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ABSTRACT. Acai (Euterpe Oleracea mart.) is a berry found in Amazon Rainforest,
with a high content of polyphenols and flavonoids. This work studied the formulation of
bioactive compounds extracted from E. Oleracea fruit, by impregnation in silica-aerogel.
Three fruit fractions were studied: pulp, seeds and slurry, and two extracts were obtained
from each fraction: an oil fraction obtained by Soxhlet extraction, and a polyphenolic-
rich extract obtained by Pressurized Microwave Assisted Extraction. With pulp oil,
impregnation yields of 58.6% were obtained by air drying, with surface area of 0.7687
m?/g,. while with supercritical drying method, the impregnation yield decreased to 15.3%,
with surface area of 823.4 m2/g. This indicates a loss of oil by extraction during drying.
With pulp extract, the best result was obtained using indirect wet impregnation and
supercritical drying, with 16.4% of impregnation. By release assay, contents of 2.276

MQ/Q(aerogery OF polyphenols and 0.197 mg/gerogery Of anthocyanins were identified.

Key-words. Euterpe Oleracea Mart., Silica Aerogel, supercritical CO> dryer, microwave

extraction, formulation of natural product.
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1. INTRODUCTION

Acai is a black-purple berry obtained from Euterpe Oleracea mart. palm, typically
found in Amazon Rainforest and strongly present in the diet of brazilians, especially in
north and northeast regions. The name comes from the Tupian word yasa'l — fruit that
cries — in a Brazilian Portuguese adaptation [1]. The interest in E. Oleracea fruit is related
with its high content of anthocyanins, polyphenols, fatty acids and other bioactive
compounds present in the fruit. Polyphenols and anthocyanins are secondary metabolites
of plants with remarkable properties as antioxidant and/or natural dye activities. Some of
these properties are their antioxidant, anti-inflammatory and antimicrobial functions [2].

The fruit provides health benefits, but it also causes environmental problems [3]. The
acai pulp consumption just in Para, a Brazilian state, produces around 180 thousand ton
of litter daily [4]. During the pulping process, pulp is separated from seeds (first fraction
of residue), in a second step pulp is clarified by a filter where slurry (second fraction of
residue), and finally it is characterized to certify that it is safe for consumption. When
pulp batch is considered inappropriate for consumption, it is destined to residue in its
totality (third fraction of residue).

According to literature, in the pulp of Euterpe Oleracea mart. berry some important
compounds are present, such as anthocyanins (cyanidin 3-glucoside; 2, pelargonidin 3-
glucoside) [5,6], flavonoids (orientin, homoorientin, vitexin, luteolin, chrysoeriol,
quercetin, dihydrokaempferol, isovitexin, velutin, catequin, epicatechin, p-cumarico)
[7,8], prothocyanidins, and some other interesting products (vanilic, ferulic, and gallic
acid).[9] These compounds, present in natural pulp, are expected in different

concentration in acai slurry. In the seed prothocyanidins were basically the only
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polyphenol compounds identified, that have a high activity as anti-oxidants [10].
Moreover, each fraction has an oil content that can promote some impedance during the
extraction of phenolic compounds if it is not previously removed. These oils also have
commercial interest because of its high content of unsaturated fatty acids (oleic acid
(60%), palmitic acid (22%), linoleic acid (12%), palmitoleic acid (6%)) and essential oil
[11-13]. The oil also presents some phenol acids, such as vanillin acid, in the highest
proportion. The main property of this pulp oil is the anti-inflammatory[11] and
antidiarrheal effects[14]. However, polyphenols and anthocyanins are susceptible to early
degradation under environmental condition [15-17]. An alternative to protect these
compounds is to recover it in a polymeric matrix. The impregnation of bioactive
substance into a polymeric matrix has been applied to protect and preserve it from oxygen
free radical, UV-light exposition, and, on purpose to perform drugs controlled release
or/and the improvement of its bioavailability [18].

