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Abstract

| socyanates are a family of chemical -8l€@pogndspchanact
used in a wide variety of applications, for exampl e,
footwear industry is a s paerce fui sce dc atsoe-quuraded uecyei ahdibggha ha & e
but this organic compound is very toxic and can be a h

this chemical. This downside made regulation necessary

The objective of this work is to encapsulate aliphatic
using the solvent evaporation technique, to mitigate t
protecting isocyanands ambaenst fmocit®rsre To ensure the
mi croencapsul ation parameters were studied, and the n
optical mi croscopy, SEM, NMR, FTI'R and TGA tol obaserve

to determine the payload andenhwiei onfimemhtaal ocondvihehorespo

behaviour of the MCs in the adhesive was studied using
As a result, sp-heeecaMCsanmnder er aochkt ai ned containing t |
encapsul asbdeél | Carey pmatMCsx were obtained for PBAT and |
material. A payload of ca. 6&gwal Wswas hebeanvvednamedt pwe
t wo months at | east. The suitab-l |l nkynof atgpersfeo rM@srhde h |
adhesive formulations for the footwear industry was a:
cobbaation with CIPADE S.A.. The adhesive joints, when
strength values between 3.28 and 5.34 N/ mm, which are
footwear application, and i mpaoeddwarn daempownlesti sd aincec ywa
Keyworldsso:cyanate, Microencapsul ation, Biodegradable Pol



Resumo

Os isocianatos s«o uma fam2lia de composto-blCQPU2 mueos c
Ss«0 utilizados em uma amplexempiedapdardepanptdiuzir»espumi
e adesivos. A ind¥%stria do cal-ado ® um caso espec?2fic
juntas adesivas de alta qualidade, mas este composto o
dos trabal hadores que | idam constanthemderstvaeantamemster
necessBegal amenta-«o do uso de isocianatos.

O objetivo deste trababali BEteimaeapg ul acr o sbcodegtad8vel
PBS) utilizando a t®cnica de evapora-«o de dsoletent e,
manuasme nt cao mesmo tempo que pr ofléuwmi doasd ei seo cfi aatnart eoss amot
Para garantir a viabilidade deste m®todo, 0sS par ©metr
microc8psulas (MCs) caracterizadBBNutFTi Ra@edd®GMmi panaco
a forma e MCg ifpsnr daem como paperdeneamiemadeai soci anato
eocomportament o ad anodnod i ex»pecsstambi ent ai s. O asstMCdo nddo cc

adesivo foi real i zadeeoporgineisod edsert snseicdasnddiédud nci a.

No f,i nfaolr aam OICi éss fse@mi d | ssmtr @an dd fterrfemmdeisanat os encapsu
MCs docdassédee Imatri z &socroafBAdTbte dPBS, respectivament e, |
inv-lubtUmarcendagé@bde i socianat omiemdbspsgwlaaddo ef prot e- «
mei o ambiente foi alcan-ada durante pasl dMCme rpas ad sies et
uti bs zaadmo agentes de reticula-«o0o em formula-»&@ adesi
cal -fadio avaliada de acordo com as diretrizes.daAsnd7¥s:
junt as adesilvaando i socianato encapsul ado,i aapaocesent
descascaemdmteo 3,28 e alm,dddi Ma mdno m3bhi mo exi g mdaol -paadoa, a

mel hor resist°ncia © flu°ncia quando fcooimpaalrcaadno- acdoam i s o

Pal avwhasksoci 8naernoc,aps UP @l-«mer os Bi,Adegi adSveis
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Chapter 1. Il ntroducti on

|l socyanates are important organic compounds used in
footwear industry. Althdyghgthe® @oodrpreyerntfi @s oduct ¢
and can cause health problems to the workers who are

European Union has |l egislated the use of i sadhyeanat es
wor kforce. To ensure that the contact with the isoc
regul ation i mposed, mi croencapsulation of isocyanate

compounds.

Il bhis work, the microencapsul ation of aliphatic isoc)
the environmental i mpact was studied using two diff el
applications in adhesivegesebochthe fbbobswéael dndsgsthroy
Figure 1. However, research on the encapsulation of
PBAT and PBS, has quite a high novelty, in the sense
MCs with PBS shell, and just one (from our team, TPM
i socyanate. I ni sbpborlantd ediliPBdEy awvmaast eencapsiu)-at ed, i
hexamet hyl ene(dDIi socyanat e
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FigdmNember of publisoatyiammas eakkoctapsul ation (on the
for microencapsulation (on the right). Search made
Afi socyanate and microcapsul esd and fAbiodegradabl e

This dissertation is divided into six chapters. fAChary
in hands. AChapter 2. State of arto gives the curre
Met hodol ogyo relates tosthesedatteri alhe g@omddiuedh ming e d
microcapsules, the adhesive formulati on, and the adh
presents the results and di scusses the outcomes of 1t
Worowr a-pp t he most i mportant success anadzseswdastthathal | e
be done i n dachhei evwet uM@sbtewittehr epvreonper ti es. AChapter 6.

fonts of i nfwhi m&t ieccauntr ytsheids wor k.



Chapter 2. State Of the Art

This chapter outlines the accumul ated knowledge in t£h
provides an overview of essentSSeal i blonmddyarsatreed & vding c L
t he aumstey pef socyadadtisdbhdhesiaveans” to elucidate the conc
delve into their diverse categories, examine their pr
t he f oot weaanrd itrhdeu shtarzyar ds as s ociSaetcetd owi tfh2 .i3s oMiycarnocaet nec a
el aborates on t he empl oyed techniques i n t he cont

Bi odegradabl e Polymerso defines what makes a pol ymer

this wor k. Secti olnatfi2.n5 oMi cirEemyampastued presents an
mi croencapsul ation specifically applied to isocyanat ¢
2.1. I socyanate

| socyanates were first synthesized in 1848 by Wurt

characteri-NGQ@ ¢drfadaypeweveonli nt 1%485 that isocyanate ga
i mportance as an alternativVéThkeompoewusat itloi tnyat afr ail s o an
thanks to their capacity for wvarious reactiTchres comb
i socyanate groups present a high rCH;NHjSHi)jteys utl d wanrgd § ni
t he f or mateitdhrmanef, urea or thiourdthane Jrohesdi Fespec
with the different nucleophiles are illustrated. As
wide variety of applicatimsn,s,cdatri regksa,nipd fed D e sbh ieptsr eovdieulkce:

advantages that they have, i socyanates are[ er3] sensi
o
ol
R——NCO + R' OH » R N C 0 R' (1)
O
q |l
R——NCO + H,0 ———» R—N—C——0H » R——NH; +CO; (2)
0
q o
R—NCD + R NH2 - R M M R 3)
0
, | |
R—NCO + R SH g R M C S R 4)
Fi g@r eDi fferent reactions of i socyanwt eh why H+Odix § Il ¢

water (2,3), with an tami ol grouwp (48) and with a



| socyanateategorbeed based on their chemical struct.t
beimgt ween aromatic i socyanatAedsdiando nallil pdhiasttihegiustoaany ar
as mémocti-bnacti dnfabnotri poadly when t heYyCOD agreodnjps e t hat

Aromati c i socyanates ar eanr eicsoogcnyi azneadt ef ofru ncca nitoaniani nggr o
aromatic Thimsuatimrge.i ncreases the electronic density |

more positive chargBHCOngtbepcathion barndhethe carbon

makemore prone to react with nucleophiles. Among the
toluene diisocyanate (TDI), t hat canidapbeebnhhkemet h avme
dii socWMdh atpea e(sent edarien prrieguuarleendt,. These i socyanates ¢
coeff fecti veness, -smnakiendg ftoreni edvgem 8dynt hesi s
CHj
CH,
NCo OCN NCO
Ha
OCN c NCO
TDI MD |
NCO
Fi g8r eCommonly employed .aromatic isocyanates
Aliphatic isocyanates areal iiphatyfaniag teast imct tiascohceyda ntaot easn

themselves from aromatic counterparts by their superi
and a | owerangl &a3$ ® n.Otnhe mpheer adtuhrledr p thaatnidc i stoycpyi &crmabtseys ar
reactive than aromati c. The moreespemobal layppl hcaztaisern
transparency i s ocdcaTddelo maolslty cdensmomedal i phatic i socyart
diisocyanatteeXdmtlhy |l eélneé di i socyanat-iesdqdHpanataedy eanled he
(HMDI depicted 5]n Figure 4

H,C NCO
H;C /\/\/\/NCO
OCN
NCO HDI
H,C
I PDI
OCN NCO
HMD I
FigdMest common aliphatic isocyanates



|l socyanates were initially employed as individual S
polyurethane technology, new types of i socyanates e
trimerizati on, and polymeri z§®iormesfe rlrkase i ongamire
create, for exampl e, c[r3o,s s8,DinfE ing uckaent dbee f oo hmeidn as a |
of the spontaneous reaction of i socyanates, with ti

temper atduy easre not ther modynéami&lally stabl e

o]
2 R—N=—C=—0 —®» R—N N—R
Uretdi
o]
Fi gbr eDi merization of isocyanate
The triméFigathmsm)been commoynpliycalld ¢d,l i nked with the
i socyanurate ring, enhancing the st abUnliitkyee odi nehres ,i si

reaction necessitates the presence ofTrviameirowsatd atnaliys

i mportant reaction because it | eads to branching, an

TD) 3, .6, 8]
0] N
3 R—N—C—0Q —3 Y
N N
i

o)
|l socyanur

R

0]

Fi géreTrimerizati.on of isocyan

| socyadnateast i lity | ends itself to various industries,
f oams, coatings, adhesives[,429edha&antwi,deansdt rellca sitr @ame
i socyanates, along with factors such as formul ati on,

the creation of materials with a broad spectrum of <ch

wat ersi st ance, and e[ 8ttQuircreelnti ysulHDt i aac¢g amathes ard
commonly wused in t he fuscet wdari siocdyuasntartye,s tas bui l di ng
polyurethane for the sole and as a crosslinking age:l
footwear makes it important in this industry.



2 2. Adhesi ves

Adhesives may benedaflined mag emoml s that, when applied
join them, and withstand separation. I'n our daily 1
cemeAhdhesives can be categorized through different ci
liquid), the materials the¢ymebhand (epaper, adahdshiev epsr,e dn
composition. Common chemi cal, dceysaingonaactriyolnast ei n cploul dyec h
pol wihramme adhesiveg,il3amdmd ot hers

Adhesives find applications across a wide spectrum of industries, extending from traditional sectors like
wood and footwear manufacturing to highly demanding fields such as automotive, aerospace, and

electronics. In some cases, adhesives take precedence over mechanical joining and welding [ 1-46. ]

221.Substrates and adhesives in the footwear industry

Adhesives are the most used joining technology in th
ones, dating back tonid0®cewémned oseafitled 109d@mpol ychl c
introduced and from 1970 onward, pol yurethane adhesi
mar ket . Today, a wide variety of adhesives started t
bui lWliongk in ffHi7Ty industry

The most i mportant joint that we find in a shoe is t
vamp, toe, and quarters) and the sole (consHisgurneg of
7. This joint is particularly demanding as it endures
[ 1.8]

The materials used for the upper and sole can vary ac
of méareuf acturer. For the upper, the most common mater
|l eat her to synthetic choices |like polyvitnlyé sdhllerd¢ ar
be crafted from some of the same materials as the u
ethylene vinyl acetate (HMWA),,Tda8nong dthleesref pddwielpialritts
i ndustry can use different types of adhesives to at

adhesives include polychloroprene (PCP) and polyuret
can be further <c¢cl assi f theads eidn tam e agooel dvecdndflyoX Ji e ss wat er

Insole
Insole

Stiffener

Eyelsls

(Oxford lacing) Heel
Throat line Top piace
Shank
Toe cap
Outsole
FigambDefferent constituents . . Retri

5



Wat-based adhesives are dispersions or emul sions of
significant advanttaogxeisc ddured mmar lheei pr omperr t i es, promot i
Mor eover, they deliver wort htyhepermfaogr maanwe s | o Mgeevrer t h
compar ed thassdl wamtesi ves. Additionally, they are typ
solid content i[m9t.heidr] formul ati on

The saeblavseendd adhesi ves are composed of a polymer disso
organic solvents. These are the most frequsaentmoy eempl o
idepth description of them -whhptbe.presented in the

These two categories can be dividednewanrp offdrii)h earnd nt c
t woomponent (2K) adhesives. 1K adhesives, only have o
on themselves to form the adhesive bond reacflnpg wit
21] This way, they are much easier to apply, and t he\
components A and B. Component A is the adhesive and
ageph?2.1]They are used when the objecti,veainider ¢t@asespklkd

resistance t,dutaemperayumed/ or in places where moi st
adhesive. Thus, in the 2K adhesives, the components
of the product. Due to the crosslinkopgrt2Ksatdhasi ¢ &:¢
have better control ovier¥] the cure of the adhesive

221. Pol ychl oroprene and polyurethane adhesives

Sol vlemsed PCP adhesives have similar bonding strengt
di fference between PCP and PU is the open time that
temperature without the need forbomdpewiat ur mi niP@®mail i
after I ong open assembly periods. Tablenlpkhowpatthe
hundred parf449af 2lUbber)

Sol vlkemged polyurethane adhesives are flexible, perfo

have outstanding adhesion strength and rapid curing

good wettability for d2.%] 2 avdhe xitwesofarnmateommdrs f or
adhesives, with the crosslinking agent typically beir
been applied to the substrate, it is left to «dsgy and
through heat activation. This implies that the adhes
when subjected to elevated temperatures upon applicat

resi stant.



