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a b s t r a c t

Apple pomace, a residue from juice or cider production, shows high content of exploitable polyphenols. In
this work, apple pomace was submitted to an Ultrasound-Assisted Extraction (UAE) in order to produce
extracts rich in antioxidants. After a preliminary study, a solid/liquid ratio of 150 mg of dry material per
mL was used, and optimized conditions obtained by response surface methodology for polyphenols
water-extraction were 40 �C, 40 min and 0.764 W/cm2. A comparison showed Total Phenolics Content
(TPC) obtained by UAE was 30% higher than the content obtained by Conventional Extraction (CE)(555
and 420 mg of catechin equivalent per 100 g of dry weight, respectively) and both methods presented
the same extraction kinetics. Furthermore, extracts obtained by ultrasound showed higher antioxidant
activity, which was confirmed by HPLC analysis, that revealed main polyphenols were not degraded
under the applied conditions. The large scale experiments of this ultrasound procedure showed a poten-
tial industrial application.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Apples (Malus�domestica Borkh.) are known to contain many
types of phenolic acid derivatives and flavonoids with high nutri-
tional value, which are present particularly at high concentrations
in cider apples (Sanoner et al., 1999; Wijngaard and Brunton,
2010). Apple pomace, the solid waste resulting from industrial pro-
cessing of apple juice or cider production, is rich in extractable
polyphenols (Cao et al., 2009; Cetkovic et al., 2008; Kołodziejczyk
et al., 2009; Virot et al., 2010). The quality and amount of pomace
produced (which can represent 20–30% of the weight of processed
apples) is directly related to the technology used in the apple juice
extraction. The polyphenols extracted from apples present numer-
ous biological activities, such as antiallergic activity (Akiyama
et al., 2000; Kanda et al., 1998), in vivo anticaries activity (Yanagida
et al., 2000), and in vitro and in vivo inhibitory activity against some
enzymes and receptors (Shoji et al., 2000).

Some of the polyphenols in the apple pomace present a high
exploitable industrial potential as dietary or food antioxidant,
exhibiting 2–3 times DPPH-scavenging activity and 10–30 times
superoxide scavenging activity compared to vitamins C and E (Lu
and Foo, 1997; Lu, 2000). Polyphenols in apple pomace also showed
antiviral properties against Herpes simplex virus from methanolic

extracts (Suárez et al., 2010). The safety of those polyphenols has
also been evaluated and confirmed (Shoji et al., 2004). The content
of phenolic compounds in the pomace is higher than the content
in the juice and varies amongst different varieties of apples (Guyot
et al., 1998, 2003; Cetkovic et al., 2008; Van der Sluis et al., 2002;
Price, 1999; Kołodziejczyk et al., 2009). The main polyphenol class
in apple pomace is procyanidins. The hydroxycinnamic acid deriva-
tives are mainly represented by chlorogenic acid (50-caffeoylquinic
acid). Phloridzin (major constituent of dihydrochalcones) was
thought to be a specific component to apples (Mangas et al.,
1999), however, further studies have shown this compound is also
present in strawberries (Hilt et al., 2003). Compared to the apple
fruit, apple pomaces are richer in procyanidins, due to interactions
with the polysaccharides (Le Bourvellec et al., 2007), and in flavo-
nols and dihydrochalcones due to their location in the peel and pips,
respectively (Guyot et al., 1998); in addition, they contain lower
concentrations of hydroxycinnamic acids and catechins.

Ultrasound has been used for various processes in the chemical
and food industry. The technique is fast, consumes less fossil energy
and permits the reduction of solvents, thus resulting in a more pure
product and higher yields. This method has been applied to extract
food components such as aromas (Caldeira et al., 2004; Xia et al.,
2006), antioxidants (Ma et al., 2009; Rodrigues et al., 2008; Wang
et al., 2008; Virot et al., 2010), pigments (Chen et al., 2007; Barbero
et al., 2008) and other organic and mineral components from a vari-
ety of matrices. Ultrasound plays an important role as real potential
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sustainable technique for industrial applications for polyphenols
extraction (Khan et al., 2010). The cavitation process that occurs
during sonication causes the rupture of cell walls, consequently
enhancing solvent contact with available extractable cell material
(Vinatoru, 2001).

