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Abstract 

Structural, morphological and thermal properties of films based on poly(butylene 

succinate) (PBS) and inclusion complex of -cyclodextrins (-CD) and D-limonene were studied, in 

order to prepare novel bio-active food packaging materials. The inclusion complex contains 7 wt% 

of D-limonene, as quantified by precipitation, as well as by thermogravimetry. Inclusion within -

CD cavity stabilizes D-limonene against evaporation, even upon melt compounding with PBS. 

Infrared spectroscopy, performed on compression molded films, evidenced both the D-limonene 

encapsulation inside -CD cages, and the occurrence of hydrogen bonding between hydroxyl 

groups of -CD-lim complex and ester units of PBS. Optical micrographs showed a phase separated 

morphology even if, the existence of physical interactions between the polar groups allowed a 

homogeneous and fine distribution of particles within polymeric matrix. DSC analysis highlighted 

the anti-nucleating action of -CD-lim complex towards PBS, evidenced by a strong delay in 

kinetics of PBS crystallization process.  

 

Keywords: Poly(butylene succinate), β-cyclodextrin, D-limonene, biocomposites, Thermal 

stabilization 
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Cyclodextrins (CD) comprise a family of cyclic oligosaccharides produced from a renewable 

natural material, starch, by enzymatic conversion [1]. The three major cyclodextrins are crystalline 

and appear as torus-like macro-rings built up from glucopyranose units. The -cyclodextrin 

comprises six glucopyranose units, -CD is made of seven units, and -CD comprises eight units 

[1]. 

The cyclodextrins are well known for being biocompatible, biodegradable, and soluble in 

water. In an aqueous solution, the slightly apolar cyclodextrin cavity is occupied by water 

molecules, which are energetically unfavored (polar-apolar interaction), and therefore can be 

readily substituted by appropriate “guest molecules” that are less polar than water. The formed 

inclusion complex (IC) can be isolated as a stable crystalline material [1]. The ability to include 

small molecules within their cavity led to large development of CDs for a number of applications in 

the pharmaceutical, food, cosmetic industry. The diffusivity and volatility (in case of volatile 

molecules) of the included guest decrease strongly, and the guest is protected from oxidation, 

thermal decomposition, etc. when inserted within the host cavity. 

Cyclodextrins are also used to prepare inclusions complexes with linear aliphatic polymers 

[2]. The guest polymer chains occupy narrow cylindrical channels, with diameter of 5-10 Å, created 

by the crystalline CD host lattice [3]. As a consequence, the included polymer chains are 

constrained to assume highly extended conformations and are generally segregated from 

neighboring included polymer chains by the channel walls of the host crystalline CD lattice. In 

other words, polymer-CD ICs can generate new materials with peculiar morphologies and specific 

thermal, mechanical, and barrier properties. The formation and properties of ICs of CDs with 

various polymers have been studied, to improve polymer miscibility [4] biodegradation [5] and 

crystallization [6]. A number of biodegradable polyesters were specifically investigated, like 

poly(lactic acid) [3, 7-8], poly(hydroxyalcanoates) [9, 10], poly(-caprolactone) [2,3, 11, 12], 

poly(butylene succinate) [2, 12], etc. since the CDs can act as biodegradable and biocompatible 

additives when exploited to form inclusion complexes with linear polymers. 

Conversely, only limited research was conducted by incorporating CDs as filler in polymer 

composites. More specifically, CDs can be used to include small molecules within their cavity, with 

limited interactions with the polymer chain. In the research detailed below, -cyclodextrin was used 

as cage to include D-limonene (4-isopropenyl-1-methylcyclohexene), the major constituent in 

several citrus-derived essential oils (e.g. orange, lemon, mandarin, lime, grapefruit, etc.), which is 

also a natural antimicrobial agent [13-15]. Although traditional chemical preservatives and synthetic 

antimicrobials are commonly used to prevent growth of food borne and spoilage microorganisms, 

recent investigations evidenced that these additives are responsible of adverse reactions in humans, 
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producing toxic substances and carcinogens [16-18]. As a matter of fact, natural antimicrobial 

substances, like D-limonene, may be regarded as valid safe alternatives that could achieve 

comparable or improved preservative effects. 

D-limonene is listed in the Code of Federal Regulations and generally recognized as safe 

flavoring agent and food preservative [19]. Its outstanding antimicrobial activities have already 

been tested with different species of food-related microorganisms, such as Staphylococcus aureus, 

Listeria monocytogenes, Salmonella enterica, Saccharomyces bayanus and more [20-21]. 

Unfortunately, D-limonene is susceptible to oxidative degradation, which directly results in its loss 

of activity [19,22]. Moreover, similar to other volatile essential oils, limonene aroma could be easily 

released to the packaged food, thus contaminating it. In order to overcome to these drawbacks, D-

limonene was included into CDs, and the inclusion complex CD-lim thus obtained was dispersed 

into a biodegradable and biobased polymer matrix, namely poly(butylene succinate) (PBS). 

