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Highlights
• Enzyme-mediated extraction of limonene, linalool and linalyl acetate
from bergamot
• Aroma recovery from extracted bergamot peel oil by pervaporation
• Evaluation of two commercial organophilic membrane performance
in pervaporation
• Effect of temperature on flux and enrichment factor

Abstract
Bergamot peel oil is highly attractive for food and pharmaceutical industries due to its content of valuable essential oil, which is enriched with high-added valuable compounds,
such as limonene, linalool and linalyl acetate. Nevertheless, there are some limitations for the separation of such compounds. In this framework, pervaporation (PV) technology was
proposed as a tool for the separation of limonene, linalool, and linalyl acetate from bergamot oil by using two different commercial organophilic membranes (PDMS-1070 and POMSPEI). The use of an enzymatic pre-treatment was also investigated in order to enhance the performance of selected membranes. All PV experiments were carried out at different
temperatures (ranging from 25-40 ºC) in order to analyze the temperature dependence by the Arrhenius relationship. Experimental data indicated that both investigated membranes did
not present significant differences in terms of enrichment factor, independently from the enzymatic pre-treatment (at 25 ºC). However, the enrichment factors increased significantly
at 40°C when enzymes were applied. The experimental results clearly indicate that PV is a viable approach for the recovery of such aroma solutes from bergamot peel oils as it yields
good separations under mild operating conditions. The efficiency of the pervaporative process is indeed enhanced if assisted by an enzymatic treatment.
© 2019 MPRL. All rights reserved.

1. Introduction
Aroma compounds include a wide variety of volatile organic compounds
with a pleasant smell present in low concentrations in many natural sources
(i.e. the concentration of individual aroma substance in common fruit juices
usually ranges from less than 1 to 20 ppm). For this reason, they find a
very wide application in the food, pharmaceutical and cosmetic sectors.
Unfortunately, in many industrial processes, a loss of aroma compounds can

