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KEYWORDS Abstract The ciriguela (Spondias purpurea L.) residue resulting from its pulp and juice processing
Phenolic compounds; stands out due to the high content of bioactive compounds. This study aimed to optimize the
Antioxidants; ultrasound-assisted extraction (UAE) process of phenolic compounds from ciriguela peel. The
Extraction; response surface method was used to investigate the effects of process-independent variables (ultra-
Ultrasound; sonic amplitude, UA): 20%, 60% and 100%, and ultrasonic exposure time (T): 5, 10 and 15 min on
Microwave the dependent variables (content of total phenolic compounds (TPC), DPPH — 1,1-diphenyl-2-

picrylhydrazyl free radical scavenging (ICsg) and ferric reducing-antioxidant power (FRAP) of cir-
iguela peel extract. The UA and time influenced TPC, ICsq and antioxidant activity by FRAP.
However, the antioxidant activity of DPPH had no significant influence on the variables used. Ideal
conditions were set at UA = 100% (200 W) and T = 15 min. The extract of phenolic compounds
from the ciriguela peel obtained by optimized ultrasound was compared with other extraction tech-
niques (conventional and microwave-assisted). UAE showed better results concerning the extrac-
tion yield of phenolic compounds and high antioxidant activity (35.15 mg GAE/g, IC 50 = 0.
19 mg/mL), compared to conventional extraction (30.10 mg GA/g and IC 50 = 1.68 mg/mL)
and microwave-assisted (23.31 mg GA/g and IC 50 = 4.29 mg/mL). These results demonstrate
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the efficacy and better usefulness of the ciriguela residue in obtaining the extracts of bioactive com-
pounds using the ultrasound-assisted extraction technique.

© 2021 Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Brazil is a country with favorable geographical and climatic
characteristics for fruit production. In the semiarid region,
the Caatinga biome has an immense biodiversity of fruits, par-
ticularly those of the genus Spondias, mainly ciriguela (Spon-
dias purpurea L.), which originated in Mexico and Central
America. This fruit is rich in secondary metabolites, particu-
larly phenolic compounds and is of biological interest
(Maldonado-Astudillo et al., 2014).

In recent decades, there has been an increase in the interna-
tional consumption of tropical fruits. Considering this
increase, the processing of fruits into products such as juices
and beverages showed high growth, mainly due to the possibil-
ity of producing new sources of functional and healthy ingre-
dients (Jeddou et al., 2017). However, this high growth in
the pulp and fruit juice industries has generated a large volume
of waste, which can be exploited for the production of highly
valued substances (Ben-Othman et al., 2020; Saleem and
Saeed, 2020). Fruit residues are rich in bioactive compounds.
However, these substances degrade easily during food extrac-
tion, processing and storage (Renard, 2018).

The extraction of the compounds of interest present in fruit
residues can generate products with high added value (Kringel
et al., 2020). This extraction can be carried out by conventional
methods, using maceration and/or agitation with solvents and
by Soxhlet extraction, which is based on the capture of the
compounds of interest from a solute or matrix, with or without
heat. However, it requires long times to reach the maximum
concentration of the compounds of interest and a high solvent
demand and thermal degradation due to the long processing
time (Caldas et al., 2018). Considering these disadvantages,
more sustainable methods are sought, in which solvent con-
sumption and the extraction time are minimized and the
extraction yield is increased (Pintac et al., 2018).

The recent interest in operating an environmentally sustain-
able way as well as safety and economic aspects led to the best
choice of applying new ‘green” extraction techniques
(Noroozi et al., 2021). The innovative or nonconventional
technologies that have been used include the application of
pulsed electric fields, ultrasound-assisted extraction (UAE),
microwave-assisted extraction, high pressure and solvent accel-
eration (Putnik et al., 2018). UAE stands out and uses mechan-
ical waves that present frequencies between 20 and 100 kHz
(Dadan et al., 2018). UAE has several advantages: shorter pro-
cessing time, better penetration, low solvent consumption,
higher yield, good reproducibility, improves the extraction rate
and quality of the extract, allows the possibility of using more
economical and safer alternative solvents for the environment
and health (Chemat et al., 2017; Maric et al., 2018). The UAE
process allows complete extraction of target compounds in
short time mainly via production of hydrodynamic cavitation
phenomenon. Different stages of hydrodynamic cavitation
phenomenon were: nuclei formation, expansion phase,

maximum radius, collapse phase, explosion and release of
energy (Noroozi et al., 2021).

The main contribution of this manuscript was the consider-
ation of the possibility of the valorization of ciriguela peel gen-
erated during ciriguela processing or beverage production. The
growing global interest in emerging extraction technologies,
which aim to minimize environmental impacts, justifies the
use of ciriguela residue as a source of antioxidants, which have
a high content of phenolic compounds. Since the use of RSM
has not been reported yet for modeling the UAE of phenolic
compounds from ciriguela peel, the aim of this study was to
evaluate and optimize the extraction process of phenolic com-
pounds from using UAE from ciriguela peel, maximizing the
yield of phenolic compounds and antioxidant activity of ciri-
guela peel extracts, in addition to comparing conventional
and microwave-assisted extraction processes.

2. Materials and methods

2.1. Materials

Ciriguela residues (Spondias purpurea L.) were supplied, as a
byproduct, by the fruit pulp industry, located in Jodo Pessoa,
Paraiba, Brazil (07° 09 S 36° 49’ W).

2.2. Chemicals

Ethanol (Vetec, Rio de Janeiro, Brazil) and distilled water were
used for extraction. Folin-Ciocalteu phenol reagent, gallic acid
(C7H(Os), 2,4,6-tripyridyl-s-triazine (TPTZ) and 2,2-diphenyl-
1-picrylhydrazyl radical (DPPH") were obtained from Sigma
Aldrich (St. Louis, MO, USA).

2.3. Obtaining the ciriguela residue flour (FRC)

The ciriguela peels were separated from the seeds manually
and subjected to drying at 60 °C for 24 h (Caldas et al.,
2018) in an oven with circulation and air renewal (Marconi;
model MAO035) until the moisture reached at or below 10%.
Next, they were crushed in a 631/2 multiuse mill (Tecnal)
and sieved using a sieve mesh #40 (425 pm). The FRC was
packed in 140-um low-density polyethylene bags, wrapped
with laminated paper and frozen at —18 °C for further
analysis.

2.4. Extraction processes of phenolic compounds

2.4.1. Preliminary analysis

In order to optimize the extraction conditions, initially prelim-
inary extractions were carried out using UAE. The extractions
were performed at specified conditions, ultrasound power
(120 W) and extraction time (10 min). To evaluate the extracts
by ultrasound, water (100%) and ethanol (20%, 50% and
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80%) were used as solvents, acidified with 0.1% HCI. Ethanol
is in compliance with good manufacturing practice and it is
considered as a GRAS (generally-recognized-as-safe) solvent
(Santos et al., 2010). The parameters used were: 10 g of
FRC mixed with 40 mL of the solvent, was placed in a 100-
mL beaker and submitted to an ultrasonic probe (Ultronique,
Ecosonics) that has an ultrasonic frequency of 20 kHz. The
extract was filtered using Whatman N° 2 filter paper. The
extracts were stored in amber bottle which were kept in a free-
zer (—20 °C) until analysis.

