AIChE

BIOENGINEERING, FOOD, AND NATURAL PRODUCTS

A Case Study of Product Engineering: Performance of
Microencapsulated Perfumes on Textile Applications

Miguel A. Teixeira, Oscar Rodriguez, Sofia Rodrigues, Isabel Martins and Alirio E. Rodrigues
Dept. of Chemical Engineering, Laboratory of Separation and Reaction Engineering, Associate Laboratory LSRE/
LCM, Faculty of Engineering, University of Porto, Rua Dr. Roberto Frias, Porto 4200-465, Portugal

DOI 10.1002/aic.12715
Published online July 20, 2011 in Wiley Online Library (wileyonlinelibrary.com).

The evaluation of the performance of new products to be released on the market is essential to measure its acceptability by
consumers. In this work, the performance of an added-value product, microencapsulated perfumes applied on textiles for
man suits, was predicted and evaluated. The odor intensity and character of the perfume ingredients was measured by
headspace gas chromatography after dry cleaning and abrasion tests on textiles impregnated with microcapsules. The
evaporation and diffusion of the fragrances in the encapsulated perfume was assessed. For this type of application,

limonene has shown a better performance in the perfume mixture, being the dominant note over time and distance.
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Introduction

The last 25 years mark a time of accelerated technological
expansion and the emergence of a multitude of innovative
products. This has been shown, among other things, by
growing demands of new products, devices and services:
since the advent of mobile phones up to recording DVD
devices, from credit cards to digital cameras, contact lenses
or high-tech footwear. Within the last 25 years, the industry
has been shifting to product development. This switch has
been seen for long time, but only recently a more systematic
approach for product development has started to be imple-
mented. For a part of these discoveries, Chemical Engineer-
ing has contributed with its knowledge. In fact, a new disci-
pline named Product Enig,rineeringl_5 is the answer to a global
change in the chemical industry economy: in the past driven
by technological expansion for the large production of com-
modities, towards a market-driven production of high added-
value, specialty and performance products.®” This new para-
digm on chemical industry can be summarized in Charpent-
ier’s triplet “molecular processes—product-process”8 or more
recently, by the equation ChE = M*.P’ Eng—where M
stands for molecular and materials and P for process and
product.”'® This can be understood in the perspective that
Chemical Engineering is the combination of both, process
and product design, and for that purpose it is necessary to
use and understand the behavior of materials at the molecu-
lar level.

In what concerns chemical product development, there
have been several contributions from the literature address-
ing this issue. These approaches consider the definition of
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several stages from the identification of consumer needs for
the development of ideas and their selection up to the manu-
facture of the product (needs-ideas-selection-manufac-
ture).">'" A similar stepwise framework that is widely used
in industry is the stage-gate’™ product development process
(STPDP) which uses product design strategies based on deci-
sion analysis.lz’13 A different approach is that of Bagaje-
wicz,"* who developed a methodology, mainly oriented for
the product development stage, based on the application of
microeconomics evaluations from the beginning of product
design. The approach of Bagajewicz considers a pre-evalua-
tion of consumer demand by introducing pricing and micro-
economics models to assess the right properties for the
desired product (see, for example, its application to some
products'>'®). If on one hand, this approach is fundamental
to eliminate potential products at an early stage of product
design, on the other hand, it may not be applied to all prod-
ucts, and definitely introduces an investment (both in time
and money) to perform such analysis. For the case studied
here, the stepwise description based on the ‘“needs-ideas-
selection-manufacture” concept'*'" was followed due to its
simplicity and aiming for the development of an innovative
product. It is important to note that the time mediating all
these steps, from the initial idea to the final product, may
vary but is around a couple of years, which is reasonably
good compared to the time involved in a good research
work.” This way, an integrated process can be translated into
a series of steps involving studies, decision making and
research, in different fields of our society.

In this work it was our intention to combine some parts of
this methodology for the development of a product that ful-
fills a specific market niche that has been growing. A combi-
nation of three well known products (fragrances, microcap-
sules and textiles) is presented here aiming to develop a
novel product: added-value perfumed suits for men. Starting
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with a basic description of the product design, we will focus
on the evaluation of the product performance, namely on
what concerns to the perfume performance. This includes the
evaluation of the selected type of microcapsules and binder,
textile appearance after impregnation by experts (in particu-
lar tactile and visual perception), type of textile used, evalu-
ation panel for perfume olfactive quality, and modeling of
fragrance release and perceived odor intensity as a measure
of performance. These issues are directly associated to the
mechanical and physicochemical properties of the polymeric
material (and thus the release mechanism of the perfume),
and the olfactive properties of the fragrance mixture. The
product design evaluation carried out here incorporates per-
ception as a tool that has been gaining importance in product
development.® A structured study on its characterization,
applicability, and performance will be presented.

Fragrances, Microcapsules, and Textiles

The Flavor & Fragrance business comprises from flavors
for foods and beverages to fragrances for cosmetics and per-
fumes. It is a multibillion dollar market that has been
increasing until the recent economic and financial crisis.
Within this industry, there are multiple applications for fra-
grances in the formulation of new products (food, cosmetics,
personal care, cleaners, and household products) that are
subjected to consumer approval or rejection everyday. Being
said that, innovation is the key for success. It should not
only be devoted to the discovery of new fragrant chemicals
(natural, natural-identical or synthetic), but also to their
application, and of course, to the performance of the final
product.

