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ABSTRACT: Microencapsulation of volatile compounds in fabric care products has brought extra value in a variety of laundry-
type applications, allowing clothes to release pleasant scents for weeks after their last wash with minimal amounts of fragrance
used. Melamine−formaldehyde is the industry standard in this regard, while polyacrylate and polyurea shells are promising
candidates for use in commercial laundry-type applications. Harsh storage conditions and demanding release characteristics
have limited the number of viable shell wall materials and chemistries for these kinds of applications. This renders nano- and
microencapsulation of volatile compounds for laundry-type applications one of the most challenging areas in the encapsulation
field. The largest drawback of the current technology is the limited biodegradability of the produced microcapsules, e.g. when
leaking via wastewater. This review summarizes the search toward viable, high-performant and sustainable alternatives for the
current technology. First, various techniques to encapsulate volatile compounds in this context are overviewed. Recent relevant
encapsulation reports using natural and synthetic shell walls are discussed, while controlled release data are included where
possible. Finally, a perspective containing insights toward sustainability in the engineering of alternative capsule chemistries is
offered.
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■ INTRODUCTION

The controlled release of active compounds is a highly desired
property in an increasing number of applications, including the
cosmetic, pharmaceutical and nutritional fields.1 In each of
these fields, a number of unique and diverse requirements are
imposed on microcapsules, in light of their different functions
and release profiles.
A rough divide in encapsulation fields is made when

considering any type of capsule containing flavor or fragrance.
This entails not only all care products, textiles and leathers but
also food and tobacco-related products. Recent reviews by He
et al. as well as Kaur et al. discuss a variety of encapsulation
applications for a wide range of these consumer goods.2,3 In
the food industry, reports on microencapsulated essential oils
or preservation of flavor and fragrance have seen increased
attention.4 Food microencapsulation sets itself apart from
pharmaceutical and cosmetic applications as the release rate of
encapsulated food in the mouth is fast and easy due to the
induced mechanical force of grinding teeth, rendering
controlled release mostly unnecessary.5 Hence, these types of
shell walls are only viable for food applications as they would
not be able to provide a prolonged release in environments
typical for drug or general care applications. While drug
encapsulation comes with the extra challenge of biocompat-

ibility (in vivo) and an increased focus on timed and targeted
release, some household applications (e.g., floor cleaners,
liquid laundry detergents, fabric conditioners) have possibly
the most demanding release requirements. On the one hand,
sustained release of fragrances is a key performance parameter
in many of these personal and household care items, while on
the other hand the stability of the products on-shelf is crucial
as well. Prolonged stability of these microcarriers, encapsulat-
ing small and volatile molecules, and the subsequent controlled
release require very specific shell wall properties.3

Microencapsulation in the fabric care industry is one of these
high-demanding microencapsulation areas where controlled
release of encapsulated fragrances is driven to the extreme.6

Fabric softeners, liquid laundry detergents and powdered
laundry products often come with encapsulated fragrances with
specific release profiles, preferably releasing fragrances for
weeks after their last impregnation wash. Microcapsules are put
to the most harsh test in liquid laundry detergents, where
capsule walls are subjected to highly viscous liquids containing
concentrated detergents, as they have to protect their inner
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liquid fragrance core from the oil-removing detergents for
periods up to 36 months. The microcapsules are then expected
to be stable during the washing cycle (with temperatures up to
60 °C) and release fragrances on fabric for prolonged periods
of time (Figure 1). Due to the prolonged release of

microencapsulated volatile compounds, the amount of perfume
used in these laundry products can be decreased significantly as
its targeted release makes their use more efficient. It is due to
microencapsulation that the amount of active compounds in
consumer products can be decreased drastically while at the
same time also improving the quality of these laundry products
by protecting fragrances from oxidation caused by heat, light or
moisture.7 Moreover, it can be argued that the prolonged
pleasant scent of textiles is perceived as freshness, decreasing
the overall number of washing cycles, which decreases water
usage and micropollution due to the decreased release of
microfibers from clothing.8

Microcapsules found in commercial laundry applications
mostly make use of aminoplast-type resins as their capsule wall.
These types of structures, of which the melamine−form-
aldehyde (MF) is among the most popular ones, create a shell
wall around an apolar perfume phase via an efficient in situ
polymerization procedure via formaldehyde-induced methyl-
olation and a series of complex condensation reactions (Figure
2).9 Due to the reactivity of formaldehyde for the trifunctional
melamine monomer, the resulting shell wall consists of a
densely packed matrix of melamine-linked molecules with a

high cross-link density. This wall chemistry exhibits exceptional
shell properties as it is very durable and compatible with a wide
range of applications. Part of the success of these aminoplast
shell walls can also be attributed to the cheap cost of its raw
materials.10

Although microencapsulation in textile applications can be
seen as beneficial for both environmental sustainability and
consumer satisfaction (on the premise of less washing cycles
and more efficient use of active compounds), it is worth
looking into process improvements as well as sustainable
alternative solutions without compromising product quality
and properties. Although current microcapsules have an
excellent performance in the high-demanding laundry-type
environment, improvement can still be made in terms of
targeted delivery, biodegradability, toxicity and synthesis
feedstock. All of these factors can improve the environmental
sustainability of these products.
In terms of targeted delivery, various release mechanisms are

described depending on the type of shell wall material and the
external stimuli present.3 For aminoplast-type capsules, release
of active compounds is controlled by mechanical force on the
stiff and brittle shell wall, which causes rupturing of the capsule
on the textile.11 It can be argued that compared to rupturing,
diffusion-type release can be a more controlled and thus more
efficient release mechanism. Various diffusion models are
available in literature which describe the release of active
compounds from a core/shell system. More so than with
fractured release, capsule characteristics (thickness of shell,
core/shell ratio, type of core/shell and type of external
medium) all influence diffusion.12,13 Apart from the type of
release, which is ultimately controlled by the rigidity of the
shell wall and its permeability properties, literature research is
also focused on triggered release of active compounds which
could significantly increase the efficiency of the release.
Examples of these types of triggers include the inclusion of
light-sensitive groups in the shell wall which decompose on
irradiation of specific wavelengths, breaking bond in the shell
wall14 or even generating gas in the inner core which causes
rupturing of the microcapsule.15 The review on triggers for
microcapsules by Esser-Kahn et al. gives a general overview of
possibilities in this area of microencapsulation.16

Figure 1. Critical steps of microcapsule life in the high-demanding
laundry detergent application. The microcapsules are subjected to
detergents for an extended period (1), exposed to increased
temperature and change in medium (2), while eventually impregnated
on textile for controlled release of fragrances over time (3).

Figure 2. Synthesis of the melamine−formaldehyde (MF) microcapsule shell. Formaldehyde and melamine forms an intermediate adduct (step 1)
which start forming MF oligomers which are dissolved in the continuous phase (step 2). These oligomers are ultimately deposited on the oil/water
interface of the emulsified droplets and further react into a densely packed cross-linked shell (step 3).

