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1
 1. INTRODUCTION 

 

The expansion of the global economy and advancement of the 

petrochemical industry in the 20th century boosted the 

production of plastics. Their low cost, versatility, and ease of 

production give them an advantage over traditional materials, 

such as wood, metal, and glass. Plastic is one of the most 

widely used materials in modern life, but it is also one of the 

slowest to decompose. Their applications range from the 

automotive industry to food packaging (Aliotta et al., 2022). 
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The widespread use of plastics and their incorrect waste 

management have generated large-scale environmental 

problems (Wiesinger et al., 2021). Currently, plastics represent 

between 12 and 25 % of solid urban waste (Cottom et al., 

2024). This requires the implementation of eco-friendly 

alternatives, such as the development of bioplastics and 

efficient waste management, to mitigate the invasion of 

plastics on land and sea (Papadopoulou et al., 2023). 
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Abstract: The production of non-degradable plastic waste has generated serious environmental problems, which has 

motivated the search for biodegradable polymers that can replace plastics. One of these is polybutylsuccinate (PBS), 

which is characterized by good workability, high thermal and chemical resistance, and high biocompatibility 

comparable to polyethylene. The objective of this study was to improve the physical properties of PBS synthesized 

by condensation by adding vegetables and synthetic stabilizers. The thermal degradation suffered by the material was 

analyzed by thermogravimetric analysis, and the rheology of the biopolymer by rotational rheology against extrusion 

working conditions. The test tubes were prepared using potato peel powder, ferulic acid, and luperox. The study 

confirmed that the addition of 5 % by mass of potato peel powder to PBS improves its thermal stability, achieves 

shear rate values for its processability by extrusion to profiles, and provides an opportunity to copolymerize, in such 

a way that its use is viable. 
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Mejoramiento de las Propiedades Físicas del Polibutilsuccinato 

Usando Estabilizantes de Origen Vegetal y Sintético 
 

Resumen: La producción de residuos plásticos no degradables ha generado una problemática ambiental bastante 

grave lo que provoca la búsqueda de polímeros biodegradables que puedan reemplazar a estos plásticos. Uno de estos 

es el polibutilsuccinato (PBS) que se caracteriza por su buena trabajabilidad, alta resistencia tanto térmica como 

química, así como alta biocompatibilidad comparable al polietileno. El presente estudio tiene como objetivo el 

mejoramiento de las propiedades físicas del PBS sintetizado por condensación adicionando estabilizantes vegetales 

y sintéticos. Se analizó la degradación térmica que sufre el material mediante análisis termogravimétrico y la reología 

del biopolímero mediante reología rotacional frente a condiciones de trabajo de extrusión para perfiles. Para esto se 

preparó probetas con polvo de cáscara de patata, ácido ferúlico y luperox. El estudio confirmó que la adición del 5 % 

en masa de polvo de cáscara de patata al PBS mejora su estabilidad térmica, logró alcanzar valores de velocidad de 

cizalla para su procesabilidad por extrusión y brinda una oportunidad para copolimerizarse, de tal manera que su uso 

sea viable. 
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Nowadays, biodegradable materials have gained importance 

because of their inherent value in reducing the carbon 

footprint, helping the environment and ecosystems, saving 

fossil resources, and allowing the development of an 

innovative option based on renewable resources, which in turn 

degrades in a shorter time and generates energy savings in the 

production of plastics (Karthikumar et al., 2024; Pacheco et 

al., 2022). 

 

Some biodegradable polymers are commercially available in 

the market, such as poly(butylene adipate-co-terephthalate) 

(PBAT), polyhydroxyalkanoates (PHAs), polycaprolactone 

(PCL), poly(propylene carbonate) (PPC), poly(butylene 

succinate) (PBS), poly(lactic acid) (PLA), and thermoplastic 

starch (Papadopoulou et al., 2023). However, further research 

and development of biodegradable polymers are needed to 

improve their mechanical properties, thermal stability, and 

lower production costs (Averous & Boquillon, 2004). 

 

PBS has excellent physical properties and is easy to process. It 

is an aliphatic polyester synthesized by the polycondensation 

reaction of petroleum-derived aliphatic dicarboxylic acid 

(succinic acid) and 1,4-butanediol. The biodegradability of 

PBS is similar to that of cellulose (Huang et al., 2012; Marek 

et al., 2020). PBS is synthesized from succinic acid based on 

renewable resources, which reduces its carbon footprint 

(Muthuraj et al., 2014; Zhang et al., 2018). However, they are 

expensive commercial polymers that cannot compete with 

petrochemical polymers (Barrino et al., 2023; Martínez et al., 

2020). 