An example of new applications is the manufacture of
microencapsulated perfumes incorporated on textiles for the
production of added-value perfumed cloths which is the pur-
pose of this work.'”® This way, value is incorporated in
textiles that we can use everyday, by introducing pleasant
fragranced microcapsules in it. Microencapsulation is a very
good technique to control the release of fragrances and to
produce more durable fragrant finishing on textiles. The
application of microcapsules into textiles presents also sev-
eral advantages in terms of fragrance performance and health
benefits: reduces perfume dermatitis in humans and protects
the fragrance material from aggressive external agents or
media.?%*!

In what concerns the textile industry, it has recently
shown great interest on microencapsulation and, more specif-
ically, in the application of durable fragrances and skin soft-
eners.”**? Microcapsules are also developed for different
purposes, including insect repellants, phase-change materials
and medical applications, just to mention a few. 9232
Microcapsules are small capsules (1-100 um diameter) of a
polymeric membrane containing an active compound. They
are used either to protect this active compound from external
agents as humidity, temperature, light, oxidation and expo-
sure to other substances over their lifetime, or to control its
release rate.”® There are several patented processes for
microencapsulation of fragrances for textile applications,
such as coacervation, interfacial polymerization and
others.”” > The industry is also putting big efforts on these
techniques pursuing consumer needs for several applications.

In this work, polyurethane-urea (PUU) microcapsules were
incorporated in textiles to develop an added-value product:
perfumed men suits. This type of clothing is designed, from
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the beginning, as a luxury product. Thus, although the incor-
poration of a fragrance scent will make it more expensive, it
will also make the product more valuable and exclusive.
Using this technique, the encapsulated perfume will be
released upon breakage of the microcapsules. This way, dur-
ing the daily use of the suit, fragrances will diffuse into the
air and release a pleasant smell.

To evaluate this product, it is of prime interest to assess
the effect of dry cleaning and abrasion cycles on the released
odor, as they mimic the washing and day-to-day use of the
textiles, respectively. This will allow evaluating the lifetime
of the impregnated textiles which is a key point for customer
appreciation. This is related to another key parameter of
Product Engineering: product performance. High added-value
products provide a service or a function to the customer, and
so what the customer will evaluate is the performance of the
product when used. The optimization and the predictability
of its performance are imperative for the success of the
product in high competitive markets.

Perfume performance has been evaluated (either qualita-
tively or quantitatively) with a series of parameters that
account for the evolution of the odor intensity and dominant
fragrances with time and distance from the perfume
source.**> These parameters can be used to characterize the
perceived scents as they evaporate and diffuse in air over
time (¢) and at different distances from the source or point
of application of the perfume (z). Among these parameters,
have to be mentioned the impact, tenacity, diffusion and vol-
ume. Impact deals with the initial perception of the scent,
like when a perfume bottle is opened or the perfume is
sprayed on the body for example (z ¢ [0, 0.3]m and 7 ¢ [0,
5]min); tenacity represents the persistence of a fragrance af-
ter a long period of time but near the source of the perfume.
It provides a measurement of how long the perfume lasts in
the skin after its application (z ¢ [0, 0.3]m and 7 ¢ [10, 20]h).
The last two parameters correspond to odor perception at
some distance from the source: diffusion is a measure of the
efficacy of a perfume away from the source (z ¢ [1, 2Jm and
t ¢ [0, 5] min) showing the diffusion rate of a fragrance in
air; volume is the effectiveness of a perfume over distance
with time (z & [1, 2lm and ¢ ¢ [10, 20]h).>*°

Our research group has previously developed a methodol-
ogy to quantitatively account for these performance parame-
ters.”> From a Chemical Engineering point of view, this can
be traduced by the diffusion profile of the fragrance mixture
with time and distance.

In this work, such methodology has been applied to a
microencapsulated perfume attached on textiles. A diffusion
model based on Fick’s second law together with a model to
quantify odor intensity and odor character perception were
combined to study the performance of the encapsulated per-
fume once applied in the fabrics.

Methodology

Throughout this work, we have used a four-step procedure
for product design—needs, ideas, selection, and manufacture.
These steps were applied to the development of perfumed
men suits and the result is presented in Table 1. In the previ-
ous section we have focused on the needs and ideas to fulfill
a market niche. Now the characterization of the last two
steps is overviewed. Some consumer preferences that were
taken into account for obtaining the desired properties of the
final product are highlighted.

June 2012 Vol. 58, No. 6 AIChE Journal



Table 1. Description of the Four-Step Procedure Considered in this Work

Needs Fragrant suits for men

Ideas Perfume + microcapsule + textile: define several perfume families and compositions, formaldehyde-free
microcapsules and polymerization techniques, types of textile and binders

Selection Composition of a masculine perfume + polyurethane-urea microcapsules by interfacial polymerization + impregnation
in the foulard step + polyurethane binder + wool/polyester textile

Manufacture Production of microcapsules with perfume + impregnation onto textiles + assessment of finished textile

quality + evaluation of olfactive performance after dry washing and abrasion cycles