ACS Sustainable Chemistry & Engineering Perspective

DOI: 10.1021/acssuschemeng.9b00677
ACS Sustainable Chem. Eng. XXXX, XXX, XXX−XXX

B

http://dx.doi.org/10.1021/acssuschemeng.9b00677


Apart from potential improvements on targeted release of
active compounds or the good control over formaldehyde
presently, the current commercial shell wall material is all
petroleum-based and shows poor biodegradability. The latter is
bothersome as their release into the environment is
unavoidable, which results in nonbiodegradable micro- and
nanoplastics polluting lakes, streams and oceans. Although the
global extent of microplastic contamination is unknown, recent
studies suggest that microplastic pollutants could be far more
pervasive than originally thought.17 There is increasing
concern that these micropollutants, once ingested by animals,
can provide possible pathways toward accumulation of
hydrophobic organic contaminants, possibly leading to a
variety of health concerns.18 Although concrete numbers are
not available, it is expected that a certain amount of
microcapsules from laundry detergent products will find their
way in the wastewater after a first washing cycle.19,20

Microplastics are considered one of our newest emerging
contaminants, with microbeads originating from consumer
products being banned in the United States in 2015.21

Moreover, a number of regulatory actions are taken worldwide
to minimize future microplastic pollution. At this point it
should be noted that studies investigating the extent of
microplastic pollution in marine habitats rarely mention the
presence of plastics normally used in microplastic shell walls as
more than 90% of microplastic pollution is polyethylene or
polypropylene. In one recent study which quantified the
microplastic content of wild-caught Atlantic mackerel, a third
of all fish contained microplastic particles Moreover,
subsamples from scat of captive seals fed on these mackerels
were also found to contain microplastic particles, confirming
the trophic transfer of microplastics via the ingestion of whole
prey, which is also relevant for humans. In this study, a minor
fraction (0.5%) was found to be of the MF type.22 It is worth
mentioning that even this fraction is not solely originating from
MF laundry-type microcapsules, as melamine is used in a
variety of laminates, plastics, dyes and fertilizers across the
globe.23 In fact, one of the most abundant micropollutants
from laundry washing are actually plastic fibers resulting from
the weathering of clothes during textile washing. The
magnitude of pollution from these textile fibers is thought to
be orders of magnitude larger compared to any microplastic
originating from microcapsule shell walls.24

Besides their slow biodegradability, MF and urea−form-
aldehyde shell walls use formaldehyde as one of their building
blocks for the shell wall. Although not harmful once
incorporated in the wall material, unreacted formaldehyde is
classified as a known human carcinogen.6 This puts stress on
the manufacturers to comply with strict implemented
regulations and even forces companies to add formaldehyde
scavengers to lower and control free formaldehyde content in
their products. Although it is unclear if these kind of measures
are in effect in smaller companies, it seems commonplace at
large consumer care companies such as Henkel and Procter &
Gamble. Hence, the risk of exposure to toxic levels of
formaldehyde from MF-type microcapsules with scavenger
implementation is nearly nonexistent.25 Still, consumer
perception ultimately drives the market, which is troublesome
for manufacturers as formaldehyde comes with negative
connotations at big American retailers.6 Some of the most
recent successful alternatives, i.e. formaldehyde-free micro-
capsules, e.g. polyurea and polyacrylate microcapsules,26,27 are

still made from petroleum-based monomers and suffer from
poor biodegradability and toxicity (Figure 3).

The ultimate sustainable MF microcapsule replacement is
made from renewable resources, consists of a shell that is made
from harmless constituents and readily biodegrades when
released into the environment. On top of that, the functionality
should still be acceptable, i.e. maintaining a good shelf life and
release profile. In regards to biodegradability, it should be
mentioned that although even MF microcapsules will
biodegrade after an extensive amount of time, shorter time
frames are desirable to avoid accumulation in ecosystems. It
should also be noted that every polymer comes with a different
biodegradation profile. Although many polymers will show
good biodegradation when industrially composted (compost
and soil, 50−60 °C) after 3 months, this list shrinks
significantly when considering biodegradation at lower temper-
atures (<30 °C) in (fresh) water environments via mesophilic
digestion.28 In the latter case, only some natural polymers
(mostly starch-based and protein-based polymers) show
substantial biodegradability after 1 month in a fresh water
environment.29,30

The focus of the sustainability discussion of this paper is
largely put on toxicity (a social-environmental concern) and
biorenewability/biodegradation (an environmental concern).
We should point out that, although commonly used
interchangeably, a biodegradable polymer is not necessarily
more sustainable compared to oil-based alternatives. Although
biobased polymers, both biopolymers or synthetic polymers
from biobased building blocks, are generally considered an
eco-friendly alternative to petroleum-based polymers due to
their renewable feedstock and presumed biodegradability,
these are only contributing factors to a bigger picture in need
of a complete Life Cycle Analysis (LCA).31 When considering
LCA’s of biobased polymers, other factors such as the excessive
usage of energy (from fossil fuel) during the agricultural,
milling and production stages commonly play a major role.31

We should therefore always be careful when labeling
something as green or sustainable. Although a detailed analysis
of all factors influencing the LCA in microencapsulation is far
beyond the scope of this review article, we have tried to
maintain a consistent approach throughout this article, giving
notice to sustainability concerns, both environmentally
(biodegradability, feedstock) and social-environmentally (tox-
icity of compounds and possible detrimental health effects).

Figure 3. Two of the most studied and promising melamine−
formaldehyde replacements for encapsulating fragrance compounds in
laundry-type applications: polyacrylate and polyurea. A simplified
synthesis scheme is shown.

ACS Sustainable Chemistry & Engineering Perspective

DOI: 10.1021/acssuschemeng.9b00677
ACS Sustainable Chem. Eng. XXXX, XXX, XXX−XXX

C

http://dx.doi.org/10.1021/acssuschemeng.9b00677


This review focuses on the chemistry and engineering of
both micro- and nanoencapsulation of volatile oils with natural
and synthetic shell material in recent scientific literature and
links this to the sustainability discussion. Although ideally,
patents should also be part of this discussion, recent patent
literature in this regard is arguably less focused (or unable to
focus) on the sustainability aspect of fragrance-containing
microcapsules. A large part of recent IP literature in this regard
is focused on improvements of MF32,33 or polyacrylate34,35

shells. An increase in patents concerning polyurea36 and
polyurethane37 shells is also noted. We have omitted
discussion of these types of shells due to them not meeting
the main sustainability criteria (biorenawability/biodegrad-
ability) used in this review. Reviews discussing some of the
patents are available in literature for the interested read-
ers.1,3,38,39

Where possible, focus is put on stability of the produced
capsules in extractive detergent-containing media and their
controlled release characteristics. In this light, the first part of
this review discusses the most common techniques used for
encapsulating these volatile compounds, irrespective of the
shell wall used. The next part will discuss the most relevant
reports available that make use of natural polymers as the shell
wall material. In the third part, the relevant synthetic
possibilities toward environmentally sustainable encapsulation
are explored. Insights of the role and applicability of these
natural and synthetic shell walls in specific laundry-type
applications are given in the Insights section.

