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lignin increased the E values of the polymers except PE. 
Bark polyflavonoids and lignin from radiata pine might be 
used for the design of thermoplastic blends. The polymer 
morphology as well as the functional group composition 
are the key factors to understand the compatibility/miscibil-
ity features of the blend components.

Keywords  Esterification · Maleic anhydride · Radiata 
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Introduction

Polyphenols are secondary metabolites of high relevance 
in nature. Among other members of the polyphenol group, 
polyflavonoids and lignin are highly abundant in vascular 
plants. Applications of both polyphenolic building-blocks 
in the areas such as nutrition, polymer engineering, bio-
medicine, agriculture, and environmental sciences have 
been discussed recently [1–3]. In fact, several benefits of 
natural polyphenols as antioxidant, antibacterial/antifungal, 
or UV-protective agent and as O2-barrier were recognized 
[4].

In turn, the utilization of polyflavonoids and lignin in 
material engineering has been limited by their physico-
chemical properties (e.g., low miscibility in thermoplastics, 
limited solubility in several organic solvents, and lack of 
reactive functional groups prone for co-polymerization). 
Despite limitations, thermoplastic composites based on 
polyphenols have successfully been prepared [5, 6]. In fact, 
physicochemical and biological properties of polyphenols 
might be considered as a crucial point to design functional 
biomaterials over a wide range of applications.

In view of tailoring properties, as well as for improving 
miscibility with thermoplastics, chemical modification of 

Abstract  Polylactic acid (PLA)-, polystyrene (PS)-, and 
polyethylene (PE)-based blends were prepared with Pinus 
radiata modified/unmodified polyflavonoids and lignin. 
The modified polyphenols were esterified with maleic 
anhydride at 20  °C for 24  h to diversify the application 
potential of the resulting blends. The rheological, morpho
logical, thermal, and mechanical properties of the blends 
were studied. The type and amount of polyphenols affected  
the torque values and the time of mixing, as well as ther-
moplastic chemical structure of the blends. Lignin showed 
the best miscibility features, while polyflavonoids were less 
miscible in PE. An increase in the polyphenol amount in 
the blends led to a decrease in the decomposition tempera-
ture (Td) in PLA-based blends. A marginal influence of the 
polyphenols on the Td values of PS- and PE-based blends 
was observed, as well. The flexural features were signifi-
cantly affected by the additive content. An increase in the 
polyflavonoids load increased the elasticity modulus (E) 
of the PS- and PLA-based blends. In contrast, unmodified 
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certain polyphenols has been reported [7]. In fact, acetyla
tion, hydroxypropylation, and urethanization of polyphe
nols are recognized pathways to enhance the performance 
of such building-blocks [4]. Moreover, the esterification of  
polyflavonoids and lignin with five-membered cyclic anhy
drides (Scheme 1) provides several advantages for material  
design as follows:

•	 No side-chain products are obtained during the derivati-
zation reaction,

•	 Cyclic anhydrides are more reactive than their linear-
chain counterparts, which enables derivatization reac-
tions at room temperature,

•	 Unsaturated carboxylic chains from the polyphenol 
derivatives area desirable moiety for several kinds of 
polymerization pathways (e.g., radical, ionic, and coor-
dination),

•	 α–β Unsaturated polycarboxylic acid derivatives are 
considered to be biologically active against a wide 
range of bacteria and fungi, and

•	 Unsaturated polycarboxylic moieties might improve the 
miscibility between polyphenols and selected thermo-
plastics.

On the other hand, the assessment of Pinus radiata poly-
phenols is a key task for Chilean researchers, considering 
that pine species are the most important woody plants in 
commercial forestry systems. The polyphenol content of 
P. radiata bark is very high (8–18  wt%). In fact, several 
innovative technologies are reported to isolate polyphe-
nols from the forestry biomass for industrial applications 
[8–11]. Among commercial thermoplastics, polylactic acid 
(PLA), polystyrene (PS), and low-density polyethylene 

(PE) are high-tonnage polymers in Chile. The main uses 
comprise the agricultural field, packaging design, insula-
tion, and dumping. However, such polymers have recog-
nized drawbacks such as low UV-resistance for outdoor 
applications. For instance, limitations might be overcome 
via thermoplastics melt-blended with natural polyphenols, 
which exhibit high UV-filter features. Beyond the listed 
outdoor applications, the compounding between plastics 
and polyphenols opens new paths for the design of biologi-
cally active composites and O2-barrier films.

