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Editorial

Following the success of the previous six workshops 
held respectively in Pardubice, Czech Republic, 
Riga, Latvia, Cracow, Poland, Pisa, Italy, San 
Sebastian, Spain, and Bragança, Portugal from 2010 
to 2015, the 7th Workshop on Green Chemistry and 
Nanotechnologies in Polymer Chemistry took place 
at the National Laboratory of Nanotechnology in San 
José, Costa Rica in 2016. The event was attended by 
a large group of scientists from many academic back-
grounds, hailing from different countries, committed 
to expanding the scope of their scientific research and 
its impact on industrial society.

The conference was aimed at exploring and dis-
cussing the latest trends in applied research and 
technology in the fields of green chemistry and nan-
otechnology in polymer chemistry, as well as their 
contribution to a sustainable biobased and innova-
tive industry. However, it was not just an event for 
presenting the state of the art of the mentioned topics, 
but also a space for developing new ideas and shar-
ing knowledge between researchers from academia 
and industry and students from 20 countries. It is a 
pleasure to bring you this special issue of Journal of 
Renewable Materials, which is a collection of some of 
the main topics presented.

During the last decades, the biorefinery concept 
and its impact on modern industrial society has 
gained considerable prominence. In the case of the 
academic field, worldwide interest in biobased poly-
mers has increased progressively over the past years 
as advances in technology have generated an accumu-
lated experience, allowing the development of new 
routes to produce bioplastics to reduce dependency 
on fossil fuels. Some of the studies presented in the 
workshop covered and reviewed the transformation 
of biomass-derived compounds into polymers and 
valuable chemicals. Addressing the need for synthe-
sis of biobased high-performance resins with prop-
erties similar to those shown by their commercial 
counterparts, the study of network formation kinetics 

and thermomechanical properties and linear fracture 
mechanics of interpenetrating polymer networks 
(IPNs) from acrylated soybean oil and α-resorcylic 
acid were presented and deeply discussed. Following 
a similar approach, a high-performance biobased 
epoxy polymer was synthesized using fast pyrolysis 
bio-oil (containing lignin fragments) as a source of 
phenolic compounds. Therefore, ideas and research 
were developed on how to efficiently reuse and/or 
take better advantage of the materials extracted from 
nature nowadays. Examples of this are the synthesis 
and characterization of foams derived from hybrid 
biopolymer, and synthesis of nanocellulose derived 
from pineapple peel waste from industries.

How extracellular structures forming natural tis-
sues and secretions are arranged, the reason for the 
iridescent colors of butterfly wings, and why spider 
silk has mechanical strength were some of the interest-
ing questions discussed; and the first insights derived 
from the National Laboratory of Costa Rica under the 
umbrella of this new concept of “nanobiodiversity” 
are published in this special issue. 

The contributions reflect the relevance of topics 
such as biorefining and bioinspired materials for tech-
nical applications. We are glad to present approaches 
and processes in this special issue that enable enhance-
ment of new material development and reuse.

We would like to express our thanks to the authors 
of these articles for the excellent quality of work and to 
those who reviewed the articles for their professional 
evaluations. 
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ABSTRACT:  The utilization and valorization of industrial waste is an effective strategy for environmental protection. Since 
the juice industry generates a huge amount of citrus waste, we studied the application of thermally treated 
orange peel in catalysis. On the other hand, Keggin heteropolyacids are excellent oxidant catalysts used as a 
replacement for conventional oxidants; however, their solubility in polar solvents and the low specific area 
limit their use as heterogeneous catalysts. The utilization of treated orange peel as heteropolyacid support 
for the selective oxidation of sulfides is presented here. Firstly, orange peel was thermally treated, and then 
it was incorporated with heteropolyacids (PMo) during the silica synthesis by the sol-gel method. Therefore, 
SiO2-PMo, SiO2-OP100-PMo, and SiO2-OP200-PMo were obtained, characterized by FTIR, SBET, XRD, and 
potentiometric titration, and were tested as heterogeneous catalysts in the selective oxidation of sulfide to 
sulfoxide in a greener process: H2O2 as oxidant and ethanol as solvent, at 25 °C.
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1 INTRODUCTION

One of the main environmental issues is the deposi-
tion of solid waste generated by different industries, 
which causes water, air, and soil pollution. As Green 
Chemistry teaches, the elimination or reduction of 
hazardous waste and substances must be considered 
in every chemical/industrial process [1, 2].

The orange juice industry generates a huge 
amount of citrus waste, almost half of the fresh fruit 
used. This residue is composed of peel, seeds, pulp, 
and leaves, which amounts to 15 million tons per 
year [3, 4].

Some juice industries remove the liquid from the 
residue, and the dry solid is sold to cosmetic indus-
tries or as cattle feed. However, the treatment of citrus 
waste can represent a huge additional cost, and the 
disposal in open dumps is the traditional option cho-
sen by industries. This constitutes a nutrient source 
and a potential pollution agent because of the high 
content of organic matter and its humidity [3, 5]. On 
the other hand, the incineration of solid waste can 
produce energy through the heat generated, but also 

produces a large amount of flue gases, toxic fumes 
and ash. Therefore, the transformation of this waste 
into value-added products could allow industries to 
reduce treatment costs and generate some economic 
benefits. In addition, by-product processing is essen-
tial for sustainable development [6].

The composition of the orange waste is rich in solu-
ble sugars, cellulose, hemicellulose and pectin, which 
can provide molasses, dietary fiber supplements, 
essential oils, essences, D-limonene, hydroxymeth-
ylfurfural, bioethanol, biofuel, oil seeds, flavonoids, 
fertilizers, charcoal, biosurfactants, adsorbents, etc. 
[7–12].

On the other hand, heteropolyacids (HPAs) consti-
tute a field of increasing importance worldwide, espe-
cially in catalysis as a replacement for inorganic acid 
catalysts, such as sulfuric, hydrofluoric or hydrochlo-
ric acids, which produce toxic waste and require dras-
tic reaction conditions. HPAs possess a very strong 
acidity and appropriate redox properties, are noncor-
rosive, cheap and environmentally friendly [13, 14]. 
Our research group has vast experience employing 
HPAs (Keggin, Wells-Dawson and Preyssler) as cata-
lysts for heterocyclic synthesis and selective oxidation 
reactions [15–17]. 

With respect to their use as redox catalysts, we 
used HPAs together with hydrogen peroxide, which 
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is an eco-friendly oxidant due to its oxygen content, 
low cost, and the fact that water is the only reaction 
by-product, in the selective oxidation of anilines, alco-
hols, phenols, naphthols, and sulfides [18–20]. Due 
to the high solubility in polar solvents, such as water 
and ethanol, and the low specific area of bulk HPAs, 
these reactions were studied using HPAs supported 
on conventional oxides [21, 22] or their pyridine salts 
[23] to convert HPAs to heterogeneous catalysts. The 
 utilization of heterogeneous catalysts is more advan-
tageous than that of homogeneous catalysts, mainly 
because they can easily be recovered from the reac-
tion mixture by simple filtration procedures and then 
reused after activation, thereby making the process 
economically viable.

Among the different ways to convert bulk HPAs to 
heterogeneous catalysts that have been studied, the 
inclusion of HPAs in a silica matrix during the sol-gel 
process has been one of the best strategies [24].

On the other hand, the selective conversion of sul-
fides to sulfoxides is of great importance both in the 
industry and in basic research [25, 26], especially due 
to their therapeutic properties [27].

Our research group has used waste, such as cement 
and sand from the building industry, used tires and 
glass bottles, as support for HPAs [28]. Here we pres-
ent the orange waste as charcoal source, and its incor-
poration into a silica matrix that can act as support for 
HPAs. The solids were tested as heterogeneous cata-
lysts in the selective oxidation of diphenyl sulfide to 
diphenyl sulfoxide in a greener process using aque-
ous H2O2 as oxidant and ethanol as solvent, at room 
temperature (Scheme 1). We expect that this strategy 
could be used for the valorization of citrus waste gen-
erated by the juice industry.

2 EXPERIMENTAL

2.1 General

Orange peel was obtained from fresh fruit from the 
local market, and all the chemical reagents were 
purchased commercially and used without further 
purification.

2.2 Catalyst Preparation

Orange peel was cut into small pieces, washed with 
ethanol and was thermally treated: first it was dried in 
an oven at 100 °C for 24 h and ground (OP100), then it 
was carbonized at 200 °C for 2 h under air atmosphere 
and ground (OP200). Subsequently, OP100 and OP200 
were added during the silica synthesis by the sol-
gel method, at room temperature: tetraethoxysilane 
(TEOS, 6.8 mL, 0.03 mol) and absolute ethanol (6 mL, 
0.1 mol) were mixed in a glove box under nitrogen 
atmosphere. Then the mixture was removed from the 
nitrogen atmosphere and a solution of phosphomolyb-
dic acid (PMo) (300 mg, 1.5 10–4 mol) in absolute etha-
nol (2.7 mL, 0.03 mol), water (2 mL, 0.1 mol) and OP100 
or OP200 (200 mg) were incorporated and stirred until 
dry sol-gel was obtained. Therefore, SiO2-PMo, SiO2-
OP100-PMo, and SiO2-OP200-PMo were obtained. 

2.3 Catalyst Characterization

2.3.1 Scanning Electron Microscopy (SEM)

The synthesized solids, fixed on a graphitized band 
and metalized with Au, were characterized by a 
Philips 505 scanning electron microscope using an 
accelerating voltage of 25 eV.
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Scheme 1 Selective oxidation of diphenyl sulfide.
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2.3.2  Fourier Transform Infrared 
Spectroscopy (FTIR)

The FTIR spectra were obtained in the 400–4000 cm-1 
wavenumber range using pellets of KBr in a Thermo 
Bruker IFS 66 spectrometer.

2.3.3 X-ray Diffraction (XRD)

The XRD patterns of the solids were collected in 
Philips PW-1730 equipment, using Cu Ka radiation 
(l = 1.5406 Å) with 40 kV and 20 mA. A nickel  filter 
and scanning angle between 5° and 60° of 2q at a 
 scanning rate of 2° (2q) per minute were used.

2.3.4 Textural Properties

The nitrogen adsorption/desorption isotherms at 
−196 °C were determined using Micromeritics ASAP 
2020 equipment. The previous degasification was car-
ried out for 700 min at 100 °C and below 30 μm Hg. 
From these isotherms, it was possible to determine the 
specific surface area (SBET) of the samples. 

2.3.5 Potentiometric Titration

The titration was carried out by adding 0.05 mL of 
a solution of n-butylamine in acetonitrile (0.05 N) 
to 0.05 g of the solid suspended in acetonitrile 
(90 mL). The potential variation (mV) was measured 
with Metrohm 794 Basic Titrino equipment using a 
 double junction electrode. This technique enables 
the evaluation of the total number of acid sites and 
their acid strength. In order to interpret the results, 
it is suggested that the initial electrode potential 
(E)  indicates the maximum acid strength of the sur-
face sites, and the values (meq/g solid) where the 
 plateau is reached indicate the total number of acid 
sites.

2.4 Catalytic Test

A mixture of diphenyl sulfide (1 mmol), ethanol 
(8 mL), aqueous H2O2 35% (w/v) (0.15 mL), and 
catalyst (250 mg) was stirred at room temperature. 
Samples (0.1 mL) were withdrawn at fixed inter-
vals, extracted with dichloromethane (0.5 mL) and 
water (0.5 mL), dried on anhydrous Na2SO4 and 
analyzed by gas chromatography in a Shimadzu 
2014  equipment with a Supelco capillary column 
(0.32 mm × 30 m). 

After 24 h of reaction, the catalyst was filtered, 
washed with ethanol (2 × 1 mL), dried, and reused fol-
lowing the procedure described above.

3 RESULTS AND DISCUSSION 

3.1 Scanning Electron Microscopy 

Figure 1 shows the SEM micrographs of the solids. 
OP100 presents a regular and undulating surface, 
while OP200 shows pores due to carbon formation in 
the thermal treatment. On the other hand, the siliceous 
solids, SiO2-PMo, SiO2-OP100-PMo, and SiO2-OP200-
PMo, present the typical morphology of pure silica 
(SiO2). However, evidence of carbonaceous material 
can be seen in SiO2-OP200-PMo. 

3.2  Fourier Transform Infrared 
Spectroscopy

The FTIR spectra of SiO2-PMo, SiO2-OP100-PMo, and 
SiO2-OP200-PMo (Figure 2) are similar to the pure 
silica spectrum. However, there are signs of charac-
teristic bands of Keggin structure (gray lines in the 
figure), which means that PMo is inside the solid and 
retains its structure. The PMo spectrum showed bands 
at 1064 (P-Oa), 960 (Mo=Od), 872 (Mo-Ob-Mo), and 
779 (Mo-Oc-Mo) cm-1, where Oa surrounds the cen-
tral tetrahedral P; Ob connects MoO6 octahedra by the 

OP100 OP200

SiO2-OP200-PMoSiO2-OP100-PMo

SiO2-PMo SiO2

Figure 1 SEM micrograph of OP100, OP200 (magnification 
100x), SiO2-OP100-PMo, SiO2-OP200-PMo, SiO2-PMo, and 
SiO2 (magnification 250x).
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corners; Oc shares the octahedra edges; and terminal 
oxygen Od is bonded to only one Mo atom.

The OP100 spectrum presents the characteristic sig-
nals of organic material, while the ones observed in 
OP200 are from carbonized organic material [5]. 

3.3 X-ray Diffraction

Figure 3 shows the XRD patterns of the solids. The 
thermally treated orange peel shows an amorphous 
pattern, as well as pure silica. The synthesized cata-
lysts present a pattern similar to that of pure silica, 
which indicates a high dispersion of citrus waste 
and PMo inside the silica matrix. However, peaks of 
bulk PMo (Figure 3g) are present in SiO2-OP200-PMo 
(Figure 3f).

3.4 Textural Properties

Nitrogen adsorption/desorption isotherms of SiO2 
and SiO2-PMo are of type I, indicating a microporous 
material. The isotherms of SiO2-OP100-PMo and SiO2-
OP200-PMo are similar to type II isotherms, charac-
teristic of materials with large pores or that are non-
porous. The surface area SBET (Table 1) of the included 
silica is lower than that of pure silica, possibly due to 
pore blocking for the HPA and citrus waste remaining 
inside the silica structure. 

3.5 Potentiometric Titration

PMo heteropolyacid is a strong acid (E = 826 mV) 
with a large number of acid sites. However, the acid 

strength and the number of acid sites decrease when 
it is included in the different silica  supports (Figure 4). 
This fact could be related to the proton mobility of the 
PMo into the silica framework.

3.6 Catalytic Test

The results of the catalytic test (Figure 5) show 
that the conversion was complete at 6 h for  
SiO2-OP100-PMo, 12 h for SiO2-PMo, and 24 h for 
SiO2-OP200-PMo. Diphenyl sulfoxide was obtained 
with more than 98% selectivity for the selected 
time. In a blank experiment using the pure sup-
port,  diphenyl sulfide conversion was not observed 
after 24 h. 

The activity of SiO2-PMo and SiO2-OP100-PMo 
slightly decreases in the second and third uses 
(Figures 6 and 7). However, in the reuses of SiO2-
OP200-PMo, a small increase was observed (Figure 8). 
For the three catalysts, the selectivity toward diphenyl 
sulfoxide was excellent. 
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Figure 2 FTIR spectra of (a) OP100, (b) OP200, (c) SiO2, 
(d) SiO2-PMo, (e) SiO2-OP100-PMo, (f) SiO2-OP200-PMo, 
and (g) PMo.
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Figure 3 XRD patterns of (a) OP100, (b) OP200, (c) SiO2, 
(d) SiO2-PMo, (e) SiO2-OP100-PMo, (f) SiO2-OP200-PMo, 
and (g) PMo.

Table 1 Textural properties of catalysts. 

Sample
SBET 

(m2/g) Sample
SBET 

(m2/g)

SiO2 760 SiO2-OP200-PMo 19

SiO2-PMo 545 OP100a –

SiO2-OP100-PMo 324 OP200 2.3
aVery low values, in the range of experimental error



DOI: 10.7569/JRM.2017.634108 María Belén Colombo Migliorero et al.: Valorization of Citrus Waste

J. Renew. Mater., Vol. 5, Nos. 3–4, July 2017  © 2017 Scrivener Publishing LLC  171

4 CONCLUSION

The valorization of citrus waste was achieved by the 
incorporation of orange peel into catalysts containing 
a Keggin heteropolyacid in a silica matrix. The cata-
lysts were satisfactorily tested in the selective oxida-
tion of diphenyl sulfide to diphenyl sulfoxide in an 
eco-friendly process: heterogeneous catalysts, room 
temperature, ethanol as solvent, and hydrogen perox-
ide as oxidant. The catalytic activity was maintained 
after three reaction cycles. 

The obtained results have encouraged us to extend 
the reaction using more complex sulfides for the syn-
thesis of bioactive sulfoxides.
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Figure 4 Potentiometric titration curves of PMo and 
synthesized catalysts.
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Figure 6 Diphenyl sulfide conversion in the reuses of 
SiO2-PMo.
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ABSTRACT:  In this study a series of hydrogels based on Beetosan® and containing natural substances, such as bee pollen 
and sage (Salvia officinalis), have been prepared. Beetosan is a type of chitosan that is obtained from the 
external skeletons of naturally occurring dead honeybees. In multistage chemical treatment, dead insect waste 
is converted into chitosan that is used in research as a hydrogel matrix. Prepared materials were synthesized 
using photopolymerization. Studies on the obtained hydrogels included determining their swelling ability and 
behavior in a simulated body fluid environment, as well as determining their chemical structure by Fourier 
transform infrared spectroscopy (FTIR). Based on the research it can be stated that all synthesized modified 
hydrogels are characterized by swelling ability and do not tend to degrade after immersing in solutions with a 
composition similar to body fluids.

KEYWORDS:  Bee pollen, chitosan, hydrogels, Salvia officinalis (sage)

1 INTRODUCTION

Recently, substances of natural origin have been grow-
ing in popularity both in the food and medical science 
industries. Many plants have a diversified chemical 
composition, which makes them a valuable compo-
nent of various formulations desirable in pharmaceu-
tical medicine. 

Undoubtedly, Salvia officinalis (sage) belongs to the 
group of such plants. Sage is one of the species from the 
Lamiaceae family. Its name is derived from the Latin 
word “salvus,” which means “health.” It should be 
noted that an essential oil contained in the leaves of this 
species is unique in terms of its nutrients. Furthermore, 
sage also includes substances such as organic acids, 
flavonoids, carotene, tannins and many vitamins  
(e.g.,  niacin, A, B1, C). Due to having such a diverse 
composition, Salvia officinalis is applied as a compo-
nent of formulations used in diseases of the diges-
tive and respiratory systems and also in cases of skin 
diseases. Additionally, recent research indicates that 
sage is characterized by an antimicrobial and antican-
cer action [1–3]. The next noteworthy ingredient of 
natural origin is definitely bee pollen. It is a substance 

collected by bees from flowering plants and processed 
by these insects. Due to the numerous beneficial nutri-
tional properties of this material it is a useful substance 
in medicine as well as cosmetics. Bee pollen contains a 
series of desired substances, including minerals, vita-
mins (retinol, niacin, tocopherols, ascorbic acid and 
many others), essential oils, enzymes or even growth 
promoters [4–6].

In the present study, bee pollen and Salvia 
 officinalis constitute an additive to the hydrogel 
matrix. Undoubtedly, one of the interesting charac-
teristics of hydrogel materials is the possibility of 
introducing diverse substances into their interior, 
which results in enrichment of the material with 
new features and/or new properties. These poly-
mers are known for their nontoxicity, biocompat-
ibility and other features, which affect the possibility 
of applying these materials for medical purposes 
[7–9]. Beetosan is a compound constituting hydrogel 
matrix. It is a chitosan whose name comes from its 
acquired source, i.e., naturally occurring dead hon-
eybees. It is currently a highly popular biopolymer 
that requires a multistep process, including removal 
of all unwanted substances present in the bee’s body 
[10–13]. Synthesis has been conducted at the Cracow 
University of Technology. A process consisting of 
several stages is required because of the necessity of 
removing substances, such as waxes, mineral salts, 
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proteins or dyes, from the dead insects. Each step 
requires the selection of appropriate parameters 
(including temperature and pH) in order to obtain 
the desired material.

2 MATERIALS

Diacrylate poly(ethylene glycol) at a molecular weight 
equal to 700 g/mol (PEGDA 700) and 2-hydroxy-2-
methyl propiophenone were supplied from Sigma-
Aldrich SA. Gelatin was purchased from POCH SA 
(Poland). Reagents used in the research were analyti-
cally pure. Additives introduced into the hydrogel 
matrix, i.e., Salvia officinalis and bee pollen, were deliv-
ered from Herbapol Lublin SA. Beetosan was obtained 
in a multistep chemical process, in which naturally 
occurring dead honeybees were used as raw material. 
Synthesis was carried out at the Cracow University of 
Technology.

3 EXPERIMENTAL

3.1  Synthesis of Hydrogels

In the first stage, a solution of gelatin and Beetosan 
(both in acetic acid) were prepared. Then, appropri-
ate amounts of bee pollen solution or sage infusion 
were added to the mixture. Subsequently, reagents 
such as crosslinking agent (diacrylate poly(ethylene 
glycol) at a molecular weight equal to 700 g/mol; 
PEGDA 700) and photoinitiator (2-hydroxy-2-
methyl propiophenone) were also introduced and the 
thus created  mixture was poured into a Petri dish 
and subjected to the polymerization process under 
UV radiation. Samples were exposed to radiation for 
1–2 min. As its source, an Emita VP-60 quartz lamp 
was applied (characterized by the following param-
eters: power –120 W; wavelength l = 320 nm). In 
Table 1, compositions of particular hydrogel materi-
als are presented. 

Table 1 Compositions of synthesized hydrogels.

No.
Gelatin  

(2%) [ml]
Beetosan‚  
(3%) [ml]

Bee pollen  
solution [ml]

Sage  
infusion [ml]

Crosslinking  
agent [ml]

Photoinitiator  
[ml]

1. 30 20 1 – 8 0.25

2. 30 20 3 – 8 0.25

3. 30 20 5 – 8 0.25

4. 30 20 – 1 8 0.25

5. 30 20 – 3 8 0.25

6. 30 20 – 5 8 0.25

3.2  Studies on Sorption Capacity

Due to the characteristic feature of hydrogels, i.e.,  ability 
of reversible liquid absorbing, the obtained hydrogel 
materials were investigated to determine their sorption 
capacity. Studies were conducted as follows: dry and 
accurately weighed samples were immersed into the 
appropriate solution for a suitable period of time after 
which solution was separated from the material. The 
same procedure was repeated after every immersion 
period, i.e., 1 h, 24 h and 72 h. Then, the swollen hydro-
gel was weighed and based on both samples the mass 
swelling ratio (Q; g/g) was calculated as follows:

 Q
w w

w
=

− 0

0
 (1)

where w was the weight of swollen sample, and w0 
was the weight of dry sample.

3.3 Incubation Studies

Due to the potential use of materials prepared, it is 
important to determine their behavior in an environ-
ment resembling body fluids. For this purpose, sam-
ples of hydrogels modified with natural substances 
have been immersed into some selected liquids and 
incubated for a defined period of time at a tempera-
ture of 37 °C. During all periods of incubation, pH 
values of liquid containing immersed sample were 
monitored.

3.4  Determining Chemical Structure of 
Hydrogels Using FTIR Spectroscopy

The chemical structure of attained materials has been 
determined using Fourier transform infrared spectros-
copy. Research was carried out using an FTIR spec-
trometer with an ATR diamond/ZnSe (PerkinElmer 
Spectrum 65).
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4 RESULTS AND DISCUSSION

4.1 Results of Swelling Studies

The results of conducted studies on the swelling abil-
ity of modified Beetosan-based hydrogels are shown 
in Figures 1 and 2. 

On the basis of conducted studies it can be concluded 
that prepared materials are characterized by relatively 
high swelling ability in every tested solution. The high-
est values of swelling ratios were observed in the case of 
studies in distilled water. In other solutions, immersed 
samples were characterized by lower sorption capac-
ity. This is a result of the presence of many chemical 
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Figure 1 Results of swelling studies of Beetosan-based hydrogels modified with Salvia officinalis in: (a) distilled water; (b) Ringer’s 
liquid; (c) artificial saliva solution; (d) SBF.
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Figure 2 Results of swelling studies of Beetosan-based hydrogels modified with bee pollen in: (a) distilled water; (b) Ringer’s 
liquid; (c) artificial saliva solution; (d) SBF.
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compounds comprising the tested solutions. Swelling 
ability is affected by many actors, including the chemi-
cal structure of tested material, but also the composition 
of solution in which the research is carried out. Solutions 
such as simulated body fluid (SBF), artificial saliva solu-
tion or Ringer’s liquid are characterized by diversified 
chemicals, including a number of mono- and divalent 
ions. Such elements tend to connect to the functional 
groups present in the structure of the material that is 
subjected to the swelling studies. As a result, an increase 
in the degree of crosslinking is observed. The formation 
of additional crosslinks between the polymer chains 
results in the creation of a more compact structure, 
thereby reducing the space available for absorbed fluid.

It is also worth noting that an increase of addi-
tive content (i.e., a solution of bee pollen or infusion 
of Salvia officinalis) causes a slight improvement of 
the sorption capacity. Salvia officinalis and bee pollen 
are materials containing a large number of chemical 
compounds and some of them are hydrophilic, which 
increases the affinity for water and can contribute to a 
slight increase of swelling ability.

4.2 Results of Incubation Studies

The results of conducted studies on the swelling abil-
ity of hydrogels modified with Salvia officinalis are pre-
sented in Figures 3 and 4. 

In Figures 5 and 6, the results of conducted studies 
on the swelling ability of hydrogels modified with bee 
pollen are shown.

Considering the potential application of the tested 
materials for medical purposes, it is important to 
determine their behavior after placing a hydrogel 
sample in a composition of simulated body fluid. In 
the course of incubation studies it was found that pH 
values of solutions in which the study takes place are 
maintained at very similar levels, which may indi-
cate the biocompatibility of the synthesized modified 
hydrogel in the body fluid environment. Moreover, 
tested materials were not degraded and retained their 
structure. It is worth mentioning that any impact of the 
amount of additive present in the polymer matrix on 
the pH value of tested solutions was not observed. At 
the beginning, after placing the sample in a solution it 
starts to absorb liquid, which involves eluting from its 
interior unreacted reactants. Then it is observed that 
a balance is achieved and hence pH fluctuations are 
negligible.

4.3 FTIR Spectroscopy

Spectra obtained as a result of spectroscopy are shown 
in Figures 7 and 8.

On the basis of the presented results it is pos-
sible to specify functional groups present in the 
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Figure 3 Incubation of Beetosan hydrogels modified with Salvia officinalis in distilled water (a) and in artificial saliva  
solution (b).
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Figure 4 Incubation of Beetosan hydrogels modified with Salvia officinalis in Ringer’s liquid (a) and in SBF (b).
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material. A list of the vibrations characteristic for 
particular groups identified on the basis of an 
appropriate wavelength is presented in Table 2. 
Based on the spectroscopic analysis it can be found 
that any peaks derived from bee pollen or Salvia 
 officinalis are not observed. This is probably due to 
the fact that the concentration of these substances 
in tested materials was too small. Such a conclu-
sion stems from the fact that any differences in the 

intensity of the peaks originating from samples con-
taining  different amounts of bee  pollen were not 
determined. 

On the other hand, analysis of the results appear-
ing in Figure 8 leads to the conclusion that a fairly 
significant difference in the intensity of peaks derived 
from the samples is observed. It most likely results 
from the difference in quantity of additive introduced 
into the hydrogel matrix between the two samples. 
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Figure 5 Incubation of Beetosan hydrogels modified with bee pollen in distilled water (a) and in artificial saliva solution (b).
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Figure 6 Incubation of Beetosan hydrogels modified with bee pollen in Ringer’s liquid (a) and in SBF (b).
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Figure 8 FTIR spectra of hydrogels modified with Salvia 
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Probably during the synthesis of a hydrogel sample 
containing less amount of Salvia officinalis an undesir-
able effect occurred that in turn adversely affected the 
balance of the system and as a consequence less inten-
sity of peaks is observed. Perhaps a sufficient degree 
of polymerization was not achieved or incorrect mea-
surement was conducted (i.e., pin of the spectroscope 
could not adhere completely to the surface of the 
sample).

5 CONCLUSION

Hydrogels based on Beetosan and modified with dif-
ferent amounts of sage infusion or bee pollen solu-
tion have been synthesized as a result of photopoly-
merization. Prepared materials were characterized by 
their swelling ability, which was slightly higher when 
the amount of additive introduced into the hydrogel 
matrix was greater. On the basis of the incubation 
studies it can be stated that synthesized materials do 
not degrade in simulated body fluids, as evidenced by 
the slight variations in the pH values of the solutions in 
which the incubation takes place. Furthermore, based 
on the spectroscopic analysis it can be concluded that 
any peaks derived from introduced additives were not 
observed. This was probably due to their small amount 
inside the hydrogel material. It is also worth mention-
ing that chitosan derived from naturally occurring 
dead honeybees (Beetosan) constitutes an interesting 
material used as a hydrogel matrix. 

ACKNOWLEDGMENT

The authors would like to thank the National 
Centre for Research and Development (Grant no: 
LIDER/033/697/L-5/13/NCBR/2014) for providing 
financial support for this project.

REFERENCES

 1. B. Pavlic, S. Vidovic, J. Vladic, R. Radosavljevic, 
M. Cindric, and Z. Zekovic, Subcritical water extraction 
of sage (Salvia officinalis L.) by-products: Process opti-
mization by response surface methodology. J. Supercrit. 
Fluids 116, 36–45 (2016).

 2. A. Sallam, A. Mira, A. Ashour, and K. Shimizu, 
Acetylcholine esterase inhibitors and melanin synthe-
sis inhibitors from Salvia officinalis. Phytomedicine 23(10), 
1005–1011 (2016).

 3. P. Hasanein, Z. Feleghan, and A. Emamjomeh, 
Preventive effects of Salvia officinalis L. against learning 
and memory deficit induced by diabetes in rats: Possible 
hypoglycaemic and antioxidant mechanisms. Neurosci 
Lett. 622, 72–77 (2016).

 4. R.C. de Oliveira, S.C. Queiroz, C.F. da Luz, R.S. Porto, 
and S. Rath, Bee pollen as a bioindicator of environmen-
tal pesticide contamination. Chemosphere 163, 525–534 
(2016).

 5. C. Zuluaga, A. Martinez, J. Fernandez, J. Lopez-Baldo, 
A. Quiles, and D. Rodrigo, Effect of high pressure pro-
cessing on carotenoid and phenolic compounds, anti-
oxidant capacity and microbial counts of bee-pollen 
paste and bee-pollen-based beverage. Innov. Food Emerg. 
37(A), 10–17 (2016).

 6. A. Ragno, E. Cavallaro, D. Marsili, M. Apa, L. D’Erasmo, 
and L.S. Martin, Honey, bee pollen and vegetable oil 
unsaponifiables in wound healing. J. Tissue Viability 
25(3), 189 (2016).

 7. E.M. Ahmed, Hydrogel: Preparation, characterization, 
and applications: A review. IJAR 6, 105–121 (2015).

 8. B. Tyliszczak and K. Pielichowski, Characteristics of 
hydrogel matrices - biomedical applications of polymer 
superabsorbents. Czas. Techn. 104,  159–167 (2007).

 9. A.S. Hoffman, Hydrogels for biomedical applications. 
Adv. Drug Deliv. Rev. 54, 3–12 (2002).

10. S. Nemtsev, O.Y. Zueva, M.R. Khismatullin, A.I. Albulov, 
and V.P. Varlamoc, Isolation of chitin and chitosan from 
honeybees. Appl. Biochem. Microbiol. 40(1), 39–43 (2004).
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ABSTRACT:  In recent years, the development of composite biomaterials has been the subject of very intensive research. 
The elaboration of technology for manufacturing new biomaterials will allow their practical implementation 
and adaptation to changing market needs. One of the key components in the developed composite 
materials will be natural origin hydroxyapatite (HAp) and tricalcium phosphate (TCP) obtained from bone 
products. In this study, preparation and detailed characterization of bone-derived calcium phosphates as 
a component of biomaterial composites is proposed. This novel method of obtaining hydroxyapatite for 
biomedical applications allows the obtainment of a material with expected parameters. In this study, pork 
bones from meat cutting were subjected to a three-stage treatment: acid hydrolysis, initial calcination and 
proper calcination. In order to investigate the effect of lactic acid on the properties of the obtained materials, 
the preparation of a series of hydrolysis reactions with an increasing content of the hydrolysis reagent 
was assumed. Moreover, the third step of material preparation—proper calcination—was carried out at 
various temperature and time parameters. Subsequently, several experimental techniques were employed to 
investigate the expedient physicochemical properties of all calcium phosphate powders. 

KEYWORDS: Bone-derived calcium phosphates, hydroxyapatite, tricalcium phosphate, biomaterials

1 INTRODUCTION

Biomaterial engineering is a rapidly developing 
branch of science. The evident destiny of biomateri-
als is to reduce disabilities and eliminate congenital or 
acquired defects; however, recently attention is also 
being paid to another important aspect. As civiliza-
tion progresses, the number of people over the age of 
65 years is systematically growing and societal aging 
is rapidly becoming a global phenomenon. Japan cur-
rently leads the world with nearly one-quarter of its 
population ages 65 and older, followed closely by Italy 
and Germany, where the share of the population ages 
65 and older exceeds 20% [1]. Scientists in the U.S. 
predict that by the year 2050 the number of people of 
retirement age will have doubled [2]. What does that 
mean? It means that there will be a rising demand for 
implant materials as a consequence of the necessity to 
improve the health conditions of the elderly, who will 
need organ replacements to function properly.

The most important properties of a material 
intended as implant material are: 1) biocompatibility, 

i.e., the material’s ability to induce an acceptable 
response of the host, the interplay of the biomaterial 
with the medium of the living organism; 2) nontoxic-
ity and minimal effects on the immune system, which 
means that the biomaterial must be chemically inert 
and does not cause inflammatory reactions and exces-
sive tissue response and 3) bioactivity, meaning the 
ability of the implant’s surface to adhere directly to 
soft or hard tissue without forming an intermediate 
layer of modified tissue [3–8]. Nevertheless, to prop-
erly fulfill an implant’s role, the biomaterial should 
harmonize with the patients body through the use of 
its own repair mechanisms, with adequate response 
stimulation on the level of individual tissues and cells. 

From among all synthetic materials applied in med-
icine and dentistry, apatite bioceramics exhibit the big-
gest simililarity to bone in crystallographic structure 
and chemical composition. Hydroxyapatite (HAp) 
and tricalcium phosphate (TCP) are composed of ions 
(mainly Ca2+ and PO4

3–) that naturally occur in tissue 
and, thus, they do not irritate the surrounding tissue, 
do not cause acute or chronic inflammation and stimu-
late bone repair processes, which enables the creation 
of a chemical bond at the implant-bone interface. They 
support intense bone ingrowth into the pores and pro-
vide the biological stability of the reconstructed tissue. 
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Additionally, apatite ceramics easily combine with 
other materials to make new composite materials with 
desired features [9, 10]. Currently, apatite bioceramics 
play a significant role in bone loss filling, paradentosis 
treatment, broken bone consolidation and stabiliza-
tion, spinal column surgery and otolaryngology. They 
are also widely used in dental implants, as scaffolds 
for tissue engineering and coatings covering the sur-
face of implants made of other biomaterials [11].

For the manufacture of ceramic implants, mainly 
hydroxyapatite and tricalcium phosphate (whit-
lockite) of natural or synthetic origin, or biphasic cal-
cium phosphate bioceramics (BCP) containing both 
mentioned calcium phosphates, are commonly used 
[5, 12–14]. Methods for the obtainment of apatite pow-
ders can be divided into wet, dry, and others, including 
preparation from natural raw materials such as animal 
bones, egg shells and skeletons of corals [13–15]. These 
methods allow the obtainment of materials that vary 
in crystallinity, grain morphology and other physico-
chemical properties.

In the last decade, research concerning calcium 
phosphates (CPs) has focused on their preparation 
using natural resources such as beef or pork bones 
[16–21]. Studies on the structure and chemical com-
position of biological apatites as bone builder were 
exactly based on the development of works on syn-
thetic apatites, After appropriate physicochemical 
treatment, resulting in the removal of protein and fat, 
followed by a pyrolysis process in temperatures about 
1000 °C, this raw material may become an attractive 
material for further processing useful for certain medi-
cal applications. In order to obtain chemically pure 
apatites from bones, organic parts should be removed 
in the first step. Acid or alkaline hydrolysis method is 
mostly used [18, 22]. Commonly, for deproteinization 
and degreasing of the material, bones are treated with 
aqueous hydroxide solutions, suitable sodium, potas-
sium or lithium at a concentration from 0.4–7.0 mol/
dm3 at temperature in the range of 20–300 °C [17, 23]. 
Then, the obtained bone slurry is a substrate in a 
two-stage calcination process [15, 20–22]. The calcina-
tion can be carried out in an atmosphere of air, oxy-
gen, nitrogen, carbon dioxide or dry saturated steam 
[24–26]. Calcination of animal bones without chemi-
cal pretreatment is also used; however, such a method 
requires heat treatment at high temperatures [16, 27].

In this article, pork bones from meat cutting were 
subjected to the three-stage treatment: acid hydrolysis, 
initial calcination and proper calcination. In order to 
investigate the effect of lactic acid on the properties 
of the obtained materials, the preparation of a series 
of hydrolysis reactions with an increasing content of 
the hydrolysis reagent was assumed. The third step 
of material preparation was carried out at different 

temperatures with the material kept at different times 
at a set temperature. The interesting expected results 
of these preliminary studies suggest that our team 
focused on the proper methodology of research, 
which suggests that the research may have a signifi-
cant impact on the development of materials science 
and medicine.

2 MATERIALS AND METHODS

In this study, pork bones from meat cutting were used. 
After initial mechanical separation from organic resi-
dues and grinding, the bone pulp was boiled in a mix-
ture of 80% lactic acid (POCH Poland S.A. Company) 
and deionized water. The stages of CP preparation are 
as follows:

Stage 1 – Hydrolysis: 100 g of bone pulp was placed in 
a round bottom flask and filled with 200 cm3 deionized 
water (W). Afterwards, different volume of 80% lactic 
acid (LA) was added. The volumetric ratio of W/LA 
depended on the experiment: hydrolysis 1 – W:LA = 
2:0.5, hydrolysis 2 – W:LA = 2:0.75 and hydrolysis 3 – 
W:LA = 2:1. The time of the process was 3 h and the 
duration of stage was 3 h.

Stage 2 – Preliminary calcination: Obtained bone 
sludge was separated from the remaining liquid frac-
tion and preliminary calcination was done in a kiln 
chamber with electric heating in air atmosphere. The 
material was kept at 650 °C for 3 h; temperature was 
selected on the basis of thermogram analysis and pre-
viously published data of our team. 

Stage 3 – Proper calcination: To investigate the effect 
of proper calcination parameters on the physicochemi-
cal properties of the final products, the material from 
initial calcination was ground in a porcelain mortar 
and then was heated in the same kiln chamber at tem-
perature ranging from 750–1050 °C with a hundred-
degree intervals for 2 or 3 h.

The final products were characterized by following 
analytical or instrumental methods. Phosphorus con-
tent was determined spectrophotometrically with an 
Evolution 220 UV-Visible spectrophotometer (Thermo 
Fisher Scientific Corp.) after former sample mineraliza-
tion in the mixture of concentrated hydrochloric and 
nitric acids. Calcium was determined by complexomet-
ric titration method using disodium versenate in the 
presence of a mixed indicator (calcein and thymolphtha-
lein). Contents of selected microelements and heavy 
metals such as As, Cd, Co, Cr, Cu, Ni and Pb were mea-
sured by the ICP with an iCAP 6500 DUO spectrom-
eter from Thermo Fisher Scientific, total Hg content 
was determined using an AMA-254 atomic absorp-
tion spectrometer (Advanced Mercury Analyzer, Altec 
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Inc.). Phase composition was analyzed using X-ray dif-
fraction (XRD) method with the use of a Philips X’Pert 
diffractometer with graphite monochromator, Cu Ka, 
(l = 0.1518 nm), and Ni filter. Phase identification was 
based on XRD JCPDS-ICCD data for inorganic powder 
materials. The FTIR investigations were carried out 
with a Scimitar Series FTS 2000 Digilab spectrophotom-
eter in the range of middle infrared of 400–4000 cm–1. 
Test samples were prepared using KBr pellet method. 
Thermal analysis of materials was performed using an 
EXSTAR SII TG/DTA 7300 thermogravimetric/differ-
ential thermal analyzer from SII NanoTechnology Inc. 
Analysis was conducted in a porcelain crucible in air 
at a temperature range of 20–1000 °C and the increase 
in temperature of 20 °C/min. The microstructure of 
samples was examined using a JEOL JSM-5510LV scan-
ning electron microscope at voltage 20 kV and 15.0 mA. 
Specific surface area and pore parameters of powders 
were evaluated by BET method using Micromeritics 
ASAP 2405 accelerated surface area and porosimetry 
analyzer equipment.

3 RESULTS AND DISCUSSION

3.1 Thermal Analysis of Bone Pulp

Major research on calcium phosphates preparation was 
preceded by thermal analysis of bone pulp in order to 

determine the course of calcination process (Figure 1). 
Thermal decomposition of the analyzed material is 
multi-stage. The first stage is an endothermic pro-
cess, which occurs at temperatures from 70–170 °C. 
It corresponds to water desorption from the surface 
of the sample with weight loss of approximately 8%. 
The next weight loss, in the range of 200–600 °C, is 
associated with exothermic decomposition of organic 
matter; the protein and fat residues already present 
in bone pulp after boiling in diluted lactic acid. The 
last weight losses at a temperature of ~650–800 °C are 
attributed to dehydroxylation processes, the thermal 
decomposition of hydroxyapatite and the loss of car-
bonate groups present in the natural bone [15].

Based on the derivatogram analysis we decided 
to conduct a two-stage calcination process of pre-
viously hydrolyzed bone material. The first step, 
pre- calcination at a temperature of 650 °C for 3 h of 
exposure, is essential to burn out organic compounds 
present in the material. Then it is assumed that lead 
calcining of the right milled material under vary-
ing conditions of temperature and time is needed in 
order to investigate the effect of various parameters 
on the physicochemical properties of the resulting 
product. Then, the obtained material, shredded in a 
ceramic mortar, was calcined in the same kiln cham-
ber at a temperature ranging from 750–1050 °C with 
100 degree intervals for 2 or 3 h of exposure.
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Figure 1 Thermal analysis of bone pulp.
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3.2  Physicochemical Characterization of 
Final CP Products

3.2.1 XRD Phase Identification

Figure 2 presents X-ray diffraction patterns of calcium 
phosphate products obtained in the three-stage treat-
ment. The proper calcination process carried out at 
a temperature range from 750–950 °C (for three con-
ducted hydrolyses) failed to obtain a pure, white CP 
material. Only at 1050 °C were unburned compounds 
not present in the material. Based on the position 
of the Bragg reflections on the diffraction patterns, 
it was found that there are two crystalline phases: 
hydroxyapatite (marked as HAp) and tricalcium phos-
phate (marked as TCP) in CP products as a result of 
hydrolysis 1, regardless of the temperature and time 
of the proper calcination. However, it is worth men-
tioning that with an increase in temperature, all CP 
powders exhibit a higher intensity of the reflections, 
which is typical for materials with a high degree of 
crystallinity. The XRD analysis of the calcined prod-
ucts obtained after hydrolysis 2 of bone sludge again 
indicates the presence of HAp and TCP; however, an 
additional compound is also present in the material—
calcium diphosphate (marked as C2P, Ca2P2O7). 

However, this phase, with low intensity of reflec-
tions, is noticeable only in the materials calcined at 
750–950 °C. Calcium diphosphate, because of its low 
water solubility and chemical inertness, is used as an 
abrasive for Sn2+ and F- in toothpaste. In the highest 

calcination temperature at 2 or 3 h of keeping mate-
rial at a set temperature, only two phases are identi-
fied, TCP and Hap, and the crystallinity of the product 
increased significantly. Diffraction patterns of pow-
ders obtained using hydrolysis 3 (volumetric ratio of 
water to 80% lactic acid was 2:1) indicate the presence 
of calcium hydroxide in addition to the HAp, TCP 
and C2P compounds. The increase of lactic acid share 
promotes the formation of new phases in the material. 
Ca(OH)2 occurs in the powders calcined in the tem-
perature from 750–950 °C, which means that under 
the tested hydrolysis conditions the calcium ions 
are able to form different compounds, not only CPs. 
Differences in the structure and phase composition 
of the obtained materials caused changes in the con-
tents of calcium and phosphorus, which we will dis-
cuss later. Summarizing, on the basis of the foregoing 
considerations it can be stated that in all products the 
significant influence of proper calcination temperature 
on the intensity of Bragg reflections is observed. With 
increased heat treatment the degree of crystallinity 
and phase purity of products also increased.

3.2.2 FTIR Spectroscopy

The FTIR spectra in Figure 3 demonstrate the pres-
ence of characteristic bands of CPs corresponding 
mainly to PO4

3– and OH– groups in all the tested CP 
products regardless of the W:LA volumetric ratio 
in hydrolysis. A band at a wavenumber of 603 cm–1 
corresponds to the triply degenerate asymmetric 
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Figure 2 Diffractograms of calcination products obtained at different treatment parameters.
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stretching vibration O-P-O of the central PO4 tetrahe-
dron. Bands of low intensity within the wavenumber 
range of 560–550 cm–1 correspond to the asymmetric 
vibrations of the PO4

3– group from a-TCP. Also, typi-
cal phosphate group bands of the highest intensity 
within the wavenumber range of 1120–1043 cm–1 con-
firmed the presence of vibrational asymmetric stretch-
ing mode. A weak band at 1462 cm–1 can be assigned 
to C–O vibration in the CO3

2– group replacing some 
phosphate groups in the CP crystal lattice. This band 
is characteristic of CPs derived from animal bones. 
Typically, CPs stretching vibrations of OH– group 
have been recorded as a weak band at wavenumber 
of 640 cm–1 and band within the wavenumber range 
of 3670–3570 cm–1, which corresponds to the adsorbed 
water [15, 28].

The FTIR analysis of CP products hydrolyzed the 
second way also confirm the presence of CPs’ char-
acteristic bands, corresponding mainly to PO4

3– and 
OH– groups. Furthermore, the visible band with the 
maximum absorption at 727 cm–1 corresponds to the 
pyrophosphate ion (P2O7

4–) derived from calcium 
pyrophosphate shown in the diffraction patterns. The 
FTIR spectra of powders obtained as a result of cal-
cination products of hydrolysis 3 also confirmed the 
presence of characteristic phosphate and hydroxyl 
groups. However, in this case, the peaks attributed to 
the oscillation of the hydroxyl groups at ~3600 cm–1 
have a greater intensity than the samples obtained 
under other preparation conditions. Moreover, it 
appears that the conditions of hydrolysis 3 are not 
sufficient to completely replace the carbonate groups 
with phosphates. Thus the B-type hydroxyapatite is 
obtained, in which carbonate groups are incorporated 

in place of the PO4
3–. However, it could be noted that 

the use of the third method of hydrolysis under con-
ditions of 1050 °C temperature of proper calcination 
process for 3 h of exposure, resulted in product with 
a lower content of carbonates in comparison with the 
other final powders obtained in this series.

3.2.3 Ca/P Molar Ratio

Figure 4 shows the Ca/P molar ratio of all obtained 
CP materials depending on the type of hydrolysis 
and parameters of proper calcination. For the first 
test series (hydrolysis 1), Ca/P ratio is set in the range 
from 1.42–1.72, wherein there is no temperature 
dependence. The low ratio confirmed the presence of 
TCP phase with Ca/P = 1.5, while the increase of this 
parameter may be caused by predominance of phase 
HAp over TCP. The second test series (hydrolysis 2 – 
W:LA = 2:0.75) also shows no signifcant changes in the 
value of the Ca/P ratio related to varied CP treatment 
conditions. Due to the presence of calcium phosphate 
phases, such as Ca2P2O7, with a low Ca/P molar ratio 
(Ca2P2O7 = 1.0), the values for this test series is in the 
range between 1.38 and 1.64. These differences can 
be explained by variables in the contents of different 
phases in final materials. The variety of phases in CPs, 
as a result of hydrolysis 3 in the first stage of prepara-
tion, affects the contents of calcium and phosphorus as 
well. In products containing calcium, the higher value 
of Ca/P ratio is determined. In other CPs, due to the 
presence of TCP or/and C2P, the Ca/P ratio is less than 
the expected stoichiometry ratio of pure hydroxyapa-
tite (1.67). The content of calcium and phosphorus 
of the hydroxyapatite ceramic shall be determined 
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Figure 3 FTIR spectra of calcination products obtained at different treatment parameters.
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in accordance with ISO standard 13779–3:2000(E) 
[29]. The calcium-to-phosphorus ratio, Ca/P, shall 
have value of 1,65–1,82 for the Ca/P ratio. Most of 
the obtained CP products met the ISO requirements, 
which qualifies the material for further analyses with 
regard to biomedical applications.

3.2.4  Content of Microelements and Heavy 
Metals

No undesirable metal contaminations are a key 
parameter in the assessment of material for biomedi-
cal applications. The limits of specific trace elements 
for ceramic apatites are given in Table 1. The contents 
of all tested elements in CP powders obtained as a 
result of different treatment conditions met the estab-
lished standards (ISO standard 13779–1:2000(E)) [30].

3.3 Structural Parameters of CP Products

3.3.1 SEM Images

The morphology analysis (Figure 5) of the powders 
showed that the crystallites of all materials are gener-
ally uniform in size and shape. The boundary between 
the individual grains is not evident and indicates a 
high degree of aggregation due to sintering of grains 
in all materials finally calcined in 1050 °C.

3.3.2 Surface Area and Pore Parameters

Table 2 summarizes the structural features of CP pow-
ders; surface parameters of three selected powders 
obtained under different hydrolysis conditions, and 
then calcined at 1050 °C for 3 h, are compared. Surface 
area analysis confirmed the theoretical assumptions 
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Figure 4 Ca/P molar ratio of calcination products obtained at different treatment parameters.

Table 1 Microelements and heavy metal contents of selected CPs powders obtained in varied proper calcination parameters at 
1050 °C, 2 or 3 h.

Metal content [mg/kg]

Metal

Hydrolysis 1 Hydrolysis 2 Hydrolysis 3

Maximum limit [mg/kg]1050/2 1050/3 1050/2 1050/3 1050/2 1050/2

As <3 3

Cd <0,5 5

Co <1 –

Cr 1 <1 1 1 2 1 –

Cu 437 73 127 147 319 214 –

Hg 0.024 0.014 0.045 0.051 0.027 0.019 5

Ni <1 –

Pb 21 4 7 9 16 11 30
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Figure 5 SEM microphotography of selected CP powders obtained at varied proper calcination parameters at 1050 °C, 2 or 3 h 
(x 2000).

Table 2 Surface area and pore parameters of selected calcination products.