PBS is a biodegradable and biobased polyester, synthesized via polycondensation of 

succinic acid (or dimethyl succinate) and 1,4-butanediol, i.e. from monomers that can be derived 

from fossil-based or renewable resources. PBS is currently used for food packaging, and its use in 

this market area is expected to largely increase in the coming years [23]. The aim of this paper is to 

investigate the chemical-physical properties of biodegradable PBS biobased films containing an 

inclusion complex of -cyclodextrins and D-limonene. Particular attention is given to interactions 

between the polymeric matrix and IC, and to the influence of the inclusion complex on structural 

and thermal properties of PBS, with the aim to develop novel bio-active food packaging materials. 

 

 

Experimental Part 

Materials 

Poly(butylene succinate)  (PBS) (GS Pla®,Grade AZ71TN,) with MFI of 220 g/10 min (155°C, 

2.16 kg) was purchased from Mitsubishi Chemicals Corporation (Tokio, Japan).  

β-cyclodextrin (CD), provided by Sigma-Aldrich, was used after drying; D-limonene (90% purity), 

kindly supplied by Diego Visalli s.r.l., was used as raw material  in the microencapsulation process.  

 

Preparation of CD-lim inclusion complex 

A precipitation method was used to obtain β-cyclodextrins/limonene complex (CD-lim) [24-

25]. 50 g of CD were dissolved in 500 mL of an ethanol/water (1:2) mixture at 55 °C. D-limonene 

was first dissolved in ethanol (10% w/v), then slowly added to the warm CD solution under 

continuous stirring. The obtained mixture was covered and further stirred for additional 4 h at room 
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temperature, then stored overnight at 4 °C. The precipitated CD-lim complex was recovered by 

filtration and dried at 50 °C for 24 h, and at 25 °C for additional 24 h. CD-lim powder was stored at 

25 °C in an airtight bottle. The estimated final percentage of limonene included in β-CD was 7% 

w/w. 

 

Composites preparation 

PBS pellets were dried at 60 °C overnight in vacuum oven prior to extrusion. PBS/CD-lim systems 

containing up to 20 wt% of CD-lim, were prepared by melt mixing in a HAAKE MiniLAb extruder 

equipped with anti-rotating twin-screw with length of 150 mm. Extrusion was performed at 135 °C, 

for 3 minutes at screws rotation speed of 40 rpm. Binary composites of PBS/CD-lim were prepared 

and, from now on, coded as weight/weight ratio: 100/0, 90/10, 80/20.  

 

Preparation of Compression-Molded Sheets 

PBS/CD-lim systems were dried at 60°C overnight in vacuum oven, then compression-molded 

using a compression molding press (Model C, Carver Laboratory Press, USA), in order to prepare 

films. About 2 g of pellets were placed between two steel plates, pre-heated at 130 °C for 2 min at 

220 KPa and compression molded for 4 minutes by rising the pressure up to 870 KPa; the samples 

were then cooled to room temperature by means of cold water circulating in the plates of the press.  

 

Fourier Transform Infrared (FTIR-ATR) spectroscopy 

Attenuated Total Reflection Fourier Transform Infrared (FTIR-ATR) spectroscopy was carried out 

on the surface of PBS/CD-lim compression molded films, as well as on -CD and CD-lim powders, 

by means of a Perkin-Elmer Spectrum 100 spectrometer, equipped with a Universal ATR diamond 

crystal sampling accessory. All the samples were analysed at room temperature. Spectra were 

recorded as an average of 64 scans in the range 4000–480 cm
−1

, with a resolution of 4 cm
−1

. No 

mathematical correction (e.g. smoothing) was done, and spectroscopic manipulation, such as 

baseline adjustment and normalization, were performed using the Spectracalc software package 

OMNIC 9 (Thermo Fisher Scientific, Inc., MA, USA). Before testing, all samples were dried in 

oven at 60°C for 24 hours.  

 

Thermogravimentric Analysis (TGA) 

Thermogravimetric analyses (TGA) were carried out with a Mettler Thermogravimetric Analyzer 

Mod. TG 50. Measurements were performed on samples of about 8–10 mg, placed in open ceramic 

crucibles and heated from room temperature to 600 ºC at 20 ºC/min in nitrogen atmosphere, with a 
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nominal gas flow rate of 30 mL/min. Before the tests, a blank curve was measured and subtracted 

from the single thermograms, to correct from instrumental drift [26]. 

