 409 
 410 
 411 
 412 
 413 
 414 
               Figure.9: TGA thermogram for LDPE-1%  Ferrocene after UV exposure 1 to 6 days 415 
 416 
 417 
 418 
 419 
 420 
 421 
 422 
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 423 
 424 
 425 
 426 
 427 
 428 
 429 
 430 
 431 
 432 
 433 
 434 
 435 
 436 
 437 
 438 
 439 
 440 
 441 
 442 
              Figure.10: TGA thermogram for LDPE-2%  Ferrocene after UV exposure 1 to 6 days 443 
 444 
 445 
 446 
 447 
 448 
 449 
 450 
 451 
 452 
 453 
 454 
 455 
 456 
 457 
 458 
 459 
 460 
 461 
 462 
 463 
 464 
 465 
 466 
 467 
            Figure.11: TGA thermogram for LDPE-3% F errocene after UV exposure 1 to 6 days 468 
 469 
In Figure.8, i ndicates that the sample after blending with LDPE exhibits marginally same thermal 470 
stability. The sample containing 3% Ferrocene shows highest thermal degradation as compared to 471 
1% and 2% Ferrocene film. The thermal stability of the samples after 1 day UV exposure for 1% 472 
Ferrocene shows that the Initial Decomposition Temperature (IDT) decreased from 393°C to 378°C 473 
and after 6 days exposure the same decreased to 355°C. The 3% ferrocene containing film was 474 
showing highest thermal degradation from 387 to 346°C on 6-day UV exposure.  11% deterioration 475 
was observed for the 3% Ferrocene film. The other samples containing 2 and 3 % Ferrocene was 476 
showing linear thermal degradation on UV exposure from day 1 to day 5. The data presented in Table 477 
6 clearly indicates that the effects of thermal stability (Initial Decomposition Temperature, IDT, and 478 
Decomposition at half, D½T, and Ultimate Decomposition Temperature, UDT) are decreased on 479 
blending with the Ferrocene additives. The thermal degradation of samples containing Ferrocene 480 
leads to the production of low molecular weight volatile materials as well as low molecular weight 481 
compounds is indicated in the results.  482 
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 483 
4.4 Fourier Transform Infrared Spectroscopy (FTIR) 484 
 485 
The structural unit of Ferrocene is shown in Figure.2. For comparison an infrared spectrum of LDPE 486 
& ferrocene is shown in Figure.12  and comparison of the spectra of 1 to 3% Ferrocene containing 487 
LDPE films before UV exposure are shown in Figure.13  and characteristic peak assignment values in 488 
FTIR spectra for virgin LDPE and Ferrocene shown in Table 7 . Polymer became yellow, tacky and 489 
opaque during UV exposure. FTIR spectra of the 1, 2 and 3% ferrocene containing LDPE films after 490 
UV exposure are shown in Figure. 14, 15 and 16 . 491 
 492 
Table 7: Comparison of characteristic peak values i n FTIR spectra for virgin LDPE and 493 

Ferrocene 494 
 495 
S. 
No. 

Absorption bands (cm -1) and their peak assignments 
                    LDPE (Low density Polyethylene)  

