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Abstract

The article presents the possibilities of using
scanning electron microscopy (SEM) for the mi-
croencapsulation research purpose and for the
visualisation of microcapsule applications on
textiles. The laboratory and industrial scale
synthesis of aminoplast microcapsules with in
situ  polymerisation of melamine-formalde-
hyde prepolymers, containing fragrances, essen-
tial oils and phase change materials (PCM) as
core materials, is presented. The following prop-
erties of microcapsules were studied with the
use of SEM in combination and in comparison
with classical methods of microcapsule proper-
ties evaluation: (a) appearance, size and mor-
phology of microcapsules, including the deter-
mination of wall thickness, (b) visualisation of
fragrance and/or essential oils containing ami-
noplast microcapsules on non-woven and wo-
ven textile carriers, (c) evaluation of mechani-
cal resistance of PCM microcapsule walls under
pressure at an elevated temperature, and (d)
detection of morphological changes of PCM mi-
crocapsules caused by ammonia scavenger. For
graphical analyses, the processing of SEM imag-

es was performed with Image] software.
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lzvlecek

Prispevek predstavlja moznosti za uporabo elektronske vrsticne
mikroskopije (SEM) pri raziskovalnem delu na podroc¢ju mikrokap-
suliranja in za vizualizacijo mikrokapsul po nanasanju na tekstilije.
Predstavljeni sta laboratorijska in industrijska sinteza aminoplastnih
mikrokapsul z in situ polimerizacijo melamin-formaldehidnih pre-
polimerov za mikrokapsuliranje disav, eteri¢nih olj in fazno spre-
menljivih materialov (PCM). Z uporabo SEM smo proucevali nasle-
dnje lastnosti mikrokapsul v kombinaciji in v primerjavi s klasi¢nimi
metodami za evalvacijo mikrokapsul: (a) videz, velikost in morfolo-
gija mikrokapsul, vklju¢no z dolo¢anjem debeline stene, (b) vizua-
lizacija porazdelitve mikrokapsul z disavami in/ali eteri¢nimi olji na
netkanih in tkanih tekstilnih nosilcih, (c) evalvacija mehanske trdno-
sti PCM mikrokapsul pod pritiskom pri povisani temperaturi, (d) de-
tekcija morfoloskih sprememb mikrokapsuliranin PCM, ki jih pov-
zro¢a dodajanje amoniaka kot lovilca ostankov formaldehida. Za
graficno analizo SEM fotografij smo uporabili programsko opremo
ImageJ software.

Klju¢ne besede: mikrokapsule, tekstilije, vrsticna elektronska mikro-

skopija SEM, slikovna analiza, morfologija, disave, fazno spremenlji-
vi materiali (PCM)

1 Uvod
1.1 Mikrokapsuliranje za tekstilstvo
Mikrokapsuliranje je proces, v katerem delce um dimenzij obda-

mo z ovojnico, da pridobimo drobne kapsule s $tevilnimi uporab-
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1 Introduction

1.1 Microencapsulation for textiles
Microencapsulation is a process where the par-
ticles of um dimensions are surrounded by a
coating to produce small capsules with sever-
al useful properties. A container-type micro-
capsule is a small sphere with a liquid core (mi-
crocapsule core or fill, internal phase) and a
uniform wall around it (shell, coating or mem-
brane).

Industrial applications of microencapsulation
were first introduced at the end of the 1950s
in the production of pressure-sensitive copying
papers for the encapsulation of leuco dyes [1].
Since then, microencapsulation has been con-
stantly improved, modified and adapted for
a variety of purposes and uses. In addition to
the graphic and printing industries, microcap-
sules have been used for pharmaceutical and
medical purposes, in cosmetic and food prod-
ucts, agricultural formulations, as well as in the
chemical, textile and construction materials in-
dustries, biotechnology, photography, electron-
ics, and waste treatment [2, 3].
Microencapsulation technologies offer many
opportunities to improve the properties of tex-
tiles or to give them completely new functions.
The first ideas of using microcapsules in tex-
tile products were born more than three dec-
ades ago (cf. Figure 1) and soon became a typi-
cal research field with a pronounced protection
of industrial intellectual property rights. As a
consequence, the number of patent applications
strongly outnumbered scientific articles (cf. Fig-
ure 2).

Extensive and detailed literature reviews of mi-
croencapsulation applications in textiles have
been published in previous works [4, 5, 6]. Typ-
ical examples of patented microcapsule appli-
cations in textile products (cf. Figure 3) include
microencapsulated dyes and pigments for tex-
tile dyeing and printing, thermochromic and
photochromic effects, microencapsulated cata-
lysts and enzymes for special textile treatment,

agents for textile sizing, adhesive bonding, wa-
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nimi lastnostmi. Mikrokapsule rezervoarnega tipa so kroglice, ki
imajo tekoce jedro (jedro mikrokapsule ali polnilo, notranja faza)
obdano s steno (ovojnico, prevleko ali membrano).

Industrijska uporaba mikrokapsuliranja je bila vpeljana konec 50.
let 20. stoletja za mikrokapsuliranje levko barvil v proizvodnji na
pritisk obcutljivih kopirnih papirjev [1]. Tehnologije mikrokapsu-
liranja nenehno izbolj$ujejo, spreminjajo in prilagajajo za razli¢-
ne namene in uporabo. Poleg tiskarske in grafi¢cne industrije mi-
krokapsule uporabljajo za farmacevtske in medicinske namene, v
kozmeti¢nih in zivilskih izdelkih, pripravkih za kmetijstvo, kot
tudi v kemi¢ni, tekstilni in gradbeni industriji, biotehnologiji, fo-
tografiji, elektroniki ter za ravnanje z odpadki [2, 3].
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Figure 1: Trend of yearly new publications on microencapsulation in
textiles and sub-segment of microencapsulated Phase Change Mate-
rials in textiles. Chemical Abstracts Plus database, search profile 1:
(microencapsulation OR microcapsules) AND textile; search profile
2: (microencapsulation OR microcapsules) AND textile AND (phase
change material OR PCM)

Tehnologije mikrokapsuliranja ponujajo $tevilne moznosti za iz-
bolj$anje lastnosti tekstilij ali za pridobitev povsem novih lastno-
sti. Primeri patentiranih aplikacij mikrokapsul na tekstilnem po-
drodju so obstajali Ze pred tremi desetletji (slika 1) in tehnologija
mikrokapsuliranja je postala zanimivo raziskovalno podrocje z
naras¢ajo¢im Stevilom patentnih prijav, ki so presegale $tevilo
znanstvenih prispevkov (slika 2).
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ter proofing, blowing agents for leather sub-
stitutes, softener and antistatic compositions,
ingredients in textile detergents, microencap-
sulated textile fragrances, perfumes, fire retard-
ants, and special functional textiles with micro-
encapsulated insect repellents, antimicrobial,
disinfectant and deodorant components, bioac-
tive medical and cosmetic textiles and textiles
for active thermal control with microencapsu-
lated phase change materials (PCMs). One of
the fastest growing microencapsulation applica-
tions in textiles during the last decade has be-
come sportswear and special technical apparel,
based on microencapsulated PCMs with heat
and cold absorbing capacity (cf. Figure 1). Sev-
eral firms compete for the intellectual proper-
ty rights and market shares in this field. Sports-
wear shops are offering coats, jackets, boots,
socks and gloves with the active thermal control
technology.

