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Abstract: Acai (Euterpe oleracea Mart.) is a berry found in Amazon Rainforest. Due to its increasing
commercial value, the cultivation of this fruit in northern Brazil is growing quickly, and with it the
increasing production of waste by this industry also poses a growing problem. This study presents
a characterization of all residual fractions of the industrial processing of acai and assesses its
potential as biomass and phytochemicals source, determining the content of lipids, extractives,
sugars, ashes, proteins, and the phytochemical composition of each residual fraction. It also studies
the extraction of these compounds by intensified microwave-assisted techniques (ambient-
pressure microwave extraction and pressurized microwave extraction at 1.5 bar and 3 bar). The oil
content represents 43.1% of the dry pulp weight, in which fatty acids such as oleic acid (58.5%),
linoleic acid (22.3%), palmitic acid (11.4%) and stearic acid (4.1%) were identified. The pulp and
seeds showed potential as antioxidant agent with ORAC (oxygen radical absorbance capacity)
values of 89760 and 65263 umol TE/100gpm. Microwave pre-treatments allowed to increase the
polyphenol contents and the antioxidant activities of extracts obtained from the pulp and seed

residues, yielding products of interest for the cosmetic or food industry.

Keywords: Euterpe Oleracea Mart.; agai by-products; residues; antioxidant activity; microwave

assisted extraction
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1. Introduction

Acai is a black-purple berry obtained from Euterpe oleracea palm plant, widely found in
northern South America [1]. According to Cronquist order, E. Oleracea is classified as Magnoliophyta
(Class: Liliopsida; Subclass: Arecidae; Order: Arecales; Family: Arecaceae; Subfamily: Arecoidae —
Euterpe oleracea Mart.). E. Oleracea palm grows optimally in waterlogged or humid areas. In E.
oleracea palm, berries grow in bunches and show a spherical and small shape. The fruit consists of
skin, pulp and seed. The seed is the largest part of the fruit, having an average diameter of 1.2 cm
of a total fruit diameter of around 1.5 cm [2].

Acai (E. Oleracea mart.) is mainly used to produce agai pulp, typically consumed in north of
Brazil. Now it is also known worldwide due to its antioxidant properties and its high content of
bioactive compounds. Just in Pard (Brazilian state), 180 thousand tons of acai pulp are consumed
per year [3]. A processing company produces a large amount of residue per day because just a small
part of fruit is eatable, around 5-15 wt% depending on the origin and maturity of the fruit. Seeds
represent approximately 80 wt% of the total fruit [4].

During the pulping process, pulp is separated from seeds (which constitute the first fraction of
residue). In a second step, pulp is clarified by a filter. In this step, a slurry constituted by fibres and
other solid residues produced during the separation of pulp from seeds is removed (thus forming a
second fraction of residue). Finally pulp is analyzed to certify its safety for consumption, and when
a pulp batch is considered inappropriate for consumption, the batch is discarded (constituting a
third fraction of residue). An overview of the manufacturing process with all residual fractions is

presented in Figure 1.
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Figure 1. — Scheme of acai processing industry.

The valorisation of these residual fractions is important for the economy and the sustainability
of the process. Since the seed represents a large fraction of the total amount of waste produced,
previous works have focused on the valorisation of seeds, in most cases considering them as an
energy source. For example, Teixeira et al. [5] evaluated the economic feasibility of using seeds in
thermal power plants, concluding that a back-pressure steam turbine was the best option, while Itai
et al. [6] evaluated the use of the seeds in a gasification unit, and Nagata et al. [7] developed a seed
drying method to increase the energy efficiency of the process. More recently, the application of
acai residues as raw materials for a biorefinery has been researched, also focusing on the
lignocellulosic fractions (seeds and slurry fibres), by the Lima et al. [8], who evaluated the production
of fermentable sugars from the seed and fibre waste fractions by a hydrothermal method. On the
other hand, Sato et al. [9] proposed a pyrolysis method to produce a biochar from these
lignocellulosic fractions that could be used for soil conditioning.

These applications of the lignocellulosic residues of the agai industry are promising, but these
residues could also be a source of bioactive compounds such as antioxidants. Although the content

of such compounds in the waste fractions has not been evaluated yet, several studies have
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highlighted the high content of these compounds in the fresh acai fruit. Seeds are composed by
cellulose and hemicellulose (63-81%), proteins (5-6%), lipids (2-3%), and minerals (2-6%) [10].
Polyphenols in the plant mainly comprise protocatechuic acid, different dimers of procyanidin, and
epicatechin [11]. Lipids present in the plant include fatty acids, phospholipids, sterols, sphingolipids
and terpenes [12]. In E. Oleracea fruit, oil content is an important fraction of the material,
representing around 45% of the dry mass (DM). On the fruit, different unsaturated fatty acids are
present, especially oleic (60%), palmitic (20-22%), linoleic (12%), palmitoleic (2-6%), and stearic acids
(2%) [10,13,14]. The main interest of oil rests on the presence of long-chain, unsaturated
compounds such as omega-9 fatty acids, and essential fatty acids such as stearic acid. Moreover,
the oil has antioxidant potential provided by polyphenols, phenolic acids such as vanillic acid,
syringic acid, p-hydroxybenzoic acid, protocatechuic acid, ferulic acid, catechin and numerous
procyanidin oligomers [15]. Plotkin and Balik [16] have reported several therapeutic properties of
this oil, including the antidiarrheal effect.