Perfume design

A renowned perfumer of the past century classified fra-
grances in top, middle, and base notes (attending to their vol-
atility) and stated that a well structured perfume should con-
tain a blend of the three types of notes.>’ Top notes are con-
sidered the most volatile ones, being perceived immediately
after the perfume is applied and within the first minutes. Mid-
dle notes are less volatile and get noticeable later after appli-
cation, and within the first hours. Finally, the base notes are
the least volatile fragrances of all. They are perceived by the
human nose much later and can last for several hours or even
days (e.g., when applied in textiles base notes last much lon-
ger than in the skin). However, it is easily perceptible that
this traditional view is an oversimplification of the evapora-
tion and diffusion processes lying behind fragrance mixtures.
In fact, from the moment a perfume bottle is opened or a per-
fume is sprayed, all fragrant notes start to evaporate and dif-
fuse into the air. The different evaporation rates depend on
their physicochemical properties, namely their volatility and
diffusion coefficient. Nevertheless, fragranced products and
fine perfumes are still made with odorant chemicals belong-
ing to different notes so that the perceived scent will be
smooth and pleasant over time. Following this classic per-
fume structure of top, middle and base notes, a perfume con-
centrate was designed combining limonene (a citrus, fruity
top note), methyl dihydrojasmonate (a floral-jasmine middle
note), methyl cedryl ketone (a woody, oriental base note) and
galaxolide (a musk base note that dissolved in a 50% diethyl
phthalate solution has a particular sweet floral and woody
“nuance”)."® A nuance traduces a less perceptible odor
among a mixture of odorants, adding an extra sensorial per-
ception to the overall scent. Therefore, it represents a male
fragrance belonging to the Citrus-Woody-Musk families
according to the classification of pure fragrances from Brech-
bill.*® This perfume was also developed having in mind its
final application into fabrics and the fact that it was oriented
for men. The evaluation of a perfume from the point of view
of a consumer is difficult to predict and so its formulation is
handled by experts (perfumers). This perfume formulation
was developed in partnership with I-Sensis.* Their experts
selected this perfume mixture among various formulations
taking into account its olfactory nature and the desired appli-
cation. A perfume concentrate (without any solvent matrix)
was used to intensify the scent at the release stage.

Microcapsules and impregnation on textiles

Most commercially available microencapsulated fragrances
are based on formaldehyde polymeric materials, but these
have been subjected to increased restrictions. The use of pol-
yurethane-urea (PUU) systems for the polymeric matrix have
revealed to be an economically attractive, environmentally-
friendly, and versatile solution.'® For that reason, PUU
microcapsules were used to encapsulate the perfume mixture
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in this work. For the impregnation it is important to take
into account the type of binder and textile selected. The
binder plays an important role on the performance of the
product, influencing the adhesion to the textile substract.
Two different binders were tested, Primal ECO 934 TK (an
acrylate emulsion from Horquim) and Peripret Plus (a poly-
urethane emulsion from Bayer). The latest was selected once
it resulted in a higher adhesion of microcapsules to the tex-
tile. Finally, different types of fabrics with varied gram-
mages were also tested for impregnation. A wool/polyester
textile provided the best results according to tactile and vis-
ual evaluations performed by industrial partners (CITEVE
and A Penteadora SA) involved in that process.

Perfume performance

The odor intensity of fragrant mixtures can be evaluated
in quantitative and qualitative terms using either mathemati-
cal models or experimental analysis. The odor value (OV)
provides a simple and convenient measurement of the odor
intensity for a single component. The OV of a fragrant com-
ponent i is defined as the ratio between its composition in
the gas phase, C,g, and its odor detection threshold concentra-
tion in air, Thr;, both in g/m3:

g
G ey

OV, =
! ThI’,‘

As the odor detection threshold provides the minimum
concentration that can be detected by the human nose, only
when the OV is higher than unity (OV; > 1) the component
can be perceived.34’40 However, it is reasonable to admit that
odor perception may not be linearly proportional to the con-
centration throughout the whole scale of magnitudes above
the threshold. In fact, as the concentration increases it is
expected that the perceived odor will also increase, although
at some point in the intensity scale there will be a saturation
of the odor receptor cells. Following this line of though, the
Stevens Psychophysical Law considers that the perceived
sensation (V) is proportional to the stimulus (Cf?’) raised to
an exponent (7). This law can be applied to all perceptual
continua, so that it follows a Power Law as expressed by
Eq. 2 for the case of olfaction:

Clg n
Vi = (Thr,«) @

In olfaction, the majority of the odorants seem to generate
power functions with exponents smaller than unity with a
reported median value of 0.35, which can be used whenever
experimental data for the exponent are not available.*! The
odor detection thresholds and the exponents for the power law
are available in the literature from compilations of data for
hundreds of odorant species.>***+?
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The concentration in the gas phase can be calculated from
the concentration of the liquid perfume using some basic
Thermodynamics.

At atmospheric pressure, ideal gas behavior for the gas
phase can be assumed and so the fugacity coefficient
becomes unity, ¢; = 1. Thus, Cf-g can be calculated as:

MP MPs
g _ Vil o i
=Rt T TRT

3

where y; and x; stand for the vapor and liquid compositions in
mole fraction, 7; is the liquid activity coefficient of component
i, P is the total pressure, P is the saturation pressure of pure i
(which can be obtained from the literature43), M; is the
molecular mass of component i, R the universal gas constant
and T the absolute temperature. In this equation, the activity
coefficients in the liquid phase (y;,) cannot be neglected.
Fragrances, which in general present several different func-
tional groups in their chemical structure, are likely to present
non-ideal behavior. From Eqgs. 2 and 3 we obtain the
expression for the odor intensity (¥) of each component,
which can be predicted from its composition in the liquid
phase using the UNIFAC method and some physical proper-

ties:
P M, 1 "
O T TS A

As stated above, \ provides a measurement of the odor
intensity for the different odorants present in the surrounding
air. Still, it is necessary to account for the perception of
odor mixtures. Several attempts have been done to describe
the perception of mixtures, but none has shown convinc-
ing.***" Along with the models proposed, the Stronger
Component Model is among those recommended for truly
multicomponent mixtures (>3 components).‘m’45 The basic
statement of this model is that the odorant with the highest
odor intensity will be more strongly perceived. Combining
this model with the power law for odor intensity (V) and
applying to the N components present in the gas phase
results:

lPmax = maX{l//iL i=1,.,N 5)

The selection of this model is based on the experimental
evidences that the odor intensity of mixtures tend to show a
certain compromise..*>*”*® The model does not provide any
information about the remaining components, just stating
which one will dominate the perceived scent above all of
them. But as far as Eq. 4 can be used to predict odor inten-
sity, Eq. 5 allows the prediction of the dominant note in a
mixture or a perfume.

The odor intensity (V) concept can be applied together
with some previously developed methodologies like the per-
fumery ternary diagram (PTD®) and the perfumery quater-
nary-quinary diagram (PQ2D®) for the odor intensity and
character of fragrance mixtures,'®*’ and the perfumery radar
(PR) methodology for fragrance mixture classification.’® The
former two methodologies allow representing the odor char-
acter of ternary, quaternary, and quinary mixtures with
graphical tools. The PTD® uses ternary diagrams and the
PQ2D® uses tetrahedric diagrams to map the perceived odor
character of fragrance mixtures (e.g., the component with the
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highest odor intensity, W ,.x) as a function of the composi-
tion in the liquid phase together with Egs. 4 and 5. For that,
the UNIFAC method was used to predict the vapor-liquid
equilibrium (VLE) considering non-idealities in the liquid
phase of the perfume.'® The last methodology allows classi-
fying perfumes or fragrance mixtures into olfactive families
using radar plots. The PR methodology introduces scientific
knowledge to predict the character of perfume mixtures
using the odor intensity and character models aforemen-
tioned.>® It is based on the classification of pure fragrances
into olfactory families, and then predicts the odor intensity
for each fragrance using an odor intensity model (OV—Eq.
1, power law—Eq. 2, or other). Finally, it estimates the cu-
mulative odor intensity of each olfactory family and repre-
sents that in the Perfumery Radar. Further details can be
found elsewhere.™

In what concerns the performance parameters previously
presented for the effect of time and distance in the percep-
tion of fragrances or perfumes, they use the odor intensity
and stronger component models together with a diffusion
model. In the perspective of a chemical engineer these per-
formance parameters are simply the diffusion effects of the
fragrances in air. Thus, combining the power law model
from Eq. 2 with a diffusion model to account for the effects
of time and distance on the fragrance concentration in air
will allow predicting the performance of the different fra-
grances used in the perfume formulation. For this purpose, a
simple diffusion model, previously developed based on the
Fick’s second law for diffusion, was used.®® The diffusion
model simulates the evaporation rate of small amounts of a
perfume mixture, using the UNIFAC thermodynamic method
for the VLE. This way, the volume and composition of the
liquid are changing with time as the perfume evaporates and
it was considered one-dimensional diffusion in air.

In sum, in the present work it is intended to show the dif-
ferent steps involved in product development, which in this
case was oriented to the production of microencapsulated
perfumed textiles for commercial use (manufacture of man
suits). In a first stage, various perfumes were produced by a
fragrance company and a quaternary perfume concentrate
was selected by their experts taking into account its scent
and final application.18 The odor intensity and character of
this perfume was predicted using simulation techniques like
the PTD®, PQ2D® and PR methodologies.'*****3° The per-
formance of the perfume was also analyzed using a previ-
ously developed diffusion model for time and distance.’
Subsequently the perfume was microencapsulated and
impregnated in fabrics. These textiles were evaluated by
experts in terms of touch and visual quality after impregna-
tion and then subjected to five dry washing cycles and 9000
abrasion tests. The headspace of these textiles was experi-
mentally analyzed and the performance of the impregnated
fragrance was simulated with the diffusion model.

Materials and Methods
Perfume formulation

The perfume formulation was obtained using four commer-
cially available fragrances, namely (4R)-1-methyl-4-(1-meth-
ylethenyl)-cyclohexene (limonene), methyl-(2-amyl-3-oxocy-
clopentyl)acetate (methyl dihydrojasmonate, MDJ), methyl
cedryl ketone (vetiver) and 1,3,4,6,7,8-Hexahydro-4,6,6,7,8,8-
hexamethylcyclopenta[g]-2-enzopyran (galaxolide) in a 50%
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Figure 1. Polymerization reaction mechanism for the synthesis of the polyurethane-urea shell of the microcapsules.

diethyl phthalate (DEP) mixture. All fragrances were supplied
by Sigma Aldrich and used without further purification.

