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Abstract

Qurrently available polyurethane (PU) and polychloroprene (PCP) adhesives use iscxganate
crosslinkers, which ar¢o be added tathe adhesive prgpolymer, by the operator during the
adhesive applicationNew restrictiondmposed by theRegistration, Evaluation, Authorization
and Restriction of Chemica{REACH) regulationsn the use ofdiisocyanatesdue to their
toxicity, make pressure on the companies to develop safer prodoamtaining the quality of
those currently availableThe present work focuses on timeicroencapsulation of isocyanates
species for thedevelopment of new formulations of PU and PCP adlssiwwith main
application inthe footwear industry The developed microcapsules (MQs¢w solidcross
linkers, release isocyanate where and when needed elidinate direct contact between the

operator andthe toxic chemicals.

This work employs two strategies for the encapsulation of monometigomeric andpre-
polymeric isocyanateslevelopment of MCsvith a polyurea (PUaand PU/PUashell, made by
interfacial polymerizationas wellas biodegradable MCsomposed of polycaprolactone (PCL)
and polyhydroxybutyrate (PHBhell, made byolvent evaporation, both cases combined with
a microemulsion systenMCs witha core-shdl morphology a relatively narrovand monomodal
size distributionwith a high encapsulation yield5Q to 80 wt%wof their weight in isocyanate),

and a satisfactory shelife wereobtained.

MGCs with a biodegradable polyesteshell namely PCLg¢ontaining isophorone diisocyanate
(IPDI), were considered the most suitalite the application in studyThey display a good
production process reproducibility and respond to both stimuli of pressure and temperature
during the adhesive applicationhen added to theadhesive pre-polymer, ata weight
concentration of 5%these MCdead to results identical to thosebtained with adhesives
formulated withthe (honencapsulatedcommercial crosslinksr This justifies their scale up
production in a pilot line implemented atfgade SA., paving the way for commercial adhesive

formulations without risks for the operators

Keywords: Microencapsulation; Adhesives; Isocyanataterfacial polymerization;Solvent

evaporation



Resumo

Os adesivos de poliuretano (PU) e policloropreno (RE€Rjalmente disponiveis utilizam
isocianatoscomo agentes reticulantegjue necessitam de samisturadoscom o prépolimero
adesivodurante a aplicacaqelo operadorDevido a toxicidade do isocianato, o regulamento
de Registro,Avaliacao,Autorizacdo eRestrices deProdutos Quimicos(REACHImpdsnovas
restricbes relativamente a utilizacdo destes compostogressimando as empresas a
desenvolver produtos mais segurgem prescindir da sugualidade O presente trabalhdoca

se na microencapsulacdo disocianatospara o desenvolvimento de novas formulacdes de
adesivos de PU e PCP, com principal aplicagédo na indistcalcado Asnovasmicrocapsulas
(MCs),reticulantes sélidos, libésim as espécies de isocianato onde e quando necessario

eliminandoo contacto direto entre o operador e os produtos quimiaestoxiddade

Reportamseduas estratégias pamencapsulgdode isocianatos monomeéricpsligoméricoe
pré-poliméricos desenvolvinento deMCs com parede daoliureia (PUag PU/RJa, obtidas por
polimerizacéo interfaciagssim como MCsom parede biodegradavel de policaprolactona (PCL)

e polihidroxibutirato (PHB)obtidas por evaporacdo de solvente, ambas associadas a sistemas
de microemulséo Obtiveramse MCscom morfologia ndcleeparede, distribuicdo de tamanho
relativamente pequena monomodal elevado rendimentale encapsulagée(itre 60 a 80%do

peso em isocianato), em tempo de vida Util satisfatéricAs MCs com parede biodegradavel,

em particular de PCL, cadiisocianato de isoforona (IP@hcapsuladoforam considerads as

mais adequads para a aplicacdo em estudgpresentamboa reprodutibilidade do processo de
producao e respondem tanto ao estimulo de pressao como de temperatura durante a aplicacéo
do adesivoQuando adicionadas garé-polimero do adesivonuma concentracdo massica de
5%, levam a resultados idénticos aos dos adesivos formulados com reticulantes comerciais (ndo
encapsulados). Istqustifica a sua producdo em escataima linha piloto implementadaa
Opade SA., abrindo caminho para formulacbes adesivas comerciais sem riscos para 0S

operadores.

Palavraschave Microencapsulacdo; Adesivos; Isocianato; Polimerizacdo interfacial,

Evaporagéo de solvente
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Chapter I- Introduction to the thesis

Researchmotivation

The market size for adhesives and sealants is projected to grow from 67.64 thousand million
euros in 2021 to 81.28 thousand millions euros in 2[136The increase demand for adhesives

is mainly related with its use in the medical industry, building and construction, and growth in
the appliances industr{l]. However, adhesives are used in a wide variety of industries and
applications as in the automobile, footwear, aeronautics, furniture, among others. Particularly,
in the footwear industry there is a high requiremdot adhesives as the industry depends on

the assembly of the various components used for the shoes manufacture, for which different
adhesives are usda, 3] The adhesive joint performance depends on several factors, including
the joint design, the surface treatments, the type of adhesive and the typaliftratematerial

to joint [2, 3]. The joining of the uppeto-sole joints is the mostequiringprocess in footwear
manufacturing as it demands a high bond strength. PCP and PU adhesives are the main adhesives
used for this type of joints due to their high versatility and capability to join a wide range of
materials, associated with theligh strength resistanceé?CP adhesives show good results with
leather, textiles, vulcanized rubbers, among others. However, the increased use of plasticizers
in plastic materials made fitecessary to introduce the use of PU adhesives, which have a higher
versatilityand performancahan PCH2-5]. Both PCP and PU adhesives are currently supplied
astwo-component (2K¥ormulations, one a prgolymer and the other a crodmking agent,
usually isocyanatbased. Although both adhesives can be usedresscomponen{1k) adhesive
(pre-polymer) the addition of a crodiker can improve the final characteristics of the adhesive
joint. PCP adhesives are limited by their poor heat resistance and bond strength, but by adding
an isocyanatéased crosdinker it is possible toamprove its thermal stability md cohesive
strength, and, in many cases, it significantly increases the adhesion to certain subfr&kes
Regarding PU adhesives, the addition of an isocyanate-tinies highly increases the adhesive

joint durability[2].

However, isocyanates have a high toxicity which is a primary condern applied taadhesiva.

Isocyanates are powerful irritants, mainly affecting the mucous membranes of eyes, respiratory

and gastrointestinal tracts as well as skin inflammatiaimen in direct contact, and its prolonged

exposure can lead to severe asthma attacks and even déatfio prevent health hazardsn

February 2020the REACHommittee I LILINE OSR G KS 9dzNRBLISF Y a/ 2YYA &aA
restriction on diisocyanates. The Restrictiovhichapplies from 24 August 202Brohibits the



commercialization of diisocyanates as substances on their own and as a constituent in other
substances or in mixtures for industrial and professional use when in concentrations above 0.1%
wt [7].

The incorporation of isocyanate crefiskers is essential in the footwear industry to provide a
strong and longdasting adhesive formulation fitter to the upp#w-sole joint, at concentrations

well above0.1wt% in the adhesive formulation. The footwear industry is one of the most
important sectors of the Portuguese economy, globally recognized for itsguiglity products.
Accordingly, it is important to maintain the quality of its produetsd, at the same time
respecting the new regulations.

With this thesis, in collaboration withigade, S.A.anadhesive producer/supplieit is intended

to develop a new PU and PCP adhesive formulation for the footwear industry in which the cross
linkers are polymeric MCs containing the isocyanate speciecial for the required higguality
adhesive jointsBy protecting the isocyanate inside a polymeric MC, its direct contact with the
operator is avoided. The isocyanate is only to be released during the joint preparation, by
melting, due to the effect diemperature (up to 78C), by breaking, due to the effect of pressure
(4kg/cm?), or a combination of both. The new adhesive could be supplied as 1K, in which the
MCsand the prepolymer are mixed or as a 2K adhesive vbithh componentseing supplied
separately. The schematical representation of the adhesion process with the 1K formulation,

containing the MCs as crobekers, is depicted ifigure 1.

