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Abstract A physicochemical characterization of natural
raw resin material was evaluated and reported. The studied
material is a natural resin, a natural product from pinus
halepensis trees which is collected from the forests of
Chalkidiki region of North Greece. The plurality of this
product combined with its special property of removing
water from commercial liquid fuels commands the detailed
physicochemical characterization of this material. In par-
ticular, various techniques, such as water adsorption at
22 °C, thermogravimetric analysis, differential scanning
calorimetry, Fourier transform infrared spectroscopy and
X-ray diffraction, were used in order to evaluate the
structural and surface properties of the material. The water
adsorption isotherm was also measured and fitted using the
Guggenheim, Anderson and De Boer model in order to
correlate the water activity characteristics. In addition, the
kinetics of the adsorption was also fitted with good accu-
racy using the exponential Chapman model. Furthermore,
as the results show, the natural resin presents good thermal
characteristics. Finally, the studied material presents
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efficient water adsorption properties, up to 246.8 mmol/g,
and it can be proposed as a promising dehydration material.

1 Introduction

The basic origin of the petrochemistry industry is the
mineral sources, petroleum and natural gas. In particular, in
our days, fossil feed-stocks in the form of oil (crude oil)
and gas (natural gas) are by far the most important raw
materials for the chemical industry, representing more than
90 %. In the chemical industry, the larger part of the raw
materials is converted to polymers [1, 2]. This is the reason
why in the recent years natural renewable products have
attracted renewed attention as raw materials for the
preparation of resins and other polymeric materials, to re-
place or augment the traditional petrochemical-based resins
and polymers. Natural products such as resins, rubbers and
tung oil have found various uses in the painting, varnishes
and chemical industries [3].

Until the decade of 70’s, Greece was considered as the
main resin-producing country of the Europe due to the
quantity and the quality of the (oleo)-resin products (tur-
pentine, rosin) collected from the natural forest populations
of pinus halepensis Mill. Resin, as a secondary forest
product, is a natural renewable source which constitutes the
basis for the development of hundred of biochemical
products, especially now that the chemical industry is
rapidly developing. In particular, pine resin, and also
oleoresin, represents an inestimable and renewable source
of terpenes, showing several industrial applications. For
example, turpentine, feedstock, cleaners, pine oil, fra-
grances and flavoring compounds, pesticides, solvent and
thinner for paintings and pharmaceuticals products may be
produced by natural resins [4, 5]. Today, it is well
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established that the natural resin (oleoresin) properties
depend on key factors, mostly genetic background and
environmental effects [5, 6]. Furthermore, quality (and
quantity) of pine resin (oleoresin) and its by-products can
be regulated by plant age [5, 7], geographic origin [, 8, 9]
and different stresses, such as drought [5, 10], prescribed
fire [5, 11], extreme temperature [5, 12, 13] and flooding
[5, 14]. Worldwide, but mostly in China, the pine resins
constitute a basic material for the applied medicine market.
In particular, the natural resin has been used to treat in-
flammation, to relieve cough symptoms and to alleviate
pain. The pine resin is also used for the treatment of skin
diseases, burn and scald wounds, trachitis, pulmonary tu-
berculosis and as a good antiseptic [15, 16]. Recent studies
have indicated that the pine resin mainly consists of the
chemical constituents of abietane and pimarane diterpene
acids, which were reported to have many biological and
pharmacological functions, including antitumor, anti-in-
flammatory, pesticidal and antibacterial properties, as well
as lowering cholesterol and inhibiting ATPase activities
[15, 17-22]. On the other hand, the pine natural resins are
reported as good candidates for renewable alternative
source for bio-fuel [5]. This is supported due to the natural
resin high concentration of isoprene, a building block of
terpenes, a promising source for bio-fuels and it has already
been discussed in community [23]. Therefore, the pro-
duction of natural resin from pine trees can be an attractive
solution in the area of new renewable substitutes of fuel
sources. Note that the genetic engineering has been de-
veloped in order to increase the production of the isoprene
[24].