 

 

Optical microscopy 

Morphology of PBS/CD-lim films was analyzed by optical microscopy, using a Zeiss polarizing 

microscope equipped with a Linkam TMHS 600 hot stage. A small piece of each film was squeezed 

between two microscope slides, then inserted in the hot stage. Photomicrographs were taken with a 

Scion Corporation CFW-1312C Digital Camera and recorded using the software Image-Pro Plus 

7.0. Dry nitrogen gas was purged throughout the hot stage during analyses. 

 

 

Differential Scanning Calorimetry (DSC) 

The thermal properties of PBS/CD-lim based systems were investigated using a Q2000 Tzero 

differential scanning calorimeter (DSC), TA Instrument, equipped with a RCS cooling accessory. 

The calorimeter was calibrated in temperature and energy with indium. Dry nitrogen was used as 

purge gas at a rate of 50 ml/min. 

Each compression-molded PBS/CD-lim sample was heated from 25 to 135 °C at a rate of 20 

°C/min, melted at 135 °C for 2 minutes to erase previous thermal history, quickly cooled to the 

desired isothermal crystallization temperature (Tc), maintained at Tc until completion of the phase 

transition, then heated to 150 °C at 20 °C/min. 

Non-isothermal crystallization experiments were performed by quickly cooling the 

compression-molded sheets to 120° C after melting at 135 °C for 2 min, followed by cooling at 

various rates, ranging from 0.5, 1, 2 to 4 °C/min. Crystallization is an exothermic process, and the 

heat evolved during the phase transition may cause local heating and thermal gradients within the 

sample. As a consequence, transitions can occur at temperatures that do not correspond to those 

detected by the instrumentation [26-27]. The thicker the sample, the more critical this problem is. 

Therefore, for non-isothermal analyses sample mass was limited to 3.0 ± 0.2 mg, and cooling rates 

not exceeding 4 °C/min were used.  

Before DSC measurements, the samples were dried under vacuum at room temperature for 

24h. A fresh specimen was used for each analysis. All the experiments were repeated three times to 

ensure reproducibility.  
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Results and Discussion 

The effective content of D-limonene included within -CD cavity or absorbed on its surface was 

determined following the procedure described in Ref. [25]. Comparison of the initial weight of -

cyclodextrin, with the mass of the material after complex formation and the subsequent drying 

process, revealed that the CD-lim complex contains 7 wt% of D-limonene. Extraction with n-hexane 

showed that only a minor amount of limonene was absorbed on -CD external surface, being 

instead caged into -CD cavity. 

Inclusion of limonene inside -CD hollow was also confirmed by infrared spectroscopy 

(FTIR) analysis, which can provide indication related to guest and host molecules association. In 

Figure 1 the FTIR-ATR spectra of neat -CD, CD-lim complex and their difference spectrum are 

reported.  

-CD spectrum, presented in Figure 1-a, shows a very strong broad band centred at 3297 

cm
-1

 ascribed to -OH stretching vibrational modes coming from both primary and secondary -OH 

groups bonded intra- or inter-molecularly, and interstitial and intra-cavity water molecules [28]. 

-OH scissoring vibration occurs at 1414 cm
-1

, whereas out-of-plane bending vibrations appear at 

605, 577, 527 cm
-1

. Stretching vibration of CH2 and CH are evidenced at 2926 cm
-1

, while their 

scissoring vibrations are observed at 1365, 1330 and 1254 cm
-1

. C-O-C symmetric and asymmetric 

vibrations appear at 1152, 997 and 947 cm
-1

, and C-O stretching vibration occur at 1076 and 1021 

cm
-1

 [29]. Another characteristic broad peak observable at about 1643 cm
-1

, concerns the vibration 

modes of different types of water molecules located inside -CD cavities [30].  

All the characteristic FT-ATR absorption peaks of -CD can be detected also in CD-lim 

complex spectrum (Figure 1-b). Actually, curve profiles are very similar, since most of the vibration 

frequencies typical of limonene functional groups are overlapped by prominent -CD absorption 

peaks.  
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Fig 1 (a,b). FTIR-ATR spectra of: (a) -CD, and (b) CD-Lim inclusion complex 

 

In order to evidence the adsorption bands of limonene and to emphasize formation of CD-

lim inclusion complex, a spectral subtraction between CD-lim and -CD samples was performed 

and reported in Figure 1-c.  

 

Fig 1-c. FTIR-ATR spectral subtraction between Fig 1(a) and Fig 1(b) in magnified absorbance 

scale. 
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The broad band that extends between 3600-3000 cm
-1

 (Figures 1-a and 1-b) is splitted into 

two adsorption peaks, as evidenced in  magnified absorbance scale (Figure 1-c); the first one, 

detected at about 3430 cm
-1

, is attributed to -CD hydroxyl groups as previously discussed; actually 

this peak is now detectable at higher frequency. The peak wavenumbers are strictly linked to the 

strength of the respective H-bonds: the higher is the strength of physical or chemical interaction in 

which OH oscillator is involved, the more downshifted is the corresponding OH stretching 

frequency. The highest frequency contribution observed passing from neat -CD (3293 cm
-1

) to 

CD-lim inclusion complex (3430 cm
-1

), suggests a reduction of hydrogen bonds between water 

molecules inside the -CD cavity, as a consequence of the development of a more structured 

network involving the available -CD torus-shaped cavity sites and hydrophobic D-limonene 

molecules [31].  