■ TECHNIQUES

Micro/nanoencapsulation is the technique where one sub-
stance or mixture of substances is coated or entrapped with or
within another material. The coated material is called the
active core or core material, and the coating is also called shell
wall, shell material or wall material. Depending on the
technique and certain parameters, capsules produced can
have a varying diameter from nanocapsule (<0.1 μm) to
microcapsules (0.1−1000 μm) or macrocapsules (>1000 μm).
The number of techniques used for micro/nanoencapsulation
is extensive, with variations within techniques still imple-
mented. Although microencapsulation is most common for
laundry-type applications, all sizes of capsules are used,
depending on the needs of the application. In practice,
commercially available capsules rely mostly on friction for
releasing their active compounds. In this regard, the smaller the
capsules the greater the covering of the product and the longer

the fragrance will last, as it takes longer for the capsules to be
ruptured by physical pressure due to decreased possible
contact area with mechanical forces, while larger capsules
release more fragrance at once.38,40

In general, micro/nanoencapsulation techniques can be
divided into three main categories: chemical processes
(focusing on polymer synthesis during encapsulation),
physicochemical processes (in which the driving force is
both of physical and chemical nature) and physical processes.
In terms of encapsulating fragrances and oils, numerous
different techniques are available. When considering sustain-
able alternatives for high-demanding applications, the number
of reported techniques decreases significantly. In the next
section, we intend to give an overview of techniques reported
for the production of alternative MF-type microcapsules.
One of the most commonly used techniques when

considering encapsulation of volatile compounds with a
biodegradable shell is the physicochemical coacervation (or
phase separation) technique (Figure 4).41,42 This technique is
divided into simple and complex coacervation, depending on
the components of the shell wall. The coacervation technique
starts from a stable emulsion of the core material in the
continuous phase, which consists of (part of) the wall material.
Through different methods, the encapsulating material is
induced to precipitate as a viscous liquid (coacervate) on the
encapsulated material. In simple coacervation, a single polymer
is precipitated around the core material. This can be done via
salting out via the addition of electrolytes, via the addition of a
nonsolvent, or via temperature changes. In this step, phasing
out the polymer out of the liquid phase onto the shell wall is
the main purpose. While simple coacervation is induced by a
change in condition that induces desolvation of the shell wall
material, complex coacervation is induced via neutralization of
two oppositely charged polymers, usually proteins and
polysaccharides (Figure 4).43 In the final step, the coacervate
shell obtained via simple or complex coacervation can be
stabilized/hardened via a number of methods to create a stable
shell wall. Hardening may include chemical cross-links for an
irreversible stabilization of the shell.44 High encapsulation
efficiency (%ee), one of the main parameters for evaluating
microencapsulation techniques (%ee = oil encapsulated (g)/
total oil (g)) and great flexibility in choice of shell wall and
type of encapsulated material has made the coacervation
technique one of the most studied techniques in food,
pharmaceutical and personal and household encapsulation.
Overall, the load of oil in the final microcapsules formed by

Figure 4. Simple and complex coacervation depicted, starting from emulsification of the to be encapsulated oily core.
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coacervation is high compared to other encapsulation methods,
such as spray-drying.45 Due to the nature of the coacervation
process which needs minimal or no heat, it is considered one
of the best encapsulation techniques for volatile compounds.46

Spray-drying is another common encapsulation technique,
although more so in the food industry, due to its flexibility and
economic viability (Figure 5).47 It is easily scalable and

produces high-quality products with low water activities that
are easy to transport.39,48 It is a physicochemical micro-
encapsulation technique that uses an emulsion of the active
component in water or an organic solvent. The selection of the
wall material in this process is critical to the encapsulation
process. In essence, any polymer that can be atomized is a
possible wall material in the spray-drying process with proteins,
polysaccharides and gums among the most heavily re-
searched.49,50 The starting emulsion controls the size
distribution of the resulting microparticles and has influence
on the final %ee. This emulsion is atomized into a heated
compartment with hot and compressed air. The sprayed
droplets quickly dry when subjected to the outlet temperature
and hot gas of the spray dryer chamber. As a consequence, the
solvent surrounding the emulsion quickly evaporates and a
hardened particle or capsule is formed around the core
material. Once dried the particles are separated and collected
into the cyclone. The spray-drying and separation of the air
particles is a fast process which enables continuous micro-
capsule production. Apart from these advantages, the equip-
ment is quite bulky and the procedure is not very thermally
efficient.51

When considering the spray-drying of fragrances for high-
demanding applications, reports are more scarce as the

procedure becomes more challenging. As spray-drying forces
all capsule components through a heated chamber, loss of oil
to be encapsulated is common for more volatile compounds,
leading to a poor %ee. Apart from unencapsulated oil, residue
on the surface of the powder particle is also often observed.52

In this regard, modifying the shell and core material and the
spray-drying parameters can have a significant influence on the
%ee of the process. Although many reports are available of
encapsulation of volatile essential oils via spray-drying for food
applications, applications requiring controlled release are less
often described.
Emulsification/solvent evaporation is another common and

straightforward technique for the encapsulation of a variety of
active compounds in a core−shell particle. It consists of the
formation of an emulsion via the use of a volatile organic
solvent which dissolves the oil to be encapsulated, and the use
of water with a stabilizer as the continuous phase. In this way,
O/W emulsions are hardened when the volatile liquid diffuses
into the continuous phase and evaporates.53Although widely
utilized in the pharmaceutical industry for encapsulation of
hydrophobic drugs, reports of this technique for the
encapsulation of fragrances are less common.54−56 The
technique is quite expensive as the most efficient volatile
organic liquids are most often of the halogenated type (e.g.,
dichloromethane). Moreover, the process is energy- and time-
consuming and even in optimal conditions it provides quite
low %ee compared to some of the more recent popular
techniques such as coacervation.
Recently, layer-by-layer (LbL) technique carriers have

received increase attention concerning their applicability in
drug delivery, biosensors and bioreactors.57 This technique is
now also being explored for stabilizing volatile O/W
emulsions.58 Multilayer coatings are usually produced via
electrostatic deposition of charged biopolymer onto an oil
microdroplet. In this regard, the LbL technique is analogous to
the complex coacervation technique as both techniques are
based on polyelectrolyte complexation. But while complex
coacervation is governed by a phase separation equilibrium,
LbL technique creates kinetically trapped layers. Although lab-
scale LbL strategies to encapsulate emulsions or droplets (with
or without the use of templates) is a very common
straightforward technique, upscaling is often problematic.
One major concern in this regard is the time required for
assembly of every separate capsule layer, which somewhat
hampers the industrial viability of this process.59

Figure 5. Spray-drying process starting from the encapsulation of the
oily core which is used in an atomization process which spray-dries
microcapsules.

