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A B S T R A C T

The purpose of this study was to evaluate volatile compounds and sensory acceptance of HHP processed orange
juice compared with non-processed and pasteurized orange juices. RSM and sniffing were successfully applied
for optimization of HS-SPME conditions. The chosen HS-SPME conditions 37 °C during 25 min of exposure
properly characterized the volatile profile of HHP processed, pasteurized and non-processed orange juices. HHP
processing conditions had an impact on the volatile profile of the juice. Sensory acceptance was higher for non-
processed and similar for HHP and pasteurized orange juice. PCA discriminated processed from non-processed
orange juice, and HHP from pasteurized orange juice. HHP processed orange juice was characterized by ethyl
butanoate, octanal, 1-octanol, linalool, ethyl 3-hydroxyhexanoate, nootkatone and ethyl octanoate. Pasteurized
orange juice was characterized by the same compounds as HHP, plus geranyl acetate and apart from ethyl
octanoate. Terpinolene, octyl acetate, carveol, carvone, linalyl acetate and δ-elemene characterized non-pro-
cessed orange juice.
Industrial relevance: HHP processing has been used as an efficient food preservation process in order to meet
consumers growing demand for juices with natural-like attributes. Orange juice HHP processing is claimed to
inactivate PME and eliminate microorganisms by pressurizing the juice, maintaining freshness, sensorial and
nutritive value. This technology is still not being used by the Brazilian juice industry, which presents itself as a
whole range of opportunities. Therefore the focus on volatile compounds from Pêra-Rio orange juice is due to its
importance for Brazilian citrus industry. In this study orange juice pressurized in a pilot plant was compared to
the non-processed and pasteurized orange juice, presenting a new approach for the analysis of volatile com-
pounds, using RSM HS-SPME optimization combined with sniffing, and most importantly, considering the aroma
representativeness, in order to properly evaluate the impact of HHP processing on the volatile compounds,
responsible for the flavor of the juice and discriminate the volatile profile of the HHP orange juice compared
with non-processed and pasteurized orange juice. Sensory acceptance of HHP processed orange juice was also
performed to verify if changes in volatile profile were perceived by consumers.
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1. Introduction

Orange juice is the world's most consumed fruit juice, with an
estimated consumption of 1.8 billion liters a year globally (United
States Department of Agriculture, 2016). Brazil is the leader in pro-
duction and exportation of orange juice worldwide. Brazil exports>
90% of its orange juice production and is responsible for> 50% of
orange juice globally consumed. Of five orange juice glasses consumed
in the world three are from Brazil. Pêra-Rio is the most important
variety cultivated in Brazil, accounting for the singleness and the
characteristics of the Brazilian orange juice (CitrusBR, 2017; Neves
et al., 2009).

Orange juice properties can be changed by microorganisms and
enzymes, and to prolong the shelf life, thermal processing is the most
widely used processing technique, successfully inactivating them.
Thermal processing may have a negative impact on orange juice
quality, such as loss of flavor and aroma compounds (Janzantti,
Machado, &Monteiro, 2011; Mastello, Janzantti, &Monteiro, 2015),
degradation of ascorbic acid and color changes. Some studies have
identified and quantified the volatile compounds of orange juice,
comparing different processing techniques and their effects on volatile
compounds composition, sensory profile and physicochemical char-
acteristics (Baxter, Easton, Schneebeli, &Whitfield, 2005; Bull et al.,
2004; Mastello, Janzantti, et al., 2015; Vervoort et al., 2012).

Following the growing demand of juices with natural-like attributes,
non-thermal processing techniques such as high hydrostatic pressure
processing (HHP) and ultra high pressure homogenization processing
(UHPH), pulsed electric fields (PEF), ultrasound and ohmic heating
treatment have been investigated (Achir et al., 2016; Bisconsin-Junior,
Rosenthal, &Monteiro, 2014; Samani, Khoshtaghaza, Lorigooini,
Minaei, & Zareiforoush, 2015; Timmermans et al., 2011; Velázquez-
Estrada, Hernández-Herrero, Guamis-López, & Roig-Sagués, 2012;
Vervoort et al., 2011). In fact HHP has currently been used in several
raw and processed food categories (Rendueles et al., 2011; Sampedro,
Geveke, Fan, & Zhang, 2009), and depending on the processing condi-
tions, effects on color, flavor and texture affecting quality have been
reported (Bajovic, Bolumar, & Heinz, 2012; El Hadi, Zhang, Wu,
Zhou, & Tao, 2013; Oey, Lille, Loey, & Hendrickx, 2008; Wang et al.,
2013). HHP processing is still not being used in Brazil and this study
represents a starting point for the Brazilian citrus industry, providing
information over flavor changes and sensorial losses of orange juice
HHP processed.