‘OH prosRolymeg Melt  Isocyanate release
Isocyanate N B
[ Isocvanate. /E,"“k
MCs containing isocyal Erassure andiog -
- temperature
Adhesive Cr

v

1K adhesive

Figure 11. Shematic representatioof the adhesion process using the 1K adhesive formulation containing MCs as
crosslinkers.

Encapsulation is an evolving angdh a significant importance in many industrial sectors as for
example pharmaceutical, agrochemical, cosmetics, among others, with the MCs serving as

storage, carrier and protectoof the encapsulated contepfrom the environmen{8]. For this
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application the MCs serve as storage as well as a protector avoiding the reaction of the
isocyanates with the exterior environment, until the stimuli of prggsand/or temperature is

applied during the adhesive joint preparation. It is mandatory that the encapsulated isocyanate

does not contact the prgpolymer before the adhesive application (for 1K adhesive formulations)

2NJ R2Sa y23G NBIFIOG 6AGK GKS FANI Y2A&GdzNB GKIy O
adhesive formulations). The major challgnof this thesis regards the development of suitable

MCs, cpableto encapsulate aatisfactoryamount of isocyanate content, of at least 40% of the

MCs total weight, at the same time offering an adequate protection from the environment,

during a period of at least 3 months, aefficientlyresponding to the stimuli applied during the

adhesive joint preparation, leading to the isocyanate releaseitsmdaction establishing cross

linking points within the adhesive joirdaf the desired moment.

Cipade S.Alndustry andresearch ofadhesiveproducts

Cipadeis a company that producescomplete range of products in all types of industrial glues
for different industry sectors, such as footwear, wood, leather goods, building industry,
automotive, paper among others.The company started 1968 and has been a certified
company since 1995 under the ISO 9001, ISO 14001 and ISO 45001 statidad#production

is structured inthree main producton areaswhich are dry compounds (raw material)
formulated for the production of solvent based glueslvent based gluesand water based
glues In parallel with the productin activity, CIPADE devotesesearch and development of
adhesivesThe companyr&Dactivities areaimed atimproving the performance of production
processes, quality of manufactured products and product compatibility, to increase the

company's competitive advantages in the market.

Objectives andmain contributions

The aim of this thesis ® develop a solution to the 2K adhesives formulations used in the
footwear industry, by avoiding the direct contact between the operator and the toxic isocyanate
speciesat the same time ensuring an identical performance to the adhesive formulations that
are currently commercially available.

Therefore the objectives of this thesis are:

1) Synthesis and development of polymeric MCs, containing encapsulated isocyanate species,

with the necessary characteristics to be used aisiefitcrosslinkers for PU and PCP adhesives.
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2) Experimental development and optimization of new adhesives formulations containing the
polymeric MCs as crodigkers. 3) Feasibility studies of the new adhesives at IRABDES.A.

using internal validation tests.

Organizationof the dissertation

Chapterll containsthe state of understanding regarding adhesive properties, its classification,
and applications. The close relation between the adhesive and footwear indigsthere
clarified,as well as theletailsregarding the type of materials to adhere, difficulties encountered

in the industry and the characterization tests and respective ndahasusuallyapply.
Microencapsulationis presented asthe solution to avoid the direct contact between the
operators and the toxic isocyanate species during the adhesive application process. Birst, it
given a brief explanation on microencapsulation following with addpth discussion of the
state of the art regarding isocyanate microencapsulation. The strategy used to obtain MCs with
the desired final characteristids disclosed, and more detaibre given regarding the use of
interfacial polymerization and solvent evagation microencapsulation technigues: method,
state of the art, and finally advantages and limitation of each.

Chapterlllregardsthe MCs characterization techniques and respective test conditions.

The synthesis of MEDy interfacial polymerization in combination with a microemulsion system
is addressedn ChapterlV. This chapterincludesthe optimization of the microemulsion
stabilization, for which different emulsion stabilizers and combinations between them were
tested, the effect of some parameters, as duration of the synthesis and isocyanates
combinations used, as well as which actieources lead to the most satisfying MCs.
ChapterVregards theproduction of MCs by the solvent evaporation technique in combination
with a microemulsion system It includes a discussion on thmlymers used for the shell
formation, the effect oftheir molecular weight on the MCs characteristiaad the results of a
design of experiment study with the aiofi controlling theMGCs size and size distribution.

Finally, irchapterV|, the development and characterization of the new adhesive, containing the
MCsare addressed. The crodimking effect of each isocyanate in both the PU and PCP pre
L2t @YSNI Aa &aGdzZRASRE F2f{f2¢SR o0& GKS 2LEAYATLFGA
conclusioron the most suitable MCs for this application is givegardingthe isocyanate type

and polymeric shell compositiohastly ChapterVilpresensa summary of the thesi®gether

with main conclusions of thisork.



List ofcontributions

Papersfelated to thethesis)

1

Loureiro, M.V; Aguiar, A.; Santos, R.;8ordado, J.Ct Ay (i2> L ®T Desigri\dj dzSa> ! d
Experiment for Optimizing Microencapsulation by the Solvent Evaporation TecBnikjue
Polymers 16 (2024) 111. D@ioi.org/10.3390/polym16010111

Loureiro, M. V; Mariquito, A.;Vale M.; Bordadq J. C.Pinhqg I.;Marques A.Ca 9 Ydzf aA 2y
{OGFOAEATFOARZ2Y {GNYGS3IASa Thikdets ISAZ02BRNBDOi: L a2 0t y
10.3390/polym15020403

Loureiro, M. V, Vale, M., Galhano, R.; Matos, S.; Bordado, J. C.; Pinho, I., Marques, A. C.
GaAONRSYOl LlJadzA F A2y 27F L &-@pddctyghe)iCapsuley and A 2
LI AOIFGA2Y AY a2y202YLRYySyid DNBSY | RKSaA
442%4438. Doi: 10.1021/acsapm.0c00535

¢ L

RS3N
pSaté

Loureiro, M. V; Attaei, M.; Rocha, S.; Vale, M.; Bordado, J. C.; Simdes, R.; PMamues,

ld / ® a¢KS NRBfS LXIFI@SR 08 RAFFSNBYyid | OGABS K¢
O2YYSNDOALI f 2f AA2YSNARAO RAA&208F yI (i SE4B23. W2 dzNY | f
DOI: doi.org/10.1007/s1085319-0430%1

Loureiro, MV, Bordado, J.C.; Galhano, R.; Goncgalves, D.; Pinto, |.; Marques, A.C.
oBioderivedand biodegradabl@olyhydroxybutyrateor the isocyanate microencapsulation
to develop of a new adhesive crelaskerg i preparation.

