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Abstract Microwave-assisted extraction was applied to
Juglans regia L. fresh male flowers and unripe walnut seeds
to evaluate the total phenolic contents of the extracts as well as
the percentage of water-soluble polyphenols. The research
was planned using the Design of Experiments technique to
investigate the role on the extraction efficiency of different
parameters, such as temperature, time and number of micro-
wave heating cycles, together with their possible interactions.
Optimization was achieved by applying a Response Surface
Methodology comprising a three-factor, two-level, full-
factorial Face-Centred Central Composite Design. The two
input variables with a significant effect on the recovery of
phenols from fresh male flowers were the extraction temper-
ature and the number of microwave cycles. In the case of
unripe walnut seeds, a linear two-factor interaction model
was selected, with significant interactions occurring between
temperature and time, and time and number of microwave
cycles. The best experimental conditions were as follows:
100 °C, 6 min, three microwave heating cycles and
22.7 ± 0.2 mg gallic acid equivalent (GAE)/g (total phenolic
content, PC); energy consumption calculations suggested
slightly different conditions: 60 °C, 30 min, three microwave
heating cycles and 20.7 ± 0.3 mg GAE/g (TPC).
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Introduction

The move towards using antioxidants from natural sources,
such as fruits and vegetables, rather than synthetic compounds
is gaining significant interest, due to the toxicity of some syn-
thetic antioxidants and the costs of raw materials and manu-
facture (Contini et al. 2008; Oliveira et al. 2008). Indeed, these
phytochemicals can be used as natural colourants and preser-
vatives for foods (Loypimai et al. 2015; Li et al. 2012), as well
as supplement ingredients in several foods and beverages
(Namal Senanayake 2013; Shah et al. 2014).

Exploitation of by-products derived from processing of
plant foods, thus avoiding disposal costs and reducing the
impact of food waste on the environment, is also a driving
force for use of naturally occurring bio-active compounds
(Wijngaard et al. 2012). Moreover, from an environmental
perspective, the complexity of synthetic products often means
they persist longer, causing significant environmental
pollution.

Among natural sources of antioxidants, Juglans regia L.
has been a target of increased research interest (Oliveira et al.
2008; Slatnar et al. 2015), since epidemiological investiga-
tions reported that a regular consumption of walnut seeds
(commonly named walnuts) greatly reduces the risk of coro-
nary heart disease (Blomhoff et al. 2006; Bao et al. 2013;
Ibarrola-Jurado et al. 2013), as well as several cancers
(Cerdá et al. 2005; Le et al. 2014). Compounds associated
with human health benefits are found in walnut kernels as well
as in green husks (epicarps), shells, bark, flowers and leaves,
all of which have been widely used for decades in cosmetic
and pharmaceutical formulations (Martinez et al. 2015; Shah
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et al. 2014). These phytochemicals include tocopherols,
tocotrienols, sterols, naphtoquinone, juglone, folate, gallic ac-
id, ellagic acid, tannins and other polyphenols (Zhang et al.
2009). In addition to antioxidant properties related to total
phenolic content (Yang et al. 2009), these bio-active compo-
nents also possess antimicrobial (Oliveira et al. 2008; Pereira
et al. 2007; Fernández-Agulló et al. 2013), as well as anti-
inflammatory properties (González et al. 2011) which make
these phytochemicals, among other things, particularly ap-
pealing as natural food preservatives and colourants.

Extraction of phenolic compounds from plants constitutes
the first step for analysis and further utilization. Conventional
extraction techniques include soaking, maceration, water per-
colation and Soxhlet extraction (Contini et al. 2008; Naczk
and Shahidi 2004). However, the need for great amounts of
solvents, energy consumption and long extraction times, to-
gether with the degradation of products, are significant draw-
backs of these traditional extraction procedures and contrast
with the concept of process intensification (PI), which is rec-
ognized bymost chemical industries as a model to pursue for a
sustainable development (Stankiewicz and Moulijn 2000).
Thus, in recent decades, besides yet well-settled extractive
methods such as supercritical fluid extractions (SFE)
(Herrero et al. 2006) and ultrasound-assisted extraction
(UAE) (Shirsath et al. 2012), several further ‘green’ extraction
techniques have gained interest (Tobiszewski et al. 2010;
Ignat et al. 2011; Chemat et al. 2012). Particularly, some of
them have been implemented in continuous or semi-
continuous processes, including pressurized fluid extraction
(Mustafa and Turner 2011), cold screw-pressed extraction
(Davies 2014), microwave-assisted extraction (MAE) (Chan
et al. 2011) and microwave (MW) hydrodiffusion and gravity
extraction (Vian et al. 2008).