Table Typical composition[df9]PCP and PU adhesiyv

Raw Mater Quantity

PCP 100

Resin 30

Mg O 4

ZnoO 5

Wat er 1

Antioxid 2

Solvent m 500

PU 100

Resin 0-5

Fumari c ¢ 0-3

Silicalnit 0-10

Solvent M 500

2. 2H&zards and regulation of isocyanate

Despite the use of isocyanates in a | arge range of aj
in a factory, they can be found inPdiof begendt espages
i socyanate a&amghbor aerosols in the workplace environn
workésscyanates are powerful irritants of tfRRed]imticous

is also considered corr®@dDlhvee moos tt hceo nmsnkoinn eafnfde cey eiss i
Ssystem, with the devel opment of respiratory illness:¢
rhinitis. The risk of developing conjunctibvetads was

der ma[td.€]i0O¢ her ssyuncpht canss i mmu n o,lh@agiec beremb Ireelpeaitte dnot t c

same extent as thos¢ lpreviously discussed

I n recent years, the European Commission has been a
i socyanates to safeguard workers in the EU. When the
be prioritized through wd3 kfroegwl dtriad ms nwi.|l ISthae tii mgl é
safe handling 271 his compound



23.Mi croencapsul ation

Mi croencapsul ation of i socyanate species has emerge
Mi croencapsul ation offers a pr ot ecatnidvnes edsthiee Isda f a&ert oyu nodf

wor ker s -asna@r £.ndMoreover, this approach enhances the ¢
for their storage and transportation. By encapsul at
degradation is miniimagetdhe thteeglefbyl iifnrera@amad reliabilit
compounds. Therefore, mi croencapsul ation of isocyanat

the benefit of compl yi(Regg iwsittrhattihoen ,r eEveanltu aRE AoCnH, ¢ tAiua m o

of Che)miegaullsati on on isocyanates.

2.3Ddfinition and application

Mi croencapsulation is the process of enclosing a sol
mi crocapsul es, with a size between[ 28,.f ®Heni gopahs of
mi croencapsulation is to coat an active compound wi't
wal | material, oftend 3pEmpoapdulodt ipoon yimersecessary fo
including protecting the core material from degradat
Uv lTight, moisture, or chemicals, thus exednrdelnegase s
of an active ingredient, all owing gradual rel ease
encapsulation aids in the safe handling of f{&%fic mat
33]

The rel ease i vfe tirmiggrhetd iheanptpen using a variety of mecha
heat athapiglehsi.s enabl es the encaprsall apradisudisy aace o
opti mal dB8rdiThi ®#nsoncept is usedutbfradd ftfedBBdl APy !l i C
37] frag[r3aBldetshe phar macp@B8idcAdRadmidadblidyd eener gy st or a
[ 4B0]

MCs are classified accéirglimeg 8,0 drhceiirt mbe péhrod Dgyn hov
distributefd32n BBAgh®Cmor phol ogy depends on the wall
selected for the production. The basihel ndr phalt ogiomd ¢

shell aroupol ¥y hawictermemul t i pl e cor e snaeénicna swehdi cihn tthhee cso
material is evenly di s;muhlnbaiwlheadn omort éh et tsdhre |l d n anawalrli ailn
i rreghlear a spherical shape. is not obtained in the MC

Core-Shell Multi-Wall Multi-Core Matrix Irregular

Fi g8&r eDi fferent morphologies of. microc



2.83Mi croencapsul ation Technol ogy

There is a wide variety of technaVCesgiTehse steh atte cchann qlues s
be divided into three groupshemheml §d@8H{t]kpips ssecd avls,e san d
some of the most relevant met hods.

[ Microencapsulation ]

Physical Chemical Physical-Chemical

) Spray-Drying Insitu Interfacial
SiAgantion Polymerization Polymerization

Low cost Economical Prepolymerization Simple Process
Easy scale-up Easy scale-up Uniform morphology High monomer activity

Fi gwreCategorization of t he, misthoové mga ptsheel amd soth  rmeelt ehwoalrst m
techniques and thdidmrnpma8in freat §des

Solvent .
Coacervation

Controllable particle size
Agglomeration

2.8lL1 nterfacial p o li ynmegprioitl ayant ei roi nz aatni do n

I n potwywmer Fizmurieonl () iisn awhiecchhntilgeuepol ymeri zati on pro
the continuous phase, with all t he nelchees sfarrymerde ggod nytne
mi grates and deposits on the surface of the[@0dpl et
Utilizing precipitants, modifying temperature, adjust

in regulating the diepostheonoo&.the polymer

I n interfaci alki gualey Mmer)i,z athieonba(si ¢ merc haindiustm s s cweerayt ¢
pol ymer wal | t hrough polymerization on the core ma
monomer s, each dissolved in a different phase. When
interface, they react with each oditinedrrm. | Blaai hgr mat it d
wall around the core takes place in two steps: the fi
atetadil droplet surface, and the second one is the tt
the interface, andthdkief imsitomlofwatl he cmmadt ammtts. Pol yc

are the common reactions that occur using monomer s
mul tifunctional -racaicd acnht| osruicche sa.s Aanmtiode can be added t
ofpolyurea is formed when an amide reacts with isocya
aciddlocihhde. | f isocyanates react with mpothyemehaneoshal!l
i s fdr3mgd



Oil I ljdzS§2 dza &:
Y2y 2YSNJI ! FyR . In situ polymerization

Emulsion

» &Y shell wall

Aqueous solution . o
+ monomer B polymerization Interfacial polymerization

FigumlWe Mi croencaps sl ptol ygmevnaemygdmgn) i nterf aci dlatipe | ly
t ec hniAdwed e dinl |

2.2832.Coacervati on

Coacervation is a method employed to induce phase sej
in the formation of a protective sh®IheocoazoaltVvatge air &

phase with a higher concentration of the colloid co
equil ibridtmesbokeaobhnogque can be descKiiguad ilrn)f:oyra)disfufse
of the core materi al particles in the |liquid phase,
component , (c) deposition of Iliquid polymer around t

The segregati olmycanclawcwygar iodniptHhe ol ecenesgg by chang
ionic strengthh.2df the system

O O "O“O”
O“
L
O “‘
O 'O’
LR R

-

o0 050
000 < ov0o

(d) (c)

Figdne Coacervation as a microencapsulation technic
|l iquid phase, (b) secretion of the coacervate from
core, (d) gel abhoaf atObd saafbriedtidf[i cat i
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2.2833Spray Drying
Spray (@Fygonde h2)t echniqgue embraced by a diverse rang
and scalability on an industrial l evel, characteri ze
drying also provides an efficientriwmeshedziesr &hcapserk
used in the food industry to prodapswiiewides wadi &t ya\
[ 30, 33he5P]Jrocess can be divided into di fferent ¢
homogeni zation of the dispersion, atomization of the
ités formed a solution with thet hme tvivec dsigtrye da fe ntthias
be controlled by beedmtg diorw iemcoluuwgshi atnos pirne t he MCs and
| arge droplets that increase the drying rate. The ob
heatedra&iam supplied by the drying chamber. The short
temperatures and thesthei chaceanpalabebowkéebdp chamber 6
t hearreeo sol vent residues, and a washing and filtration
with the help of a cyclone.
The operating conditions of the process play a key
i mportance the feed rate, thebali]Thenkrateand &eedodel
atomizer is adjusted to estidqier @detshattdedemperapluete bed
the surface of the drying chamber. The air inlet temp
drying rate. I f a low inlet temperature is appbifed, t
MCs that aggl omerate easily. Nonet hel ess, a high inl e
cracks in the shell whi c h,elceoarssee qoufe ntt H g, a @tcicved er ag) e e
expected. The outlet temperature cannot be controlle
the inlet temperature, but it is important to keep il
MCs lIceodt ed [ &d4d¢ur s
Slurry @
Feed pump
Air-in Atomizing
] (T Atomizer o
B e Heser i
o
pe Pl e
A
—

FigdRe Set

up afr ytimeg

Powder
Product

Ot &6 ol odh] [

1

1



2.2884.Sol vent Evaporation

The profcodsvse nt e vcaopnosriasttisonof several steps, starting
i ngredient in a solvent, wWwhienbonhefoolmstibe dosparsiedgphth
is emulsified into the continuous phase. The solvent

continuoyus apbasmpanied by evapdohasi oresaftdheéensoheertt
di spersed phase dropl ets ME@saax es aleicd vearetdi calneds .d rL aedt It
resi dual sol vemtFEi caproal |mlsu st tercehsne djruee of t he physi cal m
prodMCe

hNBFYyAO

| 2y 8y dz2 dz3d

{2t @Syl 9¢

FiguBe Sol vent evaporation.t &dhpitegude fta

Emul si on

An emul sion is a mixture of ataheéawat @r,i mmitlci bhe of
being dispersed as small spherical droplets in the of
the classificaotriloea ceompepienidemt of t(hHda gdurrifep L1l . g st ke
consists of oi l droplets in a eanattienruoaimu Ilwsaitoenr (poh/ans)

di spersed phase is water andtthes acabattieivédo esnupbasa i sv

Mul tiple emulsions can ai-#at-ideeei |[ob(ta/iwed)siament eacst eori |

(w/ o/ w) . T low s retghietseer idai ff erent types of emul sions com
active ingrhkedwatndr .halsf wtihe active component i s hydr oy
used, but i f the component to encapsulate is hydroph
[ 5.5]

~ €—— Water phase
- Emulsifying
agent
Oil-soluble
core material

O <€——Oil phasc
Q— Emulsifying
O agent
@-———— Water-soluble
corc material

W/0 ow

Q.

<—— Water phase €—— 01l phase
- Oil phase Water phase

Water-soluble Oil-soluble
core material core material

W/O/W O/W/0
Figdde Di fferent t yOhd s iforfeods.mul
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Di spersed phase

The dispersed phase comprises the polymer, the acti
pol ymer dilfsdsopotiymer is chosen according to the appl:i
and biocompatibility are i mporhiamdegradeaeblia g ol yhmerres
been used(olPMMAet hyl mfed h a e k[pI@thee) | ntsep alcyaneotni v e

i ngr edalemdnt bee e d nswhdeer ecdhoosi ng the polymer. The sol

criteria such as being able to dissolivnpgobhéycboseambhl pc

the <cont i n,uboeuisngp hhaisgeghl y vol atile andnhavdidndi an | bw ¢t

fundament al components, supplementary el-zmmewndrst camaay b
be incorporated to facilitate theodi soompltitehnhyofsol bhé
primary solvent. Additionally, a porosity oM&€ger ator
enhancing the shell's degradation rate and consequent

this phbpgbse.