On this purpose, aerogels has been shown as appropriate matrix to protect and release
bioactive compounds [19-22]. The impregnation of active compounds is easily achieved
because of the open porosity of aerogels and their large specific surface area, that allows
to get a high load content during the impregnation of those substances [23—-25]. Aerogels
are obtained from wet-gels dried through a controlled drying process. Supercritical drying
is a useful process for drying aerogels and avoiding the change of its porosity structure
caused by the collapse of pores that can be caused by ambient drying. Moreover, silica
aerogels are very versatile and have been studied and applied in many different fields
such as aeronautics, biomedicine, construction, agriculture, among many others [26-30].
The effort on the studies of silica aerogel became from the interest on its intrinsic
properties such as low thermic conductivity, high specific surface area, non-toxic and

non-flammable character, and the facility on removing it from a medium [31].
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In cosmetic industry, a similar material as silica microspheres has been applied as a
versatile ingredient due to its capacity to acts as anti-abrasive agent, anti-caking agent,
opacifying agent, agent, free-flowing, gelling and thickening agent [32—34]. Because of
these properties, silica contributes to the homogenous distribution of pigments in color
cosmetics, even preventing the agglomeration of ingredients in the formulation, and
fomenting the proper distribution and the long-lasting effect. Silica has been applied in
many types of products, especially on skin care, oral care, hair care and dyes, make-up
(powder, lipstick, lip gloss, among many others) and in antiperspirants [35-40].
Moreover, it is frequently used as an absorbent agent, due to its ability to absorb sweat,
fats, and oil [36].

In addition, silica is used in the food industry as a food additive to increase the volume
of a product without affecting its nutritional composition and as an antifoaming agent

[34,41], and in pharmaceutical industry as drug delivery system and carrier [24,42]

On this way, the goal of this work is the use aerogel material for the protection of
bioactive extracts obtained from E. Oleracea (acai) residue, also to make possible the
bioactive controlled release, and its application in a product.

Wet-impregnation method (directly and indirectly) was applied to introduce the
bioactive compounds on the silica aerogel pores. Supercritical CO. drying was chosen as
a dry method to keep-hold the mesoporous structure present on the wet-gel[18].
Conventional soxhlet was chosen as conventional technique for the oil extraction.
Pressurized Microwave-Assisted Extraction (PMAE) was applied as intensification pre-

treatment on the polyphenol extraction.
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2. Material and Methods

2.1. Preparation of aerogel monoliths

Silica gels were prepared using tetramethyl ortosilicate (TMQOS) as precursor. TMOS
and methanol were mixed in a safe recipient where ammonium hydroxide-water was
added droplet by droplet. Then, 1 mL of solution was transferred to cylindrical moulds
and covered with a film for the proper gelification. The process of gelification is fast,
and in a few minutes alcohol-gels are ready to start the ageing process, for which they are
kept submerged in solvent during 7 days in order to strengthen its structure, washing them
with new solvent every 24 hours in order to remove any trace of unreacted water. (molar

ratio: 1 TMOS : 3 MeOH : 4 H20 : 5x1073 NH4OH) [43].

2.2. Acai residue extract

2.2.1. Preparation of matrix for extraction

Matrix preparation is specific for each fraction of residue: first fraction (seeds) has an
average diameter size of 1.2 cm, and it had to be milled to a size of 5mm (knife-mill
Retsch SM100) and then dried in an oven during 48 h at 45°C. Second and third fractions
(slurry and pulp, respectively) were frozen at -80°C and then lyophilized (Telstar

LyoQuest) during 72 h.

2.2.2. Oil extraction
A known mass of each fraction was placed in an extraction thimble and placed at a

Soxhlet apparatus, wherein hexane was applied as solvent to remove the oil content in


https://doi.org/10.1016/j.supflu.2018.12.004

© 2019 Elsevier. This manuscript version is made available under the CC-BY-NC-ND 4.0
https://doi.org/10.1016/j.supflu.2018.12.004

each fraction, for 8 h, with 5 cycles of Soxhlet reflux per hour. After extraction, hexane
was evaporated under vacuum. Known initial and final mass used in the process make

possible to determine the percentage of oil content in each fraction.

2.2.3. Polyphenol extraction

Maceration and Pressurized Microwave Assisted Extraction (PMAE) were applied
as extraction technique and as pre-treatment for extraction, respectively. Ethanol/Water
(1:1) was used as solvent for the extraction, and citric acid as pH regulator. Extracts were
characterized in terms of extraction yield, total polyphenols content (TPC), total
Anthocyanins contents (TAC), and antioxidant activity by oxygen radical absorbance
capacity (ORAC). HPLC was used to determine the extract composition. Hydro-ethanol
extracts were purified using Dioxan HB20 activated by methanol (1% HCI). Hexane

extracts were purified using a vacuum drier.