This work reports the preparation and characteriza-
tion of several blends based on commercial thermoplastics 
(i.e., PLA, PS, and PE), and polyphenols (polyflavonoids 
and lignin). Rheological, morphological, molecular, ther-
mal, and mechanical analyses were performed. The effect 
of the chemical modification (esterification with maleic 
anhydride) of polyphenols was evaluated. The new types 
of thermoplastic-based materials presented in this study are 
expected to play an important role beyond the traditional 
uses.

Experimental

Materials

Partially crystalline polylactic acid (PLA) Ingeo biopoly-
mer 3251 grade supplied by Nature Works Co., LLC, USA 
was used in this study. Important technical features were: 
average Mw: 90,000–150,000 Da, dispersity (D): 1.6, melt-
ing temperature (Tm): 170 °C, glass transition temperature 
(Tg): 61 °C, and L-lactide content: 98%.

Polystyrene (PS) Styron 484 supplied by Dow Chemi-
cal Co., Europe GmbH (Switzerland) was used. Important 
technical features were: density: 1.05 g cm−3, flow index: 
2.8  g/10  min (190  °C, 2.16  kg), thermal expansion: 9 
cm °C, Tm: 210–250 °C, and Tg: 100–102 °C.

Low-density polyethylene (LDPE) supplied by Hanwha 
(South Korea) was used. Important technical features were 
density: 0.921 g cm−3, flow index: 2.0 g/10 min (190 °C, 
2.16 kg), Tm: 110 °C, and Vicat softening point: 90 °C.

Polyflavonoids (T) as non-water soluble radiata pine 
bark polyflavonoids (PRI) from a pilot-plant feedstock 
extracted with a methanol/water solution (1:20, w/v) at 
120  °C were used [11]. Briefly, PRI are represented by a 
broad mixture of polyphenols (D: 1.5–2.8) mostly 4 → 8 
linked [9, 10].

Lignin (L) from P. radiata was extracted by the aceto-
solv process in acid media. The method was comprised of 
(1) delignification, (2) separation of lignin and hemicellu-
lose, (3) acetic acid removal from the pulp, and (4) solvent 
separation [10–12]. Delignification was performed in a 
conical-made stainless steel reactor (volume of 800 L, DIN 

Scheme 1   Esterification of polyphenols (polyflavonoids and lignin) 
with maleic anhydrides
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1.4571) operated up to 12 bar. The extraction system con-
sisted of a continuous extrusion press with a compression 
ratio of 1/5 (Vetter brand, type Bv) and a 3000 L dilution 
tank with stirrer. P. radiata lignin was extracted with ace-
tic acid (87%) at 120 °C. Lignin isolation was carried out 
by water added to the black liquor, which induced both the 
lignin precipitation and the hemicellulose solubilization.

Lignin samples from the pilot-plant were exhaustively 
washed with distilled water to remove the acid traces, oven-
dried, and stored in a freezer (5 °C) prior to use.

Methods

Polyphenols modification with maleic anhydride

Esterification of polyphenols with maleic anhydride was 
described elsewhere [8]. Briefly, polyphenols (25  mmol) 
were dissolved in 100  mL of DMSO under constant stir-
ring at room temperature (T: 20  °C). After complete dis-
solution, 600 mmol of maleic anhydride (MAH) was added 
step-wise within 5 min. The solution was constantly stirred 
for 24 h and, afterwards, poured into cooled water (T: 5 °C) 
to isolate the reaction products.

This suspension was centrifuged at 4000  rpm during 
10 min, and the solids were washed five times with 50 mL 
of cool water and then oven-dried (T: 40 °C, t: 48 h). The 
derivatives were then grinded in a mortar and keep in a des-
iccator until use. Supernatant was dialysed (Spectrum Lab 
Inc., Merck, Germany, pore size: 300 Da, Ø: 2 cm) within 
72 h. The resulting fraction was subjected to roto-evapora-
tion at 40 °C for 3 h until 2/3th of the initial volume was 
evaporated. The solid from the supernatant was washed 
twice with cold water and freeze-dried.