The most interesting compounds are identified in the pulp fraction. According to literature, in
the pulp of Euterpe Oleracea mart. berry some relevant compounds are present, such as
anthocyanins (Cyanidin, Pelargonin), flavonoids (homo-orientin, orientin, catequin epicatechin, p-
cumaric), prothocyanidins, and some other useful products (quercetin, vanilic, ferulic, and gallic
acid) [17,18]. According to Food Technology Institute of Sdo Paulo (ITAL/ SP), 100 g of fresh fruit
contains 336 mg of anthocyanins.

These compounds, present in the natural pulp, are expected in different concentration in the
residual products of agai processing. Moreover, each residual product has a different oil content
that can cause impedance during the extraction if it is not previously removed. All studies about
characterization of acai berry are based on fresh pulp or seeds content, and for this reason it is
necessary to perform a specific and detailed characterization of its residual fractions and by-
products.

Regarding the extraction of these valuable compounds from the residual fraction, maceration

is a traditional methodology to extract phytochemicals from natural materials. To perform this
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process, the raw material is soaked in water and/or an organic solvent, and the extraction usually
takes place at room temperature and requires many hours to be concluded. Depending on the raw
material, sometimes it is necessary to increase the temperature of the process to achieve a better
extraction yield.

Microwave-Assisted Extraction (MAE) and pressurized MAE (PMAE) are methodologies that can
be used as pre-treatment in the maceration process, allowing to reduce the time needed to achieve
the maximum extraction yield because the microwave energy acts into the slow diffusion steps of
the extraction [19]. Microwaves provide energy that heats the intracellular water, increasing the
pressure inside of the vegetal cell, which promotes the cell-wall rupture [20]. Due to this, the
internal-cell content is released, resulting in a drastic acceleration of the diffusion step, reducing the
time required for the extraction [21], contributing to reduce the degradation of antioxidants and
other bioactive compounds during the extraction.

The objective of this work is to characterize E. oleracea residues from industry (pulp — not
suitable for human consumption—, seeds, and slurry) as a potential phytochemical source,
determining the content of lipid, extractives (according to their total polyphenol, anthocyanin and
flavonoid content, and antioxidant activity by oxygen radical absorbance capacity (ORAC) value),
sugar, ashes, fixed mineral, fibre, protein, and the phytochemical composition of each residual
fraction. Furthermore, the extraction of these compounds by intensified microwave-assisted
techniques, MAE and PMAE, is researched. The final purpose is to evaluate the possibilities for

valorization of the industrial residues of this growing industry in northern Brazil.

2. Materials and Methods

2.1 Materials

2.1.1. Raw material
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The raw material was obtained from Obidos-PA-Brazil, consisting of seeds, slurry (fibers and
skins retained by the filter), and pulp (not suitable for human consumption). Sample preparation
was specific for each fraction of residue: seeds (which constitute the first fraction of residue) had an
average diameter size of 1.2 cm, and they were milled to a size lower than 5 mm, employing a Retsch
SM100 knife-mill, and then dried in an oven at 45°C during 48 h. The second and third residue
fractions (slurry and pulp, respectively) were frozen at -80°C and then lyophilized (Telstar LyoQuest)

during 72 h.

2.1.2. Solvents and chemicals used for extraction and analyses

The following chemicals and solvents were used in extraction experiments and in analyses:
monobasic potassium phosphate (Panreac, 99%), NaOH (Panreac), NaCl (Panreac), HCL (Sigma-
Aldrich, 37%), Na;HPO,.12H,0 (COFARCAS), NaHP0O4.2H,O (COFARCAS), trolox (Sigma-Aldrich,
97%), fluorescein sodium (Sigma-Aldrich, 95%), sulfuric acid (Panreac, 72%), n-hexane (Panreac,
95%), ethanol absolute (Panreac, 99.9%), calcium carbonate (Panreac, 99%), boric acid (Panreac,
99.8%), Folin-Ciocalteau reagent (Sigma-Aldrich, 2N), sodium carbonate anhydrous (Panreac,
99.5%), potassium hydroxide buffer (0.025 M KCl), trihydrate buffer (CH;CO;Na.3H,0 0.4M) at pH
4.5., NaNO; (Sigma-Aldrich, 99%), aluminum chloride hexahydrate ( Sigma-Aldrich, 99%), and 2,2-

azobis(2-methylpropionamidine) dihydrochloride (AAPH) (Sigma-Aldrich, 99%).

2.2. Biomass characterization

2.2.1. Residual moisture

The samples present a residual moisture determined by drying the sample at 45 °C during 24 h
and measuring the weight loss after drying. This process is also required as pre-treatment for Soxhlet

extraction. Final moisture content is given in percentage.
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2.2.2. Determination of extractives

The extracts employed in characterization assays were obtained using a Soxhlet apparatus and
a sequence of solvents (hexane, water, and ethanol) was used to extract each fraction.