2.3. Wet impregnation

2.3.1. Indirect wet impregnation

After ageing process, alcohol-gels were transferred to different recipients containing
the impregnation solutions of each extract fraction, keeping them there for 72 hours,
during which the solution was replaced every 24h. Moreover, ethanol and methanol were
tested as impregnation solvent, and oil extract from the pulp by hexane was compared

with an oil sample extracted from the pulp by supercritical carbon dioxide.

2.3.2. Direct wet impregnation
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Extract obtained was added directly during sol-gel preparation, adding it to the solvent

employed during the process.

2.4. CO2 supercritical drying

The drying process was described in detail in previous works [45, 46]. Briefly, drying
process took place in a closed circuit, including a buffer of CO,, the chamber where
monoliths were charged and a pump for COz recycling. Initially, the chamber is isolated
from the rest of system and then charged with pure solvent, keeping monoliths submerged
in the solvent to avoid damages in their structure. In a second step, the buffer is loaded
with COg, that is compressed at 120 bar and heated at 42°C. When these conditions are
achieved, the chamber is opened and CO; starts to flow through the system thanks to a
pump. Supercritical COz recycling is maintained during 1h, thus reaching saturation of
COz2 by the solvent. Then, the chamber is again isolated, CO2 from the buffer is released
in order to introduce fresh CO: into the system. Operating in this way, 3 cycles were
performed in order to obtain completely dried silica aerogels. With this procedure, at the
same time that silica are dried, as the impregnated compound is not soluble in CO, it is

precipitated in the pores of the aerogel by an antisolvent process[44].

2.5. Aerogels characterization

2.5.1. Physicochemical Analysis
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Aerogels were subjected to milling and degassing at vacuum. The specific surface
area and average pore diameter were then determined by adsorption of N at -196°C, and
calculated by BET (Brunauer, Emmett, Teller) method. Average pore volume was
characterized by desorption curve of N2 (BJH method). Chemical bond-structures were
analysed by FTIR (Bruker Platino-ATR). Thermo-stability and impregnation yield were

determined by Thermogravimetric (TGA) analysis.

2.5.2. Analytic active substances

The total content of polyphenols in the impregnation solutions were quantified in
order to obtain the amount of free active substances. It was characterized in terms of total
polyphenols content (TPC) and total Anthocyanins contents (TAC). HPLC is used to

determine the extract composition.

2.5.2.1. Total polyphenols content (TPC)

For TPC analysis a capped test tube was used, in which 40 uL of the extract, 3 mL of
ultrapure water and 200 pL of folin-ciocalteau reagent were added. It was also necessary
to prepare a control sample using 40 pL of extraction solvent, 3 mL of ultrapure water
and 200 uL of folin-ciocalteau reagent. Tubes were closed and homogenized at 40°C for
5 minutes. After this period, 600 pL of Na2CO3 (20% v/v) solution was added, tubes were
vigorously stirred, and kept in hot-water-bath at 40°C for 30 minutes. At the end the
samples were analyzed by spectrophotometry (A= 765nm). The TPC concentration is

given in Gallic acid equivalent per 100 g of dry material.

2.5.2.2. Total Anthocyanins contents (TAC)
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The TAC analyzes were performed with the aid of a spectrophotometer. Samples were
diluted (1:4) in a potassium hydroxide buffer (0.025M KCI) at pH 1.0 and buffered with
acetate trihydrate buffer (CH3CO2Na.3H20 0.4M) at pH 4.5. Samples were diluted in
both buffers solution, at pH 1.0 and 4.5, and each solution 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.

2.6. Release

The impregnated aerogels were subjected to a release test in order to quantify the
amount of impregnated polyphenols. In addition, the anthocyanins were quantified for
the aerogels impregnated with the extract of the pulp. The release test consisted of
subjecting a known mass of impregnated aerogel to the microwave assisted extraction
process at 1.5 bar using a known volume of solvent (Ethanol / Water 50% v / v acidified,
pH = 3), for 20 seconds. Subsequently, the calculation of the total polyphenol content
(TPC) expressed in mg GAe/gaerogel and total anthocyanins in mg AC/gaerogel IS performed,
using the Folin-Ciocalteu method (section 2.5.2.1) and the pH-differential method

(section 2.5.2.2), respectively.