Blends formulation

Blends based on PE, PLA, and PS were prepared at 110 °C, 
170 °C, and 240 °C, respectively. The mixing time (tmix) in 
the rheometer was 15 min, which was defined according to 
the previous findings [8].

Blends preparation

Solid components (PLA, PRI, and PRI3) were pretreated 
by oven-drying at 60  °C for 72  h to eliminate possible 
absorbed water on the surface of the particles. These dry 
components were added in a specific order to a rheometer. 
PLA and polyflavonoids were mixed for 2 min in a mixer 
and then loaded into the rheometer (mixing time, tmix: 0). 
PEG-400 was loaded after the PLA-melting (tmix: 1.5 min). 

For each treatment, three blends (50  g) were separately 
prepared.

Cold‑blend processing

Blends were ground in an electric mill (IKA, Basic 
MF10, China) and 30  g were compression molded on a 
LabTech LP20-B (Thailand) press (T: 175 °C, t: 5 min, p: 
32 bar). Laminates of 100 mm2 (thickness: 1.5 mm) were 
used for mechanical and microscopy testing.

Characterization

 Rheology measurements were carried out in a torque 
rheometer (Brabender 50 EHT, Germany) with roller 
blades. The rotor speed was 50 rpm and the free volume 
of the chamber was 20% of the total volume.

Particle size distribution and morphology analysis of the 
blends were assessed by a confocal fluorescence micros-
copy. The fluorescence emission pattern of polyflavonoids 
and blends was assessed by a systematic analysis with a 
Zeiss LSM 780 confocal microscope equipped with an EC 
Plan-Neofluar (40×, 1.3 NA) objective lens at the opposite 
side of the cover slip. Dry powdered samples were irradi-
ated by laser light (laser I: λ405nm, laser II: λ488nm, and laser 
III: λ561nm) and fluorescence emissions were recovered. 
The images were obtained by the average of two scans. In 
all experiments, at least three sites of the blend were stud-
ied and no appreciate variation was observed in the fluo-
rescence properties among or within samples. Considering 
the numerical aperture and the wavelength of excitation, 
the spatial resolution was approximately 200 nm. The opti-
cal zoom was 40× and a further digital zoom was used.

Image analysis of the maximum intensity projection was 
used to estimate the particle size distribution of polyflavonoids 
as a referential parameter of the components miscibility. IMA-
RIS software (version 7.5.2, with Measurement Pro module) 
allowed to estimate various types of numerical values based on 
the three-dimensional structures in confocal images.

Volume calculation of polyflavonoid particles was car-
ried out using an automatic segmentation tool (Spots). 
The particle volume values of each image were plotted 
in a normalized histogram with logarithmic scale, and the 
relation between the particle volume and the volume of 
all particles was calculated. Three readings were aver-
aged to define the trend of particle size distribution.

Thermogravimetric analysis was performed on a 
Netzsch TGA instrument (TG 209 F3 Tarsus, Germany). 
Approximately, 6 ± 2 mg of each sample was heated at 
10 °C min−1 to 600 °C under 20 mL min−1 N2 flow. The 
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degradation temperature (Td) was the maximum of the 
1st derivative.

Mechanical testing

Selected laminate samples were cut into a gauge length of 
60 mm and a width of 1.5 ± 0.2 mm and kept in an oven 
overnight. Afterwards, the Young’s modulus (E) was deter-
mined by a standard method (ISO 527-1 5B). A universal 
tensile testing machine (SmarTens 005, KARG Industriet-
echnik, Germany) was used, employing a crosshead speed 
of 10  mm ×  min−1. Eight laminates were used for each 
treatment (Table 1). 

Results and discussion

Rheology and processability features

Modified (TM) and unmodified polyflavonoids (T) reduced 
the torque values during the mixing regardless the type of 
thermoplastic (Table 2). The effect of polyflavonoids on the 
rheological behavior was expected, considering that such 
oligomers are highly polar compounds in comparison to the 
studied polymers (i.e., PE, PS, and PLA).