PCMs are a subgroup of Heat Storage Materi-
als (HSMs) with a dynamic heat exchange pro-

cess taking place at the melting point tempera-
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| Dot dyeing and speckled printing

Dyes and pigments

| Screen printing

| Transfer printing
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Thermochromic materials
| Reversible photochromic dyes Photochromic materials
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| Sizing agents

| Thermochromic dyes
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| Surface modifying agents
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Sizing and bonding

Cross-linking agents

| Light-weight leather substitutes

| Waterproofing coatings

Blowing and expanding

Water proofing
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| Expandable sewing threads

| Expansion agents

| Water-proofing agents

| Textile softeners in detergents

Conference

Antistatic agents

Fragrances in textile softeners

Patents
66%

Scientific
articles
26%

Microcapsules in textiles
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Figure 2: Publications on microencapsulation in textiles, analysed
by document type. Chemical Abstracts Plus database, search profile:
(microencapsulation OR microcapsules) AND textile

Obsirnejse analize literaturnih virov s podroéja tehnologije mi-
krokapsuliranja v tekstilstvu so bile Ze objavljene [4, 5, 6]. Prime-
ri patentiranih aplikacij so tekstilni izdelki z mikrokapsuliranimi
barvili in pigmenti za barvanje tekstila (slika 3) in za tisk na teks-
til, termokromni in fotokromni u¢inki, mikrokapsulirani katali-
zatorji in encimi za posebne obdelave tekstilij, sredstva za apre-
ture, lepljenje, vodotesnost, penilci za umetno usnje, mehcalci in
antistatiki, sestavine v pralnih praskih, disave, parfumi, zaviralci
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Antifoaming agents |

Perfumes |

Dyes

Dry cleaning chemicals

Essential oils |

Fragrances and perfumes

Aromas and perfumes |
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Antimicrobial agents
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Cosmetic textiles

Anti-cellulite agents

Diuretics

Sub-cutaneous fat controllers |
Blood circulation stimulants |

Water purification absorbent |

Filters and decontaminants

Military decontamination agents |

Sunlight conversion agents

Thermal agents

Phase change materials

Figure 3: Applications of microcapsules in textile products (analysis and structuring of data from patents and
scientific publications, CAPlus database search)

Tekstilec, 2011, letn. 54, $t. 4-6, str. 80~103



ture. When a PCM undergoes a phase change
transition from solid to liquid, energy is stored
in the form of latent heat at a constant temper-
ature. Accumulated latent thermal energy is
then released when the PCM solidifies again.
The transition process is completely reversible.
To overcome practical problems of solid-lig-
uid phase, PCMs have to be microencapsulat-
ed and turned into solid formulations for the
use in various thermal management applica-
tions. Typical organic PCMs are higher hydro-
carbons - paraffins and their narrow fractions
- which are chemically inert, non-corrosive,
long-lasting, inexpensive, ecologically harmless

and non-toxic.

1.2 Microencapsulation processes
The choice of the microencapsulation process
for textile applications depends on the desired
characteristics and uses of the textile product.
For example, microcapsule size, shape, wall
material, active substance, release mechanism,
method of application, and compatibility with
the formulation of additives must be adapted to
the requirements of textile processing methods
and uses of the final product. Most often, mi-
crocapsules are prepared with one of the follow-
ing three technological possibilities [7, 8]:

- mechanical methods (e.g. spray drying, pan
coating, extrusion, deposition in vacuum,
solvent evaporation from emulsions) where
the microcapsule wall is mechanically ap-
plied or condensed around the microcapsule
core;

- coacervation, a phenomenon taking place in
colloid systems where macromolecular col-
loid rich coacervate droplets surround dis-
persed microcapsule cores and form a vis-
cous microcapsule wall, which is solidified
with cross-linking agents (cf. Figure 4), and

- polymerisation methods where monomers
polymerise around the droplets of an emul-
sion and form a solid polymeric wall. In the
in situ polymerisation, monomers or pre-
condensates are added only to the aqueous
phase of emulsion (cf. Figure 5), while in in-
terfacial polymerisation, one of the mono-
mers is dissolved in the aqueous phase and

the other in a lypophilic solvent.
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gorenja ter posebne funkcionalne tekstilije z mikrokapsuliranimi
odvracali insektov, s protimikrobno zascito, razkuZili in deodo-
ranti, bioaktivne medicinske in kozmeti¢ne tekstilije ter tekstil-
ni izdelki z mikrokapsuliranimi fazno spremenljivimi materiali
(Phase Change Materials - PCM) za aktivno toplotno upravlja-
nje.

Najhitreje rasto¢a uporaba tehnologije mikrokapsuliranja na tek-
stilnem podrod¢ju v zadnjem desetletju je za Sportna in poseb-
na tehnicna oblacila, ki temeljijo na mikrokapsuliranih PCM-jih
z zmoznostjo absorpcije/oddajanja toplote (slika 1). Ve¢ podjetij
tekmuje za pravice intelektualne lastnine ter trzne deleze na tem
podroéju. Sportne trgovine ponujajo plasce, jakne, $kornje, no-
gavice in rokavice s termalno aktivno tehnologijo nadzora.
PCM-ji so podskupina materialov za shranjevanje toplote (Heat
Storage Materials - HSM) za dinami¢no izmenjavo toplote pri
temperaturi tali$¢a PCM. Ob spremembi agregatnega stanja
PCM-ja iz trdnega v tekoce se energija shrani v obliki latentne to-
plote pri konstantni temperaturi. Akumulirana toplotna energi-
ja se nato sprosti, ko se teko¢i PCM znova strdi. Proces prehodov
je popolnoma reverzibilen. Tezave zaradi sprememb agregatnega
stanja trdno-tekoce-trdno v praksi premagujemo z uporabo teh-
nologije mikrokapsuliranja, ki mikrokapsuliranim PCM zagoto-
vi lastnosti trdnih snovi in s tem poveda moznosti za uporabo v
razli¢nih sistemih za upravljanje toplote. Znacilni primeri organ-
skih PCM so visji ogljikovodiki - ozke frakcije parafinov, ki so
kemi¢no inertni in nekorozivni, primerni za dolgotrajno upora-
bo, poceni, ekolosko neskodljivi in nestrupeni.

1.2 Postopki mikrokapsuliranja

Izbira postopkov mikrokapsuliranja je odvisna od Zelenih Ia-

stnosti kon¢nega tekstilnega izdelka. Velikost, oblika, material za

ovojnico, aktivna substanca, mehanizem sprosc¢anja, metode apli-
kacije in kompatibilnost z aditivi so lastnosti, ki jih je treba upo-
$tevati pri nacrtovanju tekstilnega postopka za izdelavo kon¢nega
izdelka. Najpogosteje so za mikrokapsuliranje uporabljeni po-

stopki iz ene od naslednjih skupin [7, 8]:

- Mehanski, pri katerih steno mikrokapsul mehansko nanesemo
ali kondenziramo okoli jedra mikrokapsul (npr. susenje z raz-
prsevanjem, ekstrudiranje, naprevanje v vakuumu, izpareva-
nje topila iz emulzije ipd.).

- Koacervacijski, ki poteka v koloidnih sistemih, kjer makromo-
lekularna koloidno bogata faza obda emulgirana jedra bodoc¢ih
mikrokapsul in ustvari viskozno ovojnico, ki jo v nadaljevanju
utrdimo z zamreZevanjem (slika 4).

- Polimerizacijski, kjer monomeri polimerizirajo okoli kapljic v
emulziji in stvorijo trdno polimerno steno. V postopkih in situ
polimerizacije so monomeri ali prekondenzati dodani le v vo-
dno fazo emulzije (slika 5), medtem ko je pri medfazni polime-
rizaciji eden od monomerov raztopljen v vodni fazi, drugi pa v
lipofilnem topilu.
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Microcapsules in water dispersions for textile
finishing have to be resistant to mechanical and
thermal stress. The microcapsule walls have to
withstand the pressure of rollers and elevated
temperatures when passing through the drying
channels.

In the past, the preparation of durable micro-
capsules for textile finishing compositions was
first based on coacervation (e. g gelatin-gum
arabic microcapsule walls), and later on poly-
merisation methods such as interfacial poly-
condensation (polyamide, polyester, polyu-
rethane walls) and in situ polycondensation
(aminoaldehyde resin walls). When the micro-
capsules are designed to release their content
during textile dyeing, washing or drying, the
walls must be water soluble or heat sensitive
to dissolve or melt at a desired temperature. In
such cases, physical (mechanical) microencap-
sulation methods are often used, especially flu-
idised bed, spray drying and spray cooling.
When the microcapsules with impermeable and
pressure-sensitive walls are needed for technical
applications, the in situ polymerisation of ami-
noaldehyde polymers continues to be the mi-
croencapsulation process of choice [9, 10, 11,
12, 13, 14]. In the microencapsulation by the
in situ polymerisation of amino-aldehyde resins
[5], hydrophobic core materials are emulsified
in water, and all wall material components, dis-
solved in the continuous (aqueous) phase, react
and distribute evenly over the surfaces of drop-
lets in the emulsion. After the microencapsu-
lation, formaldehyde residues can be removed
from the suspension of microcapsules with the
addition of scavengers, e.g. ammonium chloride
[15] or ammonia.