Continuous phase

The continuous phase acts as the medium where the di:
its continuous state throughout the entire process. |
very common practice t o nan<wrad etstcaetn caeg gdloo meort a toicarura wt
of the solvent occurs and stabilizes the emulsion b\
phase. Surfactants for emul sions are amphiphilic, w
(hydrlbobpbt) and the ot heal ammorso ladtfiionng y( tyd rnoojmhobic) . T
concentration, unt i | the critical micell e concentra
components cainh lbhee oaretsiemiuous phase such as antif oam.
high, foaming can occur and it will disturb the for ma
this phehbWmEnon

Mechanism of the Process

For an efficient mi croencapsul ation process is it i
di fferent components in the droplet. The dispersed
solvent, and the materi al itvoe eennccaapmssulll| adttteir @ ®,oc ammo e & @t

be capable of mixiFnguweéet hSemdcapdmplee .of a ternary phe
the evolution of the proc@Ad f oTh eaxnmmgadhersosu gshtoayrtt st hien
t herae tirsansition from a ternary system to a biphasic
di ffuses to the continuous phase, and although they
the continuous phase add qwiildl (Fngepdradteg . i Whehet her sy
this transformation, it passes a binodal l'ine, this
nucl eation and growth of rich podgmeghireginbdocownt liwmiukee
until the solvent is gone phemonnsdeneano igln r gsa deé . amd ef elol
and core are not soluble in water and are moétchvol at

domains migrate to the surface of théeaidtheghdttivbeceoert

13



rich domains wilrdemémge att ke t ®olt Wen to eved(ngcudrbetsaa P2 dH) i s
56]

Polymer Evaporation

I I x /__ Air/liquid interface

Diffusion

(extraction) /ﬁ— Drop of the dispersed phase

o
| Continuous phase
\ /_
Solvent Core Material
Critical Point
FigulrS5e Ternary phase-Poil g-@eam Babneehlné (eft) . Di f f

mechanism of the solvent i n(dret ke IREdgriiteedleadp did ao{mb d

Pol y-mech ph
the interfac

Emul si on Dr Phase Sepa I(\__(Iicroca;:

Mi grati
pol y-miech

ent

Figuaube Mechanism of the formation of MCs in 6he sol

Process Parameters

The study of the parameters of itmperdantento eanaporsdtain

t hat areedatobéaend of this encapsulation process. Chan
i mpeslfleearct or geometry, stirring speed, emul sifier que
and continuous phases are cruci al parMGaéntceresa stihnagt tihnef
stirringmespeédes the shear force exerted by the 1 mpe

dropl et s, cons MGeoefn trleyd uycTeledd dsiinzgef.e a e amount of emul s
certain concentration in the water phase wil!/ make t}
hi gher and so the droplet wild.l be small er because co
not happeinl wv,0 teya consequwinicleo lwerre. MThse sviizsecosity of th
is important to take into account, increasing the vi
the MEZ,N&Bértheless, altering any of these parameter
potential to affect the sdianbitlhiet ycroefattihoen eonfiulpsairotni cal ne
characteristics. Additionally, certain factors may e

have counterproductive outcomes.
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2.4. Biodegradabl e Pol ymers

Nowadays, plastics are used in a widesyeati &eypatkapgp
due to being tlheidd dvemegcha mindal properties. This | eads
and because trddriitvedapl gpxettircd are not easy to degr
environment. This fact stimulated the r esehaartc s taard edde
to be on t helenBskoe,t 6 0

Bi odegradation is a process that takes place with ¢ttt
process occurs in two steps. Initially, occurs the fr
species, facilitated absy whaatehr ,allivot ipd,f aaotdo we ags hehlm i ng,
i ncluding mi crobes and enzymes. Subsequentl vy, t he
mi ner al Thzeatggnmdnduct s should only comprise water, car b
[ 59, 60]

The biodegradability of polymers depends on different
degree of crystallinity, and glass transition tempe
bi obased. The most i mpardtiaendt il pod yteltsdteriss Peil nyge sstter
defined by the presence of ester bonds in their chem
pol ymer chain is susceptible to microbial atrt ack, 3
degradati on. Previous works show that the balance o
mol ecules is crucial for the enzymes to binfdé6and the

62] Various polyesters$nhaveildetamddenxgt etnos itvheel ye mer gence
pol ymer s such as polylactic acid (PLA), pol ycaprol e
polybutylene adipate terephthal ate[®GPBA®B)3]and pol ybut

PBAT is a synfbeméed tphlypmehHh ycondens athiacre dofmotntomee s f

butanedi ol , adi pic aEiigduraen dl 7t)e.r eTphhet hpaolliycmearc ipdf,e(sent s
a melptoiimg in thel2ha@@®val ass 1i@ansit-BOnUCemper ptasen
Young Mad wllansiP a a great elongation at break21 700 %)
MPal 6.4] |t i s used for packaging applications and mu
bi odegradabl e but i s mor e resistant t o hydrolysis
mi croorganisms directly, due t o tsheslaowemwatd amprairnegd atn

pol yels64yr s65]

PBS is a polyester that is produced -hsti amge diwml mointohm:
structRigaigseinl7. Thase mwdmdowmwegesuttr clalne adkstoai ned via ba
fermentamabhnng them-bpestdeh2]i Bhily paoloy mer -cirsysa alwlhiine
thermoplastic with?3a Idenesxihtiyoiafs 1la. 2nbe lg/icig2 @ oW@tamwd t h
a low glass transition -#8Gpd@atUCreThey)Yooalh!l Modubusad:«
from53®0 MPa, depending on the degree of crystallinit
such as agriculture, ph6.RIAgi hags ahdeabdyomeddeafgone i

15



mi croencapsul ationdrfugr dpgueriépgmed ¢a g rliuc@l6tigorre i nBt ance.
bi odegradability is esuwsee ipalldsyt iactst rbaeccta wsee fiotr dse gnrga dee
a short pe[régB8d of t i me

Tabl e 2 sadmpiplreoperties of both PBAT &amdoRBS,podrydnet ise
residddheomechanic,al wihparopePBAEBSr evteal ghlesaingnWB&8mc ant | vy
comaring the biodegrtaw@abpal §yne do¢i, tghmpheé |tusdrates tha
bi odegra®B8Simue h f asRBRAT M htahgee same mq il s

0]
HO\/\/\ "
OH 0

but ane I adipic

H HooOC COOH

terepht a

/WM/\/\/)
< o
Il PBAT O
OH

HO\/\/\
OH HO

but ane succini
0]

0}
™ /\/\/O‘\
~ o .
n
5 PBS

Figd7e Monomers and polymer structure for PBAT and

Tab2 e Properties df62RBATS5]and PBS

Pol me Densi Mel ti Gl ass Tra Young MotEl ongat
y (g/% mPoint Temperatu ( MPa) Break |

PBAT 1.21 11622 -30 55 0700

PBS 1.25 96120 45 1@ 30800 300

16



2.5. Microencapsulation of isocyanate

The encapsul ation of i socyanate started being stud
mi crocapsules as a healing agent anapboymndedihfahesentnp
resins and 7Q0¢.nTcyrBejtceal | vy, the production process invec
wherein isocyanate was not only employed as an acti ve

a monomer for [s7h3el |IDilofr enaémiswiey e bdfai sieel If rom or gan
as polyurethane, polyurea, or a combinationsofithe 1tV
(Sp)O7%3nd wmanoon o0 xQsd[e7 &ftFeer t ed t o be introduced as a
mi croencapsul ation techniignu egsso ltwenreer [i &lastanth$ ceada seaircvha taiso
[ 79]PDI stands out as one of the most frequently enca
such a[s8gMOIDI&EhNd H®A]le al so ebhicfouetemtedaut hors were abl
i socyanate weitdphdipeémae gomtbauge ¢ h(e maxi mum olwted i8dd was
The sizes acquired, dwistph aayu tah omi sd ed ernaonngset M&wiamgy itnhge ab
from a few microns t o [mBe3a.r I8h]lea gnti d b ii Imetty eofi mtt ised zMCs
materi al o h o nt éhteh esl heeslsl, it is observed | oss of a cor
i socyawmateltioeyanmnatesul ation for adhesives started tc
about epoxy resins and usingwpbl gmeivaiss isd ulda g dP MMA fn
joints and having ifhemindgtbé i seOFEpPIi ntt enkef researc
encapsul atingaisedyangnesé$i cance, driven Regeaershersti
started coming up with solutions for footwear and wc

emerged using the mowhiic mimotihe nt feax dhinalgougowoank ra dlad 3 iowne

the research is focused on interfacial polymerizatio
adhesive were improved with the capsul est,e nnhta v(i anrgo ugnodo
80w®)l.n the context of footwear applications, some ap

polymerization is the most used, with | POI87bei8n8g t he

Biodegradable polymers were not being used €ffoor the e

drug dgbjiryfeary eaboavmpierey started to be an option to a°

that is not biodegradabl e, and sometimes very hard t
research groupi whak fast @rieecdheeh in the devel opment
containing isocyanates, with the[l 8i9Tmhestfipudbtl i babdegr
polymer tested was PCL with good results and then, 0

such as PLA, PBAT and PCL/ PLA [pb8®InNdThesedndtcadp ewmlcatpisar
was observed and with wtohfigh tbet PBAT BMC®»unThé&8adhesi
requirements necessary to AMhlel apfplibdsé nwerhe o htdaisn e
evaporation techniqgue andTereesfemrte , g oman ssitdaebriilnigt yt haef t
research group, the primary objectives of the resear
enhance and refine the manuf aM€Car enbapc epcstublsa te hocnd ioofd
i socyanates, and evaluate the resulting products an

industri al standar ds.
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Chapter 3. Met hodol ogy

I n this chapter, the methodol ogy empMOGyedsfwel t has f B
adhesive joints, wild.l be elucidated.

3. Material s

The isocyanamameluy etdheDmo G ®me mb d hter iEmeHr) ,( Desmodur E |
antdherepol ymer (Desmbidondl| £ ®iNpmpweewest ro AG (Leverkus
Dichl oromethane (>99. 8 %, HPLC grade) and Chloroform
Fisher Chemical (Porto Salvo, P6édt &@gao) .pcRyEmAT e(dP B ATo nk
BASHRudwi gshafen, BB&mmalyyplied by Cabopol (Porto de
emul si fier pol y(v8any9% hRydcrohloyH&d PVRAY] DAPO was obtained
Aesar (Haver hGummy aMirigge nleSMA)l. purpose grade) was suppl

(Porto Salvo, Rmadadabdhedsihee PWith the commerci al n
emul sifier Cei888d hy4@ o(tRBA dd7 Cel vol )Y hwermng hloiundlItyhisup
by CI PADE S. A. (S«o Jo«o da Madeir a, Portugal). Al

purification.

3..Production of microcapsul es

32 Production of PBAT microcapsul es

The MCs were produced by a combination of an oil-in-water emulsion (o/w) and solvent evaporation

technique. The production protocol is based on a work published in 2023 by the research group where

the dissertation was conceived [91]. However, this work uses different isocyanates and a PBAT from a

different supplier. Table 3 presents the base parameters of the study. At room t emperatur e,

PBAT was dissolved in 25 g of dichloromethane (DCM)

di ssol ved. Then, the PBAT solution was added to 6.8
forming the oPppaniConphasen{Dy, the water phase (WP)

PVA with a total weight ypftbhe OQGPamas 8Sddsdguentt he W
mechani cal stirring (750 rpm) with tli8e Téied eaful an oinmm
|l eft stihowuirsg afnadr tdhen, the MCs were vacBauemhrded tfrlad id
and a vacuum pump. The <collected MCs were then thoro
ti mes and | eft to air dry for 24 hours. Finally, tF
temper atwirel d Thfe t he synthesis was catobatl atedeusongl e
of PBATseaeodasadefor the ®gdntihsestihse amads shmof MCs obt air

and drying. This process was used for all three isoc)
wQQnQd— pTT p
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Tab3. e Parameters used for the production o

Stirring S|IPVA (WP ( Polyme DCM (Il socyant

750 1.5 50 3.25 25 6. 8

Addi ti,onal lwas studied the variation of process param
and the stiTabliemgd)s.peed (

Tab4d.e Parameters used to study the influence of the
Stirring
Par ame PVA ol mer DCM HDI
(rpm) ( poly ( (9
500 1.5 3.25 25 6. 8
Stirri 750 1.5 3.25 25 6. 8
Speed 1000 1.5 3.25 25 6. 8
3000 1.5 3.25 25 6. 8
750 0.5 3.25 25 6. 8
Amo unt 750 1 3.25 25 6.8
PVA 750 1.5 3.25 25 6.8
750 2 3.25 25 6. 8
QOrganic Phase
Isocyanate
Polymer +
Dichloromethane
] I Filtration
Emulsuf cation after 4h
/ g TR XY
Obtention of MC's
Dissalution of Formation of the Mixing of the Organic Formation of
the polymer Organic Phase and Water Phase Microcapsules

FigdaBe Scheme of the production of PBAT MCs with isocyanate

32 2Production of PBS microcapsul es

Given the | ack of prior research on the microencapsu
t he same pwgadneft@er st he successfuweeecampubpedohowi PB.
I n the RBRBMLgproofducttimem parameters to prodweeespheritce
investigatedhef ehlcapesd | Bayi on of the differdanhtibbega
parameters. This study was perf o6Gmed alasnicddn gCedivfofle)r.e nTtt
opti mal par amet @rbsl earbe. sTthaet emdr oidhuct i on met hod, as pr

unchanged, with only variations in the quantities em

Tab® e Parameters to.produce PBS MCs

Stirring S|Celvo WP ( Polyme Chlorofolsocyan:

750 1 50 2.25 25 4 .7
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3..8tability of microcapsules in solvents

Some studies showed that the percentage of encapsul
exposure to environmental conditions. atsesne&cdese péarei st el
they could be stored without any significant modi f i c
placed in a desiccat oi25atACr)gomhtidmperhaet ureema(i hd ng MCs
environment with relmadifvreo mi03n6 ittt or o(ORH )t ertnpredi€) ur Eh é 2
MCs were stored in aMdepoutl, o2 amde®i endtndrh s, t he amo

calcul ated to evaluate the shelf |l ife of the MCs.