2.4.2. Ultrasound-assisted extraction (UAE)

Ultrasound experiments were carried out using 10 g of FRC
placed in an extraction unit with 40 mL of solvent (selected
in the pre-tests). The sample container was covered with
aluminum-foil paper to prevent oxidative change from light.
In the UAE procedure, the sonicator (QR1000 Ultronique,
Ecosonics - Brazil) used in this study has a constant frequency
of 20 kHz, that has a maximum power of 1000 Watts (W) and
a horn microtip with diameter of 25.4 mm. UAE process vari-
ables including ultrasonic intensity and time were investigated
as outlined in Table 3. However, the temperature was con-
trolled using a water bath around the extraction flask. The
obtained extracts were filtered and kept in the dark at
—20 °C for further analysis.

The UAE optimization of FRC phenolic compounds was
developed using Statistica 7.0 software (StatSoft, Tulsa,
USA). The central experimental design, comprised 8 factorial
points (levels = 1) and 5 central points (level 0). The indepen-
dent variables were ultrasonic amplitude (UA) (20, 60 and
100%) and time (t) of exposure to ultrasound (5, 10 and
15 min), and the dependent variables (response) were the total
phenolic compounds (TPC), ferric reducing-antioxidant power
(FRAP) and 1,1-diphenyl-2-picryl hydrazyl (DPPH) free radi-
cal scavenging activity expressed as the ICs.

Five replicates of the central point of the experimental
design were used to estimate the value of the pure error and
sum of squares. Because the various responses were the result
of the interactions of the independent variables, the data for all
the responses were adjusted to the second-order polynomial
regression equation, Eq. (1).

k k
y= ﬁo+Zﬁ,x/+ZZB[/x[x/+Z/3[,xf+ € (1)

i< =

Where Y represents the predicted response, P is the constant
regression coefficient, Bi, Bjj and Bij are the linear, square
and interaction coefficients, respectively, Xi and Xj are the
independent variables, and ¢ is noise or error (Azarpazhooh
and Ramaswamy, 2012). The quality of the adjusted polyno-
mial models was expressed by the regression coefficient (R?),
adequate precision (AP) and variation coefficient (CV).

The experimental data were adjusted to the proposed model,
and analysis of variance (ANOVA), the lack of fit test (F test),
determination of the regression coefficients and obtaining the
response surfaces were performed using Statistica 7.0 software
(StatSoft, Tulsa, USA) at the 5% significance level.

2.4.3. Microwave-assisted extraction (MAE)

For microwave extraction, 0.33 g of FRC was mixed with
20 mL of ethanol-water (80%), and then the mixture was

subjected to a CEM Discover microwave (Discover System
model 908005) using a power of 800 W, a temperature of
120 °C and an extraction time of 15 min (Best result of prelim-
inary analysis). After exposure to electromagnetic waves, the
supernatant obtained was filtered and stored in an amber con-
tainer at —20 °C until further analysis.

2.4.4. Conventional extraction by maceration (MCE)

Three replicates (10.0 g) of FRC were extracted in 40 mL of
80% ethanol-water (v/v), by using a dynamic maceration,
brought to room temperature (25 °C) and kept under stirring
for 1 h. After extraction, suspended solids were removed by fil-
tration through qualitative filter paper and the extracts
obtained were stored at —20 °C until further analysis.

2.5. Physico-chemical analysis of FRC

2.5.1. Soluble solids and titratable acidity

The according to the methodology described by AOAC (2006).
Soluble solids was expressed as °Brix and acidity were
expressed as g of citric acid/100 g of FRC.

2.5.2. pH

The pH was measured directly measurements using a pH meter
with a glass electrode (AAKER).

2.5.3. Moisture

The moisture content was determined using an infrared mois-
ture balance (MARTE-IDSO, Sao Paulo, Brazil) and heating
at 105 °C for 30 min. The results are expressed as (%)
(AOAC, 2006).

2.5.4. Water activity

Water activity was measured using a water activity analyzer
(DECAGON, AQUA LAB — 4TE) at 25 °C.

2.5.5. Color

The color was evaluated in a colorimeter (Minolta CR 400;
Konica Minolta, Sensing Inc.), using the color standards of
the CIELab (“Commission Internationale de L’Eclairage”).
The instrumental color was determined on the surface of the
ciriguela residue flour. The colorimeter was previously cali-
brated with a white standard before each analysis using a
xenon lamp, illuminant C (Y = 92.78; x = 0.3139;
y = 0.3200), an observation angle of 10° and a measuring area
of 8 mm in diameter.

2.6. Analysis of bioactive compounds and antioxidant activity

2.6.1. Total phenolic compounds (TPCs)

The TPC content was determined spectrophotometrically,
where the absorbance was quantified at 725 nm using Folin—
Ciocalteu reagent and ethanol as the solvent, according to
the methodology described by Wettasinghe and Shahidi
(1999). Briefly, the reaction was conducted in test tubes. An
amount of 0.5 mL of each sample was incubated with
8.0 mL of distilled water and 0.5 mL of Folin-Ciocalteau
reagent. After 3 min 1.0 mL of sodium carbonate solution
was added and left to react for 60 min in the dark. The TPCs
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was calculated using a standard curve prepared from the aque-
ous solutions of gallic acid (0.1-1 mg/mL) and results were
expressed in mg of gallic acid equivalent (GAE)/g of FRC.

2.6.2. Antioxidant activity by DPPH

The determination of the free-radical scavenging capacity was
evaluated with the stable radical 2,2-diphenyl-1-picrylhydrazyl
(DPPH) as described by Brand-Wiliams et al. (1995) and mod-
ified by Sanchez-Moreno et al. (1998). The extract was diluted
at three different concentrations of total phenolics. Briefly,
0.1 mL of appropriately diluted FRC extracts samples was
added to 3.9 mL of DPPH (0.03 mg/ml) in methanol. The
decrease in absorbance at 517 nm was monitored until the
reaction reached a plateau (30 min) of reaction, using a spec-
trophotometer (Shimadzu UV-1650PC). The results were
expressed as the ICsy (concentration of the extract in pg/mL
that can react with 50% of the radicals present in the DPPH
solution).

2.6.3. Ferric reducing antioxidant power (FRAP)

The FRAP test was performed according to the methodology
reported by por Thaipong et al. (2006). The absorbance was
measured at 593 nm, using a spectrophotometer (Jenway
6705 UV/Vis). FRAP reagent was freshly prepared by mixing
a 10 mM 2,4,6-tris (1-pyridyl)-5-triazine (TPTZ) solution in
40 mM HCI with a 20 mM, FeClj; solution and 0.3 M acetate
buffer (pH 3.6) in a proportion 1:1:10 (v/v/v). A calibration
curve was prepared with aqueous solution of FeSO,4 (2.5,
5.0, 7.5 and 10 mg/L). In test tube 90 pL of the filtered and
duly diluted extract with 270 plL of distilled water and
2.7 mL of FRAP reagent. Then, the reaction mixture was incu-
bated at 37 °C for 30 min. Antioxidant activity by FRAP were
exgressed as umol of ferrous equivalent per g of extract (umol
Fe*" /o).

2.7. Statistical analysis

All the experiments were performed in triplicate, and the
results were expressed as the mean values + standard devia-
tion. Statistical analysis of the model was performed using Sta-
tistica 7.0 software.

