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Abstract

The search for cleaner production technologies and sustainable development tools has prompted increasing interest in the use of
new, renewable raw materials for biorefineries and energy production. Thus, biodiesel production from the pulp oil (fruit oil) of
Acrocomia totai Mart., a species of palm tree, is currently being investigated. However, the bioenergy potential of biomass from
different parts of this species is still unknown, and may not be limited to oil from the pulp. Therefore, the aim of this work was to
evaluate the leaves of A. fotai as a secondary source of lipids and energy. Deciduous and fresh leaves were submitted to the
Soxhlet and Bligh & Dyer extractions, and the presence of 1.0 to 5.8% of unsaturated fatty acids was observed by GC-FID
analyses. The crude extract (CE) of the leaves was obtained by exhaustive extraction with methanol and then partitioned with
different solvents. CE and its fractions were characterized by 'H nuclear magnetic resonance (NMR) spectroscopy, and the
thermal properties were determined. The average specific heat of the grease fractions was 2.0 J g ' K" and the calorific value of
the polar and non-polar fractions varied from 15.7 to 34.1 MJ kg'. For the whole leaves, the calorific value of the deciduous
leaves was higher than that of the fresh leaves due to their lower water content, as determined by thermogravimetric-differential
thermal analyses (TG-DTA) and infrared (IR) spectroscopy. The residual pies from the Soxhlet extractions of the deciduous and
fresh leaves were characterized by TGA-DTA and scanning electron microscopy (SEM), revealing a lignocellulosic fibrous
material with calorific values of 14.2 MJ kg " and 9.3 MJ kg ', respectively, and an average specific heat of 1.6 J g ' K™'. These
thermal properties are comparable to those of sugarcane bagasse, a widely used type of biomass for industrial large-scale
bioenergy production in Brazil. Therefore, these results indicated that it may be possible to harvest the deciduous leaves, a
residue from the “macauba” cultivation, for energy cogeneration in biodiesel refineries.
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Introduction

Biomass is a renewable raw material, of biological origin or
from non-fossil materials that can be used as an energy source
[1, 2]. Nowadays, the global energy system depends heavily
on fossil fuels, and in 2016, petrol derivatives contributed to
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81% of the total primary energy supply of the world. Even
though the supply of renewables has been increasing over
time, only a 1% increase has been observed since 2000.
Among renewable energy sources, biomass is the majority,
with a 13% share in the global energy mix, followed by hy-
dropower at 3%, and all other renewable sources (solar, wind,
geothermal, tidal, and others) contribute to only 2%. Africa is
the continent with the highest rate of use of energy from re-
newable sources in its global energy matrix, with 48% of the
total. It is followed by America (12.7 %), then Asia (11.8 %),
Oceania (11.5 %), and Europe (10.5 %) [3].

Several agricultural crops and woods from reforestation are
important sources of biomass for energy purposes. In terms of
crop production in 2016, sugarcane, corn, wheat, rice, and
soybean accounted for the most significative ones, with a
world average production of 1891, 1060, 749, 741, and 335
million tons, respectively [3]. For fuel production purposes,
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sugars and oils from sugarcane, corn, and oleaginous crops
can be industrialized to produce liquid bioethanol and biodie-
sel. Biofuels can also be produced using by-products or resi-
dues like plant straws, husks, stalk, and bagasses, using chem-
ical and biotechnological processes based mainly on cellulose
degradation and the production of fermentable sugars [4—6].

In Brazil, hydropower accounts for most of the electricity
produced in the country, while biomass power plants, which
are mainly fueled by sugarcane bagasse, accounted for a size-
able 9.2% of overall capacity, even though different sources of
biomasses are available in large amounts throughout the coun-
try. On the other hand, ethanol is a remarkable example of
success in the sector of biofuels for use in internal combustion
engines (mainly automobiles). It is mainly produced using the
process of fermentation in sugars from the sugarcane juice
bagasse at competitive prices [4]. In the USA, ethanol is main-
ly produced by fermentation processes in sugars obtained
from corn. In both countries, the production of biodiesel using
soybean oil has also grown, especially during periods of high
international oil prices [5].

One of the major drawbacks of the use of crops for
energy production is the competition with the production
of food for humans and livestock. Recently, the use of
corn and soybeans in the production of biofuels has
boosted the prices of these commodities, causing inflation
in the markets of human food products, animal feed, beef,
pork, and poultry meat [7]. Therefore, it is of the utmost
importance that we make an effort to find new sources of
biomass for energy production that will not interfere with
the food market, avoiding the risk of leading many re-
gions to dangerous food security levels, especially in de-
veloping countries [8]. To address this need, the use of
agricultural non-food raw materials has gained special at-
tention. Sugarcane bagasse is one of the most successful
cases of materials for cogeneration of energy. While the
juice of the plant is used for sugar and ethanol production,
the residual bagasse can be used in thermoelectric power
generation [4]. This approach has been adopted by several
Brazilian mills at a large scale, with interesting economic
and environmental gains [4, 9, 10]. Moreover, the ligno-
cellulosic material can be used in the production of more
sugars and ethanol, using enzymatic or chemical degrada-
tion of cellulose [7]. Based on this success, other ligno-
cellulosic biomasses are gaining attention as possible
sources of energy that do not pose a threat or competition
to the traditional food chain raw materials [7, 8].