When the MCs are applied in the adhesive, they wil!/l
Chapter 2. These solvents can be aliphatic [®®Ydrocarl
Therefore, the behaviour owast hset uMiGse di,n idii ftfeerrnesnto fs oil:
evolution along the ti me Foofr etxhpioss,urQe. 1t og tohfe MQ®sl vveelrte
di fferent solvents (water, acetone, hexane, and et hyl

1 week in the solvent.

3..€haracterization of the Microcapsul es
3. 404t i cal Mi croscopy and Scanning Electron Microscop

To follow the evolution of the emulsion during the sy

an optical Kross MSZ660@ optita microscope (Hamburg, Germany).

To analyse with more detail the external and interna
MCs , scanning el ectr ®henomiPoX && beocphtgp SENS B MymoScientific,

Waltham, MA, USA), was used. The samples were immobilized in a sample holder by using a conductive

double-sided adhesive tape and coated with a 15 nm layer of a conductive Au/Pd thin film, through

sputtering, using a turbomolecular pumped sputter coater from Quorum Technologies, model Q150T

ES (Lewes Road, Laughton, UK).

Additionally, microscopy played an important role in determining the average diameter of the MCs. The
diameters were measured using the Fiji software (ImageJ/Fiji 1.53k) [93] using data sets of 250
measurements. The diameters are represented by their mean average a n gtandard deviation values.

The D2s, median (Dso) and D7s were also obtained.

3.4FQurier Transformed Infrared Spectroscopy (FTIR)

FTI R sipecd rdsecchpiiquas tusgdtthe pr escehnecne coafli rmsbpaencansf ti ecr i a |
by the absorptiah epecnfrarédeffughihés (wahaengmee wak
checkprnéreeniceo wmyf g N&LCtOg s,meadi eshearoeffoerleydive evol ution of
encapsul at ed piecawlebheeat MCs ar @ ni mnheer sdeidf f er emheisko|l vent
the formation ohfaspoolcycuurWardeld( RWa)s i naBpedtrum-l Rac RkTFe
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spectrometer from PerkinEIl mer (Waltham, MA, USA) equi
were captured withaadrdabhutaceoonmof attiom of 16 scans.

3. 4TBer mogravi metric Analysis (TGA)

Ther mogravimetric analysis is a thermal analysis tect

with theoftempeaskBurleoss aof smpaescsi fi ¢ t emperditfufreer ernang

phenomena that can occur in the sampl e. The techniqg!
system (Il baraki, Japan)) was used to study the percen
stability of the MCs. Beea weerne 5p uatn di nitOo negn oaf | usnaimpi u m

35 to 60pDatA€ at a0 AC/min with a nitrogen feed rate
samples were heated from 35 to 600 UC at a rate of 2

From the TGA technique was also studied its first dert

3.4Tid4trati on

Titration is an analytical technique where a solution
the concentration of an unknown sol ulbumoettot(ean aklnyotwen) .
guantity of the analyte until t he rteaddteiteenr misecdrmel &
groups in isocyanates, with some modifications to f|
standard AS[TWM4]0T h2e5 7p2r ot oc o | used was the foll owing, i
0.5 g of MCs , then it was added 50 mL of acetone. TcC
released from the MCs the solution was, piutt was aand dud d 1
mL o f-n-bautdyil ami ne sol Mt iaomd (mad rueetniec slt i rred for 30 mi
drops) , br omopwtnioh bsapr ¢@yIl5 al cohol ) . The titrati ol
aci d, HCI M) (wnditéeelre, ils a change of colour from blue to
three times for every sample. A blank (no MCs) was a
MCs because as it is showwshldati erandPBis,dt@atmaadel niash erceolr

to the medium which makes this technique unfitted to

With theiwags rmddoinlsl e to calculate the %NCO ggdhoups ac
is the vol ume, i n mL, of HCI that i s conrsmmeeds whheen t
volume of acid consumed [ whse nt hMC sM@as(sg ) epfir €s ¢ me; mol ar

concentration of HCI (1 in this case); 42.02 is the |

6 & Gb ° pmm C
The value in equation 2 is obtained considering the mass of the polymer in the MCs. So, to know the
weight percentage of NCO groups and to compare with other techniques, we use equation 3, NCO (%)
mcs is the value we obtain for equation 3.; NCO(%)isocyanate iS the percentage of isocyanate groups in the
encapsulated isocyanate. Depending on the isocyanate, this value may differ, and it is found in the

isocyanatebs datasheet (49.7% for HDI; 23% for tri mej

21



3.

N MR

4Nbc |

Oi € OO E® O % -

ear

spectroscopy

Magnetic

S

sampl e

by

applying

00 0P

0 b prm
Resonance ( NMR)
a technique wused

t o

det er mi

ne

a n He\xMRe rsrpeelc t maag naeetriec afciqeulid.e d i

400

spectrometer

(Karl sruhe,

t

n

r

c

Ge r nmgpansy )s owlodantifdtbeu t er at e (
isocyanate, present in the MCs, an internal standard (4-chloro-3-methylphenol) w a s

t

has

peaks

t hat

i mmedi atethepri asseesment

and

t he

¢ Amignal atr6d&Gppmi 6 . 7 5

signals at 3.3 ppm (HDI), 3.8 ppm (trimer or prepolymer) were selected for direct correlation [95]. To

calculate the wt% of isocyanate in the MCs, it was used equation 4, but for the monomeric isocyanates.

I n

t he

e gad ait $ onhe fimol

used standard and isocyanate when the amount of both is equivalent (k= 0.5 for HDI and 0.4 for HDI

based-trimer) ;

bet ween

isoJaaMeC\)
t he

stands

signal

. >
Oi € WOWE®O @

selected beca

do not overlap with those of t he

to prevent any potenti al r

ppm from the internal stand:@

value of the standard; Afko i s &

for the molecul ar weight of the

of the standard; AmMCso refers to
Q0

- p T T

B

The quantification of the isocyanate prepolymer was performed using a calibration curve. This calibration

curve was obtained by changing the mass of this isocyanate, the ratio of the signals will be different

(Figure 19) and so, a curve can be obtained. When MCs are used, it is possible to quantify the

isocyanate percentage using the curve seen in Figure 20.
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y=0,2153x + 0,1228
R? = 0,9969

e 4,77

&3

NMR signal ratio
w

5 10 15 20 25
PHDI mass (mg)

Fi g@O@alathiron curwe cfudratthtees edf pAHDly mer i ns

3..Broduction and characterization of t he adh
3. 5Adhesive Formul ati on

For adhesive producti omeraandewmiheaedengr af,;a5p swtadat e)
wasiexd with Plastik 6275 gluecdrtoanimeirgdg aOthRYrsadfee $i 0
this percentage was based on earlier findings that

concentrations of[20p wt % or 7.5 wt%

3.5Vi2scosity of the adhesive

The analysis of adhesive viscosity aimed to investig
observe the i mpacAModuleanrc aosmd aactti oRheo MBMCBr 92 MERDP mMSe
Ant on Paar (@®arazempAlstymda)mmagviiantge system composed of
cone PP25 with a Diisapnoestaebrl eo fdi2s5hemsm.EMS/ CTD 600, with
Ant on Paar (@Qreaz, .uSkedr st &Yy, the viscosity of the gl
i socyanarmeeaswaSethsequtema I ynfl uence of MCs was studied,
percemtfagesocy@ahat eonditions used in the rheometer wq
adhediovanulwatsi omtroduced in the diljfprocmbl etlplddG@Eap sa s
of 1 mm between the cone and the plate was maintain
interpolating a data set of 21 points in an U@Qterval

werper f or med.

3. 5ABhesive joint manufacture and dispersion of MCs i

Pairs of substrates with dimensions of 13 cm x 3 c¢cm
replace | eather, were subjected to chemical treat ment
to dry for an hour at roommubkbempeontwase. appbiadhesi tvéa
brush in an area around 10 cm x 3 ¢cm and allowed to o
formed on the substrates were activatedCbhetitRe radi a
substsr weee doshdlejdect ed to a pressure of ,t4heaadHesgi Vi

joints were stored for a Uueek50i% rsetlaantdiavred hcuomiddiittiyo)n st
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cure of the adhesFiveunhia anado®2@hemme. of nt he process to |

is illustrated and the machines used for the activati
of the adhesive in the subdCrasmdree waasi rsg utda elde tdi ssterei Hd
surface. This was done by visual inspection of the s

Evaporation of

Reactivation and
the solvents

Pressing

Fig2ne Scheme representation of the production of t

Fig2aRre Reactivation of the adhesive (on the left) a

3.5Peel strength test

The peel strength test determines the necessary force
speed, with this test it is possible to understand wt
or in the SobstnBhanclkaracterization was executed us:

I nstron 5566 and foll owWidredtahdef ac¢ialnidair ewiBNf LUCHORADES tS
repeated three times for each test at an angle of 1¢

Figu2x3e it is possible to see an example of a test con

FigaBePeel test being pjeal
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3.%5Creep test

The cr ewaps arersitdd assess t he adehse gsibvaentc et of Advmpéfatturee

crolsisnking promoted by the presence of Tbobsypanatessc
i nvolves exposing the sample to high(ctoenmspearadt urbeasd )wh
same time to measure the opening of the joint. This ¢
undergo substantial temperature fluctuations,p such a
ori working conditions. The test was per fotdmetemwdhnt e
temperatures for 2 hours with a wei gihnt sotfe @s0U0G fgu,ntsitla
reach®ionglcC. The displacement was me asTuhreesde atteasitlse ae red

adaptat henst andaandd EWMen&89Rer f or medFat EVPADRDEtS&sA, thr
joints wer eFicgourrsei d?edr esch.ows t he creep test being perfo

wor k.

Fig2hde Creep test being|mpmémfter med i
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Chapter 4. Results and Discussion

The objective of this work is to encapsulate isocyar
evaporati onl hteeseeh MMiCpue.r e i nt endeand otrh eaurseef dtrne baedyhesys i nves
to specific criteria for successful application.

The initial requirement is the size of tll0e&0 MGs, Tihd eal

size egeadesdi sperfsachiilliittayt,esantdhe productAddi prowcalsisy,
t hese MCsh asvheo udsdhceolrle structur e, enabling the simult,
Furthermore, they should exhibit minimal aggl omer ati c
upon application to the substrate.

I n ter ms of chemical stability, the formation of p
undesi Fiamalel vy, the encapsul ation of i socyanate canno
without the encapsul ated isocyanate.

4 . . Production and chMCsacterization of

The study of the production parameters i s bmptord ant
final size, morphology, and isocyanate content. The t
t he amount of emulsifier used (PVA in this case).