This work forms the next step of our previous, recent
work, where natural resin, from pinus halepensis pine trees,
was used as a dehydration agent in diesel fuels in order to
improve their physicochemical properties [25]. Here, in
this work, the used resin is characterized by water vapor
adsorption isotherm as well as by various advanced tech-
niques. As we present in the previous work, the natural
resin can be used as a good material in order to remove the
dissolvent water from the commercial diesel fuels [25].
Here, we investigate the mechanism of this phenomenon,
using water adsorption measurement, as well as we study
some basic properties of the material, such as the thermal
properties, the crystalline properties and some basic

Fig. 1 Resin photos. a a
macroscopic approach of the
fresh collected resin from pinus
halepensis pine trees, b picture
of the raw sample and ¢ picture
of the dried powder sample
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dimensional characteristics of the polymer. The description
of the experimental routes and the used instruments as well
as the results are all presented and discussed in the fol-
lowing paragraphs.

2 Experimental
2.1 Natural resin material

The chosen material for this study is a natural resin from
pinus halepensis pine trees from the area of Chalkidiki,
North Greece (Fig. 1). The resin is a secondary product of
pines [26] and generally all conifers, formed in the process
of evolution as a defensive mechanism of these species
against biotic factors (pathogens, insects, etc.) [27]. The
average yield of the selected pine, from which the resin
material is derived, is more than 10 kg per year per tree,
one of the highest amount worldwide [28, 29].

The resin flows through the resin canals, and it is usually
collected by wounding the bark (resin harvesting, tapping).
The resin as a natural forestry renewable resource is con-
sidered a product of significant economic value worldwide,
since it is the raw material for the production of numerous
secondary chemical, high-added-value products [30]. The
composition of the resin is described previously [25, 31]. In
this work, two resin samples were studied and discussed.
The first one is the “raw resin” sample which is the ma-
terial as exactly collected from the pine trees, after the
purification of the dirtiness/impurities. The second sample
is the “dried resin,” the derivative sample from the “raw
sample” which produced after their drying, at inert envi-
ronment overnight at 100 °C, and was powdered
mechanically.

2.2 Characterization techniques

The natural resin, both raw and dried, samples were char-
acterized using various techniques. Firstly, in order to
evaluate the water adsorption capacity, adsorption isotherm
at 22 °C has taken place and the kinetics were also
recorded and discussed. The macroscopic structure of the
studied resin materials was evaluated using an optical mi-
croscopy. On the other hand, the thermal properties were
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evaluated using differential scanning calorimetry (DSC)
and thermogravimetric analysis (TGA) [25, 32]. The
Fourier transform infrared spectroscopy (FTIR) was used
in order to evaluate the difference at atomic bonds between
the sample before and after the drying. Finally, X-ray
diffraction (XRD) technique was performed in order to
approach results relevant to the intermolecular character-
istics [33, 34].

2.2.1 Water adsorption

The water adsorption isotherm of the dried sample was
measured gravimetrically, at 22 °C by means of an Intel-
ligent Gravimetric Analyser (IGA, Hiden Isochema). The
sample was outgassed at 80 °C overnight, under ultrahigh
vacuum (107 mbar).

2.2.2 Temperature-modulated differential scanning
calorimetry (TM-DSC)

DSC measurements were performed using a temperature-
modulated differential scanning calorimetry (TA Instru-
ments, Model MDSC 2920). In order to investigate the
temperature where the resin gives the characteristic phase
transitions, the DSC technique was used for both raw and
dried resin samples. Both runs were undertaken using a
heating ramp of 2 °C/min, a cooling rate of 5 °C/min and a
temperature modulation of +0.32 °C every 60 s.

