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T
he effects of galbanic acid (GA) (a type of coumarin derivative) on the thermal

and thermo-oxidative stabilities of LLDPE were investigated using thermo-gravi-

metric analysis (TGA), differential scanning calorimetry (DSC) and Fourier trans-

form infrared (FTIR) spectroscopy techniques. It was shown that GA does not modify

the onset of thermal degradation of the polymer. However, the thermo-oxidative stabil-

ity of the polymer has been improved significantly in the solid state and moderately in

the melt state by the additive. There is a proportional relationship between the stabiliza-

tion effect of GA and its concentration in the polymer. Comparing the thermal resistance

of LLDPE samples containing a combination of GA and a commercial antioxidant for

polyethylene, Irganox 1010, and the samples containing Irganox 1010 alone confirmed

that GA does not reduce the stabilization efficiency of the phenolic antioxidant in the

polymer either in the melt or in the solid state. It was also observed that coumarin which

was used in this study as a representative of the unsaturated lactone moiety of GA mol-

ecule has no contribution in GA stabilizing activity. On the basis of the obtained results,

the thermo-oxidative stabilizing activity of GA was described in terms of the activity of

allylic hydrogens present in the substituted moieties of GA molecules.

INTRODUCTION

The literature concerning polyeth-

ylene degradation embodies a large

number of publications on thermo-

oxidative aspects of this commodi-

ty polymer [1-6]. The degradations

during both melt processing and

solid state weathering in air pro-

ceeds through a self-propagating

free radical chain reaction process

which leads to the production of

different oxidation products (acids,

ketones, esters, etc.) [7-10].

Formation of alkyl radical (R•) and

alkyl peroxyl radical (ROO•) are of

key importance in this process. The

worst feature of the process is the

production of hydroperoxide

(ROOH) which decomposes into
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two additional active radicals (chain branching)

[1,11]. In oxygen deficient environment, the primary

alkyl radicals favour the recombination which leads to

cross-linking. The occurrence of cross-linking during

melt processing results in the increase in viscosity,

hence, reduces the melt flow which may lead to a cat-

astrophic result. On the other hand, the occurrence of

cross-linking reactions during service-life leads to the

impairment of polymer flexibility and eventual brit-

tleness of the polymer artifacts. 

On the basis of the above knowledge, PE requires

some kinds of stabilization for every stage of its life

cycle [12-17]. This is normally achieved by addition

of given amounts of suitable additive or additive sys-

tems which interfere with the propagation of R• and

ROO• radicals (referred to as primary antioxidants)

and deactivation of ROOH species (referred to as sec-

ondary antioxidants) [18-20]. A large number of

works can be found in the literature regarding stabi-

lization of conventional polyethylene with different

types of additives as antioxidants [21,22], thermal sta-

bilizers [23] and even pigments [24]. 

Recently, we have investigated the effect of gal-

banic acid (GA) as a type of coumarin derivative com-

pound [25-27] (Scheme I) on the photo-oxidative

degradation of LLDPE films in exposure to sunlight

[28]. The results of our study have demonstrated that

GA is an active photo-prodegradant for the polymer

and this additive at 0.1-0.2 wt% concentration accel-

erates the photo-oxidation rate of the polymer, pro-

foundly. The question is now what is the effect of this

novel additive (GA) on the thermal and thermo-oxida-

tive stabilities of the polymer if it is used alone or in

combination with the commonly used antioxidants

(phenolic antioxidants) in the polymer? Seeking an 

Scheme I. Galbanic acid chemical structure. 

answer for this question seems to be very important

from the view point of industrial application of GA as

a new prodegradant for manufacturing LLDPE photo-

biodegradable items (disposables, packaging films,

etc). Therefore, this study was devoted to investigate

the effects of GA on thermal and thermo-oxidative

stabilities of LLDPE in both melt and solid states.