Due to formaldehyde negative effects on health,
Japan became the first country to introduce for-
maldehyde limits for textiles in 1973. The Law
No. 112 (Control of Household Products Con-
taining Harmful Substances), issued in 1974,
set the maximum limit values for five substanc-
es, among them also for formaldehyde [16].
Moreover, in Europe, the legislation [17] re-
garding ECO is getting increasingly important.
Directives are restricting the use of hazardous
substances (Directives 76/769/EEC17, Annex
to 76/769/EEC restrict the use of tris (2,3 di-
bromopropyl) phosphate, tris-(aziridinyl)-phos-
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Figure 4: Coating of microcap-
sules, produced by complex coac-
ervation of gelatin and carbox-
ymethyl cellulose (SEM, 630x)
with softer, elastic microcapsule
walls

Figure 5: Coating of microcap-
sules, produced by in situ pol-
ymerisation of aminoaldehyde
precondensates (SEM, 1900x)
with impermeable, hard walls,
which are pressure-sensitive

Mikrokapsule v vodni disperziji za plemenitenje tekstilnih iz-
delkov morajo biti odporne na mehanske in toplotne obremeni-
tve; stene mikrokapsul morajo vzdrzati pritisk valjev pri prehodu
skozi sugilne poti.

V preteklosti je priprava trajnih mikrokapsul za tekstilno ple-
menitenje temeljila na postopku koacervacije (npr. zelatina in
gumi arabika za stene mikrokapsul), pozneje na postopku po-
limerizacije, kot medfazna polikondenzacija (poliamid, poliester,
poliuretanske stene) ter na postopku in-situ polimerizacije (ami-
noaldehidne smole za stene). Ce so mikrokapsule na¢rtovane za
sprostitev vsebine v postopkih barvanja, pranja in susenja tek-
stila, morajo biti stene topne v vodi ali ob¢utljive na toploto, da
se raztapljajo ali talijo pri Zeleni temperaturi. V taksnih primer-
ih pogosto uporabljajo fizikalne (mehanske) metode mikrokapsu-
liranja, pogosto se uporablja $e suSenje z razprsevanjem ali hlaje-
njem.

Ko nastane potreba po mikrokapsulah z neprepustno ali na pri-
tisk obcutljivo steno, je postopek in situ polimerizacije amino-
aldehidnih polimerov najboljsa izbira [9, 10, 11, 12, 13, 14]. V
postopku mikrokapsuliranja s polimerizacijo in situ aminoalde-
hidnih smol vstopajo vsi materiali za stene mikrokapsul iz kon-
tinuirane vodne faze in se enakomerno razporejajo po povrsini
kapljic v emulziji. Po mikrokapsuliranju lahko ostanke formalde-
hida odstranimo iz suspenzije mikrokapsul z dodajanjem poseb-
nih lovilcev, kot je amonijev klorid [15] ali amoniak.

Zaradi negativnih uc¢inkov formaldehida na zdravje je Japonska
leta 1973 kot prva drzava uvedla omejitev koli¢ine formaldehida
v tekstilu. V zakonu $t. 112 (Nadzor nad izdelki za dom in go-
spodinjstvo, ki vsebujejo $kodljive snovi), izdanem leta 1974, je
predpisala najvisje dopustne koncentracije za pet spojin, med nji-
mi tudi za formaldehid [16]. Tudi v Evropi je zakonodaja [17] v
zvezi s standardi ECO cedalje pomembnej$a. Direktive omejujejo
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phinoxide, (PBB),
pentabromodiphenyl ether (pentaBDE) andoc-

tabromodiphenyl ether (octaBDE) in fireproof-

polybrominatedbiphenyls

ing garments. This, together with other legis-
lation presented below, restricts the potentially
hazardous substances which may be found in
textile products. The new European Chemi-
cals regulation REACH (Registration, Evalua-
tion, Authorisation and Restriction of Chemi-
cals) was adopted in December 2006. REACH
Regulation (EC) No 1907/2006 and Direc-
tive 2006/121/EC amending Directive 67/548/
EEC were published in the Official Journal on
30 December 2006. The emission of formalde-
hyde from the finished textile must not exceed
20 mg/kg for textiles for children in direct skin
contact (< 24 months), 100 mg/kg for textiles
in direct skin contact and 300 mg/kg for other
textiles. These regulations place requirements
on the fibre production, and the manufactur-
ing process of textiles and garments as whole.
Accordingly, aminoaldehyde microcapsule sus-
pensions for textile applications have to be ad-
ditionally processed for the removal of residual
formaldehyde.

Verifying the environmental and health param-
eters of textile products represents a significant
challenge for public authorities. This is partic-
ularly difficult for the criteria referring to the
production processes where compliance cannot
be judged by testing the final product itself. Fur-
thermore, non-experts cannot understand the
complexity of the chemical information to be
assessed. In some cases, the use of certain chem-
icals in the production process can to some ex-
tent be traced by assessing the final product, as

residues remain.

1.3 Scanning electron microscopy
for visualisation and characterisation
of microcapsules
The morphology of microcapsules was analysed
using SEM (Scanning electron microscopy) in
previous works, e.g. by Su et al [18], where SEM
was applied to study the structure and proper-
ties of microcapsules. SEM used in the research
by Thrishna et al [19] revealed that the micro-
capsules were spherical with a nearly smooth
surface. The characterisation of microcapsule

properties, after the removal of excess formal-
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uporabo nevarnih snovi (direktiva 76/769/EECI17: Priloga k direk-
tivi 76/769/EGS, na primer, omejuje uporabo za tris (2,3 dibromo-
propil) fosfat, tris-(aziridinil)-fosfinoksid, polibromirane bifenile
(PBB), pentabromodifenil eter (pentaBDE), andoctabromodifenil
eter (oktaBDE)) v ognjevarnih obladilih. Skupaj z drugo spodaj
navedeno zakonodajo direktive omejujejo uporabo potencialno
nevarnih snovi, ki jih lahko najdemo v tekstilnih izdelkih. Nova
evropska uredba o kemikalijah REACH (registracija, evalvaci-
ja, avtorizacija in omejevanje kemikalij) je bila sprejeta decembra
2006. REACH Uredba (ES) $t 1907/2006 in Direktiva 2006/121/
ES o spremembi Direktive 67/548/EGS so bile objavljene v Urad-
nih listih z dne, 30. decembra 2006. Vsebnost formaldehida v
kon¢nih tekstilnih izdelkih ne sme presegati 20 mg/kg za tekstil
za otroke v neposrednem stiku s koZo (<24 mesecev), 100 mg/kg
za tekstil v neposrednem stiku s kozo ter 300 mg/kg za druge tek-
stilne izdelke. Ta pravilnik se nanasa na proizvodnjo vlaken, iz-
delavo tekstilij in oblacil kot celote. Zato je treba aminoaldehidne
suspenzije mikrokapsul dodatno obdelati za tekstilno uporabo,
ostanki formaldehida morajo biti odstranjeni.

Preverjanje okoljskih in zdravstvenih parametrov tekstilnih iz-
delkov je pomemben izziv za javne organe. To je $e zlasti tezko iz-
vedljivo pri proizvodnih procesih, ¢e skladnosti ni mogoce preso-
jati s testiranjem kon¢nega izdelka. Poleg tega ne-strokovnjaki
tezko razumejo kompleksnost kemijske informacije, ki jo je tre-
ba oceniti. V nekaterih primerih se uporaba nekaterih kemikalij
v proizvodnem procesu lahko oceni tudi na kon¢nem izdelku, ker
sledovi ostanejo.

1.3 VIrsticna elektronska mikroskopija za vizualizacijo
in karakterizacijo mikrokapsul

Morfologija mikrokapsul je bila analizirana s pomocjo SEM
(Scanning Electron Microscopy — vrsti¢na elektronska mikros-
kopija). Su in sodelavci [18] so uporabili SEM mikroskopijo za
$tudij strukture in lastnosti mikrokapsul. SEM je bila uporablje-
na tudi v raziskavah Thrishna in sodelavcev [19] - pokazala je, da
so mikrokapsule okrogle s skoraj gladko povr$ino. Znacilne ob-
like mikrokapsul so po odstranitvi preseznega formaldehida z
opti¢no mikroskopijo in SEM vizualizirali Sumiga in sodelavci
[20]. Elham in sodelavci [21] so proucevali povrsino mikrokapsul
za dolocitev uporabe za tkanine. Analizirali so toplotno stabil-
nost med proizvodnim procesom. Morfologija nanokompozit-
nih mikrokapsul z vgrajenimi nanodelci ZnO je bila analizira-
na s konfokalno mikroskopijo, TEM, SEM in AFM pred in po
obdelavi z ultrazvokom, avtorica Kolesnikova in sodelavci [22].
Opazena je bila izredno visoka obcutljivost mikrokapsul na ultra-
zvok. Mehansko trdnost vklju¢no s silo pretrga so proucevali Hu
in sodelavci [23] za analizo uporabe mikrokapsul za funkcionalne
samopopravljive materiale.
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dehyde by ammonia, was visualised with opti-
cal and SEM microscopy by Sumiga et al [20].
The surface of microcapsules was studied to de-
termine the application to fabrics by Elham et
al [21] to observe the heat stability during the
manufacturing process. The morphology of na-
nocomposite microcapsules with embedded
ZnO nanoparticles was characterised with con-
focal microscopy, TEM, SEM and AFM before
and after the ultrasound treatment by Kolesnik-
ova et al [22], where a remarkably high capsule
sensitivity to ultrasound was observed. The me-
chanical strength parameters including the rup-
ture force was studied by Hu et al [23] to deter-
mine the use of microcapsules for the functional
materials with self-healing properties.

