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Linalool concentrations were determined in juice from three groups of 60 Valencia oranges using
pentane:ether extraction and high-resolution capillary GC. The outer peel (flavedo) was removed
from one group. The other two groups retained their peel intact. Juice was extricated from the halved
fruits of the flavedo-less group and from one of the peel-intact groups using a hand reamer. A peel-
cutting/macerating juice extractor was used for the other peel-intact group. Linalool concentrations
were 0.004 mg/L in peeled fruit juice and 0.020 and 0.106 mg/L for hand-reamed and mechanically
extracted peel-intact juice, respectively. Juice from peeled fruit contained significantly (P < 0.05)
less linalool than peel-intact juice. Approximately 80% of the total juice linalool content was associated
with peel using reamer design, and 96% was associated with peel-cutting/macerating design. Linalool
increased with increasing peel oil levels; however, the increases were not proportionate. Since all
commercial juices are mechanically extracted, the vast majority of linalool in commercial orange juice
originates from the peel and not from the juice vesicle cytoplasm. Juice from peel-macerated,
mechanically extracted fruit increased from 0.106 to 0.134 mg/kg after thermal processing, whereas
juice from reamer extraction was essentially unchanged.
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INTRODUCTION

Linalool, a terpene alcohol with a floral aroma, is an important
contributor to the flavor and aroma of numerous foods, flavors,
and fragrances, including tomato (1), grape and wine (2, 3),
mango (4,5), lemon oil (6,7), lime oil (8), apricots (9,10), tea
(11,12), carrots (13), basil (14), and perfumes (15). It has also
been reported to be the most potent flavor impact component
in commercial orange juice (16). However, literature reports of
concentrations and stability of linalool in orange juice prepared,
processed, and stored in different manners vary widely. Marin
et al. (16) could not detect linalool in unpasteurized, hand-
squeezed juice, whereas others (17) have reported linalool
concentrations ranging from trace amounts to 5.3 mg/L in orange
juices. The lowest levels were reported for fresh (unpasteurized)
samples and two pasteurized juices. The highest levels of
linalool were observed in juices that had been concentrated.
Recent studies employing isotope dilution analysis (18) found
0.081 and 0.073 mg/kg linalool in unpasteurized, hand-squeezed
Valencia and navel orange juices.

The relationship between heat treatment (pasteurization) and
linalool concentration has not been clearly established, even

though some juices are heated once during pasteurization and
others twice, once during thermal concentration and again after
reconstitution from concentrate. Askar et al. (19) reported losses
of linalool and limonene after pasteurization and storage for up
to 6 months. Schreier (20) reported the concentration of linalool
to be greater in fresh juice (unpasteurized) than in pasteurized
juice. Marin and co-workers, using GC-O, could not detect
linalool in hand-squeezed, unpasteurized juices but found it to
be the major flavor impact compound in juice from the same
lot of oranges that had been mechanically squeezed and
pasteurized. It was unclear if linalool concentrations changed
due to pasteurization or to method of juicing. A more recent
GC-O study (21) reported that linalool was aroma-active in
hand-squeezed orange juice but was not one of the most potent
aromas. The primary objective of this study was to determine
whether the majority of juice linalool originates from macerated
peel or is endemic in juice cytoplasm. A secondary objective
was to determine whether linalool levels are altered as a result
of thermal processing.

MATERIALS AND METHODS

Juice Preparation. Mature Valencia oranges harvested in March
1998 from University of Florida, CREC groves were divided into three
equal groups of 60 fruit. The outer portion of the peel containing the
oil glands (flavedo) was mechanically shaved off from one group prior
to juicing (to ensure that the juice was essentially free of peel oil),
sliced equatorially, and juiced with a mechanical reamer. The white
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pithy portion of the peel remained on the fruit. Fruit from a second
group (peel intact) was sliced equatorially and juiced in the same
manner. The third group (peel intact) was juiced with an FMC single-
head juice extractor, which macerates peel during juicing. Brix and
acid values from a representative juice were 12.6° and 0.65%,
respectively. To measure the effects of heat processing, half of each
juice treatment was pasteurized at 92°C for 30 s with a Microthermic
UHT/HTST pasteurizing system, model 35 (Microthermic Corp.,
Raleigh, NC). The other half of each juice treatment was immediately
extracted with pentane:ether.