2.2.3 Thermogravimetric analysis (TGA)

TGA spectra were obtained in a TGA/DTA-DSC Ther-
mogravimetric—Differential Thermal Analyzer (Setaram,
Setsys Evolution 18). Both resin samples (~70 mg) were
heated from room temperature up to 600 °C in platinum
crucibles, with the same linear heating rate of 2 °C/min.
The furnace was fed with 20 cm®/min pure Ar, while the
heat flow rate was kept constant throughout the pyrolysis
process. The temperature increased from 25 to 120 °C in
steps of 2 °C/min. The samples were left at 120 °C for
30 min in order to remove any absorbed water molecules,
volatile impurities and any trace of solvents. Then the
following pyrolysis protocol was applied: heating rate of
2 °C/min up to 600 °C, stabilization at the maximum

Fig. 2 Chemical structure of ( a)
a-pinene molecule (a), abietic
acid molecule (b), isopimaric
acid (c¢) and methyl abietate—
abietic acid (d)

HsC
HsC

temperature for 30 min and then controlled quenching at a
cooling rate of 10 °C/min down to 25 °C.

2.2.4 Fourier transform infrared (FTIR) spectrum analysis

FTIR spectra of both resin samples, raw and dried, were
recorded using a horizontal ATR Trough plate crystal cell
(Thermo Electron 6700 ATR diamond) equipped with a
Nicolet 6700 FTIR (Thermo Electron Corporation) oper-
ating at room temperature. For the spectra analysis, the
samples were placed on the crystal cell, which was in turn
mounted on the spectrometer. The spectra in the range of
400-4,000 cm~!' were scanned and the automatic signals
were collected. The background spectrum was recorded at
room temperature with an empty cell.

2.2.5 X-ray diffraction

The X-ray diffraction (XRD) patterns were recorded on a
Siemens XD-500 diffractometer using CuKa X-ray source.
Both samples were put into the standard XRD powder cell
and the experimental time for the XRD spectra was about
8 h.

3 Results and discussion
3.1 Natural resin

As a chemical compound, the resin is a mixture of ter-
penoids and fatty acids [25]. Some of these compounds are
volatile (turpentine) and others nonvolatile (resin). Among
the terpenoids, the monoterpenoids and the sesquiter-
penoids constitute the volatile part that is the 15 % of the
total resin weight and they are the components of turpen-
tine. These resins are a natural polymer product, which can
be reported as a blend of terpenes (monoterpenes and
diterpenes), whose basic building block is the isoprene, a
substance with five carbon atoms and eight atoms of hy-
drogen (CsHg), which could “generate” hydrogen bonds
with water molecules, also in diterpenes via charged groups
(carboxyl groups) and dynamic absorption of water mole-
cules (Fig. 2). Due to these molecules, the water molecules
can be adsorbed at high amounts based on physical
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adsorption mechanisms mainly on the active “points” on
the surface of the material.

The main chemical composition of the studied natural
resin is: monoterpenes 32.9 % (a-pinene 30.72 %),
sesquiterpenes 1.26 % (unresolved diterpene aldehyde
(M = 286) 0.52 %, primaric acid 0.41 % and cyclohex-
anecarboxylic acid 0.29 %) and diterpenes 65.84 %
(methyl abietate + abietic acid 39.93 %, palustric acid
9.57 %, isopimaric acid 5.87 % and abietic acid 5.71 %)
[25, 31].

3.2 Water adsorption analysis

The mass changes during the adsorption process can be
described as a function of time during the equilibrium at
each relative pressure P/P, by the follow equation:

a(t) = 0[1 - exp(2)] (1)

where ¢(#) is the change of sample mass (g/g) in terms of
time, ¢ is time in min, Q represents the water adsorption
capacity at equilibrium, and B is time, in min, for the ad-
sorption of half the amount of water adsorption capacity at
equilibrium (B = ¢, when ¢(t) = Q/2).

The relationship between water vapor adsorption ca-
pacities and equilibrium relative humidities can be de-
scribed by the Guggenheim—Anderson—-de Boer model
(GAB) with the three parameters, according to Eq. 2.