Furthermore, Irganox 1010 (as a  commercially used

antioxidant) alone and together with GA, as well as,

coumarin (as a model compound) were considered in

our work in order to evaluate the possible oxidative

prevention efficiency of GA in combination with the

phenolic antioxidant, and also to estimate the role of

the unsaturated lactone moiety in GA activity.

EXPERIMENTAL

Materials 

An additive-free film grade of LLDPE (LL-0209AA)

was supplied as a powder by Arak Petrochemical Co.,

Iran (MFI = 0.9 g/10 min and ρ = 0.920 g/cm3). GA

was extracted from galbanum resin (resin exudates

from the roots of the plant Ferula galbaniflua) which

was purchased in Tehran (Iran). The extraction was

performed with the aid of column chromatography

technique according to a procedure described by

Iranshahi et al. [26]. The purity of the compound was

checked by measurement of its melting point (96ºC)

and elemental analysis (C: 72.4%, H: 7.5% and O:

20.1%). Irganox 1010 was purchased from Ciba-

Geigy. All other chemicals used in this study were

purchased from Merck.

Film Preparation 

LLDPE was incorporated with desirable amounts of

the selected additives at 160ºC in a Brabender internal

mixer within a period of 6 min, using the rotor speed

of 60 rpm. The prepared samples were then converted

into the films of about 250 μm thickness at 170ºC

within 2 min using a laboratory hot press. A film of

the pure polymer was also prepared as the blank sam-

ple under the same conditions as the formulated sam-

ples. The formulations of the prepared films are given

in Table 1. Films having either of GA, Irganox 1010

or coumarin alone have been designated as G, I and C,

respectively, followed by numerical suffix indicating
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the amount of additive multiplied by 10. The film

having a mixture of GA and Irganox 1010 has been

designated as GI.

Thermal Degradation in the Melt State

Thermal stabilities of the prepared LLDPE samples

were examined by performing thermo-gravimetric

analysis on a 5 mg specimen, using a DuPont 951

TGA instrument. The samples were heated in a stream

of nitrogen with a flow rate of 50 mL/min from 20ºC

to 500ºC at a rate of 10ºC/min. 

Thermo-oxidative Degradation in the Melt State 

Two different tests, oxidative induction time (OIT)

and oxidation onset temperature (OOT), were per-

formed in oxygen atmosphere to evaluate the oxida-

tive resistance of the prepared LLDPE samples.

In the isothermal test (OIT), samples of each 10

mg weight were heated in aluminium pans at

20ºC/min from 25ºC to 200ºC under nitrogen stream

in a DuPont model 910 DSC thermal analysis system.

The gas atmosphere was then changed to oxygen

immediately after the temperature was reached and

maintained at 200ºC. The gases flow rates were 

50 mL/min according to ASTM D 3895-80. The value

of OIT was deduced from DSC curves as the time

interval from oxygen introduction until the onset of

exothermal reaction.

In the heat-ramp test, the temperature of each sam-

ple was raised from 25 to 250ºC at a constant rate of

10ºC/min, using the aforementioned instrument. The

samples were kept in oxygen atmosphere with a flow

rate of 50 mL/min right from the start of the test. The

value of the oxidation induction temperature for each

sample in oxygen atmosphere, oxidation onset

temperature (OOT) was determined from its DSC

curves as the temperature corresponding to the

deviation from the baseline (onset of exothermal

reaction) [29].   

Long-term Thermal Oxidation in the Solid State 

Thermo-oxidative stabilities of the LLDPE film sam-

ples were assessed with a standard accelerated ageing

investigation which was carried out on 2×4 cm size

strip samples in a forced air-circulating oven set at

two different temperatures of 70ºC and 90ºC and dif-

ferent time lengths. For each sample the rate of oxida-

tion was measured by monitoring the rate of forma-

tion of non-volatile carbonyl oxidation products (as

carbonyl index (CI)) by FTIR technique using a

Bomem FTIR spectrophotometer. The spectra were

taken as an average of 20 scans at a resolution of 

4 cm-1 in the range of 4000-400 cm-1. 