1. 545 -CH2 Rocking Vibration 

2. 1464 -CH3 anti symmetric deformation 

3. 1472 -CH2 symmetric deformation 

4. 1377 -CH3 symmetric deformation 

5. 2937 -CH2 anti symmetric deformation 

6. 2896 -CH3 symmetric stretching 

                     Ferrocene (C 5H5)2Fe 

7. 787 = C-H Out of Plane bond 

8. 1408 -C=C stretching 

9. 1640 =C-C stretching 

10. 3093 =C-H stretching 

11. 1897 -C-Fe stretching 

 496 
 497 

For LDPE-1% Ferrocene, a new peak corresponding to 1897 cm-1 was observed. The peak is 498 
assigned to the presence of -C-Fe stretching peak and showing presence of ferrocene in the LDPE 499 
film. The percentage of ferrocene is increasing from 1% to 3% and the intensity is also increased with 500 
the increase of additive. The one day UV exposure showing –C=O stretching peak at 1715 cm-1 501 
indicate the formation of carbonyl compound on chain scission of LDPE. As the time of exposure is 502 
increasing from day 1 to day 6, intensity of 1715 cm-1 peak is also increased and the intensity of–-C-503 
Fe stretching peak i.e. 1897 cm-1 is decreased. This was the evidence of degradation products that 504 
probably consist of carbonyl and oxygen containing compounds.  505 
 506 
On further exposure to UV, an increase of chain scission and low molecular weight compound was 507 
observed. Carbonyl group region is enriched due to degradation product at 1377 cm-1 (carbonyl 508 
bending).There was clear indication of formation of low molecular weight product with 3% Ferrocene 509 
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film and formation of carbonyl group containing compound i.e. 1715 cm-1 after two days UV exposure. 510 
The intensity of 1715 cm-1 was increasing on increase of the UV exposure. The highest peak was 511 
found in the 3% Ferrocene containing LDPE film. The degradation product was less in the 1% 512 
Ferrocene containing film which increased with the increase of the Ferrocene content. The 513 
degradation structure could not be fully detected from the results shown here but the retention of  -514 
C=O stretching peak at 1715 cm-1 shows the formation of low molecular weight product after chain 515 
scission of LDPE. 516 

517 
 518 
 519 
         Figure.12:  FTIR spectra for LDPE-Ferrocen e before exposure to UV radiation 520 
 521 
 522 
 523 
 524 
 525 
 526 
 527 
 528 
 529 
 530 
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 562 
 563 
Figure.13: FTIR spectra for LDPE-1% Ferrocene, LDPE -2% Ferrocene and LDPE-3%Ferrocene 564 

before exposure to UV radiation  565 
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 566 
 567 
Figure. 14:  FTIR spectra for LDPE-1% Ferrocene aft er exposure to UV radiation  568 



19 
 

 569 

 570 
Figure.15:  FTIR spectra for LDPE-2% Ferrocene afte r exposure to UV radiation  571 
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 572 
 573 
Figure.16:  FTIR spectra for LDPE-3% Ferrocene afte r exposure to UV radiation  574 
 575 
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4.5 Scanning Electron Micrograph (SEM) 576 
 577 
The morphology of the LDPE-Ferrocene blended film was studied using a scanning electron 578 
microscope (JEOL JSM 840A, Japan) with the samples surface was coated with gold of 10 A° for 579 
examination of morphology with an accelerating of 20kV. The morphology after blending and before 580 
UV exposure of the samples has been taken for 1, 2 and 3% Ferrocene containing LDPE films and 581 
given in Figure.17 . From the morphology of these blended films one can observe that the even 582 
distribution of the additive takes place.  583 
   584 

(A)       (B) 585 
 586 
 587 
 588 
 589 
 590 
 591 

 592 
 593 
 594 
 595 
 596 
 597 
 598 
 599 
(C)  600 

 601 
 602 
 603 
Figure.17 : (A) LDPE-Ferrocene-1% Before UV exposur e (B) LDPE-Ferrocene -2% Before UV 604 

exposure (C) LDPE-Ferrocene-3% Before UV exposure 605 
 606 
On the UV exposure the LDPE-Ferrocene film starts degradation and the morphology of the degraded 607 
samples are given in Figure.18.  As the percentage of Ferrocene increases, the percentage of 608 
degradation also increased and the morphology also showing the same evidence of the degradation 609 
of these samples on UV exposure. 610 
 611 
 612 
 613 
 614 
 615 
 616 
 617 
 618 
 619 
 620 
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 621 
 622 
 623 
 624 
 625 
 626 
          (A)      (B) 627 
 628 
 629 
 630 
 631 
 632 
 633 
 634 
 635 
                          (A)                                                                                   (B) 636 
 637 
 638 
 639 
 640 
 641 
 642 
 643 
 644 
 645 
 646 
 647 