The main purpose of our work was to present
the possibilities of using SEM for the microen-
capsulation research purpose and for the visu-
alisation of microcapsule applications on tex-
tiles. The synthesis of aminoplast microcapsules

containing fragrances, essential oils and PCMs
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2 Eksperimentalni del

Glavni namen nasega dela dela je bil prikaz moznosti uporabe
SEM v raziskavah mikrokapsuliranja ter za vizualizacijo mikro-
kapsul v tekstilnih aplikacijah. Sinteza mikrokapsul iz amino-
plastov, ki vsebujejo diSave, eteri¢na olja in PCM kot jedrni ma-
terial, je prikazana na razli¢nih tekstilnih aplikacijah. Poleg tega
so nekatere lastnosti mikrokapsul vizualizirane z uporabo SEM,
v kombinaciji s klasi¢nimi metodami analize mikrokapsul. Za
statisticno vrednotenje in grafi¢ni prikaz analize so posnetki
SEM analizirani s programsko opremo Image].

2.1 Sinteza aminoplastnih mikrokapsul

Mikrokapsule smo pripravili z modificirano metodo in situ poli-
merizacije [24, 25] aminoaldehidnih predpolimerov v 1-litrskem
laboratorijskem reaktorju ter v 200-litrskem industrijskem reak-
torju. Parafinski PCM (Rubitherm), eteri¢na olj in disave (Etol)
so bili mikrokapsulirani za uporabo v tekstilstvu. Kot predpoli-
mer za steno mikrokapsul smo uporabili metiliran trimetilolme-
lamin (Melamin). Kopolimer stirena in maleinanhidrida s pov-
pre¢no molsko maso 350.000 g/mol (Hercules) je bil dodan kot
emulgator in modifikator. Shematska slika procesa je na sliki 6.

Preparation of aqueous
solution of modifying agent

EMULSIFIER / MODIFYING

AGENT

(e.g. styrene-maleic acid
anhydride copolymer)

HYDROPHOBIC MATERIAL Emulsification of oily core

material (e.g. PCM of
fragrance)

(MICROCAPSULE CORE)

Addition of wall material (e.g.
partialy methylated

AMINOALDEHYDE

induction of polycondensation by
temperature change, ph

POLYCONDENSATION
PROCESS

termination of polycondensation by
pH change 1—|

PREPOLYMER

(WALL MATERIAL) trimethanolmelamine, or

hexamethoxy-methylolmelamine)

Reaction termination by rising

pH MODIFYING AGENT pHto 7.0

SCAVENGER (removal of free | Removal of residual

formaldehyde by adding a
scavenger (e.g. ammonia)

formaldehyde)

Figure 6: Synthesis of microcapsules by in situ polymerisation process
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as core materials, in laboratory and semi-in-
dustrial reactors, and their applications to dif-
ferent textiles is described as well. In addition,
some properties of microcapsules are visualised
with the use of SEM, in combination with clas-
sical methods of microcapsule properties eval-
uation. For a statistical evaluation and graph-
ical representation of analyses, the processing of
SEM images was conducted with Image] soft-

ware.
2 Experimental

2.1 Synthesis of aminoplast
microcapsules

Microcapsules were prepared with a modified
in situ polymerisation method [24, 25] of ami-
noaldehyde prepolymers (cf. Figure 6) ina 1 L
laboratory reactor, and in 10 L and 200 L in-
dustrial stainless steel reactors. Paraffin phase
change materials — PCM (Rubitherm), essen-
tial oils and fragrances (Etol) were microencap-
sulated for textile applications. As a prepolymer
for the microcapsule wall, partly methylated tri-
methylolmelamine (Melamin) was used in the
presence of an anionic emulsifier/modifying
agent. A schematic representation of the synthe-

sis process is presented in Figure 6.

2.2 Analysis and testing of microcapsules
The microcapsule diameter and size distribu-
tion were measured with an Alcatel Cilas Laser
Granulometer 715. The pH values of microcap-
sule suspensions were determined with a labo-
ratory pH meter with a glass electrode. The vis-
cosities of suspensions were determined with a
viscosity meter Anton Paar DV-1 P. The diffu-
sion of core materials from dry microcapsules
at an elevated temperature was measured in a
ventilated oven as a mass loss at 135 °C, which
corresponded to the temperature reached dur-
ing the process of applying microcapsule sus-
pensions to non-woven textile carriers. The
mechanical strength of microcapsules was test-
ed with a direct pressure mechanical strength
test, based on a diffusion test [26] with a mod-
ification that samples were subjected to a direct
force of different weights, in comparison with a
sample without any force applied (cf. Figure 7).

The pressure was generated by three standard-
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2.2 Analiza in testiranje mikrokapsul

Premer in porazdelitev velikosti mikrokapsul so bili izmerjeni z
uporabo Alcatel Cilas laserskega granulometra 715. pH suspenzi-
je mikrokapsul smo dolo¢ili v laboratoriju s pH-metrom s stekle-
no elektrodo. Viskoznosti suspenzij smo dolo¢ili z aparaturo za
analizo viskoznosti Anton Paar DV-1 P. Difuzija materialov iz je-
dra suhih mikrokapsul pri povi$ani temperaturi je bila izmerje-
na v ventilacijski peci kot izguba mase pri temperaturi 135 °C, kar
je ustrezalo najvisji temperaturi v procesu impregnacije netkanih
tekstilij z vodno suspenzijo mikrokapsul.

Mehansko trdnost mikrokapsul smo dolocali s testom direktne-
ga mehanskega pritiska, na podlagi testa difuzije [26]. Vzorci so
bili izpostavljeni razli¢cnim obremenitvam (slika 7). Pritisk so ust-
varile standardne utezi (500 g, 1500 g, 3000 g) na povrsini 19,6
cm?*vzorcev mikrokapsul z maso 3 g.

Morfologijo in povprecno velikost delcev mikrokapsul smo kara-
kterizirali z uporabo JEOL JSM 6060LV mikroskopa (SEM).

VENTILATED OVEN, T=135 °C

;!:'W

Protective paper

Sample of microcapsules

Aluminium vessel

Figure 7: Direct pressure mechanical strength test of microcapsules in
ventilated oven

2.3 Aplikacija mikrokapsul na tekstilne nosilce

Za uporabo mikrokapsul na tekstilnih izdelkih so bile upora-
bljene razli¢ne tehnike. V vedini primerov so bile uporabljene
vodne suspenzije mikrokapsul, nanesene na tekstilne nosilce z
impregnacijsko tehniko, ki temelji na transportu tekstilnih nosi-
Icev skozi impregnacijske bazene (slika 8) [27]. Na vzorcih na
slikah 4 in 5 so bile mikrokapsule natisnjene s sitotiskom, na
vzorcih na slikah 19 in 20 so bile nanesene s polindustrijskim
premaznim strojem. Poliestrske, polipropilenske ter celulozno-
polipropilenske netkane tekstilije (tipi 20, 30, 40, 45 g/m? in 250
g/m? za vlozke za Cevlje), so bile uporabljene kot tekstilni nosilci.
Akrilni lateks je bil uporabljen kot vezivo v suspenziji mikrokap-
sul za tekstil. Vsi tekstilni vzorci so bili pridobljeni iz raziskoval-
no-razvojnega arhiva podjetja AERO.
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ised weights (500 g, 1500 g, 3000 g) on a 19.6
cm? surface of 3 g microcapsule samples. The
morphology and average particle size of micro-
capsules were characterised using a JEOL JSM
6060LV scanning electron microscope (SEM).