HHP processing inactivates the heat-stable pectin methylestearase
(PME) and eliminates microorganisms by pressurizing the juice in-
stead of heating, and if appropriately applied, this processing is
claimed to maintain freshness, sensorial and nutritive value of orange
juice (Baxter et al., 2005; Bisconsin-Junior et al., 2014; Bull et al.,
2004; Parish, 1998; Vervoort et al., 2012). Orange juice aroma can be
influenced by different varieties, maturity, storage and processing
conditions. There are few studies in the literature evaluating the

effects of HHP in orange juice aroma. The HHP conditions applied in
this work were chosen through the results of the study of Bisconsin-
Junior et al. (2014). Different pressure, temperature and time com-
binations were evaluated on Pêra-Rio orange juice using an experi-
mental design and the optimal condition was defined based on its
capacity to reduce PME residual activity below 20% and microbial
count lower than 2 log UFC/mL.

Headspace Solid Phase Microextraction (HS-SPME) technique has
been largely applied to volatile compounds analysis combined with gas
chromatography–mass spectrometry (GC–MS) (Mastello, Capobiango,
Chin, Monteiro, &Marriott, 2015; Murat, Gourrat, Jerosch, & Cayot,
2012; Rega, Fournier, & Guichard, 2003). A careful optimization of the
SPME conditions is necessary to determine the best conditions to ana-
lyze volatile compounds of orange juice. Factorial design enables the
evaluation of many variables and their interaction with the response
variables. Response Surface Methodology (RSM) explores the relation-
ship between independent variables and one or more response variables
(Montgomery &Wiley, 2001; Myers, Montgomery, & Anderson-Cook,
2009). In this study the aroma representativeness was combined with
HS-SPME optimization considering the volatile profile of the juice to
minimize the effect of different processing on the juice, in order to
make a fair comparison among them. Moreover, sensory acceptance of
HHP processed orange juice was also performed to verify if changes in
volatile profile were observed by the consumers.

The aim of this work was to evaluate the volatile compounds and
sensory acceptance of the HHP processed orange juice. The influence of
exposure time and temperature on the volatile compounds profile and
area was assessed using RSM, also considering the aroma representa-
tiveness, to choose the HS-SPME conditions for the analysis of different
orange juices.

2. Material and methods

2.1. Orange juice for HS-SPME optimization and analysis

The orange juice of Pêra-Rio variety from the frozen concentrated
orange juice (FCOJ) processing was supplied by a company from
Araraquara, SP, Brazil. The FCOJ processing consists of a series of op-
erations. Fruits are selected, washed and directed to the extraction in a
FMC Citrus Juice Extractor, the most used in the Brazilian citrus plants.
The juice follows to the finisher to remove pulp and vesicles (finishing
step) and then to a multiple-effect evaporator TASTE (Thermally
Accelerated Short Time Evaporator) for concentration, in order to
evaporate water up to 66 °Brix (Nagy & Chen, 1993). Orange juice from
the finishing step (11.8 °Brix) of the FCOJ processing was used in the
experimental design.

Orange of the Pêra-Rio variety cultivated in Bauru, SP, Brazil
(22°25′59″ S, 49°10′31″ W), during the 2012/2013 harvest was sub-
mitted to extraction in a FMC Citrus Juice Extractor and finishing at the
JBT Food Tech Citrus System, Araraquara, SP, Brazil, called non-
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processed (9.5 °Brix). For the HHP treatment, non-processed orange
juice was pressurized at 520 MPa, 60 °C, for 360 s (9.5 °Brix) in a
Stansted Food Lab 9000 (Stansted Fluid Power, Stansted, UK) pilot
equipment, which conditions were described by Bisconsin-Junior et al.
(2014). For pasteurization non-processed orange juice was put in a
Armfield FTD25D SSHE (Armfield, UK) tubular heat exchanger at 95 °C
for 30 s (Braddock, 1999), and later cooled to 20 °C (9.7 °Brix). The
volatile compounds of the non-processed, pasteurized and HHP pro-
cessed orange juices were evaluated.

2.2. HS-SPME sampling

Firstly, the headspace solid phase microextraction (HS-SPME) fibers
PDMS, PDMS/DVB and PDMS/DVB/CAR were tested in order to choose
which one adsorbed the higher amount of volatile compounds and
showed the highest total area in the chromatogram. The PDMS/DVB/
CAR fiber, with large polarity range was chosen.

The HS-SPME extraction was performed using a 10 mm length 50/
30 μm PDMS/DVB/CAR fiber (Supelco, Bellefonte, PA, USA). 10 mL of
orange juice was transferred to a 20 mL vial sealed with PTFE silicone
septa (Supelco, Bellefonte, PA, USA), containing a magnetic stirring bar
(31.42 rad s−1). After a 17 min equilibration time, the fiber was ex-
posed to the sample headspace according to the conditions established
on the experimental design. The fiber was previously conditioned fol-
lowing the manufacturer's instructions.