 

PBS is a white crystalline material with a melting point 

ranging from approximately 90 to 120°C. Its glass transition 

temperature (Tg), which falls between -45°C and -10°C, is 

comparable to the Tg values of polyethylene and 

polypropylene (Rafiqah et al., 2021). The physical properties 

of PBS are similar to those of polyethylene and polypropylene, 

including its density, tensile strength, and flexibility. The 

elongation at break is approximately 330%, and the tensile 

strength is 330 kg/cm². PBS also exhibits good impact 

resistance, a low coefficient of friction, and excellent chemical 

resistance, particularly to acids and oils. Additionally, it shows 

better fiber compatibility, heat resistance, and biodegradability 

under specific conditions when compared to poly lactic acid 

(PLA) and poly glycolic acid (PGA) (Muthuraj et al., 2014). 

Its low moisture absorption, high dimensional stability, and 

ability to be processed through conventional polymer 

processing techniques further enhance its suitability for 

various industrial applications (Rajgond et al., 2024). 

 

Currently, polymers that are processed as films, fibers, and 

other objects have seen an increase in demand for polymers 

that have high-temperature stability. Stabilization (against 

both heat and light) is a major objective of polymer 

development (Miranzadeh et al., 2024). Stabilizers are 

increasingly needed in plastics to stabilize compounds during 

processing at higher temperatures and/or to provide stability 

for application during continuous exposure to elevated 

temperatures and/or outdoor conditions (Shekhar & Mondal, 

2024). Over time, stabilizers have been derived to form fewer 

toxic forms, and have been recovered from biomass waste 

(Sohn et al., 2020). 

 

Organic stabilizers can react with molecular oxygen in a 

process called autooxidation, which is initiated by heat, light, 

mechanical stress, catalyst residues, or reaction with 

impurities to form alkyl radicals (Marturano et al., 2023). In 

turn, the free radicals can react to degrade the polymer, causing 

brittleness, melt flow instability, loss of tensile properties, and 

discoloration (Fodil Cherif et al., 2020). Oxidation can be 

reduced with chain-breaking antioxidants to slow the rate of 

propagation or with preventive antioxidants to prevent the 

initial formation of free radicals. Antioxidants deactivate these 

sites by decomposing hydroperoxide or terminating the free 

radical reaction (Reano et al., 2016). 

 

Ferulic acid (aromatic hydroxy acid) is of plant origin, and 

potato peel (phenolic and lignocellulosic compounds) 

recovered from biomass residues confers photoprotective and 

thermooxidative properties to the PBS chain (Dekker, 2005; 

Righetti et al., 2019). They are considered as primary 

antioxidants that stabilize polymers against oxidative 

degradation. These stabilizers usually have hindered phenolic 

groups in their chemical structure and act by scavenging free 

radicals (Reano et al., 2016). 

 

The application of natural stabilizers improves thermal and 

mechanical properties during processing at high temperatures 

(Marturano et al., 2023). Thus, copolymerization can be 

carried out with other types of polymers to lower costs and 

maintain processability for the extrusion of PBS (Fujimaki, 

1998; Muthuraj et al., 2014; Xu & Guo, 2010) 

 

This study investigates the improvement in the physical 

properties of PBS when stabilizers of natural and synthetic 

origin are incorporated for extrusion processing in such a way 

that a useful and competitive biopolymer for industrial 

applications is achieved (Cecchi, 2021; Wang et al., 2007). 

The natural stabilizers used were ferulic acid, potato peel, and 

synthetic stabilizers, such as ditert-butyl peroxide (luperox). In 

addition, the Carreau Model was used to project the 

processability of the biopolymer by extrusion and evaluate its 

rheological behavior. 
 

2. METHODOLOGY 

 

2.1. Materials 

 

The polybutylsuccinate biopolymer was synthesized from 

succinic acid CAS No 110-15-6, 1-4, butanediol, CAS No 110-

63-4, methanol CAS No 67-56-1, chloroform CAS No 67-66- 

3, and titanium tetrabutoxide (Ti(O(CH2)3CH3)4), CAS No. 

5593-70-4, all with reactive grade, was used as the catalyst. 