Parameter H1/1050/3 H2/1050/3 H2/1050/3

BET surface area [m2/g] 0,54 0,09 0,25

Total adsorption surface area of pores [m2/g] 0,165 0,029 0,157

Total adsorption volume  of pores [cm3/g] 0,001398 0,000609 0,001861

Average pore diameter [nm] 10,28 25,85 30,03

Porosity [%] 30,33 30,79 63,36

that bone-derived HAp has small specific surface area 
not exceeding more than 1 m2/g, which is a character-
istic of high-temperature calcined products. Natural 
bone minerals, not heat-treated, have surface areas of 
87 and 100 m2/g, which is of the same order of mag-
nitude as the surface area of synthetic unsintered 
hydroxyapatite for which surface areas of 17–82 m2/g 
were reported [31]. The process of calcination at tem-
peratures above 700–800 °C results in a decrease of the 
order of magnitude in the surface area (up to 0.1 m2/g) 

due to the grain melting and reduction of intergranu-
lar space in HAp particle. It has been observed that 
with the smallest share of lactic acid, the surface area 
is the highest in comparison with products with other 
tested CP products. Alike pore parameters determine 
application of these types of materials in implantol-
ogy. Comparing the porosity of final CP products it 
can be noted that the material with the highest share of 
lactic acid has the highest porosity of over 63%—twice 
that of other materials obtained under hydrolysis 2 
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and 3 conditions. However, we must be aware that 
the total adsorption volume of pores of all tested pow-
ders ranges within 0,0006–0,001 cm3/g; therefore it can 
be concluded that the calcined CPs’ bone origin is a 
solid material, not porous, since the pore volume in 
the material is negligible. Considering the low total 
volume and nanometric size of the pores (Table 2), 
the potential use of the obtained materials as a main 
component of bone scaffolds should be excluded. It 
has been proven that the minimum diameter of the 
pores allowing penetration of a living tissue should 
be 40–500 μm in size depending on the type of cell 
ingrowth into the spaces in bones. The porosity should 
be placed in the range from 20–60%; greater porosity 
causes a drastic decrease in the mechanical properties 
of CP materials [32].

4 CONCLUSION

Based on the results of these investigations, it can 
be stated that the transformation of pork bones into 
pure calcium phosphate materials for use in medi-
cine is an attractive, viable and economical alterna-
tive to traditional methods of biomaterial produc-
tion. Research issues presented in this study were 
selected in view of their cognitive significance and 
possible development in chemical technology for 
eventual use in medicine and dentistry. In the near 
future, our research team plans to develop a method 
for the preparation of a composite material contain-
ing the calcium phosphates obtained in this study to 
achieve the advisable bioactive materials with con-
trolled microstructural and physicochemical prop-
erties. In the case of expected experimental results, 
these materials can become a strong base for the 
development of new implant materials for use in 
medicine.

CONFLICTS OF INTEREST

The authors declare that there are no conflicts of 
interest.

ACKNOWLEDGMENTS

This work was financed by the National Centre for 
Research and Development under the Lider project 
contract no. 037/481/L-5/13/NCBR/2014.

REFERENCES

 1. L.A. Jacobsen, M. Kent, M. Lee, and M. Mather, 
America’s aging population. Popul. Bul. 66, 1–20 (2011).

 2. G.K. Vincent and V.A. Velkoff, The next four dec-
ades the older population in the United States: 2010 to 
2050. Population estimates and projections. Current 
Population Reports, U.S. Department of Commerce 
Economics and Statistics Administration, U.S. Census 
Bureau (2010).
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ABSTRACT:  Because starch is a biodegradable polymer with low cost and wide availability it is an attractive material for 
producing edible films for fruits. Films produced with pure starch have the disadvantage of being fragile. 
To overcome this issue, propolis nanoparticles were used as a novel plasticizer. Mechanical, thermal and 
morphological properties of the films containing 0.5, 1 and 3 wt.% propolis nanoparticles were evaluated. The 
best performance was obtained using 0.5 wt.% propolis, increasing the Young’s modulus and decreasing the 
glass transition temperature (Tg), showing their plasticizing effect. The results of scanning electron microscopy 
(SEM) and atomic force microscopy (AFM) images showed a homogenous material with a low quantity of 
cracks and higher roughness than the pristine starch film. A more hydrophobic material was obtained due 
to the resin and wax compounds present in the propolis nanoparticles. This study shows the novel use of 
propolis as plasticizer for starch films.

KEYWORDS:  Propolis, starch, plasticizer, antimicrobial agent, bioplastic

1 INTRODUCTION

Many efforts have been made to produce materi-
als from renewable sources due to the environmen-
tal problems related to the non-biodegradable waste 
generated by petrochemical-based polymers and 
their amount of residues [1]. In the last decade, there 
has been an increased interest in the production and 
use of plastics implementing biopolymers as substi-
tutes for synthetic polymers, especially for short-term 
applications such as food packaging. Different types 
of renewable sources have been promoted for the 
development and application of these plastics such 
as PLA, PHA, PHB, cellulose, and starch. However, 
these plastics present several limitations like brittle-
ness, thermal instability, poor mechanical properties, 
among others [2, 3].

Starch has been suggested as a great alternative 
for producing bioplastics because of its low price, 
thermoplastic behavior and abundance [4, 5]. It is 
mainly composed of amylose, a linear polymer, and 

amylopectin, a highly branched polymer [6]. It is a 
nontoxic and biodegradable compound. However, the 
films produced using only starch have poor dimen-
sional stability and mechanical properties caused by 
high intermolecular forces [1, 7]. Consequently, it is 
necessary to implement chemical or physical modi-
fications to enhance the functionality of the material. 
Some strategies used to enhance their mechanical 
properties are crosslinking, oxidation, acid hydrolysis, 
ultrasound waves, microwave radiation, annealing 
and mixture with additives like polyols, sugars, anti-
oxidants, lipids and waxes [1, 8]. Therefore, plasticiz-
ers increase flexibility by reducing the intermolecular 
forces of polymer chains. In this study, propolis will 
be evaluated as a plasticizer to improve the flexibility 
of the material. Plasticizers are characterized by their 
low molecular size, allowing them to integrate the 
intermolecular spaces between the polymer chains. 
Therefore, increments of plasticizer can increase the 
free volume and the molecular mobility [9]. The most 
common plasticizers for biopolymers are glycerol and 
sorbitol [6, 10, 11]. These substances, when incorpo-
rated into the polymer network, increase the flexibil-
ity and workability of the material and also decrease 
the hardness, density and deformation that lead to an 
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inevitable decline in the original strength of the mate-
rial [9, 12]. Plasticizers also lower the water content of 
the compound, limiting microbial growth [8]. 

Nowadays, there is an increasing interest in the 
use of natural-based plasticizers such as vegetable 
oils from soybean, linseed, castor bean, sunflower and 
also fatty acid esters, urea, sucrose, xylol, carcadol, etc. 
[9, 13, 14]. Propolis is a natural resinous substance pro-
duced by honeybees (Apis mellifera), which is a mixture 
of chemical compounds that usually contains resins, 
waxes, essential oils, pollen, among other [15, 16] sub-
stances that can provide plasticizing properties. These 
compounds that propolis possess have been associated 
with antibacterial, antifungal, anti-inflammatory and 
antioxidant properties [17]. The antimicrobial proper-
ties of propolis are attributed to the presence of fla-
vonoids and phenolic acids [18]. Cornstarch is widely 
used to produce biofilms, and despite several works 
that have been done using propolis in starch-glycerol 
films to provide antimicrobial assets [3, 4, 19], it has 
not been used as a plasticizer itself. In this study, a 
starch film for food packaging incorporating propolis 
as a natural-based plasticizer and antimicrobial agent 
was developed to substitute the use of other common 
substances, such as glycerol and sorbitol, that work 
just as plasticizers, to enhance the post-harvesting life 
of fruits. According to a search made by the authors, 
the use of propolis nanoparticles has not yet been doc-
umented, only that of ethanoic extract.

2 METHODOLOGY

2.1 Materials

Cornstarch was supplied by Central American 
Brands Inc. (San José, Costa Rica). Propolis nanopar-
ticles with an approximate diameter of 177 nm were 
from the National Laboratory of Nanotechnology 
(LANOTEC), and ethanol reagents were purchased 
from Sigma-Aldrich and used as received without fur-
ther purification. 

2.2 Film Preparation

A suspension of 3 g of starch in 100 g of water was pre-
pared. The solution was gelled by heating to its boil-
ing temperature under magnetic stirring and then left 
to cool. The propolis nanoparticles were then added 
at different concentrations of 0.5, 1 and 3 wt.% with 
respect to the starch mass; and then mixed at 4000 rpm 
for 5 min using an Ultra Turrax T25 Vortex mixer 
(IKA, Germany). After mixing, 40 mL of the solution 
was poured into a Teflon coated plate and dried in an 
oven at 50 °C for 12 h. 

2.3 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis was performed using a 
Q500 instrument (TA Instruments, USA). The sam-
ples (approx. 4.4 ± 0.1 mg) were taken in a standard 
platinum pan. The scan was run at 10 °C/min under a 
nitrogen flow. Mass change was measured from 25 °C 
to 700 °C. 

2.4  Differential Scanning Calorimetry 
(DSC)

The glass transition temperature of films was deter-
mined using a Q200 differential scanning calo-
rimeter (TA Instruments, USA). The scan was run 
at 10 °C/min under a nitrogen flow rate of 10 ml/min 
from 100 °C to 250 °C. Samples were dried at 60 °C 
for 24 h in order to eliminate the presence of water 
before analysis.

2.5  Fourier Transform Infrared 
Spectroscopy (FTIR)

The FTIR spectra were recorded using a Nicolet 
6700 spectrophotometer (Thermo Fisher Scientific, 
Massachusetts, USA) in a range of 500–4000 cm−1 and 
a resolution of 4 cm−1. The starch and the ethanolic 
propolis extract were analyzed as controls. 

2.6 Contact Angle Measurements

The apparent contact angles were measured using a 
OCA15 Plus goniometer (DataPhysics Instruments, 
Germany) by sessile drop technique and Milli-Q grade 
water was used as probe liquid; the volume of the 
drops was constant (10 μl) for each measurement at a 
temperature of 21 °C. The contact angle values reported 
are an average value of at least three separate drops on 
different substrate areas. The recorded images were 
analyzed by SCAN 20 DataPhysics software.

2.7 Scanning Electron Microscopy (SEM)

The samples were analyzed using a JEOL JSM-5900 
LV scanning electron microscope (Tokyo, Japan) at an 
acceleration voltage between 7–10 kV and a pressure 
of 1E–4 Pa.

2.8 Atomic Force Microscopy (AFM)

The sample’s topography was analyzed using an 
atomic force microscope (Asylum Research, Santa 
Barbara, CA) operated in the tapping mode in air. 
Silicon probes (model Tap150Al-G, back side of the 
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cantilever covered Al) with resonance frequencies of 
150 kHz and force constant of 5 N/m were used. For 
structure and roughness characterization, the height 
differences were evaluated. 

2.9 Mechanical Analysis

The mechanical properties of the films were evalu-
ated with a TA DHR III rheometer. For the tension test, 
specimens of 40 × 2.5 × 0.3 mm were prepared using 
a speed of 1 mm/min. From the experimental data, 
 tension moduli were calculated for each film using 
TRIOS and Origin 8 software.

3 RESULTS AND DISCUSSION

The films prepared adding propolis nanoparticles 
were visually homogeneous and considerably easier 
to manipulate than the pristine starch film, which was 
very stiff and fragile, showing a positive interaction of 
the propolis with the starch complex. 

3.1 Thermogravimetric Analysis (TGA)

Figure 1 shows the TGA thermograms of the starch 
and composite films degradation. The curves show 
three degradation stages. The first between 100 °C and 
150 °C, which reveals a mass weight lost associated 
with water and possibly small molecular compounds 
contained in the raw material. A second thermal 
degradation event is presented between 251 °C and 
313 °C, which is associated with the degradation of the 
starch and propolis. The starch films present a deg-
radation temperature at ≈320 °C [20] and the propo-
lis a maximum decomposition at 300 °C [21], which 
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Figure 1 Thermogravimetric analysis of starch film and 0.5 
to 3 wt.% propolis nanoparticles/starch films.

is consistent with the results obtained of a maximum 
peak at 311.5 °C for the starch films containing propo-
lis. The weight loss between 500 °C and 680 °C could 
be associated with inorganic impurities and residual 
carbon. Ash content of starch could be related to the 
presence of phosphate groups, as well as the pres-
ence of calcium, magnesium and proteins [22, 23]. 
No significant shifts in the degradation temperature 
were observed between the pristine starch film and 
the composites. The thermal degradation temperature 
obtained was similar to other biopolymers used for 
producing edible films such as gelatin, caseinate and 
PLA-based films present at a temperature of 329 °C, 
333 °C and 324 °C, respectively [24, 25].

3.2  Differential Scanning Calorimetry 
(DSC)

The glass transition was measured to demostrate the  
effect of the nanoparticles on the polymer mobility. 
The glass transition temperatures were 61.2 °C, 55.4 °C, 
55.8 °C and 62.5 °C for pristine starch, 0.5, 1 and 3 
wt.% propolis/starch films, respectively. The films 
 containing 0.5 and 1 wt.% presented a decrease in the 
Tg. The results are shown in Figure 2. According to Mali 
et al. [6], a reduction in the Tg of an amorphous and/or 
semicrystalline material reveals a decrease in the inter-
molecular forces between the polymer chains; increas-
ing the local chain flexibility by lowering the Tg, stimu-
lating the ability of chain rotation and conferring more 
flexibility to the films. The films containing propolis at 
0.5 wt.% presented a decrease in the Tg, suggesting the 
plasticizing effect of the propolis nanoparticles. Studies 
made by De Araújo et al. [16] reveal that the waxes and 
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Figure 2 DSC thermograms of starch film and 0.5 to 3 wt.% 
propolis nanoparticles/starch films.
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essential oils contained in the propolis could react as a 
plasticizer, increasing the mobility of the starch chains 
and reducing film rigidity. However, factors such as 
agglomeration on the starch matrix could influence the 
Tg results. The propolis nanoparticles are not highly 
soluble in water and a higher concentration as 3 wt.% 
could result in a non-homogeneous dispersion of the 
propolis on the starch network due to agglomeration, 
obtaining a material not as malleable as wanted [26].

Figure 3 shows the spectra of the starch and prop-
olis nanoparticles. The starch spectra reveal a broad 
band (3347 cm–1) between 3000 cm–1 and 3600 cm–1 from 
the OH stretching. The peak at 2927 cm–1 is assigned 
to the C–H stretching and at 1650 cm–1 is associated 
with the water absorbed in the amorphous part of the 
starch. Finally, the peaks from 1158 cm–1 correspond 
to the C–O bond stretching and at 1073 and 1011 cm–1 
to C–O bending [27]. The spectra of the propolis 
nanoparticles show a broad peak at 3600 to 3000 cm–1 
centered at 3328 cm–1, associated with the OH of phe-
nolic compounds as cinnamic acid, caffeic acid, ferulic 

acid and alcoholic C-OH stretching. The peaks at 2927 
and 1690 cm–1 are associated with the CH2 and C-O 
stretching vibration, respectively. The peaks at 1611 
and 1447 cm–1 are associated with the C=O and C=C 
groups. The peak at 1041 cm–1 corresponds to the C–O 
stretching of the ester group [28]. The spectra of the 
starch films containing propolis show similar bands to 
the pure starch material. The peak centered between 
3000 cm–1 and 3600 cm–1 from the OH stretching of the 
starch matrix was shifted to lower wavelengths and 
a broader peak related to the C=O stretching is pres-
ent in the spectra of the films containing propolis. This 
could be associated with the hydrogen bonds formed 
between the propolis and the starch [29, 30]. 

3.3 Contact Angle

Starch is a molecule that contains hydroxyl groups and 
glucopyranose rings which confer hydrophilic proper-
ties. Cornstarch has high levels of amylose compared 
to starches from other sources like yam and potato. 
The helix that amylose creates exhibits the OH groups 
on the exterior, making it a hydrophilic material [31]. 
Figure 4 shows the images of the films in contact with 
a drop of deionized water. The nanoparticles changed 
the surface properties of the films to more hydropho-
bic domains. This effect could be associated with the 
wax and resin compounds forming the nanoparticles 
[17]. Hydrogen and covalent interactions between the 
starch matrix and the polyphenols interfere with the 
availability of hydrogen groups to form hydrophilic 
bonds with water, thus increasing the contact angle 
of the film [32]. Nevertheless, the films were never 
considered hydrophobic due to the fact that the con-
tact angle was lower than 90° (Table 1). However, the 
propolis contains a hydrophilic component that can 
also act as a barrier to water vapor and gas exchange, 
making it suitable to be incorporated into food pack-
aging [15]. Micro- and nanostructures can modify the 
wetting properties of a solid surface, providing an 
enhancement of the hydrophobicity. This phenomenon 
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Figure 3 FTIR spectra of the propolis nanoparticles, starch 
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Figure 4 Water drop images of (a) starch film and (b) 0.5 wt.%, (c) 1 wt.% and (d) 3 wt.% propolis nanoparticules/starch films.
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is governed by elastic and capillary forces and depends 
on the elastic properties of the nanoparticles, strength 
of the interactions and surface patterns [33, 34]. Surface 
roughness values of the films increase along with their 
contact angle, as shown in Table 1.

3.4 Mechanical Properties

According to tensile strain assays, Figure 5 shows the 
strain-stress curves of the starch film and the films 
with different concentrations of propolis nanoparti-
cles. The propolis nanoparticles had a positive effect 
on the mechanical properties when the concentration 
is below to 1 wt.%, which is reflected in the Young’s 
modulus, ultimate tensile strength and elongation at 

break values (Table 2). The addition of propolis nano-
particles at 0.5 and 1 wt.% decrease the glass transi-
tion temperature of starch, improving the elongation 
at break of the films, which is caused by the disper-
sion of waxes and essential oils characteristic of these 
compounds, conferring plasticizing properties. The 
polyphenols forming nanoparticles have adhesive 
properties which can improve the interface adhesion 
on the starch matrix [35]. In nature, carbohydrates 
and polyphenols are excellent partners for forming 
natural adhesives and gums; for example, mussel 
adhesive [36, 37]. The high superficial area of propolis 
nanoparticles and the hydrogen bonds formed could 
result in strong interfacial adhesion tightening poly-
mer chain-to-chain which improves the resistance 
to mechanical stress, showing a augmentation of the 
Young’s modulus, which indicates that the material 
is more rigid [6, 38]. When a higher concentration 
than 0.5 wt.% was used there was a decrease in the 
elongation at break but not of the Young’s modu-
lus. This could be related to a crosslinking effect and 
decrease in the free volume [39]. The increase of the 
Young’s modulus is attributed to the high superfi-
cial area of propolis nanoparticles and the ability to 
form strong hydrogens bonds, improving the stiff-
ness of the polymer matrix and contributing to stress 
distribution [39]. The excess of propolis could cause a 
decrease in the mechanical properties of the films due 
to agglomeration; this is also appreciated in the Tg of 
the films. When analyzing thermal and mechanical 
properties, 0.5 wt.% propolis is recommended as the 
concentration where the propolis has a plasticizing 
effect and the highest improvement in the mechanical 
properties.

3.5  Morphological Studies Using SEM 
and AFM

The morphology of the film’s surface was studied by 
SEM and AFM. Figure 6 shows a cross section of the 
propolis nanoparticles used for the composite forma-
tion, of between 75 to 144 nm and roundish-structure.

Figure 7a shows a smooth surface with several 
cracks, displaying the fragile character of the starch 
film. The films containing propolis nanoparticles show 

Table 1 Contact angle values of the starch and starch/ 
propolis based films.

Sample Contact angle Roughness (nm)

Starch 53 ± 1° 5.7 ± 1.5

0.5 wt.% propolis 57 ± 2.1 ° 7.0 ± 2.3

1 wt.% propolis 79 ± 0.4° 8.0 ± 1.0

3 wt.% propolis 78 ± 1.1° 6.3 ± 0.6

Table 2 Mechanical properties from stress-strain analysis of starch film and starch films with different propolis concentration.

Film Young’s modulus (Mpa) Ultimate tensile strength (Mpa) Elongation at break (%)

Starch 2,0 ± 0.1 3.1 ± 0.4 1.6 ± 0.1

0.5 wt.% propolis 5.1 ± 0.3 8.2 ± 1.3 2.4 ± 0.9

1 wt.% propolis 5.5 ± 0.2 6.4 ± 0.1 1.6 ± 0.1

3 wt.% propolis 3.2 ± 0,2 3.3 ± 0.2 1 ± 0.1

Figure 5 Stress-strain curves of starch and 0.5 to 3 wt.% 
propolis nanoparticles/starch samples.
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higher roughness and more homogeneous surface. No 
phase separation was detected. Similar results were 
obtained for the three propolis concentrations used, 
as can be seen in Figure 7b–d. The nanoparticle dis-
tribution was studied by AFM due to the low contrast 
between the carbon-based matrix and the carbon-
based nanoparticles to determine the dispersion of the 
nanoparticles.

Figure 8a shows starch film that presents some 
waves but no local nanoroughness in the range of 
50 nm. Figure 8b presents some lighter local zones 
that could be related to the nanoparticles dispersion 
in the starch film containing 0.5 wt.% nanoparticles. 

Figure 8c presents the surface of the film containing 3 
wt.% propolis, showing zones with agglomeration of 
nanoparticules. The decrease in the mechanical prop-
erties of the films containing 3 wt.% propolis could be 
associated with the agglomeration of the particles.

The average roughness values of the  films were cal-
culated and the results are shown in table 1. The films 
containing nanoparticles presented structures of less 
than 100 nm on the surface. A broad value is presented 
due to the variation in sizes. 

Figure 8 show the AFM images of the films with and 
without nanoparticules. Figure 8b shows nanopar-
ticulate structures distributed on the film that are not 
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Figure 6 AFM height image and cross section of the propolis nanoparticles used.
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Figure 7 SEM images of (a) starch film and (b) 0.5 wt.%, (c) 1 wt.%, (d) 3 wt.% propolis nanoparticles/starch films (400x).
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presented on the pristine starch film, as can be seen in 
Figures 9a and Figure 9b. Figure 8b shows an increase 
in the roughness of the films when the nanoparticles 
were added. These features reveal the change in 
surface structure due to the addition of propolis. A 

similar 4 μm × 4 μm area was analyzed. Table 1 show 
a decrease in the roughness which can be related to a 
lesser amount of particles per area.

Figure 10b shows an increase of the roughness of the 
films when the nanoparticles were added. These features 
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reveal a change on the surface structure due to the addi-
tion of propolis. The propolis nanoparticles changed the 
bulk and surface properties of the starch films, acting as 
plasticizers in a concentration of 0.5 wt.%. 

For a complete understanding of the influence of 
the material in nanoparticulate form and the arrange-
ment of the nano-polymer matrix, the composition 
of the non-particulate extract will be done in future 
studies. Therefore, complementary studies related to 
microhardness. Biobased films with antioxidant and 
antimicrobial properties have been developed for 
improvement of the problems related to microbial 
contamination [40]. Further studies will be done to 
determine the capability of the propolis starch films 
as coatings able to decrease moisture loss and protect 
food from external microorganisms.

4 CONCLUSIONS

The present study has revealed the use of propolis as an 
attractive bioplasticizer to be used in eco-friendly starch 
matrix, leading to high renewable content materials. 

The propolis nanoparticles changed the bulk and sur-
face properties of the starch films. The propolis starch 
films showed higher elongation at break and Young’s 
modulus than the pristine starch films when the propo-
lis was added in concentrations of 0.5 wt.% and 1 wt.%. 
The commonly used plasticizers decrease the Tg and the 
Young’s modulus. The use of propolis nanoparticles 
not only decreased the Tg but also increased the mate-
rial matrix strength. The nanoparticles could be used as 
a new plasticizing agent to improve film strength and 
flexibility. Morphological studies showed that the nano-
particles were well dispersed in the starch matrix until 1 
wt.%, increasing the roughness in nanometer range and 
the hydrophobicity of the surface. Propolis nanoparticles 
are well known as antimicrobial agents. Further studies 
will be done to determine their antibacterial properties 
and performance as coating for food packaging.
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ABSTRACT:  As an outcome of millions of years of evolution, biological systems have developed different methods 
to interact with their surroundings. Many of these adaptations, such as secretions, light-interacting 
surfaces, biochemical active compounds, and many other survival strategies, are phenomena occurring at 
the nanometric scale. In this review, we describe how extracellular nanometric structures are responsible for 
manipulating energy and matter, creating some of the emergent properties of life. Iridescent colors in birds’ 
feathers, the manipulation of wettability of insects’ exoskeletons, the adhesive properties of nanopatterned 
secretions and the ability to polarize light are examples of the potential of extracellular nanostructures. We 
defined the study of extracellular nanostructures as “nanobiodiversity,” a unifying concept that emphasizes 
the inspiration that life at the nanoscale offers, not only for designing new materials, but also for its 
understanding.

KEYWORDS:  Extracellular structures, biomimetic, biodiversity, nanopatterns, nanobiodiversity, evolutionary biology and 
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1 INTRODUCTION

Life on earth encompasses not only an astounding 
number of genetic and biochemical pathways, but 
also a plethora of emergent structures at the nanomet-
ric scale [1]. Nanostructures are ubiquitous through-
out the phyla and achieve a variety of functions that 
support the survival of the species. Conservatively 
assuming a figure of 8 million extant species on our 
planet [2], each one producing at least one type of 
extracellular nanostructure, then it is likely that the 
most varied forms of naturally occurring nanostruc-
tures are of biological origin. Precisely speaking, the 
replication and perpetuation of cells depends on sev-
eral intracellular nanometric structures (INS), which 
are in charge of moving chromosomes, shaping the 
cell membrane, producing energy and replicating 

the genome [3]. Most of the 20th century cell biol-
ogy and biochemistry has successfully unraveled the 
principles upon which these nanomachines work 
in coordination to produce life. By contrast, much 
less is known about extracelullar nanometric struc-
tures (ENS) which function at interfaces between 
living systems and their environment. For instance, 
we can reconstitute large protein complexes and 
explain how they are able to replicate DNA, create 
microtubules and remodel membranes; however, 
we are just beginning to understand the synthe-
sis of a diatom silicon shelve or the mechanisms 
that ensure the faithful disposition of nanometric 
structures in feathers, the eye lenses of insects, and 
the  emergent properties of some extracellular exu-
dates [4]. Paradoxically, despite the great variety of 
organic nanostructures produced by living beings, 
there is no unifying concept to describe the aim of 
understanding and characterizing the extracellular 
nanometric structures. The goal of this review is to 
 propose a concept that specifically defines the study 
of the extracellular nanostructures produced by 
 living systems: Nanobiodiversity.
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2  INTRACELLULAR 
NANOSTRUCTURES (INS) 
vs. EXTRACELLULAR 
NANOSTRUCTURES (ENS)

The vision of the cell as an intricate micrometric semi-
closed system run by nanometric entities, which are 
faithfully duplicated and passed down generation 
after generation, is relatively new [5]. However, an 
understanding of nanometric phenomena is increas-
ingly important in biology in order to explain some 
of the emergent properties observed in living systems. 
For instance, centrioles measure 250 nm in diameter 
and approximately 500 nm long in vertebrate cells. 
These nanomachines are self-assembling microtubule 
nucleating centers that duplicate every cell division. 
The mechanism of duplication of this nanomachine 
is still not well understood, but it involves the older 
copy of the centrosome functioning as a template for 
the new one, a property actively sought in other fields 
of nanotechnology [6]. The study of INS such as cen-
trioles was greatly advanced during the 20th century 
by the development of visualization techniques such 
as electron and fluorescent microscopy, as well as new 
methods to obtain the structure of nanometric com-
plexes of proteins with RNA, DNA, and other biomol-
ecules [7]. 

By contrast, the study of ENS has lagged behind 
probably because in many cases they are nonessential 
for individual cells and their biochemical passivity 
offered few insights into the more dynamic intracel-
lular environment. The ENS were in many cases an 
occasional subject in tissue biology, taxonomy and, 
more recently, biomimetics and biomaterials [8]. 
Nanopatterns on biological surfaces were mainly 
explored by biologists in the search for structural dif-
ferences that could help to classify species [9]. 

This has led to a situation in which we have a com-
mon set of general biochemical principles for intra-
cellular processes, but we still do not understand the 
principles that rule the capacity to produce extracellu-
lar nanostructures in faithful patterns [10]. We can look 
into the DNA sequence of a cell and predict very pre-
cisely which proteins can be synthesized, but we cannot 
predict very well what kind of ENS can be generated 
from a given genome. Furthermore, our knowledge 
on the diversity of naturally occurring ENS is reduced 
to those observed during studies with model organ-
isms [11] or those found responsible for some beauti-
ful macroscopic features, such as the structural color 
in hummingbirds’ feathers. Only recently have several 
authors approached the study of ENS from a different 
perspective in which evolutionary biology attempts to 
explain how ENS emerge in some taxa [12, 13].

Because of these reasons, we would like to argue 
that this emerging field of research can be described 
as “nanobiodiversity”: the study of extracellular nano-
structures. How are ENS formed? How have they 
evolved? Are they directly encoded in the genome or 
are they the result of some cellular emergent prop-
erty? What kind of mathematical or developmental 
principles explain the origin of ENS? These are some 
questions that can be addressed by investigating the 
nanobiodiversity of our world. This review is not 
intended to be exhaustive. We intend to provide sim-
ple and brief examples of the most investigated extra-
cellular nanostructures using original images of Costa 
Rican biodiversity. At the end, we provide a general 
description of the questions that arise when these phe-
nomena are observed under the unifying concept of 
nanobiodiversity. 

3 STRUCTURAL COLOR

Structural color in living beings is usually caused by 
arrays of nanometric structures that manipulate light. 
In many species such nano-arrangements allow for the 
diffraction, dispersion, absorption and/or reflection 
of electromagnetic radiation, which in turn produces 
specific colors and hues [13–18]. A great variety of liv-
ing organisms have developed structural coloration: 
birds [15], reptiles [19], fishes [20], butterflies [21], bee-
tles [22] and even plants [23]. 

The phenomenon is easily recognizable in irides-
cent surfaces, in which the colors displayed depend on 
the angle of observation, sometimes granting a metal-
lic appearance. Non-iridescent colors, also caused by 
nanostructures, do not depend on the observation 
angle and commonly produce bluish hues, which are 
rarely caused by pigmentation [24].

Living beings have accomplished structural col-
oration by many different mechanisms. Available 
biomaterials are employed to develop these sophisti-
cated nanostructures. Here, we describe the function 
of structural coloration in some species of birds and 
insects.

3.1 Birds (Aves)

Few colors are as impressive as a hummingbird’s 
iridescent feather barbules “shinning” at their best 
angle. Figure 1 shows the structures responsible for 
the copper-like coloration of the hummingbird, Elvira 
cupreiceps. The mechanism consists of a b-keratin 
matrix with layers of micrometric melanin platelets 
containing nanometric air cavities. As the light passes 
through the well-ordered array of nanometric cavi-
ties, it is refracted, producing a very different color 
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from the one that would be shown by the melanin pig-
ment alone [25]. This is only one of the 19 mechanisms 
reported for avian feather barbules [26].

Feather barbs also present nanometric structures. 
That’s the case of the quasi-ordered array of mot-
mot, Eumomota superciliosa, shown in Figure 1. This 
non-iridescent spongy medullary keratin coherently 
scatters light because of the size and the unimodal, 
but not ordered, spacing between the rods [15]. As 
coloration, structural colors play a role in avian court-
ship. Camouflage has also driven structural coloration 
to produce hues very similar to the surroundings, 
such as structural white plumages that mimic fallen 
snow [15].

3.2 Butterflies (Lepidoptera)

Astonishing structural colors can be found in butter-
flies. They are used as warning signs between species 
or for mating purposes [27]. Consistently, butterflies 
have developed plenty of structural color mecha-
nisms. Almost one new mechanism is discovered per 
year [9].

“Lepidoptera” derives from the Greek word 
meaning “scale wings.” As the name suggests, 

lepidopterans have micrometric chitin scales on their 
wings capable of manipulating light. For instance, 
green scales of Urania fulgens have an internal 
arrangement of laminar nanostructures in which air 
cavities are present in an organized pattern (Figure 2) 
[21]. Other leptidopterans, like morpho butterflies, 
are famous due to their bright blue colored wings, 
which are a result of nanostructural arrangements 
on the scales, resembling closely packed Christmas 
trees [9, 21, 28].

3.3 Beetles (Coleoptera)

The diverse group of Coleoptera shows a large variety 
of species as well as a broad range of iridescent mech-
anisms [22], which not only have cryptic and apose-
matic functions [29] but are also for visual recognition 
during mating [30]. 

Three different types of iridescent mechanisms 
have been reported in beetles that explain how struc-
tural colors operate in this clade. The first mechanism 
known as “multilayer reflectors” consists of nano-
metric lamellae, or layers, in the endocuticle that 
present different refractive indexes. This has been 
strongly favored by the “armoured” body present in 
Coleoptera, in which multiple layers of cuticle provide 
an exoskeleton that is thicker than that of most other 
insects [22]. The second mechanism is the use of three-
dimensional photonic crystals, especially on scales 
and lattices present in several beetles such as weevils 
(Curculionidae) and cerambicyds (Cerambicidae). 
In these species, scales and lattices work as photonic 
devices that generate vivid colors such as the blue col-
oration on Hoplia coerulea [31] or the green iridescence 
of Lamprocyphus augustus [32]. Finally, diffraction 
gratings correspond to the third mechanism, which 
 consists of any nanoscale array of parallel ridges or 
slits that disperses white light into its constituent 
wavelengths [22]; the structural color of Pallodes sp. 
originates from diffraction gratings.

(a) (b)

(c) (d)

Figure 1 Light microscope photographs of (a) Elvira 
cupreiceps feather barbules and (b) Eumomota superciliosa 
feather barbs. Scanning electron microscopy images of 
the colored sections of the feathers of (c) E. cupreiceps and 
(d) E. superciliosa.

400
nm

(a) (b)

200

0

–200
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Figure 2 Light microscope photographs of (a) Urania fulgens 
green wing scales. (b) Atomic force microscopy images of 
the green portion of the wings of U. fulgens.
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3.4 Bees, Wasps and Ants (Hymenoptera)

Orchid bees (Euglossa) are widely distributed in the 
Neotropics and are well known for their metallic blue 
or green color [33]. It has been reported that these 
insects reflect UV light and emit fluorescence, possibly 
related to the trichromatic vision of bees [34]. On the 
other hand, it could also be associated with a warning 
mechanism for predators capable of seeing in the UV 
range [35].

The wasp Megascolia procer javanensis, for example, 
takes advantage of photonic nanocrystals and com-
plex ENS to produce structural color. The presence 
of a nanostructured polymeric layer covering the 
wings produces an iridescent coloration, a result of 
the light interference patterns created by the polymer 
[36]. Likewise, the surface of the bee Xylocupa viola-
cea showed three layers covered with nanostructures 
when analyzed by AFM [37].

Interestingly, other ENS present in the compound 
eyes of some insects grant antireflective properties and 
enhance light transmission [38]. Such properties have 
been attributed to nanostructures present on the cor-
nea of butterflies and the wings of hawkmoths. In the 
case of compound eyes, the formation of “corneal nip-
ples,” consisting of cylindrical nodules with rounded 
tips in a hexagonal arrangement, play a fundamen-
tal role in the antireflective properties of the optical 
system [39]. Similar ENS can be found in orchid bees, 
albeit of a more irregular morphology (Figure 3b).

4 WETTABILITY

Superhydrophobicity in living systems is mainly 
defined by nanopatterned surfaces. When a superhy-
drophobic surface enters in contact with water, the 
complex nanometric architecture provides air pock-
ets underneath the liquid droplets, promoting high 
contact angles (~150°) between the droplet, the solid 
surface and the surrounding gas [40]. Such surfaces 
are present in plants like the lotus flower, the float-
ing fern, roses, as well as in some insects and spiders, 

which show interesting wetting properties that are 
being applied in biomimetic paintings and other 
materials [41].

5 PLANTS

5.1 Water Fern (Salviniaceae)

The water fern Salvinia presents an overall hydropho-
bic surface due to the presence of ENS in the form of 
wax crystals. Additionally, hydrophilic patches cover 
the specialized plant trichomes (Figure 4a). This cre-
ates a double-layered surface: a hydrophilic region at 
the top of trichomes and the hydrophobic leaf surface. 
Such configuration increases the energy required for 
water to wet the whole structure [42]. In this manner, 
the leaf surface becomes superhydrophobic, and a sta-
ble air layer is formed under the hydrophilic region 
when the fern is underwater [43].

5.2 Arum (Araceae)

Superhydrophibicity has also been observed in plants 
from the Araceae family. Different species show a 
series of micro-bumps covering the leaf surface. Closer 
inspection reveals the presence of nanofolds and wax 
platelets on top of the micro-bumps [43–45].

5.3 Red Rose (Rosaceae)

The red rose petals present superhydrophobicity 
paired with a high adhesive force (Figure 4d). When 
a droplet is deposited on top of the petal, it immedi-
ately adopts a spherical shape, but stays anchored to 
the surface even at a 180° tilt angle. First described by 
Feng et al. [46], this “petal effect” is due to the micro-
papillae on the surface, composed almost entirely by 
ENS in the form of ridges and superficial folds. Such 
an arrangement achieves low surface contact angles, 
due to the thin air layer between the nanostructures 
(Figure 4c), and a high adhesion, due to the capillary 
forces between the microstructures [43, 47].
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Figure 3 (a) Photograph of an orchid bee (Euglossa sp.). (b) AFM height image of the surface of the eye ommatidia of orchid bee.
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6 ARTHROPODS

6.1 Spiders (Arachnida)

Spider dragline fibers present different properties 
depending on the environmental humidity, as studied 
by AFM [48]. For instance, “directional water recol-
lection” [49], which results from the hierarchical fiber 
structure and allows collection of water from air mois-
ture. Although the mechanism clearly takes advantage 
of the interactions between water droplets and the spi-
der dragline polymers, it is still unclear how the wet-
tability of this nanopatterned material emerges from 
the array of fibroin proteins. 

6.2 Wasps, Bees and Ants (Hymenoptera)

Insects living in highly humid environments devel-
oped superhydrophobic and anti-fogging traits in 
the ocular area, so that condensation is restricted to 
the insect’s body [50]. Pollinator insects such as bees, 
moths and dragonflies have a cuticle geometry in their 
ommatidia capable of self-cleaning. The presence of 
ENS reduces the surface contact between the contami-
nating particles and the biological surface.

Using both SEM and AFM [39] revealed a correla-
tion between the surface of the eye and the capacity of 

self-cleaning. The van der Waals interactions between 
the surface of the eye and the contaminating particles 
may be limited, occurring only on top of a few pro-
tuberances in the area of contact, resulting in a non-
sticky state [39].

6.3 Cicadas (Hemiptera)

The presence of small, round ENS (Figure 5b) on the 
surface of the wings of different cicada species has 
been associated with important wetting and optical 
properties [51]. Studies have found that the super-
hydrophobicity of the wing surface promotes a 
self-cleaning effect, preventing major attachment of 
 bacteria [52, 53].

7  OPTIMIZED NANOMECHANICAL 
PROPERTIES

7.1 Spiders

The high strength and elasticity of the dragline silk pro-
duced by spiders is the perfect example of a strong and 
resistant nanomaterial. With a width of ~80 nm, the 
fibers consist of a matrix of protein crystals embedded 
in amorphous protein network [54]. A combination 
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Figure 4 (a) Light microscope image of Salvinia sp. (b) Contact angle image of a drop of double distilled water on the surface of 
Salvinia sp. (c) AFM height image of the surface of a red rose petal. (d) Contact angle image of a drop of double distilled water 
on the surface of a red rose petal at 0° and 180°.
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of different nanometric arrangements (e.g., peptide 
sequences, protein conformations, surface topology) 
(Figure 6a) explains the spider silk’s mechanical and 
biological performance [54–56]. Studies comparing dif-
ferent taxa of spiders [56] found that Argiopes sp. pro-
duced a significantly stronger, and therefore tougher, 
silk than other spiders [57]. Other studies, using AFM 
described the strength, extensibility, toughness, and 
stiffness of the dragline silk [54]; determining the 
number of individual silk fibers per strand (Figure 
6b), while Becker et al. [58] characterized the stretching 
ability of a single fiber attached to the AFM tip. 

8  NANODIVERSITY: A UNIFYING 
CONCEPT BEYOND BIOMIMETICS

As seen in the previous examples, structural color, 
wettability and optimized nanomechanics are prop-
erties of living systems that emerge from ENS. So far, 
these phenomena have been mainly studied from a 
utilitarian perspective, with scientists and engineers 
trying to reproduce the mechanisms found in nature 
[59]. In this regard, biomimetics is a remarkable 
field of research aiming to create new technologies 
based on biological structures [60]. For example, 

biomimicry of spider silk is the base of hydrogels 
interwoven with nanofibers that present a high 
 elastic modulus at low volume fractions [55]. Studies 
[61–64] showed that the spider web can be mounted 
as films, capsules, nanofibers, and nanovesicles, with 
biomedical applications [65], and concluded that silk 
proteins can be used as nanowires or biosensors 
as well. 

In a similar way, artificially generated natural iri-
descent nanostructures are a promising photonic tech-
nology [66]. For instance, the production of devices, 
such as mirrors and filters from multilayer nanostruc-
tures, is based on the iridescence mechanism from 
beetles (Coleoptera) [67]. Furthermore, the clothing 
industry also benefits from new fabrics that reflect or 
absorb light depending on their nanostructured pat-
tern, a property that can also be applied to computer 
chips [68, 69]. However, despite all of the applications 
and new technologies proposed by biomimetics, there 
are important questions that are outside their scope 
and they need to be addressed in order to understand 
how ENS are produced and maintained in the differ-
ent taxa. 

Structural color is an emergent property that has 
appeared in many species. At this point it is unclear 
whether the strategies to obtain structural coloration 
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Figure 5 (a) Photograph of Zamara smaragdina. (b) Atomic force microscopy images of the wing surface of Z. smaragdina.
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Figure 6 AFM height images of dragline spider silk of Argiopes sp.: (a) Fibrils composing a strand, 80 μm × 80 μm, (b) 20 μm × 
20 μm, (c) 1.45 μm × 1.45 μm.
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are the result of a set of common rules established by 
natural selection or whether each strategy emerges 
independently, as a form of convergent evolution. 
In this case, we can only speculate when structural 
color first appeared on our planet and whether 
there are simple algorithms for the production of 
light-interacting nanostructures as proposed by 
Blagodatski et al. [12]. It is also remarkable that in 
some taxa, such as coleopterans, many structurally 
different mechanisms are used to obtain iridescent 
colors. The  necessary conditions to create this diver-
sity of ENS in a single taxon are not known, but it 
will be of great importance to determine under 
which conditions the production of ENS can be pro-
moted or repressed. 

Superhydrophobic structures present an even more 
interesting scenario. For a long time, scientists created 
phylogenetic trees based upon defined macroscopic 
traits of species; it would be interesting to try to gen-
erate an evolutionary tree based on an ENS-derived 
property, such as superhydrophobicity, which is 
widespread among many clades. 

One of the major questions that remains to be 
answered is how genomes reliably produce ENS. It 
is unclear whether there is a minimal set of genes, 
proteins or developmental pathways essential for 
the production of ENS. Furthermore, the degree of 
 variation of the nanostructures between individu-
als from the same species is still an open question, 
as well as whether ENS are an example of somatic 
plasticity.

Experiments to test these ideas will require a com-
bination of genetics, evolutionary biology and visu-
alization techniques related to the areas of materials 
science and nanotechnology. In this regard, atomic 
force microscopy and electron microscopy can be 
valuable tools to screen for ENS across taxa.

All of these questions go beyond biomimetics and 
are at the crossroads between evolutionary biology 
and bio-nanotechnology. We believe that at this point 
the concept of nanobiodiversity is needed to precisely 
describe the multidisciplinary study of ENS. This 
approach can be extremely fruitful in biodiverse coun-
tries such as Costa Rica and other tropical nations. For 
that matter, there is truly plenty of room at the bottom 
of biodiversity.
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ABSTRACT:  This study evaluated the durability in terms of decay and mechanical resistance of thermally modified (TM) 
wood of Tectona grandis and Gmelina arborea treated at 160, 180, 200 and 220 °C. The TM wood of both species 
treated above 200 °C and 180 °C respectively presents lower weight loss (WL) after 300 days exposure in field 
and accelerated testing. It was also found that in field testing over 180 °C, the module of elasticity (MOE) and 
module of rupture (MOR) of the exposed and unexposed stakes of TM wood were not affected. Accelerated 
tests showed that the loss in flexural resistance was reflected more in the MOR than in the MOE. Finally, 
the accelerated and field tests showed that G. arborea and T. grandis TM wood treated at 180, 200 and 220 °C 
present statistically similar values of WL and flexural mechanical resistance.

KEYWORDS: Biodeterioration, tropical species, decay, thermal modification, teakwood

1 INTRODUCTION

Wood is a biomaterial susceptible to degradation by 
biotic and abiotic agents. A number of treatments 
have been applied to wood seeking to improve decay 
resistance and dimension stability; for example, ther-
mal modification of wood. In this process, the wood 
is exposed to temperatures between 100 and 220 °C 
for several hours under nitrogen conditions. Thermal 
modification of wood essentially involves controlled 
degradation of the wood, primarily resulting in the 
destruction of hemicelluloses [1].

Thermal modification affects multiple properties 
of the wood [2]: reduces its mechanical resistance, 
increases its resistance to decay, and affects its moisture 
content, among other properties [3]. Esteves and Pereira 
[2] made an extensive review of the decay resistance of 
TM wood of various species. All studies about decay 
resistance in this review have used accelerated tests, 
focusing mainly on species from temperate climates.

The environmental conditions of tropical regions, 
such as high temperatures and rainfall throughout the 

year as occur in Costa Rica, enable the development 
of a large variety of timber species from forest planta-
tions [4]. Two of these forest species, Tectona grandis 
and Gmelina arborea, have been successfully planted in 
forest plantations in Costa Rica [5, 6]. Nevertheless, the 
high amount of sapwood and heartwood of low dura-
bility [5, 6] makes both species susceptible to degrada-
tion. These woods are already being thermo-treated to 
improve their resistance to biodegradation [7]. 

Timber susceptibility to biodegradation is a disad-
vantage [2]. It has long been recognized that deteriora-
tion is more rapid in warm, moist climates than in cool 
or dry climates; thus, 3–5 years have generally been 
considered sufficient data for tropical regions [2]. On 
the other hand, knowledge about the loss of durability 
of TM wood in accelerated tests is also limited. Field test 
studies on durability of TM wood have been conducted 
under conditions other than those of tropical climate [8].

Therefore, the aim of the present study is to evalu-
ate the durability of TM wood of Tectona grandis and 
Gmelina arborea from forest plantations in Costa Rica at 
5 different temperatures. To this end, measurements 
were carried out on the loss of mechanical resistance 
of the TM wood after 300 days exposure in a field of 
stakes in two different sites; in addition, accelerated 
tests were conducted to evaluate resistance to fungi 
at various times, using brown- and white-rot fungi 
(Lenzites acuta and Trametes versicolor, respectively).
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2 MATERIALS AND METHODS

2.1  Origin and Characteristics of the 
Material Used and Sampling

The wood of Tectona grandis and Gmelina arborea 
used was obtained from trees from the second thin-
ning of fast-growth plantations of 11 and 8 years 
old, respectively. The plantations were located in the 
Northern Zone of Costa Rica (Latitude: 9° 50’ 59” N 
and Longitude: 83° 54’ 37” W), and belong to Ethical 
Forestry S.A. Thirty boards of about 7.5 cm wide × 2.5 
cm thick × 2.50 m long were taken from the TM wood 
only. The trees were harvested in July and during the 
rainy season. Heartwood boards were divided into 5 
parts (samples of 7.5 cm wide × 2.5 cm thick × 50 cm 
long). It is noteworthy that only samples of sapwood 
timber were available, since it was not possible to get 
the radial pattern.

2.2 Thermal Treatment Process

Dried lumber, with approximately 12% moisture con-
tent, was thermally treated at four different tempera-
ture levels: 160 °C, 180 °C, 200 °C and 220 °C. For each 
treatment, 30 boards were selected and 30 other sam-
ples were left untreated. Each thermal treatment pro-
cess was made independently and performed under 
anoxic conditions. The boards were introduced and 
stacked into a Valutec® thermowood pilot plant [9]. 
The thermal treatment process started with drying for 
approximately 17 hours at a temperature ranging from 
0 °C to 130 °C to obtain 0% moisture content (MC). 
Subsequently, the temperature was increased from 
130 °C to the temperature defined for each type of ther-
mal treatment (160 °C, 180 °C, 200 °C and 220 °C) and 
maintained during 6 hours. Next, a conditioning stage 
was applied during 7 hours; steam, water and temper-
ature were applied to moisturize timber and achieve 
approximately 6% in MC. Finally, a cooling process 
was applied during 3 hours. The different treatments 

were defined as follows: control untreated wood and 
thermal treatments at 160 °C, 180 °C, 200 °C and 220 °C.

2.3  Evaluation of Durability of Thermally 
Modified Timber (TMT) Wood Stakes 
in Field Tests

From thermo-treated boards at 12% MC, 50 defect-
free samples of 2 × 2 × 30 cm3 from each temperature 
(Table 1) in each species were cut according to the 
ASTM D-1758-02 standard method A [10]. The sam-
ples were in contact with weed-free soil for 300 days. 
To this end, pots with fertile soil used in the nursery 
for plant reproduction were employed (Figure 1a). A 
total of ten stakes of 2 cm × 2 cm × 30 cm, 5 stakes of 
T. grandis and 5 stakes of G. arborea, corresponding to 
the treatments applied (4 temperatures: 160, 180, 200 
and 220 °C; and untreated) were used per pot. In total, 
20 different pots were filled. The stakes were buried 
15 cm deep in the soil. The pots were separated into 
two groups of 10 pots each, each group exposed to dif-
ferent environmental conditions in two different sites. 
The first site was at 9° 50’ 59” N and 83° 54’ 37” W 
(Field tests weather condition 2) and the second site 
was at 10° 11’ 22” N and 84° 31’ 23” W (Field tests 
weather condition 2).

2.4  Evaluation of TMT Wood Stakes in 
Field Tests

After 300 days exposure, the mechanical resistance 
of TM wood was evaluated. Samples were extracted 
and placed under controlled conditions (temperature: 
22 °C; relative humidity: 66%) to obtain 12% MC. Next, 
the stakes were weighed and their dimensions were 
measured. Static flexure was used to determine the 
mechanical resistance using the destructive method. 
For this, Tinius Olsen Horizon H10kT equipment was 
used, employing a span of 25 cm between supports 
and applying the load exactly on the ground line of the 

Table 1 Experimental parameters determined and the number of samples for each test in TM wood of Tectona  grandis 
and Gmelina arborea. 

Test Experimental parameters determined Temperature of thermo-treatment (°C) Total samples 
per specie

Un-treated 160 180 200 220

Resistance in  
flexural test

MOE and MOR in flexure and  
WL after 300 day of exposure

10 10 10 10 10 50

Accelerated test  
with stakes

MOE and MOR in flexure and  
WL each 7 days until 28 days

21 21 21 21 21 84

Accelerated soil 
block test

WL after 16 weeks of exposure 30 30 30 30 30 150
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stakes at 1 mm/min speed. The modulus of elasticity 
(MOE) and the modulus of rupture (MOR) commonly 
obtained in this type of test were determined. 