PUU microcapsules and impregnation on textiles

The production of PUU microcapsules was performed
according to the reaction mechanism presented in Figure 1.
The reactants used in this process and its further application
on the textile substrate were: hexamethylene-1,6-diisocyanate
(HMDI) purchased from Bayer; polyethylene glycol 400 (PEG
400) from Sigma Aldrich; ethylenediamine (EDA) obtained
from Panreac; hydrazine monohydrate (HYD purum) was pur-
chased from Sigma-Aldrich; polyvinyl alcohol (PVA) was
obtained from Celanese Chemicals acting as a protective col-
loid, and Triton Ca acquired from Dow company was the
emulsifier; dibutyltindilaurate (DBDTL) from Sigma-Aldrich
was used as catalyst. PUU microcapsules were prepared by
interfacial polymerization and further details on the encapsula-
tion process can be found elsewhere.'® The microencapsula-
tion process was carried out in a polymerization reactor with
controlled temperature and equipped with a mechanical stirrer.
The microencapsulation process involves three steps:'® first,
the formation of oil-water emulsion (the emulsion is placed at
80°C and stirred at 100 rpm in an IKA Reactor); then, the for-
mation of the capsule wall (urethane and urea phase mem-
brane around the oil droplets); finally, the separation and
washing procedures. The resulting microcapsules were col-
lected by centrifugation and washed with an ethanol solution
(30% v/v) and distilled water to remove the remaining reac-
tants. Finally the microcapsules were suspended in a solution
of water containing the wetting agent (Triton CA).

PUU microcapsules with the selected masculine fra-
grance were applied on fabrics of wool/polyester in the fin-
ishing process using a foulard.'® For the impregnation pro-
cess it was prepared a bath containing: (i) microcapsules at
a concentration of 50 g/L, (ii) a softener at 10 g/L, and
(iii) a self-cross linking agent at 50 g/L. The conditions
required for the impregnation process on the foulard were:
pressure at 3 bar, 70-80% of pick-up rate, 100°C during 3
min for drying followed by 140°C during 3 min for
thermo-fixation.

Dry cleaning and abrasion tests

After the impregnation of the microcapsules on the tex-
tiles, these were subjected to dry cleaning washing cycles or
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abrasion tests to evaluate their resistance and performance.
The dry cleaning process used perchloroethylene as solvent,
and according to the European Norm EN ISO 3175-2 the
procedure followed a washing time of 15 min and a final
rinse of 5 min.”! For its part, the abrasion tests are intended
to evaluate the resistance of the textile substrate when sub-
mitted to flexing, rubbing, shock, compression, stretching,
and other types of mechanical forces. For that, the sample
was placed between two discs driven by a rotor along a
“zigzag” course in a circular orbit (cycle), according to the
European Norm EN ISO 12947-2.2

Headspace/GC/FID analysis

The headspace of fabrics impregnated with fragranced
microcapsules was evaluated by GC-FID before and after
each test to account for the performance of the final product.
Square samples (4 x 4 cm) of the impregnated fabrics were
placed in plastic bags (12 x 23 cm) and the microcapsules
were broken by mechanical stress. Samples were left for
equilibration overnight, and then a volume of 0.5 mL of the
gas phase was injected and analyzed by Headspace/GC/FID.
Gas chromatographic analyses were carried out on a Varian
CP-3800 instrument equipped with split/splitless injector, CP-
Wax 52 CB bonded fused silica polar column (50 m x 0.25
mm, 0.2 um film thickness), and a FID detector. The GC oven
temperature was programmed as follows: 50°C for 5 min,
ramp of 2°C/min up to 200°C and held at 200°C for 25 min.
The injector was set at 240°C with a split ratio of 1/50 for
FID, while the FID detector was kept at 250°C. In the case of
headspace analysis the injection was performed using gastight
syringes (SGE) in splitless mode. The carrier gas used was he-
lium He N60 at a constant flow rate of 1 mL/min.

Results
Perfume characterization

The fragrant components used in the formulation of the per-
fume together with their compositions and some physicochemical
properties are presented in Table 2. In the design of this per-
fume concentrate, a characterization of its olfactive intensity
and character was performed using some perfumery tools pre-
viously developed in our research group. First, the odor char-
acter of the mixture was studied using the PTD® and PQ2D®
methodologies. These are graphical tools showing the
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Table 2. Perfume Concentrate Components, Composition, and Some Physical Properties

Molecular Molar Molecular Weight, Odor Threshold, Vapor Pressure,
Component Formula Composition (x;) M; (g/mol) C%hr (g/m3) P; (Pa)* nt
Limonene CioHp6 0.296 136.20 6.84 x 10°% 20.5 x 10 0.37
Methyl dihydrojasmonate Cy3H,05 0.326 226.31 9.12 x 10°* 9.47 x 1072 035,
Methyl cedryl ketone C17Hy60 0.299 246.39 3.80 x 107 1.13 x 1072 035"
Galaxolide (in 50% DEP) Ci5Ho60 0.037 258.40 1.38 x 10°°% 5.52 x 102 0.36
Diethyl Phthalate C15H,40, 0.043 222.23 Odorless 222 x 107! -

*Chemspider. Database of Chemical Structures and Property Predictions -
www.chemspider.com/Default.aspx.

Royal Society of Chemistry.[Database] November, 2010; Available from: http://

‘Devo@ M, Rouault J, Laffort P, Standardized olfactory power law exponents. Dijon - France: Editions Universitaires-Sciences 2002.
*yan Gemert LJ, Compilations of odour threshold values in air, water and other media. The Netherlands: Oliemans Punter & Partners BV 2003.
;Lefﬁngwell JC, Leffingwell D. May 2010; Available from: http://www.leffingwell.com/odorthre.htm.