The following vegetable stabilizers were used: potato peel 

powder (Solanum tuberosum) produced by SüdStärke 

(Schrobenhausen, Germany) and ferulic acid (trans-4-

hydroxy-3-methoxycinnamic acid), CAS No. 537-98-4; 

Luperox (ditert-butyl peroxide), CAS No. 110-05-4, was used 

as a synthetic stabilizer. All reagents were purchased from the 

Sigma-Aldrich brand of the Merck Company. 
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2.2. PBS synthesis 

 

PBS was synthesized by a two-stage condensation method, as 

shown in Figure 1. For this process, a batch reactor with a 

volume of 5 L was used, which is typical for small-scale 

polymerization reactions. In the reactor, 150.0 g of succinic 

acid, 137.5 g of butanediol, 0.86 g of catalyst, and stabilizers 

were added according to the formulation. Table 1 shows the 

amount of stabilizer with respect to the biopolymer, where 

potato peel powder (A), ferulic acid (B), and Luperox (E) were 

added in mass percentage (Zhang et al., 2018). 

 
Table 1. Mass percentage formulation of stabilizers 

Formulations PBS with addition  

F1 5.0 % A 

F2 10.0 % A 

F3 2.5 % B 

F4 5.0 % B 

F5 5.0 % A + 0.5 % E 

F6 5.0 % A + 0.25 % E 

F7 5.0 % B + 0.5 % E 

F8 5.0 % B+ 0.25 % E 

*(A) potato peel powder, (B) ferulic acid, and (E) luperox 

 

The molar ratio of succinic acid to butanediol was 1:1.2, and 

the catalyst to succinic acid ratio was 1:500. 

 

Once the reactor was loaded, it was purged by adding nitrogen 

to generate an inert atmosphere. The nitrogen flow rate should 

be controlled at 20 to 50 mL/min to ensure proper purging 

without excessive gas consumption. The reactor was then 

immediately heated to 150 °C and stirred at 60 to 100 rpm for 

a period of three hours to facilitate esterification. The stirring 

speed should be low enough to ensure uniform mixing but not 

so fast as to cause unwanted turbulence or uneven heating. 

During this time, the water vapor generated in the first reaction 

was continuously removed via nitrogen purging and vacuum 

generation. The vacuum pressure within the reactor should be 

maintained at 10-20 mmHg to efficiently remove water 

without compromising the reaction conditions. 

 

After the esterification, the system was heated to 210 °C for 

another three hours, where polycondensation occurred. It is at 

this stage that ferulic acid, potato peel powder, and luperox are 

added to enhance the physical properties of the PBS. 

Temperature control during this step is crucial, and the 

reaction temperature should be monitored using a calibrated 

thermocouple to ensure accuracy. Once the polycondensation 

was complete, the system was allowed to cool to room 

temperature, resulting in a solid white product. 

 

The biopolymer obtained was then dissolved in chloroform 

and precipitated in excess methanol (three times the amount of 

chloroform). This purification step helps eliminate unreacted 

monomers and residual oligomers. Following precipitation, 

the polymer was dried under a vacuum to remove any residual 

solvents, ensuring the final product is pure and free from 

volatiles. 

 

The final yield of PBS obtained from this method is 

approximately 150 g for each formulation, as shown in Table 

1. This yield is consistent across the different formulations, 

with slight variations depending on the efficiency of the 

reaction and the purification steps employed. To verify the 

synthesis of PBS and check for any impurities, an FTIR 

(Fourier Transform Infrared Spectroscopy) analysis should be 

conducted on the final product. 

 

2.3 Characterization of the biopolymer 

To verify the composition of the samples, FTIR (Fourier 

Transform Infrared Spectroscopy) tests were performed, 

where the characteristic bands of the functional groups 

belonging to PBS were analyzed. A NICOLET 6700 S/N 

AHR071021 model with a resolution of 4 cm-1 was used. 

Smart Orbit reflection with a diamond crystal was used. The 

spectral width used is between 4000 and 400 cm-1.

 

Figure 1 Synthesis of polybutylsuccinate by esterification and polycondensation in batch process 
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2.4 Determination of oxidation induction time (OIT) 

 

For each analysis, experiments were carried out in duplicate 

using platinum crucibles. The OIT value is determined 

graphically by the oxidation induction time, with the onset or 

intersection of the tangents to the weight curve of a TGA 

before and immediately after weight loss, with respect to the 

time scale. Thermal analysis was carried out by 

thermogravimetry on a model Q500 thermobalance (TA 

Instruments), and thermogravimetric analysis was used to 

determine the oxidation induction time (OIT) in dynamic 

mode at a temperature ramp of 5 °C/min, from room 

temperature to 500 °C, in an air atmosphere at a flow rate of 

30 mL/min, following the general test standard UNE-EN 11 

35. 