“Macatba” (macaw palm) is the popular name of the palm
trees belonging to the genus Acrocomia, native to South and
Central America. It has been widely researched in recent years
as a source of vegetable oil, which is extracted from its pulp
and almonds [11, 12]. The oil can be used in biodiesel pro-
duction or in various cosmetic applications. Much of the
macauba palm farming is carried out in small farms or on
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native trees [13, 14]. Commercial large-scale cultivation is a
fast-approaching reality, given the large number of studies
aimed at adapting and domesticating the species for this pur-
pose [15, 16]. However, the possible use of other non-fruiting
parts of this palm, such as the leaves, for energy purposes has
not been reported in the literature.

With the growing need to diversify the energy matrix and
create new business and household income possibilities,
macauba leaves show the right properties for biomass produc-
tion, because they grow in large quantities and fall from the
trunk of the tree, forming massive structures of biomass,
known as “deciduous”. Thus, in addition to harvesting fruits
for large-scale oil production, falling leaves could be harvest-
ed to provide a cheap raw material for energy cogeneration
[12, 14].

Due to the need for maintaining the sustainability of natural
resources for the supply of raw materials, food production,
livestock feed, biofuel synthesis, and textiles, new sources of
renewable products should be inserted in the global market
taking into account environmental awareness. In this sense,
the present work aimed to study the potential of Acrocomia
totai Mart. leaves, both fresh and deciduous, as a source of
oleaginous material and biomass for energy production. It is
noteworthy to note that no report on the energetic potential of
the A. totai leaves was found in the literature. The oleaginous
material was extracted with different techniques, character-
ized, and the resulting cake had its thermal and combustion
properties determined.

Material and Methods
Leaves Harvesting and Pre-treatment

The macauba palm tree (Acrocomia totai Mart.) originated in
the municipality of Moreira Sales, Parana, Brazil (longitude S
24° 3' 23, 64"; latitude W 53° 3' 26, 32"). An exsicata was
authenticated by Dr. N. T. V. Junqueira and deposited in the
herbarium of the State University of Maringa (No. 29683).
Deciduous leaves (DL) were collected after the natural fall
from the palm trunk (forage), and fresh leaves (FL) were col-
lected directly from the plant at a relative humidity of 68%,
with clear and fully sunny skies in April (Autumn) at 23 °C.
After harvesting, the FL were dried at room temperature (25
°C) until constant weight, and the DL water content was de-
termined according to the standard gravimetric method [17]
on a dry basis (d.b.) at 105 °C for 24 h.

After dried, the leaves were ground in a knife mill
(CienLab), and samples with mesh size 28 (0.59 mm)
were obtained and submitted to the Bligh & Dyer (BD)
extraction, Soxhlet extraction (SE), and methanol ex-
haustive extraction (ME).
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Soxhlet Extraction

The oil extractions from deciduous leaves were performed in
replicates (n = 3) employing the Soxhlet technique [18]. A
total of 10 g of DL was placed in a cellulose cartridge for
extraction with n-hexane PA (300 mL) with its boiling point
68 °C as the extraction temperature. The extraction operating
times were 4, 8, 16, and 24 h, and the sample was exhausted
within 48 h of extraction. After the extraction, the solvent was
recovered from the oil with a Fisatom 802 rotary evaporator.
Quantification of the oil was performed by gas chromatogra-
phy (GC) as described below.

Bligh & Dyer Extraction

BD extraction from DL and FL was performed in replicates (n
= 3) with an adapted Bligh & Dyer [19] methodology. In an
Erlenmeyer flask, 15 g of sample were weighed along with 30
mL of chloroform and 60 mL of methanol. The flask was
capped and shaken for 5 min. Then, 30 mL of chloroform
was added, followed by a further 2 min of intense stirring. In
sequence, 30 mL of distilled water was added, and the
resulting mixture was stirred again for 5 min. Finally, the
sample was filtered on filter paper, washed with 50 mL of
chloroform. The liquid was then transferred to a separatory
funnel and allowed to settle for 24 h. Then, the chloroform
fraction was separated from the aqueous phase and allowed to
evaporate at room temperature.

Exhaustive Extraction with Methanol

To obtain the crude extract (CE), 1.22 kg of ground A. fotai
leaves were subjected to exhaustive extraction at room tem-
perature (25 °C) using distilled methanol, according to a mod-
ified protocol [17]. Then, the methanolic mixture was submit-
ted to evaporation under reduced pressure at 600 mmHg and
45 °C, obtaining 167.4 g of CE. This procedure was repeated
6 times, using 4 L of methanol in each extraction.

First, the CE (167.4 g) was washed with hexane, obtaining
the hexanic fraction (MH, 26.0 g). In sequence, the remaining
fraction was washed with chloroform and ethyl acetate,
obtaining the respective chloroform (MC, 4.7 g) and ethyl
acetate fractions (MA, 5.3 g). Finally, the crude extract was
washed with methanol, obtaining the methanolic fraction
(MM, 81.7 g). The remaining solid (RF, 19.6 g) was called
the remaining fraction, as shown in Fig. 1.

Chromatographic Analysis

The fatty acid (FA) composition analysis was performed in a
Varian CP-3800 gas chromatograph (GC) coupled with a
flame ionization detector (FID) and a specific capillary col-
umn for separating esters (BP-X70-SGE; 30 m x 0.25 mm).

Helium was used as the carrier gas on a 1:10 split ratio. The
analysis was performed with a temperature-programmed col-
umn: the initial temperature was 110 °C and the temperature
was subsequently ramped up to 160 °C at 8 °C min ' and then
to 230 °C at 3.5 °C min '. The temperatures of the detector
and injector were kept constant at 220 and 260 °C, respective-
ly. The components of the analyzed sample were identified by
comparing the retention times in the capillary column with the
retention times of a standard sample (fatty acid methyl ester
mix). The chosen internal standard (IS) was 23:0 methyl
tricosanoate (Sigma—Aldrich) [12].