2.3 Application of microcapsules
to textile carriers

For the application of microcapsules to textile
carriers, different techniques were used. In most
cases, aqueous microcapsule suspensions were
applied with impregnation, using a technique
based on the transport of the textile through
the impregnation basin (cf. Figure 8) [27]. On
the samples in Figures 4 and 5, the microcap-
sules were printed with screen printing, whereas
on the samples in Figures 19 and 20, they were
coated using a semi-industrial coating machine
(Dixon). Polyester, polypropylene, and cellu-
lose-polypropylene non-woven textiles (types of
20, 30, 40, 45 g/m?, and 250 g/m’ for shoe in-
soles) were used as textile carriers. Acrylic latex
was used as the binder in microcapsule suspen-
sions for textiles. All textile samples were ac-
quired from the AERO R&D archives.

2.4 Visualisation and characterisation
of microcapsules using SEM

Scanning electron microscopy (SEM) [28] was
used for the visualising and studying of micro-
capsules in a suspension, after spray drying,
or applied on textile carriers, as well as for the
morphological characterisation and mechani-
cal wall resistance of microcapsules in relation
to the amount of ammonia used as a scaven-
ger. The samples of microcapsules and textile
carriers with microcapsules were coated with
an ultra-thin coating of carbon, gold and plat-
inum with high vacuum evaporation. The ob-
servations were performed with a JEOL JSM
6060LV SEM microscope at 10kV, which gave
bright images of microcapsules [29]. With re-
gard to the size of microcapsules, large mag-
nifications up to 15,000x were required to ob-
serve the microcapsule wall thickness or for the
effects of ammonia scavenger on the microcap-
sule morphology.

The SEM images were further analysed by the
Image] [30] program, which is designed for the

processing and analysis of images in various
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Plain non- Suspension of Drying oven Non-woven textile
woven microcapsules in a impregnated with
textile binder solution microencapsulated

ingredients

Figure 8: Impregnation of non-woven textile with aqueous formu-
lation of microcapsules and binders: transport of textile carrier
through impregnation basin, followed by drying

2.4.Vizualizacija in karakterizacija mikrokapsul z uporabo
mikroskopije SEM
Vrsti¢na elektronska mikroskopija (SEM) [28] je bila uporabljena
za vizualizacijo in $tudij mikrokapsul na tekstilnih nosilcih, kot
tudi za analizo morfologkih znacilnosti in mehanske odpornosti
stene mikrokapsul v odvisnosti od koli¢ine dodanega amoniaka
kot odstranjevalca preostankov formaldehida. Vzorci mikrokap-
sul so bili naparjeni z ultra tanko plastjo ogljika, zlata in platine
z visokovakuumskim naparevanjem. Raziskave so bile opravlje-
ne z mikroskopom SEM JEOL JSM 6060LV pri 10kV, ki je omo-
gocil jasne posnetke mikrokapsul [15]. Glede na velikost mikro-
kapsul so bile za analizo debelosti sten mikrokapsul in za $tudij
u¢inkov amoniaka na morfologijo sten mikrokapsul potrebne do
15.000-kratne povecave.
Mikrografije so bile dodatno analizirane z uporabo programa
Image], ki se uporablja za obdelavo in analizo podob v razli¢nih
formatih, deluje po spletu ali kot samostojna aplikacija. Program
izracuna dimenzije, povrsine, statisticno obdela slike ali podrob-
nosti, ki jih izbere uporabnik, kot so histogrami, profili, izmeri
dimenzije, obvlada pa tudi standardne funkcije za obdelavo slik,
kot so kontrast, ostrenje, glajenje, analiza robov, in tudi analizo
barv.

3 Rezultati

3.1 Videz, morfologija, velikost mikrokapsul, debelina sten
zanalizo SEM
SEM je bila uporabljena za vizualizacijo in opredelitev povr$inske
morfologije nastalih mikrokapsul. Primerjava fotografij mik-
rokapsul SEM s tremi razli¢énimi jedrnimi materiali kaze glad-
ko povrsino stene melamin-formaldehidnih mikrokapsul brez
por, kar je znacilno za in situ polimerizacijo v sistemu emulziji
olje-v-vodi (slika 9).
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Figure 9: SEM photograph of microcapsules with rose fragrance (a) eucalyptus essential oil (b) and paraffinic
PCM (c), SEM 2000

formats, and can be used online or as a stan-
dalone application. The program calculates the
area and pixel value statistics of user-defined
selections, thus creating density histograms
and line profile plots. The program enables the
measuring of dimensions, as well as standard
functions for image processing, e.g. contrast,
sharpening, smoothing, analysis of the tunnel
and colour analysis. It also supports standard
image processing functions, e.g. contrast manip-
ulation, sharpening, smoothing, edge detection

and median filtering.
3 Results

3.1. Appearance, morphology,
microcapsule size and wall thickness
of microcapsules under SEM

SEM was applied to visualise and character-
ise the surface morphology of produced micro-
capsules. A comparison of SEM photographs of
microcapsules with three different core materi-
als revealed a smooth melamine-formaldehyde
resin microcapsule wall surface without pores,
which seems to be characteristic for the in situ
polymerisation process in oil-in water emulsion
systems (cf. Figure 9).
Furthermore, with the assumption that all wall
material uniformly forms the walls around the
microcapsule cores and that microcapsules are
spheres with a diameter D, we can derive Equa-
tion 1 for the calculation of microcapsule wall
thickness (Equation 1), where d - wall thick-
ness, D - diameter of microcapsules, R - ratio
of wall material to core material, p, - density of
core material and p_- density of wall material.

In the chemical process of microencapsulation

by the in situ polymerisation, the microcapsules

Ob predpostavki, da material za steno enakomerno obda jedra
mikrokapsul in da so mikrokapsule okrogle oblike s premerom
D, lahko razvijemo enac¢bo 1 za izra¢un debeline stene mikrokap-
sule, kjer je: d — debelina stene, D — premer mikrokapsule, R —
razmerje materiala stena/jedro, p, - gostota materiala jedra in p -
gostota materiala stene.

d=2xﬂ—7P——J—FJ)
2 1+Rx—L )

s

V postopku mikrokapsuliranja z in situ polimerizacijo so mik-
rokapsule v kon¢ni suspenziji razli¢nih velikosti. Z rezultati meri-
tev velikosti in volumna v %, opravljenimi z in§trumentom za
merjenje velikosti delcev, je mogoce po enacbi 2 dobiti povpre¢no
debelino stene izdelanih mikrokapsul, kjer je: d - povpre¢na de-
belina stene, w, - delez mikrokapsul z izracunanim d, iz analize
velikosti delcev, in d, - izracunan premer mikrokapsul z izbranim

D iz analize velikosti delcev.
d=). wxd, )

Izracunane vrednosti debeline stene mikrokapsul so bile primer-
jane z izmerjeno debelino stene s pomocjo SEM. Z uporabo enac-
be 1 in povpre¢nih vrednosti premera mikrokapsul, dobljenih z
lasersko granulometrijo, je bila predvidena vrednost debeline ste-
ne mikrokapsul 104 nm. Z dodatnim upos$tevanjem enacbe 2 je
bila izra¢unana predvidena debelina stene mikrokapsul 112 nm.
Izrac¢unane vrednosti so bile v skladu z dejanskimi meritvami de-
beline stene po¢enih mikrokapsul s SEM analizo (slika 10).

SEM posnetki so bili dodatno analizirani s programom Image],
da bi dobili povpre¢no velikost mikrokapsul. Te vrednosti smo
primerjali z rezultati meritev velikosti mikrokapsul z lasersko
granulometrijo (slika 11). Primerjava obeh rezultatov je pokazala,
da je uporaba analize SEM mogoca tudi za dolo¢anje povpre¢nih
vrednosti velikosti mikrokapsul.
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in a resultant suspension of microcapsules are
of different sizes. By using the results of micro-
capsule size measurements in volume % made
with a particle size analyser, it is possible to ob-
tain an average wall thickness of produced mi-
crocapsules by applying Equation 2, where
d- average wall thickness, w, — proportion of
microcapsules with calculated d, from the par-
ticle size analysis and d, - a calculated diame-
ter of microcapsules with a selected D from the
particle size analysis.