 

2.5 Rotational Rheology 

 

Rheological tests were carried out in an AR-G2 rotational 

rheometer (TA Instruments) with a pressure of 0-5 bar a 

minimum torque of 10 μN.m. The test conditions to measure 

shear rate were a continuous ramp, test time of 6 min, 

measurement interval of 10-3 to 103.10 measurements per 

minute, logarithmic scale, test in the presence of nitrogen, and 

at 140 °C for extrusion. 

 

3. RESULTS AND DISCUSSION 

 

3.1 Characterization of PBS 

 

The FTIR spectrums of polybutylsuccinate presented in Figure 

2 and Figure 3 show an absorption band at 2945 cm-1, which 

is assigned to the stretching of the C-H bond. The intense band 

at 1712 cm-1 corresponds to the stretching vibration of the C=O 

carbonyl, characterizing the formation of the ester group. 

Furthermore, the peak at 1341 cm-1 is assigned to the stretching 

vibration of the -COO- bond. The signal at 1151.9 cm-1 is 

characteristic of the C-O-C stretching vibration in the repeat 

unit -OCH2CH2, and all bands indicate the presence of PBS 

(Abderrahim et al., 2015). 

 

3.1.1 PBS with plant stabilizers 

 

Figure 2a shows the infrared spectra of PBS with stabilizers, 

such as potato peel and ferulic acid, at different concentrations. 

The spectra did not show significant differences between the 

samples and the standard PBS, which can be attributed to the 

insertion of the stabilizer without alteration in the polymer 

structure (Barletta et al., 2022). 

 

3.1.2 PBS with vegetable and synthetic stabilizers 

Figure 2b shows the spectra of PBS with stabilizers of plant 

and synthetic origins at different concentrations. It can be 

verified that there was no chemical modification of the 

developed polymers. 

  
a)                                                                                                                                b) 

Figure 2. Spectra a) PBS with stabilizers of plant origin for extrusion b) PBS with stabilizers of plant and synthetic origin for extrusion (no chemical change 

upon stabilizer addition) 

3.2 Oxidative thermal stability 

3.2.1 PBS with plant stabilizers 

The thermogravimetric curves shown in Figure 3 provide 

insight into the mass loss profiles of the samples over time (TG 

curves), which were used to determine the oxidation induction 

time (OIT) and degradation temperatures. As indicated in 

Table 2, the addition of potato peel and ferulic acid to the PBS 

samples demonstrated a stabilizing effect on the polymer. The 

standard PBS exhibited a mass loss of 61 % at an onset 

temperature of 353 °C and an oxidation induction time (OIT) 

of 63.2 minutes. In contrast, the PBS + 5 % potato peel sample 

lost only 17 % of its weight at an onset temperature of 351 °C, 

with an OIT of 63.1 minutes. This suggests that the presence 

of potato peel stabilized the polymer, maintaining the 

oxidation temperature while slightly reducing the OIT. 

Increasing the proportion of potato peel further, while 

maintaining the same oxidation temperature (351 °C), led to a 

slight decrease in oxidation induction time. This trend of 

reduced mass loss and stabilized degradation temperatures in 

samples with stabilizers can be attributed to the effect of the 

additives, which mitigate oxidative degradation. As the 

volatile decomposition products are detected during the 

decomposition process, the stabilizing compounds delay the 

onset of significant mass loss, resulting in higher degradation 

temperatures compared to the unmodified PBS (Hiller et al., 

2023; Georgousopoulou et al., 2016). 

The PBS sample containing 2.5 % ferulic acid shows a weight 

loss of 59% at an onset temperature of 358 °C, with an 

oxidation induction time (OIT) of 65.3 minutes. When the 

PBS
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ferulic acid content is increased to 5 %, the sample loses 49% 

of its weight at an onset temperature of 363 °C, with an OIT of 

65.4 minutes. These results indicate that while ferulic acid 

contributes to improving the oxidation resistance of PBS, the 

potato peel stabilizer (added at both 5 % and 10 % 

concentrations) offers the most significant protective effect, 

allowing PBS to withstand oxidation for longer periods and 

reach higher degradation temperatures. 