2.3. Experimental design

A central composite design (CCD) of two independent variables
containing a 22 factorial design, 4 axial points and 3 repetitions of the
central point, totalizing 11 essays was used (Myers et al., 2009) to
optimize the HS-SPME extraction parameters (extraction time and
temperature). The levels of the independent variables were coded as
−1 and +1, representing the levels of 22 factorial design; 0 (zero),
representing the central point of the design, which made it possible to
estimate the lack of fit of the statistical model and the pure error; and
−1.41 and +1.41, representing the axial points, allowing a quadratic
statistical model (Table 1).

RSM was used to evaluate the effect of the independent variables
(exposure time and temperature) on the total area of peaks on the
chromatograms (response variable) of orange juice from the finishing
step of FCOJ processing.

2.4. GC-FID analysis

A Shimadzu 17-A was used to the GC-FID analysis. The capillary
column was DB-5 (30 m × 0.25 mm× 0.25 μm). The GC inlet was set
at 250 °C and the fiber was exposed in the inlet for 2 min in splitless
mode. The hydrogen carrier flow rate was 1.70 mL min−1. The oven
was programmed at 40 °C hold for 3 min, ramp of 3 °C min−1 up to
160 °C; and then 10 °C min−1 up to 230 °C and hold for 2 min. The FID
temperature was 250 °C. A series of alkanes (C8–C20) was employed to
establish the retention indices in the HP-5MS column (van Den
Dool & Kratz, 1963), that was also compared with those from the G-
C–MS.

Peak area of orange juice volatile compounds from HHP processed,
non-processed, pasteurized and from the finishing step of FCOJ pro-
cessing were analyzed by GC-FID.

2.5. GC–MS analysis

GC–MS analysis was performed using an Agilent 7890A gas chro-
matograph coupled with a 5975C mass spectrometer. A HP-5MS
column (30 m × 0.25 mm × 0.25 μm) (Agilent, Santa Clara, CA,
USA), maintained at 40 °C for 3 min, then set to160 °C at 3 °C min−1,
and set to 230 °C at 10 °C min−1 and held for 10 min. The GC inlet was

set at 250 °C and the fiber was exposed in the inlet for 2 min in
splitless mode. The helium carrier flow rate was 1.7 mL min−1.The
DB-Wax column (30 m × 0.25 mm × 0.25 μm) (J &W, Folsom, CA,
USA) was programmed at 40 °C for 5 min, with ramp of 3 °C min−1up
to 200 °C for 10 min, with a helium carrier flow rate of 1.0 mL min−1.
Transfer line temperature was maintained at 280 °C. The quadrupole
mass spectrometer was operated in the electron impact mode (70 eV)
and the source temperature was 230 °C, with a mass/charge range of
35–350 amu.

Volatile compounds from HHP processed, non-processed and pas-
teurized orange juice were identified by GC–MS. The identification of
the compounds was based on their mass spectra compared to the NIST
library (v. 2.0) and pure standards in the HP-5MS and DB-Wax columns.
An alkane solution (C8–C20) was employed to obtain the retention in-
dices in the two columns (van Den Dool & Kratz, 1963), that were also
compared with those of the literature (Acree & Arn, 2016; Mastello,
Capobiango, et al., 2015) and of pure standards.

2.6. Sniffing

The sniffing tests were carried out on a Shimadzu GC-2010 (Kyoto,
Japan) equipped with a SGE olfactory port (ODO II model, Texas, USA).
The conditions of HS-SPME exposure time and temperature of the juice
were at 27 °C, 22 min in the essay 2; 37 °C, 25 min in the essay 6 and
47 °C, 22 min in the essay 4. Each condition was evaluated by a panel of
four previously selected and trained panelists. The panel described how
characteristic of orange juice was the odour perceived. The volatile
compounds were directly desorbed into the injection port of the GC and
were immediately conducted to the sniffing port throughout an in-
activated column of 1 m (length) × 0.25 mm (i.d.). Hydrogen was used
as the carrier gas, with a flow rate of 10 mL min−1. The volatile com-
pounds were instantaneously transferred from the injection port to the
olfactory port at the same temperature to avoid separation. Therefore
the injection port, inactivated column and sniffing port were main-
tained at a temperature of 250 °C.

2.7. Sensory evaluation

The acceptance test was carried out by 49 consumers (under-
graduate students, college staff and servers) from both genders, from
18 to 50 years old, that liked at least moderately and consumed at
least once a month in natura and pasteurized orange juice. Color,
overall impression, aroma, flavor and texture of orange juice were
evaluated using a 9-point hedonic scale (9 = like extremely,
5 = neither like nor dislike, 1 = dislike extremely). Besides, con-
sumers were asked to describe what they appreciate most and least in
the juice.

Table 1
The central composite design (CCD) and experimental response values for orange juice.