The purpose of the present work was to evaluate the effects of
ultrasound-assisted extraction of polyphenols obtained from dried
apple pomace using an aqueous buffer as extraction solvent at mild
temperatures. The extraction conditions (ultrasound intensity, tem-
perature and extraction time) were optimized in order to obtain
optimum polyphenol content using a response surface methodol-
ogy. Comparative studies between ultrasound and conventional
maceration were done for extraction kinetics, antioxidant tests such
as lipid peroxidation activity and treating large amount for large
scale experimentations. Finally, ultrasound effect on polyphenols
molecules was also evaluated for three isolated polyphenolic
compounds in order to verify the innocuousness of ultrasound
technology.

2. Materials and methods

2.1. Plant material and chemicals

Apple pomace was obtained from Val-de-Vire Bioactives
(Conde-sur-Vire, France) and kept in the dark until use. Standards
of chlorogenic acid, (�) epicatechin and phloridzin, were pur-
chased from Sigma Aldrich (St. Louis, USA). Other chemicals were
of analytical grade and purchased from VWR International (Darms-
tadt, Germany).

2.2. Extraction procedures

In all extraction procedures, a 50 mM malate buffer in a pH 3.8
was used in order to mimetize fruit’s conditions. To determine the
optimal extraction conditions, the solid/liquid ratio was evaluated
in function of total polyphenols obtained by a conventional macer-
ation method. The samples subjected to extraction ranged from 5
to 35 g of dry material. The experiments were performed in flasks
containing 100 mL of the buffer in a RT-10 magnetic stirrer plate
(IKAMAG, Germany) over 8 h in the dark. Samples were then
pressed using a manual press and filtered before analysis with a
0.45 lm mesh filter. The total polyphenols content (TPC) was mea-
sured using Folin–Ciocalteau’s reagent and results are expressed in
mg of catechin equivalent per 100 g of dry weight. All experiments
were carried out in triplicates.

Ultrasound-assisted extractions (UAE) were performed in an
ultrasonic extraction reactor PEX1 (R.E.U.S., Contes, France) with
14 � 10 cm internal dimensions and maximal capacity of 1 L,
equipped with a transducer at the base of jug operating at a fre-
quency of 25 kHz with maximum input power (output power of
the generator) of 150 W. The double-layered mantle (with water
circulation) allowed the control of extraction temperature by cool-
ing/heating systems. Considering the actual input power from the
device is converted to heat which is dissipated in the medium,
calorimetric measurements were performed to assess actual ultra-
sound power, calculated as shown in the Eq. (1) below (Toma et al.,
2011).

P ¼ m:Cp �
dT
dt

ð1Þ

Where Cp is the heat capacity of the solvent at constant pressure
(J g�1 �C�1), m is the mass of solvent (g) and dT/dt is temperature
rise per second. Then, the applied ultrasonic intensity (UI) was
calculated using the calculated power as shown in the Eq. (2).(Ti-
wari et al., 2008).

UI ¼ 4P

pD2 ð2Þ

Where UI is the ultrasonic intensity (W cm�2), P is the ultrasound
power (W) as calculated by the equation 1, and D is the internal
diameter (cm) of the ultrasound reactor. To the 500 mL of malate
buffer (50 mM pH 3.8), 75 g of dried apple pomace were added
and submitted to extraction and the obtained extracts were filtered
with a 0.45 lm mesh filter before been lyophilized (for HPLC anal-
ysis) or analyzed for TPC. Conventional extraction was performed
by agitation in the same conditions for comparison. All experiments
were carried out in triplicates.

2.3. Isolated compounds study

In order to verify whether antioxidants present in the extracts
undergo degradation during sonication, the following isolated com-
pounds were submitted to ultrasound treatment: (�) epicatechin,
phloridzin and chlorogenic acid. These compounds (in a final con-
centration of 0.5 mg/mL) were diluted in 2 mL of methanol and then
introduced in the ultrasonic extraction reactor with 200 mL of ma-
late buffer (50 mM pH 3.8) followed by ultrasound treatment in the
optimized conditions. The extractions were subsequently observed
in the UV spectrophotometer (Spectronic Genesys 5, Thermo Fischer
Scientific, France) at respective characteristic wavelengths for each
molecule and then analyzed by HPLC-DAD for quantification
purposes. All experiments were carried out in triplicates.

