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A B S T R A C T

Heat- and ultrasound-assisted extraction methods were applied to recover anthocyanins from Hibiscus sabdariffa
calyces. The extraction variables, time (t), ethanol proportion (S), and temperature (T) or ultrasonic power (P),
were combined in a 5-level experimental design and analysed by response surface methodology for process
optimization. The delphinidin-3-O-sambubioside (C1) and cyanidin-3-O-sambubioside (C2) levels were mon-
itored by LC-DAD-ESI/MSn and used as response criteria. The developed models were successfully fitted to the
experimental data and used to determine optimal extraction conditions. UAE was the most efficient method
yielding 51.76mg C1+C2/g R under optimal conditions (t=26.1min, P=296.6W and S=39.1% ethanol, v/
v). The dose-response effects of the solid/liquid ratio on the extraction rate were also determined. The antho-
cyanin levels herein reported are higher than those found in the literature, which support the potential use of H.
sabdariffa as a sustainable source of natural colorants with application in different industrial sectors.

1. Introduction

The globalization of the industrial food sector, together with con-
sumer’s awareness about the existence of bio-based alternatives to the
artificial additives, nowadays massively used, and with potential toxic
effects in humans, has promoted the demand for food products for-
mulated with natural ingredients recovered from plant materials
(Carocho, Morales, & Ferreira, 2015; Martins, Roriz, Morales, Barros, &
Ferreira, 2016). The scientific research in this area has gained inter-
national prominence (Almeida et al., 2018; Carocho et al., 2016; Pinela
et al., 2017), as it is still necessary to expand the range of natural op-
tions and find new sources (e.g., plants, algae and insects), as well as to
develop sustainable processes for an efficient recovery of the target
compounds (e.g., anthocyanins, carotenoids, and beet derivatives).
The global food colouring market has grown rapidly in recent years

and it is expected to continue growing by 10% to 15% annually (Carle &
Schweiggert, 2016). The colour, in addition to be an important food
sensory attribute, often related to flavour, safety and overall quality,
also greatly influences product’s marketing success. At the same time,
there is a growing interest in replacing the artificially obtained color-
ants by natural counterparts, since the former have been associated

with adverse health effects, including hyperkinesis, skin rashes, tu-
mours, kidney damage and migraine, among others (Ramesh &
Muthuraman, 2018). Natural colorants can also provide an extensive
range of colours, with the advantage of being innocuous and can pro-
vide beneficial health effects (Castañeda-Ovando, Pacheco-Hernández,
Páez-Hernández, Rodríguez, & Galán-Vidal, 2009). However, the high
stability and low cost of the synthetic food colorants have limited the
use of the natural counterparts by the industrial sector (Carocho et al.,
2015). Moreover, there are only few natural alternatives approved by
federal authorities (Martins et al., 2016).
Plants are an interesting source of natural pigments endowed with

colouring potential and bioactivities (Jabeur et al., 2017). Among them,
Hibiscus sabdariffa L. (Fam. Malvaceae), also known as roselle, is an
annual medicinal shrub relatively easy to grow and used worldwide by
the food and pharmaceutical industries (Da-Costa-Rocha, Bonnlaender,
Sievers, Pischel, & Heinrich, 2014). It comprises two main varieties, the
altissima Wester, cultivated for the jute-like fibre, and the sabdariffa,
generally pigmented and cultivated for the edible calyces used in the
preparation of herbal teas and beverages, and a number of pastry
products (Sharma et al., 2016). In folk medicine, H. sabdariffa calyx
infusions are used for their diuretic, febrifugal and hypotensive effects,
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and for helping to lower body temperature; while other preparations
are used for treating sore throats and coughs, liver, cardiac and nerve
diseases, and genital problems (Da-Costa-Rocha et al., 2014). Some of
these traditional uses have been validated by scientific studies, which
have shown that calyx extracts have strong antioxidant and anti-
hypertensive capacities, together with antihypercholesterolaemic, an-
tinociceptive, and antipyretic effects, among others (Ali, Al Wabel, &
Blunden, 2005; Da-Costa-Rocha et al., 2014). Therefore, this plant has
high potential to be used in the development of new functional and
therapeutic products.
Most of the phytochemical studies on the H. sabdariffa constituents

have been directed towards the characterization of pigments, namely
anthocyanins (Ali et al., 2005; Beye, Hiligsmann, Tounkara, & Thonart,
2017; Jabeur et al., 2017). Delphinidin-3-glucoside, cyanidin-3-gluco-
side, and in particular delphinidin-3-sambubioside (hibiscin) and cya-
nidin-3-sambubioside (gossypicyanin) have been identified in calyx
extracts (Alarcón-Alonso et al., 2012; Beye et al., 2017; Salazar-
González, Vergara-Balderas, Ortega-Regules, & Guerrero-Beltrán,
2012). These anthocyanins are responsible for the characteristic red
colour of the H. sabdariffa calyces and can be recovered for subsequent
use as colorants in different industrial sectors.
In order to turn bio-based colorants into real and efficient alter-