An extraction thimble was placed in a Soxhlet apparatus (4.0 g of material), wherein 100 mL of
hexane was applied as solvent to remove the oil content in each fraction. The material stayed in
reflux for 6 h and temperature was regulated in order to have 4 cycles per hour. After extraction,
hexane was evaporated in a vacuum evaporation equipment and the oil extracted was solubilized
in acetone for a better manipulation. When the oil extraction was finalized, the thimble was placed
in an oven at 45°C until it achieved constant mass (established when the loss-mass is smaller or
equals 0.1 mg). The recovered extractives were stored in a refrigerator until further characterization
analyses.

Once the thimble achieved a constant mass, the mass was recorded and the thimble containing
the sample matrix was placed again in a Soxhlet apparatus to determine water extractive
compounds, using 100 mL of ultrapure water. The material stayed in reflux during 12 h or until the
condensed water was colourless. Temperature was regulated in order to have 4 cycles per hour.
After this, the filled thimble was placed in an oven at 45°C until it achieved constant mass. The
procedure was repeated again with ethanol as solvent. Both extracts were dried using a vacuum
evaporator, but in this case the extract was not solubilized in acetone at the end of process. The
amounts of water extractable compounds and ethanol extractable compounds were also
determined by the mass lost and confirmed by the dry mass after vacuum evaporation. For
polyphenol characterization, the procedure was repeated, avoiding the vacuum evaporation

extraction step, and extractives recovered were stored for analysis.

2.2.3. Determination of structural carbohydrates and lignin

Carbohydrates are an important part of the biomass residues. They can be part of structure
where they are bound linked, or they can be non-structural. To characterize carbohydrates, a

resistant tube was used where 300 mg of sample (after the extraction of extractives described in



172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

the previous section) were added together with 3 mL of sulfuric acid (72% v/v), and incubated for
60 min at 30 °C, under stirring. After incubation time, samples were diluted with 84 mL of pure
water. Tubes were transferred into an autoclave at 121°C during one hour.

Finally, the content inside tubes was filtered with a vacuum pump using a cellulosic filter. The
solid retained on the filter was washed with hot deionized water and then dried at 105°C, for at least
one hour, until constant weight. After recording the dry mass, samples were transferred to a muffle
furnace at 575°C for at least 6 h and until constant mass was achieved to determine the percentage
of acid insoluble ash.

The liquid produced in the filtration was recovered for complementary analyses, to determine
the contents of soluble lignin and structural carbohydrates. Acid soluble lignin (ASL) was measured
by UV-visible spectrophotometer (UV-2550, Shimadzu) at 240 nm. To determine structural
carbohydrates, 20 mL of liquid was treated by calcium carbonate until neutralization at pH 5-6, and
using of 0.2 um nylon filter to prepare sample to HPLC analysis. This method was applied in

accordance to ‘Laboratory Analytical Procedure (LAP) NREL/TP-510-42618’ [22].

2.2.4. Protein content

Protein content was indirectly measured by a Total Kjeldahl Nitrogen (TKN) method. This
method requires a digestion of sample in sulfuric acid at 370°C during 4 h, adding copper sulphate
as a catalyst. After digestion, DHNa was added and then samples were steam distilled in a solution
of boric acid and a violet colour marker. Violet colour becomes green during the distillation, and the
intensity of green colour is proportional to nitrogen content. Finally, the TKN number is given by the
amount of ammonia in the receiving solution. To calculate the percentage of protein it is necessary
to correct the NKT number with a standard nitrogen factor (6.25), as described in standard

laboratory Analytical procedure (LAP) NREL/TP-510-42625 [23].

2.2.5. Total Ash Content
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Ash content is the amount of inorganic material in a biomass. It can be divided in two types:
structural and extractable. Total ash content measures the amount of inorganic content in biomass.
It was determined according to ‘Laboratory Analytical procedure (LAP) NREL/TP-510-42622’ [24]:
Two samples of 1 g of the material were dried in an oven at 105°C eliminating the volatile content
until constant weight. Afterwards, they were calcined in a muffle furnace at 575°C for at least 1
hour, until constant mass was achieved. The same procedure was used to determine the structural
ash, but in this case using the solid residue of acid hydrolysis (see structural carbohydrates and lignin

method). Extractable ash is calculated by the difference between structural ash and total ash.

2.3. Intensification of the extraction process

2.3.1. Maceration

The maceration process started when the raw material was placed in the glass extractor, mixed
and homogenized with the solvent. Temperature and stirring were kept constant. Pure ethanol, pure
water, and ethanol/water (1:1 v/v), acidified at pH 3.0, were used as solvents. Experiments at two
temperatures were performed: 40°C and 60°C. These low extraction temperatures were selected in
order to minimize the possible degradation of the target compounds, which mostly are antioxidant
compounds that are prone to thermal degradation. In order to determine the time required to
complete the extraction, in preliminary experiments times of up to 24 h were tested. It was observed
that the extraction did not achieve equilibrium even after that time, but that minor variations in the
extraction yield were observed after times ranging from 60 to 180 min, depending on the extraction
conditions. Therefore, these total maceration times were considered to determine the extraction

curves.