The mathematically calculated values of the
wall thickness were compared with the mi-
crocapsule wall thickness visualised by SEM.
When using only Equation 1 and an aver-
age microcapsule diameter obtained with laser
granulometry, the predicted microcapsule wall

thickness was 104 nm. Additionally, by taking

volume distribution
i
dh
&
i
5
i)
i
r#&?ﬁ\ﬁ" (5] 1 x G 4

Mikrokapsuliranje za tekstilno uporabo in uporaba analize SEM posnetkov

Figure 11: Microcapsule sizes obtained with SEM (left) and microcapsule size distribution obtained with laser

granulometry (right)

into account Equation 2, the calculated thick-
ness of microcapsule walls was 112 nm. This
was in accordance with the observed dimen-
sions of the wall thickness in broken microcap-
sules on SEM images (cf. Figure 10).

In addition, the SEM image analysis with Im-
age] software was applied to obtain the aver-
age microcapsule size on SEM photographs.
These values were then compared with the par-
ticle size analyser measurements based on la-
ser granulometry (cf. Figure 11). A comparison
shows that it is possible to some extent to use
SEM as the tool not only for the size determina-
tion of some microcapsules, but also for obtain-

ing the average microcapsule size.

3.2 Mikrokapsuliranje disav in etericnih olj ter vizualizacija
mikrokapsul na tekstilnih izdelkih
Glavni parametri procesa in situ polimerizacije za mikrokapsu-
liranje disav in eteri¢nih olj v 10-litrskem reaktorju so navede-
ni v tabeli 1. V tabeli 2 pa so prikazane lastnosti dobljenih mik-
rokapsul. Za analizo morfologije in distribucije mikrokapsul na
tekstilnih izdelkih so bili uporabljeni posnetki SEM aminoalde-
hidnih mikrokapsul na tkanih in netkanih tekstilnih izdelkih pri
500-kratni in 2000-kratni povecavi (slike 12-20).
SEM posnetki na pritisk ob¢utljivih mikrokapsuliranih di$av na
dekorativnem ovojnem traku za darila se predstavljeni na sliki 12;
diSava se sprosti zaradi mehanskega pritiska pri rokovanju.
Na sliki 13 so SEM posnetki suhega osvezilnega robcka z dolgo-
trajno ucinkovitostjo, izdelanega iz sinteticne netkane tekstilije,
impregnirane z evkaliptovim eteri¢nim oljem v mikrokapsulah,
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Table 1: Main parameters of in situ polymerisation process for microencapsulation of fragrances and essential

oils

Parameter Value

Stirring rate 1500/min
Heating/cooling rate 0-2 °C/min
Emulsification temperature 20-30°C
Emulsification time 20 min
Polymerisation time 60-90 min
Polymerisation temperature 60-85°C

Table 2: Properties of microcapsules containing fragrances and essential oils

Parameter Value

Wall material

melamine-formaldehyde resin

Core material

synthetic fragrance or natural essential oil

pH 6-8.5
Viscosity 200-300 mPas
Microcapsule content in suspension 32-38%
Microcapsule sizes 1-10 ym

Microencapsulation efficiency

more than 95%

3.2 Microencapsulation

of fragrances and essential oils,

and visualisation of microcapsules

on textile carriers
The main parameters of the in situ polymerisa-
tion process for the microencapsulation of fra-
grances and essential oils in a 10 L reactor are
listed in Table 1, and the properties of produced
microcapsules in Table 2. In order to visualise
the microcapsules, their morphology and distri-
bution on textiles, SEM images of aminoalde-
hyde microcapsules on woven and non-woven
textile products, were compared at magnifica-
tions 500x and 2000x (cf. Figures 12-20).
Some of the textiles from Aero R&D archives
were produced more than 10 years ago. Their
recent SEM analysis (cf. Figures 12-20) reveals
that microcapsule walls produced by the in situ

polymerisation of aminoaldehyde resins have

obcutljivih na pritisk. Etericno olje je shranjeno v jedru mikro-
kapsule in zas¢iteno pred oksidacijo, dokler stena mikrokapsule
ne poc¢i pod mehanskim pritiskom ob uporabi robcka.

Slika 14 predstavlja posnetke s SEM odi$avljenih najlonskih no-
gavic z eteri¢nim oljem vrtnice v mikrokapsulah, obcutljivih na
pritisk.

Zelena dekorativna tekstilija z dolgotrajnim vonjem smre-
ke, predstavljena na sliki 15, je posneta s SEM; mikrokapsule so
vklju¢ene v impregnacijsko zmes.

SEM posnetki rdece dekorativne netkane tekstilije z dolgotrajnim
vonjem jagode v mikrokapsulah, ob¢utljivih na pritisk, so na sliki
16. Tkanina je primerna npr. za namizne prte.

Posnetki SEM na pritisk obcutljivih mikrokapsul z aromo vanili-
je na rumeni netkani tekstiliji, primerni za dekoracijo in embala-
Z0, so na sliki 17.

Na sliki 18 so predstavljeni SEM posnetki netkane tekstilije, im-
pregnirane z mikrokapsulirano aromo kave, za uporabo v oglage-
vanju in zunanji embalazi zivilskih izdelkov.

Slika 19 predstavlja SEM posnetek tekstilnega vlozka za obutev
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a) 500x b) 2000x

Figure 12: SEM of pressure-sensitive microencapsulated fragrances on decorative wrapping ribbon; fragrances
are released by mechanical pressure applied by handling

..'

b) 2000

Figure 13: SEM of long-lasting dry refreshing handkerchief made of synthetic non-woven textile, impregnat-
ed with pressure-sensitive microencapsulated eucalyptus oil. Essential oil is preserved in the microcapsule core,
protected from oxidation, until microcapsule wall bursts open by mechanical pressure when the handkerchief
is used.

I e
4 ..I:!lrn!-

a) 500 b) 2000

Figure 14: SEM of scented nylon pantyhose with microencapsulated rose oil in pressure-sensitive microcapsules
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b) 2000

Figure 15: SEM of green decorative fabric with long lasting microencapsulated fragrance of spruce, incorporat-
ed in impregnation composition

b) 2000x

Figure 16: SEM of red non-woven decorative fabric with long-lasting fragrance of strawberry in pressure-sen-
sitive microcapsules, applied e.g. for table cloth

a) 500 b) 2000x

Figure 17: SEM of long-lasting vanilla fragrance in pressure-sensitive microcapsules impregnated on yellow
non-woven textile carrier, applicable for decoration and packaging
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a) 400x

Figure 18: SEM of non-woven fabric impregnated with microencapsulated coffee fragrance, applicable for food
advertising and packaging

a) 500x b) 2000

Figure 19: SEM of textile shoe insole (Step on citrus): synthetic non-woven textile impregnated with long-last-
ing pressure-sensitive microcapsules, containing citrus oil as deodoriser, which is released during walking.

a) 500x b) 2000x
Figure 20: SEM of textile shoe insole (Nature): non-woven textile impregnated with pressure-sensitive micro-
capsules, containing composition of antimicrobial essential oils of lavender (Lavandula sp.), rosemary (Ros-
marinus officinalis) and sage (Salvia officinalis). Essential oils are protected from oxidation until microcap-

sules are opened by mechanical pressure during walking and the antimicrobial compound is released.
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been durable and stable for at least a decade.
Additionally, the SEM visualisation confirmed
that during the processes of applying microcap-
sules to textile carriers, the microcapsules had
a sufficient mechanical and thermal resistance
not to be damaged, broken or decomposed. Af-
ter applying an external mechanical pressure,
fragrances and essentials oils were released
from the microcapsule core and produced a
strong characteristic smell, even after a decade

of storing the samples at a room temperature.

3.3 SEM as micro-level visualisation
support in evaluation of mechanical
resistance of PCM microcapsule
walls

Impermeable walls with good mechanical re-

sistance are particularly important in the mi-

croencapsulation of PCM, which should not

fracture during the production and use of

a product. Otherwise, by passing the phase

change temperatures, PCM would drain away

and the product would become useless.

The mechanical resistance of microcapsules was

examined with a direct pressure mechanical

strength test of microcapsules, by placing 500 g,

1500 g and 3000 g weights on a 19.6 cm? round

surface of 3 g microcapsule samples in a layer,

at an elevated temperature of 135 °C. At these
conditions, the release of the core material was
measured gravimetrically as the percentage of
mass loss with time (cf. Figure 21). In all cases,
the mass loss was below 2.5%, indicating a good
mechanical resistance of melamine-formalde-
hyde polymeric walls to direct pressure. Slight
differences were observed in release profiles. As
expected, the mass loss increased at higher pres-
sure. Microscopically, the differences in micro-
capsule wall damage were visualised with SEM
(cf. Figure 22).