natives to the widely used artificial analogues, it is necessary to find
promising sources for their extraction and develop sustainable recovery
processes. Today, several technologies are available to enhance ex-
traction, including ultrasounds (López et al., 2018), microwaves
(Liazid, Guerrero, Cantos, Palma, & Barroso, 2011), pulsed electric
fields, and pressurized and supercritical fluids (Corrales, Toepfl, Butz,
Knorr, & Tauscher, 2008; Garcia-Mendoza et al., 2017). Among them,
ultrasound-assisted extraction (UAE) brings significant benefits over
conventional heating methods in terms of time and solvent consump-
tion and extraction yield (Chemat et al., 2017a; Marić et al., 2018). This
“green” processing technique also reduces energy and water con-
sumption, allows recycling of by-products through bio-refining, and
ensures a safe and high quality product (Chemat et al., 2017a). In ad-
dition, UAE has been recognised as suitable for industrial applications
(Vilkhu, Mawson, Simons, & Bates, 2008). However, the efficiency of
these processes is affected by process variables (e.g., time, temperature,
ultrasonic power and solvent). Therefore, it is necessary to use appro-
priate experimental designs and optimization tools to determine the
optimal extraction conditions leading to the best responses in terms of
recovering of target compounds.
This study was performed aiming at optimizing the recovery of the

two major anthocyanins found in H. sabdariffa calyces by heat- and
ultrasound-assisted extraction processes to serve as natural colorants (a
workflow scheme is presented in Fig. A1). The three most relevant in-
dependent variables for each process were combined in a circumscribed
central composite design, and response surface methodology (RSM) was
used for process optimization. It is thus intended to identify which
method and extraction conditions are the most suitable to extract these
colouring compounds.

2. Material and methods

2.1. Plant material

Dried flowers of H. sabdariffa were supplied by a local company
(Pragmático Aroma Lda, Alfândega da Fé, Bragança, Portugal) that
produces medicinal and aromatic plants with organic certification.
According to the producers, the plant material was dehydrated in a
drying chamber with controlled conditions of temperature, relative
humidity and air velocity, in order to ensure the quality of the final
product. The red flower calyx consisting of 5 large sepals with a collar
(epicalyx) of 8 to 12 slim, pointed bracts (or bracteoles) around the base
was handpicked and reduced to a fine powder (∼20 mesh). The pow-
dered samples were kept at -80 °C until further use.

2.2. Extraction methods

2.2.1. Heat-assisted extraction
The heat-assisted extraction (HAE) was performed in a thermostated

water bath using sealed vessels to avoid solvent evaporation. The dry
powder samples (0.6 g) were mixed with 20mL of solvent (ethanol:-
water mixtures) and processed under continuous electromagnetic stir-
ring according to the experimental design presented in Table A1. The
extraction time (t, 55–150min), temperature (T, 20–90 °C) and ethanol
proportion (S, 0–100%) were the considered independent variables.
The solid/liquid ratio (S/L) was kept constant (30 g/L). After extrac-
tion, the mixture was centrifuged (6000 rpm for 10min at room tem-
perature) and the supernatant filtered through Whatman filter paper
No. 4.

2.2.2. Ultrasound-assisted extraction
The ultrasound-assisted extraction (UAE) was performed using an

ultrasonic equipment (QSonica sonicators, model CL-334, Newtown,
CT, USA). The dry powder samples (1.5 g) were placed in a beaker with
50mL of solvent (ethanol: water mixtures) and processed according to
the experimental design presented in Table A1. The extraction time (t,
3–36.5min), ultrasonic power (P, 100–500W; at a frequency of 20 kHz)
and ethanol proportion (S 0–100%) were the considered independent
variables. The solid/liquid ratio (S/L, 30 g/L) and the temperature
(30–35 °C) were kept constant during extraction. Then, the mixtures
were centrifuged (6000 rpm for 10min at room temperature) and the
supernatant was filtered through Whatman filter paper No. 4.
A probe system was used for extraction because it delivers the ul-

trasonic intensity on a small surface compared to an ultrasonic bath,
thus being more powerful and widely used for sonication of small vo-
lumes of sample (Chemat et al., 2017a; Sicaire et al., 2016). The probe
was immersed directly into the reaction beaker (containing the solvent
and the sample) so that less attenuation could happen. A special care
was taken because of the fast rise of the temperature in the reaction
system.

2.3. Determination of extraction yield

The residue or extract weight resulting from each extraction was
determined gravimetrically using crucibles, subjected firstly to a partial
evaporation of the water at 60 °C and then to heat treatment at 100 °C
for 24 h. The results were expressed in percentage (%, w/w).

2.4. Chromatographic analysis of anthocyanins

Each obtained solution was subjected to solvent evaporation at
35 °C and the obtained residue redissolved in water and filtered through
a 0.22-m disposable LC filter disk. The chromatographic analysis was
performed in a Dionex Ultimate 3000 UPLC system (Thermo Scientific,
San Jose, CA, USA) equipped with a diode array detector coupled with
an electrospray ionization mass detector (LC-DAD-ESI/MSn), as pre-
viously described by Jabeur et al. (2017). Detection was carried out
with a DAD (520 nm as the preferred wavelength) and a MS (Linear Ion
Trap LTQ XL mass spectrometer, Thermo Finnigan, San Jose, CA, USA)
equipped with an ESI source, working in positive mode. The antho-
cyanins were characterized according to their UV–Vis and mass spectra,
and quantification was performed through a calibration curve per-
formed using cyanidin-3-glucoside standard (y=243287x - 1E6;
R2=0.995). The results were expressed as mg/g of plant material (P)
or residue (R).