2.5  Evaluation of Mechanical Resistance 
and Weight Loss for Accelerated 
Methods

This method was adapted from the method proposed 
by Silva et al. [11] to measure durability of wood- 
plastic composites by means of accelerated tests. In this 
test, small samples of 185 TM wood (6 mm × 6 mm × 
100 mm) for each treatment (4 temperatures: 160, 180, 
200, 220 °C; and untreated) and each one of the spe-
cies were placed into a jar containing malt-agar culture 
(Figure 1b) previously inoculated with Trametes versi-
color (white rot) and Lenzites acuta (brown rot). Then, 
84 samples were selected for exposure to each fungus 
and 21 samples designated as control were separated 
and kept unexposed to the fungi. Three samples were 
placed into each jar with solidified malt-agar medium 
(Figure 1b). One week later, 21 wood samples per each 
species and fungus type were removed. Sample extrac-
tion (21 samples/species/fungus) continued in weeks 
2, 3 and 4 of exposure. All of the samples extracted 
and the samples conditioned at 12% MC were then 
weighed again to determine WL due to exposure to 
the fungus (Equation 1). Next, the flexure test was 
performed using a Tinius Olsen H10kT universal test-
ing machine with a span of 8 cm and a loading speed 
of 0.27 mm/min. Finally, all samples were placed at 
105 °C for 24 hours and their dry weight was deter-
mined with an analytical balance.

 
Weigth loss

Initial weight final weight
Initial weight

(%) *=
−

1100

 (1)

2.6  Decay Resistance in Accelerated  
Soil-Block Test

Decay resistance specimens measuring 2.5 × 2.5 × 2.5 
cm were cut from 5 different treatments: 4 tempera-
tures (160, 180, 200 and 220 °C) and untreated. Three 
hundred blocks were extracted from TMT wood 
boards (5 treatments × 2 fungus × 30 samples). The 
white-rot fungus T. versicolor and brown-rot L. acuta 
were again used for testing natural decay resistance 
following the ASTM standard D2017-81 [12]. The 
relative decay resistance of each soil-block test was 
measured as the WL percentage (Equation 1) during a 
16 week exposure to the fungi.

2.7 Statistical Analysis

Firstly, a regression analysis was performed between 
WL and thermo-treatment temperature for the 
TM wood stakes that were placed in field tests for 
300 days. Then, a variance analysis (ANOVA) and 
Dunnett’s average test (P < 0.05) was applied to the 
MOE and MOR of the flexural test of the same stakes. 
These analyses were performed in order to determine 
the differences between these parameters in the case 
of the untreated stakes (control stakes) relative to TMT 
wood stakes from different temperature treatments. 
Lastly, an ANOVA was applied to determine the WL 
differences between the two types of fungi (L. acuta 
and T. versicolor) obtained from the accelerated test. 
The thermo-treatment temperatures (160 °C, 180 °C, 
200 °C and 220 °C) of the wood were the independ-
ent variables of the model and the WL was defined as 
the dependent variable; this analysis was applied to 
each fungus separately. The Tukey test (P < 0.05) was 
used to confirm the presence of significant differences 
between treatments. All statistical analyses were com-
puted by SAS software.

Figure 1 (a) Pots to test durability of TM wood of Tectona grandis and Gmelina arborea in field tests in two climatic conditions. 
(b) Accelerated decay test utilized in small TM wood samples of Tectona grandis and Gmelina arborea for flexural resistance 
determination.

(a) (b)
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3 RESULTS

3.1 Evaluation of Stakes in Field Tests

The WL evaluation of the TM wood stakes at the end 
of the 300 days exposure showed that G. arborea TM 
wood (Figure 2a) presented greater WL than T. gran-
dis TM wood (Figure 2b). Likewise, TM wood stakes 
exposed to weather condition 2 in the field tests pre-
sented greater WL than the stakes exposed to weather 
condition 1 in the field tests. A major aspect to observe 
is that WL at the end of the 300 days exposure decreases 
exponentially with the thermo-treatment temperature. 

A small change was observed regarding WL in G. 
arborea stakes between stakes treated at 160 °C and 
180 °C. However, TM wood stakes treated at 200 °C 
and 220 °C presented lower WL than for the previous 
temperatures (Figure 2a). As for T. grandis TM wood, 
a fall in the WL was observed in untreated stakes and 
TM wood stakes obtained at 160 °C. The differences 
between the other temperatures is small and relatively 
constant (Figure 2b).

The determination of the flexural resistance by 
means of the destructive method showed that the 
thermo-treatment reduces the values of MOR and 
MOE, compared to untreated wood (Table 2). In G. 
arborea, reduction of these values occurs mostly where 
wood was treated with temperatures of 200 and 220 °C 
(Table 2), whereas in T. grandis, MOR and MOE dimin-
ished progressively with increasing temperature.  

As for mechanical resistance of stakes after exposure 
to the soil for 300 days, MOR and MOE diminished 
significantly in untreated stakes and in G. arborea TM 
wood stakes treated at 160 °C. On the other hand, no 
significant diminution was observed in MOR and MOE 

in TM wood treated with other temperatures (180, 200 
and 220 °C) relative to TM wood at the same tempera-
tures unexposed to the soil at both sites of exposure 
(Table 2). Meanwhile, T. grandis wood showed signifi-
cant reduction of MOE in untreated stakes and stakes 
treated at 160 °C at both sites of exposure. In addition, 
significant diminution of MOR was observed in wood 
treated at 180 °C in field test 1 (Table 2). 

After comparing the values of mechanical resis-
tance of TM wood after exposure to soil contact for 
300 days with the values of untreated wood unex-
posed to the soil, the highest loss of MOR and MOE 
evidently occurs in wood of untreated stakes of both 
species (Figure 3). Additionally, except for the MOR 
in T. grandis (Figure 3b), the least diminution of loss 
in MOE and MOR occurs in TM wood stakes treated 
at 160 °C. Finally, in the remaining temperatures, loss 
of resistance increases with increasing temperature. 
However, this reduction in mechanical resistance is 
due to thermo-treatment instead of the wood present-
ing higher degradation, since wood thermo-treated at 
over 180 °C presented no significant difference regard-
ing resistance after 300 days exposure. 

3.2  Evaluation of Mechanical Resistance 
and Weight Loss for Accelerated 
Methods

The WL increased in untreated and TM wood stakes 
of T. grandis and G. arborea with time of exposure to 
T. versicolor at 160, 180 and 200 °C, whereas at 220 °C, 
WL of TM wood remains constant with time (Figure 
4a–c). As for TM wood exposed to L. acuta (Figure 
4b–d), most WL occurs in weeks two and three for 

Figure 2 Weight loss percentage of TM wood stakes of Gmelina arborea (a) and Tectona grandis (b) exposed to the soil in two field 
tests weather conditions.
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all treatments in two species; then, WL values remain 
constant for 21 and 28 days. Likewise, despite increas-
ing their WL in the four evaluations, stakes thermo-
treated at 220 °C present the lowest WL values. 

The MOR variation showed the opposite effect, 
reducing its value with time of exposure to both T. ver-
sicolor and L. acuta in both species (Figure 5). As for 
the various temperatures, the TM wood samples at 
higher temperatures (200 and 220 °C) showed greater 
mechanical resistance to T. versicolor compared to 
untreated samples in both species. In addition, the low-
est mechanical resistance was perceived in the thermo-
untreated samples, where the decrease was high in 
relation to day of exposure (Figure 5a,c). Regarding L. 
acuta, the lowest values of MOR were observed at high 
temperatures (200 and 220 °C), while for the remaining 
temperatures few differences were observed between 
untreated and TM wood stakes (Figure 5b,d).

A different behavior was observed concerning 
the value of MOE, which was slightly affected by the 
time of exposure to the fungi, mainly in T. grandis  
(Figures 6a,b) and a higher change in G. arborea (Figures 
6c,d). The lowest value of MOE regarding both types 
of fungi was observed in untreated stakes, whereas the 
highest values appeared for TM wood stakes at 200 and 
220 °C. The samples thermo-treated at 160 and 180 °C 
present intermediate values between thermo-untreated 
stakes and TM wood stakes at 200 and 220 °C (Figure 6).

3.3  Decay Resistance in Accelerated  
Soil-Block Tests

According to the results obtained in the accelerated 
soil-block tests for G. arborea, the values of WL with L. 

acuta were lower than those obtained with T. versicolor. 
In addition, TM wood at 160 °C and 180 °C presented 
no significant differences relative to the control regard-
ing L. acuta (Figure 7a). The WL values of TM wood at 
200 and 220 °C were different among them, and sta-
tistically lower than in TM wood at 160 °C and 180 °C 
(Figure 7a). As for G. arborea TM wood colonized by 
T. versicolor, no differences were found in the WL 
between untreated wood and thermo-treated wood at 
160 °C,  nor were any differences observed between 
TM wood treated at 160 °C and 180 °C regarding WL, 
although differences did appear between untreated 
and TM wood treated at 180 °C. The lowest statistically 
compared WL in T. versicolor was for TM wood treated 
at 200 and 220 °C, showing no significant differences 
in wood at these two temperatures (Figure 7b).

The results from the accelerated soil-block test in T. 
grandis TM wood exposed to colonization by L. acuta 
and T. versicolor showed once again that most degrada-
tion occurred with T. versicolor (Figure 7c,d). The TM 
wood treated at 160 °C showed no significant differ-
ences in WL with both fungi compared to untreated 
wood (Figure 7c,d). Meanwhile, TM wood treated at 
180 °C and 200 °C did not present significant differences 
in WL relative to L. acuta. The TM wood treated at 220 
°C presented the lowest statistical value of WL (Figure 
7c). On the other hand, TM wood treated at 180, 200 and 
220 °C showed no significant differences in WL due to 
degradation by colonization of T. versicolor (Figure 7d).

4 DISCUSSION

The WL found for G. arborea and T. grandis subsequent 
to 300 days exposure to the field test varied within 

Figure 3 Loss of module of elasticity (a) and module of rupture (b) after 300 days exposed in soil for TM wood stakes of Gmelina 
arborea and Tectona grandis treated with different temperatures.
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the range of 1.0 to 11.0% (Figure 2). For both species, 
WL of TM wood stakes at low temperature (160 °C) 
or stakes without thermo-treatment was higher com-
pared to WL of TM wood stakes treated at higher tem-
peratures. Differences were also observed between 
these two species concerning WL; thermo-treatment of 
T. grandis at higher temperatures increased its decay 
resistance against the deterioration agents in the field 
test compared to G. arborea treated under the same 
conditions (Figure 2).

The thermal modification of temperate species has 
been proven to enhance wood durability [7, 13]. The 
improvement of resistance to fungal attack is due to 
modifications of the chemical components (cellulose, 
lignin and hemicellulose) of the wood that reduce the 
vulnerability of the material to biological degradation 
[14]. In addition, degradation of these polymers by 
thermal modification also decreases water absorption, 

which limits shrinking and swelling, as well as absorp-
tion of water, which may also be conducive to dimin-
ished fungal growth [13].

There are some aspects that can explain the varia-
tions of decay resistance due to temperature. Firstly, 
water absorption creates conditions for the develop-
ment of fungi, which in the end will affect the decay 
resistance. According to Boonstra et al. [15], with 
thermal treatment at low temperature, the low ther-
mal and moisture conductivity of wood leads to high 
moisture variation close to the surface. As a result, 
conditions that favor fungi development appear [16], 
therefore the diminished durability of wood at low 
temperatures. 

Another aspect that may explain the difference in 
durability of TM wood under multiple temperatures 
is the formation of several chemical components in the 
wood. High temperatures improve decay resistance, 

Figure 4 Variation of weight loss percentage of TM wood stakes of T. grandis (a,b) and G. arborea (c,d) exposed to accelerated test 
with T. versicolor and  L. acuta during several days.
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as observed in this study (Figure 2) and in other stud-
ies on species from temperate climates [14]. Hakkou 
et al. [14], Trevisan et al. [17], and Del Menezzi et al. 
[18] stated that polymer degradation and chemical 
modification, well known to happen above 200 °C, 
are more plausible reasons to explain the durability 
improvement. Therefore, the adequate decay resis-
tance obtained in both species in this study agrees 
with the findings of the above authors.

It was also observed that loss of decay resistance 
occurred in both thermo-untreated and TM wood. 
Both MOE and MOR of stakes thermo-treated at 160 
°C and untreated exposed 300 days in the soil in two 
field test weather conditions (Table 2), and MOE 
and MOR of stakes of both species exposed to accel-
erated test with T. versicolor and L. acuta for several 
days (Figures 5 and 6), decreased with time. Loss of 
mechanical resistance in stakes is caused by the deg-
radation of polymers, mainly cellulose and hemicel-
lulose [19]. During wood decay, hemicellulose side 
chains such as arabinose and galactose are degraded 

first; afterwards, the main-chain hemicelluloses of 
mannose and xylose are mineralized [2]. Microscopic 
consequences of degradation of hemicellulose are pro-
duced by the development of cavities in the secondary 
walls of wood fibers, or the erosion of the wood cell 
wall outward from the cell lumen [19]. Consequently, 
decomposition of cellulose chains, the presence of 
cavities and the erosion in the cell wall produce struc-
tural weakening of the wood [20].

The WL with time (Figure 4), especially when the 
wood is exposed to accelerated testing with specific 
fungus, such as T. versicolor and L. acuta (Figure 4a and 
4b), can be explained by the process of degradation of 
the wood. At the initial stages of exposure to the fun-
gus, cavities appear on the cell wall [19] that produce 
early losses of resistance of low magnitude. These 
cavities enlarge as the process of degradation con-
tinues, allowing fungus hyphae to penetrate the cell 
wall until reaching the lumen and further extend the 
cavities [20]. The progressive increase of cell wall deg-
radation caused by the hyphae produces this gradual 

Figure 5 Variation of module of rupture of TM wood stakes of Tectona grandis (a,b) and Gmelina arborea (c,d) exposed to 
accelerated test with T. versicolor and L. acuta during several days.
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Figure 6 Variation of module of elasticity of TM wood stakes of Tectona grandis (a,b) and Gmelina arborea (c,d) exposed to 
accelerated test with T. versicolor and L. acuta during several days.

(a) (b)

(c) (d)

Trametes versicolor-Tectona grandis

Trametes versicolor-Gmelina arborea

Lenzites acuta-Tectona grandis

Lenzites acuta-Gmelina arborea

1.50

1.70

1.90

2.10

2.30

2.50

2.70

1.50

1.70

1.90

2.10

2.30

2.50

2.702.90

0.45

0.40

0.35

0.30

0.25

0.20

0.15

7 days 14 days 21 days 28 days 7 days 14 days 21 days 28 days

7 days 14 days 21 days 28 days 7 days 14 days 21 days 28 days

M
od

ul
e 

of
 e

la
st

ic
ity

 (G
Pa

)
M

od
ul

e 
of

 e
la

st
ic

ity
 (G

Pa
)

0.34

0.32

0.22

0.24

0.26

0.28

0.30

0.20

M
od

ul
e 

of
 e

la
st

ic
ity

 (G
Pa

)
M

od
ul

e 
of

 e
la

st
ic

ity
 (G

Pa
)

Untreated
160 °C
180 °C
200 °C
220 °C

Untreated
160 °C
180 °C
200 °C
220 °C

Untreated
160 °C
180 °C
200 °C
220 °C

diminution of the mechanical resistance of the wood 
(Figures 5 and 6) due to weakened cell wall.

The TM wood showed loss of mechanical resis-
tance after 300 days exposure to field test, compared 
to wood that is untreated and unexposed to field test. 
This should be taken with caution. First of all, it should 
be pointed out that thermo-treatment decreases the 
mechanical resistance of the wood, which was con-
firmed by the loss of mechanical resistance of the 
two species studied (Table 2); additionally, this loss is 
positively correlated to increasing thermo-treatment 
temperature [21]. This weakening is produced by the 
degradation of the polymers that compose the wood 
[3, 7, 22, 23]. Changes in the structure of the cell wall, 
such as the development of microcracks, also help 
weaken the mechanical resistance of the wood with 
thermo-treatment [24].

However, no statistical differences were observed in 
MOR and MOE of TM wood in the field test and stakes 
unexposed after 300 days of exposure (Table 2), mainly 
with respect to TM wood treated at temperatures 

above 180 °C in the two species evaluated (Figure 3). 
This indicates that loss of MOR and MOE in TM wood 
in relation to untreated wood and unexposed wood 
was due, not to biological degradation during soil 
exposure, but to natural loss of mechanical resistance 
caused by thermo-treatment. In both species evalu-
ated, durability was achieved with TM wood at lower 
temperature (180 °C) and thermo-untreated wood. It 
was found that MOE and MOR of TM wood decreased 
after 300 days of exposure (Table 2; Figure 3). Low 
thermo-treatment temperatures, such as 160 °C, can-
not completely modify the conditions of the cell wall 
nor the chemical components of the wood as to inhibit 
fungal attack [7, 21]; therefore, protection against bio-
logical degradation is not achieved as in wood treated 
at higher thermo-treatment temperatures. 

One more important difference relative to loss 
of decay resistance of the two species evaluated 
in the test of TM wood exposed to accelerated test 
with specific fungi, such as T. versicolor and L. acuta, 
was that MOR presented greater loss (Figure 6a,b) 
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Figure 7 Weight loss percentage of TM wood of Gmelina arborea (a,b) and Tectona grandis (c,d) exposed to accelerated soil-block 
test with T. versicolor and L. acuta. Note: Average values identified with different letters are statistically different at α = 99%.
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than MOE (Figure 6c,d; Figure 7c,d). According to 
Sandberg and Kutnar [1], the bending strength, 
which is a combination of tensile stress, compressive 
stress, and shear stress, is commonly used to com-
pare mechanical properties of different processes. 
However, they mentioned that in general there is 
only a small change in MOE while a major decrease 
in MOR, independent of the process or the species. 
This same behavior was observed in the wood of G. 
arborea and T. grandis, also agreeing with tests car-
ried out with Scots pine [25] and Norway spruce [26], 
which found that the MOR was more affected than 
the MOE. 

Typical durability tests are accelerated tests under 
soil contact condition (Figure 7). According to the 
ASTM D2017 standard [12], the results of these tests 
can be classified into 4 different categories according 
to WL obtained after 16 weeks: highly resistant for WL 
under 10%; resistant for WL varying between 11% and 
24%; moderately resistant if WL ranges from 25% and 
44%; and slightly resistant to nonresistant if WL stands 
above 45% [12]. Consistent with the results obtained 
for WL, G. arborea TM wood presented higher values 
than TM wood of T. grandis (Figure 7a,b) and therefore 

G. arborea was generally classified as low durability. 
The TM wood of G. arborea treated at 160 °C and 180 
°C and tested with two types of fungi was classified 
as moderately resistant, while T. grandis TM wood at 
the same temperatures and evaluated with the same 
types of fungi was classified as resistant. G. arborea TM 
wood treated at 200 and 220 °C was classified as resis-
tant (WL between 11–24%), whereas TM wood of T. 
grandis at those same temperatures was classified as 
highly resistant (WL lower than 10%) with the two 
types of fungi.

An explanation of the improvement of resistance to 
fungi attack that results from the process of thermal 
modification of wood is that the formation of furfural 
might form toxic compounds and thermal treatment 
quickly degrades hemicelluloses [14, 17, 18].

The TM wood with the highest temperatures (200 
and 220 °C) was classified as having the best durabil-
ity compared to wood thermo-treated at lower tem-
perature (Figure 7). Hermoso et al. [23] and Kocaefe 
et al. [21] explain that when higher temperature is 
applied during thermal treatment there is a reduc-
tion of hemicellulose content, humidity and other 
constituents, such as starch, fatty acids and lipids, 
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which are essential for fungal growth. This chemi-
cal modification is explained by the fact that thermal 
treatments at above 200 °C modify the wood’s struc-
ture, increasing its resistance to deterioration.

Lastly, TM wood showed greater WL with the white-
rot T. versicolor than with the brown-rot L. acuta fungus 
(Figure 7), implying there was greater degradation of 
the structural polymers (lignin) of wood with the first 
fungus species. According to Kirk and Highley [27], 
this occurs because white-rot fungus has the capabil-
ity to degrade wood cellulose and hemicellulose in 
greater proportion, after reducing lignin availability, 
while brown-rot fungus is more selective, degrad-
ing the cellulose of the cell wall only. The white- and 
brown-rot fungi removed the mannan, and usually 
xylan, faster than glucan, but the difference was not 
as pronounced for the white-rot as for the brown-rot 
organisms [27].

5 CONCLUSIONS

Thermal treatment in G. arborea and T. grandis wood 
from fast-growth plantations improves wood dura-
bility, noticeably increasing the decay resistance to 
accelerated tests with T. versicolor and L. acuta and 
in the field condition. However, the higher degra-
dation occurred in G. arborea TM wood. The eval-
uation of the static flexural test showed that TM 
wood treated above 180 °C produced the lowest 
losses of MOE and MOR. But the accelerated tests 
showed more evidence of losses of flexural resist-
ance than the field tests, the loss of resistance in the 
MOR being higher than in the MOE. According to 
results, the wood of G. arborea and T. grandis from 
fast-growth plantation thermo-treated at tempera-
tures of 180, 200 and 220 °C, can be recommended. 
However, thermo-treatment at 160 °C in both spe-
cies is not recommended. 
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ABSTRACT:  Nowadays, green polyurethane (PU) foams are mostly synthesized by replacing an amount of petrochemical 
polyol with biobased polyol. Here we report five different families of isocyanate prepolymer formulations that 
were prepared with biobased sources and the correlation between the structure of chains and the properties 
of the produced PU foam. Foam behavior in tension, torsion, compression, shape memory tests and physical 
properties were studied by dynamic mechanical thermal analysis (DMTA); interactions in the polymer chains 
were analyzed by Fourier transform infrared spectroscopy (FTIR); and thermal analysis was performed 
by thermogravimetry (TGA) and differential scanning calorimetry (DSC). The results showed that high 
content of biobased macrotriol in the prepolymer formulation implies a softer final material than commercial 
polyester polyol foams due to the branched biobased molecules that do not allow enough packaging of the 
polymer matrix. Moreover, mechanical and thermal properties of the final PU foam are affected by the length, 
functionality and polarity of the biobased molecules used in the isocyanate prepolymer synthesis. 

KEYWORDS:  Biobased polyurethane, prepolymer, biodegradable, renewable resources, thermal-mechanical properties

1 INTRODUCTION

Polyurethane (PU) foams are usually obtained by mix-
ing two parts: an isocyanate prepolymer and a polyol 
mixture of organic molecules containing at least two 
hydroxyl groups obtained from petroleum. The PU 
prepolymers consist of a macromolecular chain mixture 
with many urethane groups in its backbone and an iso-
cyanate reactive group at the chain’s end, which allows 
one to control the viscosity, reactivity and toxicity of the 
PU component [1]. Secondary reactions can take place 
when foaming. The reaction between water (blowing 
agent) and isocyanate groups generates amines and 
gaseous CO2, helping the foam growth; these produced 
amines can also react with the isocyanate to form ureas 
and isocyanate that can react with themselves in a trim-
erization reaction to form isocyanurates [2].

Estimated at nearly two billion kilograms in the 
US alone, PU foams currently account for the larg-
est market among polymeric foams [3]. The versatile 

properties offered by this material are suitable for 
use in many fields such as medical devices, coatings 
and paints, elastic fibers, rigid insulations or flexible 
and rigid foams. Since petroleum is a nonrenew-
able source, in recent years there has been increased 
interest in the synthesis of polymers starting from 
renewable raw materials, like vegetable oils and nat-
ural fats, because of their relevant properties such as 
availability, low toxicity, sustainability and biode-
gradability [4, 5].

Considering all of these facts, it is necessary to find 
alternative routes using natural resources that can 
help to reduce greenhouse effect emissions in com-
parison with the fabrication process of conventional 
polyurethane foams that use raw materials derived 
from petroleum. The fact that PU foams obtained from 
natural resources may have biodegradable proper-
ties should not be ignored, so the material will also 
degrade in a more environmentally friendly way [5]. 
Many studies focused on the synthesis of biobased 
polymers have tested and reported that vegetable oils 
are good precursors of polyurethane materials [6–8].

Vegetable oils can be used directly as monomers as 
found in nature or can be modified with chemicals or 
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enzymes to obtain a specific structure [9]. Vegetable 
oils are triglycerides (esters of glycerol with three 
long-chain fatty acids) [10]. The structure of triglycer-
ides depends on the source of the oil; this means that 
each fatty acid could have many double bonds and 
different strategic reactive moieties such as hydroxyl 
groups on the hydrophobic backbone [10].

Products such as ethylene glycol, ethylene dichlo-
ride, styrene ethylbenzene, chloroethanol, vinyl chlo-
ride, and vinyl acetate come from the petrochemical 
industry [11]. Many other substances can also be syn-
thesized by raw material polymerization to produce a 
variety of organic chemical products such as polyeth-
ylene, polyvinyl chloride, and polystyrene [11]; for this 
reason, recent efforts to find alternative ways to substi-
tute traditional hydrocarbon cracking have increased. 
Such innovative ways to produce monomers would 
reduce greenhouse gas emissions and dependency on 
limited fossil fuels; for example, it is now possible to 
obtain monomers from renewable resources such as 
ethylene glycol from ethanol by a catalytic dehydra-
tion [12] or the synthesis of ethylene glycol from cel-
lulose over Ni–WO3/SBA-15 catalysts [13, 14].

In this study, biobased PU rigid foams were syn-
thesized using polyols from renewable resources to 
investigate the effects of the structure on various prop-
erties, including the thermal-mechanical behavior 
according to the content of polyols in the isocyanate 
prepolymer. As a result, families with short chain diol 
content in the prepolymer create more physical cross-
linking with other chains due to the higher frequency 
of urethane groups in polymer chains. The shape fixity 
values obtained for PU 3 and PU 4 were 88.5 and 85.8, 
respectively. 

2 EXPERIMENTAL SECTION

2.1 Materials

The biobased polyols and toluene diisocyanate (TDI) 
for the prepolymer preparation were purchased from 

the Costa Rican market by GOVAN PROJECTS S.A. 
Characteristic properties such as viscosity and %NCO 
(% g NCO/g sample) of isocyanate prepolymers were 
measured according to ASTM standard D2572 - 97 
[15]. Also, acid value and OH number of the polyols 
used to synthetize the prepolymers were confirmed 
based on ASTM standards D1980 - 87 [16] and D4274 
-11 [17], respectively. Short chain bio-diol (molecular 
weight = 62 g/mol and hydroxyl value of 1808 mg 
KOH/g), bio-macrodiol (average molecular weight = 
400 g/mol and hydroxyl value of 281 mg KOH/g) and 
bio-macrotriol (molecular weight = 933 g/mol and 
hydroxyl value of 163 mg KOH/g) were dried with 
a rotary evaporator in an attempt to reduce the water 
content as much as possible to avoid secondary reac-
tions during the prepolymer synthesis. For foam syn-
thesis, a commercial petroleum-derivate polyol was 
used (with a hydroxyl value of 565 mg KOH/g and an 
acid value of 1,57 mg KOH/g), donated by GOVAN 
PROJECTS S.A. Other reagents such as hydrochloric 
acid (HCl), isopropyl alcohol, pyridine, acetic acid, 
acetone and toluene were used as received from the 
local market.

2.2  Synthesis of Biobased Isocyanate 
Prepolymer

As a first step, it was necessary to dry all bio-polyols 
at 80 °C and 40 Pa for 2 hours in a rotary evaporator 
to avoid the presence of water during the prepolymer 
synthesis. Once the bio-polyols had no moisture, the 
prepolymers were synthesized by reacting difunc-
tional or tri-functional polyols (Table 1) and an excess 
of diisocyanate. The synthesis was carried out in a 
250 mL Erlenmeyer flask including a magnetic stirrer 
and nitrogen gas inlet. 

Polyols were added to the reactive system and 
mixed with a magnetic stirrer at 375 RPM; when the 
mix of polyols reached 60 °C, TDI was charged in the 
container and the reaction started for two hours.

Table 1 Formulation and properties for synthesized biobased isocyanate prepolymers.

Sample

Distribution of OH molar fraction contributed by bio-polyols in the 
prepolymer (%)

%NCO Viscosity (mPa∙s)Short chain diol Macrodiol Macrotriol

PUP 1 0 65 35 33.5 509.9

PUP 2 0 35 65 32.3 287.9

PUP 3 11 24 65 32.3 435.5

PUP 4 17.5 17.5 65 32.1 513.6

PUP 5 0 0 100 33.0 250.7

PUP REF – – – 30.8 3000.0
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2.3 Biobased Polyurethane Foaming

Initially a commercial petro-based polyol was added 
into a 25 mL beaker, and then the biobased isocyanate 
prepolymer was added into the container. The quan-
tity of each component changed depending on the 
NCO percentage of the prepolymer, but always keep-
ing the NCO/OH ratio of 1.5. All materials were thor-
oughly mixed with an IKA T25 digital Ultra Turrax at 
4000 RPM for 1 minute. Subsequently, 18 g of the total 
formulation was poured into a closed mold at 44 °C 
(regulated by a water recirculation system). Foams 
were in the mold for 45 min and then they were cured 
at ambient conditions for a week before characteriza-
tion. Foams with standard commercial densities are 
around 50 ± 10 kg/m3. Once the curing period was 
finished, the foam was cut into different sizes with 
a scalpel in order to proceed with the corresponding 
characterization.

2.4 Characterization

2.4.1  Fourier Transform Infrared 
Spectroscopy (FTIR)

The FTIR spectrums were performed using a Thermo 
Scientific Nicolet 6700 spectrometer within the fre-
quency range of 4000–600 cm–1 in attenuated total 
reflection infrared (ATR) mode. A resolution of 4 cm–1 

was used.

2.4.2 Mechanical Properties Tests

Mechanical properties of the foams were tested on a 
DHR III rheometer from TA Instruments to measure 
the stress-strain behavior of the samples on tension, 
torsion and compression modes.

For tension tests, samples of 40 × 5 × 3 (mm × mm × 
mm) were stretched with a ratio of 0.6 mm/min, and 
axial force vs. displacement values were registered 
according to ASTM D1623-09. In compression tests the 
size of specimens was 10 × 10 × 10 (mm × mm × mm), 
the strain rate was fixed at 3 mm/min and axial force 
vs. displacement values were recorded until 10% strain 
parallel to foam rising according to ASTM D1621-10.  
Finally, for torsion tests, the sample size used was 50 × 
10 × 5 (mm × mm × mm) and a shear rate of 1.59092 × 
10-3 s-1 was applied during 300 s. Stress vs. strain data 
was saved for torsion essays. All mechanical tests were 
realized under ambient conditions.

2.4.2  Differential Scanning Calorimetry 
(DSC)

The DSC curves were obtained in a Q200 differential 
scanning calorimeter from TA Instruments. Samples of 

~2.5 mg were encapsulated in an aluminum pan and 
heated at a rate of 10 °C/min from −60 to 250 °C under 
a nitrogen atmosphere to determine the glass transi-
tion temperature (Tg) and the curing temperature (Tc). 

2.4.4 Thermogravimetric Analysis (TGA)

The thermal analysis of PU foams was performed on 
a TA Instruments Q500 thermogravimetric analyzer. 
Samples of ~5 mg were heated from 30 °C to 700 °C 
at a heating rate of 10 °C/min; then a 20 °C/min ramp 
was used from 700 °C to 1000 °C. All the experiments 
were done under nitrogen atmosphere.

2.4.3  Dynamic Mechanical Thermal Analysis 
(DMTA)

Dynamic mechanical thermal measurements were car-
ried out on a DHR III rheometer from TA Instruments, 
applying an oscillatory stress to PU foams. In this case, 
stresses that cause 0.2% of strain in torsion mode are 
used with a 3 °C/min ramp temperature from 25 °C to 
250 °C; the angular frequency was fixed at 2 Hz. Tan δ 
and G’ values were registered. 

2.4.6 Shape Memory Test

Shape memory tests were performed on a TA 
Instruments DHR III rheometer. To quantify the shape 
memory behavior, tests were performed in torsion 
mode, using a specimen size of 50 × 10 × 5 (mm × mm 
× mm). The sample was first heated up to a tempera-
ture of Ttanδ + 20 °C; once the sample was stabilized, it 
was deformed from 0 kPa to 3 kPa torsion stress dur-
ing a time interval of 100 s. After that, the sample was 
cooled to Ttanδ −20 °C at a rate of 40 °C/min, and as 
the third step of the cycle, the strain was released from 
3 kPa to 0 kPa during another interval time of 100 s 
(unloading). Finally, the sample was heated back up to 
Ttanδ + 20 °C at a rate of 5 °C/min, maintaining 0 kPa of 
torsion stress. 

Rate of shape fixity, Rf, and rate of shape recovery, 
Rr, values for all samples were calculated according to 
the following equations:

   100
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where em represents the strain of the sample after the 
initial stress is applied at Ttanδ + 20 °C, eu is the strain 
after the strain had been released and the temperature 
had been held and ep is the strain measured after the 
heating in the final step of the cycle [18].
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2.4.7 Density

The density of PU foam specimens was measured 
according to ASTM D1622-03. The sample size for den-
sity test was 110 × 30 × 30 (mm × mm × mm).

3 RESULTS AND DISCUSSION

Table 1 shows the formulations used for the prepoly-
mer synthesis. 

3.1  Fourier Transform Infrared 
Spectroscopy (FTIR)

Differences in the structure given by the polyols used 
for the biobased isocyanate prepolymers synthesis was 
analyzed by FTIR spectra. Figure 1 shows the spectra 
of PU foams using the prepolymers specified in Table 
1. As part of the main peaks, a signal around ~3310 
cm–1 can be observed, which is attributed to the N-H 
stretching vibration [19]; but this region also presents 
a little shoulder at 3500 cm-1 in all the curves that cor-
responds to the non-H-bonded N-H group [20]. When 
the ~3500 cm–1 peak is present, it indicates that ure-
thane and urea groups are not interacting with other 
chains of the polymers formed and the intensity of 
the ~3310 cm–1 band decreases, indicating a significant 
decrease in the intermolecular interaction. On the other 
hand, when N-H groups are interacting with hydro-
gen bonds with other polymer chains, the ~3500 cm–1 
signal decreases [1]. In Figure 1 it can be observed 
that PU 5, which contains 100% of macrotriol in the 
prepolymer, presents fewer interactions by hydrogen 
bonds compared with N-H and PU 1 because of  the 
steric hindrance produced by the branched (triol) and 

large size of the molecule, which blocks the interac-
tions between chains [1].

In Figure 1a, signals around ~2900 cm–1 are assigned 
to CH groups, specifically ~2920 cm–1 corresponding to 
asymmetric CH2 stretching and 2860 cm-1 peak associ-
ated with symmetric CH2 stretching. Asymmetric CH3 
stretching peak (2965 cm-1) only appears clearly for 
the commercial PU foam [21] and PU 5 FTIR spectra 
that shows a small shoulder; this peak can be viewed 
only for this foam due to the higher concentration of 
CH3 groups compared with the other formulations. 
All these signals are assigned to the flexible segments 
of the PU matrix [19], so PU formulations with more 
macrodiol and macrotriol present signals with more 
intensity in this zone. 

Then, two signals at 1707 and 1600 cm-1 indicate the 
existence of C=O interacting with H bound urethane 
and C=C aromatic stretching vibrations, respectively 
[19,22]. These peaks are directly related to the hard 
segments of the polyurethane chains, which happens 
because the aromatic rings of the TDI give rigidity to 
chains. So, increasing short chain diol content in the 
prepolymer would produce higher frequency of aro-
matic rings and urethane groups in polymer chains, 
which are able to interact with other chains to form 
H bonds and, because of that, foams become more 
rigid [23]. 

The peak at ~1528 cm-1 is attributed to the N-H 
bending and to the urethane group and C-C/C-N 
stretching. So, this signal can be associated with the 
reactivity of each bio-polyol due to molecule size or 
steric hindrance. In this zone, PU 2 has the more inten-
sive peak that is associated with the formation of more 
urethane bonds, and also the presence of high con-
tent of C-C groups in the macrotriol molecule. Short 
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chain diol and macrodiol have more content of C=C 
compared to the macrotriol [24]. Peaks at ~ 1450 cm–1 
can be related to CH3 and CH2. The ~1061 cm–1 signal 
corresponds to C-O-C stretching vibrations [9]; this is 
a characteristic band of the urethane group. PU REF, 
which is the sample with less interactions in the N-H 
bound groups by hydrogen bonds, presents a peak at 
1127 cm–1 related to hydrogen bound C-O-C groups; 
this means that decreasing the peak at 3500 cm–1 could 
result in the appearance of another signal at 1127 cm–1. 
Other signals are identified in Table 2.

3.2 Mechanical Properties of Foams

Once PU foams have been cured for a week, mechani-
cal properties are measured with the rheometer to 
analyze the dependence of mechanical behavior on 
the structure of the chains synthesized during the 

prepolymer preparation; and due to the content of 
short, long or branched polyol, the soft or hard seg-
ments produced in the polymer network, the flexibility 
of the polyol molecules and the interactions between 
chains. Figure 2 shows the stress-strain curves in tor-
sion mode for the PU samples of Table 1 and elastic 
modulus was calculated and reported in Table 3.

As can be appreciated, PU REF has the better behav-
ior when a torsion stress is applied, and the curve is 
just above the PU 3 curve. This is explained by the bal-
ance obtained between the high content of macrodiol 
and the high molecular weight of macrotriol in the 
sample; the short diol is able to create hydrogen bonds 
in the polymer network and the well-distributed mac-
rotriol in PU 3 formula generates a good crosslinked 
foam, resulting in good mechanical properties [1]. On 
the other hand, PU 5 presents bad mechanical behav-
ior because of the absence of short or macro diol; as a 
result, this foam would present a very high content of 
soft segments in the chains.

Tensile behavior of bio PU foams is shown in 
Figure 3. In this figure, it can again be appreciated that 

Table 2 Interpretation of principal FTIR peaks obtained for 
PU molded foams.

Peak position 
(cm-1) Characteristic absorption bands

3500 υFree N-H stretching

3310 υBound N-H stretching

2965 υCH3 stretching

2920, 2860 υCH2 stretching

2270 Isocyanate group

1707 C=O stretching vibrations interacting 
with H bound urethane

1600 C=C aromatic stretching vibrations

1528 δN-H + υC-N + υC-C

1450 CH2 scissoring and CH3 deformation

1220 C-N bending

1127 Free C-O-C stretching (urethane, urea)

1060 H bound C-O-C stretching (urethane, 
urea)

500

450

400

350

300

250

200

150

100

50

0

PU REF
PU 5
PU 4
PU 3
PU 2
PU 1

0 5 10 15 20 25 30 35 40 45 50
Strain (%)

St
re

ss
 (k

Pa
)

Figure 2 Stress-strain curves for biobased PU foams in 
torsion mode.

Table 3 Mechanical and thermal properties of biobased PU foams.

Sample Density 
(kg/m3)

Ecom
a (MPa) Etens

a
 (MPa) Etor

a
 (MPa) Tg

 b
 (°C) Tc

b
 

(°C)
T10%

c
 (°C) Ttanδ

a
 (°C)

PU 1 51 4.46 4.50 2.33 7.65 67.50 251.5 127

PU 2 65 4.39 4.70 2.48 7.17 67.04 253.5 130

PU 3 52 4.00 4.48 2.75 6.69 63.12 252.2 143

PU 4 50 5.58 4.48 2.33 9.60 65.87 253.3 135

PU 5 69 2.71 3.58 1.48 33.02 62.21 259.3 149

PU REF 47 6.61 6.30 3.27 16.21 66.80 254.9 156

*Determinated by a) Rheometer-DMTA, b) DSC and c) TGA.
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implies a softer final material than commercial poly-
ester polyol foams due to branched chains that do not 
allow good packaging of polymer chains. Moreover, 
mechanical properties of the final PU foams are 
affected by the kind of polyol used in the synthesis. 
They can be prepared prepolymers with lineal long 
chains, combining biobased polyol aromatic structure 
polyols in the PU polymer matrix that allow good 
packaging of polymer chains [19], resulting in a simi-
lar performance material in comparison with commer-
cial petro-based PU foams on the national market.

In general, PU 4 has better mechanical properties 
than other bio-foams; the PU 4 sample presents the 
nearest mechanical behavior with respect to PU REF. It 
is possible to explain this fact due to the higher content 
of short chain diol that gives the final polymer back-
bone a higher frequency of urethane groups, interact-
ing with hydrogen bonds between polymer chains 
and giving strength to the foam.

3.3 Thermal Properties of Foams

3.3.1 Differential Scanning Calorimetry

The curing temperature, Tc, and glass transition tem-
perature, Tg, of foams can be determined with DSC 
curves. There is a relation between these properties 
and the reactivity of the polyols. In spite of branched 
macrotriols being less reactive than short chain diols 
and macrodiols due to steric hindrance of the mole-
cules [26], a higher macrotriol content in the prepoly-
mer reduces the hydrogen bond interactions between 
chains (Figure 1 at the N-H interactions zone). This 
gives the molecules more mobility and increases the 
possibility of OH groups reacting, the result of which 
is a foam that would require less temperature to be 
cured completely. Besides, increasing the short chain 
diol content, which is highly reactive because of the 
molecule size, also decreases the Tc.

The Tc temperature is associated with a temperature 
at which chains are moving and reacting with func-
tional groups, so long chains will require more energy 
(or more temperature) to start moving. PU 3 and PU 
4 have the lowest Tc value because of the presence of 
short diol molecules, so they have more mobility. PU 
5 has the lowest Tc value because the high content of 
long hydrocarbon chains in the macrotriol gives the 
molecules more flexibility, so they can move with 
more facility [27]. On the other hand, PU 1 has the 
highest Tc because of the presence of the highest con-
tent of macrodiol.

The Tg values are reported in Table 3, where greater 
differences are seen between the PU 5 (Tg = 33.02 °C) 
and the other bio-foams due to increasing macrotriol 
content; higher Tg is achieved because the macrotriol 

PU REF presents the higher Young’s modulus but not 
the higher elongation at break; that happens because 
PU REF behaves as a fragile material. Three of the bio-
based PU samples have similar Young’s modulus val-
ues where the main difference between these curves is 
the elongation at breaking point; PU 1 and PU 3 have 
the higher values with 31% and 25% respectively. 

As a result, PU foams with higher content of diols 
would resist higher values of strain because of the 
presence of hydrogen bonds produced by the pres-
ence of short diols (Figure 1a). Also, the higher molec-
ular weight of the linear macrodiol can be translated 
into  longer polymer chains, so increasing the macro-
diol content produced a good distribution of the load 
throughout the polymer network [25]. 

As was predicted, the lowest quality foams in com-
pression mode (Figure 4) were obtained with the high 
content of macrotriol samples due to the high content 
of macrotriol in the prepolymer formulation. This 
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Figure 3 Tensile stress-strain curves for biobased PU foams.
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foams.
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3.4  Dynamic Mechanical Thermal Analysis 
of Foams

Tan δ temperature (Ttanδ) can be determinated through 
DMTA curves, where oscillatory stress was applied to 
PU foams. In this case, stresses are used that cause 0.2% 
of strain in torsion with a 3 °C/min ramp temperature 
from 25 °C to 250 °C. Figure 6 shows the dependence 
of tan δ on changing the bio-polyol content in the pre-
polymer. This property (Ttanδ) is strongly linked with 
the structure formed into the foam’s network after the 
isocyanate-polyol reaction. 

As shown in Figure 6, PU 1 curve (foam with the 
lowest content of macrotriol in the prepolymer) pres-
ents the higher tan δ peak. As the crosslink density 
increases, the rubber transition becomes less pro-
nounced [32] and the height of the tan δ peak decreases, 
so the highest tan δ value of PU 1 specifies that this 
foam has a lower crosslink density. This fact could be 
expected according to Table 1, which indicates that PU 
1 has the lowest content of macrotriol (polyol associ-
ated with the crosslinking effect). The presence of diols 
produces only lineal chains.

In this case, PU 5 has the higher Ttanδ of all fami-
lies, because when macrotriol content is increased in 
prepolymers, freedom of segmental mobility of the 
polymer chain is restricted and highly crosslinked 
polymer networks are produced, so the chain requires 
a higher temperature to allow the polymer chains 
to start flowing. Also, Ttanδ depends linearly on the 
molecular weight of chains, which can be explained by 
a free volume argument [33]. Higher content of mac-
rodiol (higher molecular weight than short chain diol) 
results in more flexible chain, therefore lower Ttanδ. It is 
important to consider that long lineal chains could get 
tangled with other lineal chains, causing less mobility 
in the polymeric matrix; but according to υFree N-H 
stretching peak of the FTIR spectrums, PU 1 presents 

causes a high crosslinking density in the polymer matrix. 
On the other hand, foams with higher content of linear diols 
cause lower Tg values [28]. This fact is attributed to the rigid-
ity of the polymer network because short chain diols are able 
to create more hydrogen bonding between polymer chains, 
so a polymer chain with higher frequency of urethane groups 
(hard segment of chains) is obtained [26, 28]. 

3.3.2 Thermogravimetric Analysis

The thermal stability of the biobased PUs was studied by 
TGA and the T10% values (temperature at which the sam-
ple has lost 10% of the initial weight) are shown in Table 3. 
As expected, thermal stability presents similar behavior 
between the commercial foam and biobased foams, present-
ing a  single-step drop at the typical degradation tempera-
ture of  urethane bonds (around 250–255 °C) [29]. In spite 
of the presence of a single-step drop, there are two peaks 
in the derivate curve (%/°C) due to a change of the curve 
slope when it is descending; the first peak corresponds to the 
decomposition of urethane groups (related to hard segments 
of the chain) and then the decomposition process is followed 
by another peak which is attributed to C–C, correlated with 
the soft-segment concentration and suggesting that degra-
dation starts in the hard segment [30]. Figure 5 shows this 
change in the % weight vs. temperature derivate curve.

Higher T10% values of this temperature were observed in 
foams with the addition of macrotriol. This happens because 
of the presence of trifunctional polyols that help chains to 
crosslink better into the polymer matrix, resulting in a more 
rigid network that requires more temperature to break 
the polymer chains; as shown in Figure 5, PU hard seg-
ments start to degrade at higher temperatures than soft 
segments [31]. The best result for the thermal stability 
was obtained by PU 5 with 259.3 °C for T10% tempera-
ture, but it can be concluded that biobased PU foams 
have a similar behavior with respect to PU REF, based 
on conventional polyols.
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the higher content of free N-H groups. That means less 
intermolecular interactions between chains. For this 
reason, the PU 1 sample has the lowest Ttanδ. 

According to the results shown in Figure 6, we can 
conclude that PU 5 foam has the most crosslinked net-
work, presenting a very similar Ttanδ value compared 
to PU REF (149 °C and 156 °C, respectively); a result 
that is also associated with the difficult movement of 
the polymer chains.

Storage modulus (G’) curves of the PU foams are 
shown in Figure 7. The curves are obtained by DMTA 
testing, measuring the behavior of foams to a cyclic 
deformation as a function of temperature. The poly-
meric matrix consists of chemical crosslinks and phys-
ical crosslinks, including entanglements, loose chain 
ends and lattice interaction in crystalline domains [5], 
so storage modulus curves are strongly related to this 
crosslink density.

According to Figure 7, the initial G’ values (rubbery 
plateau modulus) were higher for PU with higher con-
tent of macrodiol, and presented the lowest rubbery 
plateau modulus for those samples with higher con-
tent of macrotriol. This is consistent with the highest 
functionality of macrotriol, producing more chemi-
cal crosslinks. Samples with higher crosslink density 
impede movement more than samples with higher 
content of diols [4], independent of their molecular 
weight. 

Differences between PU 2, PU 3 and P4 are attrib-
uted to the content of short chain diol. The function 
of diols is mainly to extend the polymer chains (pro-
duce higher molecular weight of chains) with the 
modification of the frequency of the urethane groups. 
Increasing the urethane groups’ frequency along the 
chain (hard segments) promotes interactions with 
other polymer chains by H-bonding and decreases 

the free movement of the matrix. In spite of the lower 
intensity at ~1528 cm-1 peak (Figure 2), a signal attrib-
uted to the N-H bending of the urethane groups, phys-
ical crosslinking between chains can increase with the 
higher short chain diol content, and because of that, 
presents lower rubbery plateau modulus values than 
PU 1. Figure 1a shows the variation of the 3500 cm-1 
peak intensity, corresponding to the non-H-bonded 
one.

All the samples with the exception of PU 5 show 
one thermal transition related to a thermal transition 
of the hard segments. Sample with 100% of macrot-
riol exhibited two thermal transitions, as shown in 
Figure 7, probably due to a crystallization of long ali-
phatic chains in the matrix [34]. The higher drops of G’ 
are for PU 1 sample due to the movement of chains at 
high temperatures. These chains are bigger and more 
flexible than chains with higher macrotriol content. 
The PU REF sample exhibits the highest rubbery pla-
teau modulus that would be produced by a restriction 
of movement for the polymer chains. This fact can be 
confirmed according to Figure 1a; the 3500 cm–1 peak 
corresponding to the non-H-bonded N-H group, 
shows the lowest intensity for the PU REF sample 
and the 1060 cm-1 peak associated with C-O bonds of 
urethane groups exhibits the absence of another little 
peak at higher wavenumber in this zone, related to 
the non-bound C-O groups by H-bond interactions. In 
conclusion, PU REF chains have the lowest mobility 
because of the intermolecular interactions with other 
polymer chains.

3.5 Shape Memory

Figure 8 shows the stress-strain-temperature relation 
of biobased PU foams up to 3 kPa stress. As expected, 
the stress increases with strain, according to Figure 2, 
which shows the stress-strain curves in torsion mode. 
The residual strain increases with the macrotriol con-
tent, a fact caused by internal molecular rearrange-
ment and chain disentanglements that could happen 
with less facility than those in foams with higher con-
tent of short chain diol [35]. 

Netpoints are responsible for determining the per-
manent shape of the polymer network and can be of a 
chemical (covalent bonds) or physical (intermolecular 
interactions) nature. However, if a chemical reaction 
occurs in the material at high temperatures, new bonds 
can be formed, resulting in loss of shape memory of 
the polymer for both physical and chemical crosslinks 
[36]. Physical crosslinks are obtained by vitrification 
or crystallization of many chains at Ttanδ

 by attaching 
functional groups to chain segments. 

According to Figure 8, PU 5 sample was incapable 
of fixing strain; that is, the strain diminished from 
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different biobased PUs.
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28% to almost 9% when the stress was released, rep-
resenting a 41% shape fixity value for this sample. 
That happens because macrotriol produces flexibil-
ity in the matrix and after applying the strain, new 
interactions between molecules are not as good as 
as other samples. In contrast, after increasing the 
short chain diol, PU 3 and PU 4 presented 88.5% and 
85.8% shape fixity values that can be compared with 
the commercial sample (89.9%). When the sample is 
deformed, chains move to create new intermolecu-
lar forces in the polymer matrix, so chains with high 
frequency of hard segments would produce more 
new interactions than samples with more content of 
soft segments; the C=O group of the hard segments 
explains this fact because of the creation of new 
H-bonds. 