Evaluation of CI in different heating time intervals

of the samples was made based on the following equa-

tion:

CI = A(1717) / A(2019) - CI0

where, A and CI0 designate absorbance at a given

wavenumber and the original CI, respectively.

Absorption band at 2019 cm-1 was selected as an

internal thickness band in order to minimize the errors

arising from the samples thickness [30]. CIos were

subtracted in order to remove the influence of the

original carbonyl groups, thus, the results only stand

for the changes which have happened during the ther-

mo-oxidative degradation process.

RESULTS AND DISCUSSION

The TGA curves for the LLDPE samples obtained

from the analysis in nitrogen atmosphere are shown in

Figure 1. As it is observed, the temperature due to the

onset of the polymer weight loss (about 230ºC) is 
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Components Blank G-05 G-1 G-2 I-05 I-2 GI C-2

LLDPE (wt%)

GA (wt%)

Irganox 1010 (wt%)

Coumarin (wt%)

100

-

-

-

100

0.05

-

-

100

0.1

-

-

100

0.2

-

-

100

-

0.05

-

100

-

0.2

-

100

0.1

0.05

-

100

-

-

0.2

Table 1. Formulation of LLDPE films.



Figure 1. TGA curves obtained in nitrogen atmosphere for

the LLDPE samples. 

almost the same in all samples tested. However, it

seems that GA plays the role of a weak stabilizer

against the thermal degradation of polymer in the

early stages of the degradative process.

The measured values of OIT and OOT for the

LLDPE samples which are stability characteristics of

the samples during oxidative degradation in the melt

state are given in Table 2. It is evident from the table,

that both OIT and OOT values have been increased in

samples G-05, G-1 and G-2, with respect to the blank

sample. This observation indicates that GA operates

as an antioxidant in the polymer melt and its stabiliz-

ing effect increases with its increased concentration.

However, the data in Table 2 shows that the 

efficiency of GA in improving the oxidation stability

of LLDPE is quite inferior compared to that of

Irganox 1010. One interesting result which can be

deduced from Table 2 is that the stabilization efficien-

cy of Irganox 1010 is not reduced in presence of GA,

since both I-05 and GI samples show similar values

in their OIT and OOT characteristics. Furthermore,

sample C-2 shows the same values of OIT and OOT

as the blank sample, indicating that coumarin which

Figure 2. FTIR spectra of neat LLDPE film exposed to oven

ageing at 90ºC at different time lengths. 

represents the unsaturated lactone moiety of GA mol-

ecule has no contributory role in GA stabilization

activity.

In PE the major oxidation by-products are car-

bonyl groups whose presence can be readily deter-

mined from their FTIR absorption bands at 1800-

1700 cm-1 [31-34]. Thus, the degradation of the

LLDPE films upon ageing at two different tempera-

tures of 70ºC and 90ºC were assessed by monitoring

the changes in their FTIR spectra. The FTIR spectra

of the blank and G-2 samples before and after ageing

at different time periods are presented in Figures 2

and 3, respectively. While, in Figure 2 the intensity of

absorption band in the carbonyl region grows due to

the extension of the ageing time up to 400 h, the spec-

tra in Figure 3 do not show any increase in the

absorption of carbonyl groups for the same ageing

period. On the basis of this observation, it is possible

to conclude that GA at a concentration of 0.2 wt%

acts as an efficient antioxidant. 

The rate of thermal oxidation of all film samples

upon ageing at two temperatures of 70ºC and 90ºC

are illustrated in Figures 4 and 5, respectively as

determined by measuring the rate of increasing car-

bonyl formation (CI) in the films via FTIR analysis.

In both Figures 4 and 5 the characteristic sharp and

linear increase of CI reflects the rapid auto-oxidation
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Tests Blank G-05 G-1 G-2 I-05 I-2 GI C-2

OOT (ºC)

OIT (min)

185

0.0

196

0.4

204

1.8

210

4.8

219

2.6

244

45.4

223

4.3

186

0.0

Table 2. The values of OOT and OIT obtained for LLDPE samples.