Nuclear Magnetic Resonance

"H-NMR spectra were obtained on a Bruker AVANCE Il HD
model equipment, operating at 500.13 MHz, a field of 11
Tesla with a 5-mm probe and direct field gradient detection.
For the analysis, 20 mg of samples were dissolved in 600 uL
of deuterated solvent (CDCl;, CD;0OD, D,0) (Cambridge
Isotope Laboratories, Inc) with tetramethylsilane (TMS) as
the internal reference [20].

Infrared Spectrum Analysis

The spectra were obtained by the technique in the medium
infrared range between 450 and 4000 cm™ ' with a resolution
of 1 cm™' and 64 accumulations per sample. For the analysis,
tablets of the samples and KBr were prepared by mixing
200 mg of KBr with 2 mg of sample (CE), previously dried
in an oven at 105 °C. The sample and KBr were placed in a
tablet maker and submitted to a 5-ton pressure, gradually in-
creasing each 30 s until maximum pressure (5-ton), remaining
for an additional 30 s. Then, the tablets were submitted to a
Fourier transform infrared spectroscopy (FTIR), performed on
a Perkin Elmer Frontier model equipment [21].

Scanning Electron Microscopy

Scanning electron microscope (SEM) images were obtained
in a scanning electron microscope (FEI-Quanta 250) located
in the Research Support Center Complex (COMCAP/UEM)
at the State University of Maringd (UEM, Brazil). A priori
analysis, the samples were dried at 100 °C for 24 h. The
samples were placed on a stub with double-sided carbon tape
on the surface and coated with a thin layer of gold before the
analysis. The SEM images were obtained applying an accel-
eration voltage of 15 kV and a current intensity of 30 pA. [22].

Determination of Specific Heat Capacity (c,)
Specific heat capacity was determined for the samples of the

deciduous leaves, fresh leaves, 4 h extraction pie, 48 h extrac-
tion pie, hexanic fraction, chloroform fraction, ethyl acetate
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Fig. 1 Obtaining polarity gradient fractions in different organic solvents from the crude extract obtained from A. fotai leaves. CE, crude extract; MH,
hexane fraction; MC, chloroform fraction; MA, ethyl acetate fraction; MM, methanolic fraction; RF, remaining fraction

fraction, methanolic fraction, and crude extract.
Measurements were performed on a calorimeter based on
the thermal relaxation method. This consists of analyzing the
temperature variation in the sample as a function of time after
the application of a heat pulse, where the sample is fixed
(substrate). In this assembly, the sample was fixed to the ther-
mal reservoir by copper wires, and a diode laser (Coherent,
model 3-1050, 635 nm, power up to 10 mW) was used to
generate a temperature difference between the system (sub-
strate + sample) and the thermal reservoir. This temperature
difference was measured using a differential thermocouple
connected to a Keithley model 2182 nanovoltmeter. The tem-
perature controller (Lakeshore, model 340) was responsible
for reading the thermal reservoir and controlling its tempera-
ture. The experiment was monitored by a microcomputer
through a GPIB (General-Purpose Interface Bus) interface.
By adjusting the thermal relaxation curves, the specific heat
capacity value of the sample was obtained [23].

Calorific Value

The calorific value for the samples of the deciduous leaves,
fresh leaves, 4 h extraction pie, 48 h extraction pie, hexanic
fraction, chloroform fraction, ethyl acetate fraction, methano-
lic fraction, and crude extract were analyzed according to the
methodology of NBR 11956 [24]. A digital calorimetric pump
was used (Parr 6200) located in COMCAP/UEM. For this
analysis, ground samples and sieves were packed in steel cap-
sules (approximately 5.00 x 10" kg) and were placed inside
the calorimetric pump for combustion.

Thermogravimetric Analysis

The crude extract and fractions from exhaustive extraction, a
residual cake from the shortest hexane extraction (4 h) and
exhaustion (48 h), DL, and FL were characterized in thermo-
gravimetric (TG) and thermogravimetric differential (DTG)
terms (COMCAP/UEM). The experiments were carried out
in a simultaneous Netzsch TGA-DSC equipment (STA 409
PG TA model), over a temperature range of 25 to 900 °C in air
atmosphere. For each analysis, approximately, 15 mg of
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sample was deposited in alumina crucibles. The crucible ster-
ilization was performed in an air atmosphere at 1500 °C in a
muffle furnace [9].

Statistical Analysis

Results were expressed by means of values + standard devia-
tion of the determinations. A comparison of means was per-
formed by the Tukey test analysis of variance (ANOVA) with
5% confidence level (p < 0.05).

Results and Discussion
Oleaginous Content Extraction

Table 1 shows the oil content extracted with the Soxhlet and
the BD techniques. The oleaginous content was determined in
the Soxhlet extraction of DL using n-hexane for 48 h, resulting
in the value of 5.79 + 1.29%. For the extraction in the time of 4
h, 1.04 £ 0.53% of oleaginous content was observed. To date,
no content of grease material in the leaves of A. fotai has been
reported in the literature, but studies have shown that oil ex-
tracted from macauba (Acrocomia aculeata) fruits with

Table 1 Extraction of

oleaginous content by Oil content® (%)

Soxhlet and Bligh &

Dyer techniques Soxhlet extraction®, time (h)
Extraction pie 4 h 1.04 +0.53
Extraction pie 8 h 1.78 £ 0.09
Extraction pie 16 h 341+0.74
Extraction pie 24 h 444 +£2.56
Extraction pie 48 h 579+ 047
Bligh & Dyer extraction®
Deciduous leaves 547+£1.29
Fresh leaves 1.07 +£0.18

# Extraction from deciduous leaves

b Reaction time is shown in section Bligh
& Dyer extraction

¢ Mean =+ standard deviation (n = 3)
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different solvents have high oil contents that varied between
23.4 and 30.0% [14, 25].