(C) 648 
 649 
 650 
 651 
 652 
 653 
                                                                            (C) 654 
 655 
 656 
 657 
Figure. 18: (A) LDPE-Ferrocene-1% After UV exposure  (B) LDPE-Ferrocene -2% After UV 658 

exposure (C) LDPE-Ferrocene-3% After UV exposure 659 
 660 
This surface morphology indicated the formation of low molecular weight fragment in the LDPE matrix 661 
and it is well established with the FTIR spectra and DSC and TGA data. 662 
 663 
4.6 Subsequent bio-degradation of the photodegradab le film 664 
 665 
 666 
4.6.1 Observation for biodegradability test as per ASTM D-5338 667 

 668 

Biodegradation testing in the laboratory-scale compost was conducted according ASTM 5338-98. A 669 
series of twelve composting vessel (three test specimen, blank, negative and positive control) were 670 
repeatedly tested twice time. Mixture of testing organic fraction solid compost (600 g dry basis) and 671 
test specimen (10g on dry basis) were introduced and incubated at 58±2°C The air flow rate 672 
controlled between 15 ml/min .The CO2 evolved was absorbed by 0.024 N Ba (OH)2 and the amount 673 
of CO2 was determined by titrating the solution with 0 .05 N HCl (frequency every or the first 2 to 3 674 
weak and after every 1 to3 weak).  675 
  676 
The samples of LDPE film modified with Ferrocene additive were oxidized by oven ageing, and the 677 
fragments incubated with cultures of a bacterium aspergillums niger and pencillium funculosum. 678 
 679 
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Calculation: 680 
1. The total carbon content (Ci) in the test material was determined by elemental analysis. 681 
2. Cumulative CO2 produced in grams (Cg test) from the test sample, was calculated. 682 
3. Cumulative CO2 produced in grams (Cg blank) from the blank (compost) sample was    calculated. 683 
4. Percentage of biodegradation was determined by dividing the net average gaseous carbon 684 
produced in the test compound by the original average amount of carbon in the test compound and 685 
multiplying it by 100. 686 

 100
)()(

×
−

i

gg

C

blankCMeantestCMean
 687 

 688 
Where, Cg = amount of gaseous carbon produced, gm, 689 
Ci = amount of carbon in test compound added, gm 690 
 691 

1.  Sample detail: Light Yellow Colour photo-degraded Film    692 

2. Observation 693 

(1) Conditions of reaction mixtures 694 

        Origin of compost             : Livestock excrement, municipal and vegetable waste 695 

        Reaction Temperature    : 580C (± 20C) 696 

        Dry Solid (%)     : 50 697 

        Volatile Solid (%)                 : 20 698 

        Air flow rate        : 100 ml/min 699 

        Test duration (day)                 : 47 days 700 

        Reference material                             : Cellulose 701 

        Volume of reaction vessel                : 3000 ml 702 

        Moisture percentage in compost                                : 28 % 703 

 (2) PH of test medium (before and after an examination): 704 

Composting Vessel (Material with test 
medium) pH  ( before) p H   ( after) 

1     Sample 1 7.6 7.7 

2     Sample 2 7.6 7.9 

4     BLANK 7.6 7.6 

5     Positive (cellulose) 7.6 8.0 

6     Negative (PE film) 7.6 7.7 

3. Results:  The curve of biodegradation is shown in Figure. 18  and Percentage biodegradation 705 
relative to positive reference 706 

 Sample 1:  21.43 %; Sample 2 : 24.04 %; MEAN:  22.74 % 707 

Sample 1 and sample 2 are the same sample and the mean results reported for LDPE and 1% 708 
ferrocene sample. 709 

 The reference material cellulose           100.0 %    710 
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 713 
 714 
Figure.19: Bio-degradation curve for the photodegra dable product of LDPE- 1% Ferrocene film 715 
 716 
The subsequent biodegradation of ferrocene containing LDPE film proves that the biodegradation is 717 
much faster if the photodegradable product is formed. The complete FTIR studies are proved the 718 
formation of photodegradable products. The LDPE-1% Ferrocene film shows 22% of biodegradation. 719 
 720 
4. CONCLUSION 721 
  722 
The performance evaluation of photo and biodegradation of LDPE-Ferrocene blended films are 723 
concluded as: 724 
 725 