In Table 4, it is seen that the shape fixity decreases 
with increasing high molecular weight polyol content 
and functionality of the polyol. According to Figure 7, 
there is a relation between rubbery plateau modulus 
and shape fixity [18]and 2,4/2,6-toluene diisocyanate 
(TDI-80; this is because below Ttanδ

, the material acts 
in the rubbery plateau modulus range. Nevertheless, 
a pattern between shape recovery and rubbery flow 
modulus is not shown.

Biobased polyurethanes showed good shape 
recovery, although PU 5 showed the worst shape 
recovery. This could be attributed to the presence of 
more physical crosslinking in the other samples due 
to the highest frequency of urethane bonds, which 
caused the storage of more deformed energy in the 
system [9]. Samples with lower Ttanδ

 values (Table 3) 
showed higher shape recovery. This could be 
explained because of the restricted mobility of long 
chains and highly crosslinked polymer networks. 
High mobility of chains would produce the recovery 
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Figure 8 Shape memory curves for biobased PU foams.

Table 4 Shape fixity and shape recovery values of PU rigid 
foams.

Sample Shape fixity (%) Shape Recovery (%)

PU 1 75.4 96.7

PU 2 74.5 95.1

PU 3 88.5 87.4

PU 4 85.8 93.0

PU 5 41.0 89.1

PU REF 89.9 91.7
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of the initial state when the stress is released; but also 
below Ttanδ, new weak interactions forming (mainly 
van der Waals forces) between chains cannot fix their 
position, allowing the chains to move when they are 
heated. According to Figure 1, PU 1 and PU 2 present 
the higher content of free N-H groups. For this rea-
son, these samples have the highest shape recovery 
percentages.

4 CONCLUSIONS

High content of macrotriol in the prepolymer formu-
lation implies a softer final material. PU 4 with the 
higher content of short chain diol has better mechani-
cal properties obtaining a 5.58 MPa elastic modulus in 
compression compared with 6.61 MPa obtained from 
commercial foam.

There are no considerable differences in degrada-
tion temperatures between synthesized biobased PU 
foams. At 10% of lost weight, all degradation tempera-
tures are between 250 °C and 256 °C.

Due to the higher crosslinked polymer network and 
the absence of short chain diol and macrodiol, PU 5 
has the highest Ttanδ

 of all biobased prepolymer fami-
lies. The Ttanδ

 obtained in this PU family is 149, close to 
that of 156 °C found in commercial foam.

Increasing the short chain diol content in the pre-
polymer would produce higher frequency of urethane 
groups in polymer chains, able to interact and create 
physical crosslinks with other chains. This translates 
into higher shape fixity values.
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ABSTRACT:  Interpenetrating polymer networks (IPNs) using an epoxy phase synthesized from chemically modified 
α-resorcylic acid, and an acrylate phase employing acrylated soybean oil are the main focus of this study. Part 
1 details the epoxidation of α-resorcylic acid with epichlorohydrin in alkaline medium, as well as the study 
of the polymerization and network formation of the generated epoxy-acrylate interpenetrated systems. The 
epoxy content of the epoxidized α-resorcylic acid was measured by means of a titration using HBr in acetic 
acid solution, and the functionalization was studied by FTIR. From the obtained results, mainly calorimetry 
and gel time determination, it was clear that each phase is affected by the presence of the other, altering the 
rate and extent at which each individual reaction takes place; and that the two noncompeting reactions (step 
and free radical polymerizations) occurred at very close temperatures, with a very small gap of around 10 °C 
between the onsets of the reactions. This evidence leads to the conclusion that the IPNs are formed by a 
simultaneous process in which both of the networks are formed at approximately the same temperature.

KEYWORDS: Conversions, interpenetrating polymer networks, kinetics, phenolic acids, vegetable oils 

1 INTRODUCTION

The synthesis of bioplastics also goes hand in hand 
with the improvement of the current commercially 
available materials. To expand the physical and chem-
ical performance of polymeric materials, multicom-
ponent macromolecular systems have been proposed 
and extensively used for several decades [1]. Amongst 
several types of systems, interpenetrating polymer net-
works or IPNs are a particular class of hybrid polymer 
consisting of two (or more) crosslinked polymers, in 
which the macromolecular networks are held together 
by permanent entanglements with only a few covalent 
bonds between the polymers [2]. IPNs are an intimate 
combination of two or more polymers in network 
form, where at least one of the polymers is polymer-
ized and/or crosslinked in the immediate presence 
of the other [3]. These multicomponent polymer sys-
tems seek to combine the best properties of two or 

more different polymer networks in order to achieve a 
material with better properties compared to their not-
interpenetrated counterparts. It has been found that 
the network interlock has measurable influences on 
the curing behaviors and on the mechanical properties 
of the resulting materials [4].

According to Nabeth et al. [5], from the point of 
view of bond formation, two different mechanisms 
can be distinguished: a) Stepwise reactions (polycon-
densations or coupling reactions), and b) Initiated 
chain reactions when the functional group has to be 
activated. The network formation mechanism plays an 
important role in the network build-up. Irrespective 
of the conversions at the gel point given by the func-
tionality of the monomers, polycondensation driven 
networks present common features after rescaling 
with respect to the gel point. Conversely, typical chain 
polymerizations yield different structures. Thus, the 
study of the polymerizations stands up as a key con-
cept to understand the final properties of the interlaced 
networks constituting one homogenous single system.

According to the chemistry of preparation, IPNs 
can be classified into [6, 7]: (i) Simultaneous IPN, 
when the precursors of both networks are mixed and 
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the two networks are synthesized at the same time by 
independent, non-interfering reactions. (ii) Sequential 
IPNs, in which polymer network I is synthesized first 
and then monomer II, plus crosslinking agents and 
catalyzers, are swollen into network I and polymer-
ized in situ. In the last decades, few research groups 
have focused their work on the synthesis and charac-
terization of IPNs from natural products, beginning 
with the pioneering work of Sperling and his cowork-
ers, who developed IPNs from castor oil-based elas-
tomers and styrene monomers [8]. This fact stands 
up as a key finding, giving the opportunity to per-
form research in a field lacking recent developments. 
Also, other naturally functionalized triglyceride oils 
and their use in producing semi-IPNs was reviewed 
by the same group [9]. After this work, other groups 
have used castor oil as a source of polyurethanes to 
prepare oil-based IPNs [10, 11]. Other oil-based IPNs 
include the use of oligomerized soybean oil- [12], tung 
oil- [13], and canola oil-based polyol with primary 
terminal functional groups [14]. It is worth highlight-
ing that most of these oil-based IPN structures are not 
completely, but partially, derived from biological raw 
materials and fossil fuels. IPNs between commercial 
resins, such as epoxy, and elastomeric materials of 
natural origin are known in the literature. Examples 
include acrylate and methacrylate monomers derived 
from vernonia oil combined with bisphenol A-type 
resin [15], and a flexible methacrylate network based 
on camelina oil combined with a rigid aliphatic gly-
cidylether modified bisphenol-A-based liquid epoxy 
resin [16]. 

Due to their abundance, price, and unsaturated 
hydrocarbon nature, it has been proposed that the veg-
etable oils are currently the most employed materials 
in the chemical industry of renewable materials [17]. 
However, the resulting polymers have intrinsically 
low glass transition temperature (Tg) because they are 
structurally assembled by long and flexible hydrocar-
bon chains. The flexibility of the polymer backbone 
may be markedly increased with the insertion of aro-
matic groups that stiffen the chain by impeding rota-
tion, since more thermal energy is then required to 
set the chain in motion [18]. This feature is especially 
useful in the field of thermosetting materials, because 
the presence of rigid aromatic structures confers to the 
materials the thermomechanical properties required 
in their industrial and high-performance applications. 

Lignin, whose annual production on earth has 
been estimated to be in the range of 5–36 × 108 tons 
[19], is undoubtedly the most promising natural 
source of aromatic monomers for the chemical indus-
try. Modern pyrolysis techniques stand as a sustain-
able way for aromatics biosourcing by providing low 
molecular weight fragments of natural lignin, which 

can be used as platform chemical for organic synthe-
sis. A vast amount of lignin-based compounds, includ-
ing phenol and more complex platform chemicals, 
such as guaiacol and syringol derivatives, have been 
identified in pyrolysis oils [20, 21]. Tannins have also 
been explored as a source of aromatic monomers to 
produce thermosetting resins [22].

In Part 1 of this project, the formulation of inter-
penetrating polymer networks, comprising epoxy 
and acrylate phases, is studied. It mainly focuses on 
the study of the polymerization and network forma-
tion, which can answer the question of how the pres-
ence of one network affects the curing behavior and 
final morphology of the other. Triglycidyl ether of 
α-resorcylic acid (or epoxidized α-resorcylic acid), 
crosslinked with a commercial multifunctional amine 
(through stepwise mechanism) was employed as the 
epoxy phase of the system. The acrylate phase was 
prepared by reacting acrylated epoxidized soybean oil 
(AESO), slightly diluted with methyl methacrylate to 
reduce its high viscosity, with a free radical initiator 
(through chain reaction mechanism) to generate the 
crosslinked acrylate network. Acrylated epoxidized 
soybean oil (AESO) is synthetized from the reaction 
of acrylic acid with epoxidized soybean oil, and it 
has been extensively studied and used in the surface 
coating area [23]. The AESO has been blended with 
styrene to improve its processability and controls the 
polymer properties in order to reach a range accept-
able for structural applications [24]. The mechanical 
performance of acrylated oils has been extensively 
studied by La Scala and Wool [25].

The triglycidyl ether of α-resorcylic acid was 
obtained from chemical modification of α-resorcylic 
acid, and it was employed as a representative model 
to produce a highly crosslinked and stiff epoxy net-
work, bearing a high density of rigid aromatic struc-
tures. The use of this compound as a raw material to 
synthesize epoxy resins has been very limited. The 
only reference found in the literature about an epoxy 
resin synthetized using resorcylic acid is disclosed in 
a Japanese patent, where the making of an epoxy resin 
from β-resorcylic acid, an isomer of the α-resorcylic, 
is presented and discussed [26]. α-Resorcylic acid is 
a constituent of peanuts (Arachis hypogea), chickpeas 
(Cicer arietinum), red sandalwood (Pterocarpus santali-
nus), and hill raspberry (Rubus niveus) [27]; and it has 
been found as a secondary metabolite in cultures of 
the fungus Sporotrichum laxum ATCC 15155 [28]. 

In the future, large-scale production of compounds 
structurally resembling α-resorcylic acid could be 
achieved by applying common organic reactions and 
industrial transformation processes to the biorefinery 
products of lignocellulosic materials simulating the pet-
rochemical field, in which the raw products obtained 
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from fossil deposits are transformed into high value 
chemicals. From the literature review, it was found that 
most of the current IPNs are not fully, but partially, pre-
pared from biological raw materials and fossil fuels. The 
novelty of the present study is not only derived from 
the selection of the macromolecular components, which 
includes the use of a derivative of α-resorcylic acid as a 
precursor for the epoxy phase that has not been reported 
in the literature, nor its interpenetration with an acry-
lated oil. Also, this study aims to provide a response to 
the need for IPNs prepared from formulations includ-
ing a higher contribution of biological materials, but 
also for the final properties that can be generated when 
associating the phases in the IPN structure. 

2 EXPERIMENTAL

2.1 Materials

α-Resorcylic acid (α-RA, ≥ 98%), epichlorohydrin 
(99.0%), sodium hydroxide (≥ 98%), benzyltriethyl-
ammonium chloride (≥ 98%), 33 wt% HBr in glacial 
acetic acid, methyl methacrylate, and 2,2′-Azobis(2-
methylpropionitrile) (AIBN) were acquired from VWR 
(US). Jeffamine T-403 polyetheramine by Huntsman, 
trifunctional primary amine, average molecular weight 
of approximately 440, and amine hydrogen equiva-
lent wt (AHEW) of 81 g/eq [29], was purchased from 
VWR (US). Acrylated epoxidized soybean oil or AESO 
(Figure 1), viscosity 18000–32000 cps (at 25 °C) and 
molecular weight of approximately 1800–7200 g/mol 
was purchased from Sigma-Aldrich (USA) [30]. R rep-
resents the fatty acid chains modified with the acrylate 
group. The average number of acrylate groups per tri-
glyceride has not been determined by the supplier or 
Sigma-Aldrich. However, it has been established that 
it contains, on average, 4.5 double bonds that can first 
be converted into epoxy groups and then into acrylate 
moieties [31].

2.2  General Procedure for the 
Glycidylation of a-Resorcylic Acid

The glycidylation of α-resorcylic acid was conducted 
following the method and conditions established 
by the Fulcrand group [32, 33]. The described pro-
cess leads to the synthesis of epoxyalkylaryl ethers 
by the reaction between compounds containing acid 
hydroxyl groups and haloepoxyalkanes in the pres-
ence of a strong alkali. A reactor was loaded with 
the desired amount of α-resorcylic acid (containing 3 
moles of – OH/mol of compound) and epichlorohy-
drin (5 moles epichlorohydrin/mole –OH). The mix-
ture was heated at 100 °C and benzyltriethylammo-
nium chloride (0.05 moles BnEt3NCl/mole –OH) was 
added. After 1 h, the resulting suspension was cooled 
down to 30 °C, and an aqueous solution of NaOH 20 
wt% (2 moles NaOH/mole –OH, and also contain-
ing 0.05 moles of BnEt3NCl/mole –OH, was added 
dropwise. Once the addition of the alkaline aqueous 
solution was completed, the mixture was vigorously 
stirred for 90 min at 30 °C, and then the reaction was 
stopped. After that, the mixture was poured into an 
extraction funnel and the organic layer was separated. 
Through numerous liquid-liquid extractions with 
deionized water, the organic phase was abundantly 
washed until neutral pH was reached, and then vac-
uum concentrated. The crude resulting product was 
purified by silica gel chromatography using petro-
leum ether/ethyl acetate (30/70) solvent system.

2.3  Characterization of Starting and 
Modified Materials

2.3.1  Fourier Transform Infrared 
Spectroscopy (FTIR)

With the aim of studying the functional groups present 
in the product, FTIR was performed. Infrared spectra 
of the starting materials and epoxidized products were 

Figure 1 Chemical structure of the acrylated soybean oil.
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measured by attenuated total reflection (ATR) method 
using a Thermo Nicolet 6700 Fourier transform infrared 
spectrometer connected to a PC with OMNIC software 
analysis. All spectra were recorded between 400 and 
4000 cm–1 over 64 scans with a resolutions of 16 cm–1.

2.3.2  Epoxide Equivalent Weight 
Determination

Epoxide equivalent weight (EEW, g/eq) of the epoxy 
products was determined by epoxy titration according 
to Pan, Sengupta and Webster [34]. Basically, a solu-
tion of 0.1 M HBr in glacial acetic acid was used as a 
titrant agent, 1 wt% crystal violet in glacial acetic acid 
was used as indicator, and toluene as solvent for the 
sample. The EEW was calculated using Equation 1: 

 EEW
W

N V
= ×

×
1000

 (1)

where W is the sample weight (g), N is the molarity 
of HBr solution, and V is the volume of HBr solution 
used for titration (mL). 

2.4 Synthesis of IPNs 

The IPNs consist of a phenolic-based epoxy resin 
combined with the triglyceride-based acrylate resin. 
The epoxy phase was prepared by mixing the trigly-
cidylated derivative of the α-resorcylic acid (TRA) 
or epoxidized α-resorcylic acid with the commercial 
hardener Jeffamine T-403, a well-known trifunctional 
amine, in a 10/7 weight ratio. The components of the 
acrylated phase, acrylated soybean oil, methyl meth-
acrylate (added to reduce the high viscosity of the 
acrylate oil in the amount of 20 wt% of the total weight 
of acrylated oil) and AIBN as initiator (1 wt% of the 
total weight of the acrylate phase) were mixed sepa-
rately and then added to the epoxy phase precursor 
solution in different weight percentages. After mixing 
these solutions, all samples were placed in glass molds 
and then cured in the oven following the next heating 
sequence: 50 °C for 1 h, 60 °C for 1 h, 75 °C for 2 h, 
120 °C for 12 h, and finally 180 °C for 1 h. 

2.5 Characterization of Networks

2.5.1 Kinetics of Gelation

The characteristic peaks in the infrared region for the 
acrylic unsaturation (1638 cm–1) and epoxy ring (915 
cm–1) respectively were used to calculate the conver-
sion of the acrylic and epoxy groups. The band at 
approx. 2960 cm–1, assigned to the C-H stretch absorp-
tion, was used as a reference because it does not suf-
fer any chemical modification during the process. 

The progress of curing reaction was evaluated using 
Equation 2:
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where Apol = 915 cm–1 or 1638 cm–1 peak areas, Aref = 
2960 cm–1 peak area, t = reaction time, and 0 = initial 
moment of reaction (uncured mixture) [35]. 

2.5.2  Determination and Measurement of the 
Extent of Reaction at the Gel Time

Gel time was determined following the method described 
by the ASTM D2471-99 [36]. For each system, at least 
three sets of experiments were performed. The extent of 
the reaction at the gel point can be calculated by means 
of two theories. According to Carothers [37], the critical 
extent of the reaction, Pc, at the gel point is given by

 Pc = 2 / favg (3)

where favg represents the average functionality of the 
system, and is given by 

 favg = ΣNifi / ΣNi (4)

and where, Ni is the number of molecules of monomer 
I with functionality fi.

Flory and Stockmayer [38] also developed another 
relationship, correlating the extent of conversion at the 
gel point for stoichiometric mixtures,

 Pc = 1 / [(fw,epoxy – 1) (fw,amine – 1) (5)

where fw,epoxy represents the weight average function-
ality of the epoxy monomers, and fw,amine represents the 
weight average functionality of the amine monomers.

2.5.3 Thermal Properties

The thermal properties of the IPNs, as well as the par-
ent resins, were investigated by differential scanning 
calorimetry (DSC) on a TA DSC Q2000. Nitrogen was 
used as the purge gas and the samples were placed in 
aluminum pans. For each material sample, the thermal 
properties were recorded at 5 °C/min in a heat/cool/
heat cycle from 30 °C to 300 °C.

3 RESULTS AND DISCUSSION

3.1  Synthesis of Triglycidylated Ether of 
a-Resorcylic Acid 

Regarding the coupling of epoxy groups to the 
α-resorcylic acid, it was found that the treatment of 
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this compound with epichlorohydrin in alkaline aque-
ous medium (see Figure 2), in the presence of benzyltri-
ethylammonium chloride as a phase transfer catalyst, 
allowed the total glycidylation of this phenolic acid to 
generate the triglycidylated derivative of α-resorcylic 
acid or TRA (also referred to as ERA, a short version of 
epoxidized α-resorcylic acid).

The reaction yield of the triglycidylated derivative 
of α-resorcylic acid, after purification through silica 
gel chromatography, was around 80%. The remaining 
20% probably corresponds to mono and di glycidilated 
products of α-resorcylic acid, as well as unreacted 
α-resorcylic acid and mechanistically possible dimer-
ization products of the newly formed glycidylation 
compounds. Since this work is mainly focused on the 
preparation of IPNs, no further identification or charac-
terization of the reaction products was performed. The 
mixture of glycidylated products was used to produce 
the interpenetrated systems. Because phenols are more 
acidic than alcohols, they can be converted to phe-
nolates through the use of a strong base. These inter-
mediates are strong nucleophiles and can react with 
primary alkyl halides to form ethers. According to the 
literature [39], once the phenolate anions are formed, 
they can react with epichlorohydrin following two 
competitive mechanisms: one-step nucleophilic sub-
stitution (mechanism SN2) with cleavage of the C−Cl 
bond and a two-step mechanism based on ring open-
ing of epichlorohydrin followed by intramolecular 
cyclization (through SN1 mechanism), with the release 
of chloride, to reform the epoxy ring. Titration with 
HBr showed that the resulting mixture after modifica-
tion has an average molar epoxy content of (9.0 ± 0.5) × 
10–3 moles per gram of resin, which corresponds to an 
epoxy equivalent weight = 111 gr/eq. The presence of 
epoxy groups was confirmed by FTIR (Figure 3).

The α-resorcylic acid structure was characterized by 
the presence of a strong IR absorption band at 3200 cm–1. 
The carbonyl exhibited a strong peak at 1750 cm–1. The 
spectrum of the epoxidized α-resorcylic acid presented 
similar absorption bands to those exhibited by its non-
modified counterpart. The most remarkable difference 
between them was the disappearance of the weak peak 

at 3200 cm–1 (attributed to the presence of hydroxyl 
groups). The lack of this absorption peak in the FTIR 
spectrum of the epoxidized α-resorcylic acid is related 
to the removal of the –OH functional groups due to 
the glycidylation reaction. The presence of absorption 
bands is also evident at 1227.5 cm–1 and 1050 cm–1, due 
to the presence of -C-O-C- groups formed during the 
reaction; as well as the characteristic bands for oxirane 
rings at 847.5 cm–1 and 910 cm–1.

3.2 Kinetics of Gelation

The reaction between epoxy and amine groups of the 
Jeffamine T-403 is a step-growth reaction. As a first 
approach to study the reactions, the gel times at 65 °C 
were measured. In order to study how the presence 
of one system influences the crosslinking behavior of 
the other, a hypothetical epoxy system (in which the 
acrylate phase has no initiator) and a hypothetical 
acrylate system (in which the epoxy phase has no cur-
ing agent) were prepared and measured, along with 
the experimental system (containing all the compo-
nents to allow the polymerization of the monomers). 
The resulting gel times, as a function of the weight 
fraction, are shown in Figure 4. As can be seen, all 
the systems reached the gel point in less than approx. 
60 minutes when tested at 65 °C; and this parameter 
changed as a function of the epoxy/acrylate ratio. 
It was observed that the gel time of the hypotheti-
cal systems increased when enlarging the content of 
the other phase. In other words, the gel point of the 
acrylate phase was delayed when the concentration 
of the epoxy phase in the mixture was enlarged, and 
vice versa. Based on these findings, it is suggested that 
there is a dilution effect of the reactants by the compo-
nents of the other non-reacting phase, decreasing the 
reaction rate and therefore inducing the delay in the 
gelling time [40]. Regarding the experimental system, 
in which all the reacting components were included, 
it is interesting to observe that for the epoxy-acrylate 
weight percentages of 25–75 and 50–50, the gel times 
were considerably reduced when compared to those 
shown by the hypothetical systems. The other ratios 

Figure 2 Glycidylation reaction of α-resorcylic acid with epichlorohydrin.
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showed gelling times similar to the hypothetical coun-
terparts. The epoxy 75–acrylate 25 system reached 
the gel point at a similar time (~27.5 minutes) to that 
shown by the hypothetical epoxy system (no initiator 
in the acrylate phase); denoting that the gelling of this 
system is dominated by the epoxy phase. 

As demonstrated by the DSC studies (detailed in 
the following section), the condensation reaction of the 
epoxy monomers with the crosslinking agent (amine 

in this case) is highly exothermic. It is important to 
mention that this is an expected behavior, because 
the ring-opening reaction of the highly strained three-
member ring occurs with extreme ease, and is ther-
modynamically favorable. On the other hand, it has 
been clearly stated by theory that the radical chain 
polymerization rate is dependent on the initiator con-
centration [37]. Usually, thermal homolytic dissocia-
tion of initiators is the most widely used method of 

Figure 3 FTIR spectra of α-resorcylic acid and epoxidized α-resorcylic acid.
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generating radicals to start the polymerization. Taking 
these facts into account, it is likely that the decrease in 
the gelling time for the epoxy-acrylate weight percent-
ages of 25–75 and 50–50 is due to a phenomenon of 
autocatalysis. The ring-opening reaction of the highly 
strained three-member epoxy ring releases extra 
energy in the system, favoring the dissociation of the 
initiator, and therefore increasing the polymerization 
rate that leads to gelation at some point of the reac-
tion. This behavior, combined with the gelling of the 
epoxy phase, might have maximized the rate at which 
the systems reached the gel point.

The theoretical extent of the reaction at the gel point 
was calculated by means of the Carothers and Flory-
Stockmayer approaches. According to Carothers, 
Equation 3 yields an average functionality of 4.01 for 
an equimolar α-resorcylic acid/Jeffamine T-403 mix. 
Equation 2 then yields Pc = 0.499. According to Flory 
and Stockmayer, taking fw,epoxy = 3, and fw,amine = 6, 
Equation 4 yields Pc = 0.316. The extent of the reaction, 
at 65 °C, was followed by studying the disappearance 
of the oxirane absorption band at 825 cm–1 (the mea-
surements were performed three times). The observed 
Pc value for a stoichiometric mixture of epoxidized 
α-resorcylic acid and multifunctional amine was 0.43 
± 0.10. Experimental values falling approximately 
midway between the two calculated values have been 
observed in many other similar systems [37]. The 
extent of the reaction at the gel point for the remaining 
IPNs is shown in Table 1.

As can be seen, the conversion of the epoxy phase at 
the gel point was not deeply affected by the presence 
of the acrylate phase, and it showed a medium conver-
sion when tested at 65 °C. This parameter ranged from 
40% to 55%, and there was no clear trend in its behavior 
as a function of the epoxy/acrylate ratio. On the other 
hand, the acrylate phase conversion was impacted by 
the presence of the epoxy phase. Samples containing 
100 wt% and 75 wt% of acrylate reached the gel point 

at similar conversions (approx. 20%), but at different 
times, with the acrylate 75 wt% system reaching the 
gelation almost two times faster than the acrylate 100 
wt%. When increasing the weight content of the epoxy 
phase in the IPNs, the conversion of the acrylate at the 
gel point also increased, reaching its maximum (approx. 
47%) for the epoxy 75 wt%–acrylate 25 wt%. The rise in 
the conversion values at the gel point for the IPNs epoxy 
50 wt%–acrylate 50 wt% and epoxy 75%–acrylate 25%, 
could be attributed to an autocatalysis phenomenon in 
the system, due to the energy release of the ring-open-
ing reaction of the epoxy ring when combined with the 
amine curing agent, as previously explained. As a gen-
eral trend, for large epoxy contents, the heat released 
during reaction might have triggered the conversion of 
the acrylate phase; however, since its content is low, the 
gelling is dominated by the epoxy counterpart.

3.2.1 Curing Behavior of IPNs

In order to assess the curing of the epoxy-acrylate 
IPNs, about 5 mg of each mix was studied by DSC (all 
measurements were performed three times). Likewise, 
the samples were cured at 65 °C for 1 hour and then 
also subjected to calorimetric analysis to evaluate the 
extension of curing after treatment at the above-men-
tioned conditions. The DSC of the IPNs, as well as the 
pure systems, showed only one exothermic peak, cor-
responding to the curing of the resins. From the results, 
it was observed that the onset of the curing is shifted 
to higher temperatures when increasing the amount 
of acrylate resin in the mixture, ranging from approx. 
45 to 55 °C for 100 wt% epoxy to 100 wt% acrylate, 
with the IPNs falling in between. When analyzing the 
behavior of the parent resins (epoxy and acrylate) it 
can be inferred that the polymerization of both sys-
tems begins at close temperatures, with the epoxy 
system starting to react at a temperature around 10 °C 
lower than the acrylate resin. As a result, there is only 
one peak observed in the IPNs, which corresponds to 
the superimposed curing of both resins. From the calo-
rimetry studies, it was also observed that the offset of 
the curing peaks was around 160 °C. The total heat of 
polymerization and the residual heat of polymeriza-
tion (residual heat after curing 1 hour at 65 °C) are dis-
played in Figure 5. 

When analyzing the behavior of the parent resins, it 
is clear that the ΔH of curing of the epoxy-amine resin 
is highly exothermic (approx. 67 J/g), being about 2.5 
times higher than that shown by the acrylate phase 
(26 J/g). This means that mixtures richer in the epoxy 
phase are more exothermic, behavior that is reflected 
in the experimental results, where the overall or total 
heat of polymerization associated with the curing 
peaks is shifted to higher values when increasing the 

Table 1 Extent of the reaction at the gel point for IPNs.

IPN Epoxy phase  
conversion  
(±0.10) 

Acrylate phase  
conversion  
(±0.10) 

Epoxy 100% 0.43 –

Epoxy 75%–
Acrylate 25%

0.40 0.47

Epoxy 50%–
Acrylate 50%

0.55 0.43

Epoxy 25%–
Acrylate 75%

0.50 0.20

Acrylate 100% – 0.21
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content of epoxy phase in the systems. The total heat 
of polymerization approximately increases as a linear 
function of the epoxy content; however, this tendency 
is truncated by the epoxy 25 wt%–acrylate 75 wt%, 
suggesting that the curing mechanism of each con-
stituent is affected by the presence of the other, prob-
ably due to autocatalysis or even chemical interactions 
between the components [40].

Regarding the residual heat after curing 1 hour at 
65 °C, it seems to be not greatly affected by the epoxy/
acrylate ratio, and it ranged from around 4.000 J/g to 
8.500 J/g. This finding suggests that most of the com-
ponents are reacted after 1 hour at 65 °C, a fact that is 
reflected in the conversions (Figure 4b), which ranged 
from around 78% to 91%. As it happened with the 
curing heats, the conversions shifted to higher values 
when increasing the proportion of the epoxy system; 
probably due to the high chemical reactivity of non-
sterically hindered glycidyl ethers, such as epoxidized 
α-resorcylic acid, towards amines [41].

As previously described, during the epoxy-amine 
curing process, the general reaction occurs via a 

nucleophilic attack of the amine nitrogen on the car-
bon of the epoxy function. The mechanism proceeds 
through a SN2 type reaction, which is in turn highly 
dependent on the structure and on the reaction con-
ditions. Epoxidized α-resorcylic acid contains oxi-
rane functionalities that are non-sterically hindered, 
facilitating the nucleophilic attack of the amino group. 
As a consequence of this feature, the reaction occurs 
rapidly at relatively low temperatures (~ 45 °C). It 
is important to mention that etherification products, 
arising from the polymerization of epoxy groups and 
hydroxyl groups of acrylated soybean oil at elevated 
temperatures, might also be present in the final poly-
mer matrix. However, since stoichiometric amounts 
of epoxy groups and amine comonomers are used, 
and also due to the low reactivity of the secondary 
hydroxyl groups [42], the effect of this side reaction on 
the final product can be neglected.

Based on the results of the conversion and calorim-
etry studies, it is suggested that the two noncompet-
ing reactions (step and free radical polymerizations) 
occurred at very close temperatures, with a very small 

Figure 5 Heats of polymerization (a) and conversions (b) of the IPNs. 
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gap of around 10 °C between the onsets of the reactions. 
However, it is clear that each constituent is affected by 
the presence of the other, altering the rate and extent at 
which each individual reaction takes place.

4 CONCLUSIONS 

An epoxy phase synthesized from α-resorcylic acid 
crosslinked with a commercial amine hardener and 
acrylate phase using acrylated soybean oil were used 
to prepare IPNs. The EEW of the epoxidized deriva-
tives of α-resorcylic acid after chemical functionaliza-
tion was found to be approx. 112 g/eq. Grafting of 
epoxy functions onto the monomer’s structure was 
confirmed by FTIR. DSC analysis revealed the pres-
ence of exothermic peaks related to curing of the sys-
tems, and that the curing mechanism of each constitu-
ent was affected by the presence of the other. All of 
the systems reached the gel point in less than approx. 
60 minutes when tested at 65 °C; and this parameter 
changed as a function of the epoxy/acrylate ratio. The 
experimental Pc value for a stoichiometric mixture 
of epoxidized α-resorcylic acid and multifunctional 
amine was 0.430 ± 0.100; falling in between that pre-
dicted by the Carothers and Flory theories.
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ABSTRACT:  The thermo-mechanical properties and linear fracture mechanics of acrylated soybean oil and the 
triglycidylated ether of α-resorcylic acid interpenetrated networks as a function of their weight composition 
are the focus of Part 2 of this article. Thermo-mechanical characterization showed that the obtained materials 
behave as thermoset amorphous polymers, and that both the modulus and glass transition are extremely 
dependent on the epoxy/acrylate weight ratio. Modulus values ranged from 0.7 to 3.3 GPa at 30 °C, and 
glass transition temperatures ranged from around 58 °C to approx. 130 °C. No synergistic effect on these two 
properties was observed. Interpenetrating networks containing equivalent weight proportions of the parent 
resins showed the highest fracture toughness of the series, exhibiting a KIc value of around 2.1 MPa·m1/2. The 
results showed that the KIc values did not increase as Mc increased, which seems to suggest that a different 
mechanism is responsible for the increase in the fracture toughness displayed by IPNs. Also, there seems to be 
an exponential-type increase in the fracture energy with the Mc

1/2
 for the materials containing the epoxy phase.

KEYWORDS:  Fracture toughness, IPNs, mechanical properties, phenolic acids, vegetable oils

1 INTRODUCTION

An interpenetrated polymer network (IPN) is an inti-
mate combination of two or more polymers, where at 
least one of them is crosslinked in the presence of a 
network of the other [1]. The formation of IPNs is gen-
erally governed by two processes which compete to 
give a large variety of final properties and degree of 
mixing: the crosslinking reaction (depending on reac-
tion kinetics) and the phase separation (mainly driven 
by thermodynamics). Therefore, the final properties 
and morphology depend on the monomers’ or poly-
mers’ miscibility and compatibility [2]. Useful proper-
ties of polymer components in IPNs are combined in 
order to overcome the drawbacks of individual com-
ponents when they form blends. During this process, 

the molecular chain dynamics (which determine the 
properties of these polymers), change dramatically; 
and this arises as a result of the level of mixing between 
the components of the system [3].

The interest of studying and preparing interpen-
etrating polymer networks has been associated with 
the favorable effect of crosslinking in the miscibility 
of a multicomponent system. When preparing IPNs, 
the presence of the crosslinked network (interlacing 
both polymers) retards the process of phase separa-
tion, resulting in some degree of phase mixing. This 
process is known as “enforced miscibility” [4]. It is 
generally known that the vast majority of IPNs do not 
interpenetrate at the molecular level, but rather form 
different phases finely divided at the nanometer scale. 
However, these kinds of multicomponent polymeric 
systems represent an excellent approach for combin-
ing the properties of different polymeric materials in 
a synergetic way. This kind of behavior was described 
by Li and coworkers in their study on compatibility 
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of polymer blends [5]. It was found that even though 
there is phase separation in IPNs, these materials usu-
ally presented highly uniform phase structures, much 
better than those of the parent polymer blends. This 
behavior was attributed to the particular network 
structure of IPNs, where the higher compatibility 
achieved could be called “force compatibility,” since 
the enthalpy of mixing does not play a major role in 
the improvement of miscibility of the system [6].

It has also been found that the network interlock has 
measurable influences on the curing behaviors and on 
the mechanical properties of the resulting materials 
[7], and studies have shown that the incorporation of 
a second polymer phase can improve both stiffness 
and impact resistance in polymeric systems [8]. While 
studying interpenetrated networks based on polyure-
thane and epoxy resins, Frisch and coworker [9] con-
cluded that in general the properties of the IPNs fall 
into two categories: a) properties which vary mono-
tonically with network composition (expressed as 
weight percent of the components), and b) properties 
which exhibit a maximum or minimum at an inter-
mediate network composition. That network compo-
sition in which a maximum in the property is found 
is the composition at which maximum entanglement 
is expected. This stands out as a remarkable relation 
and the maxima or minima can be related to two dif-
ferent physical-chemical phenomena. The maxima 
in the mechanical properties can be attributed to an 
increase in the crosslinking density due to interpen-
etration, since it is known that the tensile strength of 
a crosslinked material goes through a maximum as 
the crosslinking density increases. The minima can 
be attributed to the weakening of the intermolecular 
forces present in one network due to the presence of 
the second polymer [5].

From a synthetic point of view, IPNs can be prepared 
following two pathways: a) a sequential IPN in which 
one network is swollen and polymerized in the pres-
ence of the other; and b) simultaneous IPN, in which 
both of the networks’ precursors are synthesized at 
the same time by independent, non-interfering routes 
[10]. In Part I of this project, the chemical modification 
of α-resorcylic acid with epoxy moieties, as well as the 
kinetics and morphology of interpenetrated polymer 
networks from the system composed of acrylated soy-
bean oil and the triglycidylated ether of α-resorcylic 
acid were studied and reported. From the obtained 
results, it was clear that each constituent is affected by 
the presence of the other, altering the rate and extent 
at which each individual reaction takes place; and that 
the two non-competing reactions (step and free radi-
cal polymerizations) occurred at very close tempera-
tures, with a very small gap of around 10 °C between 
the onsets of the reactions. This evidence leads to the 

conclusion that the IPNs are formed by a simultane-
ous process, in which both of the networks are syn-
thetized at the same time. It has been established that 
the simultaneous polymerization method is expected 
to yield a higher degree of interpenetration since it 
is easy to obtain a homogeneous mixture when low 
molecular weight monomers are mixed [11].

Part 2 of this project focuses on the thermo-mechan-
ical properties and linear fracture mechanics of the 
acrylated soybean oil and the triglycidylated ether of 
α-resorcylic acid IPNs. The evaluation of the thermo-
mechanical properties and the study of the networks 
by means of the rubber elasticity theory allows deter-
mining if the properties are either varying as a func-
tion of the composition, or exhibit a maximum in the 
properties as a function of the crosslinking density or 
molecular weight between crosslinks. 

2 EXPERIMENTAL 

2.1 Materials

Triglycidylated ether of α-resorcylic acid, trifunctional 
epoxy, epoxy equivalent weight (EEW) of 111 g/eq, 
and molecular weight of 215 g/mol, was obtained 
from α-resorcylic acid; and was used as the epoxy 
phase. The synthesis and characterization of this com-
pound is presented and discussed in Part 1 of this pro-
ject. Jeffamine T-403 polyetheramine by Huntsman, tri-
functional primary amine, average molecular weight 
of approximately 440, and amine hydrogen equivalent 
wt (AHEW) of 81 g/eq, was purchased from VWR 
(US). 2,2′-Azobis(2-methylpropionitrile) (AIBN) and 
methyl methacrylate were also acquired from VWR 
(US). Acrylated epoxidized soybean oil (AESO), viscos-
ity 18000–32000 cps (at 25 °C), and molecular weight of 
approximately 1800–7200 g/mol, was purchased from 
Sigma-Aldrich (USA). R represents the fatty acid chain 
modified with the acrylate group. The average number 
of acrylate groups per triglyceride has not been deter-
mined by the supplier or Sigma-Aldrich. However, it 
has been established that it contains, on average, 4.5 
double bonds, that can be first converted into epoxy 
groups and then into acrylate moieties [12].

2.2 Synthesis of IPNs

The IPNs consisted of combining a phenolic-based 
epoxy resin with the triglyceride-based acrylate resin. 
The epoxy phase was prepared by mixing the trigly-
cidylated derivative of the α-resorcylic acid (TRA) or 
epoxidized α-resorcylic acid, whose synthesis was 
described in Part 1 of this project, with the commercial 
hardener Jeffamine T-403, a well-known trifunctional 
amine, in a 10/7 weight ratio. The components of the 
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acrylated phase, acrylated soybean oil, methyl meth-
acrylate (added to reduce the high viscosity of the 
acrylate oil in the amount of 20 wt% of the total weight 
of acrylated oil) and AIBN as initiator (1 wt% of the 
total weight of the acrylate phase) were mixed sepa-
rately and then added to the epoxy phase precursor 
solution in different weight percentages. After mixing 
these solutions, all samples were placed in glass molds 
and then cured in the oven following the next heating 
sequence: 50 °C for 1 h, 60 °C for 1 h, 75 °C for 2 h, 
120 °C for 12 h, and finally 180 °C for 1 h. The extent of 
curing was measured by Sohxlet extraction [13].

2.3 Characterization of Networks

2.3.1 Scanning Electron Microscopy (SEM)

An SEM study was performed for the purpose of 
obtaining a topological characterization of the mate-
rials. The fractured surfaces of pre-chilled samples 
in liquid nitrogen were studied by scanning electron 
microscope (Zeiss EVO 50 variable pressure scanning 
electron microscope with digital imaging and EDS). 
The SEM was operated at an accelerating voltage of 
20.00 kV and a probe current of 6 × 10–10 A. Samples 
were sputtered with gold prior to SEM observations 
with an EMS 550X auto sputter coating device with 
carbon coating attachment. Sputter coating was per-
formed at a current of 25 mA for 2 minutes.

2.3.2  Thermo-Mechanical Properties of the 
Networks

Dynamic mechanical analysis (DMA) on a TA 
Instruments RSA III was carried out to assess the 
thermo-mechanical properties by three-point bend-
ing. The tests were performed at temperatures rang-
ing from 25 °C to 250 °C with a heating rate of 10 °C/
min. The frequency was fixed at 1Hz and a sinusoidal 
strain-amplitude of 0.1% was used for the analysis. 
The dynamic storage modulus (E’) and tan δ curves 
were plotted as a function of temperature. To be able to 
explain the effects of the co-monomers on the mechan-
ical properties, it is useful to calculate the crosslinking 
density (n, mol/m³). The crosslinking density can be 
estimated from the experimental data using the rubber 
elasticity theory. Thermosets behave as rubbers above 
glass transition temperature (Tg). At small deforma-
tions, rubber elasticity predicts that the modulus stor-
age (E’) of an ideal elastomer with a network structure 
is proportional to the crosslinking density according 
to the following Equation 1 [14]: 

 E′ = 3nRT = 3RTr/Mc (1)

where E’ is the rubbery storage modulus, R is the gas 
constant (8.314 J/mol K), T is the absolute temperature 
(K), ρ is the density of the sample (g/m³), and Mc is 
the molecular weight between crosslinks (g/mol). The 
temperature and rubbery modulus were determined 
for the calculation of the equation at Tg + 30 °C. The 
temperature at which the peak of the tan delta pre-
sents a maximum was considered as the glass transi-
tion temperature of the material. 

2.3.3 Linear Elastic Fracture Mechanics

In order to characterize the fracture toughness of the 
graft-IPNs synthesized in terms of the critical stress 
intensity factor, KIC, quasi-static fracture tests were 
performed following the method described by ASTM 
D5045-14 [15]. The cured IPN sheets were machined 
into rectangular coupons of dimensions 70 mm × 
20 mm and 2.8 mm thickness. An edge notch of 3 mm 
in length was cut into the samples and the notch tip 
was sharpened using a razor blade. An Instron 4465 
universal testing machine was used for loading the 
specimen in tension and in displacement control mode 
(crosshead speed = 1 mm/min). The load-deflection 
data was recorded up to crack initiation and during 
stable crack growth, if any. The crack initiation tough-
ness or critical stress intensity factor, KIC, was calcu-
lated using the load (F) recorded at crack initiation. 
For each system, at least three sets of experiments 
were performed at laboratory conditions. The mode-I 
stress intensity factor for a single edge notched (SEN) 
tensile strip using linear elastic fracture mechanics is 
given by Equation 2 [16]:

 Ic
F

K f
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πα α 
=  
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and a is the edge crack length, w is the specimen width, 
B is the specimen thickness and F is the peak load. All 
data are expressed as means ± standard deviations. 
Statistical analysis was performed by one-way analy-
sis of variance (ANOVA) in conjunction with Tukey’s 
post hoc test for multiple comparisons using Minitab 
17 software. The critical energy release rate, GIc, can be 
related to the stress-intensity factor, KIc, in plane strain 
conditions by Equation 4 [17]:
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where v is the Poisson’s coefficient and E the Young’s 
modulus of the material. For all formulation, v was 
taken equal to 0.33 [18].

3 RESULTS AND DISCUSSION

3.1 Scanning Electron Microscopy (SEM)

The fracture surfaces of the thermosets were studied 
by scanning electron microscopy (SEM). The results of 
the morphological study are shown in Figure 1.

As shown, the fracture surfaces of the parent resins 
are characterized by smooth and homogeneous micro-
structures without any plastic deformation. Both the 
100 wt% epoxized resorcylic acid and the 100 wt% 
acrylated soybean oil formulations possess a fracture 
surface and an internal structure of a brittle material, 
revealing a highly glassy surface, where crack marks, 
ridges, and planes are dispersed all over the surface. 
The IPNs 75/25 wt% and 50/50 wt% epoxy-acrylate 
are also characterized by a highly glassy surface. In the 
25/75 wt% epoxy/acrylate, the brittle character of the 
material seemed to decrease, and the surface exhibits 
some degree of ductility and plastic deformation. 

As it will be discussed in the mechanical and frac-
ture studies, this sample showed the highest value for 
the critical energy release rate, denoting its ability to 
dissipate energy due to its more ductile character. It 
was also evident from the thermo-mechanical evalua-
tion that this IPN presented the least brittle character 
of the series, which was evident by its relatively high 
molecular weight between crosslinks. It is important 
to highlight that the morphology of the samples is 
consistent with the thermo-mechanical characteriza-
tion, which revealed a glass behavior under room 
conditions. Even though the starting materials seemed 
to be heterogeneous in their chemical nature, there is 
no indication of phase separation and no clear bound-
ary between the phases. This indicated that the inter-
penetration occurred at micro- or nanosize level [19], 
denoting that phase separation was kinetically con-
trolled by permanent interlocking of entangled chains.

3.2 Thermo-Mechanical Characterization

Figure 2 shows the dynamic mechanical response 
of IPNs based on epoxidized α-resorcylic acid and 
acrylated soybean oil. The finding of a well-defined 
transition from the glassy state to the rubbery state, 
followed by the rubbery plateau, is consistent with the 
dynamic mechanical behavior of other thermosetting 

polymers, indicating the existence of a stable network 
structure.

In the glassy region, the systems showed a high 
modulus (~0.7–3.0 GPa). It is clearly seen that with 
increasing the acrylated soybean oil content, the stiff-
ness (E’) in the glassy state is considerably decreased. 
Once the glass transition was surpassed, all of the 
resins exhibited a rubbery plateau modulus that was 
insensitive to the temperature (~16–65 MPa). The 
plateau modulus of the IPNs also decreased with 
increasing the acrylated oil content, which reduces 
the crosslinking density or n values, as established 
by the proportionality between E’ and this parameter 
(Table 1). From the plots it is evident that the epoxy 
parent system is more crosslinked than that of the 
acrylate parent system, and that the crosslinking is 
also severely reduced when the acrylate soybean oil 
content is increased in the systems. The crosslinking 
effect on Tg is an increasing function of the chain stiff-
ness, which is under the dependence of molecular 
scale factors, essentially aromaticity. The chain stiff-
ness is expressed by the flex parameter F, which for a 
given chain of molar mass Me is given by F = Me/Ne, 
where Ne is the number of elementary (undeformable) 
segments; F is essentially an increase function of the 
content of aromatic nuclei [20]. The α-resorcylic acid-
based epoxy matrix is structurally formed by aromatic 
units; polyfunctional hard clusters that constitute a 
rigid and densely packed phase that largely reduces 
the coordinated large-scale motions in the network. It 
is therefore evident that mixtures richer in the epoxy 
phase are stiffer, conferring support to the network 
when stress is applied.

The reduction in the stiffness of the systems is also 
accompanied by a similar change in the Tg, as evi-
denced by the shift in the α-transition temperature 
peak from high to low temperatures. The peaks of the 
parent resins were relatively narrow, while the IPNs 
(due to the multitude of components and the great 
amount of possible relaxation modes acting in triglyc-
eride-based polymers) showed a wider transition [21]. 
Likewise, all of the systems showed only one tan δ 
peak, indicating that there was no phase separation, 
and therefore good compatibility between the epoxy 
and acrylate phase. It is important to mention that 
there seems to be a decrease in the intensity of the Tg 
peaks in the tan delta plots of the IPNs. This intensity 
reduction of the Tg peak can be ascribed to some con-
straint effects on supramolecular level which supports 
the presence of interpenetration of the two networks 
[22]. Note that a reduction in Tg is usually due to less 
tight crosslinking (co-network) which also covers the 
formation of IPN. Moreover, the peak width at half 
height is a criterion used to indicate the homogene-
ity of the amorphous phase. A higher value implies 
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Figure 1 SEM micrographs of the fracture surface of 100 wt% epoxidized α-resorcylic acid (a); IPN 75 wt% epoxy–25 wt% acrylate 
(b); IPN 50 wt% epoxy–50 wt% acrylate (c); IPN 25 wt% epoxy–75 wt% acrylate (d); and 100 wt% acrylated soybean oil (e).

(a) (b)

(c)

(e)

(d)
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higher inhomogeneity of the amorphous phase. In this 
particular case, the widening of the loss factor peak 
was observed for the IPNs, especially for the 50/50 
wt% mixture. This behavior could be associated with 
less crosslinked and heterogeneous networks [23].

The resulting thermo-mechanical properties of the 
systems are listed in Table 1. The crosslinking den-
sity (n) and molecular weight between crosslinks (Mc) 
were estimated from experimental data using the rub-
ber elasticity theory in Equation 1 to be able to explain 

the effects of the phases on the mechanical properties 
of the resulting IPNs. 

For the calculation of n, it was assumed that all of 
the components in the systems entered into the net-
work, which is in reality impossible. However, after 
the Soxhlet extraction of samples with acetone for 
6 hours, it was observed that the total amount of 
monomers that did not polymerize ranged from 3% 
to 7% (from Epoxy 100% to Acrylate 100%). These 
results allowed assuming that the influence of low 

Figure 2 Temperature dependence of the storage modulus (a) and loss factor or tan δ (b) as a function of the composition of the 
IPNs.
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Table 1 Mechanical properties of the IPNs.

System Tg (°C) E` at 30 °C (GPa) (g/cm3) n (mol/m3) Mc (g/mol)

Epoxy 100% 129.10 3.28 1.1301 ± 0.0315 6026 187.53

E75%–A25% 104.18 2.43 1.1293 ± 0.0488 3431 329.12

E50%–A50%  89.11 1.56 1.1169 ± 0.0272 2235 499.71

E25%–A75%  56.41 0.55 1.0984 ± 0.0019 1872 586.89

Acrylate 100%  58.27 0.72 1.0815 ± 0.0084 3185 339.58
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incorporation of monomers into the networks can be 
neglected. 

As seen in Table 1, all of the systems behaved as 
brittle glassy polymers under room conditions. The 
value of n for the epoxidized α-resorcylic acid cured 
with Jeffamine T-403 system is approx. 6026 mol/
m3, denoting a highly crosslinked network (similar 
to a diglycidyl ether of bisphenol A (DGEBA) type 
of epoxy resin, having n = 5000 mol/m3) [24]. When 
acrylated soybean oil is incorporated into the epoxy 
phase in a low proportion (25 wt%), the n value fell 
about 2 times; reaching a value of n = 3431 mol/m3. 
As the acrylate weight fraction increases, the cross-
linking density still decreases, lowering the thermo-
mechanical properties, as evidenced by the numerical 
decrease of the Tg and modulus. For the 100 wt% 
acrylate soybean oil system, the crosslinking density 
reached approx. 3185 mol/m3. It is clear from these 
results that the acrylated soybean oil phase is plasti-
cizing the epoxy network. 

The dynamic mechanic behavior previously 
described comprises a balance between two factors, 
crosslinking density and plasticization. As the cross-
linking density increases, the more constrained the 
chain motion is, and thus the stiffer and more thermally 
resistant the molecular structure is. Plasticization is 
due to the molecular nature of the triglyceride. The 
positional distribution of the acrylate groups implies 
that dangling chain ends remain after crosslinking of 
the acrylate moieties. Also, the soybean oil contains 
fatty acids that are completely saturated and cannot 
be functionalized with acrylates. These inelastically 
active fatty acid dangling chains do not support stress 
when a load is applied; therefore, they act as a plas-
ticizing agent, introducing free volume and enabling 
the network to deform easily when stress is applied 
to the material. This plasticizer effect is inherent to all 
natural triglyceride-based materials, and it represents 
an issue for their potential use in high-performance 
applications [25].