Essay Independent variable Response variable

t (min) T (°C) Values of levels Total area (μV) Total area
without limonene
(μV)

1 8 27 −1 −1 19,824,706 1,574,464
2 22 27 +1 −1 17,358,995 1,924,398
3 8 47 −1 +1 15,019,967 2,207,612
4 22 47 +1 +1 15,400,700 2,626,209
5 5 37 −1.41 0 21,537,482 1,811,641
6 25 37 +1.41 0 21,298,419 2,290,790
7 15 23 0 −1.41 22,722,280 1,723,221
8 15 51 0 +1.41 16,972,519 2,897,193
9 15 37 0 0 14,068,104 2,081,370
10 15 37 0 0 12,841,447 1,927,941
11 15 37 0 0 12,841,447 2,015,300
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Thirty milliliters of HHP processed, non-processed and pasteurized
orange juice sat 12 °C were offered in 50 mL disposable plastic glasses,
coded with random three-digit numbers. The samples were presented in
a monadic and randomized order to avoid the first-order and carry-over
effects (Macfie, Bratchell, Greenhoff, & Vallis, 1989). The test was car-
ried out in standardized sensory booths. Spring water and unsalted
cracker were provided for mouth rinsing among samples.

2.8. Data analysis

Analysis of variance of the regression equations allowed the ade-
quacy of the model to be determined by evaluating the lack of fit,
coefficient of determination (R2), F test value and significance of the
effects. A significance level of 5% (p≤ 0.05) was used for the central
composite design. Student t-test (p≤ 0.05) was used to compare means
of the quantified volatile compounds for HHP and non-processed or-
ange juices.

One-way analysis of variance (ANOVA) and means Tukey test were
applied in the sensory results. The principal component analysis (PCA)
was carried out using the volatile compounds areas and sensory ac-
ceptance means for the HHP processed, non-processed and pasteurized
orange juices, in order to discriminate the juices. Variables highly
correlated (rotate component matrix ≥ 0.95) with each principal
component were considered.

All the statistical analysis were performed using STATISTICA® 8.0
Software (Stat Soft, Tulsa, USA).

3. Results and discussion

RSM was used to optimize the HS-SPME conditions for the analysis of
orange juice volatile compounds. At first, the effect of exposure time and
temperature on the total area of the chromatograms from each essay of the
CCD was evaluated (Table 1, Fig. 1). The analysis of variance indicated
that both exposure time and temperature (linear and quadratic) were
significant (p≤ 0.05) for the model in the experimental design, with a
regression model F value of 4.66 (p≤ 0.05). The coefficient of variation
was 5.34% and R2 was 0.68 (Table 2). Using the regression coefficients
from the adjusted model the following equation was generated:
y = 6,2063,306 – 1,486,476.t + 53591.t2 − 1,875,504.T + 22,817.T2,
where t = time and T= temperature. The model showed inconsistency
and lack of adjustment. The response surface showed that higher areas
were obtained with lower temperature and lower exposure time; lower
temperature and higher exposure time; and higher temperature and higher
exposure time (Fig. 2a). The inclusion of other criteria was then necessary.
As the volatile compound D-limonene represents about 85% of the total
peak area (Bylaite &Meyer, 2006), it may be affecting the total area and
possibly masking the response of the other compounds in the chromato-
gram. Thus the response variable chosen was the total area discounting D-

Fig. 1. GC-FID chromatograms of the 11 essays.
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limonene area (Table 1). The analysis of variance showed that both linear
exposure time and temperature were significant (p≤ 0.05) for the model
in the experimental design, with a regression model F value of 5.29
(p≤ 0.05). The coefficient of variation was 3.83% and R2 was 0.90
(Table 2). Using the regression coefficients from the adjusted model the
following equation was generated: y = 321,441+ 25,684.t
+ 37,607.6.T, where t = time and T= temperature. Higher areas were
obtained in the response surface with higher temperatures and higher
exposure time, confirming that D-limonene really affected the total area of
the chromatogram (Fig. 2b). The effect of high temperature and high ex-
posure time favored the extraction of higher molecular weight compounds
(essay 8, Fig. 1). It should be noticed that low molecular weight com-
pounds also have odoriferous importance for orange juice (Mastello,
Capobiango, et al., 2015; Mastello, Janzantti, et al., 2015) and they can be
lost at high temperatures and high exposure times. HS-SPME conditions of
temperature and exposure time affect in a different way the chromatogram
regions. The chromatogram of essay 1 (Fig. 1) shows that lower tem-
perature and exposure time favor the extraction of lower molecular weight
compounds. The results made it necessary to evaluate another response
apart from total area. It was decided to include the orange juice aroma
representativeness as criteria, following the model of total area dis-
counting D-limonene area. The orange juice aroma representativeness was
evaluated using the sniffing test on the essays with higher exposure times
(15–25 min) and temperatures (27–51 °C).