Microwave irradiation probably represents the most in-
triguing procedure because of its unique heating mechanism,
mainly relying in the interaction of the electromagnetic field
with polar molecules and ionic species (Leonelli et al. 2013).
This mechanism leads to some typical heating characteristics,
such as the inversion of classical temperature profile (i.e. the
inner portion of a sample irradiated by microwaves results
typically hotter with respect to the outer regions, and this
represents the opposite situation of what occurs with conven-
tional heating techniques, in which the hotter zones are those
in direct contact with the reactor walls), the volumetric and
selective nature, together with the extremely high heating rates
(since the heat is directly generated in the material and is not
transferred from a radiating surface) (Leonelli et al. 2013). All
of these characteristics led to the intensification of several
processes, like organic (Leonelli and Mason 2010) and inor-
ganic synthesis (Patzke et al. 2011), as well as advanced ma-
terials processing (Rosa et al. 2013).

In the extraction of phytochemicals, another advantage is
that the heat gradient is directed from the inside to the outside;

thus, in the same direction of the mass transport. Furthermore,
the mass transfer becomes more effective, since microwaves
can penetrate plant matrices, interacting with polar molecules
such as water and phenolic compounds. The resulting in-
creased pressure leads to plant cell wall rupture, facilitating
the leaching of targeted phytochemicals into the solvent.
Therefore, the synergy between heat and mass transfer phe-
nomena is responsible for the process acceleration, the lower
solvent consumption, less environmental pollution, higher ex-
traction yields, and product quality (Veggi et al. 2013). These
factors, together with opportunely designed dedicated micro-
wave apparatus, leading to significant size reduction and effi-
ciency enhancement, allowed widespread applications of
MAE technologies to pine seeds, grapefruits, grape seeds
and skins, tomatoes, potatoes, green coffee beans, green tea
leaves and onions.

In spite of the increasing interest towards MAE of
natural compounds with applications in food technology,
especially as obtained from waste from agricultural pro-
duction, studies on phytochemicals derived from
J. regia flowers and seeds still remain surprisingly
scarce (Sharma et al. 2009).

In the present study, the applicability of MAE to the extrac-
tion of phenolic compounds from fresh male flowers and un-
ripe walnut seeds has been investigated in terms of dried ex-
tract yield, total phenolic content and water-soluble polyphe-
nols content.

MAE optimization was achieved by means of Design of
Experiment (DoE) techniques (Eriksson et al. 2008); response
surface methodology (RSM) was applied, since it is a well-
established collection of statistical and mathematical tools that
has been widely exploited in order to improve and optimize
extraction of phenolic compounds from plant matrices
(Liyana-Pathirana and Shahidi 2005; Karacabey and Mazza
2010). The application of this optimization step to MAE of
phenolic compounds from J. regia constitutes a further nov-
elty of this study.

Materials and Methods

Plant Materials and Chemicals

Fresh male walnut flowers of Juglans regia L. cultivar were
collected in early May 2015 in Castelfranco Emilia (Modena,
north-eastern Italy, 44° 34′ 00″ North, 11° 02′ 00″ East), after
completing their biological cycle. Green walnut fruits were
collected in the same place at the beginning of June 2015, in
order to avoid possible loss of precious antioxidant compo-
nents as a consequence of the maturation and lignification
processes. The flowers and unripe seeds were handpicked
from the plant and taken to the laboratory, where they were
put in plastic bags and frozen to −80 °C until they could be

576 Food Anal. Methods (2017) 10:575–586



processed. The plant material was then thawed, manually
cracked and crushed immediately before the extraction
procedure.

All chemicals (solvents and reactants) were reagent grade
and used without further purification; they were purchased
from Sigma-Aldrich (Milan, Italy). Divergan® (F/RS) was
purchased from BASF Corporation (Florham Park, USA).

Microwave-Assisted Extraction, MAE

Fresh male flowers and unripe walnut seeds were manually
crushed and homogenized in order to increase their contact
surface with the extraction medium. A preliminary treatment
with n-hexane was performed on both the matrices in order to
eliminate most of the essential oils and chlorophyll.

Microwave-assisted extraction was performed in closed
100 mL Teflon® vessel using a Milestone ETHOS TC
(Milestone, Torre Boldone, Bergamo, Italy) multimode appli-
cator, operating at the Industrial Scientific and Medical (ISM)
frequency of 2.45 GHz, with the maximum output power
fixed at 500 W and equipped with temperature and pressure
monitoring devices.

In a typical experiment, 2 g of the plant matrix were
weighted in a Teflon® vessel; then, 15 mL of the extraction
solvent (ethanol/water, 50:50 vol.% mixture) were added be-
fore completely sealing the reactor and starting the microwave
experiment according to the experimental design.

The time required to reach the extraction temperature was
set to 3 min for all of the experiments. For those experiments
requiring two or three microwave cycles, a cooling time of
15 min, before the next cycle was fixed in order to decrease
the temperature of approximately 20 °C. The reported results
are the average of three independent extraction experiments
(±SD).