2.4. Total phenolics determination (TPC)

TPC was determined using Folin–Ciocalteau reagent (Singleton
and Rossi, 1965). In a test tube, 50 lL of the filtered sample were
mixed with 1 mL of a 10% Na2CO3 solution and 250 lL of Folin–Cio-
calteau reagent. The absorbance was determined using a spectro-
photometer (Spectronic Genesys 5, Thermo Fischer Scientific,
France) after 1 h at 765 nm against a calibration curve. The results
were expressed in mg of catechin equivalent per 100 g of dry weight.

2.5. Identification of phenolic compounds by HPLC-DAD

Polyphenols were measured by HPLC after re-dissolution of the
freeze-dried extracts in acidic methanol (1% acetic acid, v/v), or
after thioacidolysis as described previously (Guyot et al., 2001),
followed by filtration (PTFE, 0.45 lm). A Waters HPLC apparatus
(Milford, MA, USA) was used, a system 717 plus autosampler
equipped with a cooling module set at 4 �C, a 600 E multisolvent
system, a 996 photodiode array detector, and a Millenium 2010
Manager system. The column was a Purospher RP18 endcapped,
5 lm (Merck, Darmstadt, Germany). The solvent system was a gra-
dient of solvent A (aqueous acetic acid, 25 mL/L) and solvent B
(acetonitrile): initial, 3% B; 0–5 min, 9% B linear; 5–15 min, 16% B
linear; 15–45, 50% B linear, followed by washing and recondition-
ing the column. HPLC peaks were identified on chromatograms
according to their retention times and their UV–visible spectra
by comparison with available standard compounds as described
by Guyot et al. (2001). Quantification is performed by reporting
the measured integration area in the calibration equation of the
corresponding standard. Phloretin and phloretinxyloglucoside
were calculated as phloridzin equivalent, all flavonols were quan-
tified against quercetin (molar responses, then their respective
contents of glycosides are used to calculate concentrations in g/L
or g/kg). Total flavonols and total polyphenols were the sums of
the corresponding compounds, quantified by HPLC. The average
degree of polymerization of flavan-3-ols was calculated as the
molar ratio of all the flavan-3-ols units (thioether adducts plus
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terminal units) to (�)-epicatechin and (+)-catechin corresponding
to terminal units.

2.6. Antioxidant activity: inhibition of linoleic acid peroxidation

A freshly prepared 2.55 mM solution of linoleic acid (2 mL) in a
pH 7.4 phosphate buffer with 100 mM of NaCl containing 10 mM
SDS (sodium dodecyl sulfate) were placed at 37 �C in the spectrom-
eter cell. At time zero, 25 lL of a freshly prepared 80 mM solution of
AAPH (2,20-azobis(2-amidinopropane)) in the same buffer was
added (Roche et al., 2005). After 15 min, 25 lL of an antioxidant
solution were added in MeOH. The experiments were repeated with
different phenol concentrations (1 mM and lower). The initial level
of hydroperoxides (molar absorption coefficient at 234 nm = 26
100 M�1 cm�1) were below 2% in all experiments. The uninhibited
and inhibited peroxidation rates were calculated from the slope of
the absorbance at 234 nm versus time before and after antioxidant
addition using fixed time intervals. All experiments were carried out
in triplicates. Standard deviations were lower than 10%.

2.7. Experimental design

Results of preliminary investigations showed the volume of
solvent to be used in the extraction (thus, the solid:liquid ra-
tio)affect the extraction of polyphenols due to an insufficient
interaction between the solvent and the matrix. This parameter
had an influence on the applied ultrasonic intensity, since a min-
imum of free liquid is necessary to the functioning of the appa-
ratus. In addition, the temperature and sonication duration
have an interaction in the experiment since the ultrasonic energy
input tends to increase the temperature of the medium, and both
parameters have a direct influence in the yield of extracted poly-
phenols. Therefore, results of preliminary studies showed poly-
phenols yield is mainly dependent on the ratio of solvent to
sample, the extraction time, the temperature and the ultrasonic
intensity.

In order to investigate the influence and relevance of the oper-
ating parameters required during extractions, a Central Composite
Design (CCD) was used to analyze total polyphenol content (TPC)
and extract main polyphenols. Three independent factors (namely
temperature (T), sonication duration (t) and Ultrasonic intensity
(UI)) were evaluated, as well as eventual interaction between these
variables.