The peak detected at 3100 cm
-1

 can be attributed to limonene terminal =CH2 group. In 

addition, the peak at 1643 cm
-1

 in Figures 1-a and 1-b, is halved in two adsorption frequencies, as 

shown in Figure 1-c: the first one at 1650 cm
-1

 is related to water hydroxyl groups, whereas the 

second one at 1633 cm
-1

 concerns limonene C=C vibration mode. It is worthy to highlight that the 

peak of water hydroxyl groups is shifted to higher frequency if compared to neat CD; this could be 

due to the weakening of hydrogen bonds in the heptameric CD units upon complexation, because of 

both size and structural rearrangement of guest molecules within the host cavity. Probably, during 

the inclusion complex formation, limonene molecules lodge inside the suitable hydrophobic core of 

-CD toroid, disturbing water hydrogen bonds environment and enhancing the amphiphilic 

character of the cyclic polysaccharide [32-33].  

FTIR-ATR spectra of PBS/CD-lim 100/0 and 80/20 films are shown in Figures 2 and 3. 

Figures 2-a and 2-b refer to the spectral region between 4000 and 2500 cm
-1

. Two main absorption 

bands are visible, namely -OH (3600-3000 cm
-1

) and -CH- (3000-2800 cm
-1

) bonds stretching, 

respectively [34]. In particular, a weak absorption near 3430 cm
-1

, assigned to chain-end hydroxyl 

groups of PBS, can be observed in both samples [35]. In addition, in 80/20 composition, stronger 

and broaded hydroxyl group vibrational absorption can be detected, due to the presence of -CD 

inside the polymeric matrix. 
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Fig 2. FTIR-ATR spectra of PBS/CD-Lim composites in the range between 4000-2500 cm
-1

: (a) 

100/0, and (b) 80/20. 

 

In Figure 3, FTIR-ATR spectra of ester carbonyl stretching adsorption are reported. As 

usually evidenced in semicrystalline polyesters, the carbonyl group stretching region (-COO-) is 

composed of two overlapping peaks; in plain PBS spectrum there is a relatively broad band centred 

at approximately 1720 cm
-1

, occurring as a shoulder of a sharper and more intense band at about 

1711 cm
-1

. Previous studies showed that the above mentioned peaks arise from the amorphous 

region and crystalline domain of ester carbonyl groups stretching of the polymer, respectively [36]. 

In Fig 3b, related to 80/20 composite, two interesting changes in carbonyl stretching modes were 

observed: a variation of the relative areas of the above-mentioned amorphous and crystalline 

regions, evaluated by a curve fitting (curves not shown), and a slight shift of PBS crystalline and 

amorphous bands towards higher frequencies.  



 10 

1760 1740 1720 1700 1680 1660

0,0

0,2

0,4

0,6

0,8

1,0

1,2

 (a) 100/0

 (b) 80/20

A
b

s
o

rb
a

n
c

e

Wavenumber (cm
-1

)

1711

1720

1713

 

Fig 3. FTIR-ATR spectra of PBS/CD-Lim composites in the range of 1760-1660 cm
-1

: (a) 100/0, 

and (b) 80/20. 

 

The crystalline (Ca) and amorphous (Aa) peak areas of PBS carbonyl groups of different 

samples were quantified by using the GRAMS 8.0AI software package (Thermo Electron 

Corporation). The area of each peak was calculated after performing a linear background correction 

and assuming mixed Gaussian-Lorentzian functions.   

Table 1 summarizes the exact position of carbonyl vibration peaks, the amorphous (Aa) and 

crystalline (Ca) region areas of all the samples and their relative ratios, with corresponding 

correlation factor and deviation standard.  

Table 1: FTIR crystalline and amorphous peaks (cm
-1

) and crystalline (Ca) and amorphous (Aa)  

areas of ester carbonyl group in 100/0, 90/10, 80/20 samples. 

Ester carbonyl group (C=O) 

Sample 100/0 90/10 80/20 

Crystalline peak (cm-1) 1711 1712 1713 

Amorphous peak (cm-1) 1722 1722 1722 

Amorphous area (Aa) 14.97 15.58 11.56 

Crystalline peak area (Ca) 10.28 9.67 6.72 

Aam/ (Aam + Acr) *100 59.0 61.7 63.2 

Correlation factor (R2) 0.996 0.996 0.997 

Standard Deviation 0.01 0.01 0.08 
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Data analysis evidences that in the composites the percentage of amorphous carbonyl band 

increases. In particular, the decrease in intensity of the crystalline carbonyl band in favour of a 

widening of the amorphous region, particularly evidenced in 80/20 composition, suggests that CD-

lim inclusion complex disturbs the regular packing of PBS, resulting in a larger amorphous fraction. 