The built-in control system of the microwave multimode
applicator used for the extraction experiments allows to con-
tinuously register the power emitted by the magnetron (togeth-
er with the temperature and pressure values) as a function of
time. These experimental curves have been used to calculate
the specific energy consumptions relative to selected extracts,
as it will be detailed in the ‘Energy Consumption Evaluation’
section.

Dried Extract

The extracts were centrifuged for 20 min at 4000 rpm.
The supernatant was filtered through Whatman No. 1
filter paper, concentrated under vacuum at 40 °C on a
rotary evaporator and then it was finally freeze-dried.
The results are expressed as milligrams of dried extract
per gram of fresh matrix.

Determination of Total Phenols Content

Oxidation of phenolic compounds with the Folin–Ciocalteau
(F-C) reagent includes reactions with the mixture of
H3PW12O40 and H3PMo12O40 acids in the alkaline medium.
In this reaction, a mix of blue oxides is formed and the total
phenols content is estimated by a colorimetric assay (Ignat
et al. 2011). Briefly, 1 mL of the sample was mixed with
2.5 mL of Folin–Ciocalteu’s phenol reagent. After 3 min,
3 mL of Na2CO3 (20 % w/w) solution was added to the mix-
ture. After 30 min in dark conditions and at room temperature,
the solution volume was adjusted to 50 mL with distilled
water. The reaction was kept in the dark for 90 min, after
which the absorbance was read at 750 nm (UV-Vis Jasco
7800 spectrophotometer). Among the many standards for F-
C assay, comprising catechin, pyrogallol, tannic acid and gal-
lic acid, we selected the latter since experimental results fre-
quently referred to it when a wide range of phenolic com-
pounds is contained in the investigated matrices. The concen-
tration of phenolic compounds was calculated using the fol-
lowing calibration curve that was obtained by least-squares
regression analysis:

A ¼ 0:1029X þ 0:0303 R2 ¼ 0:9990
� �

where A and X represent absorbance and concentration (ppm),
respectively. The calibration curve was built using five stan-
dard solutions (1, 2, 5, 7 and 10 ppm), each standard was
freshly prepared and read in triplicate.

Every extraction was performed in three independent ex-
periments, and F-C assay was executed in triplicate on each
independent extraction. The phenolic content was expressed
as the mean [mg of gallic acid equivalents (GAEs) per 1 g of
fresh matrix] ± SD. The percentage of phenolic content (PC)
was referred to the dried extract, and this parameter was con-
sidered one of the responses to be maximized during
optimization.

The sensitivity of the method was evaluated by determin-
ing the limits of detection (LoD) and quantification (LoQ);
they were calculated by measuring the analytical background
response reading 10 blank samples at 750 nm. LoD and LoQ
were considered to be three and ten times the standard devia-
tion, i.e. 0.05 and 0.09 ppm, respectively. Over the working
range of concentration (1–10 ppm), the F-C method was lin-
ear; all the read samples gave values above 1 ppm (20 and 10
times the value of LoD and LoQ) and below 10 ppm; if nec-
essary, the extracts were diluted in order to fit this range.

Determination of Water-Soluble Polyphenolic Content

The content of water-soluble phenols was determined by the
use of Divergan® (F/RS) which is a cross-linked polyvinyl-
pyrrolidone, known as polyvinylpolypyrrolidone (PVPP) that
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specifically adsorbs polyphenols. The freeze-dried extract
(0.1 g) was suspended in 25 mL of distilled water, and kept
at 50 °C while stirring, in order to increase solubility. The
solution was then cooled to r.t. and micro-filtered (0.45 μm).

Ten millilitres of the solution were collected in a capsule
and dried in an oven at 105 °C for 4 h, then in a desiccator
until the weight was constant. The value obtained represents
the water-soluble part of the extract (WE), and it is expressed
as percentage of the freeze-dried extract. Another aliquot
(10 mL) was pre-treated with Divergan® (F/RS), filtered
and then dried as previously described. The amount obtained
represents the water-soluble polyphenols-free part of the ex-
tract (PFWE), and is expressed as a percentage of the freeze-
dried extract. The difference between the two values (WE-
PFWE) represents the amount of water-soluble polyphenols
(WPC) expressed as a percentage of the freeze-dried extract,
which was the second response of interest in the analysis of
the results.

Theory and Calculations

Experimental Design

Optimization of extraction parameters (namely, extraction
temperature, extraction time and number of microwave cy-
cles) for the microwave-assisted extraction of phenolic com-
pounds from J. regia fresh male flowers and unripe seeds was
carried out by RSM using a two-level, full-factorial Face-
Centred Central Composite Design (FCCCD), whose graphi-
cal representation is reported in Fig. 1, in which the central
point is indicated in red colour, while the experiments lying on
the centre of each cube face represent the axial points (char-
acterized by a distance from the central point, α = 1).

The independent variables (each at two levels, +1
and −1, respectively) in our experiments were tempera-
t u r e (X 1 , f o r wh i ch 60 °C = l eve l −1 , and
100 °C = level +1), extraction time (X2, for which

6 min = level −1, and 30 min = level +1) and number
of microwave cycles (X3, for which 1 cycle = level −1,
and 3 cycles = level +1).