3. Results and discussion
3.1. Physico-chemical properties

The data on the soluble solid content, pH, titratable acidity,
moisture and colorimetric parameters of the FRC are pre-
sented in Table 1.

The FRC presented 4.63 °Brix of soluble solids (Table 1),
indicating the presence of water-soluble compounds and sub-
stances, such as sugars, acids, vitamin C and some pectins
(Maldonado-Astudillo et al., 2014). The pH (3.79) character-
ized FRC as an acid product. The FRC acidity obtained as
1.57 g/100 g of citric acid (Table 1) was similar to that reported
in the study by Neris et al. (2017), which characterized ciri-
guela peel and obtained 1.66 g/100 g of citric acid. The water
activity found in the FRC (0.178) was considered a low value
(the value varies from 0 to 1). The presence of moisture in
plant matter indicates the possibility of microbial growth dur-

Table 1 Physico-chemical characterization of FRC.

Parameters Mean values = SD
Soluble solids (°Brix) 4.66 £ 0.15

pH 3.79 £+ 0.15
Acidity (g/100 g citric acid) 1.57 £ 0.06

aw 0.178 £+ 0.04
Moisture (%) 5.83 + 0.01

L* 61.86 = 1.05

a* 16.26 + 0.34

b* 31.52 + 0.17

Means + standard deviation (n = 3).

ing storage (Shardul et al., 2013), and FRC showed low mois-
ture (5.83%). The colorimetric parameters (L a* b*) remained
on the positive side, indicating a shade of red to yellow, and
the value of L was 61.86, indicating that the FRC has clear
luminosity.

3.2. Preliminary experiments — Solvent selection

Selection of the best solvent for extraction by UAE was based
on the values of phenolic compounds of the extracts. Table 2
shows the data on phenolic compounds from the extracts
obtained using water and ethanol (20, 50 and 80%) as solvent.

Ethanol has been found to possess the highest affinity for
phenolics and hence it is the first choice for the extraction of
phenolic compounds from fruit and vegetable waste (Ramic
et al., 2015). Table 2 shows that the extract obtained with
80% ethanol had a higher content of phenolic compounds.
This was expected because the solubility of polyphenols
increases with increasing concentrations of ethanol (He et al.,
2016). Noroozi et al. (2021) studying continuous ultrasound-
assisted extraction of Cucurbita pepo seeds, revealed that with
increasing ethanol concentration, the phenolic compounds
recovery increased and reached a maximum value at the etha-
nol concentration of around 80%, and then slightly decreased.
This is because the polarity of the solvent decreases, and the
similarity in the solvent to the polyphenols polarity increases,
causing an increase in the solubility of polyphenols. Increase
in ethanol concentration increases the yield of phenolic com-
pound until a maximum ethanol concentration and then it

Table 2 Extraction of phenolic com-
pounds from FRC using different

solvents.
TPC (mg GAE/g of FRC)
Water 23.04° + 1.50
Etanol 20%  43.70° + 0.37
Etanol 50%  45.93° + 2.29
Etanol 80%  56.38* + 0.98

Means + standard deviation (n = 3).
Means in each column followed by difer-
ente superscript letters were significantly
diferente (p > 0.05), by Tukey’s test.
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has negative effect on the yield. The ethanol concentration
near 100% i.e. highly pure ethanol solvent causes dehydration
of the tissue of plant along with denaturation of the protein
leading to decreased yield at such high concentration
(Kumar et al., 2021). Caldas et al. (2018) observed that the
highest phenolic content was found for medium values of etha-
nol concentration (60%), within the studied range (8-92%),
which may be related to the different polarities of phenolics
present in grape skin. Savic and Savic Gajic (2020) analyzed
the extraction of polyphenols from wheatgrass (Triticum aes-
tivum L.) obtained maximum yield of phenolic compounds
using 56% ethanol concentration.

3.3. Experimental design of FRC by UAE

The contents of the experimental variables used in this study
and the results obtained for the quality parameters of the
experimental design are shown in Table 3. TPC ranged from
14.56 to 35.15 mg GAE/g of FRC, antioxidant activity by
1C5p from 0.19 to 3.51 mg/mL and antioxidant activity by
FRAP from 7.624,40 to 17.373,73 pumol Fe? +/g.

ANOVA for the quadratic model of the response surface is
shown in Table 4. Not significant variables were omitted, and
the other coefficients were used in the final predictive equa-
tions. The data showed a good fit with Eq. (1), which was sta-
tistically acceptable at p < 0.05.

The adequacy of the model was also evaluated by the resid-
uals, which represent the difference between the observed and
predicted values of the response (Maran et al., 2017). The
residuals are thought of as the elements of variation unex-
plained by the regression model (Savic Gajic et al., 2019).
The obtained residuals are plotted against the expected values
in the normal probability plot (Fig. 1 a, b and ¢). The obtained
plots of the model after excluding nonstatistically significant
terms indicate that the residuals are normally distributed.
The slight deviation of points from the straight line in the

reduced model indicates a better prediction of the regression
model.

3.4. Effect of process variables on TPC

The TPC of the FRC extracts and ANOVA of the results
obtained are presented in Tables 3 and 4, respectively. Data
analysis showed that the TPC was significantly affected by
UA and t (p < 0.05). Additionally, it was possible to deter-
mine the significant regression coefficients for the TPC, as
shown in Eq. (2).

TRC = 25.26 +4.56X; + 4.39X, + 2.29X] + 0.63X3 (2)

The variables that significantly influenced the model for
TPC were as follows: UA (X; and X?) and t (X%, as shown
in Table 4. The lack of fit was significant for the TPC model,
however, when the pure error value is low, that is, the repro-
ducibility is very good, resulting in a false result of lack of
fit, since the Fcalculated value is high due to the denominator
being very low. Therefore, it does not explain the lack of fit.
The model has statistical and predictive significance, and there
is no lack of fit. To visualize the influence of variables on the
TPC, the response surface graph (Fig. 2) was constructed.

As observed in tests 4, 2 and 12 (Table 3), the TPC
increased slowly with the increase in UA and reached a peak
at 100% UA, both obtained using 15 min of extraction time
and resulting in 22.53, 30.01 and 35.15 mg GAE/g of FRC,
respectively. Significant increases in TPC were observed as
the UA range was increased during the extraction of phenolic
compounds from the pomegranate peel (Sharayei et al., 2019).
Opposite results have been obtained in some studies in which
UA was not a significant factor in the extraction of phenolic
compounds (Espada-Bellido et al., 2017; Saifullah et al., 2020).

The increase in UA causes an additional effect of cavitation
and temperature increase, causing the explosion of bubbles,
resulting in material swelling, solvent uptake, and pore

Table 3 Face-centered composite design 32 of UAE using two variables and the resulting quality response parameters of the FRC

extract.