As revealed by the results, the polymer densities 
increased slightly with the increase in the epoxy phase 
content, and ranged from about 1.08 to 1.13 g/cm3. 
Similar values for triglyceride-based materials have 
been reported by La Scala and Wool [26]. The rub-
bery moduli of the systems ranged from approx. 16 
to 65 MPa, yielding molecular weight between cross-
links ranging from approx. 188 to 588 g/mol. The 
Mc, as expected, increased with the increase in the 
acrylated soybean oil content, because the fatty acid 
chains increase the free volume of the polymer matrix. 
Similar values have been obtained by La Scala and 
coworkers [21].

As a summary of the thermo-mechanical results, 
α-resorcylic acid-based epoxy system provided a good 

alternative to formulate the interpenetrated networks, 
providing a highly crosslinked and stiff network, due 
to its ability to react at rather low temperatures and 
the good resulting mechanical properties. However, 
no synergistic effect on the thermo-mechanical prop-
erties was observed, and contrary to this a reduction in 
the mechanical performance was observed in the IPN 
when compared to their parent resins, mainly attribut-
able to the plasticizer effect conferred by the triglycer-
ide-based acrylate matrix.

3.2.1 Linear Elastic Fracture Mechanics

In order to investigate the influence on the intro-
duction of the acrylate phase on the epoxy phase, 
and vice versa, the fracture toughness of the IPNs 
and parent resins was evaluated through the criti-
cal stress intensity factor, KIc. Table 2 depicts the 
obtained results.

According to the statistical analysis of the results, 
there is significant variation in the fracture tough-
ness of the IPNs when compared to their parent resins 
(P < 0.05). However, Tukey’s test indicated that the 
obtained data can be categorized into three groups of 
observations, having means that are significally dif-
ferent. There is statistical evidence to support that the 
epoxy 50 wt%–acrylate 50 wt% IPN showed the high-
est fracture toughness of the series (first classification), 
exhibiting a KIc value of around 2.1 MPa·m1/2. The 
second categorization comprises the 100 wt% acry-
late, which showed the poorest resistance to fracture 
(around 0.84 MPa·m1/2). The third group emcompasses 
all of the remaining systems, in which there is no evi-
dence to support that there is a significant difference 
in the value of this property, meaning that the criti-
cal stress intensity factor is not changing as a function 
of the epoxy/acrylate ratio. The result clearly showed 
that the inherent fracture toughness of the IPNs is 
only a weak function of the epoxy/acrylate weight 
ratio. However, it is important to highlight that the 
toughenability of the systems depends on the cross-
linking density of the matrix. The lower the crosslink-
ing density, the greater the thoughenability. Recalling 
from Table 1, the IPNs epoxy 50 wt%–acrylate 50 wt% 

Table 2 Experimental KIc and GIc values.

System KIc (MPa·m1/2) GIc (kJ/m2)

Epoxy 100% 1.803 ± 0.238 0.88

E75%–A25% 1.593 ± 0.245 0.93

E50%–A50% 2.100 ± 0.027 2.52

E25%–A75% 1.652 ± 0.159 4.45

Acrylate 100% 0.842 ± 0.086 0.88
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and the epoxy 25 wt%–acrylate 75 wt%, showed val-
ues of n equal to 2235 and 1872 mol/m3, respectively. 
These systems showed the lowest crosslinking den-
sity, and therefore exhibited greater ductibility and 
correspondingly greater toughenability. The effect of 
reducing crosslinking density has been proposed to be 
an increase in the main-chain mobility which results 
in increased ductility [27]. Compared to commerical 
systems, the IPNs provided a considerably higher 
fracture resistance. For commercial diglycidyl ether of 
bisphenol A (DGEBA) type of epoxy resin crosslinked 
with Jeffamine T-403, KIc was found to be approxi-
mately 0.80 MPa·m1/2 [28]. Regarding commercial 
polymethylacrylate (PMMA), previous investigations 
performed by this group indicated a value of around 
1.1 MPa·m1/2 [29]. 

The critical energy release rate, GIc, can be related 
to the critical stress-intensity favor, KIc, in plane strain 
conditions by the Equation 4. The storage modulus 
was used as an approximation to Young’s modulus 
(E’ ~ E) to establish some numerical values for the 
fracture energy. As seen in the table, the parent res-
ins showed equal fracture energies, having values of 
GIc = 0.88 kJ/m2. Unlike the fracture toughness, the 
fracture energy showed a dependence on the epoxy/
acrylate ratio, increasing as the acrylate proportion is 
enlarged. The highest values were exhibited by the 
IPNs epoxy 50 wt%–acrylate 50 wt% and the epoxy 25 
wt%–acrylate 75 wt%, with GIc = 2.5 kJ/m2 and GIc = 4.5 
kJ/m2, respectively. The variation of GIc as a function 
of this relation reflects both the increase in the tough-
ness, due to its direct proportionality with KIc, and the 
decrease in the storage modulus. The introduction 
of the acrylate phase into the epoxy phase decreased 
the crosslinking density, favoring the chain flexibil-
ity as a consequence of having higher Mc values. It 
is accepted that thermosetting resins undergo plastic 

deformation via shear yielding rather than crazing, 
and this is attributed to high crosslinking density and 
small chain contour length, le. However, when cross-
linking decreases the chain contour length grows and 
the materials become more ductile and tend to yield, 
dissipating energy through chain deformations and 
molecular motion [30].

According to Gremmels and Karger-Kocsis [31], 
the fracture toughness and energy toughness can be 
described by the rubber elasticity theory. It is estab-
lished that under plane strain conditions, KIc and GIc 
change as a function of the molecular weight between 
crosslinks by linear and square root relations, respec-
tively; both relations were verified. It was found that 
there is no linear correlation between KIc and Mc for the 
systems under study. The results showed that the KIc 
values did not increase as Mc increased, which seems 
to suggest that a different mechanism is responsible 
for the increase in the fracture toughness displayed by 
IPNs. It is clear, however, that the high toughenability 
was correlated with high molecular weight between 
crosslinks.

On the other hand, a similar approach was used to 
study the relation between the fracture energy and Mc. 
Figure 3 depicts the results.

The literature suggests that GIc generally increases 
with Mc [18], and some of the obtained results are in 
agreement with the previous relation. As seen, there 
seems to be an exponential-type increase in the energy 
with the Mc

1/2
 for the materials containing the epoxy 

phase. In this case, the introduction of the flexible 
acrylate soybean oil phase increases the molecular 
weight between crosslinks, and therefore increases the 
fracture energy. However, it is important to mention 
that the dependency does not hold for the entire set 
of values, with the 100 wt% acrylate not showing any 
correlation.

Figure 3 GIc versus Mc1/2 for the studied IPNs.
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4 CONCLUSIONS 

An epoxy phase synthesized from α-resorcylic acid 
and acrylate phase using acrylated soybean oil was 
used to prepare IPNs. The mechanical properties of 
the IPNs were not superior to those shown by the con-
stituent polymers. For the α-resorcylic acid and soy-
bean oil system, modulus values ranged from 0.7 to 3.3 
GPa at 30 °C, and glass transition temperatures ranged 
from around 58 °C to approx. 130 °C. Both parameters 
were affected by the epoxy/acrylate ratio, showing 
an increase as the epoxy proportion was enlarged. 
Interpenetrating networks containing equivalent 
weight proportions of the parent resins showed the 
highest fracture toughness of the series, exhibiting a 
KIc value of around 2.1 MPa·m1/2. The results showed 
that the KIc values did not increase as Mc increased, 
which seems to suggest that a different mechanism is 
responsible for the increase in the fracture toughness 
displayed by IPNs. Also, there seems to be an exponen-
tial-type increase in the fracture energy with the Mc

1/2
 

for the materials containing the epoxy phase. Soxhlet 
extractions indicated a high degree of conversion and 
incorporation of the monomers into the polymer net-
works. These materials can be used as thermosetting 
matrices for the development of composite materials. 
Likewise, they have potential as partial replacements 
in the formulation of commercial thermosetting resins, 
where higher toughenability is required. 
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ABSTRACT:  Buriti or miriti (Mauritia flexuosa) is a palm tree found in the Brazilian cerrado. Herein buriti petiole, part of 
the trunk that supports the leaves, was ground and used without any treatment as low density load to prepare 
poly(lactic acid) biocomposites. X-ray microtomography of buriti petiole showed its porous structure, with a 
wide pore size distribution determined with the aid of SEM. The obtained biocomposites with 1, 5 and 10 wt% 
of buriti petiole particles were investigated by their sessile drop contact angle, FTIR, TGA and tensile test. The 
tensile properties indicated poor adhesion between phases, which is crucial to optimize the biocomposite’s 
performance. Further studies with fiber treatment are being planned.

KEYWORDS: Buriti petiole, porous structure, PLA, biocomposites

1 INTRODUCTION

Lignocellulosic fibers are widely studied as potential 
reinforcing fillers in polymer matrices for producing 
new eco-friendly materials. Only a few studies about 
buriti palm tree fibers used as composites are found 
because they are less well known and have only recently 
been investigated as possible composite reinforcement 
[1]. Buriti or miriti (Mauritia flexuosa) is a palm tree 
found in the north Amazonian region of Brazil. Two 
distinct fibers can be extracted from the buriti palm 
tree, one from the leaf and the other from the petiole 
part of the trunk that supports the leaves (Figure 1). 
Portela et al. [1] stated that buriti petiole fibers are very 
strong fibers, with tensile strength reaching 350 MPa. 
Santos et al. [2] reported yield stress and modulus in 
the range of 270 MPa and 10 GPa respectively for buriti 
fibers extracted from the palm tree leaves. An interest-
ing characteristic of buruti petiole is its relatively low 

moisture absorption and open porosity, in association 
with a density lower than 0.1 g cm-3 [3]. On the other 
hand, the density of buriti fibers obtained from the 
leaves was reported to be 1.31 g cm-3 [2]. This value 
is comparable with other lignocellulosic fibers such as 
coconut (1.15 g cm-3), banana (1.35 g cm-3), sisal (1.45 g 
cm-3) and pineapple leaf (1.44 g cm-3) [4]. Many peo-
ple who live in the nearby islands of Guajará bay (Pará 
state) ensure their livelihood by cutting the petioles 
and crossing the bay by boat to sell them in the mar-
kets of Belém (capital of Pará). Once in the markets, 
they are transformed by the work of artisans into small 
handcrafted boats and sold at low price (Figure 1). 

Environmental pollution due to nondegradable 
materials has steadily increased and packaging is a 
large part of the problem, mainly due to inappropriate 
disposal. Poly(lactic acid) (PLA) has played a central 
role in replacing fossil-based polymers and the use of 
PLA in packaging has largely increased over the last 
five years [5]. In this context, the current study aimed 
to prepare and characterize biocomposites of PLA and 
buriti petiole (BP), giving buriti petiole a more techno-
logical application and adding value to it.
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2 EXPERIMENTAL

2.1 Materials

The PLA filament (natural color and 1.75 mm diam-
eter) from 3D GRAF was used. Buriti petiole (BP) was 
purchased in “Ver-o-Peso” market, a market hall in 
Belém, Brazil, located at Guajará Bay riverside.

2.2 Methods

First, BP was ground into a fine powder with the aid of 
a grinder (IKA A10, IKA Labortechnik, Germany) and 
passed through 325 mesh sieve. Composites of PLA/
BP containing 1, 5 and 10 wt% of BP were prepared 
by melt mixing in a Haake Rheomix Polydrive R 600 
(Thermo Fisher Scientific) at 180 °C and rotor speed of 
40 rpm for 5 min. The films (0.50 mm) were produced 
by the conventional method of hot pressing (Sagec 
model sgpl) at 170 °C, first for 2 min at 1 MPa pres-
sure, then for 2 min at 5 MPa, and finally for 1 min at 8 
MPa. Biocomposite films prepared as described were 
named PLA/PB1%, PLA/PB5% and PLA/PB10%.

2.3 Characterizations

The morphology of BP was studied using X-ray 
microtomography (Skyscan 1174, Aartselaar, 
Belgium). The maximum peak voltage of the Skyscan 
1174 X-ray source was 50 kV with a maximum power 
of 40 W (current of 800 μA). The detection system 
consisted of a 14-bit cooled CCD camera coupled to 
a scintillator by lenses with 1:6 zoom ranges. While 
the sample was rotated, multiple 2D X-ray projec-
tions were taken every 0.7° rotation step over 360°. 
The 2D cross-sectional images were reconstructed as 
three-dimensional images with the aid of a specialized 
Skyscan software package. 

The BP was analyzed via scanning electron micros-
copy (SEM) (Shimadzu model Vega 3LM) at an accel-
erating voltage of 10 kV. Samples for SEM were coated 
with gold using a sputter coater (SPI Sputter Coater, 

SPI Supplies, PA, USA). BP mean pore size and pore 
size distribution were obtained from 100 individual 
measurements on SEM images by using image analysis 
software (Image J, National Institutes of Health, USA). 
Moreover, the total porosity was determined with 
the aid of a manual pycnometer for density analysis 
(Multipycnometer from Quantachrome Intruments).

The BP was analyzed on an X-ray diffractometer 
(Shimadzu, model XRD-7000) using monochromatic 
CuKα radiation (λ = 1.54) in the range of 2θ = 5–40° 
with a scanning rate of 0.1° min–1. The X-ray unit was 
operated at 45 kV and 40 mA.

Contact angle measurements were performed using 
the sessile drop technique with a Digidrop goniome-
ter from GBX Instruments. The system was equipped 
with a CCD camera connected to a computer and to 
an automatic liquid dispenser. The contact angle was 
determined by placing a 6 μL drop of water on the film 
surface using a syringe and images were immediately 
sent via the CCD camera to the computer for analysis. 
The results represent an average angle between the 
right and left angles. Three consecutive measurements 
were made at room temperature using the Surface 
Energy software mode, which allows direct measure-
ment of contact angle (in degrees).

Fourier transform infrared (FTIR) experiments 
were performed with the aid of a Thermo Scientific 
Nicolet™ 6700 FT-IR spectrophotometer at a 4 cm−1

 

resolution and 256 co-added scans. The spectra were 
obtained using the ATR (attenuated total reflection) 
technique, in which the samples were pressed against 
a ZnSe crystal and spectra were collected from 650–
4000 cm–1. 

The thermogravimetric analyses (TGA) were per-
formed with small dry samples weighing around 10 
mg using Seiko-SII Nanotechnology Inc. model Exstar 
7200 equipment under nitrogen atmosphere (flow rate 
of 40 cm3

 min-1). Samples were heated from 25 °C to 
800 °C at a 10 °C min-1

 heating rate.
The PLA film and biocomposites were character-

ized for their tensile properties using an Instron test-
ing machine (model EMIC 3000) with load cell of 200 
N. Tensile properties were characterized according to 
ASTM D-638 and at least five specimens were tested to 
obtain the average values. A crosshead speed of 20 mm 
min-1

 and a gage length of 13 mm were used for the tests.

3 RESULTS AND DISCUSSION

3.1 Buriti Petiole (BP)

Figure 2 shows the BP photography and three-dimen-
sional image obtained by X-ray microtomography. The 
channels which form the BP inner porous structure 
can be observed, as already found in the literature [3].

Petiole

Figure 1 (left) Illustration of buriti petiole; (right) 
photograph of the small handcrafted boats.
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An SEM micrograph and the corresponding histo-
gram of BP are displayed in Figure 3. As can be seen, 
BP exhibits a wide pore size distribution with mean 
pore size in a range of 82 ± 27 μm. 

The total porosity was found to be 86.7 ± 0.02% and 
was determined according to the method described by 
Donato and Lazzara [6] using Equation 1:

 ( )
( )

% 100 a r

a
P

r r
r
−

= ×  (1)

where ra is the apparent density determined by helium 
pycnometry and rr is the relative density.

The BP XRD profile (Figure 4) shows three peaks 
around 16°, 22° and 34°, typical of cellulose I [7], cor-
responding to crystallographic planes (101), (002) and 
(040) respectively [8].

The fiber crystallinity index was estimated using 
Equation 2 defined by an empirical method [9]:

 (002) ( )

(002)
100am

c
I I

I
I

−

= ×  (2)

where Ic = crystallinity index in percentage, I(002) = the 
diffraction intensity peak representing the crystalline 

material around 2θ = 22° and I(am) = diffraction inten-
sity peak that represents the amorphous material 
around 2θ = 16°.

According to Equation 2, the crystallinity index 
of BP was estimated to be 49%. This value is in 
 accordance with a semicrystalline material and is 
mainly due to cellulose content, which is in the range 
of 51% [10].

3.2  Hydrophilic/Hydrophobic Properties 
of PLA and Bicomposite Films

The wettability of films was assessed by the contact 
angle (θ) measurements (Figure 5).

The value of θ = 76° found for neat PLA is in accor-
dance with the literature [11]. It was observed that 
when 1% of BP was incorporated, the film hydrophi-
licity was markedly increased (θ decreased from 76° to 
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64°). This fact is probably due to the hydroxyl groups 
present in the chemical structure of the BP. With the 
increase of BP content to 5%, the value of the contact 
angle increased again (θ = 66°). This behavior might 
be accounted for, to some extent, by an increase in sur-
face roughness, possibly due to BP agglomeration. For 
a flat hydrophobic surface (θ > 90°), θ increases with 
the increasing roughness.

Instead, for hydrophilic surfaces (θ < 90°), θ tends to 
decrease with the increasing roughness [12]. In other 
words, we might suggest the existence of two oppos-
ing factors contributing to change the wettability of the 
films. In the case of PLA/BP5%, the increase in rough-
ness seems to be the predominating factor and might 
explain the increase in the contact angle. With 10% of 
BP content the contact angle (θ = 62°) decreased again, 
indicating that for higher contents of fiber the presence 
of hydrophilic entities predominates in the wettability 
behavior of the film. The decrease in the contact angle 
might also indicate low adhesion between BP and PLA 
matrix, that is, the hydroxyl groups of BP were avail-
able to interact with the water rather than with PLA.

3.3  Fourier Transform Infrared 
Spectroscopy (FTIR)

In order to investigate the occurrence of some interac-
tion between the fibers and the PLA matrix, FTIR spec-
tra of BP, neat PLA and PLA/BP10% were obtained 
and are shown in Figure 6.

Regarding the BP spectrum (Figure 6a), the stretch-
ing band can be seen at 3334 cm–1, which is character-
istic of O-H group present in the cellulose, lignin and 
hemicellulose [13]. The stretching band corresponding 
to CH linkage of CH and CH2 groups present in cel-
lulose and hemicellulose was observed at 2912 cm–1 
[14]. The band at 1730 cm-1 is the characteristic band 

of carbonyl (C=O) stretching due to the acetyl groups 
of hemicellulose and the band at 1605 cm-1 can be 
explained by the presence of moisture in the fibers 
[14]. Weak absorptions in the range of 1500–1350 cm-1 
are reported to be due to the C-H bending and C-O 
stretching of hemicellulose, in addition to the C-OH in 
plane stretching of cellulose [15]. The band at 1245 cm-1 
might be attributed to the vibration of C-O bonds of 
ethers, esters or phenolic groups of waxes and greases 
commonly found in lignocellulosic fibers [16].

The strong band with absorption peak at 1030 cm-1 
may be associated with the C-O stretching of hydroxyl 
and ether groups in the cellulose [14]. In general, 
the FTIR spectrum of BP (Figure 6a) is a character-
istic spectrum of lignocellulosic materials. A fairly 
detailed description of FTIR absorptions of the main 
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components of lignocellulosic materials has been pre-
sented by others [13].

In the case of neat PLA spectrum (Figure 6b), the 
bands’ assignments are in accordance with the lit-
erature as follows: n(CH) stretch (2900–3000 cm–1), 
n (C=O) ester carbonyl (1760 cm–1), n(CH) deformation 
(1350–1460 cm–1), n(CO) stretching (1040–1270 cm–1), 
and n(C-C) stretching (870 cm–1) [17]. It is possible to 
notice that the spectrum of PLA/BP10% (Figure 6c) is 
completely identical to that of PLA (Figure 6b). It is 
likely that, due to the similarity of the bands, overlap-
ping has occurred. More interestingly, the band corre-
sponding to O-H region present in the fiber cannot be 
seen. According to Thanki et al. [18], ATR-FTIR is used 
for the surface characterization but the intensity of the 
observed bands depends on the film thickness, among 
other parameters. As reported, surface segregation of 
methyl side groups at the surface is well influenced by 
the thickness of the films and it is significantly reduced 
in the case of thin films; for example, PLA films with 
thickness of 1 μm do not exhibit surface segregation 
of methyl side groups [18]. Thus, the fact that we have 
worked with thicker films might partially explain the 
absence of O-H band in the PLA/BP10% FTIR spec-
trum. However, this result was in disagreement with 
the contact angle measurements.

In order to confirm the presence of BP in the bio-
composite, subtraction of PLA/BP10% and PLA spec-
tra was performed as shown in Figure 7.

The subtraction spectrum (Figure 7b) closely resem-
bles the BP spectrum (Figure 7a). The main difference 
between the spectra of Figure 7 is the absence of the 
O-H absorption band in the subtraction spectrum 

(Figure 7b). In spite of this, such spectrum is indicative 
of BP in PLA/PB10% biocomposite.

3.4  Thermogravimetric Analysis (TGA)

Thermal stability of neat PLA, BP and biocomposites 
was evaluated by their thermogravimetric (TG) curves 
(Figure 8). The BP derivative thermogravimetric (DTG) 
curve  is shown in the upper corner of Figure 8.

Figure 8a corresponds to the BP curve. According to 
the literature, fiber degradation occurs in four stages 
corresponding to the moisture evaporation, hemicel-
lulose and cellulose degradation and decomposition 
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The tensile strength of the natural color PLA fila-
ment was reported to be 57 MPa [25]. This value is very 
close to the found value in this research. The value of 
the elongation, however, is well above the value found 
by these authors (2.35%), probably due to the presence 
of plasticizer in the filament. 

The results show that the presence of BP has neg-
atively affected the tensile strength of PLA. This is a 
strong indication that, in spite of homogeneous dis-
persion in the PLA matrix, BP had low adhesion with 
the matrix. Further studies involving surface modifi-
cation of BP are needed in order to improve the inter-
facial adhesion between the polymeric matrix and BP.

4 CONCLUSIONS

Due to its high porosity, buriti petiole (BP) is inter-
esting for use as low density filler. In this work, BP 
was ground into a fine powder and mixed without 
any treatment with PLA at 1, 5 and 10 wt%. FTIR 
analysis was inconclusive regarding the occurrence 
of interactions between chemical groups of PLA and 
BP. Tensile properties of the obtained biocomposites 
indicated poor adhesion between phases because neat 
PLA properties were not improved. Further studies 

of lignin [16]. In the BP DTG curve (upper corner), the 
moisture evaporation from the fiber appears around 
57 °C. This result corroborates with those reported by 
others who also attributed moisture evaporation to an 
initial mass loss between 25 and 75 °C for buriti peti-
ole [3]. The second event, with a maximum mass loss 
at 307 °C, occurs between 247 and 358 °C and may be 
related to the degradation of holocellulose (hemicel-
lulose + cellulose) [19]. Cellulose is thermally more 
resistant than hemicellulose, probably due to its crys-
talline structure [20]. According to Kabir et al. [15], 
in their experiments with hemp fiber, cellulose was 
completely decomposed in the range of 240–350 °C, 
whereas hemicellulose had already been decom-
posed at 290 °C. The two peaks at 413 and 451 °C can 
be attributed to degradation of lignin that occurs in a 
very wide temperature range from 150 to 450 °C [15]. 
According to Gonçalves et al. [19], in their experiments 
with banana fiber, due to its complex structure it was 
not possible to observe the degradation of lignin, since 
it degrades with very small mass losses in a wide tem-
perature range from 100 to 900 °C. 

Monteiro et al. [3], upon analyzing the DTG curve 
of buriti petiole, have suggested that it is thermally 
more stable than the hemp and banana fibers. After 
complete degradation a solid residue corresponding 
to 4.7% of the material was left, probably carbon and 
metal oxides formed from the minerals present in 
vegetable fiber. The TG curve of neat PLA (Figure 8b) 
shows the degradation profile in a single stage, as 
has already been reported for neat PLA [21, 22]. 
Regarding the biocomposites, it can be observed that 
as the BP content increases, the thermal stability of 
composites decreases. All curves follow the same pro-
file of PLA curve, that is, one stage for degradation. 
This was expected, since PLA is the main component 
and was homogeneously mixed with low contents 
of BP. Hence the behavior of PLA has predominated. 
The biocomposites showed an intermediate thermal 
behavior between PLA and BP. The same behavior 
was found by Awal et al. [23] in the TG analysis of 
PLA reinforced with cellulosic fibers. Likewise, Santos 
et al. [2] reported intermediate thermal behavior for 
composites obtained by adding buriti leaf fibers into 
thermosetting resin matrix. According to Jandas et 
al. [24], some studies have demonstrated that at high 
temperatures the presence of fibers deforms the crys-
talline structure of PLA and decreases their thermal 
stability.

3.5 Tensile Test

Figure 9 shows the tensile stress-strain curves of neat 
PLA and biocomposites. The tensile property values 
derived from the test are summarized in Table 1.
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Figure 9 Tensile stress-strain curves of (a) neat PLA, 
(b) PLA/BP1%, (c) PLA/BP5% and (d) PLA/BP10%.

Table 1 Tensile properties of neat PLA and biocomposites.

Sample Tensile strength (Mpa) Elongation (%)

Neat PLA 51.17 ± 2.77 17.70 ± 14.71

PLA/BP1% 49.12 ± 2.00 19.64 ± 12.60

PLA/BP5% 43.08 ± 1.30 16.79 ± 2.19

PLA/BP10% 35.67 ± 1.92 15.45 ± 4.32
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11. A. Jordá-Vilaplana, V. Fombuena, D. García-García, M.D. 
Samper, and L. Sánchez-Nácher, Surface modification of 
polylactic acid (PLA) by air atmospheric plasma treat-
ment. Eur. Polym. J. 58, 23–33 (2014).

12. G.O. Berim and E. Ruckenstein, Nanodrop on a 
nanorough hydrophylic solid surface: Contact angle 
 dependence on the size, arrangement, and composi-
tion of the pillars. J. Colloid Interface Sci. 359(1), 304–310 
(2011).

13. Y. Zhao, C. Xu, C. Xing, X. Shi, L.M. Matuana, H. Zhou, 
and X. Ma, Fabrication and characteristics of cellulose 
nanofibril films from coconut palm petiole prepared 
by different mechanical processing. Ind. Crops Prod. 65, 
96–101 (2015).

14. V. Fiore, T. Scalici, and A. Valenza, Characterization of a 
new natural fiber from Arundo donax L. as potential rein-
forcement of polymer composites. Carbohydr. Polym. 106, 
77–83 (2014).

15. M.M. Kabir, H. Wang, K.T. Lau, and F. Cardona, Effects 
of chemical treatments on hemp fibre structure. Appl. 
Surf. Sci. 276, 13–23 (2013).

16. H.L. Ornaghi Jr., M. Poletto, A.J. Zattera, and S.C. Amico, 
Correlation of the thermal stability and the decomposi-
tion kinetics of six different vegetal fibers. Cellulose 21(1), 
177–188 (2014).

17. N. Nakayama and T. Hayashi, Preparation and char-
acterization of poly(L-lactic acid)/TiO2 nanoparticle 
nanocomposite films with high transparency and effi-
cient photodegradability. Polym. Degrad. Stabil. 92(7), 
1255–1264 (2007).

18. P.N. Thanki, E. Dellacherie, and J-L. Six, Surface char-
acteristics of PLA and PLGA films. Appl. Surf. Sci. 253, 
2758–2764 (2006).

19. A.P.B. Gonçalves, C.S. de Miranda, D.H. Guimarães, J.C. 
de Oliveira, A.M.F. Cruz, F.L.B.M. da Silva, S. Luporini, 
and N.M. José, Physicochemical, mechanical and mor-
phologic characterization of purple banana fibers. Mater. 
Res. 18 (Suppl 2), 205 (2015).

20. N. Stevulova, J. Cigasova, A. Estokova, E. Terpakova, A. 
Geffert, F. Kacik, E. Singovszka, and M. Holub, Properties 
characterization of chemically modified hemp hurds. 
Materials 7, 8131–8150 (2014). 

21. S-l. Yang, Z-H. Wu, W. Yang, and M-B. Yang, Thermal 
and mechanical properties of chemical crosslinked 
 polylactide (PLA). Polym. Test. 27(8), 957–963 (2008).

22. Y. Wang, Y. Qin, Y. Zhang, M. Yuan, H. Li, and M. Yuan, 
Effects of N-octyl lactate as plasticizer on the thermal 
and functional properties of extruded PLA-based films. 
Int. J. Biol. Macromol. 67, 58–63 (2014).

23. A. Awal, M. Rana, and M. Sain, Thermorheological and 
mechanical properties of cellulose reinforced PLA bio-
composites. Mech. Mater. 80, 87–95 (2015).

24. P.J. Jandas, S. Mohanty, and S.K. Nayak, Surface treated 
banana fiber reinforced poly(lactic acid) nanocomposites 
for disposable applications. J. Cleaner Prod. 52, 392–401 
(2013).

25. B. Wittbrodt and J.M. Pearce, The effects of PLA color 
on material properties of 3-D printed components. Addit. 
Manuf. 8, 110–116 (2015).

involving fiber treatment should be done in order to 
reach biocomposites with higher contents of BP and 
good performance in terms of mechanical properties. 
Due to its low density, BP is particularly attractive as 
filler and hence deserves to be better exploited.
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ABSTRACT:  In this study, polyols with high average functionality were synthesized from a renewable resource, rapeseed 
oil, as raw material for rigid PU foam production. A well-known method of rapeseed oil fatty acid double 
bond epoxidation was used to introduce oxirane rings into rapeseed oil structure. The temperature influence 
on epoxidation reaction conversion rate was studied by volumetric and FTIR spectra analysis. After 
epoxidation of rapeseed oil, an oxirane ring-opening reaction was carried out to obtain high functionality 
polyols. Diethylene glycol, a conventional oxirane ring-opening reagent, was compared to amine-based 
polyfunctional alcohols, diethanolamine and triethanolamine. The introduction of tertiary amine groups 
into the polyol structure provided catalytical properties for obtained polyols, which will allow a reduction 
of the amount of catalysts in polyurethane foam formulations. Hydroxyl value, acid value, moisture content, 
viscosity and density of synthesized polyols were determined, and their structure and average functionality 
were analyzed by FTIR and MALDI-TOF spectroscopy and GPC analysis. Also, the main characteristics of 
rigid PU foam obtained from synthesized polyols were determined.

KEYWORDS: Vegetable oil, polyols, renewable raw materials, polyurethane foams

1 INTRODUCTION

Renewable resources for polymer production have 
been widely studied in the past decade. The main 
driving force behind these investigations is to push 
forward a replacement for petrochemical materials 
and the introduction of sustainable solutions which 
are motivated by new government regulations and 
market demands. This article describes a study by 
the Latvian State Institute of Wood Chemistry (IWC) 
on the development of catalytically active, high func-
tionality polyols for rigid polyurethane (PU) foam 
production.

Several biobased polyols have been developed for 
PU material production and their production technol-
ogy has been up-scaled to industrial scale. The main 
feedstock for biobased polyol production is different 
natural oils, like soybean oil, palm oil, sunflower oil, 
corn oil, linseed oil, olive oil, castor oil and others, 
as well as an oil of animal origin—fish oil [1, 2]. The 
global plant oil production over the last 40 years has 

shown a steady increase from about 23 million met-
ric tonnes (MMT) in 1967 to 129 MMT in 2007. While 
soybean, today’s second largest oil crop, has shown an 
increase in oil production from 5 MMT in 1967 to 36 
MMT in 2007. It can be considered as primary feed-
stock for biobased polyol and PU production. Palm 
oil production has risen from 2 MMT in 1967 (then 
the 6th largest) to become the largest oil crop in 2007 
with 39 MMT, but it is used mainly in general food 
consumption. Rapeseed (Brassica napus) is the third 
largest oil crop with 12% of the world plant oil market 
and is used for food applications as well as feedstocks, 
mainly for biodiesel production [3].

PU materials are obtained in the reaction between 
hydroxyl groups and isocyanate groups. All natural 
oils, except castor oil, have to be chemically modified 
before they can be used for PU material production 
as they do not contain hydroxyl groups. A generic 
triglyceride structure of natural oils can be seen in 
Figure 1 [4–6]. Two approaches for polyol synthesis 
from vegetable oils can be distinguished, modifica-
tion of double bonds in unsaturated fatty acids and 
transesterification of triglyceride backbone [7]. Most 
frequently, epoxidation and ring-opening reaction 
with haloacids and alcohols is used to functionalize 
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unsaturated fatty acids. Also, ozonolysis of double 
bonds can be used to obtain biobased polyols [7, 8], as 
well as other methods. Narine et al. reported that PU 
elastomers obtained from rapeseed oil by ozonolysis 
and hydrogenation-based technology showed poor 
performance due to the structure of polyols. The poly-
ols had a high content of mono-ol and low content tri-
ols and diols. Mono-ols act as chain terminator when 
the polymer is crosslinked with isocyanates [9]. 

Another approach to obtain polyol with primary 
hydroxyl groups is to carry out transesterification 
of ester bonds of glycerol backbone using different 
polyfunctional alcohols. A transesterification of fatty 
acid ester can be carried out using glycerol, as seen in 
Figure 2, but several drawbacks have been reported 
like low selectivity towards monoglyceride prod-
ucts, separation of monoglyceride from other reaction 
products is an energy-intensive process, and neu-
tralization of homogenous phase catalysts requires a 
high-temperature process [10–12]. The main applica-
tion of such fatty acid monoglycerides is as nonionic 
surfactant used as emulsifiers in the food, detergent 
and cosmetics industries. Nevertheless, their applica-
tion as a polyol for PU material production has been 
reported [7, 13–15]. Unfortunately, rigid PU foams 

obtained from palm oil polyol which was obtained 
in transesterification process with glycerol showed a 
comprehensive decrease in mechanical and thermal 
properties [16]. 

Also, other reagents, like pentaerythritol [17] and 
triethanolamine (TEA) [5], have been used to obtain 
polyols via transesterification process, the latter of 
which is seen in Figure 3. Polyols obtained in rape-
seed oil transesterification reaction with TEA showed 
potential to be used in rigid polyisocyanurate (PIR) 
foams as their flammability and mechanical character-
istic improved with the increase of isocyanate index 
[18, 19]. Replacement of petrochemical polyether-
based polyols with rapeseed oil-based polyols showed 
a beneficial influence on the heat-insulating proper-
ties and significantly reduced water absorption [20]. 
Such polyols were used not only for the production of 
rigid PU foams but also for the development of spray-
applied coatings [21]. Castor oil, which is a natural 
oil that already has hydroxyl groups in its structure, 
was also transesterified with TEA to increase polyol’s 
hydroxyl value. Such polyol was used to obtain rigid 
PU foams with properties comparable to commercial 
polyol [22].

Natural oil triglyceride transesterification has been 
used in conjunction with hydroxylation of unsatu-
rated acids. In the first step, hydrogen peroxide with 
formic or acetic acid was used to introduce epoxide 
rings which were hydroxylated in situ to obtain poly-
ols. After that, separation of excess water and acid res-
idue alcoholysis of hydroxylated natural oil with TEA 
was performed at 150 °C in the presence of LiOH cata-
lyst. Using this method, rapeseed oil and tung oil were 
used to prepare polyols with increased hydroxyl value 
from which polyol rigid PU foams were obtained 
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with comparable characteristics to commercially used 
materials [24, 25]. 

In a similar method to TEA, the diethanolamine 
(DEA) can be used to obtain polyols from rapeseed 
oil and other natural oils, as seen in Figure 4. Such 
polyols have been successfully used for PU coat-
ing and rigid PU foam development [26]. Rigid PU 
foams from linseed oil polyols obtained in trans-
amidization with DEA showed low dimensional 
stability properties which limit their application on 
an industrial scale [27]. Similar polyols have been 
reported in phthalic anhydride resin coating appli-
cation [28] as well as in polyesteramide resins [29]. 
Rapeseed oil was used to obtain polyols in transam-
idization with DEA and rigid PU foams were devel-
oped with comparable characteristics to commercial 
formulations [6, 30]. In the transamidization reaction 
of rapeseed oil, two types of products are obtained; 
tertiary amide of rapeseed fatty acids and fatty acid 
ester. The equilibrium shifts to the fatty acid dietha-
nolamide side after polyol synthesis, which was con-
firmed by Stirna et al. [5]. 

Currently, the most common way to obtain polyols 
from natural oils is by using epoxidation of double 
bonds and epoxy ring opening with diols. This pro-
cess has already been up-scaled to industrial produc-
tion and several commercial products are available 
on the market like Cargill BiOH® [31], Lupranol® 
Balance 50 [32], Novocard XFN resins [33], etc. The 
majority of these products have been used for the 
production of flexible PU foams. They are not used 
for rigid PU foam production, most likely due to their 
relatively high price and low profit margins. Also, 
secondary hydroxyl groups in their structure are less 
reactive, which limits their application in rigid PU 
foams, especially for spray-foam formulations [1]. 
Thus, alternative polyols with higher functionality 
and reactivity would be more feasible for rigid PU 
foam production. 

A combination of epoxy ring opening and trans-
esterification of fatty acid triglycerides could lead to 
higher functionality, which would ensure high cross-
link density of PU matrix that would convert to rigid 
PU foam with increased mechanical properties, good 
dimensional stability and high aging stability. A simi-
lar idea was explored by Acar et al. where water-sol-
uble soya oil polyols were obtained with a molecular 
weight of 3800–5900 Da from oxidized soya oil poly-
mer, but no PU materials were obtained [34]. 

In previous studies, Stirna et al. developed polyol 
synthesis by transesterification of rapeseed oil fatty 
acid triglycerides with TEA and transamidization 
with DEA [5]. The obtained polyols had high reactiv-
ity, only primary hydroxyl groups and high catalytic 
activity due to the presence of tertiary amine groups, 

but their functionality was too low (~2.25) to obtain 
excellent quality rigid PU foams.

This study presents a modification of the established 
process for polyol synthesis from epoxidized vegeta-
ble oil by changing the epoxy ring-opening reagents. 
Different polyfunctional alcohols—diethylenglycol, 
TEA and DEA—were used to obtain polyols with 
high reactivity and high functionality. Novel polyols 
were designed to be used in spray applied rigid PU 
foam thermal insulation formulations to reduce or 
completely remove harmful catalysts. The following 
characteristics were determined for obtained poly-
ols: hydroxyl value, acid value, viscosity, density and 
moisture. Chemical structure of obtained polyols was 
studied by Fourier transform infrared (FTIR) spectros-
copy, gel permeation chromatography (GPC) and the 
matrix-assisted laser desorption/ionization time-of-
flight (MALDI-TOF) technique. The average molecu-
lar weight (Mn), the weight average molecular weight 
(Mw), polydispersity index and average functional-
ity of polyols were determined from GPC data. The 
obtained polyols were used to produce rigid PU foam 
thermal insulation material and their thermal con-
ductivity, apparent density and compression strength 
were tested. 

2 EXPERIMENTAL

2.1 Materials

Rapeseed oil (RO) (specifications: iodine value = 117 
I2 mg/100 g sample, acid value = 2.1 mg KOH/g, 
saponification value = 192 mg KOH/g sample) was 
obtained from Iecavnieks & Co, Latvia. The fatty acid 
composition was as follows: 62.4% oleic acid, 20.6% 
linoleic acid, 9.3% linolenic acid, 4.7% palmitic acid 
and 0.3% other fatty acids. DEA 99.2% and TEA 99.2% 
(Huntsman, The Netherlands) were used as pur-
chased. Glacial acetic acid, hydrogen peroxide as 35 
wt% aqueous solution, sulphuric acid (95 wt%) and 
diethylene glycol (DEG) were purchased from Sigma-
Aldrich. Volumetric Hanus solution −0.1 M IBr and 
the acidic ion exchange resin (Amberlite® IR120 H) 
were obtained from Sigma-Aldrich.

For production of rigid PU foams, the follow-
ing materials were used as purchased: tris(1-chloro-
2-propyl phosphate 99% (TCPP) as flame retardant 
(Albermarle, UK), Solkane® 365 mfc, 1,1,1,3,3 penta-
fluorobutane 99.5% as physical blowing agent (Solvay 
Special Chemicals, Germany), distilled water as chem-
ical blowing agent, Lupranol® 3422 – a higher func-
tional polyether polyol based on sorbitol containing 
only secondary hydroxyl groups (BASF, Germany), 
tertiary amine (Polycat® 5) and 30% potassium acetate 



DOI: 10.7569/JRM.2017.634116 M. Kirpluks et al.: RO as Feedstock for High Fn Polyols

J. Renew. Mater., Vol. 5, Nos. 3–4, July 2017  © 2017 Scrivener Publishing LLC  261

in DEG as catalysts (Air Products Europe Chemicals 
B.V., The Netherlands) and Niax silicone L-6915 as 
surfactant (Momentive Performance Materials Inc., 
Germany).

Desmodur® 44V20L was used as isocyanate (NCO) 
component for all PUR materials. It is a solvent-free 
product based on 4,4’-diphenylmethane diisocyanate 
(MDI) and contains oligomers of high functionality 
(Bayer, MaterialScience AG, Germany). The average 
functionality is 2.8 to 2.9 and the content of NCO is 
30.5–32.5% by wt.

2.2  Rapeseed Oil Epoxidation and 
Epoxidation Process Kinetics

Temperature influence on unsaturated fatty acid con-
version into oxirane rings was evaluated at 55, 60 and 
65 °C. The epoxidation reactions were carried out in a 
1 L glass reactor equipped with a 5 cm diameter Teflon 
anchor-type stirrer and a reflux condenser. The reactor 
assembly was immersed in a thermostatic water bath, 
whose temperature was maintained within ±1 °C. 
As catalyst, Amberlite IR120 H acidic ion exchange 
resin was used. Epoxidation was carried out using 
peracetic acid, which is the product of the reaction 
between a glacial acetic acid and hydrogen perox-
ide as 35 wt% aqueous solution, as seen from Figure 
5. The following molar ratios of reagents were used 
between acetic acid, hydrogen peroxide and double 
bonds: 0.5/1.5/1.0. Before reaction, 300 g of RO was 
added into reaction (1.266 mol of double bonds), after 
which 37.97 g (0.635 mol) of glacial acetic acid and 60 
g of Amberlite IR120 H acidic ion exchange resin cata-
lyst was added. Amberlite IR120 H resin was taken 
as 20% of RO mass. Afterwards, the reaction mass 
was stirred using a mechanical stirrer (900 rpm) and 
heated up to 50–55 °C. When the reaction temperature 
was achieved, 184.34 g (1.905 mol) of 35% hydrogen 
peroxide was added during the next 25 min. The exo-
thermic reaction process started immediately and the 
reaction mass heated up. The start of kinetic measure-
ment was set when all hydrogen peroxide was added 

and samples of oil were measured during the next 7 
hours with 1-hour intervals. 

About 7 ml of samples were taken, filtered to remove 
resin catalyst, rinsed with 5% NaHCO3 solution and 
two times with distilled water to obtain epoxidized oil 
sample with a pH value of ~ 6.5. Water was separated 
using a rotary evaporator and, finally, the sample was 
dried using dry Na2SO4. The next day, epoxy value 
was determined using the titration method according 
to PN 87/C-89085/13 standard. From the oxirane con-
tent values, the relative oxirane conversion degree was 
calculated using the following equation [35, 36]:

 exp.
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where REpC is relative oxirane group content, ORexp. 
(g/100 g sample) is the experimentally obtained 
oxirane oxygen, and ORtheor. is the theoretically obtain-
able maximum oxirane oxygen, which was deter-
mined from the following equation: 
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where AI (126.9) and AO (16.0) are the atomic weights 
of iodine and oxygen respectively and IV0 is the initial 
iodine value of RO sample. Unmodified RO’s iodine 
value was analyzed according to ASTM D5768-02 
standard.

Additionally, to measure relative oxirane conver-
sion degree, the double bond conversion into oxi-
rane groups was monitored by FTIR spectra using a 
PerkinElmer Spectrum 100 spectrometer with attenu-
ated total reflection (ATR) sampling at 4 cm–1 resolu-
tion. C-O-C oxirane ring stretching vibrations were 
identified at 830–820 cm–1 [37].

2.3  Epoxidized Rapeseed Oil Oxirane 
Ring Opening with Polyfunctional 
Alcohols 

High functionality polyols from epoxidized rapeseed 
oil (ROEP) were obtained using oxirane ring-opening 
reaction, with polyfunctional alcohols DEA, TEA and 
DEG used as a comparison. The molar ratios between 
oxirane rings and polyfunctional alcohols were set 
as 1.0/1.1. Using previously mentioned polyfunc-
tional alcohols from ROEP, polyols with the following 
abbreviations were synthesized: RODEA, ROTEA and 
RODEG. 

The example of polyol synthesis is as follows: 
300 g of previously synthesized ROEP which contains 

RCOOH

RCOOH
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+ C
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O

O

OH
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Figure 5 Double bond epoxidation in the presence of 
Amberlite IR120 H ion exchange resin as acidic catalyst.
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1.05 M of epoxy groups was added into a 1 L glass 
reactor. Afterwards, 0.09 g of LiOH catalyst (0.3% wt 
of ROEP) was added and ROEP was heated up to 110 
°C. In the next step, after preheating to 90 °C, 121.44 
g of DEA was added during 20 min while stirring the 
reactor at 700 rpm. After all of the DEA was added, 
the reaction was carried out for 3 hours at 110–115 °C 
under inert gas atmosphere. 

In the case of ROEP epoxy ring opening with TEA, 
a higher synthesis temperature was set at 140–145 °C. 
But in the case of ROEP epoxy ring opening with DEG, 
a different catalyst: 0.90 g of sulfuric acid (0.3% wt of 
ROEP) was used, as described by Zieleniewska et al. 
[38] and others [2, 6]. The LiOH catalyst was used 
for oxirane ring opening in the case of DEA and TEA 
because it should provide fewer of the reaction by-
products which occurred in the case of ROEP oxirane 
ring opening with DEG. 

All three polyols were dried using a rotary evapo-
rator till moisture content reached below 0.3% wt. 
Afterwards, hydroxyl and acid values were deter-
mined using titrimetric methods according to DIN 
53240-2 and DIN 53402 testing standards. The viscos-
ity of polyols was analyzed using a Thermo Scientific 
HAAKE medium-high range rotational viscometer. 
The moisture was analyzed using Denver Instrument 

Model 275KF automatic titration equipment, which 
is an alternative analysis method to the DIN 51777 
standard.

Gel permeation chromatography was used to deter-
mine the values of the number-average molecular 
weight (Mn) and number-average functionality (fn) of 
the obtained polyols. The number-average function-
alities of polyols were calculated based on hydroxyl 
values, and number-average molecular weight was 
experimentally determined using Equation 3 [6]: 

 56110
n val

n
M OH

f
⋅

=  (3)

where fn is the number-average functionality, Mn is the 
number-average molecular weight, and OHval is the 
hydroxyl value of polyol.

2.4  Rigid PU Foam Sample Preparation 
Using Developed Polyols 

The polyol component was obtained by weighing all 
necessary components (novel polyols, the catalyst, 
blowing agent, surfactant and flame retardant) pre-
sented in Table 1 and stirring them for 1 min with a 

Table 1 Polyol formulation, renewable material content in PU foams, technological parameters, free rise density and closed cell 
content of PU foams.

Polyol formulation RO DEG RO DEA RO TEA

Green Polyol, pbw 100.0 100.0 100.0

Cross-linkage reagent (Lupranol 3422) 39.5 36.8 36.2

Flame retardant (TCPP) 25.2 23.5 23.2

Blowing reagent (water) 3.5 3.3 3.2

Blowing agent (Solkane 365/277) 20.6 19.1 17.7

Tertiary amine catalyst (Polycat 5) 1.5 0.9 -

Potassium acetate 30% 2.2 0.9 -

Surfactant 2.4 2.2 2.3

Polyisocyanate (pMDI) 224.7 281.2 233.9

Isocyanate index 130 130 130

Characteristics of system

Renewable materials in PU, % 19.2 16.4 16.2

Technological parameters

Start time, s 17 15 20

Stirring time, s 40 37 43

Tack-free time, s 47 47 60

End time, s 44 42 55

Temperature of polyol system before foaming, °C 21 21 14

Apparent density of molded PU foams, kg/m3 36.3 38.2 35.1
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common solvent for such reaction is toluene, but it has 
to be separated from oil before the next polyol synthe-
sis step. Also, several hazards can be related to toluene, 
carcinogenicity being one of them. Thus a solvent-free 
polyol synthesis method will result in cheaper final 
product and it will agree with green chemistry princi-
ples. The use of Amberlite IR120 H ion exchange resin 
acidic catalyst also simplified RO epoxidation because 
the catalyst was removed by simple filtration. The 
change of the relative oxirane conversion degree cal-
culated using Equation 1 over synthesis time is shown 
in Figure 6. 

The highest epoxy group yield of 86.4% was 
achieved at 65 °C after 5 h of synthesis but afterwards 
epoxy group content started to decrease. The decrease 
of epoxy groups is explained by different side reac-
tions suggested by Gamage et al., Meshram et al. and 
others [35, 39–41], which are shown in Figure 7.

The epoxidation process was also monitored by FTIR 
spectroscopy, where C-O-C oxirane ring stretching 

mechanical stirrer at 2000 rpm. PU foams were pre-
pared after conditioning the polyol system at room 
temperature for at least 2 h in a sealed container to 
remove the mixed-in air. 

To prepare PU foam, isocyanate (pMDI) and the 
polyol component were weighed and mixed by a 
mechanical stirrer at 2000 rpm for 15 s. For the iso-
cyanate index, 130 was chosen for all three PU foams, 
which was the ratio of the equivalent amount of iso-
cyanate used relative to the theoretical equivalent 
amount times 100. Then, the reacting mixture was 
poured into an open top mold that was preheated to 
50 °C and placed on a balance. An appropriate amount 
of the reacting PU mass was poured into the mold and 
the PU foam was cured at 50 °C in an electric oven 
for 2 h. The renewable material content was calculated 
based on the mass of renewable materials used in PU 
foam formulation. Stoichiometric ratios of the RO as 
well as the sorbitol content in Lupranol 3422 were 
taken into account.

As seen in Table 1, the polyol system containing 
ROTEA polyol did not have any catalysts and was still 
too reactive to be foamed at room temperature, thus it 
had to be cooled to 14 °C. This might be a positive thing 
for formulations designed for spray-foam application. 

The physical and mechanical properties of the 
foams were measured in accordance with the follow-
ing standards: foam density – ISO 845; compression 
strength – ISO 844; closed cell content – ISO 4590, 
and thermal conductivity – ISO 8301. The compres-
sion strength of PUR was tested parallel and per-
pendicular to foam rise with one offset from ISO 844 
standard – sample size; cylinders with a diameter of 
20 mm and a height of 22 mm were tested. Mechanical 
testing of PU was done on Zwick Roell 1000N testing 
machines.