The panelists described the sniffing from the essay 8 (51 °C, 15 min)
and essay 4 (47 °C, 22 min) as “cooked”, “not natural”, “not fresh” and
low intensity of “characteristic of orange” aroma. The panelists de-
scribed the essay 6 (37 °C, 25 min) and essay 2 (27 °C, 22 min) as
“characteristic of orange”, “natural”, “fresh”, “citric” and “peel oil”.
Descriptions of essay 6 and 2 were similar, indicating that temperatures
up to 37 °C with higher exposure time did not affect the orange juice
natural and characteristic aroma. Moreover the chromatogram of essay
6 showed higher total area than the one of essay 2.

Based on the experimental design and sniffing data, the HS-SPME
condition chosen was temperature of 37 °C and exposure time of 25 min
for the analysis of orange juice. Table 3 shows the volatile compounds
areas of the HHP processed and non-processed orange juices analyzed
by GC-FID. Forty-eight peaks were detected in the headspace of orange
juices, corresponding to forty-nine compounds identified by GC–MS.
The identified volatile compounds consisted of esters (4), alcohol (1),
terpenes (38) and aldehydes (6). These compounds have already been
identified in orange juice (Jordán, Goodner, & Laencina, 2003;
Mastello, Capobiango, et al., 2015; Mastello, Janzantti, et al., 2015;
Rega et al., 2003). 42 compounds were significantly affected by HHP
processing representing a total area of 72.105 μV, and for the non-
processed, 110.105 μV. HHP processing conditions of time and pressure
had an impact on volatile profile, even though high temperatures were
not used (Table 3). Pasteurized orange juice was not analyzed in

triplicate, so it was used only as reference and therefore, was not in-
cluded in Table 3.

D-Limonene, valencene, β-myrcene, linalool, octanal and decanal
were the most abundant volatile compounds in the HHP processed and
non-processed orange juices. Decanal was the only major compound not
affected by HHP processing (p > 0.05). D-Limonene and β-myrcene
areas were higher in the non-processed juice (p ≤ 0.05), while va-
lencene, linalool and octanal areas were higher in the HHP processed
juice (p≤ 0.05). D-Limonene and β-myrcene are the most abundant
terpenes in orange juice (Mastello, Capobiango, et al., 2015). The de-
crease in area of D-limonene of HHP processed orange juice might be
explained by its conversion due to oxidation into α-terpineol and ter-
pinen-4-ol (Nijssen, 1991) which had peak area increased (p ≤ 0.05) in
the HHP processed orange juice (Table 3).

Fig. 2. Response surface of the effect of temperature (T) and exposure time (t) on the total
area (a) and total area without limonene (b) of the GC-FID chromatogram.

Table 2
Analysis of variance (F value) and coefficient of variation (CV) for total area and total
area without limonene.

Source of variation Total area Total area without limonene

F value

Regression model 4.66⁎ 5.29⁎

t 93.14⁎⁎ 44,11⁎⁎

t2 52.73⁎⁎ ns
T 55.24⁎⁎ 189,12⁎⁎

T2 56.00⁎⁎ ns
Lack of fit 20.20⁎ 3.84, ns
CV (%) 5.34 3.83
R2 0.68 0.90

T = temperature, t = time, ns= not significant.
⁎ p ≤ 0.05.
⁎⁎ p ≤ 0.01.
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Hexanal, ethyl butanoate, octanal, 1-octanol, linalool, nonanal, p-
mentha-1,3,8-triene, ethyl 3-hydroxyhexanoate, terpinen-4-ol, α-terpi-
neol, ethyl octanoate, γ-elemene, dodecanal, caryophyllene, humulene,
valencene, eremophilene, δ-cadinene, caryophilene oxide, selina-3,7(11)-
diene and nootkatone showed higher areas (p≤ 0.05) in the HHP pro-
cessed orange juice. The compounds with higher areas in the HHP pro-
cessed juice were mainly of middle and low volatility (Table 3). Va-
lencene might be converted into nootkatone by metal-catalyzed
oxidation or photooxidation (Belitz, Grosch, & Schieberle, 2009). It is
usually affected by thermal processing (Vervoort et al., 2012).

α-Pinene, β-pinene, β-myrcene, cymene, D-limonene, γ-terpinene,
terpinolene, octyl acetate, carveol, nerol+ β-citronellol, carvone,

linalyl acetate, undecanal, citronellyl acetate, neryl acetate, α-copaene,
δ-elemene, geranyl acetate, longifolene and β-copaene showed higher
areas (p ≤ 0.05) in the non-processed orange juice. They are mainly
compounds with medium to high volatility (Table 3). Octyl acetate and
linalyl acetate higher areas in the non-processed orange juice can be
related to the higher areas of their correspondent alcohol or aldehyde in
the HHP processed juice.

Perez-Cacho and Rouseff (2008) reported that concentrations of
straight-chain aldehydes increase with heating and are higher in pro-
cessed orange juices. Long-chained unsaturated fatty acids are pre-
cursors of many volatile compounds, including aliphatic saturated al-
dehydes. Three of the six aldehydes identified in our study were

Table 3
Volatile compounds area (μV) of HHP processed and non-processed orange juices.