Extraction of Juice Volatiles. Pentane:diethyl ether extraction was
conducted in the manner of Jella and co-workers (24) by mixing 5 mL
of n-pentane and 5 mL of diethyl ether with 16 mL of juice using two
50-mL syringes. The subsequent emulsion (maintained at 2°C) was
broken by centrifuging at 2500 rpm (750g). The upper solvent layers
from two extractions were combined and concentrated under nitrogen
to yield 100µL of extract. Propyl benzene was added to juice prior to
extraction at a final concentration of 10 mg/L as an internal standard.
The linalool peak was identified using mass spectrometry and Kovat’s
retention values as well as co-injection (stacked injection) of standard
linalool with the sample. Linalool concentrations were determined using
GC FID peak area and separate response factors for linalool and propyl
benzene.

Chromatographic Conditions. GC analysis was conducted with
an HP 5890 equipped with a 30-m× 0.25-mm-i.d. DB5 capillary
column (J&W Scientific, Folsom, CA). Operating conditions were as
follows: column temperature was held at 32°C for 3 min and then
increased at a rate of 6°C/min to 200°C; injection and detection port
temperatures were 250°C; helium carrier gas linear velocity was 29
cm/s.

GC-MS Analysis.A Thermo Finnigan GCQ Plus system (Finnigan
Corp., San Jose, CA) was used to separate and identify the major
chromatographic peaks. Chromatographic separation was achieved using
a J&W Scientific DB-5 column (60 m× 0.25 mm i.d.× 0.25µm film
thickness). The initial column oven temperature was 40°C and was
increased at 7°C/min to a final temperature of 275°C. The injector
temperature was 200°C. The transfer line temperature was maintained
at 250°C. Injection was in the splitless mode. MS (electron impact
ionization) conditions were as follow: ionization energy, 70 eV; mass
range, 40-300 amu; scan rate, 2 scans/s; electron multiplier voltage,
1050 V. Compounds were identified by comparing the mass spectra at
the peak apex with those in computerized libraries (Wiley and Adams)
along with those of authentic standards. Background subtraction was
employed before searching. Peak purity was evaluated by comparing
the spectrum obtained at half peak height from both the leading and
trailing portions of the peak.

Statistical Analyses.Linalool values were obtained in quadruplicate,
averaged, and analyzed for differences between means using the
ANOVA and LSD programs in SAS.

Oil Measurements. The amount of oil in each sample was
determined using the classic Scott oil procedure (22,23).

RESULTS AND DISCUSSION

Source of Juice Linalool. As shown in Figure 1, juice
linalool concentrations were significantly different between the
various juice extraction conditions. The lowest linalool levels
(0.004 mg/L) were observed for juice that was hand-squeezed
(reamer) with the flavedo removed. Linalool levels increased
significantly to 0.028 mg/L when the fruit was prepared in the
same manner but with the peel left intact. This 7-fold increase
suggests that the flavedo was the source of the majority of the
linalool observed in this juice. Hand juicing of fruit using a
reamer is generally considered to be a milder juicing condition
(lower juice recovery) than the mechanical reamers used
commercially. The mechanical pressure of the reamer against
the peel is generally higher in commercial extraction compared
to hand extraction. Nisperos-Carriedo and Shaw (17) examined
a range of commercial and hand-squeezed orange juices and
found only trace linalool levels in hand-squeezed juices and

values from 0.04 to 0.63 mg/L linalool in commercial pasteur-
ized juice. It is worth noting that their lowest value for peel-
intact fruit was 10 times greater than the peeled, hand-extracted
juice value observed in the present study. Their commercial
pasteurized linalool values would be best compared to the 0.134
mg/L observed from the peel-macerated, mechanically extracted
juice in the present study, as this juicing technique is used by
the majority of the citrus industry in Florida. Our results are
also similar to those obtained by Marin and co-workers (16),
who concluded that linalool was absent or barely detected in
hand-squeezed, unpasteurized juice but was the most important
aroma contributor in pasteurized, mechanically squeezed orange
juice.

Peel and Peel Oil.Linalool is found in relatively high
concentrations in cold-pressed orange oil. In surveying the data
on citrus oils, Shaw (24) found that linalool was the component
in highest concentration after the major terpene, limonene. It is
therefore not surprising that if peel oil is introduced into the
juice during juice extraction, overall linalool levels will be
elevated. Scott oil values for the juices in this study were 0.006%
in the hand-reamed flavedo-removed fruit, 0.008% from hand-
reamed flavedo-intact fruit, and 0.018% in the peel-macerated,
mechanically extracted fruit. These values mimic the linalool
values observed in this study. However, the oil values are not
exactly proportional to the linalool concentrations; for example,
the highest oil content is only 3 times greater than the lowest
juice oil content, whereas the highest linalool concentration is
over 20 times greater than the lowest concentration. Part of this
quantitative discrepancy may be due to the fact that the Scott
oil test does not measure polar terpene alcohols such as linalool;
rather, it measures terpenes, primarily limonene. In an earlier
study comparing terpene levels, Ohta and co-workers (25) found
higher levels of limonene and other terpenes in mandarin juice
from a peel-macerating extractor (FMC type) than from a new
screw-press extractor that extracts peeled fruit. Terpene differ-
ences were attributed to differences in oil levels as well.