Exp. n0 UA (%) Time (min) TPC (mg GAE/g of FRC) IC 50 (mg/mL) FRAP (umol Fe**/g)
1 60 (0) 10 (0) 29.40 + 0.68 1.46 £+ 0.13 15.403,95 + 23.82
2 60 (0) 15(+1) 30.01 + 0.98 1.03 + 0.08 15.653,02 £+ 63.52
3 60 (0) 10 (0) 28.96 + 0.30 1.40 £ 0.14 14.290,19 + 4591
4 20 (-1) 15(+1) 22.53 +£ 0.18 2.17 + 0.23 11.456,33 £+ 67.92
5 20 (1) 10 (0) 20.42 + 0.48 2.52 + 0.09 10.857,03 £ 30.40
6 100(+1) 10 (0) 28.03 + 0.25 2.64 + 0.04 14.657,94 + 85.25
7 20 (1) 5(=1) 14.56 + 0.54 3.51 + 0.04 7.624,40 + 38.18
8 100 (+1) 5(=1) 21,70 £+ 0,10 2.99 £+ 0.06 12.148,17 £ 90.78
9 60 (0) 10 (0) 29.73 £ 0.20 1.96 + 0.07 15.749,00 £+ 57.54
10 60 (0) 5(=1) 25.06 + 0.60 2.97 £ 0.07 9.573,12 + 34.99
11 60 (0) 10 (0) 29.05 + 0.30 1.95 + 0.16 16.462,94 + 74.69
12 100 (+1) 15 (+1) 35.15 + 043 0.19 + 0.02 17.373,73 £+ 29.19
13 60 (0) 10 (0) 29.43 + 1.22 1.48 £ 0.17 15.770,72 £+ 97.94

UA: Ultrasound Amplitude.

TPC: Total Phenolic Compound.

FRAP: Ferric Reducing Antioxidant Power.
DPPH: scavenging activity of DPPH.

IC50: The concentration of extract required to scavenge 50% of 2, 2-diphenyl-1-picryl-hydrazyl free radical.

*Analytical results are the means + SD (n = 3).
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Table 4 ANOVA for the response surface quadratic model.

Source
df TPC (mg GAE/g of FRC) IC 50 (mg/mL de fenol) FRAP (umol Fe**/g)
Regression 4 984.98* 24.61* 2929070.19*
Residual 34 73.12 5.87 229854.43
Lack of fit 4 63.21* 4.55% 157999.76*
Pure Error 30 9.90 "¢ 1.31 % 71854.67 ™
Cor Total 38 1058.10 30.48 3158924.62
R-Squared 0.93 0.81 0.93

ns: Not significant (p > 0,05).
*Significant at (p < 0,05).

enlargement in the materials (Bimakr et al., 2019; Gam et al.,
2020; Gogoi et al., 2019). Cavitation effect works by imploding
cavitation bubbles and thermal effect works by swelling and
loosening the cell structure, which increase solute solubility
and diffusivity (Poodi et al., 2018). The increase of ultrasonic
power accelerates the destruction of cell walls, thereby promot-
ing the extraction of the TPC into the extraction solvent (Gam
et al., 2020). In addition, the penetration of the solvent into the
solid matrix is improved, facilitating the mass transfer rate of
phenolic compounds from the food matrix to the solvent
(Gogoi et al., 2019).

The extraction time showed a positive linear effect on the
extraction of phenolic compounds from FRC and led to a
gradual increase in the TPC. Similar results were obtained in
the study of extraction of antioxidants from plum seeds
(Savic and Savic Gajic, 2021). The contact time allows for a
higher mass transfer rate, resulting in better extraction effi-
ciency. The operating time is very important during extraction
because it helps to reduce electricity consumption as the oper-
ating time decreases (Chakraborty et al., 2020). The same
effect was obtained in other studies (Fernandes et al., 2020;
Saifullah et al., 2020).

As the extraction time increased, a higher TPC was
obtained, according to tests 7 (14.56 mg GAE/g of FRC), 5
(20.42 mg GAE/g of FRC) and 4 (22.53 mg GAE/g of
FRC), using 20% of ultrasonic amplitude and extraction time
of 5, 10 and 15 min, respectively (Table 3). Gogoi et al. (2019)
observed that the increase in extraction time from 8.00 to
14.00 min increased the yield of phenolic compounds, which
subsequently decreased with a further increase in treatment
time. Opposite results were obtained in some studies in which
time was not a significant factor in the ultrasound-assisted
extraction of phenolic compounds (Jovanovic et al., 2017; Li
et al., 2016).

3.5. Effect of process variables on the antioxidant activity by
DPPH (ICs)

ICs represents the concentration of the extract necessary to
inhibit 50% of DPPH free radicals. The following equation
describes the I1Cs, predicted by the model (Eq. (3)) according
to the coded and significant variables (p < 0.05).

IC =2.14 - 039X, + 1.01X, — 0.29X7 (3)

The variables that significantly influenced the model for
I1C5o were UA (X; and X ), and t (X>). The not significant value
of the lack of fit showed that the model was considered predic-
tive for IC50 (R? = 0.81) (Table 4). The not statistically signif-
icant terms could be excluded from the second order
polynomial equation in order to improve the prediction ability
of the proposed model. The regression coefficients indicate
that the linear effects and quadratic effect UA have a negative
impact on the response.

UA caused a negative signal effect in ICsy, and the increase
in ICsq was related to the increase in UA (Fig. 3). Similar
results were obtained by Sharayei et al. (2019), in which the
ICs increase was observed when a UA up to 60% was used;
additionally, when the UA was further increased, the ICs,
decreased. Li et al. (2016) reported significant increases in
the antioxidant activity (DPPH) as the ultrasound time was
increased. In a study of the extraction of phenolic compounds
from pomegranate peel, an increase in UA up to 60% was
observed to increase the antioxidant activity (Sharayei et al.,
2019).

3.6. Effect of the process variables on the antioxidant activity by
FRAP

Through factorial experimental design, it was possible to deter-
mine the significant regression coefficients for antioxidant
activity by FRAP, as shown in Eq. (4).

FRAP = 12883.45 4 2357.01 X, + 2484.01X, + 820.78X3
+926.32X3 (4)

However, only the linear terms UA (X, and X3) and t (X5
and X3) (p < 0.05) showed positive signal effects in the extrac-
tion. The not significant value of the lack of fit showed that the
model was considered predictive for antioxidant activity by
FRAP (R? = 0.93) (Table 4). The lack of fit was significant
for antioxidant activity by FRAP model, however, when the
pure error value is low, that is, the reproducibility is very good,
resulting in a false result of lack of fit, since the Fcalculated
value is high due to the denominator being very low. There-
fore, it does not explain the lack of fit. The model has statisti-
cal and predictive significance, and there is no lack of fit.

The increase in UA likely promoted more efficient extrac-
tion of phenolic compounds, resulting in the increased antiox-
idant activity by FRAP (Fig. 4). This effect may be due to the
cavitation process and vibration mechanics produced by the
pressure of ultrasonic radiation, which can accelerate the pen-
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2016).

Tests 7, 10 and 8, all using an extraction time of 5 min,
showed significant increases in the antioxidant activity by
FRAP as the UA was increased (7.624,40 (20% UA),



M.E. Silva Junior et al.

2
2
2

0

o

®1pawe® aad
= %
TR

A
>
=)

b

b Il 16000
> B 14000
1 12000
[ 10000
[ 8000

Fig. 4 Effect of the influence of process variables on the
antioxidant activity by FRAP using FRC extracts.

9.573,12 (60% UA) and 12.148,17 pmol Fe?" /g (100% UA),
respectively (Table 3). The same trend was obtained by several
authors using UAE (Chen et al., 2018; Li et al., 2016; Sharayei
etal., 2019). UAE contribute to more efficient extraction of the
compounds, improving the cavitation phenomena, mechanical
agitation, and process efficiency and facilitating the transport
of bioactive compounds, in addition to contributing to the
reduction of extraction time (Chakraborty et al., 2020).