occur, for instance, during the concentration step that is normally applied for
juice concentration [1]. The loss of aroma causes a strong quality decrease of
food, beverage and cosmetic products, influencing directly the organoleptic
properties and consumer’s acceptance. Therefore, aroma compounds must be
recovered either from the loss stream or before the raw material is subjected
to heat treatment (aroma stripping) and added back to the final product in
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order to meet its original organoleptic profile [2].
Steam distillation, solvent liquid extraction, adsorption and air stripping
are among the traditional techniques used for aroma recovery. These
techniques, however, present some drawbacks such as high temperature (that
can cause aroma degradation), high-energy requirement and elevated cost.
Pervaporation (PV) is a valuable alternative to conventional distillation
particularly attractive in the separation of azeotropic mixtures or in those
cases where higher temperatures aould affect the activity of target compounds
such as in the recovery of aroma compounds. This process is based on a
selective transport of a target component dissolved in a liquid mixture (feed)
through a dense membrane associated with an evaporation on the downstream
side (permeate) [3]. This occurs thanks to driving force which lowers the
permeate partial pressure creating a chemical potential gradient in the liquid
phase responsible of the selective permeation of a target component through
the membrane. Due to the gentle pressure and temperature applied, aroma
recovery by PV allows to preserve the molecular integrity of aroma
compounds, giving, at the same time, high efficiency (i.e. high selectivity)
and having a small environmental impact due to the low energy consumption
required [4]. The separation mechanism in PV is based on the solutiondiffusion model. The chemical potential gradient is responsible of the sorption
and of the subsequent permeation of the target compounds through the
membrane that are finally desorbed at the downstream side in a vapor phase
[5].
One of the main fields of PV applications is the aroma recovery from
juices or model aqueous solutions by using hydrophobic membranes. Olsson
& Tragardh [6], for instance, applied PV for the aroma recovery from an
apple juice model solution using a poly-octyl-methyl-siloxane (POMS-PEI)
membrane supplied by GKSS. From the obtained results, it was evidenced
that aldehydes and esters presented higher selectivity than alcohols; therefore
their recovery was more favoured. Sampranpiboon et al. [7] applied PV for
the recovery of ethyl butanoate (ETB) and ethyl hexanoate (ETH), as
characteristics aroma compounds of banana and pineapple juice, using POMS
and poly dimethylsiloxane (PDMS) membranes. POMS membrane was found
more selective towards the investigated aroma displaying an enrichment
factor of 118-281 against an enrichment factor of 77-234 for the PDMS
membrane. The permeation of the more hydrophobic compound ETH was
favored in comparison to ETB which was more hydrophilic.
Karlsson et al. [8] studied the aroma recovery from muscat wine by
using a GFT1060 membrane with an active layer of PDMS. The PV of the
wine brought to the identification of 8 aromas, where six of them were found
in the permeate. Basically, the ethyl acetate presented the highest
concentration, while hexanol, isoamylic alcohol, isobutanol and methylactate
had the lowest concentration.
Among the wide variety of available aroma compounds, citrus peel oils,
for instance, have become of great relevance in cosmetics and perfume
industries thanks to their excellent fragrance and freshness. Bergamot
essential oil, in particular, presents also antiseptic and antibacterial properties
making it very attractive in the pharmaceutical field. However, its essence
contains some undesired compounds such as several coumarins and psoralens
like bergapten. Once combined with UV radiation, melanogenesis and
thickening of the stratum corneum of the skin can be promoted. In this
context, organophilic PV, is known to be effective for the bergapten recovery
from bergamot essential oil as demonstrated by Figoli et al. [9].
When dealing with enzymatic treatments, enzymes interact on cell walls,
breaking down the structural integrity rendering the intracellular materials
more exposed for extraction. Generally, the enzymes employed are of two
different types: a) Hydrolytic: having cellulase, hemicellulase and pectinase
activities, causing the disruption of the polysaccharides (mainly cellulose,
hemicellulose, pectin, and lignin) composing the cell wall coats; and b)
Proteolytic (proteases): hydrolyzing the membrane and cytoplasmic proteins.
Although the use of enzymes is not a cheap technology mainly due to the
elevated price of the selected biocatalyst, its cost can be justified by the
relevant value of the essence sought-after by many cosmetic and
pharmaceutical industries [10]. Moreover, there is a necessity of satisfying the
current worldwide market demand for flavours and nutraceutical ingredients,
e.g. this was estimated about €13 billion in 2006, while more recently the US
market was projected around €5.5 billion in 2014 (food 36%, cosmetics and
toiletries 27%, beverages 15%), and this demand is expected to increase in
coming years (rise 3% per year) [10, 11].
In the present work, the extraction of three aroma compounds (linalool,
limonene and linalyl-acetate) from homogenised bergamot peel aqueous
solution was carried out by using two different commercial PV membranes
(PDMS-1070 and POMS-PEI).
The bergamot grated peel was previously homogenized in distilled water
and then subjected to an enzymatic pre-treatment, which has been proposed in
order to increase the oil extraction yield. The performance of the selected
membranes was investigated in terms of total permeation flux and enrichment

factor for untreated and enzymatically treated samples, respectively.
2. Materials and methods
2.1. Enzymatic pre-treatment
A solution of grated bergamot peel was prepared and homogenised with
distilled water before the addition of the enzyme. The enzymatic pretreatment was performed by using a cellulase and pectinase preparation
(Peclyve PE and Peclyve LI from Lyven SA, Colombelles, France) at
different concentration (10, 15 and 20 wt%). The enzymatic pre-treatment
was carried out in a thermostated room at 40°C. Samples enzymatically
treated and control samples (not enzymatically treated) were submitted to PV
tests in selected operating conditions.
2.2. Pervaporation step
PV tests were carried out by using a laboratorial set-up consisting of a
permeation unit (GFT GmbH, Germany), a collection unit and a vacuum
pump.
The capacity of the feed reservoir was about 600 g and the effective
membrane area was 56.74 cm2. The feed was kept at a fixed temperature and
the permeate was condensed with liquid nitrogen under the steady state. The
vacuum pump was set at 3 mmHg. The temperature was handled in the range
of 25- 40°C. Two types of hydrophobic membranes were used in this study:
PDMS-1070 (GFT, Germany) and POMS-PEI (GKSS, Germany). The
schematic diagram of the PV setup is reported elsewhere [12].
All these membranes are composite. In particular, the PDMS-1070
membrane possesses a selective layer made of polydimethylsiloxane (PDMS)
with incorporated silicates on a polyacrilonitrile (PAN) support. The POMSPEI membrane is a composite asymmetric membrane with a selective layer
made of polyoctylmethyl siloxane (POMS) supported in polyetherimide
(PEI). The membranes used in this work were selected considering that
PDMS and POMS are among the most studied membrane materials in
hydrophobic PV [13]. POMS and PDMS are very well appreciated for their
high chemical and thermal stability which make them ideal in various
applications. Moreover, they were widely studied for the recovery of aroma
compounds by means of PV [7, 14].
The characteristics of the investigated membranes are summarized in
Table 1.