 

This suggests that potato peel provides similar stabilization in 

comparison to ferulic acid, due to its complex lignocellulosic 

structure and aromatic groups, capable of better reinforcing the 

polymer matrix and interacting with PBS at the molecular 

level, enhancing its thermal stability and resistance to 

oxidative degradation. These findings highlight the 

importance of the choice of stabilizers in tailoring the 

properties of biopolymers for various applications, particularly 

in environments where thermal and oxidative stability is 

critical (Olumurewa et al., 2022) 

 

3.2.2 PBS with vegetable and synthetic stabilizers 

 

Figure 4 illustrates that all additive combinations used in the 

study contributed to stabilizing the master polymer. Among 

the options, the most effective approach for stabilizing PBS 

against oxidative degradation is the combination of potato peel 

and luperox, irrespective of their proportions. This pairing 

offers enhanced stabilization due to the higher antioxidant 

content, which provides superior protection against thermal 

degradation of the polymer. 

The F5 sample of PBS, which contains both potato peel fiber 

and luperox demonstrate significant stabilization, losing only 

14 % of its weight at an onset temperature of 353 °C with an 

oxidation induction time (OIT) of 63.08 minutes before 

beginning irreversible thermal degradation. This behavior is 

similar to the effect observed when the percentage of luperox 

is reduced to 0.25 %, indicating the synergistic stabilizing 

effect of combining potato peel fiber and luperox in the PBS 

matrix. In comparison, the standard PBS sample lost more than 

61 % of its weight at the same onset temperature (353 °C), with 

an OIT of 63.2 minutes, as shown in Table 2. The combination 

of ferulic acid and luperox in PBS samples showed slightly 

improved thermal stability, with a 23 % weight loss at an onset 

temperature of 357 °C and an OIT of 64.03 minutes. These 

results suggest that while ferulic acid and luperox improve 

oxidation resistance, the combination of potato peel fiber and 

luperox provides the most effective stabilization, as it 

significantly delays the onset of degradation and maintains a 

higher thermal stability for PBS. 

Potato peel fibers, ferulic acid, and luperox can collectively 

enhance the physical properties of polybutylene succinate 

(PBS) through a combination of chemical and physical 

mechanisms. The addition of potato peel fibers, which are rich 

in cellulose and lignin, improves the PBS by reinforcing its 

structure (Olumurewa et al., 2022). The hydroxyl groups on 

the fibers form hydrogen bonds with the ester groups of PBS, 

strengthening the fiber-matrix interface and improving the 

tensile strength and rigidity (Bajwa et al., 2019). The fibrous 

structure also contributes to enhanced barrier properties by 

creating a tortuous path for gas or moisture diffusion, whereas 

Van der Waals forces provide additional adhesion at the 

interface (Joshi et al., 2020). 

 
Figure 3. Thermogravimetric curves for the degradation temperature of the 

standard PBS (black) and PBS with stabilizers of plant origin (green, red, 

blue, fuchsia) for extrusion 

 

Table 2. Data obtained from the Thermogravimetric curves for the standard 

PBS and with stabilizer of plant origin for extrusion 

Sample 

rOIT 

(on-set) 

(min) 

T on-set 

(°C) 

Weight 

Change 

(%) 

PBS 
49.3 284 95 

63.2 353 39 

PBS + 5 % A 63.1 351 83 

PBS + 10 % A 63.4 351 83 

PBS + 2.5 % B 

32.5 196 99 

54.0 302 91 

65.3 358 41 

PBS + 5 % B 

32.7 201 98 

54.9 311 91 

65.4 363 51 

PBS + 5 % A + 0.5 % E 
63.08 353 86 

81.80 446 5 

PBS + 5 % A+ 0.25 % E 
64.38 360 83 

82.75 450 4 

PBS + 5 % B + 0.5 % E 

34.69 212 99 

64.03 357 77 

82.98 452 4 

PBS + 5 % B + 0.25 % E 

32.69 204 99 

64.63 362 78 

84.23 459 4 

*(A) potato peel powder, (B) ferulic acid, and (E) luperox 

 

Ferulic acid further contributed by introducing antioxidant 

properties and improving the thermal stability of PBS. Its 

phenolic hydroxyl groups interact with the polymer matrix 

through hydrogen bonding, whereas its aromatic rings 

participate in π-π stacking with the PBS chains. This dual 

interaction enhances the mechanical strength and resistance of 

the polymer to thermal degradation. Additionally, ferulic acid 

can act as a compatibilizer, facilitating better dispersion and 

phase integration when PBS is blended with other materials 

(Nanni et al., 2020). 

 

Luperox, an organic peroxide, chemically modifies PBS by 

initiating crosslinking reactions during processing. 