In contrast, lignin-based composites showed the highest 
torque values in comparison to polyflavonoids (Table  2), 
which indicates strong molecular interactions with thermo-
plastics at the molten state. In fact, the chemical compo-
sition of the polyphenolic additives in terms of functional 
groups, as well as the morphology of the polymer matrix 
involved in the mixing process are recognized as the key 
factors to understand the rheological behavior of the poly-
phenol-based blends.

It is worth to notice that the chemical modification 
decreased the torque value significantly, which can be 
interpreted on the basis that the esterification with maleic 
anhydrides yields highly polar unsaturated carboxylic acid 
containing moieties that interfere chain–chain interactions 
between the polyphenol derivatives and the thermoplastic 
polymers.

In general, polyflavonoids decreased the resistance of 
the rheometer blades. In contrast, lignin-based systems 
increased the resistance in the first minutes of mixing. The 
behavior can be explained considering the low polarity of 
lignin in comparison to flavonoids, which enabled strong 

Table 1   Compositions of 
thermoplastic-based blends 
prepared by the rheometer

TP thermoplastic (PLA poly(lactic acid), PS polystyrene, PE polyethylene), T unmodified radiada pine 
polyflavonoids, TM modified radiata pine polyflavonoids (degree of substitution polyflavonoids: 2.8 ± 0.2, 
degree of modification lignin: 0.9 ± 0.1), L unmodified lignin, and LM modified lignin

Blend type Component (wt%) Blend code

TP T TM L LM

TP-T 99.0 1.0 – – – (PLA99/TI1) (PS99/TI1) (PE99/TI1)

97.5 2.5 – – – (PLA98/TI2) (PS98/TI2) (PE98/TI2)

95.0 5.0 – – – (PLA95/TI5) (PS95/TI5) (PE95/TI5)

TP-TM 99.0 – 1.0 – – (PLA99/TIM1) (PS99/TIM1) (PE99/TIM1)

97.5 – 2.5 – – (PLA98/TIM2) (PS98/TIM2) (PE98/TIM2)

95.0 – 5.0 – – (PLA95/TIM5) (PS95/TIM5) (PE95/TIM5)

TP-L 99.0 – – 1.0 – (PLA99/L1) (PS99/L1) (PE99/L1)

97.5 – – 2.5 – (PLA98/L2) (PS98/L2) (PE98/L2)

95.0 – – 5.0 – (PLA95/L5) (PS95/L5) (PE95/L5)

TP-LM 99.0 – – – 1.0 (PLA99/LM1) (PS99/LM1) (PE99/LM1)

97.5 – – – 2.5 (PLA98/LM2) (PS98/LM2) (PE98/LM2)

95.0 – – – 5.0 (PLA95/LM5) (PS95/LM5) (PE95/LM5)

Table 2   Maximum torque value associated with the thermoplastic 
melting for polyphenol-based blends (tmix 15 min)

T polyflavonoids (tannin), TM modified polyflavonoids, L lignin, LM 
modified lignin. N = 3

PLA poly(lactic acid), PS polystyrene, and PE polyethylene

Loading (wt %) Polyphenol

T TM L LM

PE (100) 45 ± 7

1.0 45 ± 3 40 ± 5 40 ± 3 35 ± 5

2.5 42 ± 4 36 ± 3 46 ± 4 35 ± 3

5.0 21 ± 5 12 ± 2 51 ± 6 28 ± 3

PS (100) 100 ± 11

1.0 36 ± 4 34 ± 4 106 ± 12 131 ± 15

2.5 31 ± 9 38 ± 2 128 ± 10 132 ± 18

5.0 20 ± 6 31 ± 4 132 ± 9 158 ± 12

PLA (100) 40 ± 6

1.0 37 ± 5 33 ± 6 36 ± 2 36 ± 6

2.5 34 ± 6 32 ± 4 35 ± 2 37 ± 4

5.0 30 ± 3 29 ± 2 38 ± 3 40 ± 1
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molecular interactions regardless of the type of polymer. In 
addition, the effect of the chemical modification on torque 
values can be also explained considering that the physico-
chemical properties of polyphenols dramatically change 
during O-alkylation reactions [8].