3.4 SEM for detecting morphological
changes of PCM microcapsules
caused by ammonia scavenger

The main process parameters and properties of

PCM microcapsules produced by the in situ pol-

ymerisation in a 200 L industrial reactor, using

ammonia for the removal of residual formalde-

hyde, are listed in Tables 3-4.

SEM was applied to detect potential morpho-
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(Step on citrus): sinteticna netkana tekstilija je impregnirana z
dolgotrajno dise¢imi in na pritisk ob¢utljivimi mikrokapsulami,
ki kot deodorant vsebujejo eteri¢no olje citrone. Sprosca se pod
pritiskom med hojo.

Na sliki 20 je prikazan SEM posnetek tekstilnega vlozka za obu-
tev (Nature): sinteti¢na netkana tekstilija je impregnirana z na
pritisk obc¢utljivimi mikrokapsulami, ki vsebujejo zmes eteri¢nih
olj s protimikrobnimi ucinki (sivka Lavandula sp., rozmarin Ro-
smarinus officinalis in Zajbelj Salvia officinalis). Eteri¢na olja so
za$¢itena pred oksidacijo, dokler se pod pritiskom ob hoji mikro-
kapsule postopoma ne odprejo in sprostijo aktivno u¢inkovino.
Nekatere tekstilije iz raziskovalno-razvojnega Aero, d. d. so bile
pripravljene pred ve¢ kot 10 leti. SEM analize vzorcev (slike 12—
20) razkrivajo, da so stene mikrokapsul, izdelane z in situ po-
limerizacijo aminoaldehidnih smol, trpezne in stabilne najmanj
deset let. Poleg tega je SEM vizualizacija potrdila, da so med
postopki nanasanja mikrokapsul na tekstilne nosilce le-te imele
zadostno mehansko in toplotno odpornost, saj ni bilo opazno
poskodovanih, zdrobljenih ali razgrajenih mikrokapsul. Pri upo-
rabi z zunanjim mehanskim pritiskom so se di§ave in eteri¢na
olja sproscala iz jedra mikrokapsul in proizvajala moc¢an znacilen
vonj, celo po desetletju hranjenja vzorcev na sobni temperaturi.

3.3 SEM kot podpora vizualizacije na mikroravni

za oceno mehanske odpornosti sten mikrokapsul
Neprepustne stene mikrokapsul z dobro mehansko odpornostjo
so pomembne zlasti pri mikrokapsuliranih PCM, da ne bi prislo
do poskodb mikrokapsul med proizvodnjo ali uporabo v celot-
nem obdobju uporabnosti izdelka. V nasprotnem primeru bi
PCM pri temperaturi faznega prehoda odtekli iz mikrokapsul in
izdelek bi postal neuporaben.
Mehanska odpornost mikrokapsul je bila testirana na podlagi
neposrednega pritiska razli¢nih utezi (500 g, 1500 g, 3000 g), ki
smo jih polozili na okroglo povr$ino 19,6 cm?® vzorcev mikrokap-
sul z maso 3 g pri povisani temperaturi 135 °C.
V teh razmerah je bila sprostitev jedra gravimetri¢no merjena
kot odstotek izgube mase s ¢asom (slika 21). V vseh primerih je
bila izguba mase manjsa od 2,5 %, kar kaze na dobro odpornost
melamin-formaldehidnih sten na neposreden mehanski pri-
tisk. V profilih spro$¢anja so opazne manjse razlike, kot je bilo
pri¢akovano; izguba mase jedra je bila povecana pri vejem pri-
tisku. Mikroskopsko so bile spremembe in poskodbe na stenah
mikrokapsul vizualizirane tudi s SEM (slika 22).
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logical changes of microcapsules after the re-
moval of residual formaldehyde from micro-
capsule aqueous suspensions with ammonia
scavenger. Comparisons of SEM images taken
with microcapsules, treated with different am-
monia concentrations suggested that ammonia
scavenger affected microcapsule wall charac-
teristics (cf. Figures 23 a-28 a). Microcapsules
with no ammonia scavenger tended to have
more brittle and pressure-sensitive walls, which
were prone to cracking, while by increased the
concentrations of ammonia, microcapsules
tended to have more elastic/durable walls.

The Image] analysis [30] (Figures 23 b, c-28 b,
¢) was used to additionally analyse SEM pho-

tographs. To observe the noticeable differences

a) 2000x
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Figure 21: Release of microcapsule core material under 500 g, 1500
g and 3000 g weights, compared to control (no weight) at elevated
temperature of 135 °C

b) 2000x

Figure 22: SEM visualisation of microcapsules with no weight and after exposure to direct pressure of 3000 g

weight in ventilated oven at 135 °C

between microcapsules, samples were analysed
and compared at 5,000%, 10,000x and 15,000
magnification. The Image] analysis plot profiles
were more irregular in the case of samples with
no ammonia added. The addition of ammonia
resulted in profiles with higher regularity, indi-
cating that the microcapsules were more uni-
form, with less broken spheres. In 3D surface
plots, all these observations were even more ev-
ident.

The Image] analysis of samples suggested that
the microcapsules with 1.35% added ammonia
were more uniform, spherical, with fewer dam-
aged/irregular capsules. The samples with no
added ammonia were more diverse, with larg-

er differences between the spherical/whole and

3.4 SEM za odkrivanje morfoloskih sprememb mikrokapsul
po dodajanju amoniaka kot lovilca ostankov
formaldehida

Glavni procesni parametri ter lastnosti mikrokapsul, pridoblje-

nih z in situ polimerizacijo v 200-litrskem polindustrijskem reak-

torju, z uporabo amoniaka kot lovilca za odstranitev preostalega

formaldehida, so navedeni v tabelah 3 in 4.

Posnetki SEM so bili uporabljeni za ugotavljanje morebitnih mor-

foloskih sprememb mikrokapsul po odstranitvi ostankov for-

maldehida iz vodne suspenzije mikrokapsul z amoniakom kot
lovilcem. Primerjave SEM-posnetkov mikrokapsul z razli¢nimi
koncentracijami amoniaka kot lovilca formaldehida so nakazale,

da je amoniak vplival na lastnosti sten mikrokapsul (slike 23 a-28

a). SEM-posnetki mikrokapsul brez dodanega amoniaka za od-

stranjevanje formaldehida so nakazovali bolj krhke in na pritisk

obcutljive stene mikrokapsul, z vecjim Stevilom poskodb, med-
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Table 3: Main process parameters of in situ microencapsulation in 200 | reactor

Parameter Value

Stirring rate 1500 rpm
Heating/cooling rate 0-2 °C/min
Emulsification temperature 25-40°C
Emulsification time 30 min
Polymerisation time 60 min
Polymerisation temperature 60-85 °C

Table 4: Properties of PCM microcapsules produced in 200 [ reactor

Parameter Value

Wall material melamine-formaldehyde resin
Core material paraffinic PCM

pH 6-8.5

Viscosity 300-800 mPas

Microcapsules content in suspension 30-35%

Microcapsule sizes 1-10 ym

Microencapsulation efficiency more than 95%

damaged capsules. Noteworthy were the injured,
i.e., capsules. In the determination of microcap-
sule morphology, all the presented analyses were
useful, all suggesting that the use of ammonia
resulted in better, stronger microcapsules.

To confirm the observations obtained with a
SEM morphological characterisation of PCM
microcapsules, additional tests were performed
with gravimetry, i.e. mass loss measurements,
at an elevated temperature of 135 °C. The PCM

mass loss measurements confirmed a positive

tem ko so bile mikrokapsule s pove¢ano koncentracijo amoniaka
na posnetkih ve¢inoma vidne kot bolj elasti¢ne in odporne.
Analiza Image] [30], (slike 23 b, c-28 b, c) je bila uporablje-
na za dodatno analizo SEM fotografij. Za oceno opaznih razlik
med mikrokapsulami so bili vzorci analizirani in primerjani pri
5000-kratni, 10.000-kratni in 15.000-kratni povelavi. Analiza
Image] s ploskovnim profilom je pokazala ve¢ nepravilnosti pri
vzorcih brez amoniaka. V primeru dodatka amoniaka je bil opa-
zen boljsi profil, ki je kazal bolj enotne in manj poskodovane mi-
krokapsule. Pri 3D analizi povrsine so bile vse te razlike Se bolj
ocitne.

eairrdipnined

Figure 23: a) SEM image of microcapsules with no ammonia added (5,000x), b) Image] analysis profile, ¢) In-

teractive 3D surface plot
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Figure 24: a) SEM image of microcapsules with 1.35% ammonia added (5,000x), b) Image] analysis profile, c)
Interactive 3D surface plot

Figure 25: a) SEM image of microcapsules with no ammonia added (10,000x), b) Image] analysis profile, c)
Interactive 3D surface plot

Figure 26: a) SEM image of microcapsules with 1.35% ammonia added (10,000x), b) Image] analysis profile,
c) Interactive 3D surface plot

Figure 27: a) SEM image of microcapsules with no ammonia added (15,000x), b) Image] analysis profile, c)
Interactive 3D surface plot
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Figure 28: a) SEM image of microcapsules with 1.35% ammonia added (15,000x), b) Image] analysis profile,
¢) Interactive 3D surface plot

effect of ammonia scavenger on the mechanical
characteristics and thermal resistance of ami-
noaldehyde-resin microcapsules, produced by
the in situ polymerisation microencapsulation
(cf. Figure 29). In addition to reducing residu-
al formaldehyde content, ammonia positively
contributed to the microcapsule wall durabil-
ity and reduced the PCM mass loss from mi-
crocapsules. This was an advantage for the mi-
croencapsulated PCMs, which have to remain
permanently enclosed in the microcapsule and
functional over numerous phase transition cy-

cles during the whole product life.