Extraction by the Bligh & Dyer technique is faster than the
Soxhlet technique, and it resulted in similar extraction values
for the grease material content, which are 5.47% and 1.07%
for the DL and FL, respectively. The lowest yield by the Bligh
& Dyer method with the macauba FL can be explained by the
presence of moisture, which impaired the extraction phenom-
enon [26]. In addition, a moisture content of 64.30% was
observed for the FL and 11.39% for the DL, meaning that
weighing an equal amount of DL and FL will increase the
oil yield in the DL, as noted by the presented results.

Fatty Acid Composition

The fatty acid composition was obtained by gas chromatogra-
phy (GC-FID). A predominance of polyunsaturated fatty acids
was observed in the grease material obtained from the DL
(92.62 £ 13.25 Mgpany Acid Zexiract ) and FL (73.38 + 8.85
MEatty Acid gExtmfl), extracted with the Bligh & Dyer tech-
nique as show in Table 2. In turn, the grease material extracted
from DL in the Soxhlet technique showed a majority of satu-
rated fatty acids (137.65 + 4.99 mgr,uy Acid gExtmfl) in its
composition. This difference was attributed to the temperature
and the extraction time, both higher in the Soxhlet technique
relative to the BD technique. This impaired the stability of the
pi bonds that are characteristic of the polyunsaturated com-
pounds. The composition, mostly polyunsaturated fatty acids
in the DL and FL, was similar to the oils extracted from the
pulp and almonds of the macatiba fruits, in which Souza et al.
[12] found high concentrations of unsaturated (63.5%) and
polyunsaturated (14.8%) fatty acids, corresponding to 78.3%
of the total unsaturated fatty acids in unripe almonds. For
macatiba acid (24.9 mg KOH g™ ') and neutral pulp oil
(2.7 mg KOH g "), Silva et al. [14] observed the presence of
55.8-68.4% for unsaturated acids and 18.8-10.7% for poly-
unsaturated acids, respectively, including oleic acid, linoleic
acid, and linolenic acid [11, 13].

For the extraction performed with the FL using the BD
technique, a predominance of linoleic acid (43.8 + 1.93
MEFay Acid gEmacf') was observed, followed by palmitic acid
(26.71 = 1.09 mgrauy Acid gExtracfl), oleic acid (15.33 +1.2
MZFatty Acid gExtract_l)s stearic acid (1324 + 0.64 MZFatty Acid
ggxtracfl), v-linolenic acid (11.81 £ 0.95 mgraty Acid
gExtracfl), and linolenic acid (10.7 £ 5.34 mgraty Acid
Sxtact | )» s show in Table 2. The grease from the DL obtain-
ed via Bligh & Dyer extraction presented the following quan-
tities of fatty acids in descending order: palmitoleic acid
(42.41 £ 1.8 M@payy Acid gExthf]), 11,14-eicosadienoic acid
(29.7 £ 4.01 mgrauy Acid gExtracf'), oleic acid (29.27 + 1.08
MEaty Acid gEmaCfl), gondoic acid (24.21 + 2.44 gondoic
acid), gamma-linolenic acid (23.53 + 3.88 mgpauy Acid
ggxtracfl), and stearic acid (21.07 £ 0.88 mgraty Acid

ggxtracfl). For the analysis of the grease material extracted in
a Soxhlet, the majority composition (> 10 mg g ') in decreas-
ing order was stearic acid (76.44 £ 2.16 mgpayy Acid gEmacfl),
oleic acid (67.63 £ 1.97 mgray Acid Sxuact ), palmitic acid
(43.6 £ 1.99 mgrauy Acid gEmacfl), palmitoleic acid (22.88 +
0.53 mgrauy Acid gExtracfl), gondoic acid (14.59 £0.22 mgg,yy
Acid gEmact_l), and gamma-linolenic acid (10.61 + 0.9 mgg,y
Acid SExtract ), as show in Table 2. It is worth mentioning that
11,14-eicosadienoic acid was not detected in the macauba FL
extract. It is important to point out that the acid composition
may vary when different solvent or extraction methods are
employed [25]. Thus, Trentini et al. [25] found similar yields
when using n-hexane and dichloromethane as solvents in the
Soxhlet extraction from macatba pulp oil, but extraction with
compressed propane provided achieving ~ 86% of the yield
obtained via the Soxhlet. However, a difference was observed
in the fatty acid composition, i.e., 63.1 g in 100 g of oil for
hexane solvent, 56.5 gin 100 g oil for dichloromethane, and
an average for compressed propane ~ 60.0 g in 100 g ' of ol
in oleic acid content, when compared to the three extractions,
respectively.