2.3.2. Microwave-assisted Extraction (MAE)

Before the extraction, the raw material and solvent were placed in an open flask and
homogenized under constant and moderate stirring for 2 min. The flask (vessel volume: 100 mL, raw

material concentration: 0.04 g/mL) was then introduced into the pre-heated circular energy
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microwave (CEM Discovery) where the pre-treatment takes place. The microwave was set to a
constant power (300 W), maintained until ebullition of the solvent. Depending on the solvent
composition (water/ethanol proportion), the time required varied between 20 s and 25 s. After pre-
treatment, the sample was suddenly cooled introducing the flask into a cold bath and then it was

subjected to maceration.

2.3.3. Pressurized Microwave-assisted Extraction (PMAE)

PMAE allows to operate at higher temperatures than MAE at ambient pressure, which can have
a beneficial effect on the extraction, or also a detrimental effect if target compounds undergo
degradation due to the higher temperatures. The PMAE process is similar to MAE procedure, with
the difference in the flask used, as in the PMAE the flask is closed and it has a pressure transmitter.
Again, the microwave was set to constant power (300 W), varying the temperature till ebullition and
after the application of microwaves the sample was suddenly cooled introducing the flask into a cold
bath. Two final pressures were considered: 1.5 bar and 3 bar, which considering the vapour pressure
data of pure water allow to increase the final temperature to 111.3°C and 133.5°C, respectively,

compared to the 100°C achieved at ambient pressure.

2.3.4. Experimental design

The maceration process was studied varying the solvent (pure ethanol, pure water, and
ethanol-water (1:1 v/v) mixtures) and the temperature applied (40°C and at 60°C). The influence of
the microwace pretreatment was studied carrying out maceration experiments without microwave
pretreatment, MAE experiments and PMAE experiments at two different pressures: 1.5 bar and 3

bar.

2.4. Analytical procedure for characterization of extractives

2.4.1. Characterization of oil extract
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Determination of the composition of oil obtained by Sohxlet extraction was carried out by the
procedure presented by Ferndndez Moya et al. [25], and quantified according to Carelli and Cert
[26]. Analyses were carried out in the Seville Qil Institute (Spain). Gas Chromatography (GC)(Agilent-
7890) was employed to quantify and determine the amount of the main triglycerides in the in the
extract. GC used a capillary column Quadrex Aluminium-Clad 400-65HT (30 m x 0.25 mm x 0.10 um),
injector at 370¢-C (split of injection at 1:80), and oven at 335°C, and a flame ionization detector (FID)
at 370°C. The first step of the sample preparation was the evaporation of the solvent, and then
sample was diluted in heptane with 10% (w/w) of triheptadecanoin (17:0-17:0-17:0) as internal

standard.

2.4.2. Characterization of extractives in water and in ethanol

The extractives obtained by Sohxlet extraction using water and ethanol as solvents were
characterized in terms of total polyphenols content (TPC), total anthocyanins contents (TAC), total
flavonoids content (TFC) and antioxidant activity by oxygen radical absorbance capacity (ORAC).

For TPC analysis a capped test tube was used, adding 40 pL of the extract, 3 mL of ultrapure
water and 200 pl of Folin-Ciocalteau reagent. It was also necessary to prepare a control sample
using 40 pL of extraction solvent, 3 mL of ultrapure water and 200 pL of Folin-Ciocalteau reagent.
Tubes were closed and homogenized at 40°C for 5 min. After this period, 600 uL of Na>COs (20% v/v)
solution was added, tubes were vigorously stirred and kept in hot-water-bath at 40°C for 30 min.
Finally the samples were analyzed by spectrophotometer (UV-2550 Shimadzu) (A= 765 nm). The
TPC concentration is given in Gallic acid equivalent per 100 g of dry material [27].

The TAC analyses were performed with the aid of a spectrophotometer (UV-2550 Shimadzu).
Samples were diluted (1:4) in a potassium hydroxide buffer (0.025 M KCI) at pH 1.0 and buffered
with acetate trihydrate buffer (CH;CO;Na.3H,0 0.4 M) at pH 4.5. Samples were diluted in both
buffers solution, at pH 1.0 and pH 4.5, and each dilution was measured at 520 nm and 700 nm. The
concentration of anthocyanins in each sample is given in g of cyanidin equivalent per 100 g of dry

material [28].
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To determine TFC, 25 pl of sample, 125 pl of deionized water, and 7.5 pL NaNO, 5% (v/v) were
mixed in a tube. The mixture was incubated at room temperature for 6 min. After the incubation
time, 15 pL of AlCl5-6H,0 (10% v/v) and 100 pL NaOH (1M) were added to each tube. Each sample
was analyzed in a Spectrophotometer (UV-2550 Shimadzu ) at 510 nm [29].

For ORAC assays, in a plate suitable for use in the fluorimeter (Fluostar Optima - BMG Labtech)
(12x8 wells), 150 pL of fluorescein sodium salt solution (100 nM), previously prepared in phosphate
buffer (pH 7.4) was added in each used well, and, per triplicate, 25 uL of blank, Trolox® (6-Hydroxy-
2,5,7,8,tetra-methylchroman-2-carboxylic acid) standard, or sample, in their designated wells.
Trolox® standards were previously prepared in phosphate buffer (PBS) pH 7.4, at different
concentrations (13 uM, 25 uM, 50 uM, 100 uM, and, 200 uM). Once completed, the plate was placed
inside the fluorimeter (Fluostar Optima - BMG Labtech) to incubate at 37°C for 30 min. After the
incubation time 25 pL of 2,2-azobis(2-methylpropionamidine) dihydrochloride (AAPH) (240mM in
PBS) was added in each used well. The values obtained in this experiment are summarized over time
and given as micromole of Trolox® equivalents (TE) per 100 g of dry material (umol TE / 100 g of dry

material (DM)) [30, 31].