Figure 6. Scheme of in situ polymerization and interfacial polymerization encapsulation technique.
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Interfacial and in situ polymerization are two common
polymerization techniques for encapsulating active compounds
(Figure 6). In in situ polymerization, formation of the shell wall
happens after the emulsification step as the monomers are
located in the continuous phase.19 A variation of this technique
is the interfacial polymerization technique which occurs via
dispersing two reactive monomers in alternative phases,
followed by polymerization on the interface of the core
phase and the continuous phase.60 The fast reaction times, easy
scale-up and generally high %ee make these polymerization
encapsulation techniques highly industrially relevant. The in
situ polymerization of melamine−formaldehyde produces one
of the most forgiving shell walls, producing capsules with
excellent properties with numerous volatile active cores. It is
clear that the wall material of these types of techniques will
likely be nonbiocompatible and more certainly nonbiodegrad-
able. Moreover, these types of encapsulation require fast
reaction kinetics to be able to cross-link the core in situ, which
is often linked to an increase in toxicity (acrylates, aldehydes,
isocyanates).

■ NATURAL SHELL WALL AND VOLATILE
COMPOUNDS

Microencapsulation. Some reports are available of
encapsulation of volatile and/or oily compounds with natural
polymers via a simple coacervation procedure. Chitin, the
second most abundant polysaccharide in nature, is one of the
most studied biopolymers (per definition thus biobased) for
use as a shell material in microencapsulation.61−63 It is
obtained from crustacean shells, composed of N-acetyl-D-
glucosamine and D-glucosamine. Chitosan is in fact obtained
by the deacetylation of chitin. This degree of deacetylation has
a large influence on the properties of the resulting chitosan, as
the free primary amine groups are often targeted in
microencapsulation for cross-link reactions. Hsieh et al.
(2006) encapsulated citronella oil via simple coacervation
using 80% deacetylated chitosan as the shell wall and sodium
hydroxide in various concentrations as hardener to stabilize the
capsule. It was found that the concentration of sodium
hydroxide was crucial. While low amounts of sodium
hydroxide were not effective for total encapsulation of the oil
phase, large amounts caused excessive viscosity of the entire
emulsion system which resulted in bulky clusters of micro-
capsules. Thermal pretreatment of chitosan microcapsules at
80 °C was effective in controlling the oil release rate, as the
chitosan membrane shrinks and closes its pores when heated.64

95% deacetylated chitosan was used to encapsulate clove oil via
simple coacervation. In the hardening phase, the pH of the
emulsion was adjusted to 4 and glyoxal was added as a cross-
linking agent at a temperature of 10 °C to cross-link free amine
groups. Addition of glyoxal was essential as there were almost
no microcapsules observed after vacuum-drying when no
glyoxal was added. When the glyoxal concentration was
increased from 1% to 5%, serious agglomeration was observed,
which was an indication that excessive cross-linking had
occurred. The release of clove oil from the microcapsule was
studied in an ethanol−water mixture (10%) at different
temperatures. Lower release rates of clove oil were observed
when the temperature of the release study was increased from
20 to 40 °C or 60 °C. This was linked to contraction of pores
of the chitosan shell at higher temperatures.65

Gelatin is a mixture of peptides and proteins, produced via
irreversible collagen hydrolysis. Due to the specific amino acid

compostion of gelatin, with proline inducing close-packed
chains and locking certain conformations, it is often used as a
gelling agent. It is a popular biopolymer in controlled-release-
type microcapsules due to these properties.66−68 Simple
coacervation was used for encapsulating Zanthoxylum limonella
oil (ZLO). Glutaraldehyde (GA) was used as a cross-linking
agent in the hardening step of the coacervation procedure.
Coacervation was induced by the addition of sodium sulfate.
Hardening of the shell was done with GA. Increasing
concentrations of GA improved the oil retention of the gelatin
microcapsule.69 Volatile citronella oil (CO) was encapsulated
via simple coacervation using gelatin as a shell wall. Sodium
sulfate was added to an emulsion of CO and gelatin in purified
water to induce the coacervation. Afterward, formaldehyde was
added at 5 °C to cross-link the gelatin shell wall.70 The
remaining concentration of formaldehyde in the microcapsules
after washing was still quite high at 0.15% (weight/weight
capsule).
When considering complex coacervation, a number of

successful encapsulations of volatile compounds with the
classic gelatin−gum arabic system are reported. Gum arabic, a
branched polysaccharide of galactose, rhamnose, arabinose and
glucuronic acid, is perfectly suited for the encapsulation of
lipid-based materials as it fulfils the roles of both a surface-
active agent and the drying matrix.71 Leclercq et al. (2009)
reported the encapsulation of limonene and menthol powder
via complex coacervation. The optimal temperature profile for
the coacervation was determined starting at 45 °C (to maintain
gelatin in solution). At the end of the emulsification, a decrease
toward 41 °C for 10 min was deemed optimal. GA was used as
a cross-linker at pH 9. The influence of temperature during
cross-linking on the resulting capsule was studied. Capsules
were significantly more robust when cross-linked at 25 °C
compared to 8 or 15 °C. Capsules consisted of 80% core
material and 20% wall material.45 The gelatin−gum arabic
system was also used to encapsulate patchouli oil, using the
same GA cross-linking. Release studies of these microcapsules
were performed on fabric, as the microcapsules were grafted on
textile. Initially, a burst-like release rate was observed, which
occurred due to a large amount of oil being on the surface of
the microcapsule. After 5 days, the surface-oil was removed
and the release rate was more constant, keeping a constant rate
up to 30 days.72

Apart from gelatin, chitosan is also commonly used in
complex coacervation systems due to its numerous chargeable
amine groups. Butstraen et al. (2012) studied the performance
of chitosan−gum arabic microcapsules with a triglyceride
mixture as inner core. During the cross-link phase, the authors
decided to steer away from any aldehyde-type cross-linker
commonly used in combination with chitosan, mainly because
of the restrictions that come with these types of toxic cross-
linking agents. Sodium triphosphate (STP), a polyanion that
can interact with positively charged amino groups, is a safer
alternative that was studied for use as an ionic cross-linker with
a gelatin−gum arabic coacervate. From spectral analysis, it was
concluded that the cross-linking was effective through ionic
interactions among negatively charged P−O− of STP and
−NH3