Peak RIa RIb Compound Area (μV)

HHP Non-processed

1 800 1083 Hexanalc,d,e ⁎13977.1 (16.4) 4372.8 (8.5)
2 804 1038 Ethyl butanoatec,d,e ⁎16326.1 (4.3) 6940.1 (7.4)
3 903 1184 Heptanald,e 1506.7 (20.4) 1064.4 (6.2)
4 931 1022 α-Pinenec,d,e 9446.4 (7.1) ⁎15814.0 (2.4)
5 972 1118 β-Pinenec,d,e 5446.9 (20.2) ⁎10576.2 (2.4)
6 993 1167 β-Myrcenec,d,e 112,801.2 (2.4) ⁎179264.6 (2.3)
7 1006 1288 Octanalc,d,e ⁎58833.1 (3.8) 29,928.4 (3.3)
8 1023 1264 Cymened,e 5917.8 (3.8) ⁎11183.4 (2.5)
9 1038 1200 D-Limonenec,d,e 6,443,629.2 (2.7) ⁎10340822.9 (2.6)
10 1043/1052 1251/1264 Trans-β-ocimened,e + cis-β-ocimened,e 2367.3 (8.8) 2186.5 (2.8)
11 1059 1241 γ-Terpinened,e 3855.3 (2.6) ⁎6811.2 (5.6)
12 1076 1565 1-Octanolc,d,e ⁎21947.0 (3.5) 14,078.1 (0.4)
13 1085/1088 1275/– Terpinolene (mixture)d,e 13,152.8 (5.8) ⁎21212.9 (4.9)
14 1105 1555 Linaloolc,d,e ⁎73970.8 (3.8) 56,296.3 (1.2)
15 1108 1401 Nonanald,e ⁎5763.7 (5.0) 5205.6 (1.5)
16 1112 1382 p-Mentha-1,3,8-triened,e ⁎4048.8 (2.9) 3729.8 (1.0)
17 1131 1682 Ethyl 3-hydroxyhexanoated,e ⁎4094.0 (5.4) 2743.3 (10.3)
18 1143 1367 Alloocimened,e 3377.4 (10.0) 3044.7 (2.0)
19 1177 1598 Terpinen-4-olc,d,e ⁎14343.4 (1.6) 11,992.6 (1.3)
20 1190 1698 α-Terpineolc,d,e ⁎7077.6 (4.6) 5535.1 (1.7)
21 1202 1435 Ethyl octanoated,e ⁎1278.0 (2.3) 995.7 (9.5)
22 1209 1499 Decanalc,d,e 22,706.7 (7.9) 24,231.7 (1.6)
23 1217 1476 Octylacetated,e 4334.0 (6.2) ⁎23190.8 (1.4)
24 1219 1865 Carveold,e 2988.0 (1.9) ⁎3382.4 (4.6)
25 1230 1804 + 1772 Nerold,e+ β-citronellolc,d,e 9518.6 (5.5) ⁎13544.6 (1.9)
26 1243 1722 Carvone (mixture)d,e 2701.8 (7.1) ⁎3485.7 (0.7)
27 1257 1854 Geraniold,e 1255.3 (22.1) 1365.1 (11.8)
28 1259 − Linalylacetated,e 2919.6 (21.3) ⁎4134.6 (5.2)
29 1272 1768 Perillaldehydec,d,e 1786.9 (13.9) 1744.9 (15.7)
30 1309 − Undecanalc,d,e 674.0 (10.9) ⁎1253.2 (6.2)
31 1333 − ni 14,112.4 (4.0) 14,855.2 (1.9)
32 1349 − ni 3784.1 (17.9) ⁎5223.7 (9.3)
33 1357 1661 Citronellylacetated,e 1236.5 (7.3) ⁎3148.0 (2.8)
34 1368 1726 Nerylacetated,e 832.9 (13.6) ⁎2207.7 (3.2)
35 1373 1444 α-Copaened,e 4590.2 (2.6) ⁎5355.1 (4.1)
36 1384 1468 δ-Elemened,e 1376.4 (8.6) ⁎5103.0 (2.5)
37 1388 1757 Geranylacetated,e 659.5 (10.3) ⁎904.9 (14.2)
38 1391 1687 γ-Elemened,e ⁎11245.4 (3.7) 9881.0 (2.3)
39 1400 1537 Longifolenec,d,e 3516.7 (7.0) ⁎7440.1 (3.9)
40 1411 1707 + 1575 Dodecanald,e + caryophyllened,e ⁎7691.2 (6.0) 6465.7 (1.9)
41 1426 1611 β-Copaened,e 1011.5 (6.7) ⁎2047.7 (3.8)
42 1448 1647 Humulened,e ⁎5940.0 (6.2) 3842.5 (3.2)
43 1492 1698 Valencened,e ⁎338953.9 (7.0) 198,891.8 (2.6)
44 1501 1715 Eremophilened,e ⁎6605.9 (6.7) 4047.6 (0.8)
45 1523 1740 δ-Cadinened,e ⁎18386.7 (7.3) 9550.2 (2.2)
46 1578 1964 Caryophileneoxided,e ⁎880.9 (17.1) 344.3 (5.8)
47 1654 − Selina-3,7 (11)-diened,e ⁎2496.2 (5.6) 1139.5 (7.6)
48 1800 − Nootkatoned,e ⁎2282.8 (3.2) 390.3 (0.6)