This outcome could be ascribed to the formation of hydrogen bond between PBS carbonyl ester 

group and hydroxyl residues of CD outer surfaces, which possibly complicates crystallization of 

PBS, as following  shown by thermal analysis. This result is even more emphasized by the slight 

shifting of crystalline carbonyl band towards higher stretching vibration frequencies, as shown in 

Figure 3.  

Thermogravimetry (TGA) of the CD-lim complex is illustrated in Figure 4, and compared to 

TGA analysis of the as-received -cyclodextrin and D-limonene.  
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Fig 4. Thermogravimetric plots of (a) β-cyclodextrin, (b) D-limonene, (c) β-cyclodextrin limonene 

IC, upon heating at 20 °C/min in nitrogen atmosphere. 

 

All the curves were normalized with respect to the initial sample weights. Upon heating at 

20 °C/min, the terpene oil immediately starts to evaporate, as revealed by the continuous decrease 

of D-limonene amount in the sample pan, and completely volatilizes below 120 °C. The TGA curve 

of neat -cyclodextrin (Fig 4a) displays multiple weight loss steps: the first one is due to release of 

free and freezed bound water (± 12%) up to 110°C, whereas the second one starts around 300-
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350°C and is associated to a fast weight loss of about 70%. The second degradation stage is due to 

the depolymerizazion of cyclodextrin macromolecular chains and glucosidic rings, with formation 

of carbonyl group and carbon–carbon double bonds, simultaneously developing in the resulting 

residue (about 15%) [39]. The final thermal degradation stage (not shown in the Figure), occurs at 

temperatures higher than 350°C, and is linked to a slow thermal degradation of the residual char 

[39]. CD-lim inclusion complex (Fig 4c) displays a slower but continuous weight loss kinetics with 

respect to neat -CD, from room temperature up to 300°C, where major thermal degradation of the 

inclusion complex starts. In the temperature range 25 – 300 °C, two degradation steps can be 

highlighted. The first one, ranging between 50 to 110 °C, reaches a weight loss of about 5%. 

Around 110 °C, a second, smoother weight loss step starts and completes around 300 °C, where the 

initial weight is reduced of an overall 12 % (7 % in the second stage). The end of the first 

degradation step coincides with both complete evaporation of D-limonene (Fig 4b) and with loss of 

water in plain -cyclodextrin (Fig 4a), which at first sight complicates data interpretation. 

As a matter of fact, TGA plots similar to those shown in Figure 4 for the CD-lim sample 

were reported for an inclusion complex of -CD containing p-cymene, an essential oil whose 

chemical structure and steric hindrance do not differ much from limonene [40]. The two terpenes 

have also the same boiling point (177 °C). As detailed in Ref. [40], the first degradation step is 

attributed to loss of water and to possible release of a small amount of guest molecules from the 

samples, whereas the second gradual weight decrease is due to loss of the terpene oil encapsulated 

within -CD cavity. 

In other words, the data of Figure 4 evidence that, upon heating from 110 to 300 °C, about 

7% of CD-lim initial weight is released, which well corresponds to the amount of D-limonene 

encapsulated within -CD hollow, quantified by precipitation. This highlights that D-limonene is 

thermally stabilized when included within -CD cages. More outstandingly, at 135 °C, i.e. at the 

processing temperature used for preparation of PBS/CD-lim samples, only a minimum fraction of 

D-limonene initially present in CD-lim inclusion complex is lost upon melt extrusion, and remains 

trapped within the cavity of the -cyclodextrin dispersed into the PBS matrix, as revealed by the 

only minor weight decrease of the CD-lim sample at 135 °C specifically ascribed to loss of the 

terpene. 

The TGA plots, upon heating of PBS and PBS/CD-lim films and their first derivatives 

curves (DTG) are reported in Figure 5-a and 5-b, respectively. All the curves are normalized with 

respect to starting sample weights.  
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        Fig 5 (a). TGA plots of PBS/CD-Lim blends: 100/0 (—), 90/10 (- - -), 80/20(…). 

 

 



 14 

100 200 300 400 500
-0,008

-0,006

-0,004

-0,002

0,000

 100/0

 90/10

 80/20

Tonset 

Tonset

D
e

ri
v

a
ti

v
e

 w
e

ig
h

t 
(%

/m
in

)

Temperature (°C)

Tonset

 

 

        Fig 5 (b). DTG curves of PBS/CD-Lim blends: 100/0 (—), 90/10 (- - -), 80/20(…). 

