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Abstract

Controlled release of aromatic mixtures to the atmosphere is a requirement for scented systems for indoor applications. The
product must smell nice, but also be able to last, slowly releasing the perfume over time. Several adsorption materials have
been used, for this purpose. In this study, cork was investigated as a potential perfume adsorbent for application in scented
drawer sachets and equivalent products. Cork was selected due to its adsorption properties and because itis a

natural, renewable, sustainable material. Granulated cork is a significant by-product in cork
industries and it was chosen for adsorption in this work. Linalool, an enantiomeric monoterpene alcohol and one of the main

components of several essential oils, was selected as the model compound for adsorption studies.

Activated carbon (AC) was used as the reference material. The sorption of linalool to granulated cork and AC was evaluated by
HS-SPME-GC-FID. The linalool isotherm on cork was shown to

follow a Brunauer-Deming-Deming and Teller, Type IV model. The isotherm data on AC can be

adjusted to Langmuir and Freundlich models. A maximum adsorption capacity of 3.9x103ug/g was achieved for AC.
Desorption studies were performed. Linalool was still released from granulated cork after three equilibrium stages of
desorption, whereas only two desorption values were obtained for AC from the equilibrium with highest linalool
concentration. Thus, AC demonstrated good adsorption but not good desorption properties. Sorption and desorption
studies of linalool from granulated cork, showed that granulated cork could be an excellent material allowing controlled
release of the aroma.
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1 INTRODUCTION EOs, like linalool, have been used in bacterial, insecticidal, medici-

nal and cosmetic applications since the 1950's.4 Around 12,000 tons
Lavenders are popular aromatic plants; the genus Lavandula . .

of linalool are produced per year worldwide from both natural
(Lavender) includes more than 30 species, dozens of subspecies, and ) ) ) .

extraction and chemical synthesis. Most of the synthetic linalool (95%)
hundreds of hybrids and selected cultivars. The oils of these ) ) ) . )

is used as a fragrance ingredient in cosmetic products, such as
plants are usually used as food additives, in cosmetics, hygiene ) ) ) .

perfumes and body lotions, and in non-cosmetics, like household

products and traditional  medicines. 2 One of the main cleaners and waxes.
components of lavender species is linalool. This is also the main Only 1% is used in food and beverages for aroma and flavour, such as
component of the majority of essential oils (EOs).3 5.7

tea, specifically black, dark, oolong and green tea.

Besides the applications already described, EOs with linalool, have

Abbreviations used: AC, activated carbon; BDDT, Brunauer, been used through history in traditional medicine, to relieve symptoms
Deming, Deming and Teller; EOs, essential oils; FID, flame . L

9 9 and cure a variety of both acute and chronic ailments.8:9 Many
ionization detector; GAC, granular activated carbon; GC, gas

. . .. 10
chromatography: HS-SPME, headspace solid-phase EOs have the ability to relieve stress and reduce anxiety.

microextraction; LOD, limit of detection: LOQ, limit of In addition to all previous applications, consumers enjoy fragrance

quantification; MS delivery materials, from scented paper to washed textile fabrics and so

. on. As a result, there is a significant need for fragrance delivel
mass spectrometry; PAC, powdered activated carbon; PEA, 9 9 &4

2-phenylethanol; PLA, Polylactic acid



systems that can provide long-lasting fragrance release. Usually
substrates are treated by spraying, coating or dipping in a fragrance,
however, the fragrance is lost over time to the environment. The most

common solution is the use of en(:apsulates.11 Although this
technique can protect and prevent the loss of fragrance as well as

improve the release and stability of the core materials,12 the
encapsulates are expensive and complex to prepare.11 The

development of delivery sys- tems using natural polymers13 offers
distinct advantages, such as bio- compatibility, biodegradability, and
cost effectiveness. As a response to demand, industries are
constantly trying to develop aroma delivery systems and to discover
new materials that allow the desired effects. The means of
effectively  releasing volatle compounds often requires

14

development of new delivery systems. In fact, there are

several patentsll'ls'18 on essential oils release for indoor and closet

use. Cork is a natural, renewable, sustainable raw material that has
been used for many centuries as natural cork stoppers, insulation
boards, production of cork/rubber composites for shoe soles, memo
boards, gifts and panels and agglomerates for wall and floor

coverings.19 The main sector of the cork industry remains the

production of natural cork stoppers.20 Among different applications,
cork was shown to be agood and low cost material for adsorption

processes.21'22 The chemical constitution of cork depends on
various factors such as geographic origin, climate and soll
conditions, genetic origin, tree dimensions, age and growth