Higher FRAP values were obtained when longer extraction
times were used (Fig. 4). Li et al. (2016) also reported signifi-
cant increases in antioxidant activity by FRAP as the ultra-
sound time was increased.

3.7. Comparison of different extraction methods in the recovery
of phenolic compounds from FRC

The optimization of the extraction of FRC phenolic com-
pounds resulted in a higher content of phenolic compounds
and high antioxidant activity using the following optimal
extraction conditions—UA (100%) and t (15 min). Comparing
the total phenolic compounds obtained by different methods,
it could be noted that the ultrasound-assisted extraction was
significantly more efficient (Table 5).

The extract obtained in the UAE showed greater phenolic
recovery, indicating that the application of ultrasonic waves
is a promising alternative, aiming to increase the extraction

yield of phenolic compounds (Table 5). This can be seen in
other studies (Caldas et al., 2018; Fernandes et al., 2020;
Martinez-Ramos et al., 2020; Rezende et al. 2017) who inves-
tigated the recovery of phenolic compounds from grape resi-
due, jabuticaba peel, mango peel and acerola residue,
respectively, using different extraction methods. Compared
to the UAE with maceration and soxhlet extraction, the
UAE gives higher yields of desired compounds for shorter
extraction times and at lower temperatures (Savic Gajic
et al., 2019). The higher extraction efficiency using the UAE
was due to the effect of cavitation (Vinatoru et al. 2017), facil-
itating the penetration of the solvent through the healthy cells
is better, which reflects the increase in the mass transfer (Savic
and Savic Gajic, 2020).

The higher rate extraction for UAE is attributed to the cav-
itation process, which causes the rupture of cellular structures
and greater penetration of the solvent into the internal struc-
ture of the particles, increasing the intraparticle diffusivity
(Chemat et al., 2017). During sonication, ultrasonic waves cre-
ate shock waves within the cell wall and liquid jets are formed
as a result of cavitation of the liquid media due to compression
and rarefaction cycle of ultrasonic waves (Gogoi et al., 2019).
Cavitation is a process that results in swelling of the material,
increased temperature, solvent absorption, softening of plant
surfaces and enlarged pores in materials, factors that are favor-
able to mass transport (Chakraborty et al., 2020; Gam et al.
2020).

The conventional techniques require the use of organic sol-
vent for the extraction of bioactive compounds from plant
material. In addition to evaporation and recycling of the sol-
vent after using these techniques. These facts cause the increase
of solvent consumption, energy consumption and generation
of hazardous solvent residues after its evaporation from the
sample (Savic Gajic et al., 2021). Meregalli et al. (2020) com-
pared conventional extraction and UAE in the extraction of
bioactive compounds obtained from red aragad and observed
an increase of 23.45% in the levels of phenolic compounds
and a 25.00% reduction in the time of extraction using UAE
compared with conventional extraction by maceration. Addi-
tionally, ultrasonic extraction produced a higher yield of pro-
polis phenolic compounds than extraction by maceration and
microwave (Oroian et al., 2020). Bimakr et al. (2017) investi-
gated the effects of ultrasound-assisted extraction on the
extractive value (EV) of bioactive phenolics from Malva syl-
vestris leaves and its comparison with agitated bed extraction
(ABE) technique. In comparison the free radical scavenging
activity (FRSA) and TPC analyses results revealed that UAE
afforded extracts with relatively higher FRSA and TPC values
compared with ABE in much shorter time (48.77 min). Oppo-
site results were obtained in some studies evaluated the impact

Table 5 Extraction of phenolic compounds from FRC using different extraction methods.

Methods of extraction TPC (mg GAE/g of FRC)

IC 50 (mg/mL) FRAP (umol Fe? " /g)

Ultrasound 35.15* + 0.43
Microwave 23.31° £ 0.17
Conventional 30.10° + 0.07

0.19* + 0.02 17,373.73% £ 29.19
4.29° + 0.03 15,784.15% £ 80.16
1.68° + 0.11 16,040.50* + 25.13

Means =+ standard deviation (n = 3).

Means in each column followed by different superscript letters were significantly different (p > 0.05), by Tukey’s test.
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of different extraction methods of phenolic compounds (Da
Rocha and Norefia, 2020; Rocchetti et al., 2019).

4. Conclusions

Ciriguela peel (Spondias purpurea L.) is considered a sustain-
able source of natural antioxidants and phenolic compounds.
The optimum condition of the UAE of phenolic compounds
from the FRC extract was obtained using an ultrasonic ampli-
tude (UA) of 100% and a time (t) of 15 min. The extraction
process affected the content of bioactive compounds and
antioxidant activity. In this work, the impacts of different
extraction technologies (including conventional and noncon-
ventional) that is, mechanical agitation, ultrasound and micro-
wave—were evaluated in terms of recovering phenolic
compounds from ciriguela peel. Additionally, UAE was more
efficient in recovering the compounds of interest.

Declaration of Competing Interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

References

AOAC, 2006. Association of Official Analytical Chemists. Official
Methods of Analysis of Association of Official Analytical Chemists
International. AOAC International, Gaithersburg.

Azarpazhooh, E., Ramaswamy, H.S., 2012. Modeling and optimiza-
tion of microwave osmotic dehydration of applecylinders under
continuous-flowspraymodeprocessing conditions. Food Bioproc.
Tech. 5 (5), 1486-1501.

Ben-Othman, S., Joudu, I., Bhat, R., 2020. Bioactives from Agri-Food
Wastes: Present Insights and Future Challenges. Molecules. 25,
510-544. https://doi:10.3390/molecules25030510.

Bimakr, M., Ganjloo, A., Noroozi, A., 2019. Effect of acoustic
cavitation phenomenon on bioactive compounds release from
Eryngium caucasicum leaves. J. Food Meas. Charact. 13, 1839—
1851. https://doi.org/10.1007/s11694-019-00103-w.

Bimakr, M., Ganjloo, A., Zarringhalami, S., Ansarian, E., 2017.
Ultrasound-assisted extraction of bioactive compounds from
Malva sylvestris leaves and its comparison with agitated bed
extraction technique. Food Sci Biotechnol (2017) 26(6), 1481-1490.
https://doi.org/10.1007/s10068-017-0229-5

Brand-Wiliams, W., Cuvelier, M.E., Berset, C., 1995. Use of a free
radical method to evaluate antioxidant activity. Food Sci. Technol.
28, 25-30. https://doi.org/10.1016/S0023-6438(95)80008-5.

Caldas, T.W., Mazza, K.E.L., Teles, A.S.C., Mattos, G.N., Brigida, A.
I.S., Conte-Junior, C.A., Borguini, R.G., Godoy, R.L.O., Cabral,
L.M.C., Tonon, R.V., 2018. Phenolic compounds recovery from
grape skin using conventional and nonconventional extraction
methods. Ind. Crops Prod. 111, 86-91. https://doi.org/10.1016/].
indcrop.2017.10.012.

Chakraborty, S., Uppaluri, R., Das, C., 2020. Optimization of
ultrasound-assisted extraction (UAE) process for the recovery of
bioactive compounds from bitter gourd using response surface
methodology (RSM). Food Bioprod. Process. 120, 114-122.
https://doi.org/10.1016/j.fbp.2020.01.003.