Crosslinking improves the elasticity, tensile strength, and 

thermal resistance of the polymer. Peroxide action results in a 

denser and more interconnected polymer network, which is 

particularly beneficial for applications that require high 
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durability and resistance to mechanical stress (Thirmizir et al., 

2020). 

 

Together, these additives improve PBS by leveraging 

mechanisms such as hydrogen bonding, Van der Waals forces, 

and phase compatibilization while simultaneously addressing 

mechanical, thermal, and oxidative stability. This 

multifunctional approach makes PBS composites with these 

additives suitable for a broader range of applications, 

including packaging and biodegradable materials. 

 

Three key variables were assessed: oxidative induction time 

(rOIT), thermal degradation onset temperature (T onset), and 

weight change (%), with the objective of identifying the most 

effective compositions to improve material stability and 

performance, as detailed in Table 4 (see Appendix 1). 

 

The oxidative induction time (rOIT), with an average of 64 

min, demonstrated good resistance to oxidative degradation, 

reflecting the stability of the results obtained. On the other 

hand, the thermal degradation onset temperature (T onset), 

with an average of 356 °C, indicates that the material can 

withstand high temperatures before degradation, confirming a 

significant improvement in its thermal stability. Regarding the 

weight loss during the degradation process, although 

considerable variability was observed, with an average of 

69 %, this suggests that the stabilizers applied have managed 

to partially mitigate thermal degradation, although there are 

still opportunities to optimize the formulations. Together, 

plant-based (such as ferulic acid and potato fiber) and synthetic 

(such as luperox) stabilizers contribute significantly to 

improving the thermal and oxidative properties of PBS, thus 

broadening its potential for application in more demanding 

industrial environments. 

 

To assess overall performance, a performance index was 

calculated by normalizing the key variables and computing a 

weighted average. The PBS + 5 % ferulic acid and PBS + 

2.5 % ferulic acid samples demonstrated the highest 

performance indices (Table 5, Appendix 2). 

 

3.3 Rotational Rheology 

 

3.3.1 PBS with plant stabilizers 

 

In Figure 5 a, a Newtonian region is observed at a low shear 

rate between 0.001 and 1 s-1 where the molecules remain 

entangled and their viscosity remains high (Mezger, 2002). As 

the shear speed increased, it behaved like a pseudoplastic fluid, 

and its viscosity decreased because the molecules had less 

friction and were arranged linearly (Mathew et al., 2006;  

Syverud & Stenius, 2009; Kuo et al., 2018). This behavior has 

been verified with the data in Table 3 and the flow curves in 

Figure 5 a. 

 

In the Newtonian region, it was observed that the viscosity was 

higher in the standard polymer than in the polymers with 

stabilizers. The addition of ferulic acid to potato peel interferes 

with the interactions and cohesion between the polymer 

molecules, resulting in a decrease in viscosity, an aspect that 

is related to the proportion of the stabilizer (Mattos et al., 

2020). The viscosity decreased when the percentage of 

stabilizer in PBS was increased for both potato peels, from 5 % 

to 10 %, and ferulic acid, from 2.5 % to 5 %, as shown in Table 

3. 

Figure 4. Thermogravimetric curves for the degradation temperature of the 

standard PBS (black) and PBS with stabilizers of plant and synthetic origin 

(red, green, fuchsia, blue) for extrusion 

According to Figure 5 a, for all materials, flow curves are 

obtained in which shear rate values included in the extrusion 

range (10-1 000 s-1) are reached, which allows the evaluation 

of their behavior in the said (Dekker, 2005; Takeda & 

Takenaka, 2021). 

Table 3. Viscosities of standard PBS and PBS with plant-based stabilizers 

for extrusion of different regions of the flow curve 

Sample 
Newtonian 

viscosity 

Viscosity 

shear rate 

= 50 

Viscosity 

shear rate = 

150 

PBS 14 290 1 041 408.3 

PBS + 5 % A 8 538 944.1 444.4 

PBS + 10 % A 5 980 804.2 400.9 

PBS + 2.5 % B 4 046 769.3 376.6 

PBS + 5 % B 3 149 704.7 351.9 

PBS + 5 % A + 0.5 % E 17 410 1 576.4 908.8 

PBS + 5 % A+ 0.25 % E 11 400 1 559.3 963.7 

PBS +5 % B +0.5 % E 1 590 218.6 61.05 

PBS + 5 % B + 0.25 % E 1 162 240.7 98.1 

*(A) potato peel powder, (B) ferulic acid, and (E) luperox 

All the materials experienced a typical drop in viscosity, and 

the differences in viscosity became shorter as we approached 

the shear ranges typical of the extrusion process. Therefore, it 

is not expected that there will be significant differences in the 

processability of the different formulations with stabilizers, 

with viscosities very similar or close enough to each other so 

that no important adjustment of the extrusion parameters is 

required (temperature profile, speed extrusion, etc.) to process 

one or another formulation interchangeably (García et al., 

2020). 