(:onditions.19 The cellular structure of cork is alveolar, similartoa
honeycomb shape, without empty spaces between adjoining cells
(closed units). This closed cells structure, made mostly of suberin,

is responsible for cork's impermeability to liquids and gases.19

In this work, cork was used as sorbent for linalool as the model com-
pound. To the author's knowledge, no other studies of sorption capacity of
cork to fragrances have been performed. A commercial activated carbon
(AC) was included as a standard sorbent for comparison. AC remains one

of the most important microporous adsorbent?3  ACs are the

oldest adsorbents known, widely applied,24'25 extensively used on an
industrial scaleasanadsorbentto purify/separateliquidsand gasesorasa

catalyst.24

For the analysis of linalool, Headspace Solid Phase Microextration
(HS-SPME) coupled with gas chromatography (GC) with flame ioniza-
tion detector (FID) was used. HS-SPME is a simple, fast, and solvent-
free analytical technology and has been widely used in the analysis

of volatile compounds.e'26 It is an efficient and sensitive method
for extraction and pre-concentration of target analytes, widely used
in a broad range of applications due to organic solvent avoidance

and interferences elimination.27 HS-SPME has been coupled with gas
chro- matography (GC), with tandem mass spectrometry (MS), and
appliedto

analyse EO's directly evaporated from leaves and to quantify linalool in
teas. The success of its use depends on several factors such as chem-
ical nature of the compounds to be extracted, temperature used during

extraction and extraction time.2829 In order to maintain precision

and reproducibility, those factors must be kept constant.29

The goal of this work was to characterise linalool adsorption and
desorption properties of granulated cork in order to evaluate its poten-
tial as a non-energized volatile material delivery system for controlled
release of linalool and essential oils to indoor air. Also, in this work

sorption and desorption of linalool in cork was compared to AC as a
reference material. Adsorption and desorption processes were carried
out using the standard batch equilibrium method. The granulated cork

used in this work is an industrial waste and its grain size is more
suitable to be applied in hand-made scented package however with
less potential to other applications.

2 EXPERIMENTAL

All reagents used were analytical grade: Linalool (=295%) from Fluka

Sigma-Aldrich® Chemie GmbH (St. Louis, MI, USA) and methanol from
VWR Chemicals Prolabo® (Fontenay-sous-Bois, France). SPME fibres
polydimethylsiloxane/divinylbenzene (PDMS/DVB, 65 pm) and holder

for manual sampling were purchased from Supelco® (Bellefonte, PA,
USA). AC (1240 PLUS) was obtained from Norit N.V. This carbon
was selected because it is an acid washed Granular AC, which offers
good adsorption properties and a high purity level. According to the
supplier's specifications, it has a neutral pH and a particle size between
0.5and 1.5 mm.

Prior to industrial uses, cork planks are boiled in water for approx-
imately 1 h, this process being repeated with other planks in the same
boiling water for 2 to 4 days, depending on the cork processing plant.
Granulated cork (from cork stoppers waste production), with a diame-
ter (d) of 1 < d <2 mm, was supplied by the company Amorim &
Irm&os, S. A., Santa Maria de Lamas, Portugal. Beside initial treatment
with boiling water, to remove excess powder, the granulated material
was washed with deionized water and dried at 60 + 5°C for 4 days.

2.1 Procedure

For all procedures, each sorption result from a specific time or concen-
tration was obtained in different individual flasks, because the SPME
sampling should only be performed once per flask. To the entire exper-
iments, the gas phase was analysed using HS-SPME-GC-FID.
Considering the scope of this study (characterizing the sorption/

desorption of linalool in selected adsorbents) several parameters should
be optimized. The suitable exposition time of HS-SPME was accessed by
measuring the obtained area in different times of exposure and in different
flasks (1 L volumetric flasks) with the same concentration of linalool. The
lowest exposition time which presented the maximum area of chromato-
graphic peak, was established as the HS-SPME suitable expositiontime.
Standard solutions of linalool were prepared between 0.108 and

207.6 pg/L in methanol.