4. 1Vdriation of producti ohmhepachimBATmMdGs of

4. 11.8t.irring Speed

The stirring speed is one of the more i mportant paran
their dimensions. | bn itmpeo seemsu las ischre,aramsd rietssi s tangl ed
of the oAb ddhepbkéisring speed increases, the size of

shear stress exceeds the Bagdgiatce tthins, oan oifn drhea de oipnd
the dropletsebhestoasdotaeaesmul sifier ormethecdwrsfiamame od
in the emulsion. With thethecserfsecoftemhei ecnigaiimyg 3|
MCs &davhi gher diameter. Coal escenceonft rdrbaipgli entgs tmi ghnt
si 4&.7]Four different stirring sC@@EdSOoOwerepm)udi ed (5«

Tabl e 6t shopasr amdhergield of thhyehdM&gi pgotdbeedtirring
yield of the process was always around 70% and this
process, f o hterexrasnfpérer,i ng of the organic phase to th
filtrati,andpdociesg the control process in the micros
agitation (3000 rpm) a high Il oss of final product occ
tbe calcul ated.
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Tab6é. eri@edhtdai ned when chapgeéedg the stirring

parame o208 LT
500 1.5 78.1
Stirr 750 1.8 77. 89
Speed 1000 1.t 77.2
3000 1. ¢ -*
*Yal ue ndet ¢paolscsuilbat e due to high 1l oss of final product in t

Fi gubdd spl ays the MCs produced wlipdn texea ndiififreg etnite smdn
mi croscopy techniqgques confirm that t he waalqiud ateaed tMCes
previously obser Wed hsithe iie@eduetisen. n agitation, t he
surface and alrre tllesscdwveosef those generated at 3,00
formation of rectangul ar shapes. These shapes are i n

occurs when the isocyanate comes intoessentdemowisth awa

of the droplet.

)

y 300 pm

400 4Mm

A y 80 um
o i e’

Figenseptd al mi cr otséc olpgfatG d n SEMo hn ma heasfr i tgdréephho | ogy o
changing the.stirring speed
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As predi ct edantdh eodbrseetrivceadl liyn t, h e hiema gnecsr ecalstea ili tnes daign t tah é
producMCesnwiefdusieslecr easi ndmftr @m7 Th*e change in the st
had a greatthmpackze of the obtained MCs. The standar
di stribution of sé6diesplhaygs otwlkee . hiFstgagrarms of the di st
and the data tells that the distribution of sizes ter
than the ones (obhegtkteaverdi ditsty t Dgiaen 7 addss t me@@wahues of
andseD The median is | owert hehawma ltakeas dnmoethabgde tsD zleo serrd t o
mean and median size with the increase in agitation.
di stribution of sizestbohfe tgetdMCs omr ot eeds Bhps vot al
of the MCs, resulting in | arger <capsules at |l ower acg
stirring speeds, ranging from about oAncec olr udri chrge dt omitcl
requirements f ot hMBspsy oapmldidhc at 5 ® nr pm talréeta teh ea omaearse

attractive size.

Tabl7 e Mean si ze, standard deviation, D25, medi an, and I
Mean s Standart ~ Me d i ~
(Gm) Devi athh)o D2 5(Cm) (Gm) D7 5(Cm)
500 r 133 48 97 127 166
750 r 71 25 54 67 8 4
1000 33 13 24 30 39
3000 7 2 6 7 8
100
80 500 rpm
§ 60 Mean = 133 £ 48
8 404
o O
0 }
0 100 200 300
100
80 ] 750 rpm
£ 60 | Mean = 71 + 25
8 404
201
P s I — ,
0 50 100 150 200 250
100
1000 rpm
€ Mean =33+ 13
8 N _’_Lm
o
0 |_ T M T T T
0 20 40 60 80 100 120
100
80 A 3000 rpm
§ 60 4 Mean=7+2
8 40
204
O T T T T
0 5 10 15 20 25

Diameter (nm)

Fig2b6e Hi stograms for the distributiofotmefisdamadat eér.d
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Encapsul ation oftersbcgdnhyeFWhE gpeet 2 dtsideopyT laRh ds pect r
of the r aw hmetsetr iparlgraiakerutn d® BfAdr s hel | are the carbony
stretching vibr actrilo ntan e bsatnrde tacth ilnd@CAvh dm it atd alnad? ;at hrm C
peak from the bphdnedg=h®fndt tach! Got7 t htheHPr esence of a
guantity of isocyanate can be confir mer! bgs drhiebednttec
N=C=0 stretching vilTha apie ok adtlifd @Bditaegrytaosy mmet ri c ben
vi bratian tafch@ld t o an NCO group.

1,0

0,8

0,6 4

—— PBAT
047 —— HDI

Normalized Transmittance

0,2 4

0,0 T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fige@7e FTI R spectra of the raw materials PBAT and

Looking at the FTI RFidgaurae f28 mwe heb sMeCsvei nt he merge of
before for the different stirring isspeccanf.g rnbmeed amonaps
and the polymeric sphuerlpl ei sr edgeinoont.e dP eaatk st haes soci at ed w
could emerge at the Theyioing deell i anif erdd | FizWodoiaonphked t o
streteh gofoup and the ot her att hae woaevnedtontbetridand md 5698 cr
peakt ttaapmp eadr 16R2%7semated to the stretching of the car
The spectra of MCs obt drpeddsaowl8dg@nspmfamdr @80® Ua

T T T T 1 T
500 rpm ! | N\ WW
| 1 1 Iy |
| I o !

. : | : | Lo L
=] + ) 1
S | 750rpm ! | \~ ! | AVERE ' !
g L AV e
i ! 1 : | ey : )
= 1 1 |
£ | 1000 rpm | L\ ' . \ [ !
2 1 X 1 X YU \!
g I | I | [y iy

| | | | 1 Iy | |

1 1 1 1 |

1

|

|

Wavenumber (cm™)
Fig2aBe FTI R specitfrfaerfeorrt tshtei rring speeds
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Théher mogotwme raw materials and t he( DhTo@)mgrl e szeendt edde rii nv .

Fi gur @ Dt h cases the degradation only occurs in one
Therefore, the quantity of encapsulated isocyanate c:
100 1,0
—— PBAT o —— PBAT
—— HDI 5 —— HDI
80 ~ 084
z o
= >
X [
e =
@ 60 4
2 2 00
- ©
E 2
> =
[} 40 o 04
= 5
(]
N
g
20 g 0,2 -
o
=z L
0 T T T T T 0,0 T T T T T
100 200 300 400 500 600 100 200 300 400 500 600
Temperature (°C) Temperature (°C)

Fig2P®Erer mogf amst aendl dfic® t hef rigédt)aw material s

The MGser modRiagusr ar 8 0) he meragne noaftt dirdireamog r AaGMB W h e
percentage of encapsul at ed d rst5cOypam ahtaev iinng tshiemMCGsr, vwailt
and wed respectively of encapsulated isocyanat e. For t
percentage of isocyanate decreases. For 10M® arnpdm t he
for 3000 rpm iswbhbn Thesorldewernfv ®dllues ar e PHax ptlhrdtned |
is proven by theeaprpewanmd @D odAfiCla WGe DTG.

100 1,0
—— 500 rpm ) —— 500 rpm
—— 750 rpm 5 —— 750 rpm
80 1 ——1000rpm | = 081 —— 1000 rpm
— ——3000rpm | & —— 3000 rpm
X ]
e 2
@ 607 o 06
= =
p B
S 2
2 5
T 404 QO 04
; ke
(7]
N
©
20 g 02-
]
4
0 i i ; ; ' 00 . . : . .
100 200 300 400 500 600 100 200 300 400 500 600
Temperature (°C) Temperature (°C)

Figd30eTher mogndethen §f DT0@G t hef ri lgédt MCandiutcheddi ffer ent

The formation of more polyurea with the increase in
of the intekrdmlcet . waTlee i socyanate becomes more expos
reacts more easily than witthhesae |nmmsearlatrstd edu g tsipaete dt
produac’esd0 r pm are the ones who follow more closely th

size and the highest amount of encapsulated isocyanat
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4. 1.Amo2unt of PVA

The quantity of emul siieftciessaplyayol @ c¢mnudcAhaslupafmdd atnit o n
present to diminish the icrotndr fnaoiuasl amhla,ddesmsebreitenige etnh |
stability of droplets by prasgealgd mtgr dshted tri « | aamp/i org st
mechaniThms.one used in this stuMly tilkse ppuaywtiintyy afl cBWA
the size decreases due to enhanced droplet stabilizat
mor e diTfhfei cwihtc.e ntheemmui enf otr can be increased until a
mi cell e concentration where no change we itheraadert
concentntdaemohsioHoswekherri sk of depletion htebatestanten
of particles can ¢&Mghiass sa udgwrestipdeoyed the most e f
previously desedmfiineed @&infdf erent PVA concentr@aheons to
resafl tt handi ehd parsmshheitmb8a@antdhayeconsi stent with those

obtained f osrpetehdee st irring

Tab8 Bar ameatnegdrisolfd t he MCs pr oduceamocuhmtn.gi ng t he PVA

Par ame Stirri PVA Yi el
Speed ( (9) (%)
750 0.t 63.7
750 1 76 . 8

Amount
PVA 750 1.8 77.89
750 2 77 . 4
750 2.8t 75. 2

A noticeable contrast exists between0.t3haendMPBsgndr eat ed
t hose witdhomt(hgatgl®sgyi s seegu¥ld&or the ones with |l ow am
are spherical and |l oose with no cracks observed. The
seem to be agglomerated and the formatwionh od da &®Rdlae i s

struchAudesrease in size is observed when decreasing t
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y 300 pm

Fi gBri®ptct al microtskoplhattonBBEBMesn thefritdhplet  MCs produ
amount .of PVA

FigBtentblehdww the size distribution changes with ve
The histograms show a predominant clustering of restu
increase in surfactant quantity |l eads to a reduction

from 196 Tme 2edimn size values whiecbkmisl evi déan t hen

skewed histograms.
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Tab%9e Mean si ze, standard deviation, medi an of the ¢

St anda .
Me(é‘nr; S Deviat Dps(@m) M((%T?)' D; 5(Gm)
(Gm)

0.5 g 196 115 94 173 285
1 g P 138 72 80 127 191
1.5 g 71 25 54 67 8 4
2 g P 6 2 23 45 6 2 78
2.5 g 29 7 23 29 34

550 0.5g PVA

S %o Mean = 196 + 115

£ 20

0 50 100 150 200 250 300 350 400 450 500 550

> 100

S 80 1g PVA
S o I Mean = 138 + 72
() ]

E 28 T

0 50 100 150 200 250 300 350 400

> 100
£s0{ 1.5g PVA
) ]
2 401 Mean =71+ 25
T 207 I
L o T T 1
50 100 150 200

-.100
S g0 29 PVA
% e ] Mean = 62 + 23
I:E 28- ﬁ_ T

0 50 100 150 200
> 100
S 80 259 PVA
S S0 Mean = 29 + 7
L 201
L oo T T T T T

o

10 20 30 40 50 60
Diameter (nm)

FigBRe Hi stograms of the ch(@ameg#stiandared adeowinat ic

The chemical st uliigeusr ef 03r3 tshheo wQsh aitn i s oicny atnhaet eP Baals sehre
wi t hmeasbappearing in FTIoR (igroeceym nraegei cam d Trhwer pleea kfsoro fP I
(red zones) also appear throughout the different <con
ones with hsagfheRVAmoausntseen i n microscofyuirma @3eds .s hTohwve
that the encapsul awtohomf, OuwEBofcgga nEt4ef org2la.ns t he | owe
values wer e odganad mx.dybéEi a mdw2b,1 respectively. The for ma
for thesemptwewse was already foreshandwedhbght amoBEM o f
formedfp &0 PUp dforP\WVAg amfd RW® fPOWVrA.5 The nor malized deri
also confirms this formation of polyurea by the high

samples and by the formation of a new peak for highet
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Figdde Ther mpgnambme dl d&fic@ t hfeor i gihhe¢ ) change of the a
The high amount of polyurea formed when we increase
i ncrease idmhr otphlee twaitastres i latc eq f atsthlesei dzeec roefa stehei dr opl et s,
reaction between water and HDI t aksehopphatet basiblegt Tl
were obtained with tgheofc o\l nitnr atteroms odf 1si5z e, mor ph
i socyanate. When comparing the impact of thethato par a
chnges more effectively the size of the MCs. The inc
of PUa more common than when the stirring speed was |
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4. 1PR2oduction of PBAT MCs with d, fdesedtoml Hplhatic i s

An optimized protocol for a specific type of polymer
of polymer or isocyanate speheemosfNesecthebeab, panaml
from theosdwdioed HDI enoneeprseul mgeibenf emcapsul ati on of

(Desmodur N3P0pd! yamar t(hesmodur DN) . Thesaes etdwam nids aaa yea
very commonly usedhdasn tthhee prnadlulsem yaf HDdvi ng a high va
at @2E) 7] hence, it i's normal ay poé yiveer $ el od tounnreer ¢ a8 $ enet h
mol ecul ar weight and dedheadeitmee empdoypdessaurnd.is w

commonly employed tri mer in that i tThpssscdhasast ani at
advantageous because, unli ke symmetrical, asymmetr i
beneficial feature3]Jn most applications

The encapsulation of the diffeyieamltd ifsorc ytameatmen oviaesr aa
the trimer 75.3% andTher mbhphoplobgyeof 76h8 %MCs obtain
i socyanat esFiigsurwi s3i5h| el hien MCs do not present any crac

aremoot h anSd hleaxad scea | MCs were obtained for the monomei
prpeol ymer ,-s haph@se nal ong wi talr er colbrsderM@sd, which could b
shapeMé@slishr ough SEM, it was not possiThleeitmesiideewntfi the

with monomer were observed -samal It htey peCs( Fiogumreed ZG)e c o1
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Fi g 8B68EM i maggleBAMonomer MCs s hoswielgl tthyep & oME@s .