3.3.2 PBS with plant and synthetic stabilizers 

Figure 5b shows flow curves as a function of viscosity and 

shear rate of PBS with a combination of stabilizers of 

vegetable and synthetic origin. 
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In Figure 5b, the flow curve of the standard PBS reaches 

values up to 159.6 s-1 shear rate, a different situation for 

samples with different combinations of different stabilizers 

where values lower than 100 s-1 shear rate are reached. A 

Newtonian region was observed at a low shear rate between 

0,001 and 1 s-1, where the molecules remained entangled 

(higher friction) and their viscosity remained high. The 

addition of luperox (ditert-butyl peroxide) causes cross-linking 

between PBS chains, resulting in greater viscosity (Emami et 

al., 2002; Zapata et al., 2023). According to Fig. 5 b, the flow 

curve of PBS + 5 % potato fiber + 0.5 % luperox has a higher 

viscosity than that of standard PBS. By lowering the 

percentage of luperox to 0.25 %, the viscosity decreased, 

confirming the cross-linking of PBS. The combination of 

ferulic acid and luperox, as seen in the flow curve, had a lower 

viscosity than the standard and combined PBS because it 

reacted with luperox, decreasing the cross-linking of the 

polymer, as shown in Table 3 (Parisi et al., 2010).   

A statistical analysis of the rheological properties of 

Polybutylene Succinate (PBS) treated with vegetable and 

synthetic stabilizers was conducted. Viscosities were 

measured at shear rates of 50 s⁻¹ and 150 s⁻¹, with Newtonian 

viscosity as a reference. 95 % confidence intervals were 

calculated, considering a 5 % margin of error (Table 6, 

Appendix 3). The rheological performance index was derived 

from the inverse of the sum of the viscosities at both shear rates 

(Table 7, Appendix 4). The analysis showed that the 

combination of ferulic acid (B) and luperox (E) significantly 

reduced the PBS viscosity, enhancing its behavior under shear 

stress. PBS + 5 % ferulic acid + 0.5 % luperox and PBS + 5 % 

ferulic acid + 0.25 % luperox exhibited the best performances, 

indicating superior fluidity under the evaluated conditions. 

These findings suggest that the optimal combination of 

stabilizers improves both the processability and the potential 

for industrial applications of PBS. 

  
a) b) 

 

Figure 5. Flow curves of PBS formulations for extrusion a) PBS with plant-based stabilizers b) PBS with stabilizers of plant and synthetic origin 

 

As the shear speed increased, it behaved like a pseudoplastic 

fluid. At high shear speeds, the chains untangle as much as 

possible and orient themselves parallel, reaching an optimal 

state of alignment. At this point, the viscosity reaches the 

lowest value and remains constant. It is feasible to model the 

behavior of the material in some extrusion processes using the 

Carreau model, which allows the curve to be projected at 

higher shear speed values that are not obtained in the rotational 

rheology test. In the pseudoplastic region, where information 

about the processability of the polymers is obtained according 

to Figure 6, all the samples will reach a shear speed value 

within the range used for extrusion processes. However, the 

PBS samples with ferulic acid and luperox have viscosities 

below 100 Pa.s, which makes their handling difficult in the 

extrusion process and will require temperature adjustment. 

The flow curve of the PBS + 5 % potato fiber + 0.25 % luperox 

sample, however, did not maintain the trend of the rotational 

rheology test when applying the projection by the Carreau 

model (Ladin et al., 2001). 

 
 

 

Figure 6. Flow curves projected by the Carreau model of the standard PBS, 

PBS with stabilizers of plant and synthetic origin for extrusion 

 

4. CONCLUSIONS 

The incorporation of natural stabilizers such as potato peel 
powder and ferulic acid into polybutylsuccinate (PBS) 
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effectively enhances its thermal stability and rheological 
properties. The addition of ferulic acid improved the oxidation 
induction time and lowered the weight loss during thermal 
degradation compared with standard PBS. This stabilizing 
effect is attributed to the interaction of the phenolic hydroxyl 
groups with the polymer matrix through hydrogen bonding, 
which act as antioxidants and prevent oxidative degradation. 
Known for its photoprotective and thermooxidative properties, 
it demonstrates improved performance by increasing  
degradation onset temperature and maintaining the integrity of 
the polymer during processing. These enhancements make 
PBS more suitable for extrusion processes, enabling it to 
achieve the shear rates required for practical application in 
industrial settings. 
 