 

PBS thermogram (Fig 5a) shows no significant weight loss until 300 °C, in agreement with 

literature data [37]. The major degradation step is concluded at 440°C, when only 2 % of the initial 

sample remains. The primary weight loss is caused by volatilization of small molecules, including 

succinic acid that degrades at temperatures close to 200 °C, and butylene glycol that evaporates at 

slightly higher temperatures, below 300 °C. This decomposition is followed by major thermal 

degradation of PBS chains, due to random chain scission at the ester bonds, with formation of 

carboxylic end groups and vinyl groups [38]. 

As concerning PBS/CD-lim system, it is worth to observe that in presence of the inclusion 

complex inside polymeric matrix, the onset of degradation is anticipated of 50°C, since thermal 

degradation starts at about 250°C in PBS based films; moreover, analysis of DTG curves (fig 5-b) 

reveals two different kinetics of degradation: the first one is mostly related to inclusion complex 

degradation step, starting at about 250 °C and concluding at 350°C, and the second one, 

corresponding to main decomposition stage of the polyester, i.e. to its  pyrolysis, starts at 350°C and 

ends at 440°C. Actually, the presence of two distinct degradation steps in PBS/CD-lim composites, 

may indicate that the polymeric matrix and -CD inclusion complex are not miscible, as also 
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proved by DSC and optical microscopy analyses discussed below. Nevertheless, the establishment 

of hydrogen bonds between the polar groups of external -CD surface and ester fraction of PBS, 

previously ascertained by FTIR spectroscopy, induces a mutual influence on thermal decomposition 

kinetics. In particular, from DTG curves, it can be emphasized that the main PBS degradation 

process begins at about 340°C, far beyond 40°C with respect to degradation onset temperature of 

neat PBS (Tonset at 300°C). It is then confirmed that -CD inclusion complex disturbs the regular 

packing of PBS macromolecular chains; as a matter of fact, the occurrence of inter-associated 

hydrogen bonding can induce new polymeric steric hindrances, responsible of PBS delaying in  

Tonset of decomposition kinetic.  

Further characterization of the composites structure and morphology was performed by 

optical microscopy and calorimetry. The optical micrographs of poly(butylene succinate), plain and 

blended with cyclodextrin containing limonene, are presented in Figure 6.  

 

 (a)  (b) 

 

 (c) 

 

Figure 6. Optical micrographs of PBS/CD-lim composites at 135°C: (a) 100/0; (b) 90/10; (c) 80/20 
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Figure 6-a shows that neat PBS at 135°C is characterized by an homogeneous melt. The 

addition of -cyclodextrin containing D-limonene results in a phase-separated material, with the 

appearance of small particles dispersed within the PBS matrix, as seen in Figures 6-b and 6-c, 

which show the optical micrographs of 90/10 and 80/20 systems, respectively taken at 135°C. An 

increase of CD-lim content results in a larger amount of dispersed droplets, as expected. The 

average particle size is about 1 m. Considering that -cyclodextrin has an outer diameter of 1.54 

nm [1, 24], the optical micrographs reveal considerable aggregation of CD-lim particles upon melt 

mixing, likely due to the formation of particle clusters, induced by physical interaction between the 

polar groups of -CD external surfaces. Moreover, the homogeneous distribution of -CD 

aggregates within polymeric matrix, as evidenced in Figures 6-b and 6-c, suggests the existence of 

physical interaction between the components by means of hydrogen bonding.  

The glass transition (Tg) of plain and doped PBS is illustrated in Figure 7.  
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Figure 7. Glass transition temperature (Tg) of PBS based composites 
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Glass transition of PBS is centered at -32 °C, in agreement with literature data [41-42]. 

Addition of CD-lim does not shift the glass transition temperature, which remains at Tg = -32  2 

°C, for CD-lim content up to 20 %, but results in a slight broadening of the high temperature side of 

Tg range. A broadened Tg is often observed in polymer-filler systems, and is generally linked to 

good interfacial adhesion between the matrix and the dispersed particles, coupled with a restriction 

of molecular mobility of polymeric segments near the filler surface [43]. The invariance of the glass 

transition temperature confirms the lack of miscibility between all components, as also confirmed 

by the optical micrographs of Figure 6. Moreover, data of Figure 7 may support that D-limonene 

molecules are trapped within CD cavities, as discussed above. As a matter of fact, D-limonene is 

known to be an efficient plasticizer for biodegradable polyesters. For instance, it was shown that 

addition of 15 wt% of D-limonene to poly(lactic acid) (PLA), can lower its glass transition of about 

30 °C [44-45]. The absence of Tg shifting in PBS/CD-lim based systems, proves both the lack of 

miscibility between PBS and CD molecules, as previously shown, and that no interaction occurs 

between PBS and D-limonene molecules, being the latter well trapped within -cyclodextrin 

cavities. 