 



Figure 3. FTIR spectra of LLDPE film containing 0.2% 

galbanic acid: (a) before and (b) after oven ageing at 90ºC

for 400 h.

after an induction period. It can be seen that Irganox

1010 at concentrations of 0.05 and 0.2 wt% has strong

auto-retardation effect on the polymer oxidation. 

As illustrated by Figure 4, all films containing GA

show higher induction periods in relation to the blank

sample and the induction periods are pronounced by

increasing the concentration of GA to reach 2500 h for

the sample G-2. This value of induction period for

sample G-2 is comparable to that of the sample I-2

which contains 0.2 wt% Irganox 1010. This observa-

tion proves that GA at a concentration of 0.2 wt% has

a strong stabilization effect on the polymer oxidation.

However, Figure 5 reveals that GA upon ageing at

higher temperature of 90ºC becomes less active than

Irganox 1010 in polymer stabilization process. One

interesting feature of the ageing test at 90ºC is that the

induction periods for samples of GI and I-05 have the

same values, indicating that GA at a concentration

of 0.1 wt% does not interfere with the stabilizing

Figure 4. Variations of carbonyl index (CI) of LLDPE films

upon oven ageing at 70ºC. 

Figure 5. Variations of carbonyl index (CI) of LLDPE films

upon oven ageing at 90ºC.                                                 

efficiency of Irganox 1010 in the polymer. Comparing

the oxidative degradation rates of the blank and C-2

samples in Figures 4 and 5, it may be concluded that

coumarin as an unsaturated lactone moiety of GA

does not interfere in the polymer thermo-oxidative

stability.

Regarding the results obtained from thermal and

thermo-oxidative degradation studies on the LLDPE

films, GA not only acts as an efficient antioxidant in

LLDPE during its service life, it also has a role of

moderate antioxidant in the processing at high 

temperatures. Moreover, GA does not interfere with

the stabilizing efficiency of the commercially used

antioxidant, Irganox 1010 in LLDPE either in the melt

or in the solid state. 

Although, it is difficult to understand the exact

mechanism by which GA influences the thermo-oxi-

dation stability of LLDPE. It may be assumed, how-

ever that this additive plays the role of a chain break-

ing donor antioxidant in the polymer. The reactions as

presented in scheme II may be involved in the stabi-

lization mechanism of the polymer.

Accordingly, a free radical species (R•) generated

by thermal oxidation of the polymer may be deacti-

vated by hydrogen abstraction from four carbon

atoms adjacent to the C=C bond present in the substi-

tuted moiety of GA molecule to produce a GA• radi-

cal. The radical produced in GA molecule could be

stabilized through resonance by π electrons of adja-

cent C=C bond and may deactivate another radical

(R′•)[35]. This process may be repeated by one mole-

cule of GA and hence, further radicals (even several

Effects of Galbanic Acid on Thermal and Thermo- ...Jahanmardi R et al.

Iranian Polymer Journal / Volume 17 Number 10 (2008) 803

 

 

 



numbers of radicals) are deactivated. However, the

lower efficiency of GA in stabilizing the polymer in

the melt state rather than in the solid state implies that

the radical species of GA (GA•) are removed from the

system through the recombination reaction or they

probably take part in one or more unknown reactions.  

CONCLUSION

GA was proved to be an effective antioxidant reagent

for PE in both melt and solid states. The efficiency of

this new antioxidant in improving the stability of

LLDPE in solid state against thermal oxidation was

shown to be almost similar to that of the commercial

antioxidant, Irganox 1010. However, the efficiency of

GA in the molten polymer was less than that of

Irganox 1010. However GA does not interfere with

the stabilizing efficiency of Irganox 1010 in the poly-

mer. According to the results obtained, it was suggest-

ed that GA acts as a chain breaking donor antioxidant

and its activity could be attributed to the activity of

several allylic hydrogen atoms present in the substi-

tuted moiety of the antioxidant molecules.
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