The combination of vegetable (potato peel and ferulic acid) 
and synthetic (luperox) stabilizers further enhanced thermal 
stability and processability of PBS. This synergy is evident in 
the superior oxidation induction times and reduced weight loss 
during degradation, particularly when ferulic acid is combined 
with luperox. The enhanced antioxidant activity from both 
natural and synthetic sources effectively protects the PBS 
matrix from oxidative and thermal degradation, thereby 
extending its usability in high-temperature environments. 
Additionally, rheological analysis confirmed that this 
combination reduced PBS viscosity within the shear rate range 
relevant to extrusion, improving its flow properties and 
making it a viable and competitive biopolymer for industrial 
applications. 

The biopolymer polybutylsuccinate (PBS), particularly when 
improved with stabilizers of vegetable and synthetic origin, is 
versatile and can be utilized in various polymeric 
transformation processes. The improved thermal stability and 
rheological properties make it suitable for a range of 
applications, primarily in processes requiring high-
temperature stability and good workability as extrusion and 
thermoforming. 
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APPENDIX 1 

 
Table 4. Confidence intervals (95 %) of oxidative thermal stability variables 

Variable Average Lower Upper 

rOIT (min) 64.06 63.10 65,40 

T on-set (° C) 356.44 351 362 

Weight Change (%) 69.00 39 86 

 

APPENDIX 2 

 
Table 5. Performance index for oxidative thermal stability of samples 

Sample Performance Index 

PBS + 5 % B 0.915 

PBS + 2.5 % B 0.833 

PBS + 5 % B + 0.25 % E 0.585 

PBS + 5 % A+ 0.25 % E 0.458 

PBS 0.406 

PBS + 5 % B + 0.5 % E 0.367 

PBS + 10 % A 0.067 

PBS + 5 % A + 0.5 % E 0.056 

PBS + 5 % A 0.024 

*(A) potato peel powder, (B) ferulic acid, and (E) luperox 

 

APPENDIX 3 

 
Table 6. Confidence intervals (95 %) for viscosity of samples 

Sample 

Viscosity  

shear rate = 50 s-¹ 

(Lower) 

Viscosity  

shear rate = 50 s-¹ 

(Upper) 

Viscosity  

shear rate = 

150 s-¹ (Lower) 

Viscosity  

shear rate = 150 s-¹ 

 (Upper) 

PBS 1003.77 1078.23 393.70 422.90 

PBS + 5 % A 910.33 977.87 428.50 460.30 

PBS + 10 % A 775.44 832.96 386.56 415.24 

PBS + 2.5 % B 741.78 796.82 363.13 390.07 

PBS + 5 % B 679.49 729.91 339.31 364.49 

PBS + 5 % A + 0.5 % E 1520.02 1632.78 876.29 941.31 

PBS + 5 % A+ 0.25 % E 1503.53 1615.07 929.23 998.17 

PBS +5 % B +0.5 % E 210.78 226.42 58.87 63.23 

PBS + 5 % B + 0.25 % E 232.09 249.31 94.59 101.61 

*(A) potato peel powder, (B) ferulic acid, and (E) luperox 

 
APPENDIX 4 

 
Table 7. Performance index for viscosity of samples 

Sample Performance Index 

PBS +5 % B +0.5 % E 0.003576 

PBS + 5 % B + 0.25 % E 0.002952 

PBS + 5 % B 0.000946 

PBS + 2.5 % B 0.000873 

PBS + 10 % A 0.000830 

PBS + 5 % A 0.000720 

PBS 0.000690 

PBS + 5 % A + 0.5 % E 0.000402 

PBS + 5 % A+ 0.25 % E 0.000396 

* The performance index was calculated as the inverse of the sum of the viscosities at shear rates of 50 s-¹ and 150 s-¹ 

**(A) potato peel powder, (B) ferulic acid, and (E) luperox 

 

 

 

  



Ana Flores; Santiago Carrera; Paúl Palmay; Hugo Jácome                                                                       82 

Revista Politécnica, Febrero – Abril 2025, Vol. 55, No. 1 

 