2.4.3. Sample morphology

Sample morphology was observed by SEM analysis using a FLEX SEM 1000 (Hitachi), before and
after Soxhlet extraction. For this, a dry sample was placed in a support for SEM and covered by a

gold layer.

3. Results and Discussion

3.1. Biomass characterization

The characterization of E. Oleracea residue from industry is reported on a dry mass base. All

results are compiled on Table 1.

Table 1. Biomass characterization results (% of dry mass).

Moisture Extractives Structural Carbohydrate Protein Ash




Fraction Qil Aqueous  Ethanolic  Cellulose Hemicellulose Lignin

Pulp 1.8 43.1+0.05 23.6#5.65 1.4+0.40 5.9+0.15 4.3+0.03 9.2+¢1.54 7.6+0.34 1.03
Seed 8.5 3.5+0.08  13.1+4.03 0.9+0.63 8.5+0.10 48.1+0.45 16.4#1.70 9.3+1.52 0.96
Slurry 8.2 1.240.21  3.4#0.03 0.3+0.22 18.6%+0.16 20.7+0.27 36.241.00 5.8+0.88 0.67
295
296 Extractives represent a total of 68.1%, 17.5%, and 4.9% on pulp, seed, and slurry residues,

297  respectively. Pulpis the richest fraction in terms of extractives, with an oil content of 43.1%, of which
298  23.6% are aqueous extractives, 1.4% are ethanol extractives and the remaining compounds are
299  hexane extractives. The amount of oils is low in seeds and slurry fractions, constituting 3.5% and
300 1.2%, respectively. However, it has to be removed in order to avoid any interference, because it was
301  observed that oil disturbed the aqueous extraction process.

302 The seeds are a good source of extractives, and the aqueous extract obtained also showed good
303 characteristics as a source of antioxidant compounds (see section 3.2.2). Lignocellulosic analyses
304  show that the acai seeds are rich in hemicelluloses, which represents around 48% of total mass.
305 Slurry is the poorest fraction in terms of the amount of extractives. This was expected because
306  slurry is constituted by all the unwanted fragments (such as seed fibers) resulting from filtering. In
307  theindustry, when this fraction is recovered it has a purple color, given by anthocyanins present on
308  pulp, butitis degraded among time, finally showing a brown tone. In a lignocellulosic analysis, slurry
309  showed an 18.6% of cellulose, 20.7 % of hemicellulose, and a high amount of lignin of 36.2%.

310 Seeds and slurry can be proposed as lignocellulosic biomass feedstock. On industry, cellulose
311  hasapplications on glucose and ethanol production, and hemicellulose has been applied as additive
312  infilm and barrier coating [32, 33]. The key aspect for a successful application of these fractions is a
313  correct fractionation and purification method, such as the method proposed by Cantero et al. [34].
314  Lignin is a complex structure, its application on industry depends on its fractionation into smaller
315 units, such as cellulose, hemicellulose and bound phenols [35].

316 The protein contents, determined by TKN Method, were 9.3%, 7.6%, and, 5.8%, for seeds, pulp,
317 and slurry, respectively. These amounts of protein can be considered low, making acai residue

318 unsuitable as animal feed. As reference, pet food protein value is around 18-36%. The seeds have
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been tried as additives, but their high content of tannins gives them an astringent flavour, which can
interfere in acceptance of it by animals [36].

Figure 2 presents SEM micrographs that show the morphology of the different biomass
fractions. The process to obtain the pulp in the industry consists on mixing the material with hot
water under constant stirring proportioned by the continuous rotation of shaft-mixer. Hot water is
necessary to avoid the microbial growth in the product. In general, the pulping process is similar to
a maceration process, and as a result the slurry matrix is more damaged. On the other hand, seeds
are removed by a secondary stream at the beginning of the pulping process. As a result, the content
of extractives in this fraction of residue is better preserved. Fibres are responsible for protecting the
internal content of seeds during the germination, and therefore most fibres are in the seed fraction,
but the movement of pulping shafts break same of them that are subsequently removed from the

pulp by filtering. Therefore, it is possible to find fibres in both fractions.

Figure 2. SEM Characterization of biomass fractions: (a) milled seeds, (b) slurry, (c) Fibres

3.2. Extracts characterization

3.2.1.0il

Acai pulp oil is composed by long-chain triglycerides, and the main components are
palmitodiolein (26.97%) and triolein (17.18%), as described in Table 2, where the triglycerides profile
present in pulp oil are summarized based on the total oil fraction. The oil is composed mostly of
oleic (58.5%), linoleic (22.3%), palmitic (11.4%), stearic (4.1%), and palmitoleic (3.7%) acids.