4 Conclusions

Microencapsulation is a knowledge intensive
technology, characterised by rapid growth of
new publications. A bibliometric analysis re-
veals that new patents, describing industrial in-
novations and applications of microcapsules,
exceed the number of scientific articles, report-
ing on new basic research and testing of micro-
capsules. Microencapsulation is therefore a fast
developing and competitive research and indus-
trial domain.

The technique of microencapsulation depends
on the physical and chemical properties of the
material to be encapsulated, and on the desired
characteristics of microcapsules and their func-
tions in the final products. The encapsulated
materials are protected, structured and immo-
bilised on a micro-level to be released at precise
targeted conditions. The microcapsule morpho-
logical properties depend on several process pa-
rameters of the microencapsulation process,

and are of key importance for the microcapsule

Analiza vzorcev Image] je pokazala, da so bile mikrokap-
sule z 1,35 % dodanega amoniaka bolj enotne, okrogle, z manj
poskodbami in nepravilnostmi. Vzorci brez dodanega amonia-
ka so bili bolj raznoliki, z ve¢jimi razlikami med sferi¢nimi/ce-
limi in poskodovanimi kapsulami. Opazna je bila ve¢ja koli¢ina
poskodovanih odprtih kapsul. Za dolo¢anje morfologije mik-
rokapsul so se kot uporabne izkazale vse predstavljene analize;
pokazale so, da uporaba amoniaka pri izdelavi omogoca prido-
bivanje boljsih, mo¢nejsih mikrokapsul.

Za preverjanje opazanj morfoloskih sprememb sten PCM mikro-
kapsul na posnetkih SEM so bile dodatno opravljene gravimetri¢-
ne analize z izgubo mase pri povi$ani temperaturi 135 °C. Meri-
tve izgube mase PCM iz jedra mikrokapsule so potrdile pozitiven
u¢inek amoniaka na mehanske lastnosti in na toplotno odpor-
nost mikrokapsul z aminoaldehidno polimerno steno (slika 29).
Poleg zmanj$evanja koncentracije ostankov formaldehida je amo-
niak pripomogel k boljsi obstojnosti sten mikrokapsul ter k manj-
§i izgubi mase PCM iz jedra mikrokapsul. To je bila prednost za
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Figure 29: Gravimetric PCM mass loss measurements of microcap-
sule samples with 0.00 and 1.35% ammonia scavenger in microcap-
sule suspension after in situ polymerisation process at elevated tem-
perature in ventilated oven (135 °C)
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functionality in the final products.
Mechanical tests and chemical analytical meth-
ods can precisely determine some characteris-
tics of microcapsules, e.g. mechanical resistance
of the material or quantity of residual mono-
mers after the completion of synthesis. Howev-
et, they cannot directly determine the micro-ef-
fects on the microcapsule wall morphology, e.g.
deformations and cracking.
In our research, microcapsules of fragrances,
antimicrobial agents and phase change materi-
als were produced by the in situ polymerisation
of melamine-formaldehyde prepolymers for the
applications in textiles. Scanning electron mi-
croscopy (SEM) was applied as an effective and
environment-friendly morphological analysis
tool for a detailed micro-level determination of
microcapsules, their morphology, mechanical
resistance and distribution on non-woven and
woven textiles.

The characterisation of microcapsules with

SEM was a successful research tool for:

- the determination of appearance, morphol-
ogy, microcapsule size and wall thickness of
microcapsules,

- the visualisation of microcapsule distribu-
tion on non-woven and woven textiles in fi-
nal R&D products,

- the visualisation of mechanical resistance of
microcapsule walls on a micro-level, includ-
ing the deformations and opening of reser-
voir-type microcapsules, and

- the detection of morphological changes of
microcapsules (elasticity, deformations and
cracking of microcapsule walls) induced by
the scavenger during the removal of residual
formaldehyde from suspensions at the com-

pletion stage of the in situ polymerisation.

Mikrokapsuliranje za tekstilno uporabo in uporaba analize SEM posnetkov

mikrokapsulirane PCM, ki morajo ostati v mikrokapsulah traj-
no zaprti in ohranjati svojo funkcionalnost v stevilnih ciklih pre-
hodov agregatnega stanja za celotno Zivljenjsko obdobje izdelka.

4 Sklep

Mikrokapsuliranje je po znanju in tehnologiji zelo hitro
rastoce in konkuren¢no razskovalno in industrijsko podrocje z
naras¢ajo¢im $tevilom novih publikacij. Iz bibliometri¢ne ana-
lize je razvidno, da §tevilo novih patentov, ki opisujejo industrij-
ske inovacije in aplikacije mikrokapsul, presega $tevilo znanst-
venih ¢lankov, poroc¢a o novih temeljnih raziskavah in analizah
mikrokapsul.
Tehnika mikrokapsuliranja je odvisna od fizikalnih in kemijskih
lastnosti materiala, ki ga zelimo kapsulirati, ter zaZelenih lastno-
sti mikrokapsul in njihove funkcije pri kon¢nih izdelkih. Mikro-
kapsulirani materiali so zas$citeni, strukturirani in imobilizirani
na mikroravni, da se sprostijo le ob dolo¢enih pogojih. Morfolo-
$ke lastnosti mikrokapsul so odvisne od ve¢ parametrov v proce-
su mikrokapsuliranja ter so klju¢nega pomena za funkcionalnost
kon¢nih izdelkov.
Mehanski testi in kemijske analizne metode lahko podrobno
opredelijo nekatere znacilnosti mikrokapsul, npr. mehansko od-
pornost materiala ali koncentracijo ostankov monomerov po
opravljeni sintezi, vendar pa z njimi ne moremo neposredno spre-
mljati u¢inkov na morfologijo sten mikrokapsul, kot so deforma-
cije in razpoke.

V na$i raziskavi smo mikrokapsulirali diSave, protimikrobna

sredstva in PCM z in situ polimerizacijo melamin-formaldehi-

dnih predkondenzatov za aplikacije na podrocju tekstilstva. Vr-
sticna elektronska mikroskopija (SEM) se je izkazala kot uc¢inko-
vita in okolju prijazna metoda za podrobno morfolosko analizo

mikrokapsul, spremljanje njihovih mehanskih lastnosti na mi-

kroravni ter za vizualizacijo mehanske odpornosti in porazdeli-

tve mikrokapsul na tkanih in netkanih tekstilijah.

Karakterizacija mikrokapsul s SEM se je izkazala kot nepogreslji-

vo raziskovalno orodje za:

- dolotitev videza, morfologije, velikosti mikrokapsul in debeli-
ne sten,

- vizualizacijo porazdelitve mikrokapsul na kon¢nih tkanih in
netkanih tekstilijah v kon¢nih izdelkih,

- vizualizacijo mehanske odpornosti sten mikrokapsul na mik-
roravni, vklju¢no z mehanskimi deformacijami ter odpiranjem
rezervoarnega tipa mikrokapsul,

- odkrivanje morfoloskih sprememb mikrokapsul (elasti¢nost,
deformacije in pokanje sten mikrokapsul), ki jih je povzroéilo
dodajanje amoniaka kot lovilca ostankov formaldehida v sus-
penziji ob koncu in situ polimerizacijskega postopka mikrokap-
suliranja.
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