(M() Ckaw)

M =
(1 = kay)(1 — ka,, + Cka,,)

(2)

where C is the Guggenheim constant, k is a constant cor-
recting the properties of the multilayer molecules with
respect to the bulk liquid, M is the equilibrium water
content (% dry basis), and M, is the monolayer moisture
content (% dry basis) [35]. Based on these approximations,
both kinetics and isotherm curves were fitted with the
particular models and the specific parameters were calcu-
lated using the Origin software.

The water adsorption capacity of the resin material was
first characterized by the kinetics of water during equilib-
rium at different relative pressures (relative humidities)
from 0 to 95 % at 22 °C. The kinetic curve is observed in a
typical exponential shape and the equilibrium time is vi-
brated from ~ 81 min, at the first equilibrium point of
P/Py = 0.06, up to ~300 min for P/Py = 0.95. In order
to fit better the experimental data, the Chapman exponen-
tial model is applied [36], Eq. 3, and both the experimental
and calculated data of the first equilibrium point presented
in Fig. 3. Here in Eq. 1, one additional parameter, L, has
been added as exponent in the second part of the equation.
Specifically, the Chapman model is described as follows:
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Fig. 3 Kinetics of water vapor adsorption for dried resin sample at
22 °C in case of an increased RP (relative pressure) from 0 to 6 %.
Experimental points (x) and calculated curve (—) by the exponential
Chapman model

o) = o[t —exp()]" 3

where again ¢g(¢) is the change of sample mass (g/g) in
terms of time, ¢ is the time in min, Q represents the water
adsorption capacity at equilibrium, B is the necessary time,
in min, for the adsorption of the half amount of the total
water adsorbed amount (B = f, when ¢(7) = Q/2), and L is
an extra function for the curvature correction of the curve.

For each relative pressure, the change in sample mass
follows, as a function of the time, the exponential route
according to Eq. 3. The model parameters were calculated
as: Q = 61.57(£0.78356), B = 10.92(£0.00501) min and
L = 0.5, indicating that the total amount of water adsorbed
reaches 61.85 pg while half was adsorbed during the first
10.92 min of the process.

As observed in Fig. 3, the calculated values of water
adsorption capacity are very close to the experimental
values. Good fitting of the experimental data, with similar
accuracy, was also observed for all other equilibrium
steps,P/Py = 0.06 to P/Py = 0.95, (data not shown).

The water adsorption isotherm (both adsorption and
desorption branches) is presented in Fig. 4. The equilibri-
um moisture content increased with increasing water ac-
tivity following a shape typical of vapor adsorption
corresponding to type III isotherms according to the Bru-
nauer’s classification [37] with total amount of water ad-
sorbed reaching 0.0137 g/g or 246.8 mmol/g. This uptake
value is close to what was reported by other researchers for
natural materials [35], higher than activated carbons [38]
but lower than silicate mesoporous structures [39].
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Fig. 4 Water vapor adsorption/desorption isotherm of the dried resin
sample at 22 °C
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Fig. 5 Comparison between experimental water vapor adsorption
isotherm and predicted water vapor adsorption isotherm at 22 °C.
Experimental points (+) and calculated curve (—) by the GAB model

The water desorption from dried resin sample showed
quite significant hysteresis in agreement with previous
studies concerning other natural and synthetic materials,
such as montmorillonite [40] and copolymers [41]. How-
ever, as shown in Fig. 4, the hysteresis loop is wide at
relative pressure of 90 %. The hysteresis is maintained
although narrower down to the lower relative humidity
P/Py = 0. This remaining amount of water cannot be re-
moved except by outgassing at room temperatures. Similar
behavior of the desorption branch has also been observed
in sepiolite materials [42]. This phenomenon is observed in
systems, where the adsorbate does not condense in meso-
porous channels but forms clusters of water molecules
nucleated on active centers of the surface.

In Fig. 5, experimental and predicted, by the GAB
model, water adsorption isotherms are compared at 22 °C.
The adsorption isotherm has a sigmoidal shape indicating a
two-step humidity adsorption process [43—46].