2.5. Extraction optimization by response surface methodology

2.5.1. Experimental design
A five-level circumscribed central composite design (CCCD) with

three independent variables [X1 (t, min), X2 (T, °C or P, W) and X3 (S,
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%)] was applied to optimize the extraction of anthocyanins from H.
sabdariffa calyces by HAE and UAE. The CCCD included 14 independent
combinations and 6 replicates at the centre of the experimental design,
chosen to maximize the predictive capacity of the models. In addition,
the experimental points were generated on a sphere around the centre
point to ensure that the variation of the model prediction is constant for
all points equidistant from the centre. The experimental runs were
randomized to minimize the effect of unexpected variability in the
observed responses.

2.5.2. Response criteria used to understand the extraction behaviour
The extraction yield and levels of delphinidin-3-O-sambubioside

(C1) and cyanidin-3-O-sambubioside (C2), as well as the total amount
resulting from the sum of both compounds (CT), were the four response
variables considered for the RSM optimization. In addition, the an-
thocyanin content was expressed using the Y1 (mg/g P dw) and Y2 (mg/
g R) response formats in order to determine the concentration present
in the dried plant material and in the obtained residue or extract, re-
spectively.

2.5.3. Mathematical model
The response surface models were fitted by means of least squares

calculation using the following second-order polynomial equation:
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where Y is the dependent (response) variable to be modelled, Xi and Xj

define the independent variables, b0 is the constant coefficient, bi the
coefficient of the linear effect, bij the coefficient of the interaction effect,
bii the coefficient of the quadratic effect, and n is the number of vari-
ables.

2.5.4. Procedure to optimize the variables to a maximum response
The maximization of the model-produced responses was achieved

using a simple method tool to solve non-linear problems (Heleno et al.,
2016; Pinela et al., 2016). Limitations were made to the variable coded
values to avoid unnatural conditions (i.e., time < 0).

2.6. Dose-response analysis of the solid/liquid ratio effect

After optimizing the experimental conditions for the variables X1, X2

and X3, the solid/liquid ratio (S/L, g/L) was included as the fourth
variable (X4) to be optimized in order to design more productive and
sustainable processes, as demanded by the industrial sector. The re-
sponse effects as function of the S/L variation showed linear trends and
were depicted using a general linear equation with intercept
(Y= b+m·S/L), where Y is the used response criteria (i.e. if Y1 the
units would be mg/g P dw) and b and m are the parameters (intercept
and slope, respectively). The rate of the process parameter (m, if as-
sessing the Y1 response criterion the units would be mg/g P per g/L)
provides information related to the extraction as function of S/L in-
crease. Positive values will indicate an increase in the extraction re-
sponses, whereas negative values will designate a decrease in the ex-
traction efficiency, as the S/L increase.

2.7. Fitting procedures and statistical analysis

The statistical analysis of the experimental results and models fitting
was performed in three steps, using a Microsoft Excel spreadsheet, as
follows:

(1) The measurement of the coefficients was achieved using the non-
linear least-square (quasi-Newton) method provided by the macro
“Solver” (Kemmer & Keller, 2010), by minimization of the sum of

the quadratic differences between the observed and model-pre-
dicted values.

(2) The significance of the coefficients was obtained via “SolverAid”
macro (de Levie, 2012) to determine the parametric confidence
intervals. The terms that were not statistically significant (p-
value > 0.05) were excluded to simplify the model.

(3) The model reliability was confirmed by applying the following
criteria: (a) the Fisher F-test (α = 0.05) was used to determine the
consistency of the constructed models to describe the obtained data
(Shi & Tsai, 2002); (b) the “SolverStat” macro was used to make an
assessment of the parameter and model prediction uncertainties
(Comuzzi, Polese, Melchior, Portanova, & Tolazzi, 2003); (c) R2 was
determined to explain the variability proportion of the dependent
variable obtained by the model.

3. Results and discussion

3.1. Experimental data for RSM optimization

Although some previous studies on the extraction of anthocyanins
from H. sabdariffa calyces can be found in literature, no reports de-
tailing the optimal conditions maximizing their extraction are presently
available. In addition, the compositional diversity of anthocyanins’
natural sources (e.g., fruits, flowers, leaves, stems and roots) does not
allow to directly extrapolate the extraction conditions of these pigments
from previously studied sources. Therefore, it is important to conduct
independent studies to maximize the extraction of anthocyanins from
H. sabdariffa, by selecting the relevant variables for each selected ex-
traction method. Table 1 provides a bibliographical summary of the
delphinidin-3-O-sambubioside, cyanidin-3-O-sambubioside and total
anthocyanin levels in H. sabdariffa and other major plant sources, as
well as the conditions used for their extraction. Although important
conclusions can be derived from this summary, the results may be
highly dependent on dissimilarities not foreseen in these studies, where
certain variables remaining constant, together with raw-material’s
variability, can definitely influence the extraction process. Therefore,
the first approach to optimize the efficiency of the HAE and UAE pro-
cesses to recover anthocyanins from H. sabdariffa calyces consisted of
the application of RSM coupled to a CCCD design with five levels of
variation for the three independent variables as follows: t (30–150min),
T (30–90 °C) and S (0–100%) for HAE and t (3–45min), P (100–500W)
and S (0–100%) for UAE. A detailed description of the coded and nat-
ural values of the selected variables for each extraction method in the
CCCD design is presented in Table A1. The different steps carried out in
this optimization study are illustrated in Fig. A1.
According to previous studies, high P can cause major alterations in

plant materials by inducing greater shear forces, which result from the
oscillation and collapse of cavitation bubble within the solvent. As a
consequence, critical temperature and pressure are generated, inducing
the formation of free radicals that can attack target metabolites and
lead to their degradation (Chemat et al., 2017; Meullemiestre, Breil,
Abert-Vian, & Chemat, 2016). However, this independent variable was
optimized in order to apply the minimum power required to achieve the
best results.
The experimental values obtained under the 20 runs of the five-level