The full uniformly routable CCD presents the following charac-
teristics (Bezerra et al., 2008): (1) total number of experiments (N)
are given N = k2 + 2k + cp, where k is the number of variables and cp
is the number of replicates of the central point; (2) The star points
are at a distance a from the center of the design and a-values are
calculated by a = 2(k�p)/4; and (3) all factors are studied in five
levels (�a, �1, 0,+1,+a). Therefore, in the case of three variables,
the number of experiences is 20, the number of replicates of the
central point in 6 and the a-value is 1.68.

Preliminary experiments allowed us to distinguish the variables
implied in the model at five separated coded levels: �a (=�1.68),
�1, 0,+1,+a (= + 1.68). The limit values of each variable range were
chosen as function of limitations of ultrasonic apparatus (mini-
mum and maximum power available in the device), temperature
of extraction for polyphenols (which might degrade above 40 �C)
and time of sonication. Values are presented on Table 1 and in-
volved a total of 20 experiments; including six replications at the
centre point to evaluate experimental error measurement, and ran-
domized to avoid effects of extraneous variables. Variables were
coded according to the following Eq. (3), where Xi is the coded va-
lue, xi, the real value of a variable, �Xi, the real value of a variable at
the center point, and Dxi, the step change:

Xi ¼
xi � �xi

Dxi
ð3Þ

Experimental data for predicting TPC have then been repre-
sented using a second order polynomial Eq. (4) as follows:

Y ¼ b0 þ
Xn

i¼1

biXi þ
Xn

i¼1

biiX
2
i þ

Xn�1

i¼1

X

j¼2
j>i

bijXiXj; ð4Þ

Where: Y is the response variable TPC (mg of catechin equivalent
per 100 g of dried apple pomace sample), b0 is the average response
obtained during replicated experiments of the CCD, bi; bii; bij are the
linear, quadratic and cross-product effects, respectively, Xi and Xj

are the independent coded variables. The results were analyzed
using the Statgraphics XV� software.

2.8. Kinetics studies

The extracts obtained were analyzed with a mathematical
model derived from Fick’s second law (Herodez et al., 2003). The
extraction of polyphenols from apple pomace follows first-order
kinetics (Spiro and Jago, 1982), which can be represented as
follows:

Ct ¼ C1ð1� e�ktÞ ð5Þ

Where Ct is the concentration of total polyphenols at time t, C1 is
the final concentration of total polyphenols and k is the apparent
first-order rate constant of extraction.

When ln (C1/[C1�C]) is plotted against time, the points fall on
two intersecting straight lines, the first with a relatively steep
slope and the second with a relatively shallow one. The points of
intersection of ln (C1/[C1�C]) vs. t plots for the fast and the slow
stages are termed transition points.

3. Results and discussion

3.1. Solid–liquid ratio

To determine the optimum solid/liquid ratio, total polyphenol
compounds and the liquid absorbing capacity of the apple pomace
were considered, as represented in Fig. 1. From this figure it is

Table 1
Variables involved in the Central Composite Design (CCD)and response obtained for
TPC.

No UI (W/cm2)a Temperature (�C) Sonication time (min) TPCb

1 0.431 16 45 370
2 0.575 10 30 315
3 0.719 16 45 381
4 0.719 16 15 306
5 0.431 16 15 288
6 0.335 25 30 360
7 0.575 25 55 384
8 0.575 25 30 368
9 0.431 34 45 384
10 0.575 25 30 393
11 0.575 25 5 257
12 0.719 34 15 370
13 0.719 34 45 448
14 0.431 34 15 382
15 0.575 25 30 380
16 0.575 25 30 383
17 0.575 25 30 379
18 0.575 25 30 367
19 0.575 40 30 460
20 0.764 25 30 393

a UI: ultrasonic intensity.
b mg catechin eq/100 g MS.
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possible to observe that the optimum ratio was 150 mg of dry
material/mL. For concentrations above 200 mg/mL the dry pomace
absorbed all of the available liquid, increasing in volume. Since the
ultrasound apparatus requires a minimum amount of free solvent
for extraction procedures, a combination of high TPC yields and
higher amount of available solvent was chosen. The 150 mg/mL ra-
tio results are corroborated by the values achieved by earlier stud-
ies such as Virot et al. (2010) who used ethanol as extraction
solvent of dry apple pomace.