3 RESULTS AND DISCUSSION 

3.1  Temperature Influence on Rapeseed 
Oil Epoxidation

The CH3COOH was chosen as an oxygen carrier in 
epoxidation reaction instead of HCOOH because it 
has been shown by Dinda et al. that this acid, despite 
the slower formation of oxirane, has higher ultimate 
conversion degree. Also, using HCOOH resulted in a 
higher amount of side products [35]. In the first step of 
this study, temperature influence on the epoxidation 
rate of RO was investigated for three different tem-
peratures: 55, 60 and 65 °C. Goud et al. showed that 
ion exchange resin is a suitable replacement for H2SO4 
epoxidation reaction catalyst and the process can be 
carried out without the use of a solvent [36]. The most 
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one of the most common reagents for sustainable pol-
yol synthesis from epoxidized vegetable oils and such 
polyols have been used to obtain good quality PU 
materials [12, 42]. For this study TEA and DEA amine-
based polyfunctional alcohols were used to introduce 
tertiary amine groups into polyol structure to obtain 
polyols that would have high functionality and high 
catalytic activity. The two proposed reactions are 
shown in Figure 9.

The main characteristics of synthesized polyols are 
shown in Table 2. The hydroxyl value of all polyols 
was in the range of typical commercial polyols used 
in rigid PU foam formulations as well as moisture and 
density. The acid vale of RODEG polyol was slightly 
higher than that of the standard < 5.0 mgKOH/g due 
to H2SO4 catalyst used in the epoxy ring-opening reac-
tion. LiOH epoxy ring-opening catalyst was chosen 
for RODEA and ROTEA polyol synthesis because it 
propagates epoxy ring-opening reaction at lower tem-
peratures than H2SO4 catalyst and reduces by-products 
[7]. Also, the H2SO4 catalyst was not chosen because 
it should be removed from polyol mixture because it 
could increase the acid value of polyol, as seen from 
Table 2. This is not desirable mostly because of the 
potential decrease of PU material formulation shelf 
life. The H2SO4 could react with added PU material 
curing catalysts, which usually are amine-based com-
pounds. The highest viscosity of synthesized polyols 
was for RODEA but it was still in the range of standard 
polyols used in the PU industry, especially for polyols 
with high functionality and branched structure. The 
GPC analysis showed that the obtained polyols have 
typical Mn and polydispersity and calculated average 
functionality showed that they have high functional-
ity. Polyols with the functionality of 3–8 are typical for 
rigid PU foam production [1].

vibrations were identified at 830–820 cm–1 [37]. The 
epoxy group absorption peak increased during the syn-
thesis process, as seen in Figure 8. A slight decrease of 
its intensity was observed in the case of epoxidation at 
65 °C after the 5 h synthesis mark. This correlates with 
conversion degree results and confirms side reaction 
occurrence. Although the highest conversion of double 
bonds into epoxy groups was achieved at 65 °C, the 
synthesis at 60 °C is preferable due to a more control-
lable reaction process. After 5 h of RO epoxidation at 
60 °C the conversion degree was 81.1% and after 7 h it 
was 84.2%, which is still comparable to 65 °C synthesis.  

The obtained results are similar to those presented 
by Goud et al. [36] of jatropha oil epoxidation. Jatropha 
oil’s chemical structure is similar to RO, thus no sig-
nificant difference between results was expected. The 
yield of oxirane rings was noticeably higher than 
for cotton oil and RO epoxidation in the presence of 
H2SO4 catalyst [35, 41], showing an additional advan-
tage of solid phase ion exchange resin catalyst. Also, 
Meshram et al. presented a design of a pilot-scale 
chemical reactor for such catalyst use in the up-scaled 
process [39]. However, the stability of the repeated use 
of this type of catalyst must be studied before this tech-
nology can be further up-scaled. Because this catalyst 
is intended for biobased product use, different impuri-
ties of natural oils could react with sulphonic groups, 
thus reducing its activity. Also, mechanical damage of 
resin beads could be a potential problem. 

3.2  Epoxy Ring Opening for High 
Functionality Polyol Synthesis

Previously synthesized ROEP was used in high func-
tionality polyol synthesis. Epoxy ring opening with 
DEG was used as comparison material because it is 
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Figure 8 FTIR spectra of the epoxy group absorption peak increase over RO epoxidation at 55, 60 and 65 °C.
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3.3  FTIR Analysis of Synthesized RO 
Polyols 

The chemical structure of the polyols used was stud-
ied by FTIR spectroscopy. Figure 10 presents the FTIR 
spectra of unmodified RO, ROEP and three spectra of 
biobased high functionality polyols. Peaks at 3416–
3370 cm–1 indicated the presence of OH groups in the 
polyols which were not present in unmodified RO. 
Also, as expected, the double bond stretching at 3008 
cm–1 of unmodified RO disappeared after the epoxida-
tion process. The C-O-C oxirane ring stretching vibra-
tions were identified at 823 cm–1 for ROEP and this 
peak disappeared after the oxirane ring was opened 
with selected polyfunctional alcohols. All three polyols 
showed ether bond –C-O-C- symmetric stretching at 
1103 cm–1, which is present due to epoxy ring opening 
with alcohols. The tertiary amine groups’ vibrations 
were seen at 1048–1037 cm–1 for RODEA and ROTEA. 
The most significant difference between RODEA and 
ROTEA was the presence of amide peak at 1619 cm–1 
for RODEA, which resulted from the transamidization 
reaction of fatty acid triglycerides. A similar process 
was described by Stirna et al. [5], where polyols from 

RO were synthesized using only transamidization 
reaction. Peaks at ~ 2930 and ~ 2860 cm–1 are identi-
fied as coming from C-H symmetric and asymmetric 
stretching. All polyols, as well as neat RO and ROEP, 
showed a C=O bond stretching peak at 1742–1736 cm–1 
[6, 43].

3.4  MALDI-TOF Analysis of Synthesized 
RO Polyols

MALDI-TOF analysis and corresponding mass spectra 
were used to identify molecular ions of synthesized 
polyols. Parent ions were primarily MH+ and M•Na+ 
cations. The M•Na+ cations were formed from alkil 
salts in the matrix sample as well as from impurities 
of synthesized polyols due to reagents used for dry-
ing polyols [44, 45]. Several groups of parent ions were 
identified for all polyols corresponding to the differ-
ent chemical structures of obtained substances. The 
RO is a triglyceride structure containing unsaturated 
fatty acids of oleic (62.4%), linoleic (20.6%), and lino-
lenic acids (9.3%), and other unsaturated fatty acids, 
as well as saturated fatty acids of palmitic (4.7%) and 
other fatty acids (0.3%). Epoxy ring-opening reaction 
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Figure 9 The opening of epoxy rings of ROEP using DEA and TEA in the presence of LiOH catalyst.

Table 2 Hydroxyl value, viscosity, acid value, moisture content, average functionality, number average molecular mass, poly-
dispersity and RO content of synthesized polyols. 

Polyol
OH val., 

mgKOH/g
Viscosity  

(20 oC), mPa⋅s
Acid val., mg 

KOH/g
Moisture, 

%
Density at 20 

°C, g/cm3 fn

Mn,
g/mol Mw/Mn

RO content in 
polyol, %

RODEG 242 6500 8.6 0.322 1.025 3.3 768 1.23 70.8

RODEA 471 22000 < 2.0 0.046 1.022 4.6 553 1.06 71.0

ROTEA 430 1800 < 2.0 0.026 1.031 4.3 567 1.09 63.4

fn, Mn and Mw/Mn were obtained from GPC analysis of polyols; RO content in polyol was calculated taking into account stoichiometric ratios of 
RO and epoxy ring-opening reagents.
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in combination with several side reactions as well as 
transesterification reactions is attributed to a broad 
range of different mass peaks seen in Figure 11. Also, it 
is likely that the presence of different families of peaks 
is due to the association of the polymer molecules with 
Na+ ions.

From the MALDI-TOF spectra in Figure 11a it can 
be seen that epoxy ring reaction occurred together 
with transesterification of ester bonds of triglyceride 
structure with DEG, as seen from the peak group at 
409–515 m/z. The peaks in this group are attributed 
to monoglyceride and trans-ester fatty acid struc-
tures. The calculated mass of Na+ associated ion of 
DEG ester of epoxidized oleic acid opened with DEG 
is 515.67 Da, which closely correlates with a peak of 
highest intensity of 515 m/z. Diglyceride products 
can be seen at 796–902 m/z and hypothesized polyol 
is seen at 1182–1288 m/z. Also, mass peaks attributed 
to different oligomerization products can be seen at 
1568–1674 m/z. 

Similar to RODEG, the RODEA polyol had trans-
amidization products as well as epoxy ring-opening 
reaction products. Noteworthy is the peak at 491 m/z, 
which is attributed to MH+ ion of polyol seen in 
Figure 11b. A similar structure of polyols obtained 
from vegetable oils has been reported by Acar et al. 
[34] but in the case of this study significantly smaller 
molecular mass polyols have been obtained with cal-
culated mass of 490.72 Da and theoretical functionality 
of 5. The diglycerides of DEA opened fatty acids are 
seen between 742–877 m/z and traces of the RODEA 
triglycerides are seen between 1157–1282 m/z.

The MALDI-TOF analysis showed that the higher 
temperature of ROTEA synthesis contributed to the 
formation of different side reactions of epoxy groups. 
The idealized structure of ROTEA polyol was attrib-
uted to the mass peak of 548 m/z but the mass peak of 
430 m/z was attributed to oleic acid TEA ester where 
the epoxy group has been converted into ketone 
group. Also, sets of diglyceride and triglyceride prod-
ucts were seen at 711–902 m/z and 1142–1252 m/z 
respectively. 

The calculated average functionality of synthesized 
bio-polyols seen in Table 2 was comparable to the pro-
posed chemical structures in Figure 11. Despite the 
formation of by-products in the case of ROTEA, this 
polyol can still be considered as high functionality and 
suitable for rigid PU foam development. Nevertheless, 
further studies of obtained compound structure and 
composition have to be done and synthesis parameters 
should be optimized to reduce by-product formation. 

3.5  Rigid PU Foams Developed from 
Synthesized High Functionality 
Polyols 

Three synthesized polyols were used to prepare 
rigid PU foams according to the formulation seen 
in Table 1 and the common characteristics of rigid 
PU foams were tested. This was done to see the suit-
ability of these polyols for further material develop-
ment. The literature describing polyol synthesis usu-
ally covers PU material production in later articles. 
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The PU samples were obtained at laboratory scale 
and only the most common characteristics of the 
thermal insulation material were tested and they 
are displayed in Table 3. Rigid PU foam samples 

from all three polyols had very similar mechanical 
strength. The RODEA PU foam sample had the high-
est compression strength and modulus at 0.30 and 
8.7 MPa respectively. The mechanical characteristics 
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were normalized to an average PU foam density 
of 36.5 kg/m3 between all three samples according 
to Hawkins et al. [46] to be able to compare their 
properties. There was a slight difference between 
sample apparent densities as the PU foam formula-
tion was not fully optimized for each new polyol. 
Nevertheless, 0.23 MPa compression strength is con-
sidered above industry requirements, especially if 
the rigid PU foam density is below 40 kg/m3. There 
was a difference between the properties of materi-
als tested parallel and perpendicular to PU foam-
ing direction because samples were prepared in an 
open-type mold. 

All three samples had optimal thermal conductivity 
close to 22 mW/m·K, which is typical for this type of 
insulation material. Also, PU foams had fully closed 
cell structure with closed cell content above 90%. The 
high mechanical properties of RODEA are related to 
the chemical structure of this polyol and its high func-
tionality of 4.6. The PU polymer matrix is most likely 
crosslinked and it contains a high amount of hard seg-
ments. However, the hard segment content and this 
polyol’s influence on PU polymer matrix should be 
further studied.

4 CONCLUSIONS

This study showed that it is possible to obtain good 
quality polyols and rigid PU foams that are compa-
rable to petrochemical materials and conventional 
biobased polyols. The temperature influence on the 
RO epoxidation process in the presence of solid phase 
ion exchange catalyst was studied and obtained 
results were comparable to the literature data of other 
natural oil epoxidations. Epoxidized RO was used 
to synthesize high functionality biobased polyols. 
All polyols showed average functionality up to PU 

industry standards; RODEA and ROTEA had slightly 
higher functionality (fn= 4.6 and 4.3) than RODEG (fn 
= 3.3) polyol. The functionality of synthesized polyols 
correlated with MALDI-TOF analysis of synthesized 
bio-polyols. The obtained RODEA and ROTEA poly-
ols had much higher reactivity than RODEG polyol 
due to tertiary amine groups confirmed by FTIR. 
Whereas in the case of RODEA polyol PU foam for-
mulation, the catalyst content was decreased by half 
and in the case of ROTEA no PU foaming and curing 
catalyst was used compared to the formulation based 
on RODEG. This could be beneficial for PU foam pro-
ducers as the catalysts are one of the more expensive 
components in PU foam formulations and are also 
usually hazardous and toxic compounds. RODEA 
and ROTEA polyols show promise for use as highly 
active crosslinking reagent and catalyst replacement. 
Upon studying the mechanical properties, an increase 
of compression strength was seen in the case of 
RODEA polyol over RODEG polyol. Further studies 
of developed PU polymer matrix should be carried 
out to analyze this polyol’s influence on hard segment 
formation. 
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ABSTRACT:  Pineapple peel biomass was used as raw material for nanocellulose extraction. The raw material is a residue 
from the Costa Rican fruit industry. The nanocellulose was obtained by a two-step hydrolysis process. 
Firstly, the cellulose was hydrolyzed with HCl to obtain microcrystalline cellulose. In the second step, the 
hydrolysis was carried out using H2SO4 to obtain smaller fragments and decrease the lignin content. A time-
dependent study was carried out to determine the particle size decrease depending on the contact time with 
the H2SO4. The chemical, thermal and morphological properties were analyzed by Fourier transform infrared 
spectroscopy (FTIR), thermogravimetric analysis (TGA), dynamic light scattering (DLS), zeta potential, atomic 
force microscopy (AFM) and scanning electron microscopy (SEM). The nanofiber-like cellulose was obtained 
after 60 minutes of exposure to 65 wt% H2SO4.

KEYWORDS: Nanocellulose, pineapple peels, acid hydrolysis, waste

1 INTRODUCTION

Cellulose is the most abundant natural polymer on 
earth’s surface, and it’s the primary component that 
provides stiffness and strength to plant structure. 
Roughly a third of the plant’s anatomy is composed 
by cellulose, and each year 1000 tons are produced by 
natural synthesis [1–3]. Since cellulose is highly avail-
able, biodegradable, naturally renewable and bio-
compatible, it has become a material of particular rel-
evance among scientists and material developers [1]. 
Because of these properties, it has been proposed as 
an alternative material to substitute petroleum-based 
polymers [2–4]. In Latin America, the pulp and juice 
of pineapples are exported while the shells remain in 
the country. These pineapple peels constitute a rich 
source of cellulose [5]. Fibers composed by cellulose 
constitute 19 wt% of the fruit and are composed of cel-
lulose, hemicellulose and lignin; making it a potential 
material for obtaining nanocrystalline cellulose (NCC) 
due to the large amount of residues generated by agri-
cultural industries [6].

Cellulose is a linear carbohydrate polymer com-
posed of β-glucopyranose units linked by glycosidic 
bonds. The NCC has a fiber-like and rod-like structure; 
therefore, it is crystalline [7]. Crystalline structures are 
formed by intra- and intermolecular hydrogen bonds 
[8]. The molecular length and properties depend on 
the natural source [9]. The particles length and width 
falls within the range of 200–500 nm and 5–10 nm, 
respectively [10]. 

Nanocrystalline cellulose exhibits many physi-
cochemical qualitites that confer unique properties 
such as high bending strength (∼10 GPa), a Young’s 
modulus of approximately 150 GPa, high aspect ratio 
and specific surface area. Consequently, it has been 
used as reinforcement for polymer matrices [11]. 
Additionally, the surface of NCC is covered with polar 
groups such as hydroxyl groups, which provide high 
moisture adsorption capacity and surface reactivity 
[12]. Nanoparticles derived from cellulose present a 
strong potential as stabilizers for oil-water suspen-
sions (fats in toppings, salad dressings and sauces) [2], 
as reinforcement [13], drug delivery excipient, enzyme 
immobilization and scaffold for tissue engineering 
[12, 14] and biosensors [15], among others.

Acid hydrolysis of cellulose is the most common 
process for obtaining NCC. The amorphous fraction 
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can be hydrolyzed with HCl and H2SO4 and then the 
crystalline sections can be recovered by centrifugation 
[16]. Nevertheless, other processes have been reported 
such as enzymatic hydrolysis, treatment with ionic liq-
uids and radiolysis [9, 17].

This article aims to describe the hydrolysis condi-
tions for extracting cellulose and producing NCC from 
pineapple peels. Furthermore, the characterization of 
NCC was performed using SEM and AFM to deter-
mine morphology and ratio aspects, TGA to determine 
degradation temperature, DLS to determine polydis-
persity, zeta potential to determine stability and FTIR 
to determine chemical composition and degree of 
crystallinity.

2 EXPERIMENTAL PROCEDURE 

2.1 Materials

Pineapple peels were supplied by Florida Products 
S.A., Costa Rica. Sodium hydroxide (NaOH), sodium 
hypochlorite (NaClO), clorhidric acid (HCl), H2SO4 and 
ethanol reagents were purchased from Sigma-Aldrich 
and used as received without further purification. 
Avicel® PH-101 microcrystalline cellulose (Sigma-
Aldrich) was used as reference sample for FTIR. 

2.2 Microcrystalline Cellulose Preparation

Figure 1 shows a diagram of the process for nanocel-
lulose extraction from pineapple peel waste.

Pineapple peels were placed in a solution of 20 wt% 
NaOH at 70–90 °C for one and a half hour, cleaned 
and placed again in 12 wt% NaOH for one hour. Next, 

they were bleached with a solution of 2.5 wt% NaClO 
at 60 °C for two hours. Afterwards, white cellulose 
was treated with 17 wt% HCl at 60 °C for two hours to 
obtain microcellulose.

2.3 Nanocrystalline Cellulose Preparation

The acid hydrolysis was carried out using a solution 
of 65 wt% H2SO4, temperature 55 °C and constant stir-
ring between 0 to 75 minutes. Samples at 20, 35, 50, 60 
and 75 min were taken for analysis. The samples were 
washed repeatedly with deionized water until they 
reached a neutral pH. Finally, nanocellulose suspen-
sion was dialyzed for 24 h to remove salt residues.

2.4 Characterization Techniques

The FTIR spectra were recorded using a Thermo 
Scientific Nicolet 6700 spectrometer at a range 
of 500–4000 cm−1 and a resolution of 4 cm−1. The 
Avicel PH-101, microcellulose and nanocellulose 
extracted from the pineapple biomass were ana-
lyzed. Statistical analysis was conducted to study the 
repeatability of the calculated crystallinity data. The 
values were reported as x ± µ, where x is the aver-

age parameter and µ = ts
n  (t is the student’s t for 

90% confidence, s is the standard deviation and n is 
the number of samples). The material morphology 
investigations after different contact times were done 
using a JEOL JSM-5900 LV SEM, acceleration voltage 
of 20 kV. The samples were coated before analysis 
with a 10 nm gold film. The sample’s topography was 
analyzed using an Asylum Research AFM operated 

Figure 1 Scheme of procedure for obtaining NCC from pineapple peel waste.
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in the tapping mode in air. Silicon probes (model 
Tap150Al-G, back side of the cantilever covered with 
Al) with resonance frequencies of 150 kHz and force 
constant of 5 N/m were used. For structure char-
acterization the height differences were evaluated. 
Thermogravimetric analysis (TGA) was performed 
using a TA Instruments Q500 thermogravimetric 
analyzer. The samples (approx. 3 mg) were placed 
in a standard platinum pan. The mass change was 
measured between 50 °C and 1000 °C. Size distribu-
tion and zeta potential were measured by a Zetasizer 
instrument (Nanoseries, Malvern model ZS90) at 
λ1 = 628 nm and λ2 = 523 nm. Nanoparticle solutions 
of 0.1 mg/ml were analyzed. 

3 RESULTS AND DISCUSSION

Initially, the lignin and other compounds like proteins 
were removed using NaOH and temperature. Figure 2 
shows part of the lignocellulosic molecule and the sites 
which could react when in contact with the basic solu-
tion. In this step, the lignin ester bond could be broken 
and the COO* groups were oxidized, as highlighted in 
Figure 2 [18].

Figure 3a shows a microfiber-like particule with 
approximately 200 µm length and 16 µm diameter 
after the hydrolysis with HCl. This treatment pro-
moted the partial hydrolysis of the cellulose, mainly 
by breaking the glycosidic bonds. The use of HCl 

was necessary to decrease size. The reaction sites are 
showed in Figure 2.

The time-dependent study with H2SO4 was made 
to determine when the reaction should be stopped 
in order to obtain NCC and not degrade the product. 
The morphology of the material after contact with the 
H2SO4 was investigated using SEM and AFM, as can 
be seen in Figures 3 and 4. Between 20 and 60 min the 
fiber-like particles descreased in size, as can be seen 
in Figure 3b–e. The size of the fibers varies over a 
broad range of sizes; the samples obtained were poly-
disperse, which was confirmed by the pI results in 
Table 1. However, Figure 3 shows that the tendency 
of decreasing particle size with time is even similar 
in the pI results. The particles obtained after 60 min-
utes had a nanofiber-like morphology and after 75 
minutes a more whisker- and round-like morphology. 
Both kinds of particles could be considered nanocel-
lulose but according to the application one kind might 
be chosen. In general, longer reaction times yielded 
shorter nanocellulose particles. Times longer than 75 
minutes produced a brownish color. This is associated 
with the degradation of the NCC. The H2SO4 treat-
ment was used to break more glycosidic bonds and 
consequently to extract a nanofiber-like product. A 
careful control of the hydrolysis time was crucial. It 
was observed during several trials that long contact 
times and variation of temperature decomposed the 
nanocellulose to small organic molecules, producing 
a dark brown color.

Figure 2 Selectivity of chemical treatments for isolation of lignocellulosic materials of peels.
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Figure 4a,b shows the AFM images of the microcel-
lulose. The material was heterogeneous and presents 
micro- and nanofibers. Particles with heights between 
500 and 15 nm were imaged. Figure 4c,d shows the 
material in contact with H2SO4 for 60 minutes. The 
fraction of micrometer height fiber-like nanofibers 
decreased and the material was mainly composed 
by nanofibers with heights of 25 ± 8 nm, as it can be 
seen in Figure 5a. The sample after 75 minutes pres-
ents a higher fraction of round-like particles, as shown 
in Figure 4e,f. The ratio length/diameter of the fiber 
decreased from approximately 500 to 120 after 60 
minutes. The diameter size decreased faster than the 
length. After 75 minutes, whisker and round particles 
with 18 ± 6 nm sizes were obtained, as it can be seen in 
Figures 4d and 5b.

For determining the composition of material 
extracted and to correlate the decrease in size with 
the decrease in the amorphous part, time-dependant 
samples were analyzed by FTIR. The characteristic 
peaks of cellulose can be seen in all the spectras. The 
peak at 3336 cm–1 and at 2894 cm–1 were associated 
with the O-H stretching signal and the C-H stretch-
ing vibration, respectively. The symmetric C-O-C 
stretching of the glycosidic bond was detected at 
895 cm–1 [19] and the C-O-C pyranose ring stretch-
ing at 1058 cm–1 [20]. The spectral peaks observed 
at 1315 and 1367 cm–1 were attributed to twisting 
vibrations of –CH2, -CH and –CO groups of aromatic 
rings that can be present in the sample. In contrast 

to cellulose, lignin presents several aromatic rings 
in its structure. [21]. These aromatic rings can be 
represented by the signals at 1428, 1464, 1509 and 
1601 cm–1 [22] because of the stretching and vibra-
tion of the C-H bonds conjugated in the ring. The 
decrease in the intensity of the bands in those wave-
numbers was attributed to a low level of lignin, thus, 
it can be seen in the FTIR spectra that the bands in 
the aforementioned wavenumbers are very small in 
nanocellulose compared to microcellulose, as it can 
be seen in Figure 5b. This means that the procedure 
for removing the lignin from the pineapple peel was 
effective and the material is mainly cellulose. This 
is reasserted by Pandey [23], who argues that lignin 
content of the material is indicated by the 1505 cm–1 
peak, which is not present in the spectra.

The presence of cellulose crystals in the sample 
was confirmed by the peak around 1429 cm–1, corre-
sponding to that of the –CH2 scissoring motion [24]. 
The FTIR spectral peaks used for estimation of the 
degree of crystallinity [19] are presented at 1424 cm–1 
and at 895 cm–1 [25]. The empirical crystallinity of 
the cellulose can be calculated by the ratio between 
the absorbance of these signals (1424/895 cm–1) and 
the total crystallinity index was calculated by the ratio 
between the absorbance of the signals at 1367 and 
2895 cm–1. The values are shown in Table 1. Another 
parameter that provides useful information related to 
NCC crystallinity is the hydrogen bond intensity of 
cellulose (HBI) [26]. The HBI can be associated with 

Figure 3 SEM micrographs of the product obtained after hydrolysis with H2SO4 for (a) 0, (b) 20 min, (c) 35 min, (d) 50 min, 
(e) 60  min, and (f) 75 min.

(a) (b) (c)

(d) (e) (f)
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Figure 4 AFM images of the product obtained after hydrolysis of the microcellulose with H2SO4: (a, b) 0 min (microcellulose), 
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Table 1 Empirical crystallinity and total crystallinity index (TCI) of NCC at different hydrolysis times with H2SO4 at 
65 wt% and Avicel. The pI and zeta potential results at different NCC hydrolysis times.

Hydrolysis 
time (min)

Empirical crystallinity 
(1424/895 cm–1) TCI (1367/2895 cm–1)

Hydrogen bond intensity 
(3336/1315 cm–1) PDI Zeta potential

5 2.44 ± 0.13 0.131 ± 0.016 203 ± 30

20 4.35 ± 1.14 0.109 ± 0.021 136 ± 15 0.344 41.0 ± 6.5

35 2.55 ± 0.73 0.107 ± 0.009 107 ± 12 0.400 33.2 ± 5.5

50 3.62 ± 0.88 0.092 ± 0.006 101 ± 5 0.318 34.2 ± 4.9

60 3.97 ± 0.64 0.097 ± 0.009 90 ± 8 0.477 41.4 ± 4.9

75 4.56 ± 1.19 0.106 ± 0.019 69 ± 17 0.335 35.8 ± 5.5

Avicel 4.79 ± 1.33 0.082 ± 0.007 293 ± 12

Figure 5 AFM height images and cross section of the product obtained after the hydrolysis of the microcellulose for 60 min with 
H2SO4.
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the intermolecular regularity: an increase in the value 
is correlated with an increase in the crystallinity. The 
ratio between the bands at 3336 and 1315 cm–1 indi-
cates the HBI. The values are shown in Table 1.

Thermogravimetric analysis of NCC was conducted 
to observe the thermal stability of the NCC at different 
times of hydrolysis. Figure 6 shows the loss of water 
around 100 °C, represented by the slightly negative 
slope at the beginning of the TG curve. The thermal 
properties of the NCC seem to be similar for all hydro-
lysis times, but there is a trend towards decreasing the 
initial decomposition temperature. This behavior can 

be related to crystalline fraction, higher crystallinity, 
and higher degradation temperature, results which 
are supported by data shown in Table 1. The major 
crystallinity index leads to a higher thermal stabil-
ity of the product [27]. The thermal resistance of the 
NCC is, in general, less than that of the MCC; this is 
because of the insertion of sulphate groups into cel-
lulose chains which catalyze the degradation of cel-
lulose [24]. Another factor that can be related to this 
behavior is the change in the ratio of particle surface, 
which is higher in NCC than in MCC. Therefore, the 
lower degradation temperature of NCC arises from 
the smaller particle size and higher ratio of particle 
surface, as it can be seen in Figure 7.

The zeta potential was determined by electropho-
retic mobility of the particles in solution. Zeta poten-
tial values higher than −15 mV represent the initial 
agglomeration of the particles, while values lower 
than −30 mV signal the formation of a colloidal sus-
pension [28]. Table 1 shows the zeta potential data for 
the nanocellulose suspensions. The negative charge 
can be attributed to the sterification of the hydroxyl 
groups to sulfate groups during the  hydrolyzation 
[28, 29], as  it is shown in Figure 8. This will allow 
van der Waals interactions between the nanocellu-
lose, promoting an electrostatic repulsion between 
the nanofibers, preventing agglomeration.

Control of the hydrolysis time was crucial. Long 
contact times and higher variation temperatures could 
degrade the nanocellulose to small organic molecules, 
producing a dark brown color. Figure 9 shows the 
whitish color of the product. The experimental yield 
for the described process was approximately 3.65 wt%.

Figure 6 FTIR spectra of (a) The material obtained after different contact times with sulfuric acid, 4000 to 500 cm–1 
(b) Microcellulose, avicel PH-101 and  the final product (nanocellulose, 60 min in contact with sulfuric acid), 2000–800 cm–1.
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4 CONCLUSIONS

In this research, the extraction of nanocellulose from 
agricultural biomass waste was described. Conditions 
such as solution concentration, temperature and 
time were optimized for obtaining NCC from the 
pineapple peels; envisioning an industry process. 
Nanocrystalline cellulose with nanofiber-like and 
nanorod-like structure was extracted from micro-
crystalline cellulose by acid hydrolysis with HCl and 
H2SO4. A tendency towards smaller particles due to the 
increase in the contact time with H2SO4 was observed. 
The NCC was obtained after two hours and 60 min-
utes in contact with the HCl and H2SO4, respectively.
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ABSTRACT:  In this work, rigid polyurethane foams were synthesized from renewable sources using different catalysts 
to study their effect on the mechanical, thermal, chemical and surface properties of the foams. A commercial 
foam pattern was used as the reference pattern to compare the aforementioned properties. Concentrations of 
the commercial catalysts were optimized to obtain foams with similar mechanical properties to the commercial 
foam. Morphological characterization of the foams was performed by scanning electron microscopy (SEM). 
Fourier transform infrared (FTIR) spectroscopy was employed to investigate the characteristic functional 
groups. Thermal characterization was performed by means of differential scanning calorimetry (DSC) and 
thermogravimetric analysis (TGA). Furthermore, mechanical properties were also determined by dynamic 
mechanical thermal analysis (DMTA). The optimum system of catalysts was composed of 33 Lv and 
triethanolamine, which achieved a foam with better performance than the commercial foam.

KEYWORDS: Polyurethane foams, catalysts, mechanical properties, renewable sources

1 INTRODUCTION

For decades, the chemical industry has produced poly-
mers based on oil derivatives. As the accessible global 
oil reserves are dropping, and the ecological footprint 
that comes along with oil-based materials is increas-
ing, these products are no longer ecologically afford-
able nor socially accepted. Over the past few years, 
plenty of efforts have been made for the development 
of eco-friendly polymers; that is, polymers based on 
biomass and/or able to biodegrade [1].

Polyurethanes (PUs) are polymers with versatile 
properties and with a wide range of industrial appli-
cations such as medical devices, furniture, coatings, 
packaging, adhesives, construction materials, fibers, 
elastomers, paints, and padding [2–4]. More specifi-
cally, PU rigid foams are in high demand as thermal 
insulators for the construction industry [4].

Polyurethanes are complex matrices composed 
basically of two parts: the polyol, which is an organic 
structure with at least two hydroxyl moieties; and the 
prepolymer, a diisocyanate material that has already been 
partially reacted with a polyol counterpart to control 
the viscosity, volatility, reactivity, and toxicity of the PU 
precursor [5]. When both components are mixed, they 
react exothermically to form mainly urethane groups 
(1), covalently bonding the prepolymer and the polyol 
to form the foam. Other important reactions take place 
during foaming: a reaction between water and the iso-
cyanate groups that produces amines and gaseous CO2 
that bubbles up through the system and sculpts the 
foam framework (2); a reaction between the produced 
amines and the isocyanate to form ureas (3); subse-
quently, ureas react with isocyanate and form biurets 
(4) and a trimerization reaction between the isocyanate 
molecules themselves to form isocyanurates (5) [4, 6]. 
These reactions are shown schematically in Figure 1.

The chemical and mechanical properties of PU rigid 
foams are derived from the prepolymer and polyol 
formulation (isocyanate/hydroxyl molar ratio, length 
of the polyol chains, molecule rigidity, crosslinking 
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capability), additives (blowing agents, surfactants, 
bleachers, UV-protectors), the reaction conditions 
(temperature, pressure, mold), and most importantly, 
the catalytic cocktail used [6–9]. Multiple kinds of cat-
alysts have been developed. Commonly used catalysts 
are tertiary amines or organometallic molecules with 
an active inorganic site (mainly Sn). Tertiary amines 
generally catalyze polyurethane foaming reactions. 
Nonetheless, depending on the basicity and the ste-
ric hindrance on the nitrogenous sections, catalytic 
selectivity is enhanced (also influenced by hydrogen 
bonding capability and the distance between active 
sites per molecule). Therefore, there are gel, blow and 
trimerization catalysts which promote the reactions 
numbered in Figure 1, as 1, 2 and 4, respectively [6].

A balanced catalytic cocktail must be formu-
lated to allow the gelation of the foam while CO2 (or 
other blowing agents) are raising the structure. Non-
balanced systems will produce fragile and heteroge-
neous foams [6]. A balanced formulation that allows 
formation of uniform cells is also achieved with sur-
factants that homogenize the components of the reac-
tive mixture and aid in the nucleation of bubbles [8].

Several eco-friendly PU rigid foams have been 
reported in the literature. Some are PUs formulated 
with less toxic isocyanate precursors relying entirely 
on water as blowing agent (avoiding the use of volatile 

hydrocarbons) [10]. Others use biomass as raw mate-
rials. Pristine and modified vegetable oils have been 
used for PU in both the polyol and the prepolymer 
[4, 11–13]. In this report, waterborne PU rigid foams 
were prepared with the polyol fraction made entirely 
from renewable resources. Using commercially avail-
able PU catalysts, several catalytic cocktails were 
prepared to synthesize the foams and adjust their 
chemical and mechanical properties. The resulting 
foams were compared with a reference commercial 
foam. The present work aims to optimize the concen-
trations and types of commercial catalysts used mostly 
in rigid foams from nonrenewable sources, in a system 
where the polyol comes from vegetable oils of differ-
ing chemical natures. 

2 MATERIALS AND METHODS

2.1 Materials

The polyol and the isocyanate used for prepara-
tion of the PU foams were both supplied by Govan 
Projects S.A. The polyol derived from vegetable oils 
had a hydroxyl value of 542 mgKOH/g and an acid 
value of 0.25 mgKOH/g. The polyol from fossil sources 
had a hydroxyl value of 656 mgKOH/g and an acid 
value of 1.57 mgKOH/g. A commercial isocyanate 

Figure 1 Schematic illustration of reactions that occur during foaming.
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with 31% of NCO groups was used. The commercial 
catalysts used to obtain the rigid foams are shown 
in Table 1. Traditionally, when commercial polyols 
are used, it is common to report only the OH  num-
ber and the acidity. The chemical structure or origin 
of the product are not mentioned in this paper for 
confidentiality.

2.2 Synthesis of Free Foams

For the synthesis of free foams, the procedure stated 
in ASTM D7487 standard was followed. With this 
procedure, it was possible to obtain several character-
istic parameters of the free foaming process, namely 
the cream time, free rise time, pull time and tack-free 
time. These parameters were used to obtain a reliable 
measurement on which to base the results of several 
catalysts. 

For the formulation of polyols, a constant base 
was established with four different families of cata-
lysts. Different tests for each polyol were carried out, 
by modification of the quantities of catalysts for each 
family, to determine the ideal composition that results 
in a better catalysis.

Free foaming was performed in vessels of 5.5 oz. 
For this purpose, a molar relationship of NCO/OH = 
1.5 was established. Calculations were performed to 
determine the amount of polyol and prepolymer to 
achieve a total mass of 8 g. Cream time, free rise time, 
pull time and tack-free time were recorded during this 
process. The procedure was performed in triplicate 
for four foams, namely PU1, PU2, PU3 and PU4, each 
with a family of different catalysts.

Synthesis was performed in a mold with an inner 
heat exchanger powered by a flow of water at 55 °C 
to keep the temperature constant while the foam was 
synthesized. The prepolymer and polyol mixture 
was performed at the NCO/OH ratio of 1.5, using 

approximately 25 g of mixture. Mixing was done 
with an IKA Ultra-Turrax T25 digital mixer at a rate 
of 4000 rpm for 30 s. Subsequently, 18 g of mixture 
was poured into the mold cavity covered with a paper 
release agent. The mold was kept closed for 30 min. 
This procedure was done in triplicate for the com-
mercial reference foam (PU Ref), as well as for the 
four foams prepared with different catalysts. Curing 
of the foam was performed after opening the molds 
and removing the release paper, by placing them in a 
controlled environment for 7 days at room tempera-
ture. For calculation of the density and weight of the 
foams, their edges were cut so that a prismatic block of 
approximately 110 × 35 × 35 mm3 remained.

2.3 Characterization of the Foams

Morphological analysis of the foam cell structure was 
carried out using scanning electron microscopy (SEM). 
The foams were cut with a scalpel and coated with a 
thin layer of Au-Pd alloy by means of sputtering in a 
Denton Vacuum Desk IV coater. A Hitachi TM-1000 
tabletop microscope operated at 15 KV was used to 
observe the cross sections of the foams. Several images 
at different locations along the cross sections were 
recorded, and then ImageJ image analysis software 
was used to measure the average cell sizes.

Water absorption tests were performed follow-
ing the ASTM D2842 standard. Cubes of 25 × 25 × 12, 
5 mm3 were cut. The exact dimensions of the cubes 
were measured with an electronic Vernier caliper, as 
well as the mass of each cube. The cubes were placed 
in a metallic frame dipped in a container with type III 
water, ensuring that the cubes were completely sub-
merged. The samples were left to rest at room temper-
ature for 48 h. After completion of the test, water was 
drained and the mass of each block was measured. 
The samples were immersed once more for a period 
of 120 h, then drained and their mass measured again. 
To observe the effect of water absorption in both com-
mercial and synthesized foams with different catalysts 
the contact angle was calculated with a Ramé-Hart 
Instrument Co. goniometer. 

Fourier transform infrared spectroscopy (FTIR) 
was carried out using a Nicolet 6700 spectrometer 
with ATR diamond crystal. Thin foam samples were 
cut and analyzed in a range of wavenumbers from 
3500 cm–1 to 600 cm–1. The characteristic bands were 
analyzed with OMNIC software.

Differential scanning calorimetry (DSC) was per-
formed with a TA Instruments DSC Q200 instrument 
using 2.5 mg samples in aluminum capsules. A tem-
perature ramp of 5 °C/min was employed from −60 °C 
to 150 °C. Thermogravimetric analysis (TGA) was per-
formed with a TA Instruments TGA Q500 instrument 

Table 1 Commercial catalysts used in this work.

Commercial 
name Compound

Polycat 8 Dimethylcyclohexylamine

Polycat 5 Pentamethyldiethylenetriamine

Polycat 12 Methyldicyclohexylamine

PMDETA Pentamethyldiethylenetriamine

33 LV 33 wt% of triethylenediamine 
 dipropylene glycol in solution

TMR-31 Not available 

TR-52 1-methyl-4-(2-dimethylaminoethyl) 
piperazine
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using 5 mg foam samples with a temperature range 
from 20 °C to 1000 °C (Ramp: 10 °C/min from 20 °C to 
700 °C and 20 °C/min from 700 °C to 1000 °C). 

The mechanical properties of the foams were eval-
uated with a TA DHR III rheometer. Specimens of 
50 × 10 × 5 mm3 were prepared for torsion tests, which 
were performed at room temperature for 300 s with 
a cutting speed of 1.59 × 10–3 s–1. For the tension test, 
specimens of 40 × 5 × 2 mm3 were prepared using a 
speed of 1 mm/min. For compression tests, specimens 
of 10 × 10 × 10 mm3 were used at a speed of 1 mm/
min. From the experimental data, tension, torsion, and 
compression moduli were calculated for each foam 
using TRIOS and Origin 8 software.

3 RESULTS AND DISCUSSION

3.1 Free Foaming in Vessels

The four formulations with variation of the catalysts 
were prepared and mixed with a commercial isocy-
anate to compare the effect of each catalyst. As control, 
a commercial sample that uses the same isocyanate 
with a more hydrophilic commercial polyester polyol 
was used. Table 2 shows the concentrations of catalysts 
that were added to the polyol and resulted in similar 
reaction times to the control sample [14].

Times for free foaming were recorded and their den-
sity was measured, both for the control foams as well 
as for the foams synthesized from renewable sources. 
Foams having similar density to the commercial (55 ± 
3 kg/m3) were used, since this property is important 
to keep a good relation of cost and load capacity in 
the foam [15]. Figure 2 shows a chart comparing the 
results of cream time, free rise time, pull time and tack-
free time. Amongst these time parameters, cream time 
and tack-free time are the most relevant. With regards 
to the cream time, similar or longer times than the ref-
erence are sought to homogenize the mixture of polyol 
and the commercial isocyanate well enough to form a 
single phase. Another important point is the tack-free 
time, which is the time it takes for the foam to become 
hard. These parameters should not be very high since 

Table 2 Detail of additives used for preparation of synthesized foams.

Polyol
Polycat 5 

(%)
Polycat 8 

(%)
Polycat 12 

(%)
TMR-31 

(%)
TR-52 

(%)
PMDETA 

(%)
Triethanolamine 

(%)
33 LV 
(%)

PU1 0 0 1.3 0 0 0 0 0

PU2 0 0 0 0 0 0 1.36 0.95

PU3 0 0 0 2 2.5 0.25 0 0

PU4 0.26 0.14 0.19 1 0 0 0 0

demolding of the part at times equivalent to those 
used in industry is required to make the process cost-
effective. The results in Figure 2 show that PU1 and 
PU2 are very competitive in terms of all parameters, 
except tack-free time, comparable to the PU Ref; PU3 
has a good performance in terms of this parameter. It 
is expected that further work in the selection of cata-
lysts could improve the performance of the synthe-
sized foams well past the commercial foam.

3.2 Absorption of Water

Absorption of water will be influenced by the cell size 
and hydrophobicity of foam [16]. Table 3 shows the 
contact angles measured on the surface of the foam, 
as well as the water absorption (%) for two time inter-
vals, 48 h and 120 h. In the case of the PU1 and PU2 
foams, cell sizes were smaller with respect to PU3 and 
PU4, as shown by the SEM observations, which results 
in less water absorption.

It is expected that the vegetable oil-based foams 
have higher contact angles compared to commercial 
foam [13]. However, this trend is not clear from the 

Figure 2 Measurements of free foaming time parameters for 
synthetized polyurethane foams versus reference foam.
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data shown in Table 3, possibly because of differences 
in cell size and cell distribution over the surface of the 
foam.

Figure 3 shows a series of SEM images: a, b, c, d 
and e, corresponding to the PU Ref, PU1, PU2, PU3 
and PU4 foams, respectively. A difference in cell sizes 
amongst the foams can be appreciated. This result 
is confirmed in the data of the histogram shown in 
Figure 4, where it is shown that the PU1 foam has the 
smaller cell size. It is expected that cell size influences 

not only water absorption but also the mechanical 
properties of foam, since a smaller cell size will distrib-
ute the exerted stresses, resulting in better mechanical 
properties [17].

3.3 FTIR Spectroscopy

Figure 5 shows the rough infrared spectra obtained 
from the foams, as outlined in [3]. Bands centered at 
approximately 3700 cm–1 and 3200 cm–1 correspond 
to N-H bonds, which is attributed to the -NH stretch-
ing vibration, while signals between 3000 cm–1 and 
2800 cm–1 correspond to vibrations of C-H bonds, spe-
cifically 2920 cm–1 corresponding to asymmetric CH2 
stretching and 2860 cm–1 peak associated with symmet-
ric CH2 stretching. Between 1780 cm–1 and 1665 cm–1, 

peaks correspond to the carbonyl of the urethane 

Table 3 Contact angle and water absorption of synthe-
sized foams versus reference foam.

Foam Contact angle

Water absorption (%)

48 h 120 h

PU Ref (94.26 ± 1.02) (92.01 ± 1.33) (108.00 ± 4.44)

PU1 (74.24 ± 1.18) (64.86 ± 1.67) (89.86 ± 0.56)

PU2 (104.16 ± 1.48) (55.24 ± 6.24) (82.94 ± 6.42)

PU3 (91.37 ± 0.82) (73.26 ± 1.25) (98.57 ± 1.82)

PU4 (90.24 ± 1.51) (85.27 ± 4.70) (111.97 ± 6.16)

Figure 3 SEM images of polyurethanes: (a) PU Ref, (b) PU1, 
(c) PU2, (d) PU3, and (e) PU4.

PU ref
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(c) (d)
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Figure 4 Histogram of cell sizes for synthetized polyurethane 
foams versus reference foam.
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Figure 5 Infrared spectra for synthetized polyurethane 
foams versus reference foam.
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Figure 6 Infrared spectra in the range of (a) 3000 to 2000 cm–1 and (b) 1800 to 600 cm–1.
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group and the ester. C-N vibrations are in 1233 cm–1 
[13]. In this case, N-H vibrations from the reference 
foam do not form hydrogen bonds since they are N-H 
free (~3600 cm–1), while the vegetable oil-based foams 
do form hydrogen bonds since they are N-H bonded 
(~3300 cm–1). In this case, reference to water was not 
made because there is an excess of the Isocyanate group 
in the material, as can be seen in the FTIR of Figure 5. 
Since the isocyanate is highly reactive with water, it 
prevents water from being in the polymer matrix.

Figure 6a shows an enlarged section of the infrared 
spectra in the range of 3000 cm–1 to 2000 cm–1. A shift 
in the reference foam bands in the range of 3000 cm–1 
to 2800 cm–1 can be appreciated. As it was mentioned 
previously, this band corresponds to C-H bonds that, 
despite the fact they do not form hydrogen bonds, are 
affected by the nearby N-H group, which forms hydro-
gen bonds and a more rigid structure. The band close 
to 2250 cm–1 corresponds to those NCO groups from 
the isocyanate that did not react. In this case the ref-
erence foam has a greater amount of unreacted NCO 
groups. The isocyanate will react in time, depending 
on environmental factors such as moisture, storage 
location and temperature [18].

Figure 6b shows an enlarged section of the infra-
red spectra in the range of 1800 cm–1 to 600 cm–1. 

Characteristic bands of urethane groups are shown; 
for the reference foam an intense band of the car-
bonyl group of the urethane appears at 1780 cm–1 
and for the carbonyl group of the ester at 1600 cm–1 a 
split band appears in the vegetable oil-based foams. 
The same phenomenon occurred for C-N groups 
around 1233 cm–1, which is due to the formation 
of hydrogen bonds in the foams from vegetable oil 
sources [13, 19].

3.4 Thermogravimetric Analysis

Table 4 shows thermal parameters extracted from the 
DSC and TGA experiments on the synthesized foams, 
and Figure 7 shows the respective thermograms. At 
approximately 5% of weight loss, the onset of thermal 
degradation of the urethane bond occurs [20]. The 
temperature values for this onset are shown as T5% in 
Table 4 for each of the synthesized foams, which are 
somewhat lower than for the reference foam. Although 
the temperature of maximum degradation of the refer-
ence foam is approximately 320 °C, the vegetable oil-
based foams exhibit two maxima, as shown respec-
tively for each foam as Tmax 1 and Tmax 2 in Table 4. This 
result indicates that these synthesized foams have a 
more complex degradation process and require higher 

Table 4 Transition temperatures and enthalpies of synthesized foams versus reference foam.

PU T5% (°C) Tmax 1 (°C) Tmax 2 (°C) Tg (°C) ΔH (J/g) TΔH (°C)

PU Ref 248,58 321,46 – 1.75 51,02 63,42

PU1 233,15 268,39 374,12 6.02 21.91 60,88

PU2 231,77 260,97 368,95 11.19 20.64 63,11

PU3 197,37 245,88 427,71 5.75 25.06 54,49

PU4 197,20 255,53 349,89 5.00 28.33 56,54
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temperatures for total decomposition with respect to 
the commercial foam [21, 22].

The glass transition temperatures, Tg, recorded 
from the DSC analyses of the foams are also shown 
in Table 4. The Tg values for the vegetable oil-based 
foams are larger than the commercial foam, which 
is consistent with the presence of hydrogen bonds 
detected in the FTIR analyses. Another important point 
to discuss is the curing enthalpy. The values, shown 
as ΔH in Table 4, show that in the case of the refer-
ence foam the value of enthalpy doubles that of the 
vegetable oil-based foams, which means that the cur-
ing process of the commercial foam takes more time. 
This result is consistent with the FTIR analysis, since 
stretching vibration around 2250 cm–1 of NCO groups 
in the reference foam has greater transmittance than 
the others. Despite the curing enthalpy being lower for 
the vegetable oil-based foams, in this case the curing 
temperature, TΔH, in this case the curing temperature 
is shown as an isotherm around 60 °C and it is main-
tained within a range of no more than ±9 °C [23, 24].

3.5 Mechanical Properties 

Figure 8 shows the stress-strain curves from the sam-
ples subjected to torsion. In this case the PU1, PU2 
and PU4 foams have a good resistance to torsion with 
respect to the reference. However, despite such resist-
ance the samples arrive at a point of rupture, except 
for the PU1 foam, which doesn’t break under the 
same shear rate [25]. After 10% deformation, the foam 

reaches a point of no recovery since the cells are broken 
[15]. Table 5 shows the shear modulus, ultimate shear 
strength and elongation at break for the torsion tests. 
As expected, PU3 has the lower stress among the sam-
ples because the cell size is larger than PU1 and PU2.

Figure 9 shows the stress-strain curves from the 
samples subjected to tensile defomation. The PU1, 
PU2, PU3 and PU4 foams all have lower UTS than 
the reference foam. The estimations of Young’s 
modulus are shown in Table 6, which are also below 
the reference foam. However, the ultimate strength 
and elongation at break varies among the foams. The 
PU1 and PU2 foams all have smaller cell sizes and 

Figure 8 Stress-strain curves for torsion tests.
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Figure 7 Thermogravimetric curves for synthetized polyurethane foams versus reference foam.
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Figure 9 Stress-strain curves for tensile tests.
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better performance, as stated previously, which are 
also influenced by the formation of hydrogen bonds. 
According to Stirna et al. [26], the tensile properties 
will vary depending on the matrix and the morphol-
ogy of foam. In this case, the cell size is a relevant 
factor contributing to the tensile properties, since the 
smaller cell size will allow the mechanical stresses to 
be more homogeneously distributed, which in turn 
enhances the mechanical properties [17]. 

The resistance to compression was verified in cubic 
samples, considering that the applied force goes in the 
direction parallel to the rise direction while foaming 
occurred. Figure 10 shows the stress-strain curves for 
the case of compression tests, and Table 7 summarizes 

the compressive properties. In this case, the compres-
sive modulus and ultimate strength of PU1 and PU2 
at 15% deformation are higher than that of the PU Ref, 
while PU3 and PU4 have lower values of compressive 
strength. In this case, the cell size is also an important 
factor that modulates the mechanical properties of the 
foams [26].