Crystallization kinetics of PBS/CD-lim composites was analyzed both in isothermal and 

non-isothermal conditions. DSC thermograms gained during cooling from the melt at 4 °C/min are 

presented in Figure 8. Similar trends were obtained for the other cooling rates (thermograms not 

reported). 
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Figure 8. PBS crystallization thermograms during cooling from the melt at 4 °C/min  

 

Crystallization of plain PBS starts around 103 °C, and is completed at circa 90 °C. Addition 

of the CD-lim complex delays the onset of crystallization of PBS, and results in a shift to lower 

temperatures of the whole crystallization exotherm.  

In Figures 9-a and 9-b, the onset (Tons) and peak (Tp) temperatures of the crystallization 

exotherms of the composites are compared in dependence of the cooling rate. The onset point was 

taken as the intersection of the baseline before the transition and the inflectional tangent and the 

peak temperature as the maximum of the exotherm [45].  
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Figure 9 (a).  Tons of PBS crystallization exotherms as a function of cooling rate 
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Figure 9 b Tp of PBS crystallization exotherms as a function of cooling rate 

 

As expected, an increase in cooling rate results in a shift of the phase transition parameters 

of all the analyzed samples toward lower temperatures: at low cooling rates there is more time to 

form the nuclei, so that crystallization starts at higher temperatures [46]. Similarly, also the peak 

temperatures move toward lower values upon increasing the cooling rates, as result of the shift of 
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the whole phase transition to lower temperatures. The addition of CD-lim complex delays beginning 

of the phase transition, showing that, not only the solid CD-lim particles are not efficient nucleating 

agents able to promote the onset of PBS crystallization, but their presence disturbs chain ordering in 

the biodegradable polyester. Crystallization of PBS occurs in the presence of non-crystallizable CD-

lim. Energy needs to be dissipated to reject, engulf or deform the dispersed particles, which causes 

the delayed onset and the overall shift of the phase transition to lower temperatures, at parity of 

cooling rate from the melt. 

Crystallization kinetics of PBS/CD-lim systems was also investigated in isothermal 

conditions. A temperature range where all the analyzed compositions crystallize in a reasonable 

time was selected, to better compare the crystallization behavior of the various samples. The heat 

evolved during crystallization of PBS was recorded as a function of time, and the fraction of 

material crystallized after a period of time t (Xt) was calculated from the ratio of the heat generated 

at time t and the total heat developed during the phase transformation. Plotting Xt against time, the 

half-time of crystallization (1/2), defined as the time needed for 50 % the final crystallinity to 

develop, was obtained. The 1/2 values of the analyzed PBS/CD-lim composites are reported in 

Figure 10 as a function of the crystallization temperature (Tc).  
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Figure 10. Half-time crystallization (1/2) of PBS exotherms as a function of temperature 

 

As expected, in the analyzed range, the phase transition rate decreases with Tc. More 

importantly, Figure 10 reveals that longer crystallization times are attained by PBS in the 

composites, compared to the plain polymer, confirming the results of non-isothermal crystallization 

analyses, which revealed that the addition of CD-lim delays crystallization of PBS. 
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The influence of CD-lim on melting behavior of PBS is illustrated in Figure 11, which 

reports the DSC traces of the three analyzed compositions upon heating at 20 °C/min after 

isothermal crystallization at 100 °C.  

 

 

Figure 11 Melting thermograms of PBS upon heating at 20 °C/min after isothermal crystallization 

at 100 °C. 

 

Plain PBS displays a multiple melting behavior, with three main endothermic events: a weak 

one, centered around 103°C and a major endotherm with two close peaks at 111 and 112.5 °C. The 

multiple melting behavior of PBS has been investigated by a number of authors, and is generally 

ascribed to the existence of multiple lamellae populations developed upon isothermal 

crystallization, coupled with partial melting and recrystallization processes [42, 47-50]. Addition of 

CD-lim affects only slightly the multiple melting of PBS: the small endotherm located a few 

degrees above the isothermal crystallization temperature, typical not only of PBS, but also of a 

number of other semicrystalline polymers [51-55] remains mostly unaffected by the presence of the 

filler. Conversely, the two minima of the major endotherm slightly vary in size and position. 