3.2. Experimental design studies

Three key variables that affect extraction of phenolic com-
pounds were studied in a central composite design: namely, ultra-
sonic intensity, temperature and sonication duration. Ultrasonic
intensity ranged from 0.335 to 0.764 W/cm2. The chosen ultrasonic
intensity limits were function of regulation limitations in the ultra-
sonic apparatus. Since appropriate temperature setting is neces-
sary to avoid destruction of organic compounds as well as
provide an efficient application of ultrasound (ultrasound effects
are known to decrease with temperatures higher than 40–50 �C),
moderate temperatures were chosen with a range of 9.9–40 �C.
Also, the increase in cavitation phenomena is directly proportional
to the increase in the system temperature. However, at too high
temperatures a decrease in shock waves is observed, diminishing
the effect of ultrasounds (Lorimer and Mason, 1987). At last, poly-
phenols might undergo degradation at temperatures higher than
40 �C, especially when combined to ultrasounds (Kyi et al., 2005;

Svitelska et al., 2004); therefore, a maximum temperature of
40 �C was chosen. Finally, the sonication time range chosen (from
5 to 55 min) was relatively short yet competitive with conven-
tional extraction, showing a potential future industrial application.
Since after a certain time cavitation bubbles do not continue to ab-
sorb energy to grow and collapse (Ozcan, 2006), and the usual time
used for ultrasound-assisted extraction in the industry are usually
not longer than 60 min (Chemat et al., 2011), 55 min was chosen as
maximum limit. These three controlled variables were studied in a
multivariate study with 20 experiments as shown in the Table 1.

3.2.1. Results for TPC
Coded experiments and responses obtained for each run of the

central composite design are presented on Table 2. The responses
varied widely in function of parameters settings of experiments
(from 257 to 460 mg of catechin equivalent per 100 g of dry
weight). Significance and suitability of the design were then stud-
ied using a variance analysis (ANOVA, Table 2). Statistical signifi-
cance of each effect (including interaction terms, linear and
quadratic T2 effects) was tested by comparing the mean square
against an estimate of the experimental error. Depending upon
the degree of freedom (Df.) involved, F-ratio can be calculated
(ratio of the mean squared error to the pure error). With a confi-
dence level of 95%, F-ratio significance can be evaluated using
the p-value column (significant effects have been typed in bold).
Four effects were found significant at a 95% confidence level in
the experimental domain studied. This observation can also be
pointed out on a Pareto chart of standardized effects, presented

Table 2
ANOVA for TPC in the CCD.

Source Sum of squares Df Mean squares f-radio p-value

UI: ultrasonic intensity 2966.43 1 2966.43 5.84 0.0362
T: temperature 38446.5 1 38446.5 75.72 0.0000
t: sonication time 33210.4 1 33210.4 65.41 0.0000
UI2 14.83 1 14.83 0.03 0.8677
UI.T 224.084 1 224.084 0.44 0.5215
UI.t 1225.13 1 1225.13 2.41 0.1514
T2 653.003 1 653.003 1.29 0.2832
T.t 1653.12 1 1653.12 3.26 0.1013
t2 11470.2 1 11470.2 22.59 0.0008
Total error 5077.52 10 507.752
Total (corr.) 95724.2 19

R2 = 0.947; R2
adj (adjusted for Df) = 0.899.

Fig. 1. Optimization of solid/liquid ratio for apple pomace extraction by water: polyphenol concentration in the extract (TPC) (h) and water absorption (j).
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on Fig. 2. Linear effects of the three key variables (UI, T, t) appear to
be highly significant, as well as the quadratic effect of the
sonication time (t2).

The lack of significance of the cross-product terms (UI.T, UI.t, T.t)
suggests the absence of interactions between variables. The exper-
imental data obtained from the CCD allowed us to determine an
empirical relationship linking response studied (TPC) and key vari-
ables involved in the model (in coded units). Thus, a second order
polynomial equation was obtained:

Y ¼ 154:0þ 0:98 UI þ 5:98T þ 10:99t � 0:12t2

Where, Y represents TPC (expressed in mg of catechin equiva-
lent per 100 g of dry weight), UI represents the applied ultrasonic
intensity, t is the sonication time and T, the temperature in coded
units. Only significant variables were shown (p < 0.05).The applied
model appears to be adequate for our experimental results at the
95% confidence level. More than 94% of the variability of responses
was explained (R2 statistics > 0.94), asserting a good accuracy and
ability of the established model within the limits of the range used
(Mirhosseini et al., 2008). R2

adj is a regression coefficient adjusted
for the number of coefficient involved in the model; it allows com-
parison between models with different numbers of independent
variables and allows testing the level of suitability to the regres-
sion coefficient. Its value (>0.89) indicates a high degree of correla-
tion between observed and predicted data.