Papers (Collaborations)

1

Anténio, A.Loureiro, M. V; Pinho, I.Marques, A. GEfficient encapsulation of isocyanates
in PCL/PLA biodegradable microcapsules for adheésidesrnal of Materials Scien&s8
(2023)2249%2267. D0i:10.1007/s10853)23081609

Costa, M.; Pinho,;lLoureiro, M\.VT al NJjdzSaz ! ® / ®T {AYpSaz / & [ d
of a microfluidic process to encapsulate isocyanate for autoreactive and ecological
FRKSaA@Saés t2f &YSaBD70.dbi:f1GUDOVA0028E1-086901LH H O 0 PP M

Costa, M.; Pinho,;lLoureiro, M. VT al NJjdzSaz ! ® / &T {AYpSaz /[ & [ d
of a microfluidic process to encapsulate isocyanate for autoreactive and ecological
FRKSaA@Saédsz t2f&YSaRD70.dbif1GUDOVA002881-086901LH H O 0 hp M

Costa, M.; Dias, J. P.; Pinhd.bureiro, M. VT al NJjdzSaz ! @ / T {AYpSa
Il aAONRFTtdARAO 5SPA0S (G2 9yOFLBAdzA 0SS Lazoel
IOP Conference Series: Materials Science and Engineering 520 (2019).D@88/1757
899X/520/1/012007

Attaei, M.;Loureiro M. V; Vale, M.; Condeco, J.; Pinho, I.; Bordado J. C.; Marques, A. C., "
Isophorone Diisocyanate (IPDI) Microencapsulation for MGomponent Adhesives: Effect

of the Active H and NCO Sources", Polymers 10 (2018) 8R2&il:
10.1016/j.micromes0.2016.10.039



Oral presentations

1

Monica V. Loureirp Anténio Aguiar, Isabel Pinho, Jodo C. Bordado, Ana C. Marques,

| RO yOSa Ay Aa208FyFGS YAONE S ycOmpadandz | G A2y
R K S & Md@BRTBOND firaining Sch@stainable Composite Bonded Joints, from

KS /h{¢ ! OQGA2Yy [/ ! mMmymuHn awStAlFIoftS NRIRYI LJ
0 NJzO (i ddN®B @ctober 2022, Guimaries, Portugal.

QC Cn T Q-

Ménica V. Loureirgp Anténio Aguiar, Isabel Pinho, Jodo C. Bordado, Ana C. Marques,

G4! ROIyOSa Ay A&208byldS YAONES ycOnhphdardz | (A 2y
 RKSAADPSEE T Wdzy R2oNJulp 2022PCWiintira, Portugad = M

Monica V. Loureirp Sofia F. Rocha, Mahboobeh Attd&iMario Vale, Ricardo Simoes,

al NAI Yyl /| 230Gt X Lal oSt t AYK2Z W2n2 /| ® . 2 NJ
Microcapsules For Composite Ghe2 YLI2 Yy Sy (i | RK SSevettSAnaual ¢ g Sy (@
International Conference on Composites/Nano Engineering {BZLEL420 o July

2019, Granada, Spain.

Monica V. Loureirp Sofia F. Rocha, Mahboobeh Attaei, Mario Vale, Ricardo Simdes,

al NAFylF /2adGlkY LaloSt tAyKz2x w2naz2 /& . 2NRIR
highly reactive isocyanates for new ecological and mommponent adhesives”, XIX

Congresso da Sociedaderfdguesa de Materiais and X International Symposium on

Materials (MATERIAIS 2019); A of April 2019, Lisbon, Portugal.

Mariana CostaJosé P. Dias, Isabel Pinktinica V. Loureirp Ana C. Marques, Ricardo
{AYpSaszx a5S@St2LISyid 2F | YAONRBFEdARAO RS
F dzi 2 NBF OGA GBS | yR & loterhaioHad Conférende RK MethHacdla € = n
Manufacturing, Modeling and Mechatronics (IC4M 2019)222f February 2019, Nice,

France.

Mariana Costa M. Osorio, Carla L. Simoes, Isabel Piffiénica V. Loureirp A.
al NJdzSazx wA OF NR?2 {AYpSaz G{edyiKSanaa 27 y
Y2y202YLRYSYy(d | RKSAaAJS an Inferaaidnall RoSfereadé D15 A Yy R dza
Biopolymers and Polymer Sciences;2l19fNovember 2018, Bucharest, Romania.

Mariana CostaM. Borges, Carla L. Simdes, Isabel PiMdmica V. Loureirg Ana C.

al NJdzSazx wA OF NR 2 {AYpSaz 5SSt 2LIVSy 27

I dzi 2 NB I OG A @S YR SO02t23A0!If Y2y202YLRYSyl
Symposium on Green Chemistry, Sustainable Development and Circular Economy, 30 of
September to 3 of €ober, 2018, Skiathos, Greece.

Ricardo SimoesM. Borges, Mariana Costa, Carla L. Simdes, Isabel Pinho, Jodo C.
BordadoMoénica V. Loureira ! yI / ® al NJjdzSasx a5S@St2LIYSyi 2
SO2f 23A0!I f Y2y 2 02 YhIIRAS \CanfererReK b PhygiGIaGrganic H n
Chemistry (ICPOC24},6LJuly 2018, Faro, Portugal.



Invited lectures and colloquia:

1 d&Polyurethane/Polyurea microcapsules as new crosslinkers for safer and high
performance adhesives (Ecoboad¥Vorkshop TPMI2023 Technology Platform on
Microencapsulation and Immobilization 2023;18 May, Instituto Superior Técnico,
Universidade de Lisboa, Portugal.

 aCdzyRI'YSy Gl fa 2y YAONRSyYyOl Ldadz  GA2Yy o8& Ay
TPMI2023 Technology Platform on Microencapsulation and Immobilization 2042, 8
May, Instituto Superior Técnico, Universidade de Lisboa, Porfugasi 2 O&l y I G S
Microcapsules For Composite Ghe2 YLI2 Yy Sy i | RKSaA@Saé-> /[ h{c¢
CERTBONDReliable roadmap for certification of bonded primary structures, Virtual
Meeting, 12 of January 2021.

a9y Ol LladzZ GA2y 2F Aaz0el yl Ay yRed |G A0SR R SN aRA
CERENA SeminaBustainable Innovation, 17 of February 2020.

Posters in Conferences

9 Monica V. Louredr, Antdénio Aguiar, Isabel Pinho, Jodo C. Bordado, Ana C. Marques.
aLaz20elr ylGS YA ONP®yporeht)seibdctivel shd/ ecdirdvdiive? y S
I RKSaA@Saes 9y O2\8bfNRY, Lishos,P@tAgal. HATHHI MC

1 Ana C. Marques, Mario Vale, Ménica V. Loureiro, Elisabete Silva, Jodo C. Bordado, Elena
Tervoort, Murielle Schreck, Markus Niederberg#orous Microspheres for Chemical
LYY20At AT I GA2YE X -GehQoRferehcy, RSONG) August220119,f St. { 2 f
Petersburg, Russia.

1 Mahboobeh Attaei, Mdnica V. Loureiro, Mario Vale, Jodo C. Bordado, Isabel Pinho, Ana
/| ® al NJjjdzSazx aL&a20@lylFidS aAONRSYyOlLadAz A2y
Component, SelReactive and Eeb Yy 2 @ GA PSS | RKSAADBS&a£T t 2f Y¢S
and Appliation, 2223 of March 2018, Barcelona, Spain.

Patents

1 Ana C. Marques, Mdnica V. Loureiro, Sofia F. Rocha, Mahboobeh Attaei, Jodo C.
. 2NRIR23 LAa&lI06St tAyK23 /Lt!59 {®! &3 aaAONRBS
& LIS GnaSAaGNR Sy OF LJadzt | ,en2 RS S&alLISOASa RS Aa20Al
reference PT 115312 A. (Filing date: 14/02/2019; Publication date 09/09/2020); PATENT
GRANTEI®X021.07.16; Publication: 2021.07.2RT 115312 B



Bibliography

1 Adhesives & Sealants Market by Adhesive Formulafiaghnology (Watebased,
Solventbased, Hoimelt, Reactive), Sealant Resin Type (Silicone, Polyurethane, Plastisol,
Emulsion, Polysulfide, Butyl), Application, RegidBlobal Forecast to 202022
Available from: https://www.marketsandmarkets.com/MarkeReports/adhesive
sealantsmarket421.html

2 OrgilésCalpena, E.;AraAis, F.;TorrdPalau, A. M.;Sanchez, MAdhesives in the
Footwear Industry: A Critical RevieReviews of Adhesion and Adhesivegl9 7, 69
91.