The experimental designs elaborated by the software
Design Expert v.6 (Stat-ease Inc., Minneapolis, MN, USA),
showing the ranges of the independent variables considered
for the optimization of MAE from both the matrices are re-
ported in Table 1, in the randomized order as indicated by the
software itself. As shown, they both consist of the same 19
runs, even if performed in a different order, including five
repetitions of the central point (which is characterized by the
central values of the three independent variable ranges and
denoted as level 0). Extracts obtained from flowers are denot-
ed by ‘f‘, while those obtained from walnut seeds are denoted
by ‘s’.

Table 2 shows the results obtained by the analysis of the
extracts (detailed in the following section) in terms of the
evaluated responses. Particularly, PC (percentage of phenols)
and WPC (water-soluble polyphenolic content) were the two
responses evaluated for the walnut fruit extracts while in the
case of fresh male flowers, only the PC response was evalu-
ated due to the lower amount of extracts obtained and the
reduced amount of available plant material.

The analysis of variance (ANOVA)was performedwith the
aim to establish the optimal combination of experimental con-
ditions for the microwave-assisted extraction procedure and
determine the existing relationship between the two responses
and the experimental variables investigated. Equation 1 shows
the second-order polynomial model as an example of regres-
sion analysis which can be performed on the experimental
data obtained; Y represents the response (PC and WPC in
the present case), β0 is a constant, βi is the linear coefficient
(expressing the main effect), βii is the quadratic coefficient, βij
is the two factors interaction coefficient, while Xi and Xj are
independent variables.

Y ¼ β0 þ
X3

i¼1

βiX iþ
X3

i¼1

βiiX i
2 þ

X2

i¼1

X3

j¼iþ1

βijX iX j ð1Þ

Fig. 1 Graphical representation
of the two-level, full-factorial face
centred central composite
experimental design used
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Table 1 Three-factors X1(temperature, °C); X2 (time, min) and X3 (number of cycles), two-level, full-factorial face-centred central composite design
exploited for the optimization of MAE from fresh male flowers (1f➔ 19f) and unripe fruits (1 ➔ 19 s) from Juglans regia L.

Sample X1 X2 X3 Sample X1 X2 X3

1f 100 (+1) 18 (0) 2 (0) 1 s 60 (−1) 18 (0) 2 (0)

2f 100 (+1) 6 (−1) 3 (+1) 2 s 60 (−1) 30 (+1) 1 (−1)
3f 80 (0) 6 (−1) 2 (0) 3 s 80 (0) 18 (0) 2 (0)

4f 60 (−1) 18 (0) 2 (0) 4 s 60 (−1) 30 (+1) 3 (+1)

5f 100 (+1) 30 (+1) 1 (−1) 5 s 100 (+1) 30 (+1) 3 (+1)

6f 80 (0) 18 (0) 2 (0) 6 s 80 (0) 18 (0) 2 (0)

7f 80 (0) 18 (0) 2 (0) 7 s 60 (−1) 6 (−1) 1 (−1)
8f 80 (0) 18 (0) 2 (0) 8 s 80 (0) 6 (−1) 2 (0)

9f 80 (0) 18 (0) 2 (0) 9 s 80 (0) 18 (0) 3 (+1)

10f 60 (−1) 6 (−1) 3 (+1) 10 s 80 (0) 18 (0) 1 (−1)
11f 80 (0) 30 (+1) 2 (0) 11 s 80 (0) 18 (0) 2 (0)

12f 80 (0) 18 (0) 2 (0) 12 s 60 (−1) 6 (−1) 3 (+1)

13f 60 (−1) 30 (+1) 1 (−1) 13 s 100 (+1) 18 (0) 2 (0)

14f 80 (0) 18 (0) 3 (+1) 14 s 80 (0) 30 (+1) 2 (0)

15f 100 (+1) 6 (−1) 1 (−1) 15 s 80 (0) 18 (0) 2 (0)

16f 80 (0) 18 (0) 1 (−1) 16 s 100 (+1) 30 (+1) 1 (−1)
17f 60 (−1) 6 (−1) 1 (−1) 17 s 100 (+1) 6 (−1) 3 (+1)

18f 100 (+1) 30 (+1) 3 (+1) 18 s 100 (+1) 6 (−1) 1 (−1)
19f 60 (−1) 30 (+1) 3 (+1) 19 s 80 (0) 18 (0) 2 (0)

Table 2 Phenolic contents in fresh male flowers and unripe fruits from Juglans regia L., and related responses (PC = R1 and WPC = R2)