3. Results and Discussion

3.1. Aerogels
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According to IUPAC distribution, the adsorption-desorption N2 curve of the blank
material (plotted on the Fig. 1) performs a hysteresis type IV [45] and isotherm Hy, typical
found for materials with very narrow pores, open or closed cylinders, and uniform size
and distribution. The pure silica aerogel is a mesoporous material according to its pores
size distribution. Moreover, this distribution is homogenous presenting an average value
of 11 nm. The supplied pore data refers to the adsorption isotherm to avoid the pore
blocking effect that occurred during the N2 desorption due to the capillary condensation
that blocks the pores and interferes with the correct determination of the texture

parameters [46].

(Fig. 1)

However, the type of impregnation (direct or indirect) and the drying method can
interfere in the structure, as well as in its specific surface area, average pore volume, and,

average pore diameter, as discussed in the following sections.

3.2. Wet impregnation: preliminary assay

Initially, wet impregnation was performed by indirect impregnation process and with
low content of oil obtained from the three different residual fractions, in order to
determine which was the best solvent for impregnation: methanol or ethanol. Table 1
show a small decrease of specific surface area after impregnation of the aerogels, taking

pure silica as reference, that might indicate that oil content has filled some pores. Also,
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taking this value as evaluation parameter, it is possible to conclude that ethanol works
better as solvent for impregnation than methanol. Probably, this is related with low
solubility of this oil in methanol by visual inspection of the aerogels, it was not observed

any substantial change in colour or opacity.

(Table 1)

The oil obtained from slurry and from seed were impregnated following the best result
obtained from pulp-oil. As it can be seen in Table 1, pore volume showed a lower
reduction when it was impregnated with these oils than when it was impregnated with
pulp oil, suggesting a lower impregnation yield, which may be related to differences in

the composition of the three oil fractions.

The impregnated oil percentage in each fraction of residue was determined by soxhlet
extraction, using the initial and final mass employed in the soxhlet process to calculate it.
Results show that aerogels impregnated with seeds oil have 7.5+0.1%, with slurry oil

have 6.8+0.9% and with dry-pulp have 42.0+1.8% of oil content.

3.2. Wet impregnation:

The type of impregnation (direct or indirect) and the drying method can interfere in
the structure, as well as in its specific surface area, average pore volume, and, average

pore diameter. These data were recovered and summarized in table 2.
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(Table 2)

3.2.1. Wet impregnation: oil extract

The first fact to point out is the differences in the size of monoliths dried by air and
by supercritical. Monoliths formed were split into two groups to evaluate the effects of
drying method under aerogel structure and its loaded compounds. Air drying induced pore
collapsing and as result monoliths are much smaller than molds (Fig. 3(A-I1). In the other
hand, monoliths dried by supercritical kept the shape and size of the mold (Fig. 3(A-I).

The visual analysis is the first parameter to determine how successful the
impregnation was. Taking the color intensity as a parameter is possible to determine that
indirect impregnation (Fig. 3(C-1 & C-I1) worked better than direct impregnation (Fig.
2(B-1 & B-1I).

In addition, the pore diameter of those gels obtained from SC CO; drying (table 2)
and direct impregnation method (13.4 nm) are bigger than that of gels impregnated with
the indirect method (10.9 nm). This is because the direct addition of extract in aerogels
increased the gelification time interfering in the pore formation. Moreover, it was
observed that using this method, the monoliths slowly expelled the oil, previous added,
during the maturation processes.

Related to the efficiency of the drying process, an important difference was observed
on the color intensity between those samples obtained from SC CO. drying (Fig. 3(B-1 &
C-1)) and by natural air drying (Fig. 3(B-11 & C-I1)). A possible reason for this fact is the
partial extraction of oil by SC CO, a disadvantage of SC CO> drying process that is

further discussed in section 3.4.
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(Fig. 2)

3.2.2. Wet impregnation: polyphenolic extract

Anthocyanins present in the pulp polyphenolic extract are responsible for the purple
color observed in the monoliths impregnated with this extract. Thus, the color can also
work as a parameter to infer if the impregnation happened or not. In this way, it is possible
to see in Fig. 3B the difference produced by indirect impregnation, taking as comparative
Fig. 3A, a blank. Results presented on Table 2 also show the difference on their pore size,
the difference between pores size and pore volume on blank material, 11.0 nm and
3.1cm?®/g, and on impregnated silica aerogel, 9.1 nm and 1.8 cm®/g. These results indicate
that the polyphenols are really occupying these pores or bigger pours was occupied first
(low impedance on this occupation).