On the other hand, the mixing time (tmix) was strongly 
dependent on the chemical modification, the polyphenol 
type, and the chemical structure of the polymer (Fig.  1). 
Modified polyphenols reduced the tmix on PE-based blends 
regardless of the additives content. In contrast, modified/
unmodified lignin increased the tmix on PS-blends, while 
polyflavonoids decreased the tmix significantly regardless  
of the chemical modification. However, modified polyfla
vonoids and lignin increased the tmix in a high extend in the  
PLA-based systems.

It is worth to notice that the chemical structure of the 
grafting had a high impact on the mixing behavior for PE- 
and PLA-based polymers. In contrast, the aromaticity of 
the additives may affect the tmix of the PS-based systems. 
The aromatic moieties of polyphenols might have affected 
the heat transfer process during the melt blending and in 
consequence changing the tmix. In fact, the low heat capac-
ity of aromatic compounds in binary and ternary thermo-
dynamic systems in comparison to aliphatic chemicals is 
a well-known issue [13]. In general, the heat capacity of 
the additives and the functional group content showed the 
strongest influences on the tmix at the molten state. How-
ever, the interaction between the chemical modification 
and the polyphenols content affected the rheological fea-
tures as a function of the polymer type in a different way. 
Either the torque or tmix values describe how the chemical 
modification of the additives affects the rheology behavior 
significantly.

Particle size distribution

Confocal fluorescence microscopy enables polyphenol 
quantification in a wide range of experimental conditions 
[14]. In fact, morphological and structural pattern of 
polyphenolic macromolecules might be assessed in this 
way. As the technique was applied to polyphenol-based 
materials, it had to be considered the particle distribution 
effect on the plastic matrix is hard to access using the 
conventional techniques [8]. Considering that the poly-
phenol-based blends are colored composites, the evalua-
tion of the fluorescence emission pattern was performed 
on the basis that PE, PS, and PLA are not fluorescent 
active polymers. Such advantageous features were taken 
in advance to study the morphology of the polyflavonoids 
and lignin particles dispersed in thermoplastics [3, 8].

Fluorescence emission spectra was assessed with 
three kinds of lasers (λ1: 405, λ2: 488, and λ3: 561 nm). 
Maximum fluorescence emissions were observed within 
a broad range of wavelengths (λ1  →  480–500  nm, 
λ2 → 560–630 nm, and λ3 → 600–620 nm). In addition, 
no differences regarding chemical modification and poly-
phenol type on the fluorescence patterns were detected 
(data not shown). Considering the results, red light laser 
(λ3: 561 nm) was used to gain insight into the polyphenol 
particle morphology.

Maximum intensity projections of selected blends are 
shown in Fig. 2. It is worth to notice that a wide range of 
particle shapes were observed depending on the polyphe
nol and the thermoplastic types.

Modified polyflavonoid particles showed clear 
agglomeration on the PE matrix. The results can be 
apparently explained considering the differences in the 
polarity between polyphenols and PE. However, poly-
phenols dispersed/dissolved on PS and PLA polymers 
showed an apparently good distribution regardless of the 
polyphenol type.

It is worth to notice that PLA-based blends show high 
intensity of green and red light probably associated with 
the decreasing of the particle size as described previously 
[8]. The results suggested that a longer period of mixing 
(tmix: >15  min) is required to get a better dispersion of 
polyflavonoid particles in the PE matrix.

In general, the image processing revealed significant 
differences in morphological parameters of the polyfla-
vonoids and lignin particles. Modified and unmodified 
lignin showed green fluorescence on the background as 
an evidence of the apparent significant dispersion/disso-
lution into the polymer matrix. In fact, the high miscibil-
ity of acetosolv lignin in thermoplastic had been reported 
previously [15, 16].

The low Mw value of pine acetosolv lignin (1000–
1500  g  mol−1) was the main reason for its good 

Fig. 1   Time for the maximum torque value for several thermoplastic-
based blends (tmix: 15 min) (T polyflavonoids (tannin), TM modified 
polyflavonoids, L unmodified lignin, and LM modified lignin)
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miscibility behavior. However, the dispersion trend of the 
polyflavonoids particles in the thermoplastic was highly 
affected by the intrinsic polarity of the polyphenol and 
the chemical modification degree, as well. The method-
ology allowed a high count of particles dispersed in the 
thermoplastics.