Recommended average value.
**Measurement in our laboratory using an olfactometer.

dominant odor as a function of composition in triangular or
tetrahedric diagrams, respectively. The dominant odor is cal-
culated using an odor intensity model (e.g., the power law as
in Eq. 4) together with an odor perception model (e.g., the
stronger component model as in Eq. 5) as presented before. As
the perfume concentrate is composed by four fragrances and
an odorless solvent, the PQZD® is perfectly suited to show in a
single 3-D-graph the effect of the composition in the initial
odor character near the source of fragrant release. The odor
character of the ternary subsystems that compose the perfume
mixture used in this work are presented in Figure 2. The pre-
sented PTD® diagrams match the faces of the PQ2D® which is
presented in Figure 3. Each fragrant odor will dominate above
all others within a certain composition range, which in the
PTD® represents an odor zone and in the PQ2D® is shown by
an odor volume.

In Figure 3 it is possible to visualize the shapes of the dif-
ferent odor volumes as a function of the liquid composition
in the PQ2D® for the quaternary mixture (limonene + MDJ
+ vetiver + galaxolide). It is clear that limonene, the top
note (the most volatile) has the dominant odor of the mixture
for most of the composition range, and so its odor volume
occupies nearly the whole tetrahedron. The galaxolide odor
volume dominates the odor space for low limonene concen-
trations, appearing as a slice opposite to the limonene vertex.

Galaxu]ide

Limonene

Galaxohde

AWAAAAVAVVAA AAAAMm
) VAV éVA‘V‘V RYRTEVENIAVAYAYS 4

N EPAVATE) ST AV VA VAN eVAA‘VJ
“'«'MVAVA‘FAAVAVA%V AVVB“

Limonene
B MDJ

O Vetiver

M Galaxolide

Galaxolide
Figure 2. PTD® for the ternary subsystems with the
odor zones for each individual fragrance in
the mixture.
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Both MDJ and vetiver (the floral and woody notes) make
themselves more strongly perceptible only for very low con-
centrations of limonene and galaxolide. Thus, their odor vol-
umes are like fine sticks near the axis linking their vertices.
Considering the initial perfume composition and the PQ2D®
on Figure 3, it is possible to see that the perfume mixture
selected for this work would initially present a dominant
limonene scent. To assess the odor character or quality of
this perfume formulation, the PR methodology was also
applied, considering its molar composition (Table 2) and the
classification of the pure fragrances into olfactive families
presented in Table 3.

The obtained perfumery radars for the predicted and ex-
perimental (headspace) compositions of the perfume mixture
are shown in Figure 4. Both perfumery radars present a cit-
rus primary olfactive family, resulting from the dominance
of limonene. In this way, in terms of olfactive families both
the predicted and the experimental perfumery radars evi-
dence an initial Citrus-Floral odor perception, although the
fruity, woody and musk nuances have also their impact.
These last two families will be more strongly perceived after
the evaporation of the top note (limonene). Thus, considering
the proposed olfactive families of the PR methodology, it
can be possible to classify this perfume as Citrus-Floral with
woody and musk nuances. The experimental classification of
this simple perfume mixture obtained from the nose evalua-
tion of experts agreed with the Perfumery Radar, considering
the powerful limonene odor (mainly citrus and fruity) to
give lift and freshness, together with a background of sweet
(musk) and woody nuances.'®

Nevertheless, the perceived smell of a perfume does not
remain the same over time. As mentioned before, perfumes
are formulated as a combination of different types of fra-
grances. Once it is applied in our body or clothes the diverse
components will start to evaporate and diffuse at different
rates. The same applies for a perfume released from micro-
capsules. Thus, the odor of the perfume will evolve with
time, and this effect must be accounted for the evaluation of
its performance. To evaluate the performance of the pro-
posed perfume formulation, a diffusion model previously
developed was used to predict the evolution of the odor in-
tensity and character of the selected formulation.*>* This
diffusion model accounts for the change of the fragrances
concentration, both in the liquid and gas phases. The combi-
nation of the diffusion model with the odor intensity model
(Eq. 2) and the perception model (Eq. 5) provides the tool to
predict the odor intensity profiles for a given perfume

June 2012 Vol. 58, No. 6 AIChE Journal



Galaxolid
(a) aax e

Limonene

MDJ

Vetiver

( C) Galaxolide

Limonene

MDJ

Vetiver

(b) Galaxolide
Limonene
" \\
Vetiver

(d) Galaxolide

Limonene

Vetiver

Figure 3. PQ2D"with the odor volumes for each individual fragrance in the mixture: (a) limonene, (b) MDJ, (c)

vetiver, and (d) galaxolide.

composition. These intensity profiles are presented in Figure
5 for the selected perfume composition (Table 2) at two dif-
ferent distances from the source: 0 and 2 m. Despite the sim-
plicity of the odor models, they provide basic information
about the dominant note (character) of the perfume. This
way, the diffusion profiles show that limonene is the odor
note more intensely perceived for all the time considered.
Even at longer distances from the release point, limonene is
more strongly perceived although the middle and the base
notes present some background odor effects: vetiver gives an
oriental-sweet nuance while the musk galaxolide acts as a
fixative by retaining the other fragrances in the liquid and,
thus, slowing down their evaporation.