CCCD design applied to the HAE and UAE processes used in the re-
covery of anthocyanins from H. sabdariffa calyces are presented in
Table 2. The different response criteria used (yield, Y1 and Y2) are of
interest for industrial sectors dealing with the recovering of high added-
value compounds from plant materials to be used as natural colorants,
or other bio-based ingredients, providing information concerning the
amount of plant material needed to obtain a certain quantity of the
target compounds, and the concentration of these compounds in the
produced extracts.
The extraction yield ranged from 34.45 to 62.80% and

14.38–56.21% for HAE and UAE, respectively (Table 2). In both cases,
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the higher values were achieved with the run 12, which combined the
following conditions: t=90min, T=90 °C and S=50% for HAE, and
t=24min, T=500W and S=50% for UAE. In general, HAE origi-
nated the highest experimental yields, translated in higher amounts of
residue or crude extract. A lower yield (28.3%) was obtained by
Alarcón-Alonso et al. (2012) when using water at 55 °C with 2 h of
extraction.
As described by other authors (Ifie, Ifie, Ibitoye, Marshall, &

Williamson, 2018; Jabeur et al., 2017; Sindi, Marshall, & Morgan,
2014), C1 predominated over C2 in all cases (Table 2), with levels
ranging from 1,02–6.88mg/g P and 0.43–2.11mg/g P for HAE and
from 1.26 to 14.31mg/g P and 0.92–7.29mg/g P for UAE, respectively.
The highest total content (CT) was achieved with the runs 13 (8.99mg/
g P) and 10 (21.48mg/g P) of the HAE and UAE processes, respectively.
Beye et al. (2017) recovered up to 9.19mg C1/g P and 4.72mg C2/g P
from dried calyces of H. sabdariffa cultivars grown in Senegal, when
subjected to a 60-min extraction with acetone followed by five more 60-
min extraction cycles with acetone/acidified water (70:30, v/v; 4%
formic acid). Higher levels of C1 (up to 21.2mg/g P), but lower of C2
(up to 5.17mg/g P) were obtained by Ifie et al. (2018) in dried calyces
of a dark red variety of H. sabdariffa cultivated in Ibadan, South-Wes-
tern Nigeria, in comparison with the quantities found in our samples
harvested in north-eastern Portugal. These contents were obtained by
three successive aqueous extractions of 30-min duration at 50 °C.
The CT content in the obtained residue ranged from 3.41 to

12.44mg/g R and 14.39–47.93mg/g R for HAE and UAE, respectively
(Table 2). In general, these levels are higher than those found in the
literature (Table 1). Salazar-González et al. (2012) obtained up to
2.08mg CT/g P (1.33mg C1/g and 0.75mg C2/g) when performing a
120-min extraction with ethanol:water mixtures (50:50, v/v) at a S/L of
100 g/L and room temperature. Up to 7.92mg CT/g R (4.11mg C1/g
and 3.81mg C2/g) were achieved by Sindi et al. (2014) with aqueous
extractions of 10min at 100 °C. In another study, Jabeur et al. (2017)
quantified 11.08mg/g R (7.0 mg C1+4.08mg C2) in extracts obtained
by addition of boiling water (at 100 °C) to the samples and subsequent
maceration for 5min at room temperature (process known as infusion).

3.2. Theoretical response surface models

The parametric values obtained by fitting the response values
(Table 2) to the second-order polynomial model of Eq. (1) using a
nonlinear algorithm are presented in Table A2 (Eqs. (2)–(15)). These
values translate the response patterns and are useful for developing
mathematical models (Table A3), which indicate the complexity of the
possible scenarios. However, not all Eq. (1) parameters were used in the
development of the models since some coefficients were non-significant
(ns); the significant ones were assessed at a 95% confidence level (α=
0.05). The statistic lack-of-fit, used to test the adequacy of the obtained
models, revealed that no considerable improvement was achieved by
the inclusion of the statistically ns parametric values. The agreement
between the experimental and predicted values provided an acceptable
explanation of the obtained results (Table 2). Additionally, residues
were randomly scattered around zero and no grouped data or auto-
correlations were observed. The obtained coefficients of determination
(R2) were higher than 0.94 and 0.86 in the cases of HAE and UAE,
respectively (Table A2), which indicates that the variability of each
response can be explained by the independent variables involved in the
process. Therefore, the models proved to be applicable and were used in
the later prediction and optimization steps. Although the obtained
model coefficients are empirical and cannot be associated with physical
or chemical significance, they are useful to predict the outcome of
untested experimental conditions (Ranic et al., 2014). Moreover, the
sign of the parametric values determines part of the response; for po-
sitive effects, the response is higher at the high level, and when a factor
has a negative effect, the response is lower at the high level. The higher
of the parametric value, the more significant the weight of theTa
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governing variable is.
Certain features regarding the overall effects of the independent

variables were inferred from the complexity of the parametric values,
i.e. the variables were ordered in a decreasing form as a function of its
significance in the extraction processes as follows: S > > T > t for
HAE; S > P > t for the Y2 response formats of UAE; and t > P > S
for the extraction yield of UAE. It was also possible to observe that all
the evaluated responses were significantly affected by linear and
quadratic effects, whose values were particularly higher for the variable
S (with some exceptions, since, although the linear effects of the vari-
able t were negligible in most cases in the HAE process, the corre-
sponding values for the Y1 response formats and extraction yield in the
UAE process were quite high). The parametric values also revealed that
strong interactions occurred in the UAE process, mainly between the
variables t× P. In turn, the interactions t× T and P× S were of minor
relevance in the HAE and UAE processes, respectively. These results
justify the use of RSM as an optimization tool, since one-variable-at-a-
time approaches do not allow to assess the existence of interactive ef-
fects, which makes it difficult to determine optimum values.
To make all these combined effects more explicit and to visually

describe the extraction trends, the results were presented in the re-
sponse surface graphs discussed below.