+ of positively charged chitosan (Figure 7).73

In this light, Sharkawy et al. (2017) used tannic acid during
the cross-linking phase of a chitosan−gum arabic coacervation
procedure with vanilllin or limonene as a volatile oily core.
Tannic acid, which has the ability to bind to polymers through
hydrogen bonding and hydrophobic interactions, was used
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during the hardening phase as an eco-friendly nontoxic cross-
linking alternative. The produced capsules containing vanilllin
or limonene were first washed and the suspensions were placed
in sealed bottles containing 30 mL of n-hexane at 37 °C.
Samples were taken from this bottle at specified times to
analyze via gas chromatography to determine a release profile.
Formulations containing vanillin had a higher %ee compared
to limonene, attributed to the fact that vanillin was always used
in combination with the viscous carrier corn oil, which might
have decreased its diffusivity through the shell wall compared
to limonene. Moreover, the type of surfactant used in the
formulation had a significant effect on the resulting release
profiles of the capsules. Sharkaway et al. used two types of
surfactants: polyglycerol polyricinoleate (PGPR) and sorbitane
trioleate (Span 85). Via optical microscopy it was observed
that the morphology of the microcapsule can be altered by
varying the surfactant, as the ones prepared with Span 85 had a
mononuclear morphology while the formulations prepared
with PGPR presented a polynuclear morphology. A poly-
nuclear or multinuclear microcapsule consists of multiple cores
surrounded by one (often somewhat bigger) shell. The release
rate of the microcapsules produced was heavily influenced by
the type of morphology obtained. It was found that a
polynuclear morphology had a reduced release rate compared
to mononuclear capsules. Other authors have also mentioned
the superior release rate of polynuclear capsules compared to
mononuclear ones.74 Sharkaway et al. also successfully put
their microcapsules to the test by thermofixating them on
cotton fabrics.46

Although gum arabic is commonly used as a polyelectrolyte
in complex coacervation, a combination of gelatin and chitosan
is also reported for the encapsulation of volatile compounds.
ZLO was encapsulated via a chitosan−gelatin complex. During
the cross-linking phase, genipin was used as a natural cross-
linker to stabilize the chitosan-gelatin shell. Genipin is a
naturally occurring organic compound that reacts with primary
amines and can form mono- up to tetramer cross-links at acidic
or neutral pH. The amount of cross-linker and ratio of gelatin

to chitosan all had a significant influence on the release rate.
Release rate studies were performed in an aqueous environ-
ment with 0.3% Tween 80 as the surfactant. With a 1:1 ratio of
chitosan−gelatin, a 3-fold genipin increase resulted in 15% less
oil released after 100 h.75 Lavender oil was encapsulated with a
similar type of shell wall, using chitosan and collagen
hydrolysate (a more hydrolyzed type of gelatin). The shell
was cross-linked with GA and %ee increased with increasing
concentrations of cross-linker. Release rate studies were
performed in a 0.3% Tween 80 solution at room temperature.
Initial burst release was observed for all capsules produced due
to the oil absorbed on the surface.76 Release after 8 h was more
steady and slower, with the best performing capsules releasing
40% of their oil in 72 h in the aforementioned medium.
The most often reported polymer used for the encapsulation

of volatile compounds via spray-drying is chitosan. Spray-dried
chitosan microparticles are highly spherical and are charac-
terized by a high surface area.77 Encapsulation of orange oil
was reported with a chitosan shell wall via spray-drying. The
starting emulsion was prepared by adding chitosan to 1%
aqueous acetic acid and adding various amounts of orange oil
with surfactants to the continuous phase. After a thermal
treatment, the emulsion was converted to microcapsules via a
high-speed centrifugal spray-dryer. It was found that a fine
emulsion and the use of compound surfactants was desirable to
have the highest retention of orange oil. Interestingly, retention
of orange oil in fabrics was also determined as the amount of
orange oil remaining after the washing procedure to the
amount of oil initially present. The release study of the
microcapsules was tested by first stirring samples in a common
laundry detergent medium with cotton fabric, rinsing with
water and then storing. Oil retention of microcapsules on
cotton fabric after 2 weeks was about 20%. It was found that
smaller microcapsules are desirable in order to use the
interspace between the fabric efficiently. Compared to
nonencapsulated orange oil, encapsulated oil was present on
the fabric for 8 days longer, 21 days in total.77 Yang et al.
encapsulated vanillin with chitosan using the emulsion/spray-
drying technique. Release studies of vanillin on fabric were
conducted after washing. While unencapsulated vanillin was
removed after 1 washing cycle, 10% of the chitosan-
encapsulated vanillin was still present after the 14th washing
cycle. Still, %ee of these microcapsules often suffers from using
the spray-dried technique, as is also obvious from Table 1.
The emulsion/spray-drying technique was also used for

encapsulating an osmanthus flower fragrance with a blend of
gum arabic and maltodextrin. Retention rate of microcapsules
exceeded 90% after 100 days and was still 71% after half a year
at room temperature.78

Prata et al. (2015) used an inventive method to encapsulate
limonene with a chitosan−gelatin blend via a combination of
complex coacervation and spray-drying. The cross-linking
phase of the complex coacervation was performed via GA or
STP after which the emulsion was fed into a laboratory scale
spray-dryer. While microcapsules cross-linked with STP were
easily spray-dried with minimal losses, microcapsules cross-
linked with GA were joined together as a dough-mass after
spray-drying, possibly due to heat activated aldehyde cross-
linking.79

Feczko ́ et al. used the emulsification/solvent evaporation
method to encapsulate vanillin with ethylcellulose. Vanillin was
dissolved in dichloromethane, used as the volatile organic
solvent, and added to a aqueous PVA solution. Microcapsules

Figure 7. Sodium triphosphate used as an ionic cross-linking agent for
cross-linking a chitosan network. When pH is increased, positively
charged amino groups interact with sodium triphosphate.

ACS Sustainable Chemistry & Engineering Perspective

DOI: 10.1021/acssuschemeng.9b00677
ACS Sustainable Chem. Eng. XXXX, XXX, XXX−XXX

G

http://dx.doi.org/10.1021/acssuschemeng.9b00677


were formed after 2 h of stirring and evaporation of
dichloromethane. An %ee between 15 and 40% was achieved,
depending on the initial vanillin concentration and 80% of
encapsulated vanillin was released after 20 days at 50 °C. Still,
solvent evaporation techniques are hampered by the low %ee
values that can be obtained, even more so when considering
the encapsulation of volatile oils.80

Some efforts are made to use the LbL technique for the
encapsulation of fragrances. Sadovoy et al. successfully
encapsulated fragrances via a bovine serum albumine
(BSA)−tannic acid coating. A variety of fragrances were
emulsified with sunflower oil as a base oil (1:1) added in a 90%
(v/v) BSA water solution. Coating of the oil droplet was done
using a filtration cell to perform quick deposition/washing
cycles. Alternating layers of BSA and tannic acid were
deposited on the oil droplet to obtain a stabilized LbL coating.
Controlled release studies of these microcapsules at 40 °C in
aqueous environment showed a correlation between water
solubility of the encapsulated aroma compounds and their
release rate. The release rate of the subjected aroma
compounds was stable over a time span of 3 days at 40 °C,
which show the viability of the LbL technique for creating a
MF-alternative microcapsule.58