3 Paiva, R. M. M.;Marques, E. A. S.;da Silva, L. F. M.;Anténio, C. A-BisArdhdhesives

in the footwear industryProceedings of the Institution of Mechanical Engineers, Part L.:
Journal of Materials: Design and Applicatia2]15 230, 357374.

4 Associacao Portuguesa dos Industriais de Calgado, Componentes, Artigos de Pele e seus
Sucedaneos. Facts and Numbers Portuguese Shoes 202%ailable from:
https://www.apiccaps.pt/publications/factsnumbers/126.html

5 Adhesices & Sealants Industrifolychloroprene Contact Adhesives. Wdased
Systems Make Inroads Into Traditional SolM@otne TechnologyAvailable from:
https://www.adhesivesmag.com/articles/85273olychloroprenecontactadhesives

6 Centers for Disease Control and Prevention. The National Institute for Occupational
Safety and Health. Isocyanates. Overview 2008  Available from:
https://www.cdc.gov/niosh/topics/isocyanates/default.html

7 ECHA- European Chemicals AgendyCHA- Annex XVII to REACHConditions of
Restriction. Restrictions on the Manufacture, Placing on the Market and Use of Certain
Dangerous Substances, Mixtures and Articles Available from:
https://echa.europa.eu/documents/10162/503ac4Bbcb-137b-9247-09e41eb6dd5a

8 Mishra, M.,Handbook of Encapsulation and Controlled Rele2@5 Boca Raton: CRC
Press.

10


https://www.marketsandmarkets.com/Market-Reports/adhesive-sealants-market-421.html
https://www.marketsandmarkets.com/Market-Reports/adhesive-sealants-market-421.html
https://www.apiccaps.pt/publications/facts--numbers/126.html
https://www.adhesivesmag.com/articles/85273-polychloroprene-contact-adhesives
https://www.cdc.gov/niosh/topics/isocyanates/default.html
https://echa.europa.eu/documents/10162/503ac424-3bcb-137b-9247-09e41eb6dd5a

11



Chapter |

State of Understanding

12



13



Chapter I - State ofunderstanding

1.1 Adhesives

Adhesives, when applied between therfaces ofame or dissimilamaterials,areused to hold,
fasten, or bond them togethell, 2] Adhesives have been increasingly used as they are cost
efficient, of simple and fast applicatiomJlow a homogeneous stress distribution between the
bonded surfaces, can produce suitable joints for a wide range of mechanical loads, and can
efficiently bond a variety of substratesuchasmetals alloys,compositesandnatural materials

[1-3]. Adhesives are an increasingly used alternative to mechanical joining methaidsas
rivets, providing several advantages over conventional mechanical fasteners as for example its
superior fatigue strength, homogeneous stress distribution, flexibility, resistance to corrosion,
to damage and its lowtructuralweight[1-3]. However,due to their organic naturehey have

the disadvantage of its mechanical properties to be influenced by environmental factors such as
moisture absorption, temperature, joining process and curing cycle parameters. Also, the
bonded joint is considered permanent as it is very diffitaldisassemble without suffering
irreparable damageR, 3] Adhesives have bearsed in a large variety of applications, but it is
estimated that over 20% are used for building and construdiom]. Another emergent area

of interest for adhesives refets its application in lightweight composite structures, although
both mechanical fasteners and adhesives can be uSamposites used in aircraft are usually
joined by a combination of both methods while the composites used in automobiles are often
joined only with adhesiveg®, 5]. There are five main primary mechanisms that contribute to the
development of an efficient adhesive bond, which are classified as mechanical adhesion,
adsorption and wetting, chemical bonding, diffusion, and electrostatic adhesion. By mechanical
adhesion, he bonding can be expected to be purely from the mechanical interlocking of the
adhesive in both substrates, occurring only on a microscopic level. For this case, the adhesion
properties are related with the adhesive viscosity, the geometry of the satespores, the
counterpressure of the gas enclosed in the pore, the surface tension of the substrate, its wetting
properties, and the degree of roughness of the substrates, with the shear strength increasing
significantly with the increase of roughnefs]. The adhesive fills the pores, cracks, and
indentations in the subtract surface, resulting in a mechanical anchoring once the adhesive has
hardened[5]. In which regards the adsorption and wetting interaction, they occur due to the
action of interatomic and intermolecular forces, as van der Waal forces, between adhesive and
substrate. Although tbseare the weakest of all intermolecular forces, theimtribution to the

strength of the adhesive joints significant[5-7]. Chemical bonding occurs by the reaction
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between a functional group of the substrate and the adhesive. The substrates to adhere are
usuallysubject tosurface treatments to create compatible groups to promote ftvamation of
strong covalent or hydrogen bond®, 7] By diffusion the adhesion occurs through the
interdiffusion of molecules between the adhesiaad the substrate. This type of adhesion is
particularly important when both the adhesive and substrate are polymers with relatively long
chain molecules capable of movement. Finally, electrostatic adhdsioes place through
attraction between moieties from charged or ionizedsurfaces with different electrical
potentials [8]. The schematicatepresentation of each mechanism of adhesive bonding are

represented inFigure 11

@ H -

Mechanical interfocking
Substrate

(b)
(c)

Van der Waals Adhesiv
interactions
€
= i |
= g Chemical
g bonding

Substrate Substrate
(d) (e)
Adhesive S
B T
Interdiffusion

Substrate

Figure ll1. Schematicepresentation of the adhesive bonding mechanisagmechanical interlockingb) by
interatomic and intermolecular forceg)chemical bonding(d)interdiffusion; (eelectrostatic adhesiarimage
reprintedfrom [9], with permission

There is a large variety of adhesives, which can be classified accordiagl¢oll1.
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Table II1 Adhesive classification. Adapted fr¢hd].

Group Type

Animal Gelatina; Casein; Albumen

Vegetalte Starch; Cellulose acetate; Cellulose nitrate
Mineral Asphalt/Bitumen

Elastomeric Natural rubber; SBR; Nitrile rubbe

Polyurethane rubber; Silicone rubber

Thermoplastic PVA; Polystyrene;Cyanoacrylates; liquic

acrylic

Thermosetting Phenolformaldehyde; Uredormaldehyde;
Unsaturated polyesters; Epoxy resir

Polyurethane

There has been an increased use of adhesive bonding in all industries, with the diversity of
substrates and the continuous development and introduction of new processes and materials
contributing to its increasing markét]. The use of the lighveight composite structures in a
variety of applications as in aeronautical, aerospace, and automotive industries, has also
contributed to its increas§2, 4] It is projected for the adhesives asdalants market to grow

from 67.64 thousand million euros in 2021 to 81.28 thousand million euros in[202§

II.1.1 Adhesivedan the footwear industry

The footwear and adhesive industry are in close association as adhesives are essential to join
the several materials employed in the shoe manufacfire13]. A wide range of materials is

used in this industry as for example synthetic leather, plastics materials, rubber and synthetic
fibers[11, 13] Different types of adhesives are applied for the shoe manufacture, depending on
the materials to be joint, which will influence the application method, surface treatment, drying
time, and adhesive hazard classificat[@d]. The uppetto-sole joint, which refers to the joint
between the upper shoe and its sole, is the one with higher technical requirementssin t
industry, as it demanda high bond strengtlj13]. There are several methods that can be used

to assemble the upper shoe with the sole, including by welding, molding, whefopned as

units, or adhered[13]. When using adhesivest is recommended, independently of the

materials to be usedthat the adhesive joint follow the standardEN 15307regarding the
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minimum strength values, in the peel strength test, for the bonding of the uppaole joint

(Table I2).