Performance of fabrics with microencapsulated perfume

Figure 6 presents the micrographs obtained from scanning
electron microscopy (SEM) for the impregnated microcap-
sules produced in the laboratory. Through these images it is
possible to see that the surface morphology of the PUU
microcapsules is spherical and smooth. It can also be
observed that the microcapsules are well distributed in the
textiles without excessive agglomeration and confirmed the
adhesion between textile fibers and microcapsules.'®

The encapsulated perfume is a homogeneous solution with
constant composition in each microcapsule, which will be
released to the air from breakage of their polymeric walls.
To evaluate the performance of the microencapsulated per-
fume when applied to the fabrics, the released odor intensity
was compared to that of the pure perfume. The comparison
was extended to the odor intensity predicted by means of

Table 3. Fragrance Classification in Terms of Volatility and
Olfactive Character

Component Fragrance Note Odor Character®®
Limonene Top Citrus, fruity, floral
Methyl dihydrojasmonate Middle Floral
Methyl cedryl ketone Base Woody, oriental
Galaxolide (in 50% DEP) Base Musk, floral, woody
Diethyl phthalate Solvent odorless
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Eq. 4. Odor intensities for the fragrant components were cal-
culated from the concentrations measured experimentally in
the headspace of the perfume at equilibrium conditions and
in the headspace of the microencapsulated textiles (before
any washing cycles or abrasion tests). Besides, the odor in-
tensity was also predicted from the perfume composition,
considering the encapsulation efficiency, using Eq. 4. A
comparison between the odor intensity of each fragrant com-
ponent in the three situations is presented in Figure 7.

From Figure 7a, it can be observed that for the perfume
mixture, limonene is the dominant fragrant note in all cases,
followed by galaxolide, vetiver, and finally MDJ. Comparing
the odor intensities obtained in the headspace of the liquid
perfume mixture (left) and in the headspace of the impreg-
nated textiles (middle), it is possible to see that the top note
(limonene) is the only species that has higher odor intensity
when applied in the textiles. This may be attributed to the
fact that limonene was the fragrance ingredient with the least
encapsulation efficiency, and so much of it remained outside
the microcapsules, being directly adhered to the fibers. To
simulate the odor intensity of the fragrant compounds, they
were also predicted using the composition of the liquid per-
fume, the encapsulation efficiency obtained, and the UNI-
FAC method as described before. The predicted odor inten-
sities for each fragrance compound are presented on the right
column of Figure 7a. The results show an over prediction
for the odor intensity of limonene, while for the other fra-
grances it presents the same tendency as observed for the
perfume and textiles headspace. The general trend of the
perceived odor intensities for all the species in all the three
cases is Limonene > Galaxolide > Vetiver > MDJ.

In a previous study we reported the microencapsulation of
pure limonene for textile applications.'” The type of micro-
capsule (PUU) and fabric, the microencapsulation process
and the impregnation protocol was the same as in this work.
Thus, the same analysis can be performed for these microcap-
sules with pure limonene. The results obtained are presented
in Figure 7b. It is possible to observe that the odor intensity
in the headspace of the impregnated fabric was lower than
for liquid limonene, as well as the odor intensity predicted
with our model (Eq. 4). It is important to recall that the
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[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

model for a single component reduces to the saturation pres-
sure. Thus, the model gives a value close to the pure liquid,
while the textile with microencapsulated limonene provides a
lower odor intensity which can be understood as a matrix
effect of the microcapsule application on the odor release,
acting as a fixative of the fragrance in the substrate. It should
be highlighted that a similar trend was observed for limonene
in both textile applications: the predicted value based on our
model is higher than what was experimentally measured in
the headspace. This is probably due to matrix effects, that is,
interactions between the fragrance ingredients and the fibers,
the microcapsule wall material, the softener and/or the surfac-
tant, which can act as fixative agents of the fragrances. These
effects on the released odor intensity were previously studied
by other authors showing that several factors may influence
the interaction with fragrance materials.”*>

As mentioned before, the impregnated textiles were sub-
jected to dry cleaning and abrasion (mechanical) tests for the
evaluation of their performance in a daily use. The effect of
the number of dry washing cycles and abrasion tests on the
perceived odor intensity of the fragrance encapsulated tex-
tiles is presented in Figures 8a, b, respectively.

The influence of the dry washing cycles on the perform-
ance of the fragranced textiles shows that there is a decrease
in the perceived odor intensity of all the fragrant components.
Limonene is still the most strongly perceived component of
all fragrances, as expected for a top note. After five dry
washing cycles there is a decrease of 58% and 47% of the
odor intensity of limonene and vetiver, respectively. For the

case of MDJ it is not perceived, since its odor intensity
always falls below unity. The base note, galaxolide (musk),
was no longer perceived from the fourth dry washing cycle
onwards. This variation on the presence and composition of
the different fragrant components shows that not only the per-
ceived odor intensity is changing due to the washing cycles
but also that the odor character is evolving since the effect of
MDJ and galaxolide on the overall scent is being reduced.

The abrasion tests are also intended to evaluate the per-
formance of the fabrics by mimicking the mechanical resist-
ance of the microcapsules during the daily use of a man suit.
The variation of the odor intensity of the fragrances as pre-
sented in Figure 8b evidences a slight decrease over the ab-
rasion cycles. Once more, it is seen that the odor intensity of
MDJ is always below the threshold level, and so it is not
perceived by the human nose. However, its presence both in
the liquid and vapor phases influences the overall scent of
the perfume mixture. It was observed that only limonene and
vetiver remained at perceivable concentrations after 9000 ab-
rasion cycles. Nevertheless, it should be highlighted that
even after such an intensive test there are fragrances still
remaining adhered to the fabrics, and contributing to the per-
ceived scent.