Particle volumes were determined based on a selective 
channel (red, λ3: 561 nm). As previously described by the 
maximum intensity projection, the normalized histograms 
show how thermoplastics and polyphenol types affect the 
miscibility to a high extent (Fig. 3a–f). However, a differ-
entiated behavior of every polyphenol/thermoplastic sys-
tem was observed.

Lignin in PE-based blends exhibited the highest count-
ing of fine particles, which described the better miscibility 
of such polyphenols in the olefin polymer (PE). In contrast, 
the particle size distribution of modified polyflavonoids 
in PE showed the higher fraction of large particles. The 
aromatic content of the polyphenol apparently inhibited 
the miscibility in the thermoplastic matrix. Differences in 
the miscibility between polyflavonoids and lignin can be 
explained considering the aromatic/aliphatic carbon ratio of 
the monomer unit (polyflavonoids: C12/C3 vs lignin: C6/C3). 
Therefore, the significant aromatic content of the polyfla-
vonoids affected the miscibility with olefinic polymers, in 
comparison to the aromatic polar thermoplastic matrix. In 
contrast, polyphenol particles volume distribution showed 
significant differences in the PS-based blends.

Modified lignin exhibited significant abundance of the 
large particles in comparison to the unmodified lignin and 
polyflavonoids. The differentiated behavior of polyphenols 
dispersed in PS in comparison to PE can be explained con-
sidering that PS is an aromatic polymer. The similar chemi-
cal backbone of lignin (monomer unit: C6–C3) and PS (C6–
C2) apparently enhanced the compatibility features.

The results highlighted the significant influence of the 
grafted moieties (α-β-unsaturated carboxylic acid) on the 
molecular interaction with thermoplastics. On the other 
hand, PLA-based blends showed pronounced differences in 
their miscibility depending on the polyphenol type. Lignin 
exhibited the best miscibility features, while unmodified 
polyflavonoids showed the worst compatibility trend. The 
relatively high polarity of PLA, in comparison with PE and 
PS polymers, favored a better interaction with the highest 
polar polyphenols. The chemical modification affected the 
particles volume in the thermoplastic matrix. The volume 
ranges of the polyphenols dispersed in PLA were rather 
similar to those observed in PS-based blends. However, 
modified polyphenols (TM and LM) exhibited the highest 
volume distribution regardless of the type of thermoplastic.

The results pointed out that the influence of the grafting 
becomes critical for low polarity polyphenolic building-
blocks. However, the morphology of the polyphenols in 
terms of the conformational features was the most impor-
tant factor affecting the miscibility of such additives in 
PLA. Based on such findings, lignin at additive content 
between 1 and 5 wt% might be used as a functional addi-
tive for any studied commercial polymers. However, poly-
flavonoids are highly recommended for PS- and PLA-based 
blend formulations.

Furthermore, it is worth to highlight that confocal 
microscopy coupling to image- processing algorithms pro-
vides valuable insights regarding the particles distribution 
and the morphological features of the natural polyphenols 
dispersed in the thermoplastic polymers. The particle size 
determination by using  confocal microscopy seems to be 

Fig. 2   Maximum intensity projection of selected thermoplastic-
based blends (tmix: 15  min) (images of the corresponding TP98/P2  
blend are shown) (T polyflavonoids (tannin), TM modified polyflavo
noids, L unmodified lignin, LM modified lignin, PE polyethylene, PS  
polystyrene, and PLA polylactic acid)
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a sensitive and robust method for the study of the misci-
bility patterns of self-fluoresce polyphenolic components 
dispersed in the thermoplastic polymers. Further investi-
gations regarding the effect of the chemical modification-, 
and the polyphenol type on the fluorescence emission pat-
terns should be performed.

Thermal stability

DTG analysis revealed the significant effects of the poly
phenol and thermoplastic type on the thermal behavior  
(Fig.  4). Decomposition temperature (Td) of the blends 
oscillated between 340 and 500 °C and was strongly asso
ciated with the thermoplastic type. Blends prepared with  
PE showed the highest thermal stability between 450 and 
500 °C. In contrast, PLA derived blends showed the low
est thermal resistance regardless of the polyphenol type and  
blend composition.