Scanning Electron Microscopy of the A. totai Leaves

The crushed leaves of A. fotai were analyzed by SEM and the
images are presented in Fig. 2. The surfaces of the fresh
leaves’ (Fig. 2a) fibers are covered in impurities specific to
the fibers, such as waxes and other types of fatty acids [27,
28], with significant presence of leaf parenchyma cells [29]. It
can also be observed that the deciduous leaves (Fig. 2b)
showed defined fibers and a compact structure in contrast to
the FL, indicating a shrinkage of the DL which is a common
phenomenon in fibrous plants [27, 30]. This shrinkage is re-
lated to the loss of unbound water molecules between the
material’s fibers and is important for food analysis and nutri-
tional values such as vitamins and minerals [30]. The SEM
images of the residual DL extraction pies extracted for 4 h
(Fig. 2c) and 48 h (Fig. 2d) revealed that the n-hexane extrac-
tion removed the exterior wax layer and degraded the paren-
chyma cells, thus exposing the compact fibrous structure [29].

As shown in Fig. 2, the SEM analysis showed that the
solvent promoted the opening of the cells of the leaf paren-
chyma, facilitating the removal of the grease matter and cor-
roborating the differences between the fatty materials obtained
by the Soxhlet and Bligh & Dyer extractions.

Hydrogen NMR Analysis of CE and Fractions

Exhaustive extraction is a soft technique that aims to obtain
high levels of grease extraction with significant released
amounts of extractable material, and is considered a compre-
hensive method for screening the major secondary metabolites
from the biomass without introducing significant chemical
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Table 2 Fatty acid composition

of the macauba leaves extracts Fatty acid name

. .. -1
Fatty acid composition (Mg Fagy acid € Extract )

determined by gas
chromatography Bligh & Dyer Soxhlet 48 h
FL DL DL

Caprylic acid (8:0) 1.78 £0.42* 1.01£0.12% 1.22 £0.02*
Undecylic acid(11:0) 0.84 £0.41° 1.84+0.117 1.06 £0.27*
Tridecylic acid (13:0) 2.88 £0.4% 748 +0.6° 3.91 £0.05%
Myristic acid (14:0) 6.24 +0.13" 14.69 + 1.07° 6.93 £ 0.15°¢
Myristoleic acid (14:1n-5) 1.52 +£0.25° 2.82 +0.59*° 0.87 £0.03*¢
10-pentadecenoic acid (15:1n-5) 3.12+0.28° 2.71 +£0.42° 2.73 +0.07*
Palmitic acid (16:0) 26.71 £ 1.09* 4241 +1.8° 43.6 + 1.99°
Palmitoleic acid (16:1n-7) 7.81 +£0.25° 13.63 +1.05° 22.88 £ 0.53¢
Stearic acid (18:0) 13.24 + 0.64* 21.07 +0.88° 76.44 +£2.16°
Oleic acid (18:1n-9c¢) 1533 £1.2° 29.27 + 1.08° 67.63 £1.97°
Linoleic acid (18:2n-6) 43.8£1.93% 11.88 +1.12° 4.57 £0.65°
v-linoleic acid (18:3n-6) 5.49 £0.24% 4.66 +£0.78° 5.45+0.04%
Gondoic acid (20:1n-9) 7.58 £0.93% 2421 +2.44° 14.59 £ 0.22°
11,14-eicosadienoic acid (20:2n-6) ND 29.7 £4.01° 8.05 +£7.32%
Linolenic acid (18:3n3) 10.7 £ 5.34* 17.62 +2.43%° 9.3 £0.59*¢
Behenic acid (22:0) 74 +1.16 2.78 +0.99* 451 +0.35"
-y-linolenic acid (20:3n6) 11.81 £0.95° 23.53 +3.88%° 10.61 £ 0.9%¢
Arachidonic acid (20:4n6) 1.59 0.4 524 +1.03° 348 +£0.5°°
3. Saturated 59.09 £4.24 91.28 £5.57 137.65 +4.99
3. Monounsaturated 3536 +£2.91 72.64 +£5.58 108.7 £2.82
3. Poli-unsaturated 73.38 £ 8.85 92.62 £13.25 4146+ 10
¥ n-6 62.69 £3.51 75.0 £10.82 32.17+941
¥ n3 10.7 +£5.34 17.62 +£2.43 93 +0.59
n-6/n-3 5.86 +0.66 426 +445 3.46+15.85

FL, flesh leaves; DL, deciduous leaves; ND, not detected

The triplicate mean + SD followed by the same superscript letter in the same line do not differ statistically by the
Tukey test with 5% confidence level.

changes [31]. "H analyses were performed on the crude extract
and on the fractions obtained from FL, because it is a non-
destructive technique that is fast, selective, and capable of
simultaneously detecting a large number of constituents in
the complex mixtures [32]. Table 3 presents the results of
the NMR analysis for the crude extract and the fractions from
the FL of A. totai. Several diagnostic signals in the mixtures
from the FL of A. fotai were observed in the "H NMR spec-
trum. Among them, signs of terminal methyl group protons
(—(CH,),—CH3;) were observed in the region between oy 0.77
and 0.99 [12]. Also, there were characteristics of pentacyclic
triterpenes and steroids with unsaturation, which can be con-
firmed by the signals of double linkage (-CH=CH-) observed
in the region between 6y 5.12 and 5.37 [33]. Evidence of long
chains (—(CH,),—) was observed in the region between &y
1.61 and 1.68, as a characteristic of mixtures of fatty com-
pounds, such as triacylglycerols found in vegetable oils [33].
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Signs of heteroatoms were also observed in the region be-
tween &y 3.25 and 3.89, assigned to OCH, and OCH ester
groups, and CHOH and CH,OH groups from the glycerol part
of glyceroglycolipids and phospholipids [20], and were also
observed in the region between &y 1.99 and 2.05, which is a
characteristic of allylic hydrogens (~CH,—CH=CH-)[34].
This result was coherent with the previous study with
A. totai leaves, in which the phytochemical composition of
the crude extract was described, leading to the identification
of triterpenes, phytosteroids, and fatty acids [33].