Table 12 Minimum uppersole bond strength requirements in the footwear industry according to the standard EN

15307. Adapted froMiL3] and [15].

Shoes Peel Strength per unit width

(upper/sole)*

Class A: Low stress when in use: Infants footwear, inc XH ®p b K YY

footwear, fashion footwear

Class B: Medium stress when in use: Town footwear, coldwee o ®n1 b K YYZXZ 2 NJ

footwear, casuafootwear with material failure

Class C: High stress when in use: Children footwear, generals xn ®n1 b K YY X 2 NJ

footwear with material failure

Class D: Very high stress when in use: Mountain footwear Xpdn brbdYDd DMKIY'

with material failure

* Peel strength per unit width after a-day storage in standard atmosphere of 23°C and 50% of relative
humidity.

11.1.1.1 Adhesivesfor the upper-to-solejoints

Nitrocellulose adhesives were among the first to iberoduced in the footwear industry, at

1906, which were posteriorly replacdsy PCP in 1949. PCP adhesives shaavethcreased
versatility, being good to use with leather, textiles, and vulcanized ruli€rs13] However,

the introduction of plastic materials, containing plasticizers, made it necessary to introduce
adhesives based on thermoplastic PU in 1970. Regarding the-tggete joints, the solvent

based PCP and PU contact adhesives are the most currently used adhesives, as they are the ones
that can guarantee high demanding strength resistance joints. ©hdihg strengths obtained

with the PCP and PU adhesives are similar, the main differences lying in the adequate substrates
for each adhesive and the ep time, which is longer for the PCP. As for the other parts of the
shoe, styreneisoprenegstyrene (SIS), styregbutadieng;styrene (SBS), styreqeutadiene

rubber (SBR) latex and hotmelt (polyamide, EVA based), are the mos{leth, 17] PU
adhesives are characterized by their flexibility and performance at low temperatures, excellent
adhesion and cohesion strength, and a rapid curing, forming covalent bonds when the
substrates have activieydrogen atoms in the surfa¢#3, 16, 18]PCP adhesives have a chlorine

atom in each monomer of the polymevhich provides a strong polarity and enables the
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development of physical interactions with the substrate. This type of adhesives has a high initial
02yR &a0NBy3aGK YR GKS FToAfAGe (2 F2N¥Y 02YRA
assemblyf13, 19, 20] While PCRdhesives show good results with leather, textiles, vulcanized
rubbers, among others, PU adhesives are essential to adhere plastic materials containing large
quantities of plasticizerfl5].

PU and PCP adhesives are both commercially available as 1K and 2K adhesives. 1K adhesives are
supplied as one component which is responsible to form the adhesive joint ubydhy effect

of pressure[21, 22] 2K adhesive formulations are supplied as two components, one is an
adhesivepre-polymerand the second a crodmking compound, usually isocyandtased, the

two to be mixed during the adhesive application. The@@HKesivehave the advantage of having

an accelerated cures well as aincreased resistance to temperature and durabjldye to the

crosslinking effect byisocyanate$13, 14, 17]

11.1.1.2 dint preparationin the footwear industry

The type of materials to b@int and the model of the shoe are the two main factors to have in
consideration for the selection of the most suitable method to .uSke model of the shoe
dictates thejoining method, which can be bgdhesion stitching or a combination of both. The
type of substrate dictates the type of adhesive to use anddeessity or not to apply a surface
treatment before the applicatiofil2, 14, 15] There are four main types of surface treatments
that can be applied to improve the final adhesion characteristics, which are the following:
physical, chemical, primer, and solvent wip[dg]. Physical treatment regards the carding of
the substrate by using sandpaper or abrasives, which increases the sare@eand the
chemical treatment is used to change the polarity of the surf#seadhesive primer is usually

a dilute solution of an adhesive in an organic solvdtg.application helps tooptimize the
adhesion to improve the adhesive compatibility to the substrat to modify certain
characteristics of the joint, such as its pdghally, the solvent wiping is ustmeliminate some
agents present in thesubstratesurfacethat could lead to adhesion problenfik3, 2325]. As an
example, leathehas a porous nature that facilitates the adhesion, but it has a weak grain layer
that must be firstly removed by roughening. In additidor, this case it can be necessary to
apply a primer, due to the presence of gre§tg]. For the application of PU adhesivefier its
application in bothsubstrates, the solvestare let todry for about 5 to 10 minutes, step after
which the adhesive loses its tackineghe adhesive must be subjecteddn extra reactivation

step, during whichinfrared radiationis applied during2 to 6 secondsleading to a surface
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temperature between 55 to 88C, which allows the adhesive to sofand to have the necessary
tackinesg17, 18] Posteriorly, the two substrates are brought together and a pressure of 4 bar
is applied for 5 seconds, the adhesive joint cools and the adhesive film dries in s¢®hds
Regarding the solveriiased PCP adhesive, it has a much longer open time which can range from
a few minutes to hours, depending on the formulation. The dry adhesive film has tackiness at
room temperature which avoids the need for the reactivation sfgp, 14, 19] PCP must be
applied in both substrates to be bonded and allowed to dry for 15 to 20 minutes. After the
solvent evaporation, a pressure of 4 bar must be applied during 5 seconds for the two substrates
to be bonded13].

11.1.1.3 Estingof the adhesivejoints in the footwear industry

There are twamain mechanical properties of relevance when evaluating adhesive joints in the
footwear industry: peel strength, and creep strengil3]. In particular, theminimum strength

test requirements for thaipper-to-sole jointcreep test must follow the EN 15307 requirements
(Table 1R2)[13, 15] The peel strengthiest, in the footwear industry must followthe standard

EN 1392For this, the testnust be done 72 hours after the substrates bonding at a speed of 100

mm/min and using an angle of 18Q, aglepicted inFigure IR [26].

B

Figure 12 Adhesive joint for peel test (dimensionsriillimeterg, following theEN 139726]. Image reprintedrom

[13], with permission
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The peel strength is calculated by the ratio between the average force (Newton, N) and the
average width (millimeter, mm) of the bonded joints. In addition, it is important to consider not
only peel strength but also the type of failudgpicted inFigure 113, which can provide useful

information about the performance of the adhesive joja7].

Cohesive Failure Adhesive or Interface Failure

I ———
I |

Substrate Failure Mixed Failure

—

Figure I3 Typeof failure of an adhesive jointAdapted from[27] and [28].

Adhesive failure occurs by delamination of the bonded layer, and it occurs due to an improper
surface preparation, wrong adhesive selection or high peel strAss.improper surface
preparation reduces the mechanical interlocking between adhesive and the substrate, while the
selection of an inappropriate adhesive reduces its adhesion with the sub$g8}eCohesive
failure occurs at the adhesive, and it is due to a higher bonding strength between the adhesive
and the substrate than its individual streng®ubstrate failure occurs when the substrate fails
before the adhesive. Cohesive failure or substfaikire is the preferred type of failure abe
maximum strength of the joint has been react28, 29] The creep strength allows to conclude
regarding the resistance of the joint to the effect of temperat{t8]. After the bonding of the
substrates is complete, the specimen is subjected t6@G@or 1h, after which it must be loaded
with a constant weight of 1.5kg, as depictedHigure 14, for 10 minutes and the deformation

of the specimen is measured in millimeters, while still loaded. After this analysis, the time

necessary to obtain a complete separation is astermined[26].
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| Adhesive |

! weight \

Figure I4. Adhesive joint for creep test following tB&l 15307Image reprintedrom [13], with permission

II.2 lsocyanategoxicity

Isocyanates are currently used in both PU and PCP 2K adhesives formukgiorssdinkers
However, isocyanates amonsidered to have a high toxicity, which is a primary concern in the
adhesive applicationisocyanates can be powerful irritantgading to skin inflammation and
affecting mucous membranesaseyes, respiratory and gastrointestinal trag®0]. It is also
suspectedthat a prolonged exposiwg to isocyanates can causancer and severe damage to
organg[31]. For these reasonshe REACH regulation approved, in February 2020, the European
/| 2YYA&aA2yQa LINRBLRAaAlFf F2NJ NBAGNAOGAY3I (GKS dzia Sk«
Annex XVII of REACH (Council Directive 76/769/EEC of the European UnioAldumt2023
diisocyanates cannot be placed on the market as substances on their own, as a constituent in
other substances or in mixtures for industrial and professional use¢s)to be used by any
worker or selfemployed workeyin concentrations abov€.1% by weigh{31]. From August
2023, it should not be used unless it is in a concentration lower than 0.1% or if guaranteed that
the industrial or professional user(s) have successfully completed training on the safe use of
diisocyanateq31]. In the footwear industry, the adhesives used contain free diisocyanate in
amounts well above 0.1% (m/m), as these are the amounts that enable to meet the demands of
the adhesive joints in this sector. Thus, an adaptation, not only from the adhesive ntustr
other sectors, will be necessary to offer new products which are in accordance with the new

regulations and those to come, at the same time guarantying the same quality of the products.