On both tests (washing and abrasion cycles) it was possi-
ble to conclude that limonene and vetiver were the most
retained fragrances in the fabrics and with suprathreshold
odor intensities. It is seen through this analysis that after a
number of dry washing cycles or abrasion tests some of the
notes (MDJ, galaxolide) have odor intensities below unity
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Figure 5. Odor profiles for the perfumgett:c’mcentrate near the point of relea;gg?left) and at a distance of 2m from

the source point (right).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 6. SEM images of the microcapsules impregnated in the tested fabrics at the laboratory scale: ©LSRE 2010,

with permission.

(sub-threshold). However, it should be emphasized that this
does not mean that the fragrant species is not still impreg-
nated in the fabrics, but that its concentration is below the
detection limit. Thus, if the fragrant component remains in
the perfume mixture, it continues to play a role in the evapo-
ration rate of the other fragrances, influencing the overall
perceived odor.

To assess the performance of these fragranced textiles it is
important to evaluate the perceived odor intensity and char-
acter of the microencapsulated perfume either over time of
usage of the suit, either at different distances from it. This is
important to evaluate the perceived sensation of the fra-
granced suit on the user and surrounding people. The analy-
sis of such parameters is quite difficult to predict (due to the
randomness of microcapsule breakage and evolution of the
perfume composition over time) or to evaluate experimen-
tally (due to the complexity in sample collection and analy-
sis at low or trace levels). However, for a simple evaluation,
a diffusion model was used to estimate the performance of
the perfumed suits in terms of the odor intensity and charac-
ter over time and distance of application: The composition
of the liquid perfume remaining on the textiles was esti-
mated from the experimentally measured compositions in the
headspace of the impregnated textiles. A flash vapor-liquid
equilibrium (VLE) calculation was performed using the UNI-
FAC method for estimating the activity coefficients in the

liquid phase. From that point the diffusion model was
applied using an estimated total number of moles of 1.0
mmol and an area of liquid-gas interface of 0.071 m?”. This
analysis was performed for each dry washing cycle to evalu-
ate the odor intensity and character of the perceived scents
at different distances from the man suit and over time. The
odor profiles obtained after the first and third dry washing
cycle are shown in Figure 9.

The predicted odor intensity profiles show that, from a
very simplistic approach, the top note limonene would be
more strongly perceived than the other fragrances after each
dry cleaning cycle. Thus, limonene would have higher
impact, tenacity, diffusion and volume parameters, though
the character of the perceived scent might change as the con-
centration of the middle and base notes evolve through time
and distance. Another important result is that although the
perceived scent decreases in intensity after dry cleaning
cycles (as expected), its character remains similar. This can
be seen in Figure 9: comparison of top and bottom graphics
shows that the relative proportion of the ingredients is kept.
This is desirable from the consumer point of view, because it
is expected that the perfume will maintain the same scent and
olfactive family after washing. It should be noted that
although convection effects were neglected in the model and
the total mass of perfume impregnated in the textile was
assumed as small, the predicted odor intensity after 24 h is
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Figure 7. Comparison between the odor intensities of the fragrant species in the headspace: liquid perfume, tex-
tiles impregnated with microcapsules, and prediction by Eq. 4.
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still higher than unity for some fragrances. This way, the per-
fume is expected to be perceived around the people wearing
the suit for a considerable time. Nevertheless, it is important
to highlight that this evaluation of performance considers
only the evaporation and diffusion of the fragrant components
from the microcapsules into air, neglecting possible interac-
tions of the fragrances with the textile and between them-
selves. In this case the releasing process starts by breakage of
the microcapsule and then evaporation of the liquid perfume
mixture into air. However, the binding of fragrant molecules
to textile fibers would reduce the evaporation rate, thus
enhancing the performance of the perfumed suit.
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Conclusion

In this work different predictive models were combined
with experimental methodologies for the development of an
added-value product. The performance analyses of perfumed
textiles have shown a reduction of the odor intensity of the
perfume with the number of dry cleaning and abrasion
cycles. However, even after being subjected to these tests, it
is possible to detect fragrances released from the suits at
suprathreshold concentrations. The prediction of the odor in-
tensity for the headspace of both the perfume and the textiles
has shown that limonene was the most strongly perceived
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Figure 9. Odor profiles for the perfluzne concentrate after the first (top) and third .El;“c)ei{o)m) dry washing cycles: near
the point of release (left) and at a distance of 2 m from the source (right).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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fragrance within the perfume mixture, which was confirmed
experimentally. The relative odor intensity of the perfume
ingredients predicted with the model was in agreement with
the experimental headspace evaluations showing a general
trend: Limonene > Galaxolide > Vetiver > MDIJ. More-
over, it was observed that although galaxolide was strongly
perceived after impregnation, it was less perceived than
vetiver after the first dry cleaning or abrasion tests. More-
over, one important parameter to take into account for such
evaluations is matrix effects that may retain or push-out fra-
grance ingredients from the textiles. In sum, this work has
presented a performance analysis of fabrics with microencap-
sulated perfume. The results are relevant for the product
design and development of perfumed suits, a valuable alter-
native for a niche market of fragranced products.
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