3.2.2. Optimization of ultrasound-assisted extraction
A graphical representation can be introduced in order to visual-

ize the significant relationship linking levels of variables and re-
sponse studied (TPC). Fig. 3 depicts three-dimensional plots, each
plot highlighting the response behavior function of two variables
with the third variable fixed to its central point. The most influen-
tial variables are the linear terms of sonication duration (t) and
temperature (T): TPC increases linearly as sonication time and tem-
perature increase. The same effect has been noticed with ultrasonic
intensity (UI) but with a less predominant influence as observed in
the Pareto chart. A slight influence of quadratic effect of sonication
time (t2) is also illustrated on these surfaces (presence of weak
surface curvature when sonication time increases), Fig. 3a and c
optimal settings for TPC maximization were 0.764 W/cm2 for ultra-
sonic intensity, 40 �C for temperature and 40 min for sonication
duration. The TPC yield (555 mg of catechin equivalent per 100 g
of dry weight) predicted by the model was verified experimentally
using the optimized settings. Similar results were obtained by Vir-
ot et al. (2010) for ultrasound-assisted extraction optimization
using ethanol 50% (0.142 W/g, 40 �C and 45 min), while other tech-
niques like pressurized fluid extraction and manual maceration re-
sulted in optimized conditions of ethanol 60% and 102 �C
(Wijngaard and Brunton, 2009) and ethanol 56% at 80 �C for
31 min or acetone 65% at 25 �C for 60 min (Wijngaard and Brunton,

2010), respectively. This shows the importance of optimizing
parameters when a modification is done in one or various param-
eters such as solid/liquid ratio, temperature or solvent. Our ex-
tracts were obtained and optimized for water extraction,
showing the viability of this procedure with great yields using
water as solvent.

Fig. 2. Standardized Pareto chart of optimization multivariate study.

Fig. 3. Optimization of ultrasound-assisted apple pomace extraction by water: TPC
investigation in the multivariate study: (A) TPC as a function of ultrasonic intensity
and sonication time, (b) TPC as a function of ultrasonic intensity and temperature,
and (c) TPC as a function of temperature and sonication time.

D. Pingret et al. / Journal of Food Engineering 111 (2012) 73–81 77
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3.3. Comparison and kinetic studies

To evaluate the impact of ultrasound-assisted extraction in
optimized conditions obtained from the response surface method,
a comparison study was carried out between ultrasound and con-
ventional extractions (Fig. 4; Table 3). From Fig. 4, it is possible to
observe that ultrasound-assisted extraction increased in TPC yield
by more than 30% (420 and 555 mg of catechin equivalent per
100 g of dry weight for conventional and ultrasound-assisted
extraction, respectively). The comparison shows a clear improve-
ment of the extraction, which is attributed to ultrasonic cavitation,
since this is the only variable of treatment that differs in both
experiments.

From the Table 3 it is possible to observe that extracts are rich in
catechin monomers and phenolic acids, while residues are poor in
phenolic acids and rich in procyanidins with a slight increase of
the respective DP, which might be attributed to interactions
between those compounds and the plant cell wall since the greater
the DP, stronger the interaction (Le Bourvellec et al., 2007).