3.3. Response surface analysis: Efficiency of the extraction conditions and
methods

Fig. 1 shows the 3D response surface graphs of the extraction yield
(residue) and total anthocyanin content (expressed in terms of mg/g of

plant material (Y1) and mg/g of residue (Y2)) obtained for both ex-
traction methods (HAE and UAE). The net surfaces were predicted with
the second-order polynomial model of Eq. (1), whose model equations
are presented in Table A3. The binary actions between the variables are
displayed when the excluded variable is positioned at the centre of the
experimental domain (Table A1). Additionally, the goodness of fit of
the model is illustrated by the ability to simulate response changes
between the observed and predicted data, and the residual distribution
as a function of each variable. In turn, Fig. 2 shows the 2D contour
graphs resulting from the projections of the 3D response surfaces in the
XY plane. These projections focused the optimal extraction conditions
obtained for the residue (yield), delphinidin-3-O-sambubioside (C1) and
cyanidin-3-O-sambubioside (C2), depending on the used extraction
method. For each anthocyanin, the result is expressed in terms of mg/g
of plant material (Y1) and mg/g of residue (Y2) to visually describe the
extraction trends. The binary actions between variables are displayed
when the excluded variable is positioned at the individual optimum
(Table 3).

3.3.1. Extraction yield
After analysing the response surface and contour graphs shown in

Figs. 1 and 2, it was possible to draw some conclusions regarding the
effects of the independent variables on the extraction yield. For HAE,
the variable S originated the most marked curvatures on the net sur-
faces, followed by the variable t. In the first case, the extraction was
promoted with the increase in ethanol proportion up to 35% with
subsequent decrease. The variable t had a comparable behaviour, since
the medium-long extraction times were the most suitable ones. In turn,

Fig. 1. Response surface graphs of the extraction yield (residue, %) and total anthocyanin content (expressed in terms of mg/g of plant material (Y1) and mg/g of
residue (Y2)), obtained for both extraction methods (HAE and UAE). Part A: Joint graphical analysis as a function of the involved variables. Each net surface
represents the 3D response surface predicted with the second-order polynomial model of Eq. (1) as a function of each variable and described by the equations given in
Table A3. The binary actions between the variables are presented when the excluded variable is positioned at the centre of the experimental domain (Table A1). The
experimental design and results are presented in Table 2 and the estimated parametric values are shown in Table A2. Part B: Illustration of the goodness of fit through
two graphical statistic criteria, namely the ability to simulate response changes between the observed and predicted data, and the residual distribution as a function
of each variable.
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higher T provided the highest extraction yields. The amount of residue
was also affected by the interaction of the variable S with t (negative
interaction) and T (positive interaction) (Table A2). In the UAE process,
the most marked response surface curvatures were caused by the tested
ranges of t and P, whose increase led to the higher extraction yields
(Table A2). Additionally, the obtained yield was also promoted by the
strong positive interaction between t and the other two variables (Table
A2). Therefore, based on the optimal extraction conditions presented in
Table 3, it was observed that HAE required a longer t and a lower S than
UAE (while both methods required the highest tested T or P) to obtain
optimum response values. The best yield (73.30 ± 4.51%) was

obtained with the UAE process under the following conditions:
t=45.0min, P=500.0W, and S=71.4% ethanol, v/v. Comparable
results were obtained by López et al. (2018) when optimizing the HAE
and UAE of anthocyanins from Arbutus unedo fruits, as they also asso-
ciated the highest extraction yields with UAE process.

3.3.2. Anthocyanin contents
The variable S was the one that affected most the HAE of antho-

cyanins from H. sabdariffa calyces (Table A2), as verified from the ob-
tained extraction yield with this method. Its significance is visually
highlighted in the response surface graphs (Fig. 1), which show that the

Fig. 2. 2D contour graphs focusing the optimal points for the extraction yield (residue) and levels of delphinidin-3-O-sambubioside (C1) and cyanidin-3-O-sam-
bubioside (C2) obtained by HAE and UAE. For each anthocyanin, the result is expressed in terms of mg/g of plant material (Y1) and mg/g of residue (Y2) to visually
describe the extraction trends. Each contour graph represents the projection of the theoretical 3D response surface predicted by the second-order polynomial model of
Eq. (1) in the XY plane. The binary actions between variables are presented when the excluded variable is positioned at the individual optimum (Table 3). The
experimental design and results are presented in Table 2 and the estimated parametric values are shown in Table A2.
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higher amounts were obtained when water (S=0%) was used as the
extraction solvent. In turn, the effects of t and T were less marked, with
the lowest tested ranges leading to the highest total anthocyanin values.
For this method, the extraction conditions originating the higher re-
sponse values were similar, regardless of the considered response
format, except for the variable T. Table 3 shows that it was possible to
obtain 8.57 ± 2.07mg/g P and 2.66 ± 1.15mg/g P of C1 and C2
from H. sabdariffa calyces, respectively, when applying the following
HAE conditions: t=45.0min, S=0.0% ethanol, v/v, and T=30 or
90 °C for C1 and C2, respectively. The residue or extract obtained under
the same extraction conditions contained approximately the double
amount of C1 (16.81 ± 2.37mg/g R) and C2 (4.59 ± 1.24mg/g R).
The extraction of anthocyanins followed a different trend when