The oil obtained from acai can be interesting for nutraceutical applications because of its high

concentration of oleic acid, the presence of essential fatty acids such as linoleic acid that are not
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naturally produced by human metabolism, and the strong presence of other unsaturated chain
acids. The ratio between unsaturated and saturated fatty acids can be used as quality parameter. In
this case, the pulp oil has a ratio of 2.3.

Acai oil characteristics are comparable to olive oil in terms of fatty acids proportion presented
in Alimentarius codex of 2003 (oleic 58.5-83.2%, linoleic 2.8-21.1%, and palmitic 7.8-18.8%). It was
also observed that in both oils, triolein and palmitodiolein are the main triacylglycerols. The
proportion of palmitodiolein was higher in agai oil than in olive oil (12-20%), although triolein
content is much higher in olive oil (40-59%) [37].

Based on these results, Acai oil can be proposed as omega source for industry depending on
the lipolysis process. Bioprocess has been successfully applied to this goal by the enzymatic lipase

of triacylglycerol that allowed to release oleic and linoleic fatty acids [38].

Table 2. Triglycerides on Agai pulp oil extract.

Pulp Oil

Triglyceride  Average (%) sd
POO 26.97 0.2
000 17.18 0.36
POL+PoOL 12.57 0.14
POP 11.76 0.16
PLP+PP0oO 6.68 0.28
ooL 5.63 0.14
SOL 3.9 0.12
PLS 3.48 0.37

PLL 3.14 0.16
SO0 2.26 0.14
PLPo+PoPoO 1.37 0.12
POS 1.73 0.03
OLL 1.63 0.42
SLL 1.19 0.03

SLS 0.26 0.05
SOS 0.25 0.03

P: palmitic, 16:0; Po: palmitoleic, 16:1; S: Stearic, 18:0; O: oleic, 18:1; L: linoleic, 18 :2.

3.2.2. Characterization of aqueous and ethanolic extracts

The aqueous extract obtained from Soxhlet extraction is composed by sugars, nitrogen
compounds and minerals, among other water-soluble compounds such as anthocyanin and some

polyphenols. In the aqueous extract, pulp contains 23.6% of extractives on dry mass, seeds contains
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13.1%, and slurry contains 1.4%. Ethanolic extractives were not present in significant amounts,
which may be due to the previous aqueous extraction. Both extracts, ethanolic and aqueous, were
analysed according their total anthocyanin (TAC), polyphenol (TPC) and flavonoid (TFC) content.
Extracts were also characterized according to their antioxidant activity by oxygen radical antioxidant
capacity (ORAC). The main results are summarized in Table 3.

The ORAC values for water-soluble antioxidant compounds obtained from the pulp and slurry
were 89760 and 7870 umol TE/100 gpw, respectively. The ORAC values found are similar to those
provided by the ORAC Database of the U.S. Department of Agriculture for pulp and skin : 99700
pumol TE/100 gpm. This antioxidant capacity in water-soluble phase is similar to that observed in the
same fraction of Sage spices (98714 umol TE/100 gpwm), almost thirty times bigger than that of Goji
Berry (3170 umol TE/1100 gpm), and sixty times than the value of red grape (1640 umol TE/100 gpwm).
Seeds extracts had 65263 pmol TE/100gpm of antioxidant activity, similar to the pulp antioxidant
capacity.

Acai pulp and seeds have shown a higher amount of aqueous soluble polyphenols, 2.86 and
1.77 GA eq/100 gpwm, respectively, than ethanol soluble polyphenols, 0.33 and 0.28 GA eq/100 gpwm,
respectively. On the other hand, a similar amount of polyphenols content has been found in both
phases of slurry fraction, 0.16 GA eq/100 gpwm in water and 0.10 GA eq/100 gpwm in ethanol extract.

There is a similar concentration of water-soluble compounds in pulp (0.253 g/100 gom) and seed
(0.242 g/100 gpw) fractions, and similar results are observed for ethanolic extract 0.104 g/100 gom
on pulp and 0.116 g/100 gom on seeds. On slurry fractions, the value in the ethanolic extract (0.090
g/100 gpm) was slightly higher than in the aqueous extract (0.082 g/100 gpwm), which is probably
associated with the pre-treatment applied in the industry.

Anthocyanin was identified in pulp fraction at a concentration of 293.29 mg/100 gom, Which
is closeto the value found by laderoza et al. [39]: 336 mg/100 gpw, and Schauss et al. [40]: 319.19
mg/100 gpm. The presence of anthocyanin was not observed on the slurry fraction, as expected, as
this compound can be easily degraded resulting from a bad storage condition on industry and

transportation.
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Table 3. Characterization of extracts

TFC TPC TAC ORAC
Material
(g GAE/100g pwm) (8 GAE/100g om)  (mg /1008 pm) (nmol TE/100g pm)
Seeds 0.242 1.77 - 65263
Slurry 0.082 0.16 - 7870
Pulp (dry) 0.253 2.86 293.29 89760

3.4. Extraction experiments

The study about extraction was divided into two main parts. In the first, the goal of the
experiments was to determine the best conditions to extract polyphenols from slurry and seeds by
conventional maceration in order to maximize the amount of Total Polyphenol Content (TPC) in the
extracted material. The parameters considered were the solvent used (water,ethanol/water 1:1v/v,
and ethanol), temperature (40°C, and 60°C), and time of extraction.