Nanoencapsulation. A modified complex coacervation
technique is used for the nanoencapsulation of Osmanthus
fragrance-loaded chitosan, produced for the application on
textile applications. To create nanocapsules via coacervation,
chitosan solution was mixed at 10k rpm for 10 min to reduce
the size of the emulsion. STP was used to cross-link the
chitosan shell after emulsification. For release tests, washing
cycles were simulated with microcapsule impregnated textiles.
It appeared that nanocapsules with Osmanthus fragrance had

an excellent washing resistance. The base note was retained for
over 60% after 20 washing cycles, showing the excellent
retention capabilities of these cross-linked chitosan nano-
capsules.20 An adaptation of this procedure was used by Xiao
et al. for the nanoencapsulation of tuberose fragrance. It was
obvious from the release studies conducted that chitosan
nanoparticles exhibit interesting properties for functioning as
controlled-release carrier of fragrance.81

Solvent displacement (ethanol by water) was used for the
encapsulation of six different types of fragrances. A blend of
ethylcellulose (EC), hydroxypropyl methylcellulose (HPMC)
and poly(vinyl alcohol) (PVA) was used as encapsulating
material. The polymer particles were prepared at 70 °C in 75%
(v/v) aqueous ethanol. Afterward, the blend was dialyzed
against distilled water and different polymer nanoparticle
suspensions were made (ranging from 2k ppm to 28k ppm).
Particles were loaded by dissolving the polymer blend in
aqueous ethanol and mixing fragrance compounds (e.g.,
camphor) in a 1:1 or 1:2 ratio of polymer to fragrance.
Then the mixture was placed in a dialysis bag and dialyzed
against water. Solvent displacement for encapsulation in this
system works due to the insolubility of EC in water. Upon
dialysis, displacement of ethanol with water induces slow
precipitation of EC, with trapping of PVA and HMPC chains
acting as stabilizers for the shell wall. Upon drying, PVA and
HMPC are responsible for the excellent dispersibility of these
particles. Although significant differences among tested volatile
compounds were present, best performing compounds were
still 80% encapsulated after 50 days.82

The sonochemical method, in which a probe is placed in the
interlayer of two phases (O/W), was used by Tzhayik et al.
(2012) for the nanoencapsulation of a pure fragrant oil with a
BSA shell wall. Release profiles of these containers showed an
initial fast release of the fragrance (amyl acetate), associated
with surface oil, and a subsequent slower release rate for the
encapsulated amyl acetate. BSA nanospheres showed excep-
tional stability at room temperature for more than six months
as they were found stable in emulsions for more than 6
months, but the release rate in an open beaker with no solvent
at room temperature was high at a 100% release in 40 h.83

Sustainability. From this overview it is clear that successful
micro- and nanoencapsulation of volatile oils with biopolymers
is an endeavor of many research groups, driven by an effort
toward increased sustainability. However, as mentioned in the
Introduction, the use of biopolymers in itself does not
guarantee a more sustainable approach compared to, e.g. MF
capsules. Moreover, critical thinking regarding the influence of
a significant amount of cross-links on the biodegradability of
resulting polymer shell and the mentioning of potential
increased toxicity due to the addition of these linkers is
lacking. This casts reasonable doubt on the increased
sustainability of these biopolymer-based capsules, one of the
primary requisites for them to be able to enter this market. It is
clear that research in this field will have to be more in depth,
specifically concerning biodegradation studies on the (cross-
linked) end-product, which is needed in order to assess the
sustainability of these microcapsules versus their commercial
counterparts.

■ SYNTHETIC SHELL WALLS AND VOLATILE
COMPOUNDS

Micro and Nanoencapsulation. Synthetic shell walls
have been studied by a few groups, either focusing on biobased

Table 1. Overview of Recent Literature Concerning the
Microencapsulation of Volatile Oil with Natural Polymers
for Fragrance-Oriented Applications

Method Shell material
Encapsulated
substance %eea ref

Simple coacervation Alignate complex Eucalyptus oil 90−92 102
Chitosan Citronella oil 95−98 64
Sodium alignate Galangal oil 40 103

Complex
coacervation

Gelatin/gum
arabic

Patchouli oil / 104

Gelatin/gum
arabic

Limonene 70−85 45

Chitosan/
collagen
hydrolyzate

Lavender oil 44−60 76

Chitosan/gum
arabic

Triglycerides 57−67 73

Spray-drying Gum arabic/
maltodextrin

Flower
fragrance

85 78

Chitosan Orange oil 43−56 77
Chitosan Vanillin 50 105

Complex
coacervation +
spray-drying

Gelatin/chitosan Limonene 89 79

LbL assembly Serum albumin/
tannic acid

Fragrances / 58

Emulsion/
evaporation

Ethyl cellulose Vanillin 15−40 53

a%ee is defined as the encapsulation efficiency, calculated as the
percentage of oil encapsulated relative to the total oil used prior to
encapsulation. When many encapsulation conditions are mentioned,
range of obtained results is displayed.
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building blocks (e.g., lactic acid/lactides) or on polyesters in
general, of which a certain degree of degradability via
hydrolysis is sometimes asserted. Martins et al. (2009) studied
the encapsulation of fragrance oils with polylactides (PLA)s
extensively. Thyme oil was encapsulated with polylactide via a
novel coacervation technique in which a PLA solution in DMF
was added dropwise to an O/W thyme oil emulsion. In this
way, precipitation of PLA was done around the thyme oil
droplet. In the hardening phase, octamethylcyclotetrasiloxane
was used to strengthen the PLA microcapsules. The overall
encapsulation of thyme oil in this process was 30%.84 In a
subsequent report, also thymol and p-cymene were encapsu-
lated via this coacervation process, giving a 55% and 83%
encapsulation efficiency, respectively. Differences in %ee values
between thymol and p-cymene can be attributed to differences
in polarity influencing the encapsulation process.85 This
coacervation process was successfully tested on polylactide-
co-glycolide (PLGA) for the encapsulation of thyme oil for
antimicrobial applications, showing the versatility of this
particular method.86

Apart from polylactide and copolymers, the use of
polycaprolactone (PCL) as a fragrance carrier was reported
via a solvent displacement method which resulted in both
micro- and nanocarriers. Cortial et al. (2015) studied the
encapsulation of a mix of 8 common fragrances with PCL. A
standard procedure for the production of these nanocapsules
consisted of the addition of a solution of PCL and fragrance in
aceton to a continuous phase with polysorbate as a stabilizer.
Nanoparticles were instantly formed when the acetone was
displaced by the aqueous phase. The mean diameter of these
capsules was lower than 200 nm, and the %ee values were
reported between 50 and 80%, depending on the fragrance
compound encapsulated. The most optimized production
conditions resulted in nanoparticle suspensions which were
stable for 90 days at 25 °C with no release of fragrance
observed.87 A similar solvent displacement approach was used
by Mossotti et al. for the encapsulation of menthol in PCL
nanocapsules. Size of PCL nanoparticles varied between 200
and 1200 nm. The fabricated PCL nano- and microcapsules
were applied on cotton fabric and successfully tested on human
skin for their refreshing effect.88