Sample TPC DE PC Sample TPC DE PC WPC

1f 7.6 ± 0.3 31.1 ± 0.2 24 ± 1 1 s 22.9 ± 0.2 34.6 ± 0.5 66 ± 2 34.9 ± 0.6

2f 7.5 ± 0.1 24.0 ± 0.1 31.3 ± 0.5 2 s 23.1 ± 0.2 35.3 ± 0.2 65 ± 1 30.2 ± 0.7

3f 6.0 ± 0.1 37.3 ± 0.2 16.1 ± 0.4 3 s 22.3 ± 0.6 35.6 ± 0.5 63 ± 3 32.1 ± 0.9

4f 6.2 ± 0.2 36.8 ± 0.2 16.8 ± 0.6 4 s 20.7 ± 0.3 31.5 ± 0.4 66 ± 2 43.1 ± 0.8

5f 8.0 ± 0.3 39.5 ± 0.5 20 ± 1 5 s 21.4 ± 0.4 35.5 ± 0.2 60 ± 1 42 ± 1

6f 7.0 ± 0.5 36.8 ± 0.4 19 ± 2 6 s 21.1 ± 0.5 31.9 ± 0.2 66 ± 2 28.0 ± 0.8

7f 7.0 ± 0.2 34.1 ± 0.2 20.5 ± 0.7 7 s 16.3 ± 0.4 28.7 ± 0.3 57 ± 3 23.2 ± 0.5

8f 7.2 ± 0.3 34.1 ± 0.3 21 ± 1 8 s 24.1 ± 0.4 38.9 ± 0.4 62 ± 2 41.7 ± 0.7

9f 6.8 ± 0.2 34.0 ± 0.1 20.0 ± 0.6 9 s 23.2 ± 0.2 36.4 ± 0.1 64 ± 1 46.1 ± 0.7

10f 4.8 ± 0.2 26.7 ± 0.1 18.0 ± 0.8 10s 23.3 ± 0.3 38.6 ± 0.1 60 ± 1 32.2 ± 0.8

11f 7.2 ± 0.1 43.5 ± 0.2 16.6 ± 0.3 11 s 23.2 ± 0.5 37.5 ± 0.3 62 ± 2 39.9 ± 0.6

12f 8.8 ± 0.4 38.9 ± 0.4 23 ± 1 12 s 21.3 ± 0.2 33.6 ± 0.4 63 ± 1 38 ± 1

13f 3.2 ± 0.5 27.9 ± 0.2 11 ± 2 13 sr 22.3 ± 0.1 35.6 ± 0.2 63 ± 1 37.6 ± 0.9

14f 7.4 ± 0.1 45.3 ± 0.2 16.3 ± 0.3 14 s 20.3 ± 0.2 32.5 ± 0.3 62 ± 1 37 ± 1

15f 10.0 ± 0.2 40.8 ± 0.3 24.5 ± 0.7 15 s 20.8 ± 0.4 33.9 ± 0.3 61 ± 2 37.3 ± 0.8

16f 8.8 ± 0.3 48.3 ± 0.2 18.2 ± 0.7 16 s 21.2 ± 0.3 34.0 ± 0.1 62 ± 1 35.7 ± 0.6

17f 3.0 ± 0.3 23.3 ± 0.1 13 ± 1 17 s 22.7 ± 0.2 33.2 ± 0.1 68 ± 1 41.2 ± 0.7

18f 11.8 ± 0.2 39.9 ± 0.2 29.6 ± 0.6 18 s 23.3 ± 0.6 38.8 ± 0.3 60 ± 2 42.6 ± 0.8

19f 5.9 ± 0.2 34.2 ± 0.3 17.3 ± 0.7 19 s 23.6 ± 0.2 38.7 ± 0.5 61 ± 2 39.8 ± 0.7

TPC total phenols content (expressed as mg GAE/g fresh matrix), DE dried extract (mg dried extract/g fresh matrix), PC percentage of phenols
(Response 1), WPC water-soluble polyphenols content was calculated as the difference between the water-soluble extract (WE) and the phenol-free
water-soluble part of the extract (PFWE). WPC is expressed as percentage of the freeze-dried extract) (Response 2)
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Results and Discussion

Phenolic Content

Juglans regia L. is a natural source of phenolic compounds
which have been reported to have excellent properties in food
technology as natural colourants and preservatives. In addition
they showed to be biologically active, i.e. having anti-
inflammatory and antioxidant properties (Valls-Pedret et al.
2012). In previous studies, the phytoextracts obtained from
leaves and ripe fruits of J. regia resulted to be characterized
by a high content in polyphenols (Zhang et al. 2009). Phenolic
compounds comprise several classes identified mainly as tan-
nins, monomeric phenolic acids, flavonoids, stilbenes and
lignans (Ignat et al. 2011).

In this paper, we aimed to investigate by Folin–
Ciocalteu (F-C) assay the total phenolic content of
the extracts obtained from unripe fruits and flowers
from J. regia, without performing any separation nor
quantification of the different phenolic classes, which
is generally performed by chromatographic techniques,
especially high-performance liquid chromatography
(HPLC), as comprehensively reported in literature
(Ignat et al. 2011).