The ultrasound extracts are richer in phenolic acids than the
conventional extracts, mainly for PCQ. Also, monomers were better
extracted than polymers, which was expected since the extraction
was performed in an aqueous medium. In the case of the dihydroch-
alcones, since they are more present in the seeds, the grinding has a
lot of influence. In our work, no grinding was used, which explains
the greater amount in the residue compared to the extracts. Flavo-
nols were not well extracted, which could be solved by a pre-treat-
ment of apple peels. Phloridzine was not well recovered, probably
due to its polarity, even though dihydrochalcones were better ex-
tracted by ultrasounds than by the conventional technique. Yields
on ultrasound assisted extraction are greater for catechin, epicate-
chin and flavonols, which implies a partial destructuring of the apple
epidermis, suggesting a not full destructuring of apple epidermis by
ultrasounds in this naturally resistant fraction. As for flavonols,
yields are variable, possibly due to their solubility in the buffer.
Ultrasounds increase extract yield in 6–8% for dihydrochalcones
and phenolic acids, although results suggest the bonds between
polyphenols and polysaccharides were not broken, since polyphe-
nols present a strong interaction with apple cell walls (Le Bourvellec
et al., 2004; Le Bourvellec and Renard, 2005; Le Bourvellec et al.,
2009). This amount of retention of polyphenols has already been ob-
served in the literature (Kołodziejczyk et al., 2009).

Both extractions (conventional and optimized) follow first-or-
der kinetics, with a fast period from 0 to 10 min and a slow period
from 10 to 40 min of extraction as represented in the Fig. 5 to-
gether with their respective coefficients. Indeed, the coefficients
at the fast period are of 0.162 min�1 for the ultrasound and
0.158 min�1 for the conventional extraction; while for the slow
period, the coefficients are of 0.088 min�1 for the ultrasound and
of 0.085 min�1 for the conventional extraction. Since the difference
between the coefficients for both equations were not significant, it
is possible to conclude that the ultrasound treatment did not
change the kinetics of the extraction, even though the extract yield
for the ultrasound treatment is more important, which can be ex-
plained by the cavitation phenomena.

Some studies on the effects of ultrasound-assisted extraction
using electronic microscopy (Veillet et al., 2010)showed that the
cavitation phenomena is responsible for modifications on the plant

Fig. 4. Comparison between conventional (CE-h) and ultrasound-assisted extrac-
tion(US-j).

Table 3
Yields and polyphenol composition of apple pomace and its water extracts obtained by conventional and ultrasound-assisted optimized extraction. Yields are in % dry matter, and
polyphenol composition in mg/kg of dry weight. The values in italics are the yields recorded for individual components.

Yields (g/g
DW)

Flavans-3-ols Dihydrochalcones Phenolic
acids

Flavonols TPC

Monomers PCA XPL PLZ CQA pCA Rut Hyp Iso Rey Gua Avi Qc SUM

CAT EC PCA DP

Initial Pomace 1.00 52 244 3408 3.6 142 1008 960 94 10 122 42 54 161 24 40 453 6360
Conventional

extract
0.27 114 383 1249 3.1 180 1014 1321 133 22 150 52 56 169 24 38 511 4905

Conventional
residue

0.70 37 193 4132 4.4 103 928 545 50 10 147 47 66 201 32 45 549 6537

Optimized extract 0.28 153 477 1335 4.0 199 1093 1399 141 27 211 71 80 242 35 53 721 5517
Optimized residue 0.69 40 197 4304 4.7 108 1050 602 52 10 157 49 69 205 33 47 570 6923
pSTD 30 88 283 0.6 14 91 99 10 4 30 10 11 31 4 6 97 360

Initial Pomace 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Conventional

extract
0.59 0.42 0.10 0.34 0.27 0.37 0.38 0.63 0.33 0.34 0.28 0.28 0.26 0.25 0.30 0.21

Conventional
residue

0.50 0.55 0.85 0.51 0.64 0.40 0.38 0.74 0.85 0.78 0.85 0.87 0.93 0.79 0.85 0.72

Optimized extract 0.83 0.55 0.11 0.39 0.30 0.41 0.42 0.80 0.49 0.48 0.41 0.42 0.40 0.37 0.45 0.24
Optimized residue 0.53 0.56 0.87 0.53 0.72 0.43 0.39 0.76 0.89 0.81 0.88 0.88 0.92 0.80 0.87 0.75

CAT: (+)-catechin; EC: (�)-epicatechin; PCA: procyanidins; DP: number average degree of polymerisation; XPL: phloretinxyloglucoside; PLZ: phloridzin; CQA: 50caffeoyl-
quininc acid (chlorogenic acid); pCA: paracoumaroylquinic acid; Rut: rutin (quercetin-3-O-rutinoside); Hyp: Hyperoside (quercetin 3-O-galactoside); Iso: Isoquercitrin
(quercetin 3-O-glucoside); Rey: reynoutrine (quercetin 3-O-xyloside); Gua: guajaverin((quercetin 3-O-arabinopyranoside); Avi:avicularin (quercetin 3-O-arabinoside); Qc:
quercitrin (quercetin 3-O-rhamnoside);pSTD: pooled standard deviations.
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material inducing disruption of the cells, due to the burst of the
cavitation bubble on the surface of the matrix (Vinatoru, 2001).
Studies can be done directly in the cell wall to verify the state be-
fore and after extraction, nevertheless due to the heterogeneity
and complexity of our matrix (apple pomace), cytological or histo-
logical studies of these samples would not provide reliable statisti-
cal results.