The color was more intense on those gels obtained from direct impregnation (Fig.
3(C-I1)). On this specific case, the strongest color is related with the impossibility of aging
process deriving from the direct impregnation did not allow the monoliths gelification,
even after several hours. Reason for why this batch was just air-drying and had no
maturation time. As results, this batch changed its type of porosity, as indicated by results
in Table 2, becoming a microporous material with pore size of 0.3nm, and volume of pore
of 0.04cm3/g. The shape obtained is also unusual, due to the air-drying happening inside
the mold, and thus, the contraction of monoliths resulting from pore collapsing happened
only on horizontal direction. The gelification problem is also related with the change of

reagents ratio.


https://doi.org/10.1016/j.supflu.2018.12.004

15
© 2019 Elsevier. This manuscript version is made available under the CC-BY-NC-ND 4.0
https://doi.org/10.1016/j.supflu.2018.12.004

(Fig. 3)

It is also possible to highlight the structural modification promoted by the
impregnation and the dry process on the silica aerogel as mesoporous material. The shape
of N2 adsorption isotherms is affected by size and geometry of porous material. In this
way it is possible to classify the material according its isotherm. The impregnated
material, obtained by SC CO. Drying shows the same type of isotherm that was observed
in pure silica, Hi. However its curve is more pronounced, denoting a smaller pores size.

This result is related with pores occupation by polyphenols.

(Fig. 4)

3.3. Thermo-stability of materials

The thermostability of pure silica aerogel (support material) and the impregnated
material can be analyzed by the temperature of onset in a thermogravimetric analysis. The
polyphenolic extracts of seed and slurry can be considered stable until 140°C and 170 °C,
respectively. Pulp extract has no thermo-stability observed. This is because cyanidin, the
main anthocyanin present in Acai extract had been reported as thermostable only below
30°C[17]. The pulp oil shows thermostability until 315°C, that may be caused by the

extraction process, as when the oil is recovered in rotavapor it loses its volatile fraction.
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The same result was observed with the oil obtained from the other fractions. The fixed oil
mass is represented by 42% in dry mass of pulp fraction, 3.5% of seed fraction, and 1.2%

of slurry fraction.

The silica support is thermostable until 380°C, and it is basically inert until this
temperature, There is a significant mass loss at 560°C, around 10%, and a secondary loss

at 760°C with a small mass loss of 4%. Thus, the total mass loss is14%.

In addition, the pulp phenolic extract has it thermostability improved when it was
impregnated in the support, achieving a maximum thermostability of 270°C when indirect
impregnation method was applied. A similar improvement was observed when seed
polyphenolic extract was impregnated at the same condition, 275°C. In opposition, under

the same conditions, the thermo-stability of oil extract impregnated decreased to 235°

3.4. Impregnation yield and release assay

3.4.1. Oil Extract
Total mass impregnated can be given by the difference between the residual mass in
an impregnated sample and the residual mass in the blank. Following this, the total

impregnated mass is given in percentage in table 3.

(Table 3)

According the results in table 3, direct impregnation, which had slow gelification, had
smallest impregnation yield when compared to indirect impregnation. During the release

assay those aerogels impregnated by direct method had a low release concentration of
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polyphenols even having a highest concentration of oil impregnated. It is attributed to low
gelification of monoliths. Another fact that also contributed here was that during the

maturation step oil was slowly expelled out of the pores

With the indirect impregnation method, an increase the oil concentration during the
impregnation produced a higher impregnated yield. This is related to the high capacity of
silica to absorb oil. In addition, samples dried by air and by supercritical fluids show a
high difference in impregnation yield. This may be caused by the type of deposition of
oil extract inside the pores. The polyphenols in the oil extract have hydroxyl groups which
can perform bonds with the Si-O structure of the aerogel, while fatty acids are usually
linked in a triglycerides groups, which difficult performing a strong bond. Despite of the
loss produced by drying process, removing part of content impregnated, the release assay
shown that the amount of polyphenols released was proportional to the initial

concentration and it was not affected by the SC drying.