2.2 Calibration curve

Besides the HS-SPME exposition time (equilibrium between SPME and
HS) also the time to which linalool needs to reach equilibrium in the

system (closed flask), was necessary to be accessed. In order to
establish this last equilibrium time, a set of flasks were prepared with
10 pL of the same standard solution and closed with rubber stoppers
coated with parafilm. The real available volume of each flask was
determined by measuring the amount of water between the single
ground-in graduation mark and the top (real available volume ranged
between 1.025 L-1.047 L).

The flasks were incubated at 22 + 0.1°C in a Liebherr model FKU

1800 incubator and the concentration of linalool was measured (two
replicates) at different times (time range from 2-32 hours). The



equilibrium time was determined when linalool achieved a constant
area (the linalool reached in equilibrium in the HS).

After establishing the equilibrium time, the calibration curve was
performed. Another set of flasks was prepared, three replicates of each
concentration in a total of ten standards (total of thirty flasks were
prepared). The incubation conditions previously described were
maintained and the chromatographic peak area for each flask was

measured by HS-SPME-GC-FID.

2.3 Kinetic studies

Although the equilibrium time was determined previously, it is
necessary to make sure that this time was enough for the equilibrium
to be achieved also in the studies involving the chosen sorbents (cork
and AC). And so, kinetic studies were performed in the same manner
that was previously described. A set of flasks was prepared with
10 pL of the same standard solution and a known amount of sorbent
(300 mg cork or 500 mg AC). The flasks were closed with rubber
stoppers coated with parafilm and kept in a thermostatic shaking
incubator at 22 + 0.1°C at constant stirring at 50 rpm. With the same
approach, the concentration of linalool was measured (two replicates)

at different times (time range from 2-44 hours). The equilibrium time
was determined when linalool achieved a constant area.

2.4 Adsorption studies

Three replicates of each standard solution were prepared with the

same amount of sorbent (with range 20-300 mg granulated cork or
AC). The flasks were closed with rubber stoppers coated with parafilm
and kept in an incubator at 22 + 0.1°C and constant stirring at 50 rpm,
until the system reached equilibrium was previously established. After

which the HS-SPME extraction was performed, also in the incubator,
and the concentration of linalool in each flask was measured by
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FIGURE 1  Kinetics studies of linalool on cork and AC

TABLE 1  Calibration data for linalool analysis

GC-FID. Two models were tested to describe adsorption in the AC

studies - Langmuir and Freundlich. Using the Langmuir sorption
isotherm, the equilibrium adsorption data could be described as:

KiGmCeq
1 1
o K bKC 1)

or according to Freundlich sorption isotherm, as:
1
q Ya KeC oy’ (2)

where ¢ is the adsorbed amount (ug/g), Ceq the equilibrium concentra-
tion (ng/L), K. the Langmuir constant, gn the monolayer capacity, and
K is the adsorption constant that represents the degree or strength of
adsorption, and the exponent 1/n takes in account non-linearity in the
adsorption isotherm.

The best-fitting curves through the experimental data were calculated
by an Excel tool (solver), using Langmuir and Freundlich equations.

2.5 Desorption studies

After adsorption evaluation, cork or AC were immediately transferred
to a new 1 L, without any essence, and this incubation/analysis proce-
dure was repeated several times. This process guarantees the release
in a free linalool known volume. The flasks were kept, as before, in a
thermostatic shaking incubator at 22 + 0.1°C and constant stirring at
50 rpm (make note that the three replicates, for each standard and sor-
bent used in the adsorption studies were used to desorption studies).
The amount of linalool, in each flask, was measured after the system
reached equilibrium by HS-SPME-GC-FID. Three desorption isotherms
were constructed with cork, although aroma was still detected through
olfactometric measurements after the fourth desorption experiment.
Desorption tests were carried out in this manner until the desorbed
linalool presented values < LOQ of the analytical method.