At high field, "H NMR analyses of the methanol fraction
and crude extracts showed signs of terminal methyl groups
(—(CH,),—CH3) in the region between 6y 1.05 and 1.30. In
the middle field, signs of anomeric hydrogens of sugar units
were observed in the region between &y 3.12 and 4.48 [32]. In
the low field region from oy 6.51 to 7.50, there were mainly
signs of aromatic and olefinic hydrogens of flavonoids. Signs



Bioenerg. Res. (2021) 14:1025-1037

1031

25.00kV | 9.6 mm | 4.5

HV D | spo
M | 25.00kV | 9.4 mm | 4.5

[ —

MCAP - UEM

Fig. 2 SEM images of FL (a), DL (b), residual DL 4 h extraction pie (c); residual DL 48 h extraction pie (d)

of stilbenoids can be seen in the region between 5.12 and 5.41
[32, 35].

Fourier Transform Infrared Analysis of the Residual
Soxhlet Extraction Pies

The infrared spectra obtained through the analysis of the FTIR
from the residual Soxhlet extraction pies of A. totai DL
showed the presence of compounds with common functional
groups, as shown in Fig. 3. A broadband was observed in the
region 3700-3400 cm ', which suggests an O—H stretch that is
a characteristic of natural fibers [36]. For the macauba fibers

evaluated in this study, the band was observed at 3451 cmﬁl,
and this band was attributed to the substituent groups of phe-
nols, alcohols, and carboxylic acids. The spectra also indicat-
ed the presence of bands in the region between 2918 and 2848
cm ' that were related to the stretches of C—H carbon sp’
bonds [37]. In the region of 1737 cm™, a carbonyl (C=0)-free
band was observed, and this band’s intensity can be attributed
to the intermolecular interactions between the carboxylic
groups of hemicellulose and the lignin structure [38]. In the
region of 1716 cm ', there is an ester carbonyl stretch (C=0)
[36, 38]. A C—H absorption band was also observed at 1377
cm ' (-C—CHs). The presence of a band at 1635 cm !

Table 3 Analysis of RMN 'H of

the crude extract and fractions of Chemical group RMN, &y
FL from A. fotai
MH MC MA MM CE

—(CH,),—CH; 0.77-0.99 0.77-0.99 0.77-0.99 1.05-1.30 0.73-1.05
—(CH,),— 1.61-1.68 1.61-1.68 1.61-1.68 ND 1.19-1.62
—CH,CH=CH- 1.99-2.05 1.99-2.30 1.99-2.24 ND ND
—-OCH, 3.25-3.89 3.25-3.89 3.25-3.89 3.12-4.48 3.12-4.50
—CH=CH- 5.12-5.37 5.12-5.37 5.12-5.37 5.12-5.41 5.12; 5.40
Aromatic ring (-CH-) ND ND ND 6.51-7.50 6.52-7.43

MH, hexane fraction; MC, chloroform fraction; MA, ethyl acetate fraction; MM, methanolic fraction; CE, crude

extract; ND, not detected

@ Springer
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Fig. 3 Comparison of the FTIR/ATR spectra of the residual Soxhlet
extraction pies of A. fotai DL

indicated the presence of (3-glycosidic bonds between the sug-
ar units at 1160 ¢cm™ . Furthermore, the infrared spectra
showed results similar to those previously observed for
macauiba palm cake (A. aculeata) [39].

Some signals may be linked to hemicellulose, cellulose,
and lignin, like the presence of the band at 1416 cm ™', which
is a characteristic of symmetrical deformation in methylene
groups (CH,) and angular deformation in —(CH,)— at 720
cm ' [40]. The broadband at 1033 cm ™' was associated with
the stretch of the C—O bond that is also a characteristic of
cellulose [36]. The signal in the region of 1480 cm ' signaled
the axial deformation of C—H and the bands between 1040 and
1160 cm™' C-O are indicative of alcohols and phenols [38,
39].

Specific Heat Capacity (c,,)

The results obtained for the specific heat analyses are present-
ed in Table 4. It is possible to note that the specific heat
obtained for the DL and FL was equal to 1.6 J g™ K" for both
samples, but a slightly lower value was observed for the 4-h
extraction pie (1.3 J g ' K™"), and a higher value was observed
for the pie of 48 h (1.8 T g ' K.

The specific heat of the hexane, chloroform, and ethyl ac-
etate fractions of the extracts of the leaves of A. fotai showed
slightly different averages due to the difference in polarity of
the lipids extracted in each phase, as observed in the NMR
analysis of 'H and GC-FID, and the mean value observed in
each fraction was 2.2 J g_1 K. Thus, the values obtained
ranged from 2.2 J ¢! K™' in the non-polar fraction (hexane)
to 1.9 J g ' K! in the polar fraction (ethyl acetate). This
demonstrates a decrease in heat capacity due to the removal
of extracted substances with the solvent employed. Compared
with commercial oils, the specific heat of chestnut oil, canola,
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peanut, and sunflower are 2.35, 2.20, 2.04, and 2.07 J g71 Kil,
respectively [41].