According to TGA analysis, the maximum yield of impregnation, 58.6%, was attained
when indirect impregnation and air drying were applied. In the same batch, those
monoliths dried by SC drying had an impregnation yield around 15%. On the other hand,

the air drying method affect the porous structure, resulting in the pores collapsing.

3.4.2. Polyphenol extract

According to TGA data presented in Table 4, the maximum impregnation yield was
16.4% attained with indirect impregnation and SC drying method. Increasing the
concentration of initial solution did not affect the impregnation yield but decreased the

impediment of bioactive substances in occupying the pores resulting in a color change,
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as observed in Fig. 5. Moreover, the release assay can confirm it by the increase of
polyphenols and anthocyanins released.

Monoliths obtained with direct impregnation could not gelify properly and then were
dried just by air and with no maturation time. This process change the structure of material
converting it in a microporous material. The impregnation yield was not affected by this
event but it did affect the capacity of aerogels release the impregnated content.

The impregnation of mesoporous silica aerogel allowed to increase the
thermostability of extract from 30°C to 270°C, with indirect method. A similar
thermostability was observed with both drying processes. Though it was observed, in the
same batch, a slight tendency of higher values in those samples produced by supercritical
fluid drying, with a variation of £10°C in onset temperature. However, impregnation
method was significant. Those samples produced with direct method present substantially
smaller thermostability than those impregnated with indirect method: 270°C and 195°C,
respectively. This is related to water present in the sol-gel process. In this process it is
first produced a hydro-gel, and during the maturation time water —OH groups are replaced
by the alcohol —OH groups, becoming alcohol-gel. Herein these samples, directly
impregnated, had not gelified properly, making impossible the maturation step and the
properly attain of alcohol-gel. It may interfere in the linking between Si-O and

polyphenol, reducing the thermo-stability.

(Table 4)

(Fig. 5)

3.5. FTIR Analysis
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In the analysis of pure extract, it is observed a large band between 3200-3400 cm™
related to stretching of ~OH polymeric chains. At 1650 cm™ there is a peak related to
C=C from the aromatic chain. Moreover, there was observed a weak signal at 1440cm™,
attributed to the deformation of C-H, and at the range of 1000-1100 cm™, corresponding
to C-O bonding stress from phenol[47,48]. These bands are characteristic of polyphenols
from extract. In addition some authors had related them with anthocyanins [49,50].
Moreover two more weak peaks were observed: a stretching vibration related to the linear
C-H; at 2896 cm™ and at 2976 cm™.

Pure Silica Aerogel (Fig. 6- 111) has a weak band at 3500-3400 cm™, that is related to
stretching of —OH that can be related to residual water or alcohol. In the low part of spectra
it is possible to observe some peaks at 1084 cm™, 812 cm™and 458 cm related to Si-O-
Si stretching, bending and vibration, respectively [51]. Finally, at 971 cm™ there is a
stretching band vibration of Si-O in terminal groups[52].

All those peaks present in the FTIR of pure extract were identified in the impregnated
material in a different intensity, excluding those under 1300 cm™, covered by silica signal.
This is another evidence of impregnation happen and compounds present in the extract

were succesfully incorporated into aerogels pores.

(Fig. 6)

In the FTIR spectra of oil extract (Fig. 7-1V), it is observed a small peak between
3200-3400 cm™ related to stretching of —OH groups present in polyphenols. Its intensity

is smaller than was observed for polyphenolic extract because it is not the main
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component in oil. On graphic 6-11, it overlaps with a peak near to 3470 cm™ produced by

excess of water in this sample, consequence of the drying method employed.