2.6 Linalool analysis by gas chromatography
sorption evaluation

Prior to their first use, the SPME fibres were conditioned according to
manufacturer's instructions. The analyses were carried out in a gas
chromatograph system with a FID, Shimadzu GC-2010. Separation
was performed on an Agilent® J&W CP-Sil 88 capillary column
(60m x 0.25mm.D., 0.20 um) from Santa Clara, CA, USA. Like before,
HS-SPME, the fibre was immediately inserted into the GC system
injection port, after the extraction time, where the analytes were
thermally desorbed from the fibre coating in the split mode. Operating
conditions were as follows: the injector and detector temperatures

FID Shimadzu GC- 2010

Retention time

Range of linearity
Calibration curve

Correlation coefficient of calibration curve, R?
Limit of quantification (LOQ)
Limit of detection (LOD)

6.886 min

27.2-827.6 pg/L

Y =758.93C + 31875 Y =linalool area;
C = concentration (ug/L)

0.986
27.1 pg/lL
8.1 ugl/L



were kept at 250°C and 270°C, respectively; the temperature
programme was as follows: initial temperature 60°C for 1 min,
increased at 20°C/min to 215°C and held at this temperature for
3 min (total run time: 11.75 min). The carrier gas was He, 30 mL/min
and the detector gas flows were: H,, 40 mL/min and air, 400 mL/
min. Data acquisition and processing were performed with Shimadzu
software GCsolution for GC systems.

3 | RESULTS ANDDISCUSSION

3.1 | Extraction time

A 20 min. of exposition time of HS-SPME was demonstrated suitable
for the intended purpose. The established SPME exposition time at
22 + 0.1°C was maintained in all the experiments, ensuring the same
conditions of extraction obtaining a relative standard deviation of 4.6%.

3.2 Equilibrium time

After approximately 18 h, no increase in the chromatographic peak
area was observed to neither cork, AC nor without adsorbent, view
Figure 1. Leading to the conclusion that linalool reached the equilib-
rium in HS and with both sorbents. The 18 h time was the established
equilibrium time for all the experiments. For practicality, the determi-
nation of linalool's concentration in the gas phase was carried out after

20 h of contact time by HS-SPME-GC-FID analysis, to assure that the
equilibrium was reached.

3.3 Linalool quantification

The parameters obtained for the calibration curve are presented in
Table 1. For the sorption studies, the calibration curve was obtained
with concentrations in the range 27.2-827.6 ug/L, which showed a lin-
ear correlation (retention time of 6.886 minutes). The limit of detection
and limit of quantification were obtained considering the slope of the
calibration line and the residual standard deviation of the regression
line.** The obtained LOD was 8.1 pg/L.

3.4 Adsorption isotherms

The adsorption isotherms were identified according to the classifica-
tion of Brunauer, Deming, Deming and Teller (BDDT) for the basic
types of isotherms.®* The adsorption isotherm for cork (Figure 2) is a
type IV isotherm, that represents adsorption isotherms with
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FIGURE 2 Linalool isotherms on cork

hysteresis.*® The adsorption happens in layers. At lower gas concen-
trations the adsorption is monolayer and occurs primarily in all the
available areas.®' Considering that Langmuir's theoretical model should
not be applied to BDDT isotherms, gn, was not calculated for granu-
lated cork. However, Figure 2 shows a step of adsorption around 5.5
x 10* ng/g, which indicates probably the highest amount of linalool
adsorbed.

The adsorption isotherm for AC (Figure 3), on the other hand, was
identified as a type | isotherm. This isotherm occurs when the
adsorption is limited to, at least, a few molecular layers and when
microporous powders whose pore size does not exceed a few
adsorbate molecular diameters.®* The Langmuir model proposes that
adsorption process happens on a homogenous surface via monolayer

22,33
sorption, with uniform energies of adsorption.

The adjustment to
the Langmuir model shows a g, of 3.9 x 10° pg/g and k_ of 3.4 x
1072 L/ug (Figure 3).

The Freundlich model suggests a monolayer sorption with a
heterogeneous energetic distribution of active sites.??*® The adjust-
ment to the Freundlich model shows an n of 2.8 and kg of 6.5 x
10°° L/ug (Figure 3).

Another adsorption study of Lavandula angustifolia oil, specifically
linalool, on sodium modified bentonite, performed by Miz et al. (2014)
obtained g and k of 2.7 x 102 ug/g and 3.3 x 10 L/ug, respectively,
by Langmuir adjustment, and an n of 0.4 and kg of 8.0 x 10° ug/g® for
the adjustment to the Freundlich model. In comparison with our study
AC, obtained a higher value (3.9 x 10° ng/g) for monolayer capacity.