3.4. Antioxidant activity

The antioxidant activity was evaluated for both conventional
and ultrasound-assisted extraction carried out in the optimized
conditions. The experiments were monitored by UV/VIS spectros-
copy by recording the accumulation of the lipid hydroperoxides
(kmax = 234 nm) in the absence of antioxidant (constant peroxida-
tion rate Rp0) and in the presence of the antioxidant (initial
peroxidation rate Rp). The IC50parameters (antioxidant concentra-
tion corresponding to 50% inhibition, i.e. Rp/Rp0 = 0.5) were calcu-
lated for both samples. Sonicated extracts present a lower IC50

(4.90 lM), representing a better antioxidant activity for those
samples when compared to the activity of extracts obtained from
maceration (7.05 lM). Quercetin presented an IC50 value of
0.58 lM.

3.5. Ultrasound effects on extracted molecules

In order to verify the innocuousness of ultrasound, three iso-
lated compounds of apple pomace (namely (�)epicatechin, phlo-
ridzin and chlorogenic acid)were submitted to the optimized
ultrasound extraction conditions. The degradation of these iso-
lated products was evaluated comparing the initial mass to
quantified final mass after treatment using HPLC-DAD (Fig. 6)
against standards. These compounds were chosen due to their
high concentration in the apple and/or importance of application,
like phloridzin, which is mainly present in the apple fruit. We
observed no specific reaction products after ultrasound treat-
ment. For chlorogenic acid 97.6% of the initial mass was quanti-
fied after US treatment, against 94.7% for epicatechin and 99.2%
for phloridzin. This loss of 5% in weight can be due to experi-
mental error.

3.6. Large scale ultrasound extraction

While conventional procedures such as maceration are often
time and/or energy consuming, ultrasound-assisted extraction pro-
vides numerous advantages from an industrial perspective. Ultra-
sound as a food processing technology has shown large
commercial large scale application, with high returns on capital
investment (with the break-even point about 4 months). Improve-
ments in product efficiency, process enhancement and low mainte-
nance cost are achievable on a commercial scale. Also, depending
on the application, the required energy is comparable to other
operation units currently utilized in the industry (Patist and Bates,
2008; Paniwnyk et al., 2009). Only 40 min in water (a green envi-
ronmental solvent) are needed to recover polyphenols from apple
pomace with higher yields compared to conventional extraction
procedures. The recycling of an industrial byproduct such as apple
pomace using a rapid technique consuming less energy is advanta-
geous from an environmental point of view. For this purpose, a pi-
lot study was performed in a 30 L extraction tank (Fig. 7)consisting
of a quadruple output of ultrasound at 25 kHz and 4 � 200 Watts
in the optimum conditions obtained from the previous experi-
ments. Polyphenol yields in the ultrasound extraction were compa-
rable to the lab scale experiments and 15% higher when compared
to the conventional procedure using maceration (560 mg catechin
equivalent per 100 g of dry weight for sonicated samples against

Fig. 5. Kinetics and respective constants for conventional (CE-h) and ultrasound-
assisted extraction (US-j).

Fig. 6. C18 reverse phase HPLC-DAD chromatograms of ultrasound-assisted
extracted apple pomace polyphenols at A: 280 nm; B: 320 nm; C: 350 nm.
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487 mg catechin equivalent per 100 g of dry weight for conven-
tional ones).

4. Conclusion

When compared to conventional maceration extraction, opti-
mized ultrasonic treatment showed an increase of more than 30%
in total phenolic content after 40 min, which was confirmed by
large scale experiments, showing the potential applicability of
the technique in industries. At the same time, the HPLC-DAD data
clearly showed that there was no modification or degradation of
the extract and its composition regarding the polyphenolic species.
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