Chemat, F., Rombaut, N., Sicaire, A.G., Meullemiestre, A., Fabiano-
Tixier, A.S., Abert-Vian, M., 2017. Ultrasound assisted extraction
of food and natural products. Mechanisms, techniques, combina-
tions, protocols and applications. A review. Ultrason. Sonochem.
34, 540-560. https://doi.org/10.1016/j.ultsonch.2016.06.035.

Chen, S., Zeng, Z., Hu, N., Bai, B., Wang, H., Suo, Y., 2018.
Simultaneous optimization of the ultrasound-assisted extraction for
phenolic compounds content and antioxidant activity of Lycium
ruthenicum Murr. fruit using response surface methodology. Food
Chem. 242, 1-8. https://doi.org/10.1016/j.foodchem.2017.08.105.

Dadan, M., Rybak, K., Wiktor, A., Nowacka, M., Zubernik, J.,
Witrowa-Rajchert, D., 2018. Selected chemical composition
changes in microwave-convective dried parsley leaves affected by
ultrasound and steaming pre-treatments — An optimization
approach. Food Chem. 239, 242-251. https://doi.org/10.1016/
j.foodchem.2017.06.061.

Da Rocha, C.B., Norefia, C.P.Z., 2020. Microwave-Assisted Extrac-
tion and Ultrasound-Assisted Extraction of Bioactive Compounds
from Grape Pomace. Int. J. Food Eng. 16, 20190191. https://doi.
org/10.1515/ijfe-2019-0191.

Espada-Bellido, E., Ferreiro-Gonzalez, M., Carrera, C., Palma, M.,
Barroso, C. G., Barbero, G. F., 2017. Optimization of the
ultrasound-assisted extraction of anthocyanins and total phenolic
compounds in mulberry (Morus nigra) pulp. Food Chem. 219, 23—
32. https://10.1016/j.foodchem.2016.09.122.

Fernandes, F.A.N., Fonteles, T.V., Rodrigues, S., Brito, E.S., Tiwari,
B.K., 2020. Ultrasound-assisted extraction of anthocyanins and
phenolics from jabuticaba (Myrciaria cauliflora) peel: kinetics and
mathematical modeling. J. Food Sci. Technol. 57, 2321-2328.
https://doi.org/10.1007/s13197-020-04270-3.

Gam, D. H., Yi Kim, S., Woo Kim, J., 2020. Optimization of
Ultrasound-Assisted Extraction Condition for Phenolic Com-
pounds, Antioxidant Activity, and Epigallocatechin Gallate in
Lipid-Extracted Microalgae. Molecules. 25, 454. https://10.
3390/molecules25030454

Gogoi, P., Chutia, P., Singh, P., Mahanta, C.L., 2019. Effect of
optimized ultrasound-assisted aqueous and ethanolic extraction of
Pleurotus citrinopileatus mushroom on total phenol, flavonoids
and antioxidant properties. J. Food Process Eng. 42 (6), 1-12.
https://doi.org/10.1111/jfpe.13172.

He, B., Zhang, L.L., Yue, X.Y., Liang, J., Jiang, J., Gao, X.L., Yue, P.
X., 2016. Optimization of ultrasound-assisted extraction of phe-
nolic compounds and anthocyanins from blueberry (Vaccinium
ashei) wine pomace. Food Chem. 204, 70-76.

Jeddou, K.B., Bouaziza, F., Zouari-Ellouzia, S., Chaaria, F., Ellouz-
Chaabounia, S., Ellouzghorbela, R., Nouri-Ellouzc, O., 2017.
Improvement of texture and sensory properties of cakes by
addition of potato peel powder with high level of dietary fiber
and protein. Food Chem. 217, 668-677. https://doi.org/10.1016/
j.foodchem.2016.08.081.

Jovanovic, A.A., Dordevic, V.B., Zdunic, G.M., Pljevljakusic, D.S.,
Savikin, K.P., Godevac, D.M., Bugarski, B.M., 2017. Optimization
of the extraction process of polyphenols from Thymus serpyllum L.
herb using maceration, heat- and ultrasound-assisted techniques.
Sep. Purif. Technol. 179, 369-380. https://doi.org/10.1016/].
seppur.2017.01.055.

Kringel, D.H., Dias, A.R.G., Zavareze, E.R., Gandra, E.A., 2020.
Fruit Wastes as Promising Sources of Starch: Extraction, Proper-
ties, and Applications. Stirke. 72, 19000200. https://doi.org/
10.1002/star.201900200.

Kumar, K., Srivastav, S., Singh, Sharanagat, V. S., 2021. Ultrasound
assisted extraction (UAE) of bioactive compounds from fruit and
vegetable processing by-products: A review. Ultrasonics — Sono-
chemistry. 70, 105325. https://doi.org/10.1016/j.ultsonch.2020.
105325

Li, H.Z., Zhang, Z.J., Xue, J., Cui, L.X., Hou, T.Y., Li, X.-J., Chen,
T., 2016. Optimization of ultrasound-assisted extraction of pheno-
lic compounds, antioxidants and rosmarinic acid from perilla leaves
using response surface methodology. Food Sci. Technol. 36, 686—
693. https://doi.org/10.1590/1678-457x.13516.

Maldonado-Astudillo, Y.I., Alia-Tejacal, 1., Nunez-Colin, C.A.,
Jiménez-Hernandez, J., Pelayo-Zaldivar, C., Lopez-Martinez, V.,
Andrade-Rodriguez, M., Bautista-Banos, S., Valle-Guadarrama,


http://refhub.elsevier.com/S1878-5352(21)00275-6/h0005
http://refhub.elsevier.com/S1878-5352(21)00275-6/h0005
http://refhub.elsevier.com/S1878-5352(21)00275-6/h0005
http://refhub.elsevier.com/S1878-5352(21)00275-6/h0010
http://refhub.elsevier.com/S1878-5352(21)00275-6/h0010
http://refhub.elsevier.com/S1878-5352(21)00275-6/h0010
http://refhub.elsevier.com/S1878-5352(21)00275-6/h0010
https://doi:10.3390/molecules25030510
https://doi.org/10.1007/s11694-019-00103-w
https://doi.org/10.1007/s10068-017-0229-5
https://doi.org/10.1016/S0023-6438(95)80008-5
https://doi.org/10.1016/j.indcrop.2017.10.012
https://doi.org/10.1016/j.indcrop.2017.10.012
https://doi.org/10.1016/j.fbp.2020.01.003
https://doi.org/10.1016/j.ultsonch.2016.06.035
https://doi.org/10.1016/j.foodchem.2017.08.105
https://doi.org/10.1016/j.foodchem.2017.06.061
https://doi.org/10.1016/j.foodchem.2017.06.061
https://doi.org/10.1515/ijfe-2019-0191
https://doi.org/10.1515/ijfe-2019-0191
https://10.1016/j.foodchem.2016.09.122
https://doi.org/10.1007/s13197-020-04270-3
https://10.3390/molecules25030454
https://10.3390/molecules25030454
https://doi.org/10.1111/jfpe.13172
http://refhub.elsevier.com/S1878-5352(21)00275-6/h0085
http://refhub.elsevier.com/S1878-5352(21)00275-6/h0085
http://refhub.elsevier.com/S1878-5352(21)00275-6/h0085
http://refhub.elsevier.com/S1878-5352(21)00275-6/h0085
https://doi.org/10.1016/j.foodchem.2016.08.081
https://doi.org/10.1016/j.foodchem.2016.08.081
https://doi.org/10.1016/j.seppur.2017.01.055
https://doi.org/10.1016/j.seppur.2017.01.055
https://doi.org/10.1002/star.201900200
https://doi.org/10.1002/star.201900200
https://doi.org/10.1016/j.ultsonch.2020.105325
https://doi.org/10.1016/j.ultsonch.2020.105325
https://doi.org/10.1590/1678-457x.13516

10

M.E. Silva Junior et al.