3.5 Balances of adsorption and desorption

The calculations of adsorbed and desorbed linalool were based on the

following equations®*
Yalnitial amount] ¥4 ¥2Free amount] p2Adsorbed amount] (3)

The adsorbed amount could be analysed as follows:

Y2Adsorbed amount] ¥2%2Desorbed amount]
p ¥2Final adsorbed amount] 4)

Figure 4 shows the occurrence of hysteresis, which means that
desorption happens slower than adsorption and is partially irreversible.
The desorption of linalool will be slow and resistant, which proves that
linalool can be continuously released, by aroma perception even after
four equilibrium stages of desorption. For the experimental setup used
in this study, submitting cork granules to a Ceq 0f 800 pg/L, has shown
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FIGURE 3 Linalool isotherms on AC, fitted by Langmuir and
Freundlich models
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FIGURE 4 Adsorption and desorption
isotherms of linalool on cork

to achieve the best desorption performance and consequently extend-
ingfragrancereleasetime.

According to the authors' knowledge, only another material (silica
gel) was investigated for linalool desorption, by Reverchon et al.
(1997). A Langmuir-like equation provided the best representation of
the experimental data; at 75 bar, the desorption isotherm was found
to have a gm of 2.3 x 10% pg/g and a kL of 3.6 L/ug. However, a direct
comparison to this work is not adequate, because Reverchon et al.’s
study was performed at high pressure and at 40°C,*® whereas this
work was done at atmospheric pressure and 22°C.

Considering the cellular structure of cork that is analogous to
honeycomb, with no empty spaces between contiguous cells,*® this
structure will allow a slower desorption since the alveolar structure
would be a reservoir of linalool.

The permeability of cork to water vapor is 110.1 x 10 mol/ (m s
Pa)* (very low) with diffusion of water a considerably slow process,
with diffusion coefficients of 1 x 10™ and 4 x 10 m?* s in the
non-radial and radial directions.*” Therefore it can be assumed that
humidity will not affect significantly the sorption process.

AC seems to be a good adsorbent, however, it is not adequate for
fragrance release, as shown by the adsorption and desorption
isotherms, respectively (Figure 5). Linalool was only detected in two
desorption experiments, which had been exposed to the higher
concentration of Ceq in adsorption phase, and just two equilibrium
stages of desorption were obtained.

Since linalool is a well-known natural insecticide and larvicide the
research for materials to release linalool is not a novelty. Souza
et al. reports the release characteristics of linalool encapsulated at
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three concentrations in Polylactic acid (PLA) nanofibrous membranes,
as well as the effect of linalool on fiber morphology and structural
properties. Further development of PLA membranes encapsulated
with linalool oil was considered useful, in creating commercial markets
for PLA/linalool composite materials with potential applications in
controlled-release devices.*

Another promising material is cashew gum, a polysaccharide
extract from Anacardium occidentale, that has technological interest
in delivery systems. Due to its rheological characteristics, biodegrad-
ability and being a raw natural material, sharing advantages with cork
including low cost and low environmental impact.***® However, these
materials have some drawbacks, like poor control rate of hydration,
thickening, decrease of viscosity upon storage and microbial contami-
nation susceptibility.>®

The use of fragranced sachets is appreciated by many
consumers and may be beneficial for human health, to be used in
closets and cabinets. They have been demonstrated to have
significant antibacterial, antifungal, antimycotic, antihelmintic and
antiseptic properties.*

The presentresearch proves the AC effectiveness as an adsorbent
material for linalool, considering its good removal efficiency. Kinetic
studies revealed that 18 h is adequate to achieve equilibrium for gran-
ulated cork and AC.

Equilibrium studies revealed favourable linalool adsorption at
22°C for both materials. Cork adsorption isotherm obtained is a type
IV, showing hysteresis. A type | isotherm was obtained for AC and a
gm Of 3.9 x 10° ug/g was obtained as maximum adsorption capacity
estimated by adjustment to the Langmuir model.
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FIGURE 5 Adsorption and desorption
isotherms of linalool on AC
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Batch desorption assays showing AC without ability to linalool
desorption, on the other hand, cork presented at least three desorption
isotherms.

So, cork granules, a residue of cork industry, have proven to be an
excellentbase material for a natural systemfor controlled release of linalool.
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