In view of the potential application in the food industry, we
selected solid-liquid extraction, and also in order to pursue
green extraction principles, a mixture of water/ethanol
50 % v/v was employed as extraction solvent, because even
though methanol is more efficient, ethanol displays a reduced
toxicity, appearing as a recommended compound in several
solvent selection guides (Prat et al. 2014).

The overall results comprising total phenols content (TPC,
expressed as mg GAE/g fresh matrix), dried extract (DE, mg
dried extract/g fresh matrix) and percentage of phenols in the
dried extract (PC) are reported in Table 2 for flowers and
fruits.

Despite the similar value of the dried extract for flowers
and fruits (36 ± 7 vs. 35 ± 3), the total content of phenols is
definitely higher for unripe fruits with respect to flowers, with
an average value of 22 ± 2 against 7 ± 2 mg GAE/g, respec-
tively. These data also suggest that, in the applied experimen-
tal conditions, the solid-liquid extraction implies the co-
extraction of non-phenolic substances, such as sugars, organic
acids and proteins, to a larger extent for flowers than unripe
fruits. To the best of the authors’ knowledge, J. regia flowers
are investigated for the first time as natural source of phenolic
compounds, so a comparison with other experimental data is
not possible.

The comparison between analytical data in food matrices
represents a challenging point, because on the one hand, the
experimental methodologies are different (i.e., extraction and
quantification method), while on the other, it should be remem-
bered that the composition and content of phytochemicals in

plant-derivedmaterials is strongly influenced by environmental
factors, soil, and maturation level. However, the total phenol
contents here reported for unripe fruits well agree with previ-
ously published results on similar matrices (Labuckas et al.
2008; Zhang et al. 2009; Slatnar et al. 2015), even if Salcedo
et al. (2010) report a total polyphenol content of 26.7
(±0.5) mg GAE/g which is slightly higher, probably due to
the use of methanol instead of ethanol in the extraction proce-
dure, and to the higher liquid/solid ratio (2:50 vs. 2:15).

The results obtained in this work, being generally compa-
rable in terms of extraction yields, were achieved with a sig-
nificant reduction in the extraction time, with respect to con-
ventional extraction procedures, thus contributing to highlight
the green character of the here employed methodology, also in
accordance with a recent review paper (Rombaut et al. 2014).
Moreover, even if case-to-case calculations are necessary for
precise evaluations, microwave-assisted extraction technique
has already quantitatively proven to be more green with re-
spect to conventional ones, by taking into account also its
typical energy-saving character (Zerazion et al. 2016).

Another interesting finding of this work is the high percent-
age of water-soluble polyphenols (37 ± 6 %) found in fruits, a
feature which should be of merit in nutraceutical preparations.

Optimum Extraction Conditions Based on PC for Fresh
Walnut Male Flowers

The analysis of the PC response of the walnut flower extracts,
according to the experimental design reported in Table 1, in-
dicated a simple linear model as the most significant in de-
scribing the interaction between the input variables and the
investigated response. Particularly, the extraction temperature
(X1) and the number of microwaves cycles (X3) were the two
input variables showing a significant and positive main effect
(p < 0.05), while the extraction time (X2) resulted as practical-
ly insignificant.

The linear relationship between the three input variables
investigated and the percentage of phenolic compounds is
expressed by Eq. 2:

PC ¼ 19:83þ 5:36X 1−0:81X 2 þ 2:45X 3 ð2Þ

With ANOVA, a correlation coefficient R2 = 0.7814 was
obtained suggesting that the proposed linear model can be
considered a good approximation of the real relationship
existing between the three extraction parameters and the PC
response.

The surface response plot showing simultaneously the ef-
fect of extraction temperature and number of MW cycles ver-
sus the percentage of recovered phenolic compounds (at the
fixed extraction time of 6 min, being not significant) is report-
ed in Fig. 2. Higher temperatures result in significant

580 Food Anal. Methods (2017) 10:575–586



enhancements in the obtained PC, which can be only slightly
improved by the use of more than one MWs cycle.

Extraction Optimization for Walnut Seeds

The response analysis for the percentage of phenolic content
(PC), obtained from walnut seeds, indicated that among the
three independent variables considered, only the number of
MW cycles had a significant main effect (p < 0.05) with a
positive linear relationship, whereas both the extraction time
and extraction temperature were found to have a not signifi-
cant (p > 0.05) main effect. The main effects of the three
independent variables investigated X1, X2, and X3 on the PC
response are reported in Fig. 3.

A strong and significant interaction effect was manifested
between extraction temperature and extraction time as well as
between extraction time and number of microwave cycles.