Table 1
Characteristics of selected PV membranes.
Membrane type

Skin layer
a

Manufacturer

PDMS-1070

PDMS , d = 20 µm

GFT (Germany)

POMS-PEI

POMSb, d = 1 µm

GKSS (Germany)

a

PDMS, polydimethylsiloxane:

b

POMS, polyoctylmethyl siloxane:

The efficiency of the separation process was assessed in terms of two
characteristic parameters: the total permeate flux (Jt) and the enrichment
factor (βi). They were calculated using the following equations:
(1)

(2)
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where w is the weight fraction of the compounds in the permeate phase, A the
effective membrane area, t the permeation time and, wi the weight fraction of
the aroma compounds in the permeate (P) and in the feed (F) phases,
respectively.
To analyze the effect of temperature on total flux, an Arrhenius
relationship was used:

 E 
J t  J 0 exp  P 
 RT 

(3)

where J0 is the pre-exponential factor, EP the apparent activation energy of
PV, T the absolute temperature and R the universal gas constant (8.314 × 10–3
kJ mol–1 K–1).
The target aroma compounds collected in the feed and permeate samples
have been analysed by solid phase microextraction (SPME) technique and by
using a GC-MS system (Varian Saturn 2000, USA) equipped with a CP-Sil
8CB low bleed capillary column (30 cm length, 0.25 mm internal diameter,
0.25 mm film) [15].
3. Results and discussion
3.1. Effect of the enzymatic pre-treatment
Figure 1 displays the concentration of aroma extracted from the
homogenized bergamot peel after the enzymatic pre-treatment at two different
extraction times (2 and 8h). It is important to note that the use of the
enzymatic pre-treatment enhanced the extraction of the valuable compounds.
Regardless of the enzyme concentration, limonene represented the most
extracted aroma due to its highest concentration (around 13-28 g/L in feed
solution).
On the contrary, very low extracted concentrations of linalool and linalyl
acetate were found independently of the extraction time. The enzymatic
efficiency was already performing during the first two hours of treatment.
Indeed, the highest limonene concentration was found using 20 wt.% of
enzyme (the highest concentration) after 2h of extraction time. After this time,
the extracted aromas concentrations were almost constant. This result can be
related to the high specific properties of the enzymes showing a great action
of degradation towards polysaccharides (e.g. cellulose, hemicellulose, pectin,
lignin) at short times.
3.2. PV membrane performances
The homogenized bergamot peel aqueous solutions (with and without
enzymatic pre-treatment) were, then, processed by PV. By visual observation,
the difference in colour between feed (yellow-green) and permeate
(transparent) denoted the retention of pigments and some other compounds
contained in bergamot peel which could not permeate through the dense
membranes applied. Figure 2 shows the physical difference between feed
(with enzymatic pre-treatment) and permeate samples.
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3.2.1. Permeation flux performances
Figure 3 displays the behavior of the total permeation fluxes for the
samples with and without enzymatic pre-treatment, respectively. In both cases
a linear increase of total permeation flux by increasing temperature, for both
investigated membranes, can be observed. The total flux did not display any
significant change independently of the enzymatic treatment. This behavior
can be attributed to the high dilution of the aroma compounds making the
total flux very similar to the partial water one [16]. In particular, the PDMS1070 membrane showed, in both cases, the highest permeate fluxes in
comparison to the POMS-PEI membrane.
The separation of organic compounds using hydrophobic PV membranes
has been widely reported in literature [7, 17, 18] even if most of the papers
are referred to organic-water binary feed mixtures [4, 19] rather than natural
extracts and multicomponent and complex mixtures, like bergamot extract
investigated in this study. Therefore, the trend of new researches focus on the
recovery such aroma compounds from real food systems, such as beer [20],
wine [21, 22], and several fruit juices [1, 23]. Both hydrophobic/organophilic
membranes have displayed high enrichment factors; however; the presence of
other components influences on the sorption and therefore permeation of the
target compounds [18, 24]. Generally, the biggest difference between single
component and multicomponent systems is the existence of a potential
“coupling phenomenon” [25]. According to Raisi & Aroujalian [25], the
coupling effect, if exists, will affect the calculations of multicomponent PV
partial fluxes. This is the reason why are not reported in this work the partial
permeate fluxes of the single components of the feed mixture. Particularly,
coupling phenomenon can be divided into two parts: i) kinetic and ii)
thermodynamic. The kinetic part is frequently viewed as the faster permeating
component which transports a slower component through the membrane,
giving a higher permeability for the slower component than if it was a single
component or within a different mixture. While the thermodynamic coupling,
which is defined as the change in concentration of one component in the
membrane due to the presence of other components, is caused by mutual
interactions between the permeating compounds in the membrane, as well as
by interactions between the individual components and the membrane
material. Finally, the extent of these interactions will depend on the polymermixed penetrant system [25].
The analysis of the temperature dependence on permeate fluxes was
obtained by using the Arrhenius model. Basically, the total flux data plotted
versus 1/T on a semi-log scale yielded straight lines (see Figure 4), indicating
that the temperature dependence of Jt was well described by the Arrhenius
equation (R2 > 0.951). The Figure 4 confirms that there is a direct relationship
between fluxes and feed temperature: the total flux tends to increase with the
increase of the temperature. This behavior was observed for both samples,
with/without enzymatic treatment, in PDMS-1070 and POMS-PEI
membranes. Typically, the thermal motion of the polymeric chains in the
amorphous region produces free volumes. In fact, at higher temperature the
amplitude of the polymer chain jumping increases, resulting in an increase of
free volume in the membrane. Thereby, at higher temperature the diffusion
rate of individual permeating molecules increased, leading to a high
permeation flux [26]. However, this thermal motion facilitates the diffusion
of larger molecules through the membrane causing a decrease in the
separation efficiency [27, 28].