The specific heat observed in the crude extract and the
methanol fraction was 2.1 = 0.1 and 2.3 £0.1 J g ' K™,
respectively. The observed value for the polar fraction (meth-
anol fraction) was higher than those of the non-polar fractions
studied (hexane, chloroform, and ethyl acetate). Since metha-
nol has the highest dielectric constant among the evaluated
solvents, its ability to reduce the power of the electric field
on the solute (EB) provides better solvation, thus promoting
more effective extraction of metabolites, especially carbohy-
drates, from the vegetable’s tissues [42].

Calorific Values

Table 4 shows the calorific values in kilojoule/kilogram for
the analyzed samples. The values we found showed a lower
calorific value for FL (9349.80 kJ kg ') when compared to
DL (14,215.34 kJ kg ). The presence of 64.30% moisture in
the FL justifies the lower calorific value observed when com-
pared to the DL, which presented 11.39% moisture. Results
reported in the literature on the analysis of the calorific values
of dry sugarcane leaves by Kumar et al. [43] demonstrate a
value of 18,080 kJ kg, while a value of 14,215.34 kJ kg™
was observed in the DL. When compared to other biomasses
that are consolidated in the market, such as rice (15,320 kJ
kgfl), wheat straw (19,120 kJ kgﬁl) [44], and sugarcane ba-
gasse (16,100 kJ kgfl) [34], the calorific value of the macatiba
leaves is similar to the amount of energy released in the burn-
ing of these raw materials. Thus, the calorific value indicates
the potential of the biomass for bioenergy production as co-
generation and is similar to the values reported for the endo-
carp and kernel cake residues from the macatiba fruit [10].

The calorific value of the DL was also determined after
performing the extractions with n-hexane. The calorific values
of'the residual pies from 4 h and 48 h extraction were observed
to be 17,213.61 kJ kg ' and 17,092.62 kJ kg, respectively.
This difference was attributed to the difference in the amount
of grease material extracted, which was 3.62 + 0.53% for 4 h
extraction in the Soxhlet, and 19.98 + 0.47% after exhaustion
at 48 h. Therefore, there was greater removal of fatty material
in exhaustion and the calorific value of DL after extraction
was reduced when compared to the residual pie at 4 h.
Evartisto et al. [45] produced charcoal from the carbonization
of'the A. aculeata fruit and reported 31,250.27 kJ kgﬁl for the
epicarp and 32,904.06 kJ kg ' for the endocarp. Evaristo et al.
[10] studied the potential of macauba palm residues such as
husk, pulp cake, endocarp, and kernel cake obtained after the
macauba fruit processing, and reported that it has great poten-
tial as feedstock and also in solid biofuel production. Thus, it
seems that several parts of the macatba tree can be employed
in processes of energy cogeneration.
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Table 4 Specific heat capacity

and calorific values of the crude Sample

Specific heat capacity (J g K) Superior calorific value (kJ kg ™)

extract, fraction, extraction pies,
and the deciduous and fresh
leaves of the A. totai

Deciduous leaves (DL)
Fresh leaves (FL)

Extraction pie 4 h* (EP4)
Extraction pie 48 h™ (EP48)
Hexanic fraction® (HF)
Chloroform fraction® (CF)
Ethyl acetate fraction® (EAF)
Methanolic fraction® (MF)
Crude extract® (CE)

1.6 +0.14 14,215.348
1.6+0.1* 9349.80"

13+0.14 17,213.61°
1.8+0.14 17,092.62°
224014 34,059.56"
20+0.1° 32,609.20%
1.9+0.14 29,585.10%
23+0.1" 15,733.68"%
2.1+0.1" 5316.39%

A Soxhlet extraction of deciduous leaves

B Fractions obtained from crude extract

€ Methanol exhaustive extraction of fresh leaves

Duplicates + SD followed the same superscript letter in the same line do not differ statistically by the Tukey test

with 5% confidence level

The calorific values were determined as shown in Table 4.
The n-hexane fraction, chloroform fraction, and ethyl acetate
fraction were extracted from the crude extract in a polarity
gradient solvent, since different solvents were able to differ-
entiate extract composition (as previously discussed) with dis-
tinguished calorific values [33]. The results showed that the
n-hexane (34,059.56 kJ kgfl), chloroform (32,609.20 kJ
kg '), and ethyl acetate (29,585.10 kJ kg ') fractions present-
ed the highest-to-lowest calorific values. As observed by 'H
NMR analyses, these fractions are rich in low-polarity com-
pounds, mainly fatty acids, that contribute to a higher calorific
value. Considering that the polar fraction (methanol) may con-
tain water and other high-polarity compounds, a lower calo-
rific value was expected, as Yan et al. [46] reported, and the
result of 15,733.68 kJ kg{1 for the calorific value of the meth-
anolic fraction agrees with the literature. The crude extract is
composed of a mixture of compounds with high molecular
mass, which reduced the value of the calorific power
(5316.39 kI kg ') when compared with the fractions extracted
with solvents [1, 47].