Moreover it was possible to observe in the extract a peak nearly to 3000 cm related
to alkene groups stretching vibration (C=C-H) attributed to unsaturated fatty acids. In this
same area there is a strong peak at 2935 cm™ related to —CH vibration in alkane. At 1750
cm?t there is an intense peak related to the carbonyl starching of phenolic acids. At 1448
cm?, there is a peak related to starching of -CH=CH- present in aromatic chain. At 1162
cm! a peak related to C-O vibration and at 728 cm™ a peak attributed to C-H deformation,
both related to carboxylic acid [53]. All these peaks confirm the presence of saturated and
unsaturated fatty acids. Also it can be highlightedthe presence of phenolic acid such as
vanillic acid [11]. In addition, there is no difference between IR spectra resulting from

pulp oil and seed oil analysis, they present the same main composition.

The peak attributed to stretching of C=0, present in phenolic acids, is present in both
impregnated material (Fig. 7(11& 111)), pointing the impregnation happened. At the
spectra of sample air-drying (Fig. 7-11) we can observe that fatty acids were also
successfully impregnated at silica pores (peak at 1750 cm™). In another hand, peaks
related to fatty acids, such as 3000 cm™ (C=0), 2935 cm™* (O-H), 1448 cm™ (-CH=CH-),
and, 1370 cm™? (C-H), are not present in the impregnated material after sc-drying;
confirming it was lost during the SC-drying. At Graphic 6 silica band hides those peaks

low to 1300 cm™?, referent to phenolic acids.

(Fig. 7)
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3.6. Seed extracts indirectly impregnated

Seed oil and polyphenolic extract were impregnated following the best
impregnation methods observed for pulp extracts.

Seed phenolic extract also presents a color prevenient from tannins, that gave a
light pink tone to aerogels impregnated. In the same way of other extracts, the color can
be pointed as an indicative of a successful impregnation. The maximal yield was achieved
by indirect impregnation method and SC-drying, 29.3 wt%, applying a solution of 825.2
mg Age/L. In the release assay was possible to release 5.639 mg GAe/g aerogel-

Oil extracted from seed has a low content of phenolic compounds responsible for
pigments. For this reason, impregnated gels do not show an intense color. The maximum
yield obtained was 29.3 wt% by indirect method, while by SC-drying the yield was 6
wt%.

Functional groups observed in seed extracts are equivalent to those observed in
pulp extracts, producing similar FTIR spectra. Both seed extracts were successfully
impregnated in gels, as expected from the results of pulp impregnation. Seed oil was

removed during the SC-drying process.

4. Conclusions

In this work the impregnation of extracts obtained from the residue of Agai (E.

Oleracea mart.) has been investigated using different extraction fractions. The study was
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performed employing oil obtained by hexane solvent extraction and polyphenolic extract
obtained by PMAE and purified by resin to eliminate the water of extraction and some
eventual sugar present on it. Direct and indirect wet impregnation methods were tested.
Each batch was divided in two parts to study the influence of the drying process

(supercritical drying and air-drying) under monoliths structure and its loaded material.

Supercritical drying was successfully applied for the impregnation of
polyphenolic extract maintaining the pore size of the aerogels, and eliminating residual
solvent. When air drying was applied, the mesoporous structure of the aerogels was lost,
obtaining a microporous material. However the supercritical drying process promoted the
loss of loaded oil content because of its affinity by some compounds of oil content such

as fatty acids, although polyphenols present in the oil were not lost.

TGA analysis was used to evaluate the impregnation yield (wt%). For oil extract
the maximum wt% was 58.6% when indirect impregnation and air drying were applied
and it decreased to 15% using SC drying, which indicates the extraction of components
during SC drying. The maximum impregnation yield for polyphenolic extract was
achieved with indirect impregnation and SC drying method, 16.4%; increasing the
concentration of extract did not imply in a higher impregnation yield. Although the total
impregnation yield was not affected by the increasing of concentration of oil during the
impregnation, the Total phenolic content (TPC) and total anthocyanins content (TAC)
analysis demonstrated higher concentrations of these compounds increased when the oil
concentration was increased, thus indicating a selective impregnation of these active

compounds that also results in a more intense purple color of impregnated aerogels.
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The release assay results corroborate that the best method of impregnation is the
indirect, because a high amount of active substance was impregnated using this method
even when part of oil loaded was loss during drying. For polyphenolic extract, to increase
the concentration of extract indicate a lower impediment of the polyphenols and
anthocyanins in occupying the pores. These results also confirm the low affinity of

polyphenols for CO2-SC

From the FTIR analyses, it is appreciated that the active substances from the
extracts were impregnated inside the aerogels. Furthermore, it can be deduced that the
water contained in the alcohol-gels is not effectively removed by the wet-direct

impregnation method.
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Figure captions

Fig. 1 - Isothermal of pure silica and pore volume distribution

Fig. 2 — Dry monoliths of silica gel impregnated with oil extract from pulp: (A) blank,
(B) direct process, and, (C) indirect process; dried by: (I) supercritical CO», and (I1) air.