Fig. 1. Profile of the three aroma concentrations extracted from homogenised bergamot peel aqueous solution after 2 h and 8h enzymatic treatment, at different enzyme concentrations.

190

F. Galiano et al. / Journal of Membrane Science and Research 5 (2019) 187-193
permeation behavior of the treated and un-treated samples with the enzymes.
The two parameters, J0 and EP, were determined from the intercept and slope
of the corresponding straight lines, giving the values listed in Table 2. The
apparent activation energies ranged from approximately 29 kJ to 37 kJ mol–1.
Indeed, a higher value of Ep implies that a more sensitive behavior towards
temperature changes in the handled range (25-40 ºC) can occur, highlighting
that the applied enzymatic treatment has an effect on the permeation
performance and thus in Ep values. For example, the Ep values for the PDMS1070 membrane significantly increased by the enzymatic treatment, while in
the POMS-PEI membrane slightly decreased.

Table 2
Data derived from the fitting of total flux data to Eq. (3).

Fig. 2. Feed (homogenized bergamot peel aqueous solution) (A) and permeate (B) images.

Furthermore, the apparent activation energy (EP), which can be calculated
as the slope of the curve, and using the Eq. (3), can provide an outlook of the

Membrane

Enzyme

EP (kJ mol–1)

ln J0

R2

PDMS-1070

none

32.54 ± 2.39

12.41 ± 0.94

0.995

PDMS-1070

PECLYVE LI

36.97 ± 0.29

14.26 ± 0.12

0.999

POMS-PEI

none

29.21 ± 6.65

8.95 ± 2.62

0.951

POMS-PEI

PECLYVE LI

28.89 ± 1.16

8.76 ± 0.46

0.998

Fig. 3. Total permeation flux as a function of temperature for selected PV membranes in the treatment of: a) untreated bergamot peel aqueous solutions; b) enzymatically treated bergamot
peel aqueous solutions.

Fig. 4. Arrhenius relationship plot for the temperature dependence of permeation
flux. The curves are only guides to the eye. Filled and hollow symbols represent the
samples without and with enzymatic treatment, respectively.