1. The mechanical property showed deterioration within one day of UV irradiation for 3% 726 
additive containing film. There was a drastic drop in the elongation of the sample after Five 727 
day UV exposure and the film was unusable for the mechanical test after day six. The film 728 
samples used were found to become brittle from the day five of exposure. The degradation in 729 
the mechanical properties for 3% Ferrocene is much higher than that of 1 and 2% Ferrocene 730 
containing film. 731 

2. The DSC result showed a decrease in the melting point and degree of crystallinity in the 732 
exposed samples of 1, 2 and 3% Ferrocene containing samples. The degree of crystallinity 733 
was reduced by about 60% in four-day exposure for 3% additive containing film. This confirms 734 
the effect of Ferrocene as a photodegradable additive.  735 

3. The TGA also confirms the formation of low molecular weight substances because of 736 
degradation of LDPE film. The thermal stability of the 3% Ferrocene containing LDPE film 737 
decreases about 10%, after 6 days UV exposure. The highest thermal degradation was found 738 
in 3% Ferrocene additive.   739 

4. The FTIR studies also showed that 3% additive has more degradation as compared to 1 and 740 
2% containing film. On increase of time of exposure from day 1 to day 4, the spectrum was 741 
showing the evidence of degradation products that consist of carbonyl and oxygen containing 742 
low molecular weight compound.  743 

5. The morphological studies proved that the surface of the photodegradable product having low 744 
molecular weight species. 745 

6. The subsequent biodegradation of the 1% Ferrocene containing photodegradable film was 746 
showing 22 % biodegradation  after 47 days.  747 

The results detailed in this work shows that Ferrocene can be used, as an effective photodegradable 748 
additive. The photodegradation rate is high at high concentration of Ferrocene additive. 749 
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AUTHORS’ CONTRIBUTION 751 

This work was carried out in collaboration between all authors. Author AKN designed the study, set-752 
up the experiment, performed the statistical analysis, wrote the first draft and finalized the manuscript. 753 
Author RV managed the literature searches and scientific information related to this work, performed 754 



25 
 

the experiments, and collected the data and participated in writing the first draft.  Author AKSB 755 
worked on the revision of the manuscript and supported the work in all steps .All authors read and 756 
approved the final manuscript. 757 
 758 

COMPETING INTERESTS 759 
 760 
Authors have declared that no compting interests exists. 761 

 762 
 763 

REFERENCES 764 

 765 
[1] Grassie N, Scott G. polymer degradation and stabilization.Cambridge; Cambridge                      766 
       University press.1985;1-16. 767 
[2] Weber RF. The depolymerization and oxidation of raw rubber. Indian rubber J 768 

1917; 54: 688-90.  769 
[3] Suppan p. principles of photochemistry. London; Bartholomew press 1972; 1-6. 770 
[4] Guillet J.Degradable polymer principles & applications. In; Gilead D.scott 771 

G.editors.London; Chapman & Hall; 1995.   772 
[5] Khabbaz F, Albersson AC.Rapid test methods for analyzing degradable 773 

polyolefins with a proxidant system. J Applied polymer Science 2001; 79:2309-16  774 
[6] Jiang DD, Wilkie CA. Graft copolymerization of methacrylic acid, acrylic acid and 775 

methyl acrylate onto styrene-butadiene block copolymer. Eur Polym J 1998; 776 
34:997-1006. 777 

[7] Srivastava S, Yourd E, Toscano JP. Structural differences between pp* and np* 778 
Acetophenone triplet excited states as revealed by time-resolved IR 779 
Spectroscopy.  J Am Chem Soc 1998;120:6173. 780 

[8] Lu Z, Huang X, Huang J. Synthesis and characterization of amphiphilic diblock 781 
copolymer of polystyrene and polyvinyl alcohol using ethanolamine-782 
benzophenone as photochemical binary initiation system. J Polym Sci, Part A: 783 
Chem 1998;36:109-115.  784 