I1.3 Microencapsulation

Microencapsulation is the process of enclossaids or droplets of liquids or gases inside a
second polymeric or inorganic materj@R-34]. The process of encapsulation dates from 1930s,

when Barrett Green, an employee of the National Cash Register Company, started to work on
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encapsulation of a dyprecursor in gelatin spheres, by the coacervation technique, to develop

a new typing paper. The process of a liquid microencapsulation was later patented, i[B3P55

The process of encapsulation developed by Barrett Green was the foundation for the
develogmentand application of MCs in various industries as pharmaceuticals, foods, cosmetics,
nutritional supplements, agricultural, detergents, among otH&8& .

ald INB O02YLIRaSR o6& (62 LINIaz GKS &dz2NNRPdzyRAYy 3
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several industrial sectors as they serve various purposes, incluflipgotection of the

encapsulated materials from detrimental conditions (increased stability)seiparation of

incompatible components iii) promimn of an easier handling iv) controf the moment at

which the encapsulated compound is released v) adnif the release profile of the core

material vi)control ofthe release ofifferent encapsulated material@2, 34, 36] According to

their morphology, MCs can be classified as méyipe or microspheres, mononuclear or cere

shell, and polynuclear M@37]. Representations of the referred morphologies are depicted in

Figure IB.

Microcapsule

Vi \%

Mononuclear Polynuclear Matrix

Figure 15. Schematic representation of the differéviCs morphology, a) matrikype microcapsule®r microspherd)
mononuclear microcapsula coreshellc) polynuclearmicrocapsulesThe MCs shell is represented at whiteage
reprinted from[38], with permission

Matrix-type MCs or microspheres are characterized for having the core homogeneously
integrated within the matrix of the shell material, as for the mononuclear or-stedl MCs they

are characterized by having a single core, surrounded by the shell or multiple ¢dyssll,
lastly the polynuclear MCs have several different sized cores enclosed within thE86h80]

There are different mechanisms by which the MCs can release its encapsulated content, which
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can provide controlled, sustained, or targeted release of core material. The most common
mechanisms are by diffusion of the core trough the shell, by mechamipaire, dissolution,

and melting/fusion of the shell, as depicted in

Figure 116 [36, 38, 40] Although less commorhiodegradation can also lead to the release of

the core materia[36].
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Figure 11.6. Representation of thea / 8 Q NBt S| &:§a) BySe keffeyt ofatémperature (melt) or solvent
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composition, shell thickness and permeability, among others. The today large abundance of
polymers, both naturabr manmade, provide a wide choice of shell materials, each offering
different characteristics regarding permeability, elasticity, biodegradability, stiffness, and
others. Although not so common, inorganic materials as silica and titania can also be used to
00 O Ay (K $36,40] Bh€e aieks&/érdl encapsulation techniques which can be broadly
divided into two main categories, namely chemical and physical techniques, with the last being
subdivided into physicehemical and physiemechanical technigues, according Table 113

[36, 40] The choice of the adequataicroencapsulation method depends on the nature of the
material used for the shell, as well as of the compound to be encapsulated. Different appropriate
combinations of materials and synthesis methods can be used to produce MCs with a wide

variety of compaitional and morphological characteristi@6].

23



Table II3 Techniques used for microencapsulatiéd, 41]

Chemical Physical
Physicechemical Physicemechanical
1 Suspensiomolymerization { Coacervation 1 Spraydrying
1 Emulsion polymerization Layerby-layerassembly 1 Vibration nozzle
1 Interfacial polymerization Supercritical C&assisted 1 Fluidized bed coating
1 In-situ polymerization 1 Phase separation 1 Centrifugal techniques
1 lonic gelation 9 Vacuum encapsulation

1 Solvent evaporation

Chemical microencapsulation techniques include thaseolving polymerization process,

using monomers, oligomers, or pplymers asstartingmaterials for the shelformation [39,

42). By physical processes tlstarting materials for the shell are polymers, and no chemical
reactions are involvedBy a physiceahemical microencapsulation procethe shellforming
material is previously dissolved, and the encapsulation occurs by precipitation of the polymer
due to variations ofoH value or electrolyte concentratiorf86]. By the physiconechanical
methods,the process is based on physical amelchanical principles, with the formation of the
shell depending only on sotjtiquid phase transitions under the effect of temperature or by

solubility reduction due to solvent evaporati¢®6, 43]

11.3.1 hterfacial polymerization¢ Encapsulationof isophoronediisocyanate

Microencapsulation by interfacial polymerization involwBemical reactios on the surface of
emulsion droplets leading to the formation of the shellhe choice of the emulsion system
dependson thehydrophilic/lipophilic naturenf the compound to be encapsulatetine reaction
takes place at the interface between tledntinuous and dispersed phase$ the emulsion
system, each containing a monomer or reactdhtthe formed oligomers are soluble in the
dispersed phase of the emulsion, thes diffusioninwardsto the dropletoccursanda matrix-
type MCis formed On the other hand, if the formed oligomers are soluble in the continuous
phase, then thepolymericshellis formedat the emulsion droplet interface, leading to the
formation of mononuclear, or corshell, microcapsulefgl4]. This process is depicted Figure

7.
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Figure II7. Schematic representation of microencapsulatiotingrfacial polymerizationwhere tre dispersed phase
of the emulsion is representer white (organic phase composed by the isocyanates) asthlue, the continuous
phase (agueous solution), with the monomers of each phase represented as A and B, respgdwmetapsulated
is represented tgpink and theformed oligomerss blue stripesrigureadapted from[44].

The encapsulation of a liquid isocyanate was reported for the first tim¥dng et al. who
described the microencapsulation IPDI as a healing agent viantbdacial polymerization
technique [43]. Interfacial polymerization technique, in combination with anioilvater (O/W)
microemulsion system, is the most common method reported for the isocyanate encapsulation.
By this technique, there are at least two reactants in a pair of immiscible ligUitswater (W)
phase of the emulsion system is usually composed by water, an emulsion stabilizer, and
compounds with active hydrogen (H) groupghile the oil (O)phase is composed by the
isocyanate. The two phases are dispersed into each other under a high shear rate. This is
followed by the diffusion of the reactants which become in contact at the interface oOthe
droplets of the emulsion system. When in contact, polymerization reactions, represemted i
Figure 118, lead to the formation of an initially thin PUa or PU polymeric shell. It should be noted
that the initial reaction of water and isocyanate forms an unstable carbamic acid intermediate

that immediately decomposes to amine andJA2)].
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Figure 18 The reaction of isocyanates with a hydroxyl group, with water, and with an amino group.

Further reactions will lead to the thickening of the shell until no mm@&ctant species are in

O2y il Ot {AyOS G(KS LRftYSNATIFGA2Y NBFOGA2Yy & | NE
of the MCs shelllecreases as the shell thickness incredg®d. The high reactivity ofhe

isocyanate with water or other active H sources makes it difficult to obtain MCs with a high core

content. In addition, the possible diffusion of water from the air moisture to the inside of the

MCs,while stored, leads by reaction with theencapsulated isocyanateto a low sheHife of

the MC46].