The empirical relationship between PC response and
the extraction parameters (Eq. 3) was derived as
follows:

PC ¼ 62:77–0:37X 1 þ 0:58X 2

þ 1:66X 3–2:11X 1X 2–2:10X 2X 3 ð3Þ

The analysis of variance was performed in order to deter-
mine the significance of the model. The correlation coef-
ficient (R2) of the model was 0.7657, which confirms
that the proposed model can represent in good approxi-
mation the existing relationship between the chosen var-
iables. A non-significant lack of fit (p > 0.05) showed
that the proposed linear two factors interaction model
can be considered valid over the investigated range of
variability of the independent variables considered.

Fig. 3 Main separate effects of
the three independent variables
(X1 = temperature, °C; X2 = time,
min; X3 = number of MW cycles)
considered on the response PC, in
the case of unripe walnut seed
extracts. Each graph was obtained
assuming the other two variables
in the central value of their
variability range. The dotted lines
define the confidence bands

Fig. 2 Surface response plot
showing the effect of extraction
temperature and number of
microwave cycles on the response
PC for the fresh male flowers
matrix
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The effects of the independent variables mutual interac-
tions (limitedly to those that are significant) on the PC value
can be seen on the 3D response surface curves and contour
plots reported in Fig. 4. The temperature-time interaction ef-
fect on the PC response is reported in the left graph of Fig. 4,
and it can be easily seen how the temperature variation affects
the percentage of recovered phenolic compounds slightly
more significantly at shorter extraction times, compared to
the situation occurring by prolonging MW treatment.
However, coupling longer extraction times with lower temper-
ature leads to higher PC of the extract compared to the extrac-
tion performed at 100 °C for 6 min (considering the number of
MW cycles fixed at its central value, i.e. 2). The strong inter-
action effect between the number of MW cycles and the mi-
crowave extraction time is reported as well in Fig. 4 (right
graph), from which it can be seen that the number of MW
cycles strongly affects the percentage of recovered phenolic
compounds mainly at shorter extraction times.

Thus, from all of these considerations, the optimal condi-
tions suggested in order to maximize PC value resulted the
following: 100 °C, 6-min extraction time and three MW cy-
cles. Particularly, as reported in Fig. 5a, these optimal condi-
tions should allow reaching a PC value of 67.7 %. Being these
latter values of the experimental parameters, characterizing an
experimental point of our design, the predicted value of 67.7,

obtained by the model Eq. 3, can be considered in close agree-
ment with the actual PC value for the sample 17 s, i.e. 68 ± 1
(Table 2).

By forcing the extraction parameters to be as low as possi-
ble in order to better fit into a green process intensification
perspective, the suggested conditions for obtaining the highest
PC value are the following: X1 = 60 °C, X2 = 18 min,
X3 = 1 MW cycle, with a predicted value of 61.5 %, according
to Eq. 3 (Fig. 5b). Although this value is significantly lower
with respect to the one (67.7 %) obtained without forcing any
of the input parameters to be as low as possible, it can be easily
seen how it promptly increases to 66.3 % by prolonging the
microwave extraction time up to 30 min, which is, however, a
time significantly lower with respect to conventional extrac-
tion procedures.

The water-soluble polyphenols content (WPC) was evalu-
ated as an additional response since it can be particularly use-
ful for targeted nutraceuticals (Jimenez-Colmenero et al.
2010). Indeed, their hydrophilic nature allows achieving eas-
ier transport and absorption in human bodies leading to more
efficient antioxidant and anti-ageing formulations.

The WPC response analysis suggested a two-factor inter-
action model as the most significant one, with temperature
(X1) and number of microwave cycles (X3) as the two input
parameters with a significant (p < 0.05) and positive (Fig. 6)

Fig. 5 a Response surface plot showing the regions of the experimental
space (delimited by the black circle) in which the PC response value can
be optimized in the case of seed extracts, considering three MW cycles
(X1 = temperature, °C; X2 = time, min). bResponse surface plot for unripe

walnut seeds extracts exploiting a single MW heating cycle. The
suggested conditions (by forcedly minimizing the three independent
variables) are delimited by the black circle

Fig. 4 Response surface curves and contour plots showing the
interactions between temperature (X1, °C) and time (X2, min) left graph,
and between time (X2, min) and number of MW cycles (X3) right graph,

in the extraction from unripe walnuts seeds. In each curve, the absent
variable is fixed at its central value
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main effect. The two-factor interaction model is described by
the following Eq. 4:

WPC ¼ 37þ 2:95X 1 þ 0:088X 2

þ 4:73X 3–2:2X 1X 2–2:87X 1X 3 ð4Þ

According to ANOVA, the correlation coefficient for
this model is 0.6818, with an insignificant lack of fit.
The optimal extraction conditions in order to maximize
this latter response resulted to 60 °C, 30 min, and three
microwave cycles.