It is seems that at low polyphenols content (1–5 wt%), 
the decomposition pattern of the blends is conditioned by 
the thermal properties of the polymer matrix. The detri-
mental effect of lignin on the Td value of the blends was 
remarkable in comparison with the polyflavonoids. In 

addition, modified polyphenols (TM and LM) provided 
the lowest thermal resistance. The results were unex-
pected considering that polyflavonoids have a low ther-
mal stability in comparison to lignin [2, 4]. However, 
the behavior might be explained considering that aceto-
solv lignin from P. radiata is a highly thermally unstable 
biopolymer in comparison to lignin obtained by alterna-
tive isolation techniques.

In addition, the esterification of lignin with maleic 
anhydride under acid conditions (pH 2–3) seems to affect 
the thermal stability of such polyphenol to a high extent 
(unpublished data). The low thermal resistance of the mod-
ified polyphenol-based blends is also expected. The α-β 
unsaturated carboxylic moiety in derivatives enabled early 
thermal decomposition in consequence of a decarboxyla-
tion reaction (Td: 170–180 °C), as well as an ester cleavage 
[17–19].

In general, the results established that chemical modi-
fication of polyphenols affected significantly the thermal 
resistance of high polarity blends regardless of the miscibil-
ity/compatibility trends. From the practical point of view, 
the thermal resistance of the polyphenols-based blends was 
relatively high (Td  >  200  °C), considering that the main 

Fig. 3   Morphological features of polyphenol particles dispersed in  
thermoplastics (assessed by emission fluorescence microscopy). (sin­
gle asterisk) highest abundant polyflavonoids particle volume (ref
erence), (double asterisk) highest abundant lignin particle volume  
(reference): a normalized histogram, illustrating particles volume in 
PE-based blends, b volume distribution of polyphenol particles in 
PE-based blends, c normalized histogram, illustrating particle volume 

of PS-based blends, d volume distribution of polyphenol particles in 
PS-based blends, e normalized histogram illustrating particle volume 
of PLA-based blends, f volume distribution of polyphenol particles in 
PLA-based blends (TP thermoplastic, T polyflavonoids (tannin), TM 
modified polyflavonoids, L unmodified lignin, LM modified lignin, 
PE polyethylene, PS polystyrene, and PLA polylactic acid)
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envisaged uses are focus on outdoor applications in agri-
cultural environments (PE-, PS-, and PLA-based bioactive 
films/UV-filters).

Mechanical testing

The effect of the polyphenol type on the elasticity modu-
lus (E) was investigated. E-values of thermoplastic-based 
blends seem to be highly dependent on the polymer compo-
sition (Table 3). The highest elastic modulus were achieved 
for blends containing 5  wt% of the unmodified lignin 

regardless of the thermoplastic type. However, the highest 
differences in the E-values were achieved for PLA-based 
blends prepared with 5 wt% modified polyphenols. In any 
case, variations in the elastic modulus as a function of the 
polyphenol content can be regarded insignificant compared 
to the decrease of the E-values due to the polyphenols 
addition to the neat polymer. However, an increase in the 
amount of polyphenol additives affected the elastic modu-
lus in a different way depending on the type of thermoplas-
tic polymer.

Modified/unmodified polyflavonoids decreased the elas-
tic modulus to a high extent, mainly in PS-, and PLA-based 
blends. This result was expected considering that polyphe-
nol and its derivatives exhibit similar polarity. However, the 
modified polyphenols possess the highest content of polar 
functionalities. In contrast, L and LM increased the E val-
ues significantly regardless of the thermoplastic type. The 
results can be explained on the basis that lignin has lower 
polarity than polyflavonoids and the chemical modification 
slightly influences the polar character of the lignin in com-
parison with polyflavonoids. Another factor that should be 
considered is the degree of chemical modification (DS). A 
higher value of DS in polyflavonoids promoted high impact 
on the blend properties. In contrast, the low degree of mod-
ification in lignin favored the interaction with the polymer 
matrix in a narrow range of loading.