[9] Oatsis Jr JE, Knapp DR. Synthesis and photochemistry of two cleavable 785 
heterobifunctional benzophenone protein crosslinkers.Tetrahedron Lett 786 
1998;39:1665-1668. 787 

[10] Langer NM, Wilkie CA.Surface modification of polyamide-6: graft 788 
copolymerization of vinyl monomers onto polyamide-6 and thermal analysis of the 789 
graft copolymers. Polym Adv Technol 1998;9:290-296. 790 

[11] D‘Auria M, Racioppi R. Photochemical demerization of esters of urocanic acid. J 791 
Photochem Photobiol 1998;112:145-148. 792 

[12] Rabek JF. Mechanisms of photophysical processes and photochemical reactions 793 
in polymers. Theory and applications. Chichester: Wiley39, 1987.     794 

[13] Rabek JF. Polymer photodegradation mechanisms and experimental methods.                              795 
London Chapman and Hall, 1993. 796 

[14] Rabek JF. Photodegradation of polymers: Physical characteristics and 797 
applications, Berlin: Springer-Verlag, 1996.  798 

[15] Cicchetti O.Mechanisms of oxidative photodegradation and UV stabilization of 799 
polyolefins, J Adv. Polym. Sci. 1970;7: 70. 800 

[16] Gugumus F., Angew.Machanisms of photooxidation of polyolefins. Macromol. 801 
Chem. 1990; 176/177:27. 802 

[17] Gugumus, F., J. Pospisil, P.P.Klemchuk, in Oxidation Inhibition in Organic 803 
Materials, 1990; Vol. II, 29-162.       804 

[18] Rabek J. F., in Photo stabilization of Polymers. Elsevier Applied Science, London,  805 
1990. 806 

[19] Ginhac J. M., Gardette J. L., Arnaud R. and Lemaire. J., Influence of 807 
hydroperoxides on the photothermal oxidation of polyethylene Makromol. Chem.  808 
1981;182:1017. 809 



26 
 

[20]  Arnaud R, Dabin P, Lemaire J, Al-Malaika S, Chohan S, Coker M, Scott G, 810 
Fauve A, Maaroufi A. Photo oxidation and biodegradation of commercial 811 
photodegradable polyethylenes. Polym Degrad Stab 1994; 46:211-24. 812 

[21] D.J. Carlsson, D.M. Wiles, The photodegradation of polypropylene 813 
films.II.Photolysis of ketonic oxidation products.  Macromolecule, 1969; 2: 587-814 
597. 815 

[22] Scott G. Science and standards. Lecture given to the 7th World Conference on 816 
Biodegradable Polymers and Plastics, 4–8 June 2002. Kluwer Academic 817 
Publishers. 818 

[23] Qureshi FS, Amin MB, Maadhah AG, Hamid SH .whether induced degradation of  819 
       Low density polyethylene; mechanical properties j polym Eng 1990; 9:67-84.        820 
[24] International standard ASTM D 5338-98 compost biodegradation Evaluation of  821 
       the ultimate aerobic Biodegradability  of plastic material in an aqueous medium- 822 
       method by analysis of   released carbon dioxide (Reapproved 2003) . 823 
[25] Boberg A, Akermark B. Decomposable plastic compostion for packaging use. Pat   824 
       DE2244800, assigned to Akerlund & Rausing; 1973. 825 
[26] Kalennikov EA, Yuran VS, Mardykina LM. Photodegradable polyethylene   826 
       composition.Pat SU626101, assigned to Beloruss Kirov Technical Institute; 1978.       827 
[27] Hao B. Compositions for photodegradable and biodegradable plastic product and   828 
       use thereof. Pat WO200259195, assigned to Hao B, Han C, Cheung ICK; 2002 829 
[28] Zelenkova TN, Demchenko NN, Borodulina MZ.  Photodegradable film. Pat           830 
       SU592324, assigned  to Zelenkova TN; 1986. 831 
 832 

 833 
 834 