3.2.2. Enrichment Factor (β)
The quantitative analysis of lynalool, linalyl acetate and limonene in feed
and permeate samples allowed to evaluate the separation efficiency of the
both membranes. Figure 5 displays a typical example of the spectrum of the
aromatic compounds contained both in feed and permeate.
As previously mentioned, the limonene was highly concentrated in the
feed side, while the linalool and linalyl acetate were the ones mainly
contained in permeate sides. In principle, the untreated solutions processed
using the PDMS-1070 membrane presented a slight decreasing of the
enrichment factor as a function of the temperature for the limonene, while the
inverse trend was observed for the linalyl acetate (from 12 up to 15) (Figure
6a). On the other hand, the enzymatic treatment influenced positively the
enrichment factor during the PV process; as it can be seen, the concentration
of the limonene tended to increase as function of the temperature (see Figure
6b). The enzyme-mediated extraction pre-treatment allowed to enhance the
enrichment factor of the tested membranes, e.g. the enrichment factor of the
linalyl acetate increased more than two-fold in permeate side with a value
ranging from 18-48 against 11-15 when no enzyme pre-treatment was carried
out. Definitely, the hydrophobic nature of the PDMS-1070 membrane mainly
contributed to the permeation of this organic compound (linalyl acetate) [17].
In addition, in a previous study, it was demonstrated that the PDMS
membranes are able to recover linalool and linalyl acetate from bergamot oil
[9], where the membranes even showed that the temperature enhanced the β
values. Particularly, linalool and linalyl acetate ratio provide mainly the
characteristic essence of bergamot fruits.
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Fig. 5. Bergamot peel aromatic compounds contained in feed and in permeate samples.

Fig. 6. Enrichment factor (β) trend of the a) untreated feed solution, and b) enzymatically treated feed solution by using the PDMS-1070 membrane at 25 and 40 ºC.

The POMS-PEI membrane, which have hydrophobic/organophilic
characteristics [7], presented an almost stable enrichment factor for limonene
(between 12 and 16 when enzymatic pre-treatment was used); while for both
linalool and linalyl acetate an enhancement in their enrichment factors was
found at the highest investigated temperature (40°C) with an enrichment
factor of about 26 for linanool and 48 for linalyl acetate (Figure 7). In general,
these types of POMS membranes have already demonstrated their efficiency
on the recovery of some other aroma compounds from aqueous solutions [7],
but it is important to note that the recovery of linalool and linalyl acetate is
highly attractive due to their biological activities (e.g. anti-inflammatory)

[29].
Finally, regardless the use of PDMS and POMs membranes, they have
satisfactorily demonstrated their ability on recovering such aroma
compounds. As it is well known, most of the organic compounds are suitable
to be removed from mixtures by means of hydrophilic membranes. Basically,
this is due to the fact that such solutes (limonene, linalool and linalyl acetate)
present benzene nucleus [30, 31]. Their relatively low hydrophobicity could
be associated to the polarity balance between the hydrophobic benzene group
and the hydrophilic alcohol or aldehyde.
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Fig. 7. Enrichment factor (β) profile of the a) untreated feed solution and b) enzymatically treated feed solution by using the POMS-PEI membrane at 25 and 40 ºC.

4. Conclusions
This work focused on the application of PV for the extraction of aroma
compounds of industrial interest from bergamot peel, with and without
enzymatic pre-treatment. Thereby, two commercial dense membranes
(PDMS-1070 and POMS-PEI) for the recovery of limonene, lynalool and
linalyl acetate from the homogenized bergamot peel aqueous solution were
applied.
Particularly, at 25°C, POMS-PEI and PDMS-1070 membranes did not
present significant differences in terms of enrichment factor independently
from the enzymatic pre-treatment. However, the enrichment factors increased
significantly at 40°C when enzymes were applied. This behaviour was due to
the greater concentration of aroma in the feed solutions. Indeed the
temperature optimum value for enzymatic treatment was at 40°C. Finally, we
can conclude that the use of enzymes in PV technology, in particular at 40°C,
caused a significant increase of permeated aromas yields. Furthermore, such
commercial hydrophobic membranes implemented in PV technology have
proved to be very effective for the recovery of aroma solutes.
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