Tabl @sHows the size characteristicd nofsitzike eMPs ai ibdr
i ncrease in visddsittyy iwmean owertuiscleep otlryimnmeerr. t he vi scos|
mPa.s and for the posl.ynVealresebpoeuti 0lr2 5t0o mtPhae ones of the
only a viscowsitlyheofi nTrmRase in viscosity fheoauset he
igprevéehesdroplet's bByakdewsimgoddesstirring rate anc
iwoul d be possible to witne® hae Hestegsambnasezeresban
same phenomena happen as befvarl asewi tof a&an zesrdomit llhat ira g
me di anv eslied Divat hef me amsasnidzsal sBD show some broadening
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FigB7e Histograms with thmeflafdrdamnd .de
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Tabl@® Statistical values of the size of the MCs
Standa .
Me an . ~ Medi i x
e Devi at  Dys(@nm) = D7 5(QGm)
s i zGm ~ Om
) (Gm) (Gm)
MCsP B AMo n o m¢ 71 25 54 67 814
MCsPBATTIr i me 100 54 56 90 131
MCsPBAPoOIl ym 104 53 6 2 89 135
The MCs were subjected to NMR, TGA and FTIR analysis
Fi gB8B8e 39 panedsteti@®di NMR spectra of the dmdiMGsktu &NIMRr aw
signals were assigned according t &1 tNWVER rs peeccrtrreas ppdn dihr
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t he
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The characterization using FTIR was also peefer med ¢
studiFeidgur eTHdgpeakd 22@0tecmbuted to the stretching o
has a higher intensity because it has a higher conten
i socyanates. The isocyanur at ecm tamgd sTibdftheylcamefiome obser
the stretching of the C=0 group at the heterocycle and the skeletal vibration of the isocyanurate ring,
correspondingly. Asymmetric bending of CH2, when attached only to carbons, is around 1460 cm' ‘and
1356 cm' 'when attached to isocyanate groups. The peak at 1426 cm' lis related to asymmetric bending

of CH: for the ones directly linked to the isocyanurate ring visible only for the trimer and the polymer.
1,0

o
o]
1

o
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1
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o
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1

Monomer
—— Trimer
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o
N
1
[

0.0 T T T T i T T T T T T
3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figdne FTI R spectra odndampstilbateeedadaf éer ent

The FTIR spectra for the MCs are shown in Figure 42 and it is the merge of the signals obtained for
PBAT and the encapsulated isocyanate showing the successful encapsulation of isocyanate (green
zone) and the specific peaks for PBAT (purple) and the peaks of the isocyanurate ring (orange). The

signals related to the PUa formation are only observed for the monomer.
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The thermograms of tlé&gdiBfedree mtbtiad meydamatde $t
has one degradation st émseldheotlryimmer hanwde tstee eH Rl
for the trimer andThéedgeeeveont & hec wrl ywetrhi n t he
515AC, a range previously documented for isocyanurat
stability of th¥9.#HdeoagenuM&Aei si m@t very suitabl
encapsul ated i soedysmradt @ sfoecry atntad eldDIser vi ngFiogudye a4
depicts the thermograms of the produced MCs, showi
i socyanates and the convergence of the thermogr ams
the normalized derivative wediight iesmenoges patonarunicred 3JF 2
and indicates the formation of PUa.
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I n an attempt to assess thMCsasdcganat mi cenwket hevi t bhh
l oss of i socyanat e, TGA, titration, and NMR spectr
Theoretically, the value of encapsulated isocyanate i
presefihedTGA can only be used for the monomer (HDI) d
According to TGA, the percentage ofwfencapsauddtedl| ume
encapsul atdd.i sTodyanwbgn 6wWi% hangtde 6 Dr3 t he monomer, tr
polymer, respect97yd8anddi MMR h(ef iagppreeasii x) gave values cl
value, with vawWWwebsomarbobbhaedméboer, 6 3w %ftbhgero | y miemer a
Based on these findings, it is evident that the enca
of encapsul ated isocyanate, surpassinq@Owha®tl]l]has been

Tabll Characterization of t heT@A,c atpisturl attieadn i st yMMRt e

TGA Titra
(wt %) (wt %

MCsPBAMonom 63 .N0. !60.N00 65.N3 1.

NMR (w

MCsPBATT i me n.a. 64N31 63.N30.

MCsPBARFoIl ym n.a. 65.N31 67.N7 1.

4. 1St3udft he i mptahgetr oa@fucti on p atrre@MBeSt eMCss opmr oduct i on

Al t hough there are some examglves, baleme ietmpy oy df dw,r R

i socyanates. Therefore, the study of this shwsgém and
i mpoceéiann order to achieve the highest possibatesqualit)
To begin, the polymer previously wused, PBAT, was re
swapped for chloroform due to PBS's greater Bld ubil it

reactimeat pras awere t he same as whentweref ansedi @i. I2lbs P B
g of P®Sofo2dbli,loraamgdg ©f8 WDHube tdhe resulti ngM®IE€Eswiathk ob
irregul asranghswezree f ormed. Problems during the product
of the isocyanate (HDI )anidn atnhei ngoleyamer iicn soshhlsotrioofno r

necessary.

50 nm

Figdbe PBS MCs produced using thtospmBBpT eNpst findanr o
i magen the | eft)( amdt S M iignatg)e
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| /i gube tBAe R spectaw mét ¢hieal s andartehep rpesoduteedp eMCisf i
peak of PBStiast alt7tlrOi bcut ed t o the stretching of C=0 of
-C-OC-l ink is obsertvellhatpddkbdiase M BOd5stmedGqimhgn d.f Athe
1330%tchme vi bICébtigir onapaefs si g n esdp.e cTthreu MCaofr etsheemé sga@a of t he
spectra famdmPWBIpeaks of PUa are observed meaning a

i socy.anat e
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Fi gufenser kat PBS has only one degradationhet pGwi th
Regarding the MCs, even witlh ihdigéegoaloanitsedimpe st ¢ hhay
6 Ow £6) abserivnedt he t hoeffingaugBehwalegr adati onsf st efppbe oWICsl [
characteristic ofThadepPBSemandgdelDdf encapswbat dtlei soc)
for matAWans ofot ¢bhsethedmal UEyent at 325
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Fi gdBEBher mogoamt mendl dfida® t hef rilgdtfHhor med MCs

Af terin hdms, ofpftfomti ztot he production of spherical MCs ,
holl ow MCs. Initially, the same parameters as before

Under these conditions, the formation9qf aM®seiwasd nolas
' imited quaMGawweéeye aodompani ed by debris. This observa

is not sufficiently stable tuMCsproduce all of the desi

400 um

FigdBlol | ow PBf iMGsl microscope (on the |l eft) and S

Then, to try to stabilize the emul sion, t he Pphilymer
change notedomtllgr baeabp the number ode cMCesh dfeadr amaadu nbtuto fa
irregul ar amdomdaeatcTHBesi medi fication was al so necessar
of the isocyanate | Howdenwdeipso!| wamreiratsioolnutwasn.st i | | not
stabilize the ,emthlesiaomo upnrto poefr Isyur f a g.t aWitt lwatshiisncacdjase
holl owfMOSBS wer e obt BigubrGeuas sstedn isnome weéeler f.®ormedpo
The morphol ogy of rtihet hMCso niess doibftfaeirneemdtt Wi tt lhhea sRB AT csh
rough ratherThihsancamomd hexpl ained by thRB3i-@h%y degr ¢
when compared with [PIBOAOT,. (la0jund 15 %)
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Figbo®pt¢t¢al microscope image (on the | eft) pahnedr iScEaM i
MCs

Once sthhagpe WMEs t WwWas i,mptrhoevefdocus returned to Tbading t
amount of HDI used foal t dmwe drecd p & thlea tsiaame weaesr cent age
i socyanate 4§6$8wit hgiPBATh)(sA.TTheeinfl uence of the amoun
studied with threeg d(iwieg) er @&n tewb®moa mdgs 1(43REY .

The introduction of isocyanate | ed to,¢ddhme @igallHoymer at
hi gher amo,Fngumdé FbDg a4ndg2th® morphology is very irr
shapes and sizes. Only for 1.13g of isocyandahéesdoes

indicates that the introduction of isocyanate destabi

—_—_

Figbld®BM i magesfbéct hef et he var iHDbinont hoef ntohlr e haorhoowgryt

ThMCsFTIsRpectr a, Figure 52, show the typorcrmrbdbaergtnal sh
encapsul ati on( gorfe eins orceygaincant)e wi t h t he ThES f polmameron( pur
i sl i catptplayr ent | indicated by discernible peakgdg,healrteldou

region.
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FigbRre FTI R spectra of PBS MCs wi.th different amou

Figure 53 shows the thermogram and DTG ofartoher2dMCs, a
wt %, 39 wt% and 60 wt%» for 1.13¢g, 2.25 g and 4.7¢9g of
peaks wiitmt enogiety. A peak around 250 UC appears that
oligomers of HDI. The formation of PUa around 325 UC
peak at 325 UC slightly hidden by the PBS degradati ot

100 1,0
—113g o ——1.13g
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Fi gbBe Ther nfoognr atnfaen dl €fidc® t heor igheéei)doéyanane amount

As the initial criteria were not meuldnbeoprphgapssimat
sphemMCsala revised approach was explored iHemgae att emp
di fferent emul siof see wWhswktowemedeéd uwibttleian hi gh content

Fir Gubhir alwiasc studi ethsmade er o mol ecul ar tvheaitRWgfl@dmpar ec
Different co@GuwmnArraabtiico nfd5%owa Md 11D wt %) were tested. T
are |listed#igdkthadwse thhe resuGuindr alfi ¢ hes uaWwi thléd si fi er
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ol Oowthsome MCs are formed wihéd prevemdesbfapdebbius is 1
Only with 15 wt% it is possible to obtadefanedablCs. el

10 wt% Y KA S Wi

700 um

i’-.*e.m —
Figbd@ptical microscope (on top) andr8EMuirmagdés then
di fferent ¢wnéHomr AaAbi on
The FsTpleRet r a Fischworwes 55) that the encapsulation of isoc
concentr@utm oMrsah boifappears that PUa was not formed duri
the isocyanate and the polymer used as the shell wer
5 wi% Arabic Gum v
El
Kl
2 | 10wt Ambicoum VY
=
E
wy
C
o
| 15 wt% Arabic Gum V™