S., . Postharvest physiology and technology of Spondias purpurea
L. and S. mombin L. Sci. Hortic. 174, 193-206. https://doi.org/
10.1016/j.scienta.2014.05.016.

Maran, J.P., Manikandan, S., Nivetha, C.V., Dinesh, R., 2017.
Ultrasound assisted extraction of bioactive compounds from
Nephelium lappaceum L. fruit peel using central composite face
centered response surface design. Arab. J. Chem. 10, 1145-1157.

Mari¢, M., Grassino, A.N., Zhu, Z., Barba, F.J., BrnCi¢, M., Rimac
Brncic, S., 2018. An overview of the traditional and innovative
approaches for pectin extraction from plant food wastes and by-
products: Ultrasound-, microwaves-, and enzyme-assisted extrac-
tion. Trends Food Sci. Technol. 76, 28-37. https://doi.org/10.1016/
j.tifs.2018.03.022.

Martinez-Ramos, T., Benedito-Fort, J., Watson, N.J., Ruiz-Lopez, 1.
1., Che-Galicia, G., Corona-Jiménez, E., 2020. Effect of solvent
composition and its interaction with ultrasonic energy on the
ultrasound-assisted extraction of phenolic compounds from Mango
peels (Mangifera indica L.). Food Bioprod. Process. 122, 41-54.
https://doi.org/10.1016/j.fbp.2020.03.011.

Meregalli, M.M., Puton, B.M.A., Camera, F.D., Amaral, A.U., Zeni,
J., Cansian, R.L., Mignoni, M.L., Backes, G.T., 2020. Conven-
tional and ultrasound-assisted methods for extraction of bioactive
compounds from red araga peel (Psidium cattleianum Sabine).
Arab. J. Chem. 13, 5800-5809. https://doi.org/10.1016/].
arabjc.2020.04.017.

Neris, T.S., Loss, R.A., Guedes, S.F., 2017. Caracterizagdo fisico-
quimica da seriguela (Spondias purpurea L.) coletadas no municipio
de Barra do Bugres/MT em diferentes estagios de maturagdo. Nat.
Resour. 7 (1), 9-18.  https://doi.org/10.6008/SPC2237-
9290.2017.001.0002.

Noroozi, F., Bimakr, M., Ganjloo, A., Aminzare, M., 2021. A short
time bioactive compounds extraction from Cucurbita pepo seed
using continuous ultrasound-assisted extraction. J. Food Meas.
Charact. 15, 2135-2145. https://doi.org/10.1007/s11694-021-00810-
3.

Oroian, M., Dranca, F., Ursachi, F., 2020. Comparative evaluation of
maceration, microwave and ultrasonicassisted extraction of phe-
nolic compounds from propolis. J. Food Sci. Technol. 57, 70-78.
https://doi.org/10.1007/s13197-019-04031-x.

Pinta¢, D., Majki¢, T., Torovi¢, L., Orci¢, D., Beara, L., Simin, N.,
Mimicae-Duki¢, N., Lesjak, M., 2018. Solvent selection for efficient
extraction of bioactive compounds from grape Pomace. Ind. Crops
Prod. 111, 379-390. https://doi.org/10.1016/j.indcrop.2017.10.038.

Poodi, Y., Bimakr, M., Ganjloo, A., Zarringhalami, S., 2018.
Intensification of bioactive compounds extraction from Feijoa
(Feijoa sellowiana Berg.) leaves using ultrasonic waves. Food
Bioprod.  Process. 108, 37-50.  https://doi.org/10.1016/].
fbp.2017.12.004.

Putnik, P., Lorenzo, J. M., Barba, F. J., Roohinejad, S., Jambrak, A.
R., Granato, D., Montesan, D., Bursa¢ Kovacevic, D., 2018. Novel
food processing and extraction technologies of high-added value
compounds from plant materials. Foods. 7, 106-122. https://doil0.
3390/foods7070106.

Ramic, M., Vidovic, S., Zekovic, Z., Vladic, J., Cvejin, A., Pavli¢, B.
2015. Ultrason Sonochem. 23, 360-368. https://doi.org/10.1016/j.
ultsonch.2014.10.002.

Renard, C.M.G.C., 2018. Extraction of bioactives from fruit and
vegetables: State of the art and perspectives. LWT-Food Sci.
Technol. 93, 390-395. https://doi.org/10.1016/j.1wt.2018.03.063.

Rezende, Y.R.R.S., Nogueira, J.P., Narain, N., 2017. Comparison and
optimization of conventional and ultrasound assisted extraction for
bioactive compounds and antioxidant activity from agro-industrial

acerola (Malpighia emarginata DC) residue. LWT - Food Sci.
Technol. 85, 158-169. https://doi.org/10.1016/5.1wt.2017.07.020.

Rocchetti, G., Blasi, F., Montesano, D., Ghisoni, S., Marcotullio, M.
C., Sabatini, S., Cossignani, L., Lucini, L., 2019. Impact of
conventional/non-conventional extraction methods on the untar-
geted phenolic profile of Moringa oleifera leaves. Food Res. Int.
115, 319-327. https://doi.org/10.1016/j.foodres.2018.11.046.

Saifullah, Md., McCullum, R., McCluskey, A., Vuong, Q., 2020.
Comparison of conventional extraction technique with ultrasound
assisted extraction on recovery of phenolic compounds from lemon
scented tea tree (Leptospermum petersonii) leaves. Heliyon.
€03666. https://doi.org/10.1016/j.heliyon.2020.03666.

Saleem, M., Saeed, M.T., 2020. Potential application of waste fruit
peels (orange, yellow lemon and banana) as wide range natural
antimicrobial agente. J. King Saud Univ. Sci. 32, 805-810. https://
doi.org/10.1016/j.jksus.2019.02.013 101.

Sanchez-Moreno, C., Larrauri, J.A., Saura-Calixto, F., 1998. A
procedure to measure the antiradical efficiency of polyphenols. J.
Sci. Food Agric. 76 (2), 270-276. https://doi.org/10.1002/(SICI)
1097-0010(199802)76:2 <270:: AID-JSFA945 > 3.0.CO;2-9.

Santos, D., Veggi, P.C., Meireles, M.A., 2010. Extraction of antiox-
idant compounds from Jabuticaba (Myrciaria cauliflora) skins:
yield, composition and economical evaluation. J. Food Eng. 101,
23-31.

Savic, I. M., Savic Gajic, I. M., 2020. Optimization of ultrasound-
assisted extraction of polyphenols from wheatgrass (Triticum
aestivum L.). J Food Sci Technol. 57(8), 2809-2818.