In 2008, Yang et al.used a toluene 2dliisocyanate (TDI) p#eolymer dissolved in

chlorobenzene as precursor for the shell formation. The highly reactive TDI was posteriorly
mixedwith IPDIl.andthe solution was added to an aqueous phaae70°CG composed by water

and gumarabic (GA) an emulsion stabilizer, to form an O/W emulsion system-Butanediol

was posteriorly addedat 50°C, to act as a chain extender. The temperature was switched of,

and the emulsion was maintained under agitation until a solid shell was fofd&ldThe TDI

higher reactivity when compared with IPDI ensured the encapsulation of the last, while the TDI

reacted with the agueous phase reactants to form the polymeric shell. The obtained MCs are

reported to contain up to 68vt% of core content, composed both by IPDI and chlorobenzene.

The IPDI content varied from 63 to 4#% depending on the mechanical agitation rate

SYLX 28SR Ay (GKS aeyikKSara I AR MBRoftasSdffaz§y (1t & G K
reported in the state of the artregardng isocyanate microencapsulation refer to the
encapsulation of monomeric IPDI for sk#aling applications, following similar synthesis

methodologies than the one reported Mang et a[43].
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11.3.1.1 Active H sourcesand microcapsulesshell composition

Several parameters which influence the isocyanate encapsulation have been studied and
optimized over the years. Th@esence othemicals withactive hydrogenH)) groupsavailable

to react with the isocyanate speciezctive H sourcdsorcross A Yy 1 SN&E > | a ¢Sttt I a
composition were evaluated by several authors. Some examples of active H source reported in
the state of the art aréhe glycerol, 1,4butanediol and 1,6hexanediol for a PU shell formation

and DETA, triethylenetetramine (TETA), PEA D230 and PEA D400 (which are both commercial
LI2f @8SGKSNI FYAYySa0 F2NI b t! 1 Q aKStf ¢TDpeIl NRAY 3
polymers are commonly used although there are also some studies referring methylene
diphenyl diisocyana® (MDI) prepolymers for this purpose. Double layered MCs of PU/
Poly(urea formaldehyde) (PUF) and PUa/melamine formaldehyde (MF) have also been reported.
Sondari et al.reported, in 2010, on the encapsulation of IPDI intended for-tsedfling
applications using a TDI ppelymer as the shell forming material, which was synthesized using

a TDI monomer and glycerol. After the O/W emulsion was obtained, glycerol was also added as
polyol [47]. In 2013,Credico et alreported MCs containing IPDI prepared using two different
shell compositions: PU and albyer PU/PUF shell. The PU MCs were obtained by interfacial
polymerization of a TDI pxeolymerusing 1,4butanediol as active H source. As for the PU/PUF
MCs, interfacial polymerization was initially used to form the PU shell, followed by in situ PUF
microencapsulatiorj48]. The IPDI content of the PU and PU/PUF MCs was of 50 antVa'2
respectively, with a drop to 4wt% after 6 months for the PU MCs. In 2&d&rdaret al.studied

the effect of different polyols including Xgutanediol, 1,6hexanediol and glycerol on the
encapsulation of IPDI, by interfacial polymerization, forketiling purposes. A TDI ppelymer

was used for the shell formation, which was synthetized using a TDI monomer and each one of
the polyols previously mentionef49]. During the interfacial polymerization reaction each
polyol was also added to the synthesis to promote the PU shell formation. The author refers on

a lower IPDI encapsulation content using glycerol, with a difference wt%5vhen comparing

with the MCs obtained with 1;8exanediol [49]. In 2016, Ming et al. reported on the
encapsulation of IPDI in PUa/ MF douldgered MCs, using a TDI grelymer for the PUa shell
formation. Three different active H sources were used, namely TETA, PEA D230 and PEA D400.
Not only the active H sources have led to different encapsulation contents but also contributed
with different morphological features to the final MCs. Active H sources with longer soft
segment led to lower encapsulation contents. In accordance, TETAdc#&s tlee MCs with a

higher enapsulation, 78.0Wt% of IPDI, which decreased only 2.97% after a-hezsture

treatment for 2h. However, since TETA has no soft segments, the PUa shell was relatively brittle
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[50]. In 2020,2un etal. studied the effects of different shell materials for the IPDI encapsulation,
using DETA as active H source. An MDppitgmer andof polymethylene polyphenyl isocyanate
(PAPJ were used as shell materials, in addition to a composite shell of polyvinyl alcohol
(PVA)/PUa. Regarding the composite shell, PVA formed intramolecular hydrogen bonds and the
PUa moieties were obtained by the reactionR#API wittDETAS51]. TheMCs with a composite

shell were the ones with the higher IPDI encapsulation content. It was concluded that not only
GKS aKStf YFOGSNAIE LXFESR Fy AYLERNIIYyG NRES T2
previously reported byrang et alThe bigger the MCs, the higher the encapsulafat]. No

gt dzSa ¢SNB O2YYSydSRfeNEIFNRAY3I GKS a/ Qa akKSt ¥
Two main strategies have been reported intended to lead to a higher encapsulation content: i)

the use of an isocyanate with a higher reactivity intended for the shell formation, ideally a pre

polymer as &U or PUa shell can Iogicklyachieved,; ii) the use of active H sources, or cross

linkers, which contribute not only to decrease the reaction time but also to bring some
hydrophobicity and an increasedcrelssh y { Ay3 G2 (KS a/ Q aKStfto .@& R

N

the exposure of the isocyanate to the Whase is decreased andith it, the extent of the
polymerization reactiondeading to a higher encapsulation contefihe hydrophobicity of the
shell as well as the storage conditiongith no moistureseem the most significant parameters
F2NJ Iy SEGSHRSR a/aQ aKSt ¥

Table 114. resumedhe isocyanates speciesed for theMCsshell formation, theusedactive H

sourcesandtype and amount of encapsulatetbntent of the MCgeferred in thischapter.
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Table 114. Resume of the isocyanate species and active H sources usedNtZshieell formation as well as type and
amount of encapsulated isocyanaiéthe MCs referred in this chapt¢t. L ®o dmdm | OGA @S |

shell composition

] Corecontent
Isocyanate pecursors for Encapsulated  Active H ) )
Reference . ) (isocyanate or its
the shellformation isocyanate sources
mixture with solvents)
1,4-
[43] TDI prepolymer IPDI ) 68 wt%
butanediol
[47] TDI prepolymer IPDI Glycerol -
Desmodur £75 (aromatic
polyisocyanate based on 1,4
[48] . IPDI _ 50 wt%
TDl)for the synthesis oPU butanediol
(PU/PUF shell
1,4
57 wt%
butanediol
[49] TDI prepolymer IPDI 1,6
64 wt%
hexanediol
Glycerol 39 wt%
TDI prepolymer for the TETA 80.68 wt%
[50] synthesis oPUa IPDI PEA D230 78.09 wt%
(PUa/MF shell PEA D400 77.50 wt%
[51] MDI prepolymer and PAPI IPDI DETA 67.4 wt% to 79.2wt%

11.3.1.2 Mcrocapsule§size and size distribution ¢ Emulsion stability

42 dz2NDS a

Besids(i KS a/ aQ O2 NB -if§ & if als® ymporthnyt®Rbe alfeSd cdntrol the MCs

size and size distribution. As the interfacial polymerization reactions occur in the O/W emulsions

interface, the size of th®droplets dictates the size of the final MCs.