Thermal Analysis: Thermogravimetry/Derived
Thermogravimetry (TG/DTG), Differential Thermal
Analysis (DTA)

Figure 4 presents the TG and differential thermal analysis
(DTA) thermograms for the leaves of A. totai, fractions, resid-
ual pies, and crude extract. It was observed in the thermo-
grams of DL, FL, and pies from the 4-h and 48-h Soxhlet
extractions (Fig. 4a) that there was a similar behavior during
thermal decomposition, that is, the loss of mass in three stages.
In the range of approximately 25 to 150 °C, there was a 10%
reduction in the mass attributed to water loss [48], concordant

with the DTA curve (Fig. 4b), which presents an endothermic
peak at a maximum temperature of 150.5 °C. In the second
event, the reduction of mass in the temperature range between
150 and 530 °C was related to the decomposition of the or-
ganic matter in the biomass that is present in all of the ana-
lyzed samples. In this period, the loss of mass was approxi-
mately 60%, corresponding to the thermal degradation of
hemicellulose, cellulose, and lignin, that is, the compounds
that were observed in the infrared analysis. The thermal deg-
radation of hemicellulose and cellulose into volatile com-
pounds is related to a peak at 300 °C, and lignin decomposes
at a temperature of 450 °C [34]. For the thermographic curves
of the macauba fruit residues, Evaristo et al. [10] observed that
the residues with less lignin concentrations, such as pulp cake
(29.2%) and husk residues (27.5%), presented steeper weight
losses than the endocarp (31.6%) and the kernel cake (37.2%),
between 260 and 300 °C. The authors also observed that,
above 310 °C, all residues show the greatest reduction in
mass.

In the third event, in the temperature range between 530
and 900 °C, a residual mass loss of 5.2 to 12.1% was ob-
served, in which, the complete degradation of lignin is thought
to occur at temperatures up to 900 °C [49]. The DTA curve
(Fig. 4b) revealed endothermal and exothermic peaks corre-
sponding to the decomposition recorded in the TG curve,
which was also evidenced by the high specific heat, as shown
previously in Table 5.

For the samples obtained from the exhaustive and
fractioned extraction from the crude extract (hexane frac-
tion, chloroform fraction, ethyl acetate fraction, and
methanol fraction), a similar behavior was observed in
the thermograms (Fig. 4c) of the MH, MC, and MA
fractions. During thermal decomposition, three events

@ Springer
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Fig. 4 Thermogravimetric (TG) and derivative (DTA) thermograms of the A. totai leaves

were present in the decomposition process. The first  was approximately 85%. This was found to be the deg-
mass reduction event, in the temperature range between  radation of the organic matter present in the biomass,
25 and 150 °C, was attributed to the loss of water by  such as hydrocarbons, esters, aromatics, ketones, carbox-
desorption [48, 49], and a decrease of approximately 2%  ylic acids, aldehydes, and alcohols [49]. A third event in
in mass for the MH and MC samples and 5% for the MA  the temperature range between 470 and 900 °C was ob-
sample was observed. In the second event, in the tem-  served. This corresponded to a mass loss of approximate-

perature range between 150 and 470 °C, the mass loss ly 4%, as shown in Table 5.
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Table 5 Temperature ranges and

mass losses observed in Biomass AT Mass loss AT (°C)  Mass loss AT (°C)  Mass loss Total mass loss

thermogravimetric analyses O (%) (%) (%) (%)
DL 25-150  11.1 150-515  62.7 515900 7.8 81.6
FL 25-130 93 130-525  63.0 525900 5.2 71.5
*Residual
Pie4h  25-150 114 150-520  59.2 520-900 12.1 82.7
Pie48h 25-150 9.4 150-528  62.9 528-900 5.0 713
MH 25-150 2.0 150470  83.7 470-900 3.9 89.6
MC 25-150 2.0 150470  86.3 470-900 4.0 92.3
MA 25-150 5.0 150470  89.2 470-900 4.6 98.8
MM 25-160 135 160-500  57.8 500-900 7.6 78.9
CE 25-123 183 123-470  11.4 470-900 8.3 38.0

*Residual DL extraction pie from Soxhlet extraction
MH, n-hexane fraction; MC, chloroform fraction; MA, ethyl acetate fraction; MM, methanolic fraction; CE, crude

extract.

The crude extract (Fig. 4c) presented a small mass reduc-
tion of 38%, and in the first event, in the temperature range
between 25 and 120 °C, there was a higher decrease of 18.3%,
which suggests the presence of water and volatile compounds
[49]. In the second event, in the temperature range between
120 and 470 °C, one can observe only an 11.4% loss of mass.
This decomposition can be associated with a wide variety of
secondary metabolites, with low molecular mass [37]. In ad-
dition, it can be related to the same compounds that were lost
in the second event of the hexane, chloroform, and acetate
fractions, because all of the compounds present in these frac-
tions were originally in the crude extract. The analysis of Fig.
4 combined with Table 5 allowed us to infer that the use of
solvents n-hexane, ethyl acetate, and chloroform promoted the
extraction of low-polarity compounds, mainly fatty acids, as
inferred by the NMR and infrared analysis. Compounds such
as low molecular mass greases have high-energy potential and
combustibility. This explains the high rate of mass loss with
heating when compared to the crude extract or methanol frac-
tions, which have a greater amount of cellulosic and lignin
material [10, 37, 49].

Conclusion

Renewable sources of energy are essential in the com-
ing years due to their sustainability. Therefore, this
work shows that the A. totai leaves can be an interest-
ing source of lipids and energy, as determined by their
compositional and thermodynamic properties. It was ob-
served that the macatiba leaves have a calorific potential
similar to that of the sugarcane bagasse and other bio-
masses, which may be explained by the large presence
of fatty acids, lipid material, and low water content.

Thus, the cultivation of the macaiba trees to harvest
their fruits for biodiesel production, which is already a
common practice in many biofuel companies, may be
intercropped with the collection of deciduous leaves
for use in processes of energy cogeneration, with de-
creasing consumption of traditional fuels, less CO,
emissions, and cost savings without any big modifica-
tions in the refinery layout or agricultural practices in
farms.
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