During the first step, up to ~P/Py = 0.45, a linear re-
gion is observed during monolayer and subsequent

multilayer stacking of water molecules, followed by a
second region where water clusters begin to form leading
to a steeper adsorption curve. The experimental data were
fitted, with very good accuracy, R* = 0.998, using the
GAB model, and the model parameters were calculated
obtaining the following values: monolayer water content,
My = 0.15946, Guggenheim constant C = 0.07171 repre-
senting the heat of sorption for the formation of the first
layer and K = 0.9049. The values of k (K < 1) and the
correlation coefficient (R2 > (0.98) showed that the GAB
equation is an adequate equation for fitting experimental
data for starchy films, as previously reported by other au-
thors [47, 48].

3.3 Temperature-modulated differential scanning
calorimetry (TM-DSC)

The characteristic transition temperature, 7,, is about
37 °C (data not shown). In addition, the raw resin sample
exhibits an endothermic peak at 127 °C due to desorption
of the strongly adsorbed humidity followed by a second,
smaller endothermic peak at 144 °C when the volatile
components start to “crawl.” In the case of the dried resin
sample, the first peak does not occur at 127 °C and the
second is shifted to the right due to the heating pretreat-
ment. The main endothermic peak, for both samples, can
be observed at temperatures over 240 °C.

These curves can be attributed to the relaxation, defor-
mation and finally the degradation of the polymeric chains.
Particularly in the case of the raw resin sample, the re-
quired heat (energy) is 198.7 J/g, while it is 85 J/g in the
case of the dried sample. This difference in required energy
of the chain relaxation occurs due to the reordering of the
polymeric chains during heating for the drying of the
sample. As shown in Fig. 6, the peaks of these endothermic
curves appeared at 247 and 262 °C for the dried and raw
resin samples, respectively. These temperatures can be
reported as the melting transition points for each studied
sample.

3.4 Thermogravimetric analysis (TGA)

For our carbonization experiments, argon was chosen as a
pyrolysis gas since it is considered the best non-active gas
for polymeric precursor materials; it results to a milder
activation action than it is possible with other gases such as
helium or nitrogen [49].

As we can see in Fig. 7, there are three main weight-loss
stages for both resin samples. The first weight loss region
occurs up to 300 °C when the two curves are identified
“instantaneously.” The weight loss of the raw resin sample
was recorded strongly due to the removal of the adsorbed
humidity as well as the evaporation of the volatile and
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Fig. 6 DSC curves of the raw
natural resin and the dried resin
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“stronger” components (the boiling point of a-pinene, the
main compound of monoterpenes, is 156 °C and the av-
erage boiling point of sesquiterpenes is ~272 °C). At both
cases, a sharp change in the mass occurred at 120 °C. This
can be explained due to the evaporation of the “strongly”
adsorbed water molecules. In this temperature, the raw
resin sample presents a loss of 3 % of the mass whereas in
the dried resin sample, just the 0.14 % of the mass de-
creased. At the temperatures above than 300 °C, and up to
450 °C, the plurality of the resin compounds is evaporated
(boiling points: neo-abietic acid 433.35 °C, abietic acid
439.5 °C) and the degradation of the complex polymer
structure starts. The third weight loss, from 88 to 99.98 %,
above 360 °C, in case of raw resin sample, and above
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390 °C, in case of dried resin sample, is attributed to the
degradation of the structure when finally the 99.8 % of the
total weight is lost. As we can see, after the temperature of
480 °C, all the differences between the two curves disap-
pear and both curves present exactly the same transition. In
this region, 480-600 °C, the mass of the samples almost
disappeared and only the 0.02 % of the total mass re-
mained. If the pyrolysis had taken place under oxidation
conditions, air, all the mass would have disappeared.