In Figure 3, results of the extraction experiments from the slurry fraction are plotted. Among
the tested solvents, the highest TPC contents were found for the mixture ethanol/water (1:1 v/v),
being significantly higher at 60-C, Extractions did not achieve a constant TPC value even after 24 h,
and the maximum values after 24 h were 499.6 and 370.9 mg GAE/100 gpm, at 60°C and 40°C
respectively. In experiments where water was used as solvent, temperature did not affect the
extractions, and the concentrations of TPC were around 100 mg GAE/100 gpm both at 40°C and 60-C.
The slurry fraction has a residual oil content which can hamper the penetration of solvent into the
matrix. When ethanol was used as a solvent, the best yield was obtained by applying the lower
temperature of 40°C, being 88 mg GAE/100 gpwm.

As in the experiments with the slurry, the best results of seeds extraction in terms of TPC
content were obtained when ethanol/water (1:1 v/v) was applied as a solvent. The maximum TPC
value found was 6.69 g GAE/100 gpv, at 60°C. However, the extracts showed degradation after 1
hour of extraction. At a lower temperature of 40°C, the maximum TPC value reached was lower, but

no significant degradation was observed. For the other solvents tested, a tendency to better
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extraction was observed when higher temperature (60°C) was applied. The pulp fraction was not

included in this first step of the study.
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Figure 3. Extraction curve of slurry fraction at 40° and 60°C, using ethanol, water and
ethanol/water (1:1) as the solvents.

The second step of the experimental plan starts from the best conditions found for the
extraction process by maceration. The goal of this second step was to increase the TPC value
applying the MAE and PMAE pre-treatment as intensification process. Figure 4 shows the results of
the extraction experiments at 60°C, using ethanol/water (1:1 v/v) with and without microwave pre-
treatments. Extraction curves demonstrate that extract was enriched in terms of TPC value when
MAE was applied. For an extraction time of 5 min, a value of 258 mg GAE/100 gom was achieved
when MAE was used, while this value was 108 mg GAE/100 gpom When no pre-treatment was applied.
In PMAE two different pressures were studied: 1.5 bar and 3.0 bar. The TPC value increased to 424
mg GAE/100 gom and 479 mg GAE/100 gpwm at these two pressures, respectively, showing significant
influence of applied pressure compared to conventional extraction when pressure was increased to
1.5 bar, while the pressure increment from 1.5 to 3 bar had a smaller influence. Although the pre-

treatment process could improve the extraction of TPC from the slurry, this value still remained
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significantly lower compared to the value achieved in seed extracts. Similarly, treating the seed
fraction by microwave energy increased the extracted TPC (Figure 5). The material treated by MAE
had TPC value of 5.40 g GAE/100 gpwm, While by PMAE value was increased to 8.33 g GAE/100 gpwm. In
both cases, considering the same extraction time, the extraction of polyphenols was more efficient
when the microwave pre-treatment was applied, compared to conventional maceration (3.87g
GAE/100 gpw). To carry out this study it was necessary to remove the oil presented in the seeds
fraction, as oil presence was an obstacle to the benefits produced by the MAE pretreatment. In
contrast, the oil presence had no significant influence on the conventional maceration when the

same solvent was used.
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Figure 4. Extraction curve of slurry fraction with microwave pre-treatments using
ethanol/water (1:1) as the solvent at 60°C. NPT: not pre-treated sample, MAE: microwave-
assisted extraction pre-treatment, PMAE: pressurized microwave-assisted extraction pre-

treatment.
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Figure 5. Extraction curve of seeds fraction with microwave pre-treatments using
ethanol/water (1:1) as the solvent at 60°C. NPT: not pre-treated sample, MAE: microwave-
assisted extraction pre-treatment, PMAE: pressurized microwave-assisted extraction pre-

treatment.

The polyphenols extraction was performed from the residual, non-edible pulp fraction using
the optimum conditions obtained in the previous study (60°C, water/ethanol (1:1 v/v)). The same
tendency was followed (Figure 6), as the results show that conventional maceration reached the
TPCvalue of 3.94 g GAE/100 gpwm, which was increased to 5.82 g GAE/100 gom when MAE was applied.
In both cases, the maximum TPC was achieved after 15 min of extraction. Increasing temperature
improved the polyphenol extraction. In this respect, PMAE allows to achieve higher temperature,
being more efficient than the use of MAE: using PMAE pre-treatment, the TPC values were 8.83 g

GAE/100 gpm and 12.31 g GAE/100 gow, for pressures of 1.5 and 3.0 bar, respectively.
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Figure 6. Extraction curve of pulp fraction with microwave pre-treatments using
ethanol/water (1:1) as the solvent at 60°C. NPT: not pre-treated sample, MAE: microwave-
assisted extraction pre-treatment, PMAE: pressurized microwave-assisted extraction pre-

treatment.

Although the best results for polyphenol extraction were found at a temperature of 60°C, high
temperatures promote the rapid degradation of the extracted anthocyanin. The extraction of
anthocyanin by conventional method would be more advantageous if carried out at temperatures
below 40°C. A possibility to prevent degradation of the anthocyanin is to shorten the extraction
time, because after the pretreatment the anthocyanin value was close to the highest value. Total
anthocyanin content was maximum when the PMAE (1.5 bar) was used, being 1115.8 mg AE/100
gom. However, the increase in pressure to 3 bar and the consequently increase in temperature
(which as previously indicated is estimated to reach 133.5°C) produced decreased the total
anthocyanin content to 221.4 8 mg AE/100 gpw.