Fig. 3 — Dry monoliths of silica gel impregnated by extract from pulp by ethanol/water:
(A) blank, (B) direct process, and, (C) indirect process; dried by: (1) supercritical CO2,
and (1) air.

Fig. 4 - Isothermal and pore volume distribution of silica aerogel impregnated with
polyphenolic pulp dried by (1) supercritical CO2, and (11) air.

Fig. 5 — Dry monoliths of silica gel impregnated by extract from pulp by ethanol/water:
(I) Low concentration, and (I1) high concentration.

Fig. 6 — FTIR spectra of (I) pulp extract, (II) silica aerogel impregnated by pulp extract,
and (I11) pure silica aerogel.

Fig. 7 - FTIR spectra of (1) pure silica aerogel, (I1) silica aerogel impregnated by Pulp
Oil, dried by air, (I11) silica aerogel impregnated by Pulp Qil, dried by SC and (V) pure
silica aerogel.


https://doi.org/10.1016/j.supflu.2018.12.004

29
© 2019 Elsevier. This manuscript version is made available under the CC-BY-NC-ND 4.0
https://doi.org/10.1016/j.supflu.2018.12.004

Tables and table captions

Table 1 — Textural properties of aerogels.

. Specific Surface Average pore Average pore

Extract Fraction Solvent area (m2/g) volume (cm3/g)  diameter (nm)
Blank - - 910 3.0 11.0
Oil Pulp Methanol 817 2.7 10.9
Oil Slurry Ethanol 835 2.8 11.2
Oil Seed Ethanol 859 2.9 11.0

Table 2 — Textural properties of aerogels impregnated by extracts obtained from the
different fractions of Acai residue.

. Impregnation Dr Specific Surface ~ Average pore Average pore
Extract Fraction F;))rogt]:ess Procgss parea (m2/g) volumeg(cr%S/g) diamet%r E)nm)
Blank - SC 910 3.04 11.0
Blank - Air
0Oil Pulp Direct SC 892 2.98 13.4
Oil Pulp Indirect SC 848 2.89 10.9
Oil Pulp Indirect SC 823 2.78 11.0
0Oil Seed Indirect SC 847 2.54 12.4
Polyphenolic Pulp Direct SC - - -
Polyphenolic Pulp Direct Air 595 0.04 0.3
Polyphenolic Pulp Indirect SC 856 1.80 9.1
Polyphenolic Pulp Indirect air 830 0.26 3.6
Polyphenolic Pulp Indirect SC 873 1.60 8.2
Polyphenolic Seed Indirect SC 739 2.43 10.0

Direct= wet impregnation by Direct method; Indirect = wet impregnation by Indirect
method.

Table 3 —Impregnation yield and total polyphenol content released.

Extract Impregnation Dry Wit% Polryégljehaesr;ols
impregnated method process (Mg GAC/Gaeroge)
Pulp Oil* Direct SC 9.1 0.229
Air 135
Pulp Oil** Indirect SC 12.9 0.120
Air 375
Pulp Oil*** indirect SC 15.3 0.317
Air 58.6 0.191

*3.79/L,**7.0 g/L,***700g/L
(GAe = Gallic Acid equivalent)

Table 4 — Impregnation yield of polyphenolic extract and total polyphenol and
anthocyanin content released.

. Initial concentration Released concentration
Impregnation Dry Wit . .
method process % Polyphenols  Anthocyanins Polyphenols Anthocyanins
(mg GAe/L) (mg AC/L) (mg GAe/gaeroget) (mg AC/ gaerogel)
direct Air 11.0 - - 0.708 0.034
Indirect SC 16.4 527.4 24.3 1.391 0.042
Indirect SC 16.4 1547.8 72.1 2.276 0.197

SC= Supercritical; GAe = Gallic Acid equivalent; AC=Anthocyanin Content
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