Savic Gajic, I.M., Savic, .M., Gajic, D.G., Dosic, A., 2021. Ultra-
sound-assisted extraction of carotenoids from Orange peel using
olive oil and its encapsulation in ca-alginate beads. Biomolecules.
11, 225. https://doi.org/10.3390/biom11020225.

Savic, .M., Savic Gajic, .M., 2021. Optimization study on extraction
of antioxidants from plum seeds (Prunus domestica L.). Optimiza-
tion Eng. 22, 141-158. https://doi.org/10.1007/s11081-020-09565-0.

Savic Gajic, I, Savic, 1., Boskov, 1., ZerajiC, S., Markovic, 1., Gajic,
D. 2019. Optimization of ultrasound-assisted extraction of phenolic
compounds from black locust (Robiniae Pseudoacaciae) flowers
and comparison with conventional methods. Antioxidants. 8, 248.

Sharayei, P., Azarpazhooh, E., Zomorodi, S., Ramaswamyc, H.S.,
2019. Ultrasound assisted extraction of bioactive compounds from
pomegranate (Punica granatum L.) peel. LWT - Food Sci. Technol.
101, 342-350. https://doi.org/10.1016/j.1wt.2018.11.031.

Shardul, K., Swati, J., Prajakta, K., Prafullachandra, T., Santos, H, P.,
Arun, R., 2013. Proximate analysis of peel and seed of Annona
Squamosa (Custard Apple) fruit. Res. J. Chem. Sci. 3(2), 92-94.

Thaipong, K., Boonprakob, U., Crosby, K., Cisneros-Zevallos, L.,
Byrne, D.H., 2006. Comparison of ABTS, DPPH, FRAP, and
ORAC assays for estimating antioxidant activity from guava fruit
extracts. J. Food Compost. Anal. 19 (6-7), 669-675. https://doi.
org/10.1016/j.jfca.2006.01.003.

Vinatoru, M., Mason, T.J., Calinescu, I., 2017. Ultrasonically assisted
extraction (UAE) and microwave assisted extraction (MAE) of
functional compounds from plant materials. Trends Anal Chem.
97, 159-178.

Wang, W., Jung, J., Tomasino, E., Zhao, Y., 2016. Optimization of
solvent and ultrasound-assisted extraction for different antho-
cyanin rich fruit and their effects on anthocyanin compositions.
LWT — Food Sci. Technol. 72, 229-238. https://doi.org/10.1016/].
Iwt.2016.04.041.

Wettasinghe, M., Shahidi, F., 1999. Evening primrose meal: a source
of natural antioxidants and scavenger of hydrogen peroxide and
oxygen-derived free radicals. J. Agric. Food Chem. 47, 1801-1812.
https://doi.org/10.1021/jf9810416.


https://doi.org/10.1016/j.scienta.2014.05.016
https://doi.org/10.1016/j.scienta.2014.05.016
http://refhub.elsevier.com/S1878-5352(21)00275-6/h0120
http://refhub.elsevier.com/S1878-5352(21)00275-6/h0120
http://refhub.elsevier.com/S1878-5352(21)00275-6/h0120
http://refhub.elsevier.com/S1878-5352(21)00275-6/h0120
https://doi.org/10.1016/j.tifs.2018.03.022
https://doi.org/10.1016/j.tifs.2018.03.022
https://doi.org/10.1016/j.fbp.2020.03.011
https://doi.org/10.1016/j.arabjc.2020.04.017
https://doi.org/10.1016/j.arabjc.2020.04.017
https://doi.org/10.6008/SPC2237-9290.2017.001.0002
https://doi.org/10.6008/SPC2237-9290.2017.001.0002
https://doi.org/10.1007/s11694-021-00810-3
https://doi.org/10.1007/s11694-021-00810-3
https://doi.org/10.1007/s13197-019-04031-x
https://doi.org/10.1016/j.indcrop.2017.10.038
https://doi.org/10.1016/j.fbp.2017.12.004
https://doi.org/10.1016/j.fbp.2017.12.004
https://doi10.3390/foods7070106
https://doi10.3390/foods7070106
https://doi.org/10.1016/j.ultsonch.2014.10.002
https://doi.org/10.1016/j.ultsonch.2014.10.002
https://doi.org/10.1016/j.lwt.2018.03.063
https://doi.org/10.1016/j.lwt.2017.07.020
https://doi.org/10.1016/j.foodres.2018.11.046
https://doi.org/10.1016/j.heliyon.2020.e03666
https://doi.org/10.1016/j.jksus.2019.02.013101
https://doi.org/10.1016/j.jksus.2019.02.013101
https://doi.org/10.1002/(SICI)1097-0010(199802)76:2&lt;270::AID-JSFA945&gt;3.0.CO;2-9
https://doi.org/10.1002/(SICI)1097-0010(199802)76:2&lt;270::AID-JSFA945&gt;3.0.CO;2-9
http://refhub.elsevier.com/S1878-5352(21)00275-6/h0200
http://refhub.elsevier.com/S1878-5352(21)00275-6/h0200
http://refhub.elsevier.com/S1878-5352(21)00275-6/h0200
http://refhub.elsevier.com/S1878-5352(21)00275-6/h0200
https://doi.org/10.3390/biom11020225
https://doi.org/10.1007/s11081-020-09565-0
https://doi.org/10.1016/j.lwt.2018.11.031
https://doi.org/10.1016/j.jfca.2006.01.003
https://doi.org/10.1016/j.jfca.2006.01.003
http://refhub.elsevier.com/S1878-5352(21)00275-6/h0240
http://refhub.elsevier.com/S1878-5352(21)00275-6/h0240
http://refhub.elsevier.com/S1878-5352(21)00275-6/h0240
http://refhub.elsevier.com/S1878-5352(21)00275-6/h0240
https://doi.org/10.1016/j.lwt.2016.04.041
https://doi.org/10.1016/j.lwt.2016.04.041
https://doi.org/10.1021/jf9810416

	Ultrasound-assisted extraction of bioactive compounds from ciriguela (Spondias purpurea L.) peel: Optimization and comparison with conventional extraction and microwaveSpondias purpurea L.) peel --
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Chemicals
	2.3 Obtaining the ciriguela residue flour (FRC)
	2.4 Extraction processes of phenolic compounds
	2.4.1 Preliminary analysis
	2.4.2 Ultrasound-assisted extraction (UAE)
	2.4.3 Microwave-assisted extraction (MAE)
	2.4.4 Conventional extraction by maceration (MCE)

	2.5 Physico-chemical analysis of FRC
	2.5.1 Soluble solids and titratable acidity
	2.5.2 pH
	2.5.3 Moisture
	2.5.4 Water activity
	2.5.5 Color

	2.6 Analysis of bioactive compounds and antioxidant activity
	2.6.1 Total phenolic compounds (TPCs)
	2.6.2 Antioxidant activity by DPPH
	2.6.3 Ferric reducing antioxidant power (FRAP)

	2.7 Statistical analysis

	3 Results and discussion
	3.1 Physico-chemical properties
	3.2 Preliminary experiments – Solvent selection
	3.3 Experimental design of FRC by UAE
	3.4 Effect of process variables on TPC
	3.5 Effect of process variables on the antioxidant activity by DPPH (IC50)
	3.6 Effect of the process variables on the antioxidant activity by FRAP
	3.7 Comparison of different extraction methods in the recovery of phenolic compounds from FRC

	4 Conclusions
	Declaration of Competing Interest
	References