In summary, results showed that the temperature was an important parameter on the
extraction process of bioactive compounds from acgai by-product, in its three fractions (slurry, seeds

and not-edible pulp). However, the control of temperature was essential to avoid the early



473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

degradation of phytochemicals presented in the extract. The microwave pre-treatment favored the
extraction process, promoting a fast temperature rise in a short period of time.

ORAC was used to measure the antioxidant capacity of extracts and its enhancement after the
different pre-treatments applied. At Figure 7 the pertinent results related to the antioxidant activity
of the extracts are summarized. The microwave pretreatment of acai by-products (pulp, seeds, and,
slurry) generated a positive effect on the antioxidant activity of extracts. Appling PMAE (1.5 bar),
the extract obtained from pulp had an ORAC value of 176170 pmol TE/100 gpwm, and therefore the
antioxidant activity was 1.8 times higher than the value obtained through the conventional process,
which was 96594 umol TE/100 gom. The ORAC value found by conventional maceration extraction is
close to the data provided by the ORAC Database of U.S. Department of Agriculture for pulp and
skin: 99700 umol TE/100 gpm. The antioxidant activity of seeds extracts was similar to those
observed in pulp extracts, 182456umol TE/100 gpwm. Based on these results, both extracts obtained
from this byproduct have potential as antioxidant additive with possible applications in cosmetic
and food industries. The antioxidant activity of slurry extract showed a significant improvement
through the microwave pre-treatment. The ORAC value was increased from 9550 umol TE/100 gpm
(no pre-treated — NPT) to 10480 umol TE/100 gpm applying MAE, and the value increased to 12088
pumol TE/100 gom when PMAE (1.5bar) was applied. Although the antioxidant activity found for the
slurry extract had a value that is comparable to other fruits such as Goji Berry (3170 umol TE/100
g), this fraction of the agai by-product can be considered less relevant for valorization processes and
less applicable to industries due to its lower antioxidant activity compared to the seed and pulp

fractions.
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Figure 7. Antioxidant activity (ORAC) of extracts.

4. Conclusions

The main residual by-products of the industrial processing of acai were characterized. In terms
of extractive compounds, the pulp fraction showed a high potential as oil source, with contents up
to 43% on dry mass. On pulp oil, fatty acids were present such as oleic acid (58.5%), linoleic acid
(22.3%), palmitic acid (11.4%) and stearic acid (4.1%). Pulp and seeds had considerable amounts of
water-soluble extractives: 23% and 13%, respectively. Moreover, these extracts presented
important amounts of total polyphenols and flavonoids, with a high value of ORAC activity. Although
the slurry presented lower amounts of total extractives, polyphenols and flavonoids in comparison
to the other fractions, the water-soluble slurry extract presented a certain antioxidant activity.
Values were lower than expected, which was attributed to previous process applied at the industry.

Cellulose, hemicellulose and lignin are the main components of the slurry fraction, with
contents of 18%, 20%, and, 36%, respectively. On seeds, the main component found was
hemicellulose, with contents up to 48%. This residual fraction could be proposed as feedstock of
these components on lignocellulosic biorefinery by hydrolysis of oligomers in small sugar-fractions.

Microwave Assisted Extraction (MAE) and pressurized MAE (PMAE) were successfully applied
as pre-treatment for extraction from slurry, seeds and pulp residual fractions. The study revealed

that the extraction with an ethanol/water mixture (1:1 v/v) was more advantageous than the
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extraction with pure solvents. TPC values were higher when the temperature of extraction was 60°C,
compared to 40°C.

When pretreatment was applied, MAE enabled to achieve higher concentrations of
polyphenols during the extraction. After 30 minutes of extraction, the TPC values found for the slurry
fraction increased from 370 mg GAE/100 gom to 614 mg GAE/100 gpnm, and this pattern was also
observed for the pulp fraction, increasing from 3.61 g GAE/100 gom to 5.82 g GAE/100 gpwm, and for
the seed fraction, increasing from 6.24 g GAE/100 gom to 7.82 g GAE/100 gom. The PMAE technique
permitted to apply higher temperatures without solvent evaporation, reaching even higher TPC
values. After PMAE (1.5 bar, 300W) was applied, the maximum of TPC value was 424 mg GAE/100
gom for extraction from slurry, and, 8.33 g GAE/100 gpm and 8.83 g GAE/100 gpm from seeds and pulp
fractions, respectively.

The antioxidant activity of extracts obtained from slurry, pulp and seeds was also improved
when microwave pre-treatment (MAE and PMAE) was applied, being higher by the use of PMAE as
pre-treatment. Applying PMAE, the antioxidant activity of pulp and seed extracts was approximate
two times higher than the value obtained by the conventional process, reaching ORAC values of
176170 umol TE/100 gpm and 182456 pmol TE/100 gpw, respectively. Therefore, extracts obtained
from seed and pulp residues have potential as antioxidant additives, and could have possible

applications in cosmetic and food industries.
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