using UAE. Fig. 1 shows that all variables caused accented response
surface curvatures, as also indicated by the corresponding parametric
values (Table A2). Moreover, contrary to the one verified for HAE, the
extraction conditions differed according to the considered response
format. However, in both cases, there was a strong t× P interaction
with a positive impact on the obtained total anthocyanin contents,
especially for Y2. Interactions between t and S were also noted. Ap-
plying this method, it was possible to recover 17.90 ± 2.44mg/g P
and 7.64 ± 1.13mg/g P of C1 and C2, respectively, from the dried red
flower calyces (Table 3). In turn, 1 g of residue contained
32.39 ± 3.29mg of C1 and 20.55 ± 3.21mg of C2 when using the
following conditions: t=45.0min, P=426.9W and S=26.1%
ethanol, v/v, and t=22.7min, P=300.0W and S=41.7% ethanol, v/
v, respectively. All these values were much higher than those obtained
by HAE (approximately twice). Moreover, the effectiveness of the ap-
plied UAE process was highlighted since the obtained anthocyanin

levels are much higher than those reported in other studies (Table 1).
The H. sabdariffa calyces are a promising source of anthocyanins for

potential use as natural red colorants, since the amounts achieved by
applying the optimal extraction conditions are superior to those already
found in the fruits of Prunus avium L. (sweet cherry, 2.49mg/g P fw)
(Blackhall, Berry, Davies, & Walls, 2018) and Aristotelia chilensis L.
(maqui, 9.84mg/g P dw) (Gironés-Vilaplana et al., 2014), tubers of
Ipomoea batatas L. (purple sweet potato, 2.29mg/g P dw) (Cai et al.,
2016), and purple pods of Vigna unguiculata ssp. sesquipedalis L. (yard-
long bean, 8.81mg/g P dw) (Tae et al., 2010). The anthocyanin-based
colorants can replace the artificial counterparts and provide health-
promoting effects (Castañeda-Ovando, de Pacheco-Hernández, & Páez-
Hernández, Rodríguez, & Galán-Vidal, 2009; Martins et al., 2016).

3.3.3. Efficiency of HAE vs. UAE
As discussed above, the extraction of anthocyanins from the red

flower calyces of H. sabdariffa was differently affected by the tested
HAE and UAE methods. The highest yields were obtained using the non-
conventional UAE method, which promotes the rupture of the plant
tissue through cavitation forces and enhances the solvent entrance into
the cells with consequent release of the intracellular compounds into
the solvent, thus intensifying mass transfer phenomena (Antonio et al.,
2016; Misra et al., 2017). This method yielded 51.76 ± 3.70mg CT/g
R when applying: t=26.1min, P=296.6W, and S=39.1% ethanol,
v/v, whereas HAE originated 20.86 ± 1.24mg CT/g R when:
t=30.0min, T=30.0 °C, and S=0.0% ethanol, v/v. These optimized
methods shared some similarities in terms of T (∼30 °C) and t
(26–30min), thus indicating that the lower HAE values were not caused
by thermal degradation of these compounds. In contrast, the response

Table 3
Operating conditions that maximize the amounts of residue (yield), delphinidin-3-O-sambubioside (C1), cyanidin-3-O-sambubioside (C2), and total anthocyanins (CT)
extracted from H. sabdariffa calyces as a function of the extraction method (HAE and UAE) and response value format (Y1, mg/g P, and Y2, mg/g R).

Criteria Optimal extraction conditions Response optimum

X1: t (min) X2: T (°C) or P(W) X3: S (%)

(A) Individual optimal extraction conditions
HAE Yield 101.5 90.0 35.4 64.74 ± 3.60 %

Y1 C1 30.0 30.0 0.0 8.57 ± 2.07 mg C1/g P dw
C2 30.0 90.0 0.0 2.66 ± 1.15 mg C2/g P dw
CT 30.0 30.0 0.0 10.61 ± 3.26 mg CT/g P dw

Y2 C1 30.0 30.0 0.0 16.81 ± 2.37 mg C1/g R
C2 30.0 90.0 0.0 4.59 ± 1.24 mg C2/g R
CT 30.0 30.0 0.0 20.86 ± 1.24 mg CT/g R

UAE Yield 45.0 500.0 71.4 73.30 ± 4.51 %
Y1 C1 45.0 500.0 40.9 17.90 ± 2.44 mg C1/g P dw

C2 36.0 360.0 47.9 7.64 ± 1.13 mg C2/g P dw
CT 45.0 432.3 42.8 23.83 ± 2.44 mg CT/g P dw

Y2 C1 45.0 426.9 26.1 32.39 ± 3.29 mg C1/g R
C2 22.7 300.0 41.7 20.55 ± 3.21 mg C2/g R
CT 26.1 296.6 39.1 51.76 ± 3.70 mg CT/g R