The results shown throughout this article show that 
it is possible to synthesize foams from vegetable-oil 
(renewable) sources that are very much comparable 
to a commercial option derived from fossil fuels. The 
thermal stability as well as the mechanical properties 
were shown to be comparable or better than the refer-
ence foam.

Figure 10 Stress-strain curves for compression tests.
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Table 5 Results from torsion tests of synthesized foams versus reference foam.

Foam Shear modulus  (KPa) Ultimate shear strength (KPa) Elongation at break (%)

PU Ref (41.7 ± 1.5) (439,7 ± 29.3) (37.4 ± 4.1)

PU1 (35.6 ± 2.1) (356,8 ± 66.2) (44.9 ± 1.5)

PU2 (37.2 ± 2.3) (450.0 ± 11.2) (42.2 ± 3.2)

PU3 (15.5 ± 4.2) (192,3 ± 28.6) (26.8 ± 3.7)

PU4 (35.7 ± 3.3) (435,7 ± 66.3) (30.8 ± 3.9)

Table 6 Results from tensile tests of synthesized foams versus reference foam.

Foam Young’s modulus (KPa) Ultimate tensile strength (KPa) Elongation at break (%)

PU Ref (72.1 ± 0.5) (328,8 ± 25.2) (6.5 ± 1.3)

PU1 (40.2 ± 2.2) (209,4 ± 11.1) (8.9 ± 1.5)

PU2 (41.5 ± 1.1) (266,7 ± 4.0) (9.7 ± 2.1)

PU3 (32.6 ± 2.7) (147,3 ± 31.8) (5.0 ± 1.0)

PU4 (33.3 ± 4.4) (147,2 ± 9.9) (5.1 ± 0.3)
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4 CONCLUSIONS

In this work, rigid polyurethane foams were synthe-
sized from renewable sources using different cata-
lysts to study their effect on the mechanical, thermal, 
chemical and surface properties of the foams. The 
following conclusions can be drawn from the results 
presented:

•	 Vegetable oil-based foams have a complex pro-
cess of decomposition because even though 
they tend to degrade earlier, at high tempera-
tures they have better stability.

•	 The combination of catalysts that gave the best 
results was of triethanolamine and 33 Lv, cor-
responding to the PU2 biobased foam.

•	 The cell size is the most important factor affect-
ing the mechanical properties of the foams. A 
smaller cell size results in a more homogeneous 
distribution of the stresses applied to the foam.

•	 The presence of hydrogen bonds increases 
the rigidity, resulting in enhanced mechanical 
properties.
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ABSTRACT:  Currently there is a trend towards reducing the use of agrochemicals in developing countries. However, 
they are still being applied intensively in tropical countries. Thus, there is a trend towards developing new 
products based on natural chemicals for pest control, leading to second-generation pesticides incorporating 
nano- and biotechnologies. Costa Rica is one of the largest producers of bananas in the world. One of the most 
important pests of banana and plantain crops is the burrowing nematode, Radopholus similis (Cobb) Thorne. 
Highly toxic chemical compounds have traditionally been used to control this specific pest in banana plants, 
which can have dangerous effects on the environment and living beings as well. Biological control agents 
(BCA) like Bacillus isolated from nematode suppressive soils, in combination with nano- and biotechnological 
approaches, are gaining attention in the National Banana Corporation (CORBANA), as this plague generates 
great economic losses for the country. In order to perform encapsulation of active banana nematode biocontrol 
agents, we have been applying biopolymer carrier agents, such as chitosan and alginate, due to their 
recognized biocompatibility, biodegradability and low toxicity. Therefore, we have developed innovative 
formulations based on green chemistry approaches for encapsulating bacterial metabolic infiltrates (BMI) from 
four different Bacillus strains in order to improve the persistence and spread of these biocontrol agents in the 
soil and, consequently, becoming an effective pest control for banana plantations.

KEYWORDS: Banana, Radopholus similis, bacterial metabolic infiltrates, chitosan

1 INTRODUCTION

Green chemistry is a set of principles that reduces or 
eliminates the use or generation of hazardous sub-
stances in the design, manufacture and application of 
chemical products. Green chemistry moves products 
and processes toward an innovative economy based 
on protecting and improving soil quality, reducing 
dependence on nonrenewable resources, such as fuel, 
synthetic fertilizers and pesticides, and minimizing 
adverse impacts on safety, wildlife, water quality, and 
other environmental resources.

Reduction in the use of agrochemicals in develop-
ing countries is becoming a trend due to the intensive 
application of pesticides and environmental pollut-
ants over the years. Different studies have concluded 
that no more than 0.1% of the agrochemicals applied 
in the fields can successfully reach the plague they are 
designed to control; meanwhile, the rest of the prod-
uct circulates in the environment, polluting the sur-
rounding soil, water and biota [1]. Thus, new trends 
in agrochemical design are now looking for biocontrol 
compounds with greater efficiency and less pollution, 
using natural and biological compounds for pest con-
trol [2]. These innovative biocontrol agents (BCA) are 
based on combined formulations, incorporating key 
agents to stabilize, protect and activate the natural or 
biological compounds in the product [3]. Developing 
of novel agricultural BCA products may involve 
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techniques such as encapsulation, in which the active 
compounds are covered by a polymeric encapsulating 
matrix to protect them from environmental degrada-
tion or to promote the controlled release of their active 
compounds, allowing the development of different 
carrier systems such as microcapsules, nanoparticles 
and liposomes, among others [4–6]. For several years, 
the use of encapsulation techniques has been pro-
moted to improve the stability, shelf life and effective-
ness of a variety of products in the food, agriculture 
and medical industries [7, 8].

The process of encapsulation of an active com-
pound is driven by an encapsulating agent, usually 
consisting of a polymeric matrix that can be either 
synthetic, artificial or natural [9]. A polymer is suit-
able to fulfill the role of encapsulation when it meets 
certain characteristics such as biocompatibility, biode-
gradability, mechanical strength, chemical stability, 
and low toxicity. Natural polymers or biopolymers 
have become very important in biotechnology over 
the years because they meet all these requirements. 
Among the wide range of existing biopolymers, chi-
tosan and alginate are generating more interest as 
encapsulating agents due to their versatility, low cost 
and good performance as carrying matrix [8].

Costa Rica is one of the leading producers of bananas 
in the world, with a planting area of over 43000 hect-
ares, for a total production of around 100 million boxes 
per year [10].

Nematodes are becoming the most important crop 
pests of bananas and plantains around the world, affect-
ing the growth and development of the plants due to 
damage in roots and corms. It is pretty common to find 
large communities of nematodes, mainly Radopholus 
similis (Cobb) Thorne, in banana plantations that have 
been established for several years [11]. Therefore, 
control of these organisms using novel encapsulation 
technologies represents an important innovation for 
banana producers. CORBANA, the National Banana 
Corporation of Costa Rica, has been focusing their 
research on pest biocontrol as an alternative for reduc-
ing the use of agrochemicals. Various studies have 
been developed in this area with promising results; for 
example, the use of fungi and bacteria from nematode-
suppressive soils are shown to be effective for the bio-
control of the nematode Radopholus similis [12–14].

Research conducted so far indicates that the use 
of microorganisms as nematode BCA has been effi-
cient, generating an alternative window for the treat-
ment of banana plantations, and also mitigating the 
effects on the environment caused by applications of 
highly toxic nematicides. However, there is a need to 
improve the stability and control release of the active 
agents in the field in order for BCA treatment to reach 
 effectiveness [10].

This research is focused on the application of green 
chemistry approaches for the formulation and evalu-
ation of different encapsulation systems based on bio-
polymers, such as chitosan nanoparticles, considering 
the optimal manufacturing conditions, stabilization 
performance and release from nanostructured encap-
sulating systems loaded with active BCA and its bac-
terial metabolic infiltrates (BMI). The application of 
biopolymer carriers to develop encapsulating systems 
for BCA will improve the persistence and spread of 
these microorganisms and, consequently, will pro-
duce an improved pest control.

2 MATERIALS AND METHODS

The production of nanoparticle systems and their phys-
ical and chemical characterization were performed 
at the National Center for Advanced Technologies 
(CeNAT), San José, Costa Rica. The production of 
BCA and bacterial metabolic infiltrates, as well as the 
bioassays for nematode control, were performed at 
the Biocontrol Laboratory in CORBANA’s Research 
Center, Guápiles, Costa Rica.

2.1 Chemicals

All chemicals used in this investigation met the ana-
lytical grade or higher. Chitosan from shrimp shells 
( deacetylation degree of 92% calculated by potencio-
metric analysis; mean molecular weight of 214 kDa 
calculated by specific viscosimetry), was provided 
by CENIBiot. All other chemicals and solvents were 
obtained from Sigma-Aldrich (St. Louis, MO) and 
used without further purification.

2.2 Biocontrol Agents (BCA)

Bacillus strains used in the tests belong to a collection 
of bacteria isolated from nematode-suppressive soils 
present on banana commercial farms in Costa Rica 
owned by CORBANA. Selected bacteria species were 
identified and labeled as B. cereus (B-71), Bacillus sp 
(B-72), B. thuringiensis (SER-217) and a final strain that 
was characterized in the genus Bacillus sp by PCR (gen 
16 S), using specific primers for Bacillus and followed 
by sequencing (B-458).

2.3  Production of Bacterial Metabolic 
Infiltrates (BMI) from Bacillus Strains

Bacterial metabolic infiltrates (BMIs) composed by 
secondary metabolites were produced in 200 mL liq-
uid culture of Luria-Bertani medium. After incubation 
for three days, 50 mL of bacterial culture were taken 
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and centrifuged at 10.000 rpm for 10 minutes, and the 
supernatant was vacuum filtered using a bioreactor 
with nitrocellulose filters (0.22 µm pore size). The iso-
lated sterile bacterial metabolic infiltrates were kept at 
4 °C for further analysis.

2.4 Characterization of Bacillus BMI

Chemical characterization of BMI from Bacillus strains 
was performed using reversed-phase diode-array-
detection high-performance liquid chromatography 
(RP-DAD-HPLC) to separate and identify the phyto-
chemical profile of the main components contained in 
each sample. An aliquot of 250 µL of concentrated BMI 
was injected into a HPLC (225 Series, PerkinElmer, 
USA). The phytochemical profiles of the samples with 
more heterogeneity were also evaluated by QTRAP 
mass spectrometry (QTRAP-MS/MS 1200 Series, 
Agilent Technologies, USA). For analysis by mass 
spectrometry, an aliquot of 150 µL of each BMI was 
mixed with 3 mL of methanol and 2 mL of the mixture 
was taken and placed in the mass spectrometer.

2.5  Preparation and Characterization of 
Chitosan Nanoparticles Loaded with 
Bacillus BMI

Chitosan nanoparticles were prepared according to a 
previously described methodology [15]. Briefly, chi-
tosan powder was dissolved in aqueous acetic acid 
(0.1% w/v) and mixed under continuous stirring with 
the Bacillus BMI dispersed in water at different con-
centrations (2.5%, 5.0%, 7.5% and 10.0% v/v). Once 
the samples were mixed for about 10 min, tripolyphos-
phate (1 mg/mL) was added under vigorous stirring 
as crosslinking agent to fabricate the nanoparticles. All 
materials were previously sterilized and all the experi-
mental work was conducted under sterile conditions.

The size of the nanoparticles was measured by 
dynamic light scattering (NanoZetasizer, Malvern 
Instruments Ltd, UK). Morphology of the hybrid 
nanoparticles loaded with BMI from Bacillus B-458 
10% v/v was characterized by atomic force micros-
copy (AFM, MFP-3D-SA, Asylum Research, USA), and 
scanning electron microscopy (SEM, JEM2011, JEOL 
USA). AFM imaging was performed with a spring 
contact of k = 0.03 N/m using a nanoprobe cantile-
ver made of silicon nitride (Si3 N4). The SEM samples 
were immobilized on copper grids. They were dried 
at room temperature, and then were examined using a 
SEM without being stained.

The release profiles of Bacillus BMI loaded into 
 chitosan nanoparticles were evaluated by UV-vis 
spectrometry (Lambda 35, PerkinElmer, USA). An 

aliquot of 2 mL of each encapsulated nanoparticle sys-
tem was taken and placed into the spectrophotometer. 
Absorbance at a wavelength of 250 nm was recorded 
to monitor the release of the BMI from the loaded 
nanoparticles against empty chitosan nanoparticles as 
blank control for a total period of 72 hours.

2.6  In-Vitro Bioactivity of Chitosan 
Nanoparticles Loaded with Bacillus 
BMI against Radopholus similis

Nematodes from Radopholus similis were kindly pro-
vided by the Nematology Laboratory of the National 
Banana Corporation (CORBANA, Guápiles, Costa 
Rica). In-vitro activity of Bacillus BMI-loaded nanopar-
ticles was evaluated in a bioassay to determine their 
antagonistic effect on Radopholus similis, according 
to previously described protocol [16]. Briefly, nema-
todes were isolated from a carrot disc using sterile 
ultrapure water to wash the nematodes form the disc 
and retaining the nematodes on a sterile sieve (28 µm). 
Nematodes attached to the filter were immersed in a 
solution of sodium hypochlorite 0.25% for 10 seconds, 
and then washed three times with sterile ultrapure 
water. Nematodes (normally composed by up to 95% 
female) were taken out of the filter and kept in sterile 
ultrapure water with constant oxygen bubbling pre-
vious to standardization at 25 nematodes/100 µL for 
further examination. An aliquot of 2 mL from each 
BMI-loaded nanoparticle system was poured into a 
24-well plate, and 100 µL of the nematode standard-
ized dispersion was added to each well, for a total 
count of 25 nematodes per well. Plates were kept 
under incubation at 27 °C, with no lights, for a total 
period of 150 hours and nematode mortality was eval-
uated using an inverted microscope (LIB-305, Leader 
Precision Instrument Co. Ltd, USA) at 4x magnifica-
tion. Mortality of nematodes was evaluated according 
to a stimulation protocol based on nematode mobility 
in vitro [17].

3 RESULTS AND DISCUSSION

3.1  Characterization of BMI Isolated from 
Bacillus Strains

The wavelength absorption spectrum for the BMI 
from Bacillus strains indicated a maximum absorb-
ance between 245 and 260 nm (data not shown), corre-
sponding to the wavelength of absorption of proteins 
found in a range of 235 and 280 nm [18, 19]. These val-
ues may indicate that the most abundant components 
in the filtrates could be peptides and proteins, which is 
consistent with previously obtained results reporting 
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that the BMI showed collagenolytic activity for Bacillus 
strains B-71 and B-72, respectively (data not shown). 
From these results it was decided to select the wave-
length of 250 nm to determine the average absorbance 
for further stability and release analysis.

3.2 RP-DAD-HPLC Analysis

Analyses of liquid cultures of Bacillus have shown that 
these bacteria are producers of highly active secondary 
metabolites, which can produce several structurally 
diverse compounds [20]. For example, B. thuringiensis 

is known for producing highly toxic crystalline pro-
teins, which have been used commercially to con-
trol pests [21]. Also, B. cereus has been previously 
reported to produce a mixture of secondary metabo-
lites of high complexity [22]. Reversed-phase high 
performance liquid chromatography analysis (DAD-
RP-HPLC) carried out on the third day after prepa-
ration of the Bacillus BMI (Figure 1), indicated that 
the BMI from Bacillus strains B-71, B-72 and SER-217 
showed a similar phytochemical profile between each 
other (Figure 1a, 1b and 1c, respectively). According 
to studies of diversity, Bacillus cereus (B-71) is very 
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Figure 1 RP-DAD-HPLC chromatograms for BMI isolated from Bacillus strains (a) B-71, (b) B-72, (c) SER-217 and (d) B-458.
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closely related to Bacillus thuringiensis (SER-217) [22]. 
Meanwhile, the BM infiltrate isolated from Bacillus 
strain B-458 showed significant differences in its phy-
tochemical profile (Figure 1d), in which it is possible 
to identify the presence of a larger number of chemical 
compounds at retention times between 3 and 11 min 
from the other Bacillus BMI, suggesting a promising 
distribution of bioactive compounds with potential as 
BCA. Bacillus strain B-458 has only been characterized 
in the genus Bacillus by morphological and sequenc-
ing studies, by sequence comparison analysis at avail-
able bacterial databases. This strain may correspond 
to a species with different characteristics and therefore 
can have a significantly different effect on the mortal-
ity of Radopholus similis, since studies have shown that 
 different Bacillus species have antagonistic capabilities 
[23, 24].

A second RP-DAD-HPLC analysis of the Bacillus 
BMI was conducted 10 days after preparation (data 
not shown), showing no significant changes on its 
phytochemical profiles, indicating that the stabil-
ity of the chemical components on the BMI were 
 maintained with time when the infiltrates were 
stored at 5 °C.

3.3 QTRAP-MS/MS

In order to fully characterize the differences observed 
between the BMI obtained from Bacillus strains B-458 
against the other strains, we performed a QTRAP 
mass spectrometry analysis (QTRAP-MS/MS), select-
ing the BM infiltrate from Bacillus strain B-71 as a refer-
ence. Figure 2 shows the mass spectrometry spectra of 
these two Bacillus BMIs collected in a QTRAP detector 
system.

The mass spectrum confirms the presence of 
multiple chemical compounds in both BMIs, but 
results clearly confirm that the BMI isolated from 
Bacillus strain B-458 showed a greater variety of com-
pounds in the range of masses below 1000 m/z (Da). 
Furthermore, in both spectra it is possible to identify 
the presence of a major compound with mass 570 m/z 
(Da) that could be a promising candidate for isolation 
and phytochemical characterization. 

3.4  Nanoparticle Characterization by 
Dynamic Light Scattering (DLS) 
Analysis

Figure 3 shows the average particle size (calculated as 
average hydrodynamic diameter) for chitosan nano-
particles loaded with BMI from Bacillus strains. Results 
suggest that BMI may interact with chitosan biopoly-
mer, possible through hydrogen bonding interactions, 

producing particle agglomeration and flocculation, 
which is depicted in high particle size values above 
the nanoscale range (~ 500 nm). 

However, chitosan nanoparticles loaded with BM 
infiltrate from Bacillus strain B-458 showed particle 
size values in the same range as chitosan nanoparti-
cles, thus they have been used for further microscopy 
characterization. 

3.5  Surface Characterization of 
Nanoparticles by SEM and AFM 
Microscopy

Figure 4 shows the micrographs obtained by scanning 
electron microscopy (SEM, Figure 4a) and atomic force 
microscopy (AFM, Figure 4b) for chitosan nanoparti-
cles loaded with BMI from Bacillus strain B-458, which 
show nanoparticles with uniform spherical shape and 
an average particle size of around 350 nm. 

The observed contraction in size and thickness, 
compared with the apparent hydrodynamic diameter 
obtained by dynamic light scattering (DLS), is prob-
ably due to the scanning force acting on the surface of 
the particles [25].

3.6  Bacillus BMI Release Profiles from 
Chitosan Nanoparticles

The release profiles for BMI from different Bacillus 
strains loaded into chitosan nanoparticles are shown 
in Figure 5. Results confirm the efficiency of the nano-
particle system as controlled release matrix for the 
Bacillus BMI. 

The release mechanism from the nanoparticles sug-
gests a slow delivery at the beginning of the process, 
when chitosan nanoparticles are starting to swell 
and physically degrade, allowing the loaded BMI to 
get released into the media at about 5 hours of incu-
bation. After this period of time the rate of degrada-
tion of the chitosan matrix and the rate of release of 
the BMI seem to reach a dynamic equilibrium that is 
depicted in a sustained release profile as a function 
of time. According to Agnihotri et al. [26], one of the 
most important factors affecting the release profiles 
from chitosan nanoparticles is the dispersion media, 
because the process can occur by diffusion, where 
water enters the system of nanoparticles, causing 
swelling of the matrix.

Previous studies have revealed that the chito-
san nanoparticles prepared by ionic gelation process 
with TPP are of great interest because of their capac-
ity for incorporating a large number of active com-
pounds and macromolecules [27, 28]. Studies by Liu 
et al. [29] also indicate that the release of encapsulated 
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Figure 2 QTRAP-HPLC-MS/MS spectra for bacterial metabolic isolates from Bacillus strains (a) B-71 and (b) B-458.
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microorganisms occurs efficiently in aqueous medium. 
Results suggest that the release of BMI from Bacillus 
is driven by a controlled diffusion process, thus pro-
moting the protection and stability of active BMI, and 
potentially allowing a better distribution and perma-
nence on the soil profile. 
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Figure 3 DLS analysis of particle size (reported as average 
hydrodynamic diameter) for chitosan nanoparticles (NP) 
loaded with BMI from Bacillus strains (10% v/v).
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Figure 4 Microscopy analysis of chitosan nanoparticles 
loaded with BMI isolated from Bacillus strain B-458 (10% 
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Figure 5 Release profiles for BMI (10% v/v) from different 
Bacillus strains loaded into chitosan nanoparticles.

3.7  In-Vitro Effect of Nanoparticles 
against Radopholus similis

Non-chitosan-encapsulated BMI (10% v/v) induced 
higher mortality on R. similis at any evaluation period, 
compared with the chitosan-encapsulated BMI 
(Figure 6), with all of the samples reaching 100% mor-
tality after 150 hours of incubation. 

Results do not show significant differences among 
the free BMI from different Bacillus strains; on the other 
hand, the differences between the nanoparticle systems 
can reach values that differ in about 40%. This signifi-
cant difference can be explain by the release profiles of 
the nanoparticle systems, where the polymeric matrix 
needs to be degraded before the BCA is available to 
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induce mortality of R. similis. Results also show that 
each nanoparticle system loaded with BMI that forms 
Bacillus increases its mortality against R. similis as a 
function of the time of incubation; meanwhile, the free 
BMI from Bacillus strains already reaches 100% mortal-
ity at the shortest time of incubation (72 h), suggest-
ing the effectiveness of the nanoparticles as controlled 
release systems that may lead to a more sustained bio-
logical control. 

Finally, for illustrative purposes, Figure 7 shows the 
images obtained from inverted microscopy visualiza-
tion of the media containing Radopholus similis (Fig. 7f) 
treated with chitosan nanoparticles loaded with BMI 
from Bacillus strains (Figure 7a–e). 

Results allow identifying the presence of dis-
persion of nanoparticles distributed all around the 
media, for samples in Figure 7b–e, associated with 
chitosan nanoparticles loaded with BMI from Bacillus. 
Furthermore, Figure 7a shows the system composed 
by empty chitosan nanoparticles, showing poor light 
dispersion and a decrease in nanoparticle distribution 
around the media, possibly depicting its low mortality 
rate against R. similis. 

4 CONCLUSIONS

The BMI isolated from different strains of Bacillus 
proved to be sufficiently stable to store under refrig-
eration at 5 °C. The phytochemical profile analysis of 
the BMI from Bacillus both by RP-DAD-HPLC and 
QTRAP mass spectroscopy showed that the Bacillus 
strain B-458 has a more complex chemical composition 
than the other three strains of Bacillus analyzed, and 
this chemical complexity could be associated with a 
higher rate of mortality against Radopholus similis.

Production of chitosan nanoparticles loaded with 
different BMIs from Bacillus was efficient, indicat-
ing the ability of these compounds to be efficiently 
encapsulated in polymeric storing structures, form-
ing active cores with a given amount of BM infiltrate 
compounds, which are released over time. Results also 
indicate that the release of encapsulated microorgan-
isms occurs efficiently in aqueous medium, driven by 
a controlled diffusion process, thus promoting protec-
tion and stability of active BMI from Bacillus strains, 
and potentially allowing them a better distribution 
and permanence in the field.

(a) (b) (c)

(d) (e) (f)

Figure 7 Inverted optical microscopy images showing the bioassays of mortality against Radopholus similis. (a) Empty chitosan 
nanoparticles (NP), (b) NP B-71, (c) NP B-72, (d) NP SER-271, (e) NP B-458, and (f) Negative control SSS (sterile saline solution).
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The maximum mortality of Radopholus similis 
achieved with nanoparticles in vitro averaged 60% for 
BMI from Bacillus loaded into chitosan nanoparticles 
at a concentration of 10% v/v. Chitosan nanoparticles 
loaded with BMI reached lower values of mortality 
than free BMI by about 40-fold. However, BMI-loaded 
nanoparticle systems showed an increase in their mor-
tality effect against R. similis as a function of time, sug-
gesting a bioactivity driven by the controlled release of 
BMI from the nanoparticles core. 

These bioproducts are currently being evaluated at 
the nursery level on banana vitro plants (Grande Naine 
cultivar) at the Experimental Station of CORBANA in 
La Rita de Guápiles, Costa Rica.

Green chemistry is necessary to generate greener 
inputs for agricultural production. Thus, green chem-
istry alternatives involving nano- and biotechnologies 
are vital to sustainably produce agricultural goods 
without continued dependence on toxic pesticides and 
chemicals of concern.
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ABSTRACT:  In this work, a modification of the microstructure of a commercial Ti-6Al-7Nb alloy was accomplished 
by high-pressure torsion (HPT) at room temperature, to produce a bulk nanostructure on discs of 10 mm 
diameter and ~0.8 mm thickness. The metallographic analyses of the discs were performed by optical 
microscopy and scanning electron microscopy with energy dispersive spectroscopy. The results confirmed 
the presence of aluminum (Al) and niobium (Nb) as the sole alloying elements, promoting a duplex (α + 
β) titanium (Ti) microstructure prior to HPT processing. After HPT processing, nanostructure refinement 
was attained, reflected in the X-ray diffraction profiles as broadening of the α-Ti and β-Ti peaks and the 
appearance of the ω-Ti phase. Transmission electron microscopy confirmed a grain size < 100 nm after HPT 
processing for N = 5 revolutions. Microhardness increased significantly with straining by HPT, which can be 
attributed both to the grain refinement and the formation of the ω-Ti phase.

KEYWORDS:  Titanium-aluminum-niobium, omega (ω-Ti) phase, high-pressure torsion, nanostructure,  
solid-state transformation

1 INTRODUCTION

Because of a good combination of corrosion resist-
ance, mechanical strength, biocompatibility and 
moderate Young’s modulus, Ti-6Al-4V alloy is one 
of the most popular metallic biomaterials in orthope-
dics. These properties have established this alloy as 
a preferred material for orthopedic implants, as well 
as other medical devices, such as artificial hip and 
dental implants, for several decades [1–4]. However, 
it has been shown that the release of V+ ions in con-
centrations above 10 μg/ml is cytotoxic for tissues 
near an implant. More recently, new alloy designs 
have been proposed using Nb as replacement for 
V+ [5–6]. Niobium does not produce this harmful 
effect, but rather is considered a vital element. Good 
compatibility with real bone and biocompatibility 
has been observed using a honeycomb structure of 
Ti-6Al-7Nb [7, 8]. These designs of Ti-6Al-7Nb alloys 

have a similar duplex (α + β) structure and mechani-
cal properties equivalent to Ti-6Al-4V alloys, with a 
lower risk of cytotoxicity [9, 10]. Two characteristic 
phases have been identified experimentally for this 
kind of duplex Ti alloy at room/ambient temperature 
and pressure: an alpha (α-Ti) phase with a hexago-
nal close packed (HCP) crystal structure, and a high 
temperature beta (β-Ti) phase with a body-centered 
cubic (BCC) crystal structure. Both phases can coexist 
at room temperature due to the presence of α-Ti and 
β-Ti phase stabilizers such as Al and Nb, respectively. 
The maximum solubility of Nb in the α-Ti matrix is 
2.2 ± 0.5 at%. Concentrations of Nb above this value 
result in the appearance of the β phase leading to the 
α + β two-phase region [11–13]. The α + β duplex 
structure provides these alloys with an appropriate 
combination of strength and ductility, which may 
be ideal for applications such as implants and other 
medical devices [14, 15].

Besides the transformation of α-Ti to β-Ti crystal 
structure at high temperature, the similar allotropic 
phase transformation occurs from the α-Ti phase 
to the omega (ω-Ti) phase by application of high 
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pressure in Ti and Ti-based alloys. The ω-Ti phase has 
been observed above 5 GPa at room temperature and 
it is said to be metastable after the pressure is released 
[16]. The ω-Ti phase has had positive and negative 
implications for application in the aerospace industry 
because the ω-Ti phase can precipitate during aging 
treatments, and while it decreases the toughness and 
ductility of Ti alloys, particularly of β-Ti alloys, it 
has been shown to retard fatigue crack growth [17]. 
Nevertheless, no study has been available for inves-
tigating the possibility to nucleate and disperse fine 
particles of this ω-Ti phase uniformly in the duplex 
matrix. 

Severe plastic deformation (SPD) methods, such 
as high-pressure torsion (HPT), have been shown to 
enhance the mechanical properties of bulk metallic 
materials, due to the significant grain refinement of 
conventional pure metals and alloys down to nano-
sizes [18, 19]. Figure 1 shows a schematic illustration 
of the HPT facility where high pressure and torsional 
strain can be applied concurrently on a disc sample 
using upper and lower anvils that can rotate with 
respect to each other [20].

High-pressure torsion processing allows process-
ing of Ti-based alloys, such as Ti-6Al-4V and Ti-6Al-
7Nb, to achieve grain refinement and enhance their 
mechanical properties such as microhardness and 
superplasticity [6, 21]. Also, the formation of ω-Ti 
phase has been observed during HPT processing of 
commercial purity Ti at pressures > 4 GPa [22] and in 
Ti-6Al-7Nb at 6 GPa [1]. Thus, the aim of this work 
is to study the effect of intense torsional strain on the 
phase composition and the microhardness of a com-
mercial Ti-6Al-7Nb alloy using the HPT technique in 

order to evaluate the microstructure evolution and the 
degree of nanostructuring.

2 EXPERIMENTAL PROCEDURES

A set of 10 mm discs with a thickness of ~1 mm was 
sliced from a commercial rod of Ti-6Al-7Nb by electri-
cal discharge machining (EDM). After grinding both 
sides of the discs to remove the surface oxidized lay-
ers, they were placed between the anvils of the HPT 
facility as shown in Figure 1. The discs were processed 
at room temperature under an applied pressure of 
6 GPa with a rotation speed of 1 rpm for N = 1, 5 and 
15 revolutions. After HPT processing, the thickness of 
the discs was ~0.8 mm.

The HPT processed discs were prepared for metal-
lographic analysis and Vickers microhardness mea-
surements (Mitutoyo HM-101 durometer). For this 
purpose, the surface was further ground mechani-
cally with waterproof emery papers from 500 up to 
4000 grit and then polished to a mirror-like surface 
using an alumina suspension containing 0.3 μm 
particle size. Microhardness indentations were per-
formed in 12 radial directions from the center of the 
discs with a 500 μm spacing using a load of 0.2 kgf 
for 15 s. To reveal the phase composition and the 
grain sizes, the samples were etched with 10% HF(ac) 
as chemical reagent. The overall metallographic 
observations on the etched surfaces of the discs were 
performed by optical microscopy (OM) at several 
distances from the center of the discs. To obtain more 
detail in the phase morphology, scanning electron 
microscopy (SEM) images of the sample surfaces 
were obtained using a Hitachi TM-1000 tabletop 
microscope at an acceleration voltage of 15 kV. The 
chemical composition of the alloy was also verified 
with energy dispersive spectroscopy (EDS) during 
the SEM observations.

Further microstructural studies were carried out by 
X-ray diffraction (XRD) using a PANalytical Empyrean 
diffractometer with Cu-Kα (λ = 1,54016 Å) radiation. 
Scans were performed in the range of 2θ = 30°–90° 
with a scan step of 0.003° and a scan speed of 45 s/step. 
The microstructure of the HPT-processed sample for 
N = 5 revolutions was observed by transmission elec-
tron microscopy (TEM) using a JEOL JEM-2100 micro-
scope with an acceleration voltage of 200 kV. For this 
purpose, a 3 mm disc was punched out from the disc 
and ground with waterproof emery papers (2000 grit) 
down to a thickness of 0.2 mm. The disc was further 
thinned to electron transparency by twin-jet electropo-
lishing at 18 °C, using a solution of 90% acetic acid and 
10% perchloric acid under an applied voltage of 20 V. 
Selected area electron diffraction (SAED) patterns 

Pressure

Upper anvil

Lower anvil

Pressure

Rotation

Sample

Figure 1 Schematic diagram of high-pressure torsion (HPT) 
technique.
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were recorded from an area ~1 μm in diameter, and 
images were recorded in bright- and dark-field modes.

3 RESULTS AND DISCUSSION 

Figure 2 shows an EDS profile after HPT process-
ing for N=5 revolutions. The characteristic X-ray 
radiation peaks of Ti, Al and Nb were identified and 
labeled accordingly in the spectrum. The quantita-
tive analysis revealed a composition of 7.1% Al, 7.1% 
Nb and 85.9% Ti, which is within the specification of 
this alloy. No major impurities were detected. The 
presence of these alloying elements in Ti promotes 
the presence of a two-phase, or duplex (α + β) crys-
tal structure, as it is known for Ti-6Al-7Nb [23, 24]. 
Since Al is an α-Ti (equilibrium) phase stabilizing 
element, and Nb is a β-Ti (high temperature) phase 
stabilizing element, both phases can coexist at room 

temperature and ambient pressure conditions [25]. 
The EDS results confirm no major impurities or con-
tamination of the specimen occurred because of HPT 
processing, which is an important characteristic of 
this process [18].

Figure 3 shows the microstructure of the alloy in 
the condition prior to the HPT processing. Figure 3a 
corresponds to an OM micrograph where a two-
phase structure can be z`appreciated from the image 
but the morphology of individual crystals is diffi-
cult to resolve at low magnification. Figure 3b cor-
responds to a backscattered electron image from an 
enlarged region of the sample in Figure 3a. Thus, 
the phase contrast in SEM is inverted with respect to 
the OM micrograph, which allows appreciating that 
the microstructure of the α-Ti phase is composed of 
equiaxed micron-sized grain structure and particles 
of the β-Ti phase with 1–3 μm size [1]. The magni-
fied region in Figure 3c shows that the β-Ti particles 
are mostly present in the grain boundaries of the α-Ti 
phase, and some particles within the grains were 
observed. This is due to the nucleation of some α 
grains from β particles suspended in the melt during 
the casting process. 

Figure 4 shows SEM images of the microstructures 
after HPT processing. Figure 4a is from a sample 
processed for N = 1 revolutions, while Figure 4b is 
from a sample processed for N = 5 revolutions and 
Figure 4c is from a sample processed for N = 15 
revolutions. The microstructure shown in Figure 4a 
shows that after N=1 revolutions the structure has not 
been altered much from the condition prior to HPT 
shown in Figure 3c. On the other hand, in Figure 4b, 
the development of a preferred orientation can be 
appreciated in some regions after N = 5 revolutions 
by the elongation of β-phase shown in bright contrast. 
However, in the image shown in Figure 4c, which 
was recorded at higher magnification, such preferred 
orientation of the crystals is not so clear, which sup-
poses that a more homogeneous deformation of the 
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DOI: 10.7569/JRM.2017.634120 Joaquín E. González-Hernández et al.: Structural Refinement of Titanium-Aluminum-Niobium Alloy

J. Renew. Mater., Vol. 5, Nos. 3–4, July 2017  © 2017 Scrivener Publishing LLC  303

microstructure has occurred after N = 15 revolutions. 
In the case of Figure 4b, deformation patterns are 
clear as elongated bands, but in the case of Figure 4c, 
a more randomly distributed orientation of the pat-
terns seems to have occurred. Also, the refinement 
of the structure is evidenced with the increase in the 
number of revolutions; particularly the decrease in 
the size of the β-phase particles can be observed. It is 
expected that the β phase is fragmented into smaller 
particles [6, 26]. However, the actual grain size cannot 
be appreciated from the images in Figure 4, probably 
because the structure has been refined to an ultrafine- 
or nano-grained structure, which is characteristic of 
the HPT process [18].

Figure 5a shows the Vickers microhardness plot-
ted as a function of the distance from the disc center. 
The hardness is more or less constant with the distance 
from the center but the hardness level is invariably 
higher with an increase in the number of revolutions 

from N = 1 through 5 to 15. The average hardness val-
ues are ~ 305 HV prior to HPT processing, 361,7 HV for 
N = 1, 377 HV for N=5 and 397.1 HV for N = 15 revolu-
tions. A maximum value of 405 HV was achieved in a 
region near the edge of the disc processed for N = 15 
 revolutions, which is consistent with the condition 
of higher strain by HPT. Figure 5b shows the depen-
dency of the hardness with respect to the equivalent 
strain by HPT [20]. It has been reported that in alloys, 
hardness follows a unique function with respect to the 
equivalent strain due to the nature of the straining by 
HPT processing, which is consistent with the data in 
Figure 5b. Some deviations from this general trend in 
hardness can occur, however, in hard materials such as 
Ti alloys [1]. 

Figure 6 shows the XRD profiles from samples in 
the as-received (N=0) condition, and after HPT pro-
cessing for N = 1, 5 and 15 revolutions. The refer-
ence data for the α, β and ω-Ti phases are shown as 
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Figure 4 SEM images of Ti-6Al-7Nb after HPT processing for (a) N = 1, (b) N = 5 and (c) N = 15 revolutions.
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dotted lines at their corresponding values of 2θ. The 
pattern for N=0 shown in Figure 6 corroborates the 
presence of the α phase with diffraction peaks at 2θ 
= 40.17° (101), 35.09° (100) and 62.94° (110). Likewise, 
the β phase is present with diffraction maxima at 2θ 
= 38.84° (110), 56.10° (200) and 70.33° (211). The XRD 
profiles of the samples after N = 1, N = 5 and N = 
15 revolutions show significant peak broadening due 
to the grain refinement and the formation of a high 
density of lattice defects such as vacancies and dis-
locations [20]. Additionally, there is a peak overlap 
between the α and β phases around 2θ = 39° due to 
the accumulation of intense strain by lattice defects, 
including ultrafine grains.

Diffraction peaks at 2θ = 31.71° and 2θ = 39.01° cor-
respond to the (001) and (101) crystallographic planes 
of the ω phase, respectively, and they appeared in both 
the samples processed by HPT for N=5 and N=15 
revolutions. This result clearly shows that a phase 
transformation from α phase to ω phase occurred after 
HPT processing under 6 GPa for at least N=5 or higher 
numbers of revolutions. The most important result 
from this analysis is that the coexistence of the three 
phases (α + β + ω) can be realized after HPT process-
ing of the Ti-6Al-7Nb alloy, even though the ω phase is 
metastable at ambient temperature and pressure. As is 
known from earlier publications [16, 17, 22], the α to ω 
transformation results in an increase in the hardness, 
so that the microhardness increase shown in Figure 5 
may involve the contribution from this phase transfor-
mation. However, at this moment it is difficult to make 
a quantitative estimation of the contribution from the 
ω-phase transformation. 

Figure 7 shows TEM images corresponding to 
(a) bright-field and (b) dark-field images, along with an 
SAED pattern in the inset of Figure 7a. The SAED pat-
tern exhibits a ring-like form, indicating the presence of 
a nanocrystalline structure with high angles of misori-
entation [20]. The bright-field image in Figure 7a shows 
that a large number of defects are present as distorted 
grain boundaries. The dark-field image in Figure 7b, 
taken from the diffracted beam pointed out by an arrow 
in the SAED pattern, corresponding to the α-Ti phase, 
shows that the structure is composed of crystals with 
sizes finer than 100 nm. The grain size was calculated by 
measuring the average grain diameter from the discrete 
regions in bright contrast in the dark-field images shown 
in Figure 7(b). Further analyses by TEM are required to 
identify the morphology of the β- and ω-phase structures.

In summary, it can be stated that after HPT process-
ing under 6 GPa, a microstructural refinement was 
achieved by shearing of the original duplex structure, 
and appreciable peak broadening occurred in the dif-
fractions corresponding to the α-Ti and β-Ti phases. 
Additionally, there was a transformation in the ω-Ti 
phase after processing for N=5 and N=15 revolutions 
under the pressure of 6 GPa. Transmission electron 
microscopy (TEM) revealed that nano-grained struc-
tures formed in the periphery of the disc after pro-
cessing for N=5 revolutions. It is considered that the 
hardness increase should be attributed both to the 
grain refinement in the original (α+β) structure and to 
the appearance of the ω-Ti phase after higher numbers 
of revolutions in the HPT processing.

4 CONCLUSIONS

In this work, a modification of the microstructure of 
a commercial Ti-6Al-7Nb alloy was accomplished 
by high-pressure torsion (HPT) at room temperature 
to produce a bulk nanostructure on discs of 10 mm 
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diameter and thicknesses of ~0.8 mm. The following 
conclusions can be drawn from the results shown:

1. Metallographic and X-ray diffraction analyses 
revealed the presence of aluminum and nio-
bium as the sole alloying elements, promoting 
a duplex titanium microstructure prior to HPT 
of two phases in the crystalline structure: a pri-
mary α-Ti phase and a β-Ti phase at the α-grain 
boundaries. It was observed that deformation 
patterns were generated in greater proportion 
by increasing the number of revolutions.

2. X-ray diffraction profiles showed peak broad-
ening as structure refinement produced by 
HPT processing. Additionally, the phase trans-
formation of α to ω phase was detected in the 
samples processed by HPT for N=5 and N=15 
revolutions. 

3. The TEM observations and SAED pattern anal-
yses showed nanostructuring of this alloy was 
achieved with grain sizes below 100 nm and a 
complex defect structure was generated after 
HPT processing for N=5 revolutions. 

4. HPT processing significantly increases the 
microhardness with an increasing number of 
revolutions, from an average level of ~ 305 HV 
prior to HPT processing to an average level of 
~ 400 HV after HPT processing for N=15 revo-
lutions, possibly due to grain refinement, the 
generation of a defect structure and the forma-
tion of the hard ω phase. 
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ABSTRACT:  In this study, bamboo powder and/or hollow glass microspheres were added to thermoplastic cassava starch 
in order to overcome its drawbacks. The composites were characterized by scanning electron microscopy 
(SEM), tensile testing, water contact angle measurement and X-ray diffractometry (XRD), in addition to their 
thermal properties. The mechanical strength of the composites showed a general decline with increasing 
bamboo powder content while the water contact angles increased up to 15% of bamboo powder content 
(% w/w dry starch). The addition of hollow glass microspheres provides an optimal balance between 
hydrophobicity and mechanical strength. The results pointed to improved properties that are expected to 
make thermoplastic starch more attractive and hence more competitive with synthetic polymers.

KEYWORDS:  Thermoplastic starch, bamboo powder, hollow glass microspheres, wettability

1 INTRODUCTION

Thermoplastic starch, a renewable, biodegradable 
biopolymer, is considered one of the most promising 
candidates to replace synthetic polymers. However, 
the poor mechanical properties of starch along with 
its high hydrophilicity limit its wider use [1]. In recent 
years, the use of biobased fillers as reinforcing agents 
in polymers has attracted much attention. They offer 
a number of lucrative advantages, viz., low cost, 
low density, high specific strength and stiffness, eco- 
friendliness, and biodegradability [2]. Versino and 
García [3] have reinforced cassava starch films with the 
residue derived from starch extraction. This interesting 
research enables adding value to this industrial waste, 
with the consequent diminution of waste  volumes. 
The importance of bamboo has been acknowledged for 
many years by the rural people in many tropical coun-
tries as traditional material for houses and bridges, 
handicraft items, fishing rods, foods, and other tra-
ditional uses [4]. Nowadays, the use of bamboo has 
been expanded to include modern applications. One 
of these is composites based on urethane diacrylate 
photopolymer and bamboo fiber for use in digital 

light rapid prototyping (DLRP) [5]. Another example 
is the processing of bamboo culm with polyvinyl chlo-
ride (PVC) to obtain composites with various load-
ing ratios of bamboo particles [4]. According to the 
authors, despite the fact that the modulus of rupture 
was not increased, the inclusion of bamboo particles 
enhanced the flexural modulus of elasticity. In another 
study, bamboo particles were thermomechanically 
processed with low density polyethylene (LDPE) to 
produce composites [6]. In this case, the results of the 
oxidation induction time from differential scanning 
calorimetry (DSC) suggest the existence of some anti-
oxidant activity of bamboo. This could lead to compos-
ites with enhanced potential in food packaging appli-
cations. On the other hand, inorganic fillers added to 
the starch matrix generally lead to composites with 
better overall properties [7]. Hollow glass microsphere 
(HGM) is an interesting inorganic filler for producing 
low density TPS composites. HGMs consist of an outer 
stiff glass and an inner inert gas, which results in some 
unique properties such as light weight and low ther-
mal conductivity [8]. Composites have been prepared 
using HGMs; for example, the composites fabricated 
with poly(butylene succinate) (PBS) with various 
HGM contents [9]. As reported by the authors, the 
addition of HGM significantly decreased the density 
of the composites. The storage modulus and viscos-
ity were enhanced with the increase of HGM content, 
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while the crystalline structure was not affected. A 
combination of nanofillers and biobased fillers could 
offer additional possibilities for starch modification. 
Such hybrid composites may fulfill the need for poten-
tial lightweight and high-strength materials [10]. The 
work of Azwar and Hakkarainen [11] has evaluated 
the possibility of tuning the mechanical properties of 
cassava starch through utilization of different combi-
nations of plasticizers, inorganic and biobased fillers. 
They have found that Halloysite, milled wood flour 
and rice bran improved the strength at break of the 
starch films, while addition of kaolin in most cases 
resulted in materials with intermediate strength at 
break and strain at break. Also, the addition of liq-
uefied rice bran significantly improved the strain at 
break. In this context, the aim of the present study is 
to tailor the properties of thermoplastic cassava starch 
films through the addition of bamboo powder and/or 
glass hollow microspheres.

2 EXPERIMENTAL

2.1 Materials

Bamboo of Phyllostachys heterocycla species, aged 
approximately three years, was provided and col-
lected by Bambuzeria Southern Cross, located in 
Ravenna, Sabará City district in Minas Gerais (Brazil). 
Cassava starch was acquired from Starch Nivaraí 
(Brazil). Commercially available glass microspheres 
with sizes ranging from 9 to 13 μm and glycerol were 
purchased from Sigma-Aldrich (MO, USA) and Synth 
(Brazil) respectively.

2.2 Methods

Firstly, bamboo culm was ground into a fine powder 
with the aid of a grinder (IKA A10, IKA Labortechnik, 
Germany) and passed through a 100-mesh sieve. 
Starch gelatinization was performed to obtain ther-
moplastic starch (TPS). For this purpose, 90 wt% of 
deionized water, 7 wt% of starch and 3 wt% of glyc-
erol were placed in a 500 mL round flask, which was 
capped with a cork, and mixed under mechanical 
stirring (Fisatom 713D model). The system was kept 
under constant stirring (180 rpm) and heated at 80 °C 
for 20 minutes. Composites from thermoplastic starch 
(TPS) were prepared by adding the fillers during the 
gelatinization step. Two different concentrations of 
BP (5% and 20% w/w) along with 1% (w/w) of hol-
low glass microspheres, or short glass microspheres 
(MS) gave rise to composites SBP-5 MS-1 and SBP-20 
MS-1, respectively. In addition, a composite prepared 
with TPS and 10% (w/w) of glass microspheres was 

prepared and named SMS-10. Films were produced by 
casting and dried in a vacuum circulating drying oven 
at 40 °C for 48 h.

2.2 Characterizations

2.2.1 Scanning Electron Microscopy (SEM)

The SEM fracture surface of composites was observed 
after cryogenic fracture (nitrogen) and coating with 
gold of samples by using a Shimadzu Superscan SSX-
550 model scanning electron microscope.

2.2.2 Contact Angle Measurements

The surface hydrophilicity of the starch film (control) 
and composites was evaluated by determinig the 
contact angle through the sessile-drop method. The 
contact angle measurements were performed using a 
Krüss DSA100 goniometer. The results represent the 
average between the right and left angles obtained 
after droplet deposition with a standardized volume 
(10 L) on films with dimensions of 2 cm × 2 cm. Three 
consecutive measurements were made at room tem-
perature by employing Surface Energy mode software 
that allows the direct measurement of the contact 
angle (in degrees). 

2.2.3 Mechanical Properties

The specimens of pure starch polymer samples 
( control) and the composites were produced accord-
ing to the standard ASTM D-638. Mechanical proper-
ties were evaluated, such as Young’s modulus, stress 
at break and elongation at break, by tensile test carried 
out with the help of the Shimadzu Autograph AG-X 
universal testing machine, with velocity of 50 mm/
min and load cell maximum capacity of 10 KN. The 
spacing between claws was 50 mm.

3 RESULTS AND DISCUSSION

From SEM analyses it was possible to obtain informa-
tion such as geometry of bamboo powder (BP) and 
glass microspheres (MS) in addition to the degree of 
dispersion of the fillers in the starch polymer matrix. 
The SEM micrographs of BP and MS can be observed in 
Figure 1. The large and irregular size of BP (Figure 1a) 
is in agreement with bamboo particles without lignin 
extraction [12]. The MS morphology presented in 
Figure 1b suggests a spherical smooth, clean surface, 
as already shown in the literature [8].

The SEM micrographs of SBP-5 MS-1 and SBP-20 
MS-1 composites are shown in Figures 2 and 3 respec-
tively. Regarding the micrographs in Figure 2, no 
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unplasticized starch granules can be observed on the 
composite surface. Such a finding might indicate that 
the glass microspheres, through friction, have assisted 
the blending process during the preparation of the 
composite, thus contributing to the system homogeni-
zation. In addition, despite showing a rough interface, 
the fracture surface micrographs did not evidence the 
presence of sharp cracks, which may be indicative that 
the combination of fillers worked well in respect to 
matrix adhesion.

On the other hand, in the SBP-20 MS-1 fracture sur-
face micrographs (Figure 3b,d) the presence of cracks 
can be seen. This fact pointed out the bad adhesion 
between phases. Probably with the increase of BP con-
tent, the amount of microspheres was not enough to 
aid the system homogenization.

The bad adhesion found in SBP-20 MS-1 could also 
be explained by the possible occurrence of intramo-
lecular hydrogen bonds between the hydroxyl groups 
of BP rather than hydroxyl groups BP on one side and 
those of the starch [13]. In addition, with higher con-
tent of BP the irregular fiber morphology (Figure 1a) 
has more of a negative influence on the system 
homogenization.

The micrographs corresponding to composite SMS-
10 (Figure 4) presented a predominantly homoge-
neous surface with no unplasticized starch granules. 
This observation supports the hypothesis that the 
microspheres have assisted in the mixing process. In 
the fracture surface micrographs (4c,d), it was noticed 
that the microspheres did not detach from the matrix 
during fracture. Such behavior can be attributed to the 

(a) (b)

Figure 1 SEM micrographs of (a) BP and (b) MS.

(a) (b)

(c) (d)

Figure 2 Micrographs (SEM) of the surface of composite 
SBP-5 MS-1 with magnification of (a) 100x and (b) 500x; and 
surface fracture of composite SBP-5 MS-1 with magnification 
of (c) 100x and (d) 500x.

(a) (b)

(c) (d)

Figure 3 Micrographs (SEM) of the surface of composite 
SBP-20 MS-1 with magnification of (a) 100x and (b) 500x; 
and fracture of composite SBP-20 MS-1 with magnification 
of (c) 100x and (d) 500x.

(a) (b)

(c) (d)

Figure 4 Micrographs (SEM) of the surface of composite 
SMS-10 with magnification of (a) 100x and (b) 500x; and 
fracture of composite SMS-10 with magnification of (c) 100x 
and (d) 500x.
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hydrophilicity of the glass microspheres, which pro-
motes a good adhesion with the hydrophilic starch 
matrix.