Another approach for the production of micro- and
nanocarriers is via in situ and interfacial polymerization
(Table 2). Azizi et al. (2014) produced microcapsules
containing the model fragrance 2-etoxynaphthalene (neroline)

from renewable materials via interfacial polymerization based
on isosorbide and methylene bis(phenyl isocyanate). The
interfacial polymerization was done in an O/W emulsion at 60
°C for 6 h. The resulting microcaps were used in a textile
finishing experiment to check their release rate after the
washing cycle. It was shown that 40% of encapsulated neroline
was lost after the fifth washing cycle, while even after the
twentieth cycle, 30% of nerolin was still present on the fabric,
which clearly indicates the potential of these types of
capsules.19 Hedaoo et al. (2014) also used renewable
monomers for the production of biobased phenol−form-
aldehyde microcapsules via biobased cardanol (a phenolic lipid
obtained from cashew nuts) and formaldehyde in an in situ
polymerization. Still, despite the renewable building blocks of
these types of capsules, isocyanate and formaldehyde chemistry
is still to be avoided due to social-environmental issues.89

These problems can be combatted by the use of scavengers, a
solution that was discussed previously for formaldehyde-based
capsules, but is also shown to be possible for polyurea
microcapsules. Jacquemond et al. (2009) used this strategy to
decrease the amount of free isocyanates in polyurea-type via
the use of ammonia, successfully encapsulating a model
fragrance.90 Still, toxic reagents or functional groups like
formaldehyde or isocyanates are best to be avoided if possible.
Liao et al. (2016) used interfacial thiol−ene polymerization in
an effort to encapsulate fragrance oil as a replacement for MF
microcapsules. A multiacrylate monomer was dissolved in the
oil phased and emulsified, after which the addition of a
multithiol with a base as catalyst was added to initiate the
interfacial thiol−ene click reaction (Figure 8). The %ee
achieved via this reaction was 91% or more depending on
the acrylate monomer.60 The resulting cross-linked thioether
shell wall proved very stable as the fragrance release at 45 °C
after 1 month was minimal, which shows great promise as a
sustainable MF-type microcapsule replacement. Although not
biobased, ester bonds are present in the acrylate monomer. A
similar search toward formaldehyde-free biobased micro-
capsules was done by Soares-Latour et al. (2017) via interfacial
polymerization of two biobased monomers: succinyl chloride
and 1,4-diaminobutane. The interfacial polymerization was
done by mixing jojoba oil with succinyl chloride and
emulsifying this mixture with an aqueous continuous phase.
The stable emulsion was then polymerized via the addition of
1,4-diaminobutane, resulting in a biobased polyamide-4,4 shell
wall. The %ee or release studies of the microcapsules were not
reported but preliminary experiments of polyamide micro-
capsule impregnation on textiles was deemed successful.91

Sustainability. Research involving the synthetic shell for
capsules mostly deals with the use of polyesters. This is not
surprising as polyesters (together with polycarbonates) show
high potential for use as biodegradable plastics, owing to their
susceptibilities to lipolytic enzymes and microbial degradation,
and to hydrolysis in general.92 However, this potential for
biodegradability is only presumed, as no efforts were noted to
check for biodegradability of the end-product. To assess the
possible improved sustainability of these capsules compared to
commercial types completely, impact of the methods used in
these examples and the impact of their shortcomings (use of
DMF, acid chlorides, acrylates etc.) have to be determined.
Moreover, it is clear that interfacial and in situ polymerizations
techniques are among the most successful in producing high-
performant microcapsules. Unsurprisingly, this technique is
also transferred to more (potentially) biodegradable shells,

Table 2. Reports of Interfacial Polymerization Technique
Used for the Encapsulation of Volatile Compounds with
Shells Containing Ester Bonds in Recent Literature

Shell material
Encapsulated
substance

Size
(μm) %eea Reference

Thiol−ene multi cross-
linked (dithiol +
multiacrylate)

Model
fragrance
oil

10 91−96% 60

Polycodensation
(methylene bis(phenyl
isocyanate) + isosorbide)

2-Ethoxy
naphthalene

27 30% 19

Polycondensation (acid
chloride + diamine)

Jojoba oil 3 / 91

a%ee is defined as the encapsulation efficiency, calculated as the
percentage of oil encapsulated relative to the total oil used prior to
encapsulation. When many encapsulation conditions are mentioned,
range of obtained results is displayed.
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resulting in quite promising microcapsules.60,91 But the
requirements for the reagents used in this technique remain
the same (most notably high reactivity), which unfortunately
also increases potential toxicity in these microcapsules.

■ INSIGHTS

As mentioned above, aminoplast-type shell walls such as the
MF-type provide excellent shell material for specific high
demanding cosmetic and household products such as laundry
detergents. Although MF capsules potentially present benefits
in terms of resource use and their processing often manages to
eliminate formaldehyde exposure, the search for environ-
mentally benign microcapsules, specifically of biobased origins
and with a clear biodegradable profile, is ongoing. It is obvious
that searching for these types of capsules is a puzzling task with
no clear solution presented yet. Still, as is clear from this
overview, efforts toward a more sustainable generation of
microcapsules are made on many fronts. In terms of
sustainability, using naturally available biopolymers as the
building blocks for microcapsules is an obvious choice. Most
efforts to encapsulate fragrances with natural polymers were
done via some variation of a simple or complex coacervation
technique which has seen increased interest from all micro-
encapsulation fields due to its simplicity and high %ee.66 The
hardening or cross-linking phase of the coacervation step also
gives a certain flexibility on the cross-link density of the final
shell wall. Still, it remains questionable if the natural polymer-
based shell walls will ever be up to the high standards of
commercial laundry-type microcapsules, of which prolonged
stability in detergent-type solutions and subsequent controlled
release over an extended period are crucial requirements.
When microcapsules are produced specifically for use in

laundry-type microcapsules, it is probably most helpful to
determine their release rate in application-specific conditions.
For laundry-type applications, this constitutes the rather
unforgiving release test in media with high concentrations of
detergent at increased temperatures for prolonged amounts of
time. The results of these experiments give great insights in the
viability of alternative shell wall material. The limited
results75−77 in this regard make it obvious that significant
steps forward are still necessary for natural polymer-based
capsules if they ever are to be considered viable high-
performant microcapsule alternatives. One of the shortcomings

of these natural polymer shells is their high permeability for
smaller molecules because of their porous hydrogel-type
microstructure.93 Although cross-linking can alter the perme-
ability of the shell, common cross-linkers (e.g., GA, STP) only
target specific functional groups in the natural polymer
structure. This puts questions on the potential cross-link
density of biopolymer-based capsules which might limit its
performance in high-demanding applications. It is reasonable
to assume that advances in this area will involve modification
of natural polymers with functional groups to alter the cross-
link density and blending of different (modified) natural
polymers. Although from reports on synthetic methods it is
clear that thiol−ene reactions are interesting to stabilize or
even form rigid capsule shells, reports of thiol−ene reactions
used to harden (modified) natural polymer shells are far less
common. In this regard, natural proteins containing a
significant amount of free thiol groups are an obvious
candidate in combination with acrylate-type additives. Wheat
gluten, which is already successfully used as shell material in
food applications,94,95 has shown improved mechanical
properties in other applications when involved in thiol−ene
cross-link reactions via the use of a modified acrylate-based
cross-linker.96