Emulsion systems, even when the two phases are immiscible liquids, are thermodynamically

unstable and tend to breakdown over tim&here are several emulsion destabilization

phenomena, which are gravitational separation, flocculat@stwaldripeningand coalescence

schematically depicted

inFigure

ID. Gravitational separation phenomena occur by

sedimentation or creaming of the emulsion dropletdue to the viscosity differences of the W

and O emulsion phaseBlocculationoccurswhen two or more droplets associate with each

other while maintaining their individual integritieshd Ostwald ripening, due to mass diffusion

from smaller to larger droplet§52-55]. Coalescence ofstwald ripeningare irreversible
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emulsion destabilization phenomena, aschange in droplet sizeccurs which makes it

impossible to restor¢he emulsioninitial state[56].
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Puisp < Peont Pdisp * Pean
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Flocculation Coalescence
or
Ostwald ripening
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Emulsion

Figure 19. Schematicepresentationof emulsions destabilizatigpghenomenawith the dispersed phase represented
by light gray and the continuous phase by dark gragm[56] under an open access Createmmon CC BY license.

Toavoid this destabilization phenomena, stabilizare usually used in the dispersant medium

of the emulsion system, which can be surfactants, amphiphilic polymers, or solid pgd&]es
Surfactants stabilizehe emulsion by forming an electrostatic or steric barrier around the
emulsion dropletswhich decreases attractive interactiofts4]. Polymers act by the entropic
STFSOG OFdzaSR o0& GUKS Syaly3atSySyd 2F LR2f&YSNR
interface, limiting conformational rearrangements. Regarding solid particlegd#erption

creates a mechanical barrier against coalescence. An alternative to common stabilizers is the

use of rheology or texture modifiers, which, by increasing the viscosity of the continuous phase,

help to restrict the droplets movement and to increase its kinstability[53].

Particularly, for O/W emulsiosystems, the instability is a resultgfavitational separation and

flocculation which might lead to coalescence of tRedroplets[53, 57] The polysaccharide GA

is one of the stabilizers most commonly used in the synthesis of isocyanate containing MCs
obtained by the interfacial polymerization method. Gds a good water solubility, low solution

viscosity, good surface activity, and ability to form a protective film around emulsion
dropletd58, 59] There are several studies reporting on the optimization of the GA
concentrations in the W phase, intended to increase the stability of the O/W emulsion and
consequently lead to smaller and more homogeneous [BCs59, 60]Huang et alreport on

(KS &GdRe 2F RAFTFONBYG D! O2yO08yidNrdrAz2ya FyR
authors tested GA concentrations ranging from 2 tovi® in the W phase, observing a

significant decrease in the MCs size when the GA concentration increased from g% 3
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followed by a plateau with the MCs maintaining similar diameters for GA concentrations above
3 wt%[59]. Xiang et al have also tested different GA concentrations of 5, 7.5 and 12.5% in the
W phase and concluded that as the GA concentration increased the sphericity and uniformity of
the MCs improved60]. GA in a concentration above 12.3%s been shown teignificantly
increases the aqueous solution viscosity, which strongly leads to a reduction in the MCs size as
two stabilization effects are combined, tledfect of GA as a polysaccharide and its rheological
effect as viscosity modifig60]. In addition to GA, and although not so common, it has been
reported the use of other stabilizers for this purpose. Some examples are the Tween80,
Tween20, Sodium dodecyl sulfate (SCEPAN20, PVA, dodebgdnzene sulfonate (SDBS) and
combinations of GA with cetrimonium bromide (CTAB), PVA with SDS and SDBS with
polyvinylpyrrolidone (PVR$1, 61, 62]Sun et alstudied the effect of several stabilizers and its
O2yOSYyuUuNI GA2Y 2y (K AdeErkagd oh theaMCa size Witk theNihc@asSdilA & G A O:
the stabilizer concentratiorup to a certain amountvas observedGA was the stabilizer leading

to bigger MCs, and which needed to be present at higher concentrgidhdt is composed by
arabinogalactan @.4%), arabinogalactan protein (10.4%), and glycoprotein (1.24%), with its
emulsifying property attributed only to arabinogalactan protein, whetplains its usén a
greater amount for ahievingstable emulsion[58]. A combination of SDBS/PVP and PVA were

concluded to be the best emulsifying systefas].

11.3.2 hterfacial polymerization¢ Encapsulationof other isocyanatespecies

Besides IPDI it has already been reported the encapsulation of other isocyanates species by
interfacial polymerization, although in a significgntless extent. An example is the
hexamethylenaliisocyanate (HDJ®ither in the form oimonomer,dimer, ard trimer. Huang et
al. and Wu et al.report on the encapsulation of its monomeric forray usingan MDI pre
polymerand anureaformaldehyde (UF) prpolymer, respectivelyf59, 63] Wu et al.have also
encapsulated an HDI dimer using the same shell mat&&l Nguyen et alencapsulated an
HDI trimer using anore reactivecommercial MDI, Supras@020[46].

For the encapsulation of th@onomericHDI in PU MCs#juang et alusedan MDI prepolymer
as shell material and 1dutanediol as active H sour¢®9]. The obtained MCs had a maximum
core content of 63vt%, which dropped to 4&t% while stored in an opeair environment for

a month, andto below 20wt% upon its immersion in water for 24 houfS9]. For the
encapsulation oboth the monomeriddDIland the HDI dimeiin PUF MCsNu et al, useda UF
pre-polymeras shell precursor and the M@sre obtained byn situ polymerizationThe author

reports on an encapsulation content ranging fronz8@ wt%, with a reduction to 78% in 45
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days.For the production of the MCs containidgjuid HDitrimer, Nguyen et alreported on the

use of anMDHrimer and a 2,4,8riaminopyrimidine for the shell formatiof46, 63] Several
functionalizing agents were tested for the shell, namely theti®lhexylamine, 3.4
difluorobenzylamine, 1H,1H,2H,ZPerfluorodecylamine, and combinations between them. This
were to bring some hydrophobicity to the shalid(i 2 Ay ONBI &S G KSJheasta Q O2 NB
of hexamethyldisilazane (HMD&as also testechimedto induce reactions between isocyanate
groupsto reinforce the PUa shebtructure. The use of HDMS enabled to obtatore-content

of 76wt% of HDI, and the hydrophobic functiorzaiion improved the encapsulation content by
18 to 27wt% when compared to nefunctionalized MC#6].

The referred works all reporin the encapsulation of HDI, which althougjlghtlymore reactive

than IPDIwasable to beencapsulated as a monomer, a dimer and a trinfee encapsulation

of higher molecular weightMW) isocyanate$as also been reported, although in a significantly
small extent In 2019Ma et al. was able to encapsulatéuid PAPI dissolveid n-hexadecane,
using the same isocyanate for the shell formation and without the addition of any active H
source. The encapsulation content, composed by oAl and fexadecane, was of %,
decreasing to 59.Wt% within a6-month period [64]. In 2020,Lubis et alreported on the
encapsulation ofpolymeric 44 diphenyl methane diisocyanatgith 31% of¢NCOcontert,

using the same for the shell formati@md 1,4 butanediohs active H sourc@he obtained MCs

had an encapsulated content thataried from 60.8 to 63.81% of the total MCs weight
However, tle MCswere poorly spherical, with some aggregation abig sizes and size
distribution varying from ca. 50 to 30@m [61]. Lastly, Xiang et al. in 2022, refer the
encapsulation of amliphaticisocyanate prepolymerusing a commercial polyurethanBdyer
L-75), which is araromaticpolyisocyanatdased onlDl,along with1,4 butanediol for the shell
formation. Theencapsulatecdtontent varied fron31.56% to 40.88%60].

The state of the art regarding isocyanates microencapsulation mainly refers to MCs with a
PU/PUa shell enclosing monomeric or low MW isocyanate species. Altkioeighcapsulation

of monomeric isocyanate$y interfacialpolymerization,is widely documentedn the state of

the art,improvemens regardingthese MCs sheHife, sizeto core contentand size distribution

are still a necessity. Also, thetate of the art regarding the encapsulationaligomericor pre-
polymeric isocyanate species is very seansainly due to thehigh viscosity and reactivity of
thesespecies which leads to MCs with a poorly spherical shape, large size distributions and low

encapsulation yield.
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11.3.3 Microplasticsin isocyanatemicroencapsulation