Indeed, the peak at 111 °C in plain PBS moves to a somewhat lower temperature and becomes 

predominant in the systems containing CD-lim, whereas the high temperature peak appears as a 

shoulder in the major melting event, but occurs at the same temperature as in the plain PBS. Data 

shown in Figure 10 support the discussion of the multiple melting of PBS appeared in the literature: 

the small endotherm just above Tc, whose origin is highly debated, being ascribed either to melting 

of secondary or more defective lamellae, or to enthalpy relaxation of the rigid amorphous fraction, 
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appears unaffected by the presence of CD-lim [51-55]. The peak at 111 °C, which is usually 

ascribed to fusion of primary lamellae [47-49] moves to lower temperature when CD-lim is present, 

this experimental evidence may result from the hindering effect of the filler on crystallization of 

PBS, which may lead to thinner or more defective lamellae that melt at somewhat lower 

temperatures upon heating. The final endotherm refers to melting of the crystal lamellae that have 

perfected and/or recrystallized into more stable structures. Their melting temperature is not 

determined by the thermal stability of the original crystals, but only by the DSC scanning rate, 

which determines the extent of crystal reorganization during heating. PBS crystals, heated at the 

same rate after isothermal crystallization, melt at the same temperature in plain PBS and in the 

analyzed PBS/CD-lim based films, which supports the view of a partial melting and 

recrystallization process, possibly coupled with crystal perfection upon heating [45]. 

 

 

 

Conclusions  

In this paper, structural morphological and thermal properties of poly(butylene succinate) 

(PBS) and inclusion complex of -cyclodextrins and D-limonene based composites were 

investigated, in order to obtain films potentially exploitable as novel bio-active food packaging 

materials.  

FTIR and TGA analysis evidenced that D-limonene was efficiently encapsulated inside -

CD cavities, since the inclusion complex obtained was thermally stable up to the onset of -CD 

degradation temperature. Moreover, -CD-Lim complex affected thermal stability of PBS, because 

of the hydrogen bonding occurring between polar groups of -CD-lim and functional groups of 

PBS, as evidenced by FTIR and DTG analysis. Furthermore, optical micrographs of PBS based 

systems highlighted a phase-separated material even if, the existence of physical interaction 

between polar groups induced a homogeneous and fine distribution of particles within polymeric 

matrix. From the analysis of DSC data it was highlighted both the immiscibility of the components, 

and the anti.-nucleating action exerted by -CD-lim complex towards PBS, evidenced by a strong 

delaying in kinetics of PBS crystallization process 
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Table 

 

Table 1 

FTIR crystalline and amorphous peaks (cm
-1

) and crystalline (Ca) and amorphous (Aa) areas of ester 

carbonyl group in 100/0, 90/10, 80/20 samples 

 

Ester carbonyl group (C=O) 
Sample 100/0 90/10 80/20 
Crystalline peak (cm-1) 1711 1712 1713 
Amorphous peak (cm-1) 1722 1722 1722 
Amorphous area (Aa) 14.97 15.58 11.56 
Crystalline peak area (Ca) 10.28 9.67 6.72 
Aam/ (Aam + Acr) *100 59.0 61.7 63.2 
Correlation factor (R2) 0.999 0.996 0.997 
Standard Deviation 0.01 0.01 0.08 
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Fig 1. FTIR-ATR spectra of: (a) -CD, and (b) CD-Lim inclusion complex. 

      

 

 

 

 

 

 

 
Fig 1-c. FTIR-ATR spectral subtraction between Fig 1(a) and Fig 1(b) in magnified absorbance 

scale. 
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           Fig 2. FTIR-ATR spectra of PBS/CD-Lim composites in the range between 4000-2500 

cm
-1

: (a) 100/0, and (b) 80/20. 
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        Fig 3. FTIR-ATR spectra of PBS/CD-Lim composites in the range between 1760-1660 cm
-

1
: (a) 100/0, and (b) 80/20. 
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        Fig 4. Thermogravimetric curves of (a) β-cyclodextrin, (b) D-limonene, (c) β-cyclodextrin 

limonene IC, upon heating at 20 °C/min in nitrogen atmosphere. 
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                Fig 5 (a) Thermogravimetric curves of PBS/CD-Lim blends: 100/0 (—), 90/10 (- - -),  

80/20(…) 
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Fig 5 b. Derivative Thermogravimetric curves of PBS/CD-Lim blends: 100/0 (—), 90/10 (- - -),  

80/20(…). 
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Figure 6. Optical micrographs of PBS/CD-lim composites at 135°C: (a) 100/0; (b) 90/10; (c) 

80/20. 
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Figure 7. Glass transition temperature (Tg) of PBS based composites 
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Figure 8. PBS crystallization thermograms during cooling from the melt at 4 °C/min  
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Figure 9 (a).  Tons of PBS crystallization exotherms as a function of cooling rate 
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Figure 9 b Tp of PBS crystallization exotherms as a function of cooling rate 
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Figure 10. Half-time crystallization (1/2) of PBS exotherms as a function of temperature 

 

 



 
 

Figure 11 Melting thermograms of PBS upon heating at 20 °C/min after isothermal 

crystallization at 100 °C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 