The use of synthetic polymers provides more flexibility in
terms of the desired shell wall material properties. However,
the use of any synthetic polymer also puts doubt on the
sustainability aspect of the produced capsules, as the origin of
the starting material, its synthetic route and the biodegrad-
ability of the resulting capsules (i.e., an LCA) should be
considered. Extensive biodegradability tests on the synthetic
capsules produced are needed to assess their proneness to
biodegradation in common environments (aqueous, marine,
sludge, ...). Biodegradable aliphatic polyesters (e.g., polylac-
tide) were used successfully to encapsulate some volatile
compounds. Still, although encapsulation was successful, mild
release studies in water showed a significant release of
encapsulated material after 1 and 5 days of measuring.13 It is
obvious from these kinds of results that PLA-based shell walls
are not ready to be subjected to detergent-type media.
Variations in the used technique and the introduction of
reactive functional groups in the PLA backbone to create a
more thorough hardening/cross-linking phase could create a
more resistant shell wall. Although it is possible to put reactive
cross-linkable groups on aliphatic polyesters,97 examples of its

Figure 8. Interfacial thiol−ene reaction of a triacrylate and dithiol in a thiol−ene cross-link reaction, as described by Liao et al. (2016). Thiol−ene
reaction is here catalyzed by the addition of potassium carbonate.
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use in microencapsulation applications are rare. A vinyl-
functionalized lactide monomer was used for ring opening
polymerization with L-lactide to obtain functionalized PLLA,
which was used for cross-linking a PLLA nanoemulsion shell.98

The efficient thiol−ene cross-linking reaction was initiated via
UV and a radical initiator. Many other strategies to incorporate
unsaturated moieties in the PLA backbone are possible. One
example is the use of a renewable unsaturated C6-dicarboxylic
acid molecule which was successfully used as a monomer in the
polycondensation with lactic acid, resulting in an interesting
functionalizable branched PLA network.99 It is clear that
functionalization of known biodegradable polymers with
reactive (e.g., cross-linkable) groups can benefit high
demanding microcapsule applications. Apart from giving the
shell more stability and better mechanical properties,
incorporation of functionalizable groups in a biodegradable
polymers can also offer the incorporation of a variety of
triggers in the shell wall, as the functionalization of monomers
in the biodegradable chain can include ones that are chemically
(or by other means) triggered (“programmed”) to decompose
in certain environments. Ultimately, this could lead to
biodegradable cross-linked polymer shells with specific trigger
groups present resulting in completely tailored release profiles
of sustainable and functional microcapsules.
Interfacial and in situ polymerization for microcapsule

production can arguably provide one of the most closely
packed microcapsule shells, ideal for high demanding
applications. Where techniques such as solvent displacement
or complex coacervation are using (mostly) linear polymers to
fit around an oily core, in situ and interfacial polymerization
techniques are more tailor-made approaches in which the shell
is constructed around the inner core. The tightly packed 3-
dimensional cross-linked MF-type shell wall is the prime
example of the potential of in situ polymerization. Hence, it is
only reasonable to try and adapt this technique toward the
production of more sustainable, nontoxic and biodegradable
shell walls. However, interfacial and in situ polymerization
encapsulation requires a certain type of fast and high-yielding
reaction type which limits the possibilities. Approaches such as
the one described by Pascu et al. (2008) are interesting, as they
use epoxy-type resins in combination with poly acid
compounds to produce microcapsules with the preferred
hydrolyzable ester bonds via interfacial polymerization.100 But
these types of mechanisms (such as the epoxy-acid reaction
described) are still borderline too slow to encapsulate volatile
compounds efficiently. When we analyze successful in situ
encapsulation procedures, reaction mechanisms are mostly
radical or thiol/aldehyde-based. Liao et al. (2016) enforces this
statement with the successful production of microcapsules
carrying fragrance via interfacial thiol−ene reaction.60 While
omitting formaldehyde as a cross-linking unit, the thiol−ene
click reaction with a dithiol and triacrylate shows quite a
similar 3-dimensional network. While the resulting micro-
capsules had promising properties, used starting reagents were
mostly fossil-based and the biodegradability of the thio−ether
linkages is unknown. Sustainable acrylate-containing mono-
mers such as sugar-derived dilactone diacrylate compounds
perhaps offer solutions to improve the sustainability of these
types of microcapsule.101

Although the discussion on the viability of various shell wall
properties and polymerization mechanisms for these laundry-
type microcapsules is present in literature, any mention of
biodegradation is solely based on knowledge of bulk polymer

materials. The field of microcapsule biodegradation is truly in
its infancy. It is clear that potentially sustainable microcapsule
alternatives should ultimately be tested for their biodegrad-
ability and assessed via LCA. The biggest challenge in this area
is to find the balance between cross-link density and shell wall
biodegradability, two parameters which are inversely propor-
tional.

■ CONCLUDING REMARKS
Commercially used fragrance-containing microcapsules are
rigid, stable structures and display excellent release properties
for all kinds of volatile compounds, which make them the
mainstay encapsulation material for the fabric care market.
This paper has reviewed the possible alternatives for these
petroleum-based microcapsules with a focus on environmental
sustainability in terms of biobased origins and/or degradability.
Although many fragrances are encapsulated via natural
polymers, the resulting shell walls are usually too permeable
to be considered in laundry-type detergents. Increased cross-
link density, via modification of the technique, the type of
cross-linking or functionalization of the natural polymer could
still improve natural polymer shells to bring them up to the
criteria of current cross-link (petroleum-based) standards.
Synthetic shell walls have more flexibility, with in situ and
interfacial polymerization techniques enabling almost tailored-
like capsules which greatly improves the overall quality of the
shell wall. Still, efforts toward biobased and biodegradable
monomers for these types of polymerization techniques have
to result in more competitive sustainable microcapsules.
Finally, when functional and biodegradable capsules are
presented or discovered, a full LCA should eventually be
undertaken, to allow a comparison in full fairness to the
current MF-type capsules.
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