T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

FigbbEeTI R spectra of the MCs producedAuvsabng. diff et

TGA cosntfhier mmncapsul at i(ofi goufr ei ssdbgy,anaast eal so concl uded

det er mipneer cteleeangcea posfu Isaotcegych nlatt ei s 42 wt %, 46 wt % and 6
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15 wt@ nmfArabic, respectively. This shows that when we
of isocyanate increases. 5 wt% and 10 wt % have encaps

| ower encapsul ation since thre EPusiodf avlaisc .not so st

100 1.0

— 5 wit% Arabic gum
=10 wi% Arabic gum
— 15 Wi Arabic gum

—5 wi% Arabic gum
—— 10 wt% Arabic gum

80 1 —— 15 wt% Arabic gum

0.8
60 - 0.6
40

0.44

20 4 0.24

Normalized Derivative YWeight (DTG)

Normalized Derivative Weight (DT G)

T T T T T T T T T T ! T T T T T T T T
100 200 300 400 500 600 100 200 300 400 500 600
Temperature (°C) Temperature (*C)

Fi gb6e Ther nfoognr atnfaen dl d€fiot@®@ t heo fr itghhegtMCs produced usin
Gumir abi c

Whil e gum Arabic encapsulation yields favourable res.t
to stabilize the emulsion. Consequently, an alternat|
al s o-bR\sA d, but t he hlyadwer yasnd hHaegraehiigher mol ecul ar
is more soluble in water than the PVA used before and

as vyellOI3With Celvol, spherical MCs with the target pe

successfully produced, utilizing the production par a
were applied to produce MCs witsh atshevedtl he ThtewdMCasl if ph
this emulsifier can be seen in Figure 57. The MCs pr

before a rougher surface than PBAT MCs. This is attr]
the differentyagpgatses,ofthere are no major di fference:

filaments with DN does not occur. Unli ke PBAT, the PB
inside of the MCs is not holl ow wit hmatthe xi.s &Acy an atees |
being matrix type, is expected a change in behaviour

Tabl2Producti on tmparpa Bé8Bt8erkCs

Stirring S|Celvo WP ( Polyme Chlorofolsocyan:

750 1 50 2.25 25 4 .7
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l@gﬂg&l\ﬁbyo@e% ‘ " v » MCs;PBsfPolymer

400um
e

Fi gwrieMi ccopi c i magem (on top) and SEM PiBa gMG&s (wint
encapsul ated isocyanates

Fi gbB®EM i mafgetshbepmol ogy of the i.nside of t
The mean size of the T™WMEBHdS8camdbe hebhénstodhieambMCs nwiFi gu
the monomer are the ones whom,prwhsielnet tah es mMdsl ewi tshi zteh e
size @f @&hd the onedsswidt potltyenedDIh@w.e Tah es il zaer goefr SVCs E
obtained with the trimer and polymer HDI was expl ai ne
these two isocyanates. The histogram shows the distr
monomerhawear i gtktewed di.Asr iiWdtiican e3d 75 %T dIsktahvke a
maxi mum | ength di ameRBMoondmséd, Otm4 -FOAT MEme MCsand 81 On
MCsPBS ol ymer .
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Tabl® Mean size and statistical parameters of t

Mean si Standar ~ R =
(Gm) Devi atm)o D;s5(On) Medi &m) Dys(Om)
MCsPBSJMo no mi 39 21 23 34 51
MCsPBSIri me 6 2 27 36 65 8 4
MCsPBSol ym 59 26 37 58 81
150
MCs-PBS-Monomer
?:>"100' Mean =39 + 21
(0]
=}
5
L 501
0 T T
0 50 100 150
50
20 MCs-PBS-Trimer
> ] Mean = 62 + 27
S 30
>
g 20-
L
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0 T
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3 Mean =59 £ 26
S 60+
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S 404
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204
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Diameter (mm)

FigB®e Hi stograms for PBS MCYq meiftath adcidfafr elr.eretv i

The chemical characterization M fNMRM,i sFTnleRF iaPgBdS aM3IBs0 ,wa
61 and 62 fHNeMRerstpettha Ae raw materi dlypeMadlifieheNMR di f f
signals were assigned based on?!H WNeMRr smpespgeaat iofe t hter M
a good merging with the Npeekxtmnaopeabkhse omwcmanheges alns
chemical shifts in the iMCkibc sstpees ttrhaa to cac usrirgendi,f iwcha ncth i

did not occamulduird mgert afgiel. t rati on
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The FTI R spectRKigudfe tche MEscoOnsi der edp war prieer greedgifo nt)h e

i socyanates topecompasi sce of the spectra of raw mater

us to discard the prhesdmsoe yafnanew emealks.ul ation is ve
peak around(i2R 6tOhe mgr een regi on) . Peaks associated wi
for the trimer and polymer (in orange). Peaks attrib

i ndicating the fthremateidor omfe)PUa (i n
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The ther meggams 64 confirm the data provided by the
of the encapsulation of isocyanate. As detailed in t
pol ymer are more didde ctud tt te mulutdiyplbey deAr adati on st
AC and .5ClesSnsAkQuent |y, a precise eval uralaf o n meaotfi otnh ei sh

complicated. Nonet hel es s, by comparing the peak rati«
MCs it is possvieoflyewt poliydreeaTthaad framepgosi ti ve aspec
compared to the PBAT ones, where the formation of PU:

100

1,0

80 + 0,8 -

60 0,6 -

40 A 0,4 -

\VJ

T T T T T 0,0
100 200 300 400 500 600 100 200 300 400 500 600

Weight Loss (%)

20 - MCs-PBS-Monomer
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MCs-PBS-Polymer

Normalized Derivative Weight (DTG)

Temperature (°C) Temperature (°C)
MCs-PBS-Monomer —— MCs-PBS-Trimer MCs-PBS-Polymer

Figéde Ther mo gtntaensdred tl)To®@ t hef rilgdat PBS MCs with di f.f

The percentage of encapsulated isocyanateawasl eassdiec

characterization method because the PBS MCs are matr.i

i socyasaetteased to the medi um, underestimating the v
Tabl £dilspl ays the payload values. The values acquired
i socyanate happening in all sampl es. For the monomer,
(6wWe) . The values for the trimer and the polymer, alt
t heoretical val ue. Thiisnadare hh @hek plusien eodf biMCsabdy anat e
production or a | ower amount of pol ymer that change

i socyaneastee.vallhues al so explained why no PUa was obser
t han PBAT the isocyanat ewdtreom dwraicnd ntghevigrho dwanti ido n .y
i socyanates used, al mogwitt mot he fflereaeacef isheimnshbbéileg ec
PBS matri x. Theaer eNMRi easpecrhte r @ p p glo0ddeka n d 2)1 0

Tabl4 Values of encapsul ated isocyanate for the

TGA (w NMR ( wi
MCsPBSMonom 67N0.5 67.N8.5

MCsPES-Tr i me n. a. 7 N1

MCsPBSol ym n. a. 69 N7 2.
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4.3t abi ltihtmy cofocapsul es
421.St or a®&8 AGICs

A portion of the MCs was placed iid5 aAd);s invderadti@nrit nage r
MCs were exposed to an environment with a relative h
temper aB8LU5 eANGl)e. MCs st mbhni itwyiedpamTIGR for 1, 2 and 3
The test was performed for the MCs with the three dif

When moeronnmcearps ul aweergel €8 d i nsi de awasssgraduadlr,redwectei
the concentration of IisObhgaRdl ® Fegecet B5¢e smomwt hhe I
transformation of Dusoogahatei hntoaPUawo mont hs, the
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Tabl® Summary of the storage .test performed for
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422.Tests of stability in solvents

The PBAT and PBS MCs were t exsuvwerd widanmdrrQquret diyfl f earceert ta t s¢
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days, the s-NG@abr dbop dheappears and the peaks of pol
The TGA also shows a decrease in the isocyanate with
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422. PBMCs
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|l osses inWatbkr bhasemwsstsocrvietmnsalmi ng al ways the entir

i socyanate &t he at wWweeksolvents and across the three

manage to retain a smal/l portion of ifsmaman atagp,s uliet
wi t hd emfHeax a h &8 haer g asnoilcvtehratt x i vi at es | e s/smathreC gpnosl iydreerri nsgh etl
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the release of the i salctylamadl thkee ngomaenter gtuii erks of t
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43.Production and characterization of adhesi

4. 3Vilscosity measurements

For the viscosity analysis, an adhesive formul at:i

at 5 wt %, with Plastik 6275 (commerci al PU adhesi ve)

formul ati on i s intended toot envtal alat eof t hdei f tcemooasst

mi

conducted for the PBAT MCs.

roencapsul ated i socyanat es, as wel | as t he prot

c
measurements were conducted on -dédyw parriimodi.s Thirsmud taa d

Figure 93 presents the results of the viscosity meas

the MCs | oaded with the isocyanates. Table 18 and

a first glance, it it poscapd el atoredotscey amates hleawne

in viscosity after 1 week. The study of the viscosi

on the seventh day was not possible because® aurcdady

that it was not possible to be measured by the equip

the fact that these isocyanate molecules contain
the chains easier totwmacairti dimmukroma&i sgl the a gel

t wo isocyanates which after seven days, have | ower

The encapsul ation appears to protect and retard the

groups of Plastik 6275, decreasing the durgiumge Dpd odv.
These results corroborate those from the tests of
that, normally, after one day, most of the encapsul at

need to happen bsed welkat thenttavwt components occur s.

i socyanate free to react with the hydroxyl groups.
the raise in viscosity of the adhesive formulation.
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4. 3Di2spersion test

In the production of the adhesive joints, once the agc
are allowed to sit and |l et the solvent in Plastik 6
subst mataed,h éad il we wi t hf oheme@@e id$ spersion of the MCs ¢
the behaviour of the adhesive joint during their mecl

Figure 94 displays the substrates with the films fori
a smooth surface is observed. Regarding MCs with HDI
When dealing with PBS MCsyfraaght éoirwgrdi ppeceisen anda-t
be wlelsltri buted within the substrate. For the tri me
substrate) occurred in the process and so the isocyar

of jthient. This happened foThéeokls PBAFolanme PBEX IMCIsi. t e
phenomena as the trivMedopormi hdg bdgyghefahtteods madifi lotwmhmpse
aggl omerates creates defects in the adhesive that wil

Pl astil Pl astik Pl astik Pl asti k 6
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Fig9de Di spersion of the MCs osubéteraueface of
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I n summary, with the dispeér wiach atppatrMCd oathmd wihtebht HB
exhibited the Dbest di spersion, potentially resultin
pr odulchtes .poorer di spersion of the other MCs may be di
characteristics of the shell s, l eading to increased

adhesive strength, assessedhitdhhHdddigeh npeere [a nadn dp ocl ryeneepr te

433.Peel strength tests

The peel strength is an important parameter for assessing whether the encapsulation of isocyanate has
an impact on the mechanical properties of the joints. This test follows the standard EN 1392 that informs
about the test parameters and how to interpret the obtained results. In Table 16 the required upper-sole
bond strength is displayed. According to these values, depending on the value obtained, the adhesive
joint can be used for different types of footwear, ranging from infant footwear to mountain footwear. The
minimum required strength so that the adhesive joint can be applied in the footwear industry is 2.5
N/mm. In an adhesive, the failure of the adhesive bond can be categorized in 3 different types. Adhesive
failures occur when the crack propagates through the adhesive-substrate interface, implying that the
adhesion of the adhesive to the substrate is low. Cohesive failure is the propagation of a crack by the
break of chemical bonds within the adhesive material. Last, the material failure is the collapse of the

substrate with no harm to the adhesive or the interface.