For specific applications, both the responses (PC and
WPC) need to be as high as possible, thus by concur-
rently analysing PC and WPC, and considering the de-
sirability as the region/s of the experimental design/
space characterized by the maximum values of both
the responses, the contour plot reported in Fig. 7 can
be considered. The highest desirability degree of the
extract can be reached by working at the highest tem-
perature investigated (100 °C) for the shortest extraction
time (6 min) and using three MWs cycles. According to
the models, the PC and WPC values predicted are 68
and 43.9 % respectively, which are in good agreement

Fig. 7 Temperature versus time
contour plot showing the
desirability trend in the different
regions of the experimental space
(considering three microwave
heating cycles), in the case of
unripe walnut seeds extracts

Fig. 6 Main separate effects of
the three independent variables
considered on the response WPC,
in the case of unripe walnut seed
extracts: a temperature, b time
and c number of MW cycles.
Each graph was obtained
assuming the other two variables
in the central value of their
variability range. The dotted lines
define the confidence bands
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with those experimentally obtained by the sample 17 s
(Table 2). A relative high desirability can, however, be
obtained also by operating at the lower temperature of
60 °C but prolonging the extraction time to 30 min.

Energy Consumption Evaluation

The specific energy consumption typical of the two sce-
narios described in the previous section and character-
ized by the higher desirability has been calculated from
the power and temperature versus time curves experi-
mentally resulted from microwave heating of those mix-
ture (registered by the software of the instrument), and
the main results are summarized in Table 3. In detail,
the total energy consumption (TE) has been calculated
by summing all of the watts employed by the micro-
wave generator over the time interval of the experiment.
This value expressed in joule (W s) has been succes-
sively divided by the mass of the phenolic compounds
and by the mass of the water-soluble polyphenols recov-
ered, respectively, thus obtaining the corresponding spe-
cific energy consumptions (SE and SEW).

As reported in Table 3, the total energy consumption
results slightly lower in the case of an extraction per-
formed at the temperature of 60 °C, prolonged for a
total extraction time of 30 min and employing three
different microwave heating cycles. Being the recovered
amounts of phenolic compounds and water-soluble poly-
phenols comparable for both samples 17 and 4 s, the
calculated specific energy consumptions reflect the find-
ings related to the total energy consumption.

It is, however, worth noting how the use of a con-
ventional heating source (like a hot plate or heating
mantle, employing typically 220–250 W) would require
more energy due to the need of heating the plate/mantle
itself, the reaction vessel and the load. Using micro-
waves, despite the low energy efficiency of the applica-
tor used (theoretical energy requirement for heating the
load alone is one order of magnitude lower than that
measured), the specific energy consumption benefits
from the higher yields.

Conclusions

Microwave-assisted extraction of phenolic compounds
from unripe walnut seeds and fresh male flowers of
J. regia was optimized in terms of extraction tempera-
ture, time and number of microwaves cycles, by
exploiting DoE technique.

Some considerations can be derived as concluding
remarks:

– The number of microwaves cycles resulted as a fac-
tor with a significant main effect on the analysed
responses;

– The optimal extraction parameters for fresh J. regia
male flowers resulted in 100 °C, 6 min of extrac-
tion time and three microwaves heating cycles;

– In the case of unripe walnut seeds, the interaction
between temperature and time and that between
time and number of MWs cycles mainly affect the
recovery of total phenolic compounds and water-
soluble polyphenols;

– The regions of the experimental space in which response
values are as high as possible were predicted: 100 °C,
6 min of extraction time and three MW heating cycles;
if energy consumption calculations is taken into account,
they change to 60 °C, 30 min and three microwaves
cycles;

– The use of microwave energy allowed a significant
reduction of the extraction times as compared to
conventional extraction techniques (Zhang et al.
2009), leading to comparable and sometimes signif-
icantly higher extraction yields (Zhang et al. 2009;
Fernández-Agulló et al. 2013);

– In this latter perspective, a detailed and complete
Life Cycle Assessment (LCA) of microwave-
assisted extraction will be necessary in order to re-
alize a cradle to grave environmental evaluation,
thus considering not only the energy consumptions,
but also all the factors which can significantly affect
the environmental as well as the human health (e.g.
equipments/plants, transport, waste materials and
their final disposal treatments).

Table 3 Specific energy consumptions related to both total phenolic compounds and water-soluble polyphenols, in the case of the best extracts
(samples 4 and 17 s)

Sample X1 X2 X3 TE (kJ) PR (mg) SE (kJ/g) WPR (mg) SEW (kJ/g)

4 s 60 30 3 56 ± 1 41.6 ± 0.6 1346 ± 31 27.4 ± 0.5 2044 ± 52

17 s 100 6 3 62 ± 2 45 ± 1 1378 ± 54 27.2 ± 0.6 2279 ± 89

TE total energy consumption, PR Phenols recovered from 2 g of matrix, calculated as: 2 × DE × PC/100,WPCwater-soluble phenols recovered from 2 g
of matrix, calculated as: 2 × DE × WPC/100, SE specific energy consumption referred to 1 g of recovered phenolic compounds, SEW specific energy
consumption referred to 1 g of recovered water-soluble phenolic compounds
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