Relative standard deviation in parenthesis.
ni = compound non identified.

a Retention index in HP-5MS column from GC-FID and GC–MS.
b Retention index in DB-Wax column from GC–MS.
c Compound identified by pure standards' retention time.
d Compound identified by mass spectrometry.
e Compound identified by the retention index.
⁎ p ≤ 0.05.
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modified after HHP processing, hexanal (p≤ 0.05) and octanal
(p ≤ 0.05) which areas were higher in the HHP processed orange juice,
and undecanal which area was higher in the non-processed orange juice
(p ≤ 0.05) (Table 3), suggesting that HHP processing shows a similar
effect as pasteurization.

Baxter et al. (2005) compared the HHP Australian Navel orange
juice at 600 MPa during 60 s to a pasteurized and a non-treated orange
juice in six periods of storage at 4 and 10 °C over 12 weeks. Twenty
selected volatile compounds were monitored, based on a previous work.
Several compounds reported by Baxter et al. (2005) were not identified
in this work, and some compounds reported here as important for the
characterization of HHP processed, pasteurized and non-processed
Pêra-Rio orange juice were not identified by them, e.g. 1-octanol,
nootkatone, geranyl acetate, terpinolene, octyl acetate, carveol, car-
vone, linalyl acetate and δ-elemene. They focused on differences of
these 20 compounds previously identified in the literature during sto-
rage, but did not evaluate the volatile profile of the orange juice variety
comprehensively as we did. At week zero volatile profile was similar
among juices, apart from trans-2-hexenol and trans-2-pentenal total loss
in the processed juices, and cis-3-hexenol and acetaldehyde in the
pasteurized juice both at 4 and 10 °C. After 12 weeks the volatile
compounds concentration ranged from 6% to 38% of the original levels.
Juice acceptability reduced with storage time and temperature.
Vervoort et al. (2012) evaluated the volatile compounds of orange juice
from equal proportions of Valencia, Pera and Baladi oranges. The juice
was submitted to HHP processing (600 MPa during 60 s), pasteurization
(72 °C for 20 s) and PEF (2 μs at 22 kV cm−1, 90 Hz and 130 L h−1)
during storage at 4 °C in comparison to the non-treated juice. The main
purpose was to investigate the potential of headspace fingerprinting,
and not to study the contribution of each variety to the volatile com-
pounds profile. No important differences were obtained among the
juices based on the volatile profile of orange juice at the beginning of
storage (day 1). At 28 days of storage some differences were observed,
mainly related to microbial growth in non-processed juice and in degree
of enzyme inactivation between PEF juice and HHP and pasteurized
juices, the latter of which were similar. Our results showed differences
in volatile profile between non-processed and HHP processed Pêra-Rio
orange juice, which was similar to the pasteurized juice. In a general
way, HHP processing is considered as another choice for orange juice
processing, other than pasteurization. In the majority of the studies in
which the influence of HHP processing on orange juice quality attri-
butes has been studied, it is generally claimed to have similar or better
quality, compared to pasteurized orange juices. The HHP processing
conditions found in the literature usually apply high pressure and low
temperature, within the industrial limits (Baxter et al., 2005;
Timmermans et al., 2011; Vervoort et al., 2011). These studies confirm
that the orange variety, maturity, extraction and processing conditions
can indeed affect the volatile profile, and highlights the importance and
industrial relevance of the present study. This study was based on the
conditions described by Bisconsin-Junior et al. (2014) (520 MPa,
60 °C), for both equivalent microbial and enzyme inactivation among
the juices. Similar conditions of pressure and temperature have been
described in the literature by using laboratory-scale equipment
(Sampedro et al., 2009). Sampedro et al., 2009 showed that, when
compared with HHP, PEF treatment achieved a similar PME inactiva-
tion than thermal processing with a better orange juice-milk beverage

fresh aroma. But, the most satisfactory condition for current industrial
equipment is 650 MPa at 20–30 °C, because it can indeed provide or-
ange juice with better flavor retention.

When orange juice is heated during pasteurization, a complex series
of chemical reactions occur, leading to losses of compounds, which can
affect the aroma of orange juice (Perez-Cacho & Rouseff, 2008). HHP
processing could enhance or retard enzymatic and chemical reactions,
which could lead to changes in overall aroma profile (El Hadi et al.,
2013; Vervoort et al., 2012; Viljanen, Lille, Heinio, & Buchert, 2011).
Our results showed that orange juice volatile compounds were affected
by HHP processing in a similar way as pasteurization.