As we can see in Fig. 7, the thermal stability of the dried
resin sample is better than the raw sample at overall the
temperature zone. This means that the evaporation of the
water and of the other volatile compounds, during the in-
creasing of the temperature up to 100 °C, is not the only
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phenomenon that occurs but also some other reformation of
the chemical compounds takes place resulting to thermally
stronger structure.

3.5 Fourier transform infrared (FTIR) spectrum
analysis

The FTIR spectra of both resin samples are shown in
Fig. 8. The transmittance wave numbers labeled in blue
refer to the dried resin sample, whereas the blank ones refer
to the raw resin sample.

As it can be seen (Fig. 8), the IR spectra of the two
studied samples are almost identical at overall wavelength
region, from 420 up to 3,980 cm™'. The presence at the
resin (colophony) of carboxyl acids explains the strong
stretching vibration of carbonyl which was observed at
1,960 cm™!. The characteristic wide band between 2,500
and 3,000 cm™' attributed to the absorption of the
stretching OH, characteristic of the carboxyl acid dimer.
This region is observable in the case of the raw resin
sample, where some moisture amount, humidity, is still
adsorbed. The peaks at the 2,545 and 2,652 cm™! corre-
spond to the overtone stretching of the carboxyl group. The
peaks at 1,458 and 1,385 cm™ ' appear due to CH, and CH;
bending. In addition, the hydrocarbon structures that con-
tain the three ring structures in the diterpenes give the
strong stretching vibration modes C-H of the methyl and
methylene group shown at 2,870 and 2,930 cm ™" as well as
the C=C bonds appeared at the extra weak peak at
3,080 cm™'. Characteristic signals from aromatic groups
appear at 795 and 898 cm™' likewise the signal at
1,280 cm ™! refers to the O—-H bending. Furthermore in the
region of 3,100-3,640 Cm_l, the antisymmetrical and

‘Wavenumbers (cm")

1000

800 A

— Resin Gel
—— Resin Dried

600 4

400

Instensity [a.u.]

200 4

Fig. 9 XRD spectra of the two studied samples

symmetrical stretching modes of water, v,((O—H) and
vs(O-H), which appear at 3,477 and 3,421 cm !, respec-
tively, give an expanded “bell” peak stronger in the case of
the raw resin sample which contains moisture from the
environmental humidity. These characteristic peaks of the
pine resins were also reported previously by other re-
searchers [50-52]. Concluding, as we can see in Fig. 8 the
two spectra are almost the same without any intense
difference.

3.6 X-ray diffraction
As we can see all the peaks were observed at small angles
for both studied samples (Fig. 9). In the case of the raw

sample, approximately 21 characteristic peaks were
recorded with the main peaks being remarked at 14.78,
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16.35, 17.06, 18.65, 20.76, 24.13 and 35.52 26. On the
other hand, the dried resin sample observes a wide “peak”
from 5 to 30 20° where some strong peaks occurred at 10.7,
14.59, 154, 16.09, 16.8, 17.82 and 18.36 206°. Here the
evaporation of the high volatile compounds as well as the
collapse of the structure and the destruction of the crys-
tallinity, during the drying process, are the main reasons for
the disappearance of many peaks and the formation of this
main wide peak.

4 Conclusions

The present study was an attempt to establish the possi-
bility to use natural resins as a candidate material for water
adsorption applications. For this purpose, water adsorption/
desorption isotherm at 22 °C was performed in two resin
samples, one raw and one dried, and the kinetics were
recorded and analyzed. In order to fit the experimental data
with empirical models, both the adsorption isotherm branch
and the kinetic curves were fitted with the GAB and the
Chapman exponential models, respectively. On the other
hand, the thermal properties of the dried sample were in-
creased referred to the raw material, and the local chains
conformation seems to be more organized. In addition, the
drying process of the natural resin does not change the
chemical profile of the material as the FTIR spectra pro-
vide. In conclusion, as the water adsorption isotherm
shows, the natural resin from pinus halepensis pine trees
can be a promising renewable material for water adsorp-
tion/removal applications, due to the receivable total ad-
sorbate amount of the water.
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