The surface wettability was assessed by the contact 
angle measurements, as presented in Figure 5. The val-
ues of contact angle are depicted in Table 1. As can be 
seen in this table, the composite SBP-5 MS-1 presented 
a marked increase in the hydrophobicity related to 
TPS. Whereas in the composite SBP-10 MS-1, the con-
tact angle diminishes again, and the composite SMS-
10 presented the highest contact angle.

The behavior is typical of events in which there is 
more than one factor acting. In this case, two opposing 
factors are suggested; that is, increased hydrophilicity 
due to the presence of hydrophilic cellulosic filler and 
increased hydrophobicity due to surface roughness.

The surface roughness (r) has a considerable influ-
ence on the mean contact angle. An important aspect 
is the length scale involved. For not too rough surfaces 
(roughness significantly below the wavelength of 
light) we can describe the effect of surface roughness 
by the so-called Wenzel regime, in which the liquid 
penetrates into the grooves. In this case, the contact 
angle qw, which a liquid drop makes with the rough 
surface, is given by Equation 1.

 cos qw = r cos q (1)

where q is the contact angle for a smooth surface, and 
r is the factor related to the roughness. 

This equation states that, for a hydrophobic sur-
face, as roughness increases the surface becomes even 

more hydrophobic. Likewise, if a hydrophilic sur-
face is roughened it becomes more hydrophilic [14]. 
On the other hand, Berim and Ruckenstein [14] have 
shown that, in contrast to the commonly used Wenzel 
formula, even an extremely small roughness can con-
siderably increase the contact angle. According to 
them, large contact angles are obtained when the dis-
tance between pillars acquires a size at which the liq-
uid can no longer penetrate between them. In such a 
case, the space between pillars remains empty. In the 
nomenclature of the macroscopic treatment of wet-
ting, this corresponds to a transition from the Wenzel 
to the Cassie-Baxter regime [14]. Other authors have 
reported that the deposition of polystyrene micro-
spheres with aminoethyl groups resulted in a hierar-
chical topographic pattern suitable for obtaining the 
superhydrophobic characteristics for starch and its 
blends [15]. Such authors also related this result to a 
topography obeying the Cassie-Baxter regime. The 
improvement in the TPS superficial hydrophobicity 
was also observed with the addition of 1 and 5% of 
clay [16].

The values found in the tensile tests (Table 1) have 
pointed to a reduction in the tensile strength of the 
composites when compared with TPS. The compos-
ite SBP-20MS-1 presented the lowest tensile strength 
value, indicating poor adhesion between filler and 
matrix, as has already been observed by SEM. Figure 
6 presents the FTIR spectra of BP (Figure 6a), TPS 
(Figure 6b), and TPS/BP composite (upper corner) 
without MS (SBP-20), in an attempt to identify the pos-
sible interactions between TPS and BP.

The FTIR spectrum of BP (Figure 6a) shows a 
broad absorption at 3330 cm–1 typical of -OH cellu-
lose hydrogen bonding and absorption at 2876 cm–1 
(-CH2-) [17]. Among the bands found by Afrin etal. 
[12] for untreated bamboo, we detected the fol-
lowing bands in BP spectrum: 1740 cm–1 attributed 
to nonconjugated carbonyl stretching; 1596 and 
1509 cm–1 associated with vibrations of aromatic skel-
etal vibration; 1240 cm–1 identified as belonging to 
guaiacyl, one of the major components of lignin, and 
1037 cm–1 assigned to complex vibrations associated 
with the C–O, C–C stretching and C–OH bending in 
polysaccharides.

(a) (b)

(c) (d)

Figure 5 Water drop shape on the surface of the films: 
(a) TPS, (b) SBP-5 MS-1, (c) SBP-20 MS-1 and (d) SMS-10.

Table 1 Mechanical properties and contact angles of composites.

Composite Tensile strength (MPa) Elastic modulus (MPa) Elongation (%) Contact angle

 TPS 4.78 ± 0.20 17 ± 0.3 120 ± 0.8 43° ± 0.5

SBP-5MS-1 3.78 ± 0,16 51 ± 0,5 63 ± 0,31 95° ± 0,6

SBP-20MS-1 2.49 ± 0,23 15 ± 0,96 103 ± 0,9 79° ± 1,0

SMS-10 111° ± 1,0
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Based on the statement of Prachayawarakorn et al. 
[18], the FTIR spectra of TPS (Figure 6b) and TPS/BP 
composite (upper corner) were similar because the 
main composition of the starch and BP is based on cel-
lulose structure. These authors, unlike in the spectra of 
Figure 6, observed a slight shift of the band associated 
with TPS hydroxyl groups (3300–3500 cm–1) to lower 
wavenumber for the composites of TPS/jute fiber. 
According to them, such a result is good evidence for 
the formation of new hydrogen bonds between the 
TPS and the cellulosic fibers. This disagreement with 
our results can be attributed to the difference in pro-
cessing method. In the case of the authors, an internal 
mixer was used to blend the components.

The SMS-10 composite was not evaluated in the 
tensile test. As shown by SEM (Figure 3d), this com-
posite presented a morphology in which the hollow 
particles were embedded in TPS matrix, and has been 
classified as syntactic foam [19].

4 CONCLUSIONS

The obtained results provide evidence that the addi-
tion of bamboo powder and hollow glass microspheres 
can modulate the properties of thermoplastic starch.

It can be concluded that there was a poor interac-
tion between the matrix and the bamboo powder. Such 
failure was supposedly attributed to poor dispersion 
of the bamboo powder. It was noticed, however, that 
the glass microspheres, through friction, assisted the 
blending process during the preparation of the com-
posites, thus contributing to the system homogeniza-
tion. The surface wettability of the thermoplastic starch 
varied with the filler contents. The contact angle values 
were related to the surface roughness and suggested 
a transition from the Wenzel to the Cassie-Baxter 
regime. Due to their green character, TPS composites 
have potential to be used in the packaging industry, 
provided that very high mechanical properties are not 
demanded. Further studies should be done in order to 
achieve TPS composites with better properties.
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ABSTRACT:  Vegetable oils are being used for the production of biodegradable polymers, opening new possibilities for the 
synthesis of greener materials that could compete in national markets with petroleum-based polymers. In this 
study, castor oil and a catalyst (cobalt[II] naphtenate as promotor and MEKP as initiator) from local stores and 
styrene in different ratios were used to produce thermostable polymers. The kinetics of the polymerization 
reaction was followed by infrared spectroscopy. A polymeric material was synthetized which presents good 
mechanical properties. Therefore, composites were produced using 1 wt% of microcellulose extracted from 
biomass waste as reinforcement or 1 wt% microsilica to improve the mechanical properties. The microfillers 
showed an improvement in the properties of composites by showing an increase in the Young’s modulus. 
This easy production method can be suitable for small and medium companies who are trying to embrace 
responsible environmental consciousness. 

KEYWORDS:  Biobased polymers, silica microparticles, microcellulose, unsaturated polyester

1 INTRODUCTION

The growing interest in bioplastics due to environmen-
tal consciousness has led to the development of new 
research areas for new synthetic routes for the pro-
duction of bioplastics based on renewable resources. 
Therefore, new legal requirements governing indus-
try responsibility in terms of the environment are 
pushing for new and cleaner synthetic routes. These 
requirements have arisen due to the already known 
greenhouse emissions effect and pollution. The harm-
ful environmental effects of plastic waste are  associ-
ated with global warming and loss of natural species 
[1, 2]. The use of biobased materials is an alternative to 
reduce the quantity of waste due to their higher deg-
radation rates [3, 4] and the possibility of being reused 
in applications as compostable organic materials in 
farms [4, 5].

In the last decade, sustainable sources such as vege-
table oils have been widely investigated as substitutes 
for petroleum monomers because of their unsaturated 

bonds which can be copolymerized with other vinyl 
monomers and also their low price, inherent biode-
gradability and worldwide availability [6–9]. In gen-
eral, biopolymers derived from oils do not match the  
mechanical properties to replace the  petroleum-based 
polymers and  fillers should be added to form com-
posites [10–13]. Cellulose, for example, has been used 
as reinforcement fiber because of its low cost and high 
Young’s modulus [14, 15]. Microsilica has also been 
used as filler to improve the material properties such as 
thermal stability and stiffness, Young’s modulus and 
the fracture tenacity [16, 17]. In this research, castor oil 
and styrene (St) from local sources were used for the 
production of biopolymers. Polymer composites were 
prepared using cellulose and silica micro particles in 
order to improve the mechanical properties [18, 19].

2 EXPERIMENTAL SECTION

2.1 Materials

Maleic anhydride was supplied by Laboratorios 
Quimar and used without purification. Styrene 
monomer, cobalt(II) naphtenate 12% and MEKP 30% 
were purchased from Fibrocentro S.A. Castor oil was 
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obtained from Malik S.A. Cellulose was extracted 
from pineapple peels supplied by Florida Products 
S.A. Castor oil was obtained from local stores with 
a hydroxyl value of 163.13 and an acid value of 0.25 
and 87.26% of ricinoleic acid. Pirosil-PS200 (Valkimya 
Centroamerica) was used as microsilica particles, 
which have a size of 45 µm.

2.2  Synthesis of Maleinized Castor Oil 
(MaCO)

Castor oil (CO) was previously dried under reduced 
pressure for one hour. The esterification of CO with 
maleic anhydride was carried out under nitrogen 
atmosphere. Maleic anhydride was used in molar ratio 
of 2:1 (maleic anhydride to castor oil). The tempera-
ture was maintained using an oil bath at 120 °C and 
the reaction time was between 3–5 hours. 

2.3 Acid Number Determination

A sample between 0.5–1 g was dissolved in 50 mL of 
toluene, then 5 mL of water was added and heated 
in a water bath at 50 °C during 30 minutes. Once the 
mixture was cooled down at room temperature, phe-
nolphthalein was added. The acid number was deter-
mined by titration with 0.1 mol/L KOH in ethanol 
until the pink color lasted for 30 s. The acid number 
was calculated using Equation 1:

 Acid
,

number =
∗ ∗56 1 V C
M

 (1)

where V is the volume of KOH solution consumed, C 
is the concentration of the solution and M the sample 
weight.

2.4  Thermostable Biobased Polymer 
Preparation

For polymerization the styrene was bought from local 
stores and the maleate castor oil (MaCO) with vari-
able ratios was measured in weight percentage. The 
polymerization was carried out under room condi-
tions; concentration of additives was added by weight 
and reacted before the sample became viscous. MEKP 
was varied from 1–2 wt% and cobalt(II) naphtenate 
from 0.5–8 wt%. Then, the material was cured in an 
oven at 70 °C for two hours. 

2.5 Microcrystalline Cellulose Preparation 

Pineapple peels were placed in a solution of NaOH 20 
wt%, at 70–90 °C for 1.5 hours. Next, they were rinsed 
and placed in NaOH 12% for 1 hour. The material was 

bleached with NaClO at 2.5 wt% for 2 hours at 60 °C.  
Afterwards, white cellulose was treated with HCl 17 
wt% at 60 °C for 2 hours to obtain microcellulose.

2.6  Fourier Transform Infrared 
Spectroscopy (FTIR)

The FTIR spectra were recorded for the monitor-
ing of reactions of esterification and polymeriza-
tion. The measurements were made using a Nicolet 
6700 Thermoscientific spectrometer in a range of 
500–4000 cm−1 and a resolution of 4 cm−1. This  technique 
was used for monitoring the esterification  reaction. 
The peak at 1730 cm–1 was used as an internal standard 
for monitoring the polymerization reaction [20].

2.7 Kinetic Measurements

Delahaye’s [21] kinetic model for unsaturated polyes-
ter thermostable resins was used to study the polym-
erization reaction:

 α α τt emax

t

( ) = −

−

′ ( )1  (2)

where α is the functional group conversion through 
reaction, τ the time constant specific for each func-
tional group and t the reaction time.

2.8 Dynamic Mechanical Analysis (DMA)

For DMA data, a DHR-3 rheometer was used for per-
forming the mechanical analysis samples with dimen-
sions of 60 × 14 × 1 (mm × mm × mm). The parameters 
used were shear rate of 1.6 × 10–5 s–1.

2.9 Scanning Electron Microscopy (SEM)

The surface morphology of the microparticles, biopol-
ymers and composite materials were investigated 
by using a scanning electron microscope (JEOL JSM-
6390LV) at an accelerated voltage of 5–10 kV and a 
vacuum of 1E-4 Pa.

3 RESULTS AND DISCUSSION

3.1 Synthesis of MaCO

The maleinized castor oil (MaCO) used was a yellow-
orange viscous material with an acid number of 90. 
The hydroxyl values and fatty acid percentage, spe-
cifically of ricinoleic acid, are very similar to those 
used by other authors to produce biopolymers based 
on this source [10–18]. Specifically, the hydroxyl value 
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is important because it equals the amount of dou-
ble bonds in the structure, which are the sites for the 
crosslinking [11]. This indicates that a similar amount 
of crosslinking can be achieved with a local castor 
oil compared to other castor oils used by the authors 
mentioned above. The initial reaction was carried 
out using a molar ratio of 2:1 of maleic anhydride to 
castor oil; using this molar ratio the precipitation of 
maleic acid was avoided [10, 22]. The maleinization 
reaction was monitored by FTIR to understand the 
change in chemical bonds (Figure 1). The peak around 
~1640 cm–1 corresponds to the -C=C- of maleic anhy-
dride after reacting with hydroxyl content in castor oil 
and it was enhanced with the reaction time [23]. The 
absorption at ~1740 cm–1 corresponds to the carbonyl 
C=O moieties in castor oil and the peaks at 1850 and 
1780 cm–1 correspond to the signals for cyclic maleic 
anhydride C=O symmetrical and asymmetrical vibra-
tions, which seem to decrease in intensity at longer 
reaction times due to ring opening; indicating  that the 
reaction is taking place [24]. Meanwhile, the broad-
ening at 1740 cm–1 could be related to the increase of 
hydrogen bonding.

The versatile system could yield a variety of materi-
als depending on the amount of additives and MaCO 
to styrene ratio in the synthesis. The reaction ratios 
used were 55:45 and 45:55 of MaCO to styrene, 3 wt% 
of commercial cobalt(II) naphtenate and 2 wt% of 
commercial MEKP. The ratios were chosen according 
to preliminary tests in which good mechanical proper-
ties were achieved. Both mixtures contained the same 
amount of additives, which led to a gelation time of 
approximately 20 min at room temperature. It was 
determined that 1 and 2 wt% of cobalt gave gelation 

times of 40 minutes and 25 minutes. Gelation times of 
20 to 30 minutes were obtained with 3 wt% to 8 wt%.  
An intermediate value of 3 wt% of cobalt was chosen 
because at higher values than that the relation concen-
tration/time did not increase between 8 wt% to 3 wt% 
as in the case of lower concentrations. This perfor-
mance regarding the gelation time can be compared to 
other systems for unsaturated polyester resin reported 
in the literature [25]. 

The polymerization reaction was also monitored by 
FTIR spectroscopy, as shown in Figure 2. 

Changes in carbon-carbon double bonds are 
observed in the range of 1640–1600 cm–1. As polym-
erization reaction occurs, the peak signal of the dou-
ble bond from the maleic anhydride moiety between 
1640–1630 cm–1 decreases, becoming almost unno-
ticeable in  Figure 2d and 2e [26]. Meanwhile, bands 
in 1600 cm–1, 760 cm–1 and 1455 cm–1 arose from the 
polystyrene formation. Other peak bands at 980 cm–1 
and 775 cm–1 described the consumption of the double 
bond in the MaCO chain and in the styrene monomer 
respectively; this will be followed quantitatively for 
the kinetic analysis in Figure 3. The curves obtained 
have the common shape for the curing of thermoset-
ting resins [21, 27]. 

Using these kinetic measurements, time constants 
were obtained and compared with other reported 
data of similar systems. The time constant obtained 
of 25 min for styrene consumption is similar to  the 
value reported by Delahaye et al. [18]. Meanwhile, for 
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Figure 1 Maleinization reaction monitoring by FTIR 
spectroscopy: (a) Castor oil, (b) 15 min, (c) 40 min, (d) 100 min 
and (e) 140 min.

Figure 2 FTIR spectra comparison for the monitoring of the 
polymerization reaction of the system 55:45 MaCO:Styrene, 
3 wt% cobalt(II) naphtenate and 2 wt% MEKP: (a) 0 min, 
(b) 10 min, (c) 40 min, (d) 15 min at 70°C and (e) 140 min at 
70 °C .
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3.2  Characterization of Synthesized 
Biobased Polymer

Figure 4a and 4b shows the spectra of 45:55 MaCO:St 
and 55:45 MaCO:St and both exhibit a broad peak in 
the range of 2500–3000 cm-1 due to the presence of 
carboxylic acid groups. The peak at 1720 cm–1 corre-
sponds to the vibration of the C=O group in the poly-
mer network. The contributions of the asymmetric and 
symmetric vibration of the C-H are presented at 2926 
and 2842 cm–1. The peaks at 1444 and 1360 cm–1 are 
assigned to the symmetric bands of the alkyl groups 
-CH2 and –CH3, respectively. The peaks at 1242, 1165 
and 1100 cm–1 

 are assigned to the -C-O- stretching [32].
The polymer without reinforcement has lower 

Young’s modulus than polystyrene, as will be shown 
in the mechanical properties analysis section. For this 
reason, the addition of microcellulose or microsilica 
was used as a strategy for improving the mechanical 
properties.

 Figure 5 shows the FTIR of the composite pro-
duced using microcellulose as a reinforcement. Figure 
5a shows the spectra of the  microcellulose with peaks 
assigned to the vibrational modes of specific func-
tional groups [33–35]. The peaks at 1650 and 1730 cm-1 
are associated with the carbonyl absorption and acyl 
group and uranic acid group of the hemicellulose. The 
appearance of the peak at 1274 cm-1 in Figure 5c and 5e 
is attributed to the split of C-O band because of hydro-
gen bonding of the microcellulose with the MaCO of 
the biobased polymer. This indicates that the microcel-
lulose was physically blended with MaCO and they 
could have a good interaction [36].
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Figure 3 Rate of conversion of functional groups 
corresponding to  Styrene monomer (775 cm-1) and  MaCO 
double bonds (980 cm–1).

the MaCO double bond it was 55 min, less than the 
one obtained by the same author. This result could 
be explained by an incomplete maleinization reac-
tion. This is acceptable because the reaction time was 
shorter than that reported in the literature of  8 to 16 
hours [10, 28, 29]. There is evidence of a faster conver-
sion of styrene in the first minutes, relative to the con-
sumption of the double bond in MaCO, which can be  
associated with evaporation of styrene or formation 
of polystyrene [30, 31]. The last hypothesis is more 
likely to happen because of the increase in the band 
at 1455 cm-1 product of the polystyrene formation. 
General characterization of the polymers is given in 
Figure 4.
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MaCO:St and (e) 55:45 MaCO:St 1% microcellulose.
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Figure 6 shows the FTIR spectra of resin reinforced 
with microsilica. The pure silica typically exhibits 
three peaks centered at ~ 450 cm−1, ~ 800 cm−1 and a 
broad peak at ~ 1100 cm−1, as can be seen in Figure 6a. 
The absorption at ~ 450 cm−1 is assigned to the rock-
ing motion of oxygen atoms bridging silicon atoms in 
siloxane bonds (Si-O-Si). The symmetric vibrations of 
silicon atoms in a siloxane bond occur at ~ 800 cm−1 
and are called Si-O-Si. The largest peak observed in 
a silica spectrum is present at ~100 cm−1 and is domi-
nated by the antisymmetric motion of silicon atoms in 
siloxane bonds [36–38].

It can be found that the peaks in the FTIR spectra of 
45:55 MaCO:St 1 wt% microsilica and  55:45 MaCO:St 
1 wt% microsilica  exhibit  a peak at 1274 cm–1, due 
to the split of the original C-O band of the bioresin 
at 1168 cm–1. This is attributed to the interference 
between the hydrogen bonding of the chains of the 
polymer and the silica, causing the number of hydro-
gen bonds to decrease between polymers chains. 
Therefore, the peak at ~1250 cm-1 was associated with 
the Si-O stretching. These changes in the spectra could 
be associated with the interaction of the silica with the 
polymer [39, 40].The silica could form a cation-π inter-
action between the silica metal atoms and the benzene 
ring of the polystyrene. There could be an interaction 
of  the π-electrons of the aromatic ring and its specific 
Coulombic interaction with the silica atoms [41].

3.3 Mechanical Properties

The torsional behavior of the synthesized thermosta-
ble biobased polymers was studied and the results are 

shown in Figure 7. The diagram of stress-strain shows 
the influence of the styrene concentration in the poly-
mer strength, where a smaller ratio of it in the resin 
gives more resistant polymers [42].

The morphology of the near surface polymer sam-
ples prepared using two composition ratios was exam-
ined by SEM. Figure 8a and 8b show smooth films; 
similar surface morphologies were observed. Figure 
8c and 8d show the microsilica and mirocelullose par-
ticles. The silica particle presents roundish structures 
and particle sizes between 1–75 µm while microcellu-
lose exhibits a preferential fibril structure with particle 
sizes between 5–200 µm. 

Figure 9 shows the 45:55 and 55:45 surface structure 
of the biopolymers reinforced with 1 wt% of microsil-
ica and microcellulose. Figure 9c and 9d shows single 
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Figure 8 SEM micrographs of (a) MaCO:Styrene 
45:55, (b) MaCO:St 45:55, (c) microsilica particles and 
(d) microcellulose.
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also important is the interaction between them due to 
their chemical nature and the structure, size and crys-
tallinity of the microparticles [43]. an increase in the 
mechanical properties is also an indication of possible 
good dispersion of the microparticles in the polymeric 
matrix [44].

Microcellulose and microsilica gave an evident 
increase of the Young’s modulus in the polymeric 
matrix prepared using 45:55 ratio and a reduction for 
that of 55:45 (see Table 1). This could be  related to the 
nonhomogeneous dispersion in the media  due to the 
higher viscosity of the resin; when the  styrene ratio 
decreases in the mixture its viscosity increases [45]. 
Nonetheless, the effect of the reinforcement can be 
seen in the composites, showing a better performance 
when a higher amount of St is present, this is because 
a more homogenous mix was achieved. Thus, promo-
tion of the polymer-microparticle interaction increases 
the glass transition of the polymer matrix (see Table 1). 

Thermal stability of resins with different MaCO:St 
compositions was determined by thermogravimet-
ric analysis (TGA), as shown in Figure 10, including 
samples with and without reinforcement materials. 
Thermal stability is mostly related to degradation of 
C=C bonds (styrene chains) and ester and acid bonds 
in MaCO chains. The TGA curves show differences in 
the behavior between MaCO-St matrix and silica or 
cellulose reinforcement by analyzing changes in the 
T10% (temperature at which 10% of sample weight has 
been lost). Table 1 shows that the silica reinforcement 
implies a lower degradation temperature of the res-
ins because the presence of silica interferes with the 
polymer chain-chain interactions, as shown by FTIR in 
Figure 6. Cellulose reinforcement implies a higher T10% 
than those samples with silica reinforcement because 
of the presence of many O-H groups that promote H 
bonding between the polymer chains and micropar-
ticles, which improves the stability of chain bonds. In 
general, there is only one mass loss stage of decom-
position at ~ 275 °C to ~ 400 °C. There is a little drop 
at 200 °C that can be associated with the evaporation 

particles with fibril-like morphology imaged near 
the surface, which is associated with microcellulose. 
Therefore, more electrodense (higher contrast with 
the carbon polymeric matrix) roundish particles were 
observed in Figure 9a and 9b, which are related to sil-
ica. A good dispersion of the microcellulose and the 
silica was obtained. The morphological effect of the 
microparticles using both compositions was similar. 
However, an increase in the surface roughness of the 
biopolymer containing microcellulose in comparison 
with the silica composites and the pristine polymers 
could be observed.  

The composite material prepared with silica or 
microcellulose presented good dispersion of the mic-
roparticles. However, the microcellulose presented a 
higher increase in the mechanical properties, as can 
be seen in the stress-strain curves (see Figure 7). The 
dispersion is an important factor in improving the 
mechanical properties of a polymer with a filler, but 

(a) (b)

(c) (d)

Figure 9 SEM micrographs of 1% MaCO:Styrene 45:55 
(a) microsilica, (b) microcellulose and MaCO:Styrene 55:45, 
(c) microsilica and (d) microcellulose particle.

Table 1 Mechanical and thermal properties of biobased thermostable polymers.

Sample Etor
a(MPa) Tg

a(°C) T10%
b(°C) Tg

 c(°C)

45:55 MaCO:St 1,65 51 264 18

55:45 MaCO:St 2,68 54 267 19

45:55 MaCO:St with 1 wt% silica 2.02 54 259 29

55:45 MaCO:St with 1 wt% silica 0,96 32 242 10

45:55 MaCO:St with 1 wt% cellulose 2,99 58 268 36

55:45 MaCO:St with 1 wt% cellulose 2,71 55 274 37

*Values obtained by a Rheometer-DMTA, b TGA and cDSC
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show differences in the G’ curve, indicating the influ-
ence of the composition on the elastic properties of the 
matrix. The variation of storage modulus (G’) of com-
posites in Figure 12 shows that the initial G’ values 
were higher for the resins without reinforcement. The 
higher values of G’ for resins without reinforcement 
are related to the capacity of the polymer network to 
absorb the energy that is applied during the test. There 
is a unique behavior of the G’ curve for 55:45 MaCO:St 
because it started decreasing, then there was a little 
increase in storage modulus in the temperature from 
80 °C. This increase in storage modulus could exist 
due to the condensation reaction occurring between 
the MaCO molecules in close proximity with each 
other in the formed polymer network [52].

Figure 12 shows dependence of the tan δ with 
increasing the temperature of the biobased resins. All 
the tan δ curves demonstrated similar behaviors and 
glass transition temperature (Tg) can also be measured 
by this method; this data is listed in Table 1. The Tg is 
determined by the peak temperature of tan δ.

of unreacted monomers and other volatile substances 
incorporated into the resin matrix [46–49]. Therefore, 
Table 1 shows  the glass transition temperatures of 
45:55 MaCO:St and 55:45 MaCO:St of resins measured 
by using DSC, where a difference of 3 °C is appreci-
ated; the higher content of MaCO increases the cross-
link between polymer chains and mobility is more 
restricted, so more energy is needed to move the 
polymer chains [42]. The polymer network is affected 
by crosslink density [50], so higher Tg means that the 
matrix of the polymer is crosslinked better than mate-
rials with lower Tg.  Intermolecular forces also affect 
the changes of glass transition temperatures because 
high intermolecular forces in the matrix cause poly-
meric network to have less mobility, so it needs more 
temperature to flow [51].

Figure 11 shows the storage modulus (G’) curves 
for the biobased thermostable polymers. These curves 
are obtained by DMTA testing, a method that mea-
sures the response of a given material to a cyclic defor-
mation as a function of temperature. MaCO:St resins 

Temperature (°C)
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’ (
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)

45:55 MaCO:St
55:45 MaCO:St
45:55 MaCO:St 1wt% microsilica
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55:45 MaCO:St 1wt% microcelulose
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Figure 11 Storage modulus curves for bioresins of 45:55 and 55:45 MaCO:St ratios.
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Figure 12 Biobased polymers of 45:55 and 55:45 MaCO:St 
ratios curves for tan δ behavior with temperature increase.
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Microcellulose can help in the orientation of the 
chains of the crosslinked polymer along the matrix 
axis, improving the mechanical properties of the mate-
rial [53]. According to Table 1, composites with 1 wt% 
of microcellulose have the higher Tg, and due to inter-
actions that appear when the cellulose is added, more 
H bonds and crosslinked networks can be achieved, 
adding cellulose content. On the other hand, 55:45 
MaCO:St with 1 wt% of microsilica reaches a lower 
Tg; in this case it is possible that van der Waals forces 
are affected by the microparticles and chains can move 
more, so microsilica has a plasticizer effect [51, 54]. 
According to the above results, we can conclude that 
45:55 MaCO:St with 1 wt% of microcellulose system 
has the better result, showing a higher performance as 
composite material.

4 CONCLUSIONS

Using a Costa Rican castor oil, maleinization was suc-
cessfully achieved for the production of a competent 
thermostable polymer. The system was optimized at 
room temperature with a gel time of 20 min with 3 wt% 
cobalt(II) naphtenate and 2 wt% MEKP. The kinetics 
of the polymerization reaction, followed by FTIR, was 
close to those reported by other authors and depends 
on the time of maleinization as well as the amount of 
styrene. The polymer synthesized is promising as a 
potential material for industrial applications in terms 
of low-cost materials and cheap processing. Generally, 
the use of reinforcement in the thermostable polymers 
gave harder final resins than those that do not have 
microcellulose or microsilica. Reinforcement with 
nanomaterials is being tested for a resin with mechani-
cal properties as well as commercial ones. 
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ABSTRACT:  Biodegradable polymers from renewable resources are generating growing interest in the plastic 
industry because they have properties similar to synthetic polymers. Polyhydroxyalkanoates, mainly 
polyhydroxybutyrate (PHB), have mechanical and physicochemical properties very similar to their synthetic 
counterparts. This work explores the use of residual glycerol from the bioenergy industry for the production 
of PHB by Bacillus megaterium DSM 32. The glycerol works as a source of carbon and energy. Raw glycerol 
was purified with sulfuric acid in order to neutralize saponified fatty acids. The purification process generated 
three different phases. One of the phases was the glycerol-rich layer; this layer was filtered and concentrated by 
vacuum distillation process. The purity of the glycerol was determined by thermogravimetric analysis (TGA). 
Additionally, the physicochemical properties, like viscosity, pH, ash content and density, were measured. The 
experiments were conducted in shake flasks at 30 °C and 120 rpm. Different glycerol concentrations (20, 30, 
40 g/L) were used to evaluate the influence of the initial concentration of glycerol on the biomass accumulation 
and biopolymer production. The purified glycerol obtained had a high purity (~ 89.5–92.13%); this material does 
not contain fatty acids, although it contains ~3.7% salts. The final PHB concentration obtained was 0.054 mg/mL.

KEYWORDS:  Polyhydroxybutyrate, glycerol, biopolymer, Bacillus megaterium, biomass

1 INTRODUCTION

Due to the increase in oil and natural gas prices, and 
the high environmental impact generated by synthetic 
plastics, bioplastics are becoming increasingly more 
competitive with petroleum-based resins [1]. One 
alternative to bioplastics is the use of biopolymers 
such as polyhydroxyalkanoates (PHAs). They have 
the advantage of being biodegradable and can be pro-
duced from renewable resources [2].

The PHAs are a family of biopolyesters of 3, 4, 5, 6 
hydroxyacids. These compounds are accumulated as 
intracellular granules. The PHAs can be synthesized 
by many Gram-positive and Gram-negative bacteria 
[3]. These compounds represent an alternative source 
of energy under limited conditions of some essential 

nutrients like nitrogen, sulfur and phosphorus and 
under an excess of available carbon [4]. The use of this 
polymer by the bacteria is considered a survival strat-
egy in changing environments [1].

Poly-3-hydroxybutyrate (PHB) is the most com-
monly produced PHA [5, 6]. This polymer is of great 
commercial and environmental interest as a biode-
gradable plastic material [7] because of its physi-
cal properties, which are very similar to those of the 
petroleum-based plastics. PHB is a thermoplastic that 
is free from trace catalysts and other chemical com-
pounds, which makes it a nontoxic material, in addi-
tion to being biocompatible [8]. Also, PHB is insoluble 
in water and is resistant to hydrolytic degradation, 
which differentiates it from other polymers of bio-
logical origin. Its permeability to oxygen is very low, 
which makes it a suitable material for use in the pack-
aging of products sensitive to oxygen [9].

One strategy for improving the production of PHB 
is the use of strains capable of synthesizing biopolymer 
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and reducing the cost by replacement of the carbon 
source with cheaper ones, like agro- industrial residues 
or other waste materials [10–12]. Among these carbon 
sources, some which have been used are raw starch 
[10], cane molasses [8], soy molasses [13], among oth-
ers. Glycerol is a co-product of biodiesel production 
[14, 3, 15–17]. An increase in biodiesel production 
will significantly raise the amount of crude glycerol 
in the environment. In contrast to crude glycerol, 
pure  glycerol is a very important raw material within 
industries such as food, cosmetics and pharmaceuti-
cals, and is also used by microorganisms as a source 
of energy [18, 19].

Different microorganisms have used glycerol 
as a source of carbon for the production of PHAs. 
Among them are Paracoccus denitrificans [20–22], 
Cupriavidus necator [23, 24], Chelatococcus daeguensis 
[25], Novosphingobium sp. [26] and Bacillus megaterium 
[14, 27]. Bacillus megaterium is a Gram-positive bacte-
rium capable of producing PHB under less expensive 
fermentation conditions using different renewable car-
bon sources and producing high yields of PHB [8, 27].

Taking this into account, the main objectives of this 
work were to study the use of purified glycerol, from 
the production of Costa Rican biodiesel, as a carbon 
source for the production of PHB by Bacillus megate-
rium, which could substitute polymers derived from 
petroleum that present environmental problems and 
low biodegradability.

2 MATERIALS AND METHODS 

2.1 Purification of Glycerol 

The samples of glycerol were provided by Energías 
Biodegradables de Costa Rica located in Ochomogo, 
Cartago. This company produces biodiesel from agri-
cultural raw materials such as vegetable oils (soybean, 
sunflower, palm, fig, etc.) or used animal fats. In the 
process of glycerol purification, 200 g of raw glycerol 
was first conditioned by diluting with 200 ml of dis-
tilled water. This step was used to remove the sodium 
hydroxide residues in the sample. The solution was 
kept under constant agitation and at a temperature of 
30 °C. Once the sample was diluted, the initial pH was 
between 9 and 10. Subsequently, the dissolution was 
neutralized with H2SO4 at room temperature (98%, 
Merck, Darmstadt, Germany). Once it reached pH 6.0 
the dissolution was transferred to a separation funnel 
where three distinct phases were observed: a top phase 
consisting of residual fatty acids from the production 
of biodiesel, an intermediate glycerol-rich phase and 
a bottom phase composed of precipitated salts. These 
phases were carefully separated and the glycerol-rich 
phase was vacuum filtered using Whatman No. 1 filters 

(pore size of 11 µm). Then the glycerol was subjected 
to a vacuum distillation process using a Buchi R-215 
rotavapor (Thermo Fisher Scientific, Mississauga, ON, 
Canada) coupled with a Buchi V-700 vacuum pump 
(Thermo Fisher Scientific, Mississauga). The operat-
ing conditions were: bath temperature 80 °C, vacuum 
pressure 120 mmbar, cooling water temperature 10 °C, 
stirring speed 80 rpm, operating time of 2–3 hours. 
With this process it is possible to concentrate the glyc-
erin and precipitate the rest of the salts that could not 
be eliminated in the  filtration process.

2.2 Characterization of Purified Glycerol

2.2.1 FTIR Spectroscopy Analysis

In order to determine the main functional groups in 
purified glycerol, Fourier transform infrared (FTIR) 
analysis was carried out. The FTIR spectra were col-
lected at resolution of 4 cm−1 in the transmission mode 
(4000–400 cm−1) using a FTIR spectrophotometer 
(Nicolet 6700, Thermo Scientific).

2.2.2 Determination of Purity

The determination of the purity of the purified glyc-
erol was carried out by thermogravimetric analysis 
(TGA) technique. Approximately 50 mg of sample was 
used for the TGA analyses and was performed using a 
TGA Q500 (TA Instruments, USA) with a temperature 
ramp of 10 °C/min from 0 to 600 °C and subsequently 
ramped up to 20 °C/min min from 600 °C to 1000 °C 
under nitrogen (flow rate 90 mL/min). All samples of 
purified glycerol, crude glycerol and anhydrous glyc-
erol (J.T. Baker, USA) were analyzed. The analyses 
were performed in triplicate.

2.2.3 Physico-Chemical Analysis

The pH value of the purified glycerol was deter-
mined with a Sartorius PB-11 pH meter (Göttingen, 
Germany). The density of the glycerol was determined 
using a 25 mL pycnometer and a water bath with a 
constant temperature of 25 °C.

The viscosity of the glycerol was determined 
using a Brookfield LVDV-II+P model viscometer 
(Middleborough, MA, USA) and using a LV 2 spindle. 
A 25 ml sample was taken and the viscosity was deter-
mined under conditions of 25 °C and 100 rpm. The 
obtained viscosity was reported in centipoise units.

For the ash content, 5 g of purified glycerol sample 
was then weighed and the crucible-glycerol assembly 
was heated at 120 °C for 2 hours to boil off the water 
present in the sample. The remainder was calcined to 
constant weight at 750 °C for about 25 minutes, after 
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which the samples were again dried, weighed and the 
ash mass percentage was calculated. 

2.3 Production of PHB 

2.3.1 Microorganism

It was used Bacillus megaterium DSM 32, which 
was obtained from Deutsche Sammlung von 
Mikroorganismen und Zellkulturen GmbH, Germany.

2.3.2  Strain Storage and Adaptation to 
Glycerol 

The B. megatherium cells were stored at −70 °C in 
1.5 mL cryovials containing 150 µL glycerol and 850 µL 
of a previously prepared nutrient liquid culture. These 
cells were used to inoculate nutrient agar plates sup-
plemented with 20 g/L glucose. The plates were 
incubated at 30 °C for 2 days. The B. megaterium cells 
grown in nutrient broth at 30 °C were used to inocu-
late nutrient agar plates supplemented with 5 g/L of 
glycerol and 15 g/L of glucose. Single colonies were 
used to inoculate nutrient agar plates supplemented 
with 10 g/L of glycerol and 10 g/L of glucose; another 
culture was made in a nutrient agar plate containing 
15 g/L of glycerol and 5 g/L of glucose; and finally 
a single colony of this culture was transferred into a 
medium with 20 g/L of glycerol. In each culture the 
cells were left 3 days.

2.3.3 Culture Media 

The seeding medium was prepared according to 
Kim et al. [28]. It contained 1 g/L  (NH4)2S04; 1.5 g/L 
KH2PO4; 3.5 g/L Na2HP04; and 0.2 g/L MgSO4

.
 

Different concentrations of purified glycerol were 
used as carbon sources (20, 30 and 40 g/L). The pH 
was adjusted to 6.8 using NaOH. The carbon source 
and the MgSO4

.7H2O were autoclaved separately and 
added aseptically to the medium.

2.3.4 Preculture and Inoculum

Precultures (100 mL shake flasks containing 20 mL 
of the nutrient broth, pH 7.0) were inoculated with a 
single B. megaterium colony from nutrient agar plates 
and incubated at 30 °C for 24 h on a Heratherm IMH 
180 incubator (Thermo Scientific, Langenselbold, 
Germany) with a rotary shaker at 120 rpm (Daigger 
Scientific, IL, USA).

2.3.5 Shake Flask Culture 

Shake flask experiments were performed in a 125 mL 
Erlenmeyer flask containing 25 mL of the medium 

described previously, using different concentrations 
of glycerol and glucose. The flasks were incubated at 
30 °C in an orbital shaker for 36 h. The experiments 
were carried out in triplicate. Fed-batch fermenta-
tion in shake flask with the higher concentration of 
glycerol was performed, under the same conditions 
described above, to study the production of PHB. 
After the cell density reached an absorbance of 3.0, a 
glycerol solution was introduced manually to keep its 
concentration constant and thus stimulate the produc-
tion of PHB. Growth was monitored up to 78 hours; all 
samples were then collected for analysis, as described 
in Section 2.4.

2.4 Analytical Methods 

The biomass of the culture was determined using 
optical density measurements at 600 nm in a UV-1800 
UV-Vis spectrophotometer (Shimadzu Scientific 
Instruments, Columbia, MD, USA). The PHB content 
of the biomass from the B. megaterium cultivation was 
dissolved in 10 ml chloroform and 1 ml of this solution 
was transferred to a fresh sample glass tube. Once the 
chloroform in the sample tube was completely vapor-
ized, 10 ml of concentrated H2SO4 was added and the 
tube sealed with a glass stopper. This tube was heated 
in a boiling water bath for 20 minutes to complete the 
conversion of PHB into crotonic acid. The sample was 
cooled, mixed vigorously with a vortex mixer and 
transferred to a quartz cuvette for measurement of UV 
absorbance in a spectrophotometer. Commercial PHB 
(Sigma-Aldrich, St. Louis, MO, USA) was converted 
into crotonic acid by the method previously described. 
The presence of PHB was confirmed by the presence 
of a peak obtained at 235 nm. The UV absorbance of 
the commercial PHB was used to generate a standard 
curve and determine the concentration of PHB from B. 
megaterium cultures.

2.5 PHB Extraction

The purification method used was proposed by Hahn 
et al. [29]. The PHB containing bacteria was collected 
by centrifugation at 5000 rpm for 15 min. The biomass 
was dried in a drying oven at 50 °C for 24 h. The dry 
biomass was treated with dispersions of 2.5 mL chlo-
roform and 2.5 mL of sodium hypochlorite solution 
20% (v/v). The mixture was incubated at 35 °C for 1 h 
with constant agitation, and then the mixture was cen-
trifuged at 4000 rpm for 10 min. Were obtained three 
separated phases. The upper phase was hypochlorite 
solution, the middle phase contained cell debris and 
undisrupted cells, and the bottom phase was chloro-
form containing PHB. The hypochlorite solution phase 
was removed with a pipette, and then the chloroform 
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phase was obtained by filtration with a 0.22 µm pore 
size Ministart® membrane filter. Then, the chloroform 
phase was evaporated completely to obtain the puri-
fied PHB. 

2.6 Data Analysis

The statistical program Minitab 17 (version 2.9; 
Minitab Inc., State College, PA, USA) was used to per-
form the analysis of the results. Data were analyzed by 
using one-way analysis (ANOVA). P values of < 0.05 
were considered significant. 

3 RESULTS AND DISCUSSION

3.1 Purification of Crude Glycerol 

The production of PHB from crude glycerol starts 
with the glycerol purification process before the fer-
mentation step by chemical methods. Glycerol is a 
carbon source that has been used for the production 
of PHB in bacteria such as Ralstonia eutropha [17], 
Novosphingobium capsulatum [26], Chelatococcus dae-
guensis [25], different Bacillus species [14, 27], and 
mixed microbial community [30]. However, it has 
been reported that PHB production increases with the 
use of purified glycerol [31].

The content of purified glycerol varied between 
88.8% and 91.1% (Table 1). The process of purifica-
tion involved the acidification of the crude glycerol, 
which resulted in the formation of three phases: a top 
phase of fatty acid, a middle glycerol-rich phase and 
a bottom phase of the remaining inorganic salts of the 
biodiesel production process. The use of pH adjust-
ment to remove saponified fatty acids from a crude 
glycerol solution has been reported previously and 
has a very important effect on the final composition 
of the purified glycerol [32, 33]. The percentages of 
purified glycerol obtained in this work are higher than 
those reported by Ooi et al. [34], where the percentage 
of glycerol was 51.4%, and Simpson et al. [35], where 
the percentage was 82.5%; and is similar to that of 
the bipolar electrodialysis method used by Schaffner 
et al. [36], in which the percentage obtained was 95%. 

However, the disadvantages of bipolar electrodialysis 
are that the yield depends mainly on the concentration 
of impurities in the crude glycerol and it is also a more 
expensive technique. Impurities such as fatty acids 
and Na+ ions can be deposited on the membrane and 
could decrease the efficiency of purification [37]. 

Table 1 shows the physicochemical properties that 
were obtained from each of the monthly glycerol 
samples.

In this work, a pH value of 6 for the acidification 
step resulted in total ash content between 3 and 4% 
(Table 1), similar to that reported by Manosak et al. 
[38]. This ash content may be due to the content of 
SO4

–2 ions, resulting from the ionization of the H2SO4 
added during the acidification step, which is com-
plexed with the sodium ions of the salts present in the 
crude glycerol, thus forming Na2SO4 that is relatively 
insoluble in aqueous solution, especially at a low 
pH; consequently, these salts precipitate during the 
phase separation process and distillation process [38]. 
Regarding the physicochemical properties of the puri-
fied glycerol, we only found significant differences in 
pH and viscosity. This may be due to the fact that both 
the pH value and the viscosity are properties that can 
be affected by the water content in the sample. 

3.2  Thermogravimetric Analysis of the 
Glycerol 

Thermogravimetric analysis (TGA) of the glycerol 
was used to determine the purity of purified glycerol. 
The TGA analysis showed that the decomposition 
of the crude glycerol presented four phases. In Figure 1 
the weight loss curve of the crude glycerol with 10 °C/
min of temperature flow can be observed. The weight 
loss values during phase 1 were 14.2%, which may be 
due to substances such as methanol and water pres-
ent within the production of biodiesel. Within phase 2 
there is a 56.2% weight loss at a maximum tempera-
ture of 198.0 °C, which indicates the volatilization of 
the glycerol present in the sample [39]. In phase 3 a 
22.5% mass loss was obtained, which is represented 
by impurities of fatty acids that did not react in the 
transesterification [39]. And finally, there was a 5.9% 

Table 1 Physicochemical properties of the purified glycerol.

Parameter

Time (month) Density (g/mL) pH Viscosity (cP) Ashes (% p/p) Glycerol content (% p/p)

1 1,18a 6,61a 470a 3,03a 88,80b

2 1,19a 6,7b 465,5b 3,24a 91,53ª

3 1,19a 6,48c 530c 3,89a 92,13ª

*Values with the same letter do not show significant statistical differences.
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loss in phase 4, which could be the salts derived from 
the catalyst used in transesterification [39].

Table 2 shows the mass loss, the initial mass loss 
temperature, the maximum mass loss temperature 
and the final mass loss temperature for each phase of 
the crude and purified glycerol obtained from the 
TGA curve (Figures 1 and 2).

The TGA curve of the purified glycerol obtained in 
August, presented in Figure 2, only presents one phase, 
which represents an 89.1% weight loss beginning at 

115.7 °C and ending in 258.5 °C. The residual mass 
obtained was 3.7%, indicating salt impurities, which 
is a very similar value to that obtained for the ash con-
tent showed in Table 1. 

3.3 FTIR Analysis

The comparative FTIR between the purified glycerol 
and the glycerol J.T.Baker® used as a reference is seen 
in Figure 3. Characteristic peaks can be observed 

Table 2 Analysis of the TGA curve; results obtained from each phase on the TGA curve of crude and purified glycerol.

Crude glycerol Purified glycerol

Phases 1 2 3 4 1

Mass lost (%) 14.2 56.2 22.5 5.9 89.5

Initial mass loss temperature (°C) 30 87.5 324.1 397.1 116

Maximum mass loss temperature (°C) 65 198 355.4 481.5 231.1

Final mass loss temperature (°C) 86.2 300.8 396.2 532.7 303.9
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Figure 1 TGA mass loss curve of crude glycerol with 
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Figure 2 TGA mass loss curve of purified glycerol with 
10 K/min.
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3.4 Fermentation Procedure

3.4.1 Batch Culture in Shake Flasks

Batch cultures in shake flasks were conducted under 
nutrient-rich conditions to determine the bacterial 
growth rate. A growth curve was determined for glu-
cose and compared with that of glycerol derived from 
the biodiesel production (Figure 5). These results indi-
cate that compared to glucose, the purified glycerol 
is a good carbon source for the growth of B. megate-
rium DSM 32, which could result in higher PHB pro-
ductivity. This might be due to the fact that glycerol 
is metabolized by the β-oxidation pathway generating 
more ATP molecules compared to the glycolysis path-
way, a process by which glucose is metabolized, which 
could stimulate more growth of the bacteria [42–44]. In 
Figure 4 it can be observed that with the concentration 
of 40 g/L glycerol we obtained the highest absorbance, 
reached at 21 hours.

3.4.2 Fed-Batch Culture in Shake Flask

A fed-batch culture in shake flasks with an initial con-
centration of 40 g/L of glycerol was carried out to 
determine the cell growth rate and the production of 
PHB. It consisted of an initial cell growth phase under 
nutrient-rich conditions, followed by PHB forma-
tion under nutrient limitation and an excess of carbon 
source [45]. The concentration of 40 g/L has also been 
reported by other authors for the growth and accumu-
lation of the polymer [25]. Figure 5 shows the growth 
curve obtained after addition of glycerol at 21 hours. 
It was determined that the fed-batch fermentation in 
shake flask improves the growth, which could increase 

such as stretching of the O-H bond at 3279 cm–1, C-H 
stretching at 2938 cm–1, C-O-H bond bending at 1414 
cm–1, O-H bending at 920 cm–1 and also O-H bending at 
1648 cm–1 of free water [16]. It can be seen that the sig-
nals obtained in the FTIR of the purified glycerol coin-
cide with those obtained in pure glycerol; however, 
the marked signal located at 1648 cm–1 is not found 
in the pure glycerol spectrum (a), indicating that the 
water content within the sample of purified glycerol 
is very high compared to commercial glycerol. There 
was no presence of fatty acids in the purified glycerol, 
since these compounds present characteristic bands at 
1580 and 1740 cm–1, whereas the band at 1580 cm–1 is 
related to the carboxylate (COO–) and at 1740 cm–1 is 
due to the presence of the carbonyl group (C=O) char-
acteristic of esters or carboxylic acids; this could also 
be confirmed in the TGA analysis that was performed 
on purified glycerol (Figure 2) [40]. This phenomenon 
is due to the fact that in the presence of acidic condi-
tions, the soap residues present in the crude glycerol 
were hydrolyzed to insoluble free fatty acids accord-
ing to the following reaction [38, 41]:

 RCOONa + H2SO4 → RCOOH + Na+ + SO4
–2 (1)

We can conclude that the purification process 
used in this work was very effective because of the 
higher purification percentages obtained, and could 
be used not only for the purification of glycerol 
 generated from transesterification of waste oils but 
also for crude glycerol from biodiesel production 
using other oils such as palm, castor and Jatropha 
curcas.
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is required to enhance the production of PHB, one 
strategy could be adding microelements in the culture 
media to increase the biomass of the Bacillus megate-
rium DSM 32.

The PHB extraction and purification method using 
sodium hypochlorite and chloroform has the advan-
tage that it is very simple and efficient. In previous 
studies, Hahn et al. showed that this purification tech-
nique reduces the degradation of PHB by hypochlorite 
and reduces many problems of other extraction meth-
ods [29]. This is due to the fact that once the hypo-
chlorite lyses the cell wall, the polymer is released into 
the medium and dissolved in chloroform immediately, 
which provides a protective function to the PHB.

The method of quantification used [46] is based 
on the rupture of PHB polymer in its monomer units, 
which reacts with sulfuric acid. A dehydration reac-
tion converts the monomeric units of hydroxybutyric 
acid to crotonic acid, which is capable of absorbing UV 
radiation at a wavelength of 235 nm. The amount of 
UV radiation absorbed by the crotonic acid is directly 
proportional to the amount of PHB present in the 
sample.

4 CONCLUSIONS

Due to its availability and low price, glycerol should be 
considered as a suitable inexpensive carbon source for 
PHB production, as well as the specie B. megaterium, 
which is able to use this residue as an energy source for 
its development and accumulation of the polymer. We 
determined that the fed-batch fermentation in shake 
flask improves the growth and the PHB accumulation 
in the stationary phase. The quantification method 
used was adequate to determine PHB production at 
laboratory scale, specifically at flask scale. 
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