In general, the influence of the polyphenol loading on 
the mechanical behavior (flexural) may also be explained 
based on the aromatic content and polar characteristic of 
the resulting blends. Both factors should be considered to 
understand the macroscopic properties of the polyphenols-
based blends. Polyflavonoids as well as modified lignin 
showed a poor flexural impact in PE-based blends. This 

Fig. 4   DTG curves (first 
derivate from the TGA trace) 
of the selected blends. Inserted 
decomposition temperature  
(Td) of the PLA-based blend  
as a function of the polyphenol  
content, N = 3 (TP thermoplas
tic, T polyflavonoids (tannin),  
TM modified polyflavonoids, L  
unmodified lignin, LM modified  
lignin, PE polyethylene, PS:  
polystyrene, and PLA polylactic  
acid)

Table 3   Elasticity modulus (E) of thermoplastic-based blends pre
pared with polyphenols (tmix 15 min)

T polyflavonoids (tannin), TM modified polyflavonoids, L lignin, LM 
modified lignin. N = 8

PLA poly(lactic acid), PS polystyrene, and PE polyethylene

Loading 
(wt%)

Polyphenol

T TM L LM

PE (100) 230 ± 56

1.0 231 ± 39 250 ± 36 231 ± 31 222 ± 21

2.5 220 ± 32 240 ± 23 242 ± 38 218 ± 12

5.0 200 ± 18 155 ± 17 245 ± 27 215 ± 19

PS (100) 1850 ± 176

1.0 1605 ± 234 1550 ± 178 1590 ± 185 1587 ± 212

2.5 1650 ± 219 1380 ± 211 1650 ± 178 1640 ± 184

5.0 1690 ± 197 1710 ± 163 1690 ± 132 1320 ± 176

PLA (100) 2750 ± 210

1.0 2200 ± 286 2650 ± 198 2690 ± 227 2567 ± 186

2.5 2350 ± 298 2870 ± 217 2700 ± 213 2700 ± 195

5.0 2400 ± 271 2900 ± 218 3121 ± 172 2610 ± 201
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could be explained considering the high content of polar 
functional groups in both polyphenols [20–22].

In addition, the results pointed out that TM and LM 
seemed to be highly desirable additives for PLA-based 
material designs, as esterified derivatives apparently 
exhibited a better miscibility with the COOH-contain-
ing polymer (PLA). From the practical point of view, the 
modified and unmodified polyflavonoid building-blocks 
(loading: 1–5 wt%) are highly recommended for the design 
of PLA- and PS-based composites. In contrast, lignin can 
be used for all three studied thermoplastics. The chemi-
cal modification of lignin seems to have less influence on 
the performance of thermoplastic blends in comparison to 
polyflavonoids.

Conclusion

Polyethylene-, polystyrene-, and poly(lactic)-based blends 
were successfully prepared with modified/unmodified P. 
radiata polyflavonoids and lignin (1–5  wt%). Chemical 
modification of radiata pine polyphenols was a viable strat-
egy to improve the performance on the polystyrene- and 
poly(lactic)-based blends as a consequence of better pro-
cessability features. However, polyflavonoid derivatives 
strongly affected the PE-based blend performance. The 
chemical structure of the polyphenol grafting influences: 
(i) the processability during the melt blending, (ii) the 
miscibility of the components, (iii) the thermal resistance, 
and (iv) the flexural performance. The image processing 
data based on confocal fluorescence microscopy were suc-
cessfully utilized to estimate the polyphenol particle vol-
ume and in consequence enabling miscibility predictions 
between the polyphenol additives and thermoplastic poly-
mers. The torque value and the mixing time seemed to be 
affected by the functional group composition at the molten 
state. The modified polyphenols showed higher compatibil-
ity features in consequence of a dramatic reduction of par-
ticle volumes on PS- and PLA-based blends. Despite that, 
polyphenolic additives affected the decomposition tem-
perature (ΔTd: <15 °C) regardless of the polyphenol type. 
Blends can be used at temperature below 200 °C. Modified 
polyphenols, which are esterified with maleic anhydride, 
might be preferably used on PS- and PLA-based blends, 
while lignin is recommended for the three thermoplastics 
used. The interaction between the functional groups and the 
thermoplastics matrix moieties dictates the behavior of the 
blends.
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