Tabl@& Mini musmo lug plreond strength requirements in the footwe:
1392. Adaptiéd]from

Shoes Peel Strength per unit

I nf ant foot )
I ndoor f oot O 2.5 N/ mm
Fashion foot

Men and womer

foot wear . i
Cold weather O 3.0 N/mm, or O 2.5 N/

Casual f oot
Children foc O 4N/Omm, or O 3.0 N/ mm
Gener al sport

Mountain foo O 5.0 N/mm, or O 3.5 N/

I n Fi9daumrdk Table 20 (timethesalptpendf x) he peel strength
footwear industry standards are presented. Al'l the
the application in footwear can be executededFor t
i socyanate, there is a general increase in peel stre
Only HDI (monomer) has a jJectédse ai theosgh vblatiitgafthisi s coul |
compound, which causes isocyanate to be lost during the drying and reactivationstep. The t r i mer i s |
one that presents a higher strength owing to the cros
The polymer isocyanate has a high standard deviation,

introducing the encapsulated isocyanate, the peel S
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namely for the encapsul ated HDI trimer and poloymer . T
di stribution of isocyanate in the substrate and the ¢
only case where an i ncr-RBEMONOIMe 0 b aakr@vIdiliG i mehisMC s
difference could be explained by the high volatility of the HDI monomer as stated before and, in this

case, encapsulating this isocyanate reveals to be an advantage to prevent its premature release. The
improvement of properties with the use of MCs reinforces this feature. These resul ts are al sc
good di spersion of the MCs containing the HDI monomer
as stated before. Bet ween the different shell mater.i
mini mieéf ebes of the microencapsul ation of i socyanat

hi gh el ongaboPB8APaesbneahg more plasticity compared t

In the tests performed, much of the failure occurred

strength that the use of HDI trimer and polymer MCs ¢

in the material, makdedse tulsedj dinntad lpeypiesl @eft f oot wear,
So, encapsulating any of these isocyanate species d
adhesives in the envisaged applicati ocmBS dlhyemeorn| tyh aetx
cannot be applied in mountain footwear, the more dem:
After the peel test, the substrates show a compl ete
t hat the MCs successfully released the isocyanate dur
the presence of the pol ytimenhavd PBATadvelP8&)efdoest non
the adhesive joint. These outcomes are aligned with

TL

Peel strength per unit width (N/mm)

& & ) S )
& & ¢ S
A (1 Q
S v P
%Q & 2 Q
® N Qc?' &

Fig9be Results of thesiprelt.lse rMda
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4.8Creep tests

The primary function 96l esbeydanaort ionf tddéhepipee i s to
within the adhesive joint, thus | eading toenablresased
to test the creep strength, a parameter directly I in
variations wunder continuous stress without structur a
because footwear fr eqgfuiecnanty teexnppeerriaetnucrees waxgpnas uonaes di
and usagel7tlhne Traebdwel t s of the creep tests are present

with encapsul ated and not encapsul ated isocyanate.

The results of the creep test of 6275 show that the t
of the adhesive starting at 60WH&€n ainglo aytan/adt eUG sf uddd
adhesi ve, the expected result is an increase in cree

observed feonrc atphseulnactned i socyanate as well

In the case of the monomer and trimer, the opening o
90AC for the monomer. However, for the isocyanate po
temperatures studied. Thisimeamons et ledtf echi vyei $acegaman
dueanoal peadgpmnlity meri ¢ chai n.

I n the case of encapsulated isocyanates, the release
duerosslinking IpmetmtbeneM@s wi th HDI encapsul ation, the

hi gher temperature (90A C) was reached, odtntddBs Florpoi

wi HIDI , di spl acement commenced only at B8O0AC, signifyi
i socyanate from early evaporation or degradati on, re
with the outcomes of the peel tests as well

I n the case of the trimer, opening was observed in t
the PBS MCs. As for the polymer, mi croencapsul ation
propewitt Raut microebaapwuildat iPBS MCs, a decline in pr

culminating i n fThlelr edOasd N ygi meaMEPHBCIPol ymee the opti ma
choice for-rtesmpdraamtciproeadhesi ve

The degradation of properties of the adhesive joint
deposition of the adhesive formulation with the for m
the isocyanate on the ipgterdfexceasvegl yt.heCamroesegda mtkli
premature opening of the adhesi vRRBATThimer i slhBRS MCs i n

Pol ymer. The poorer result of these two joints could
number onferageglsoformed than in the other joints.

An interesting fact is that the presence of the polyn
resistance to creep by the incorporation of the MCs6

with both polymers wusedl|l hpvopgr gioesd MERBABngood pl as’
rigidity). This is exemplified with MCs with encapsu
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barely occurs compaceag¢swi ahed helDInonResi stance to op
Hence, the fact that PBS MCs are matrix type, does
properties of the joint andr mhleariedtmrashkl d, itslhoe ydinfaft e
can be concluded to derive mainly from the quality of
so much on the type of MCs. The quality of MCs dispei

i npmoduction |ine once all/l process parameters are cor
Tabl?® Creep test results of the adhesive joi
Sampl e 6 0UC 70C gacC gacC
6275 1.0 Oc.n8 Full Op Full Op Full o]
627+Monomer 0. XNB.05 1.2 N 0 9.3 N 1 Full o]

62 7+HSMCsPBAT

Mo nomer ON 0 ¢cr ON O ¢ 0. WN70.2 Full o)
62 7+5MCsPBSMonom ON 0 c¢cr ON O ¢ ON 0 ¢ Full o}
6274Tr i mer ON m 0.2 .00OGEGM 0. N3 0.1 2.8 1.0
627+MCSPBATri mo0.0870.0 0. N7 0.1 1.8 0.9 3.8 0.8
627+MCsSPBSr i mi ON 0 ¢cr ON 0 c oN 0 ¢ ON 0 ¢
627+Pol ymer ON 0 ¢cr ON 0 c oN 0 ¢ ORN 0 ¢
627+SMCsPBAROI yr ON 0 ¢cr ON 0 c oN 0 ¢ ON 0 ¢
627HMCsPBS ol yn ON 0 ¢cr08m™ 0.0 Full op Full o]
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Chapter 5. Conkcultuusrieo nvéo rakn d

The objective bbD & htshees sfteuadsyi bwalsi ty of producing MCs
matefromlthe purpose of enclosing aliphatic isocyanat ¢
bonding within thewfbbttmelerhawonrdluesrt g yand promoting hi i
The manuf MEsuwsriengofPBAT and PBS as shell materials prc
various i ¢6Oyamathesner , t r ianse rag c tainvde pcoo nyphbEsm@t st hd he s
specirfeigaad r ement s, i mposlkidbibtyi ntghea i ;mplluesrtireya!l et ructur
cracks or hol es.

This study is the first to report the encapsulation
to study the enbvaped!| asioecyaoht BBl using the solvent e
of the process was rehaghvebgtbhngho{Oireeyrywnaheal oadi
if compared to the I|iterature on this topic. The pro
shape and size of the final MCs, with the sdatriirbruitn g nsp
than the amount of stabilizer. To enhance the MCs' ¢
humi dity environmentbaddd gdleywWers twavwihndDd hi gher sto
no PUa formation over 3 mont hs.

The f or matciooomp oonfe notneadhesi ves can be accomplished but
l i xiviation of isocyanate through the shell, and/ or
the adhesives was verysssgatbesbByuhgwthbh thgujoements
according to the peel and creep tests performed. The
peel strength of the adhesi ve -bjasiendt si socrytaaianiersg ane
heterogeneity of the MCs distribution within the adh

encapsulation of these isocyanate species does not c
peel strength i s above thee,tafrgetgenéhal ,cr wap i asi
mi croencapsul ated isocyanates in the joint, with | es

Bet ween the two types of MCs, PBAT MCs presented bett
t esiesnce, Cs hewi Mh higher potenti al for appl i-RBATI on i n

Pol ymer with the best combination of morphol ogy, sto
adhesi vdl tjiommthel ynj croencapsul ation of i socyanate eme
protection of workers who apply this compound in the
the handling of this organic compound. hMosrievoev ejroi nnto
performance, ones$ herowmntharyseaof sencapsul ated i socyeze
The producti on Il i ne for producti on of t he MCs

i mpl emented at Cl| PADE S@A6G tin sJwloyss2®22. tlon ofbisgunwve t h
the commercial produdtCicdeawdalropeCd as a resul t

I'n future warpthasmoady iof the PBS MCs needs to be co
Il ife of the MCs and t hentenhfefiercts toofr atglee €rrhwei rsanundeyn to f
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adhesive formulation with PBS MCs can also be perfor
to that of the PBAT MCs. The study of a different mioc
in specific can be al soramxiamtpé-cce g isipg giypavi rh wté dodr hvaa Ida g
t hat might be able to produce these MCs in the futur

Some orfesthlet s presented in thisstubhmisti seadr eoApmwlbirddeat i
Material snSEpdaynberBid2@23r adabl e mi crocapsul e¢ess of po
terepht(hPaB AdTt)e )l oadephwiitb i socyanates fAmrt -andihoe sA gvuei aa |

Lucas P. Mar ckRlaiinguyui tAmt - €aRil @aarLd o SSime»eess,, | sabel Pin

Mar ques

CIPADUR
o6

Lisb@20™ “““"§3% #5520 -

g@i6e Production |ine foponthkeprefiuytand obmMEsci a
n the right)
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Fi g @ 7% NMR spectra of MCs-PBAT-Polymer (13.8 mg) + 4-chloro-3-methylphenol (7.2 mg), in CDCls.
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Fi g @ B% NMR spectra of MCs-PBAT-Polymer (15.3 mg) + 4-chloro-3-methylphenol (4.73 mg), in CDCls.
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Fi g 9@ ©% NMR spectra of MCs-PBAT-Polymer (14.2 mg) + 4-chloro-3-methylphenol, in CDCls.
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Fi g a 0.6H NMR spectra of MCs-PBS-Monomer (14.7 mg) + 4-chloro-3-methylphenol (7.8 mg), in CDCls.
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Fi g a 0.dH NMR spectra of MCs-PBS-Trimer (14.7 mg) + 4-chloro-3-methylphenol (8 mg), in CDCls.
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Fi g a 0.8H NMR spectra of MCs-PBS-Polymer (13.5 mg) + 4-chloro-3-methylphenol, in CDCls.
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Tabl& Val uewi sodosihtey for t he adheenscavpes ufloartneud aitsi oocny ami & the

0 days 1 day (2 days 4 days 7 days

6275 3.80.1 9.%N9.4: 9. &00. 11.RM 3 14.00H. 5
6275 4 3 Ko.1 10.B06. 6 11. RO.7 34.084.6 47.R85. 5
Mo no me
6275Tr#mr 3.&B.1 11.80B. 8 12.1@800. 4 26.M033. -
6275 4 5 K@.1 10.020. 11.%0B. 6 21.R3%. 1 42.[I15 9
Pol yme
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Tabl®/alues of the viscosity for the adhesive formul at

0 day 4 day: 7 day:

(Pa. s 1 day (2 days (Pa. s (Pa. s

6275 3.840. 1 5. 4AN6.1 5. N70. 5. N8.0 8. NB. 4
627 MCisP B AT 3.80.110.06.4 11. 66.4 12.NmM. 9 27.R0. 3

Monomer

6275 _+-PB/IAS;'E 3 KO 116,
Tri mer

Yyl

.0 18.N2l. 5 28.012. -

6275 +PBIET 3 §o.111.%20. 13.\06 8 18.MB17. 3 35.RL. 6
Pol ymer

Tab2@ Values obtained f.or the peel strength t

Averag . Average¢
Ma x i mun Averag:¢
Sampl e forcel\ strengt strengt forcel w
(N/ mm) ( N/ mm)
5. 3 162.14 118. 76
Pl astik 4.94 237.97 185.66 4. &40. 4
4. 27 269. 36 238.05
3.92 149. 06 117. 58
Monomer 4.009 154. 29 122.81 4. WN10.0
4.64 193.52 139.15
%ﬁfigﬁir 3.45 141. 22 103.48 5. XNa89
7.93 308. 58 237.84
3.75 145. 14 112. 37
n%?rfier 5. 23 192. 21 156.82 4560061
4. 71 176.52 141. 4
7.04 273.28 211. 18
Tri mer 5.55 189.60 166. 62 6. N6. 64
5.809 215. 75 176. 84
4.30 146. 45 129.03
MCsPBATr i m 5. 38 176.52 161. 41 503052
5. 42 184. 37 162.55
. 4.52 163. 44 135. 46 .
MCsPB ST i m—5 ¢ 139. 91 108. 16 - MN6.45
4.66 175. 21 139. 84
Pol ymer 4.61 103. 30 78.27 4. NO. 37
5. 42 176.52 132.68
5. 43 193.52 162.99
M&ﬁ%ﬁkr 4. 36 201. 36 130.95 4. &p. 45
4.66 209. 21 139.76
3.34 138.60 100. 22
MCsPBSol yn 3.03 121.60 90. 80 3. N8. 19
3.48 135.99 104. 37
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