(B) Global optimal extraction conditions
HAE Yield 30.0 30.0 0.0 44.85 ± 8.12 %

Y1 C1 8.55 ± 1.73 mg C1/g P dw
C2 2.26 ± 0.29 mg C2/g P dw
CT 10.60 ± 1.11 mg CT/g P dw

Y2 C1 16.79 ± 2.18 mg C1/g R
C2 4.47 ± 0.86 mg C2/g R
CT 20.83 ± 2.76 mg CT/g R

UAE Yield 42.9 386.3 46.1 61.21 ± 6.21 %
Y1 C1 16.17 ± 1.22 mg C1/g P dw

C2 7.38 ± 1.91 mg C2/g P dw
CT 23.08 ± 2.96 mg CT/g P dw

Y2 C1 29.72 ± 3.19 mg C1/g R
C2 12.76 ± 1.91 mg C2/g R
CT 47.57 ± 4.37 mg CT/g R
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optimum of UAE was achieved with the application of ultrasound and a
higher ethanol proportion (meaning higher energy and solvent costs),
while water was a suitable solvent for HAE. Nevertheless, the different
maximum values achievable by each method are quite different and
must be considered when selecting the most appropriate one.
In order to determine the most cost-effective option, it would be

interesting to perform a life-cycle cost analysis (LCCA), not only of the
sole extraction process as an individual unit operation, but considering
the entire supply chain, including the production and harvesting of the
plant material, equipment investment, natural resources and energy
consumption, and environment hazardous emissions. A comparative
LCCA between conventional solvent extraction and innovative methods
using microwaves and ultrasounds was performed by Kyriakopoulou,
Papadaki, and Krokida (2015), which found UAE the most viable and
environmental friendly method to recover β-carotene from microalgae.
In our study, the effects of the S/L variable were investigated to obtain
more information about the efficiency of each extraction method.

3.3.4. Optimal extraction conditions for maximizing the responses criteria
Although the effects described above provided a guiding range of

conditions maximizing the defined responses, optimal values can be
determined using a simple method tool to solve nonlinear problems.
The results of the application of this simple procedure are presented in
Table 3 (part A), in which the extraction conditions that maximize each
response in individual and global terms are provided. Additionally,
Fig. 3 (part A) summarizes the information derived from the

mathematical equations, where 2D graphs are presented as a function
of all assessed variables. These variables were positioned at the optimal
global values of the other two variables (Table 3) (part B). For the three
variables optimized for the recovery of total anthocyanins (CT) in mg/g
P (Y1) and mg/g R (Y2) and extraction yield (%), the predicted in-
dividual responses are represented by lines and optimum values by
points ( ). The determined global optimal extraction conditions were
experimentally tested to confirm the accuracy of the presented results
and to assess the dose-response effect of the S/L variable.

3.4. Dose-response analysis of the solid/liquid ratio at the optimum
conditions

Reduced extraction time and low solvent consumption are some of
the desired requirements when designing novel extraction methods.
The solvent volume should be sufficient only to dissolve the target
compounds and promote mass transfer (Pinela et al., 2016). At in-
dustrial scale, higher solid/liquid ratios (S/L) are desirable to maximize
the extraction yield with minimal solvent consumption, thus making
the process more productive and sustainable. The extraction rate is also
affected by the mass transfer resistance associated with the matrix
structure (Marco, Agnese, & Giuseppe, 2012). The studies on S/L were
performed at the global optimal conditions predicted by the polynomial
models obtained for each extraction technique as previously described.
Preliminary results indicated that the experimental limit value was
proximal to 200 g/L. Therefore, the experiment was designed to assess

Fig. 3. Summary representation of the effects of the four-variable considered in the HAE and UAE processes. Part A: 2D individual responses and optimum values ( )
of the three variables determined for the total anthocyanin content (CT) in mg/g P (Y1) and mg/g R (Y2) and the extraction yield (%). In each graph, each
independent variable was positioned at the optimal value of the other two variables (Table 3). Lines and dots were generated by the second-order polynomial model
of Eq. (1) (Table A3). Part B: Dose-response analysis of the solid/liquid ratio (S/L) at the optimal extraction conditions of the other three variables (Table 3). Dots (○)
represent the experimental values and lines show the pattern predicted by linear equation (parametric values in Table A4).
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the dose-response effects of the S/L variable between 5 g/L and 200 g/L.
Fig. 3 (part B) shows the dose-responses analysis of S/L at the op-

timal global extraction conditions of the other three variables (Table 3
part B), where it is also possible to observe that the responses achieved
by HAE and UAE are consistent with those previously obtained. In these
2D representations, dots (○) represent the experimental values and
lines show the pattern predicted by a simple linear relation with in-
tercept (parametric values in Table A4). Based on the parametric values
presented in Table A4, a consistency was found between the CT values
(for both Y1 and Y2 response formats) and those previously obtained for
HAE and UAE (Table 3). Consequently, the dose response is explained
by the slope (m) of the linear relation. Negative values of m describe
decreasing extraction patterns as the S/L increases, and positive values
describe increasing extraction patterns as the S/L increases, while a
constant pattern is shown when the m value is ns (or zero). As can be
observed, two cases showed negative m values (the extraction efficiency
increases as the S/L rate decreases), and one case showed non-sig-
nificant values, or a zero value ofm (the efficiency doesn’t change as the
S/L increases). In all the other cases the m showed positive values (the
efficiency increases as the S/L increases). The reliability of the obtained
linear fittings is strongly consistent. In fact, high coefficients of de-
termination were obtained (R2≥0.94) indicating a good agreement
between predicted patterns and the obtained experimental data, vali-
dating the mathematical analysis selected to describe the reached so-
lutions. The conclusions derived from this analysis are described below:

– For the Y1 value format, the parametric values for HAE were
b=10.76 ± 1.31mg CT/g P dw and m=0.0097 ± 0.001, with
R2=0.9510; while for UAE, b=24.47 ± 2.37mg CT/g P dw and
m=−0.0393 ± 0.019, with R2=0.9765. For the HAE process, as
the S/L increases, the extraction also slightly increases, leading to an
increment of ∼15% in the extracted compounds, when changing
from 5 g/L (lower tested value) to 200 g/L (maximum tested ex-
perimental value). On the other hand, the observed decrease for
UAE is relatively strong, which means that the increase of 1 g/L
implies the loss of 0.0393 ± 0.019mg CT/g P dw. Such values
produce losses of ∼25% when applying 200 g/L, comparatively
with the tested lower value. Therefore, when working at the most
economically attractive S/L value (200 g/L), both solutions will
reach similar results.

– For the Y2 value format, the parametric values for HAE were
b=19.53 ± 1.38mg CT/g R and m=0.0225 ± 0.0091, with
R2=0.9434; while for UAE, b=46.26 ± 2.74mg CT/g R and
m=0.0325 ± 0.0098, with R2=0.9674. The positive m values
show that the S/L increase leads to an increase in the extraction
ability, conducting to a maximum extraction value when using
200 g/L. Nevertheless, the quantity extracted by UAE is nearly 3-
fold superior to the quantity obtained by HAE.

– For the Yield value format, the parametric values for HAE were
b=55.14 ± 3.56% and a ns value of m (i.e., the obtained amount
of residue does not vary as a function of the S/L increase), with
R2=0.9794; whereas for UAE, b=52.20 ± 2.98% and
m=−0.106 ± 0.007, with R2=0.9975.

These results are in accordance with the ones reported in the lit-
erature, where UAE has been identified as a technique with potential to
improve the extraction yield through the intensification of the mass
transfer between the plant material and the solvent (Tomšik et al.,
2016). Probably, the implosion of the cavitation bubbles generated
during sonication led to an improved cell disruption and particle
breakdown, which facilitated the release of the extractable compounds
and allowed a greater penetration of the solvent into the sample matrix,
thus increasing the contact surface area between the solid and liquid
phases (Chemat et al., 2017b; Tomšik et al., 2016). However, in order to
propose a more accurate sonication mechanism and to visualize the
effects, it would be interesting to investigate different mechanisms

involved during UAE, such as fragmentation, erosion, capillarity, de-
texturation and sonoporation, as well as the influencing parameters
(Chemat et al., 2017b). Therefore, macroscopic and cyto-histochemical
analyses, scanning electron microscopy (SEM), and environmental
scanning electron microscopy (e-SEM), among other observations,
should be performed (Khadhraoui et al., 2018).
The concept of “green extraction” is aligned with the societal

challenges of the 21st century, to protect both the consumers and en-
vironment. This approach also promotes competition in the industrial
sector, making it more innovative, efficient and sustainable (Chemat
et al., 2017a; Khadhraoui et al., 2018; Sicaire et al., 2016). Therefore,
the UAE process herein optimized can be adopted by industrials inter-
ested in replacing their traditional extraction process with this more
ecological and competitive method. For this, experiments should be
conducted from the laboratory to pilot-scale, to lead to the im-
plementation of UAE at the industrial-scale (using countercurrent ex-
tractors) (Chemat et al., 2017a; Sicaire et al., 2016), which will be of
great importance to recover pigments, aromas and antioxidants from
plant materials (in this case, anthocyanins from H. sabdariffa calyces).
However, UAE finds other relevant applications in the food, nu-
traceutical, pharmaceutical and bioenergy industries (Chemat et al.,
2017a, 2017b; Meullemiestre et al., 2016; Sicaire et al., 2016).

4. Conclusions

Nowadays, consumers are increasingly choosing food products for-
mulated with natural additives due to the understanding of the strong
relation between health and diet. Therefore, it is important for the in-
dustrial food sector to find novel sources and efficient extraction
methods to support the production of bio-based ingredients, including
colorants. In this study, two extraction methods were applied, and
optimized by combining the effects of three relevant independent
variables, to maximize the recovery of anthocyanins from the red ca-
lyces of H. sabdariffa. The achieved experimental data were successfully
fitted to the theoretical models used to determine the optimal extrac-
tion conditions. UAE was the most efficient method; it allowed to re-
cover 23.83 ± 2.44mg of the target anthocyanins per 1 g of dried
plant material and obtain 51.76mg of these pigments in 1 g of residue
(or extract). For the S/L variable, whose effects were assessed at the
optimum conditions, firstly determined for the defined three variables,
the positive m values obtained for Y2 showed that the S/L increase leads
to an increase in the extraction ability, conducting to maximum values
at 200 g/L. Furthermore, the amount of anthocyanins obtained by UAE
was nearly 3-fold higher than the amount obtained by HAE. According
to these results, it can be stated that H. sabdariffa calyces can be used as
a viable source of anthocyanins to produce bio-based colouring agents,
being one of the richest anthocyanin containing sources reported in the
literature. In addition, this bench-scale application study can support
the scale-up of natural colorants production, which is of interest to
industrial suppliers of the food, pharmaceutical and cosmetic sectors,
among others.
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