Sensory results showed acceptance means for color, overall im-
pression, aroma, flavor and texture from 5.08 to 7.04, between the
terms “neither like nor dislike” and “liked very much”, for either HHP
processed, non-processed and pasteurized orange juices. No difference
(p > 0.05) was found among the juices for color and aroma. Overall
impression and flavor means were higher (p ≤ 0.05) for non-processed
and pasteurized orange juices, and texture mean was higher (p≤ 0.05)
for pasteurized (Table 4). The non-processed orange juice was stated by
some consumers as “faded color”, “natural orange juice aroma and
flavor”, “sour taste”, “weak sweet taste” and “cloud loss”. The HHP
processed orange juice was considered as having “intense color”, “ar-
tificial aroma and flavor”, “sour taste”, “a little bitter” and “lack of
sweet”. The pasteurized orange juice was stated as “artificial aroma and
flavor”, “sour taste”, “weak flavored” and “bad taste”.

Principal Component Analysis (PCA) was used to represent data of
volatile compounds area and acceptance means in two dimensions to
discriminate HHP processed (HHP), non-processed (NP) and pasteur-
ized (PAST) orange juices (Fig. 3). Pasteurized orange juice volatile
profile was included in PCA just for comparison purpose. PCA was
suitable to differentiate the juices and to group the volatile compounds
according to their spatial location. The HHP processed orange juice was
loaded positively in PC1 and PC2, the pasteurized orange juice was
loaded positively in PC1 and negatively in PC2 and the non-processed
orange juice was loaded negatively in PC1 and PC2. PC1 allowed to
differentiate processed from non-processed orange juice, while PC2
allowed the discrimination of HHP from pasteurized juice. PC1 was
mainly influenced (rotate component matrix ≥ 0.95) by loading posi-
tively the compounds ethyl butanoate (0.99), octanal (0.99), 1-octanol
(0.99), linalool (0.96), ethyl 3-hydroxyhexanoate (0.99), and nootka-
tone (0.97) and color acceptance (0.99), characterizing both HHP
processed and pasteurized orange juices; and negatively the compounds
terpinolene (−0.99), octyl acetate (−0.99), carveol (−0.99), carvone
(−0.96), linalyl acetate (−0.96) and δ-elemene (−0.97), character-
izing non-processed orange juice. PC2 was mainly influenced (rotate
component matrix ≥ 0.95) by loading positively ethyl octanoate
(0.99), characterizing HHP processed orange juice, and negatively
geranyl acetate (−0.96) and overall impression (−0.97) and flavor
acceptance (−0.97), characterizing pasteurized orange juice.

Although HHP processing showed a similar effect on volatile profile
as pasteurization, sensory acceptance pointed out difference in flavor
that can be attributed to non-volatile compounds. HHP can affect
macromolecules related to food quality properties (Oey et al., 2008).
Finally, is should be considered HHP as a promising technique, even
though the original fresh sensory properties are not always fully re-
tained.

Table 4
Means of acceptance of color, overall impression, aroma, flavor and texture for the non-processed, pasteurized and HHP processed orange juices.

Juice Color Overall Impression Aroma Flavor Texture

Non-processed 6.65 ± 1.68a 6.22 ± 1.61a 6.65 ± 1.38a 6.10 ± 1.83a 6.73 ± 1.52ab
Pasteurized 7.04 ± 1.37a 6.49 ± 1.54a 6.35 ± 1.59a 6.43 ± 1.64a 6.84 ± 1.57a
HHP processed 6.98 ± 1.33a 5.31 ± 1.89b 6.12 ± 1.73a 5.08 ± 2.14b 6.04 ± 1.80b

Means ± standard deviation. Means with the same letter in each column did not differ in the Tukey test (p≤ 0.05). N = 49 consumers.
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4. Conclusion

The optimization of HS-SPME conditions is essential for orange juice
volatile compounds analysis. RSM and sniffing were successfully ap-
plied for this purpose, considering the characteristics of the volatile
profile of orange juice matrix. The chosen HS-SPME conditions 37 °C
during 25 min of exposure time properly characterized the volatile
profile of HHP processed, pasteurized and non-processed orange juices.
HHP processing conditions of time and pressure had an impact on vo-
latile profile.

Sensory acceptance allowed noticing differences mainly in flavor
but not in aroma of HHP processed and pasteurized orange juice and
the non-processed orange juice was the most accepted.

PCA highlighted differences between processed and non-processed
orange juice, and also discriminated HHP from pasteurized orange
juice. HHP processed orange juice was characterized by ethyl bu-
tanoate, octanal, 1-octanol, linalool, ethyl 3-hydroxyhexanoate,

nootkatone and ethyl octanoate. Pasteurized orange juice was char-
acterized by the same compounds as HHP, plus geranyl acetate and
apart from ethyl octanoate. Terpinolene, octyl acetate, carveol, car-
vone, linalyl acetate and δ-elemene characterized non-processed orange
juice.
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