Thermal Stability. It has been known for some time that
linalool is a fairly reactive molecule. Baxter and co-workers
(26) found that 56% linalool degraded in 20 days in model
solutions containing 0.025 M aqueous citric acid at 24°C,

Figure 1. Comparison of linalool levels in flavedo-removed (peeled) and
peel-intact (unpeeled) Valcencia orange juices. The significant increase
of juice linalool levels from juice prepared using a hand reamer compared
to that obtained with a mechanical, peel-macerating juicing device is
noteworthy. Crosshatched bars represent average values for unheated
juices, and dark solid bars represent corresponding values for heated
juices. Juices with different labels a−d are significantly different (p < 0.05).
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producing 31%R-terpineol and 17% 3,7-dimethylact-1-ene-3,7-
diol. Most accounts of linalool thermal instability in the acidic
matrix of orange juice (pH 3.8) are from elevated temperature
storage studies lasting as long as 6 months. There is little
information concerning the effects of high-temperature, short-
time thermal processes currently used to stabilize commercial
citrus juices. Older reports of linalool thermal stability can be
found from workers modeling the “hot fill” process that is used
for a decreasingly small percent of citrus juices produced in
the United States. For example, Askar and co-workers (27)
heated orange juice to 80°C for 10 min before cooling and
storing at 4 and 30°C and reported that linalool decreased during
storage, but they did not indicate how linalool changed as the
result of initial heat treatment alone. Linalool model studies from
the same workers (19) indicate that linalool degrades primarily
to R-terpineol but also forms 1,8-terpine, geraniol, and nerol
during storage at 4 and 30°C. In another study (28), when ultra-
high-temperature conditions were applied to a 10% orange juice
drink, levels of both linalool and limonene diminished as a result
of thermal treatment.

In the current study, there were significant differences in
linalool levels in juices produced by hand reaming of peel-intact
fruit and hand reaming of peeled fruit. There were also
significant differences in linalool levels found in juices from
peel-intact fruit extricated by a hand reamer and peel-intact fruit
extricated by a macerating mechanical extractor (Figure 1).
However, the effects of heating on linalool concentrations were
mixed. Juices produced from hand reaming showed no signifi-
cant differences in linalool concentrations due to heat treatment.
However, thermally treated juice from the peel-macerating,
mechanical juice extractor contained significantly greater con-
centrations of linalool than the identical unheated juice.
Somewhat similar results were observed in a recent study
employing dynamic headspace (29). Linalool concentrations
were reported to be 0.79 mg/kg in fresh squeezed juice, 1.56
mg/kg in a juice heated to 98°C for 11 s, and 0.91 mg/kg in a
juice heated to 98°C for 37 s. External standards were employed
for quantification. The juices were processed in a commercial
citrus plant, but the type of extractor was not described, nor
were oil levels measured. In their survey of commercial orange
juices, Nisperos-Carriedo and Shaw (17) found wide ranges in
juice linalool concentrations in pasteurized orange juice from
concentrate (0.38-5.3 mg/L) and high-quality pasteurized juice
(0.04-0.63 mg/L). The differences in linalool concentration
observed in this study are due to the combination of heating,
juice extraction, and cultivar differences between the samples.
Oil levels, type of extractor, and cultivar composition informa-
tion was not provided, so it was not possible to determine the
effect of heating alone.

Glycosides of linalool have been reported in grape, passion
fruit, and apricot fruit (30). Furthermore, free linalool has been
shown to be liberated from the glycoside through heating (31).
Since many of these glycosides are associated with fruit peel
and skin, and since mechanical extraction procedures typically
contain increased peel components because of increased extrac-
tion pressure, the presence of a linalool glycoside in orange
peel would explain the increased levels of linalool found in
mechanically extracted juice. However, we were unable to
confirm the presence of linalool glycoside in orange juice using
the method employed by Wu et al. (32) when they determined
glycosidically bound volatiles in pineapple juice. The inability
to detect the linalool glycoside may be due to the exceptionally
high concentrations of flavanone glycosides (33) found in citrus

juices, which would make it difficult to separate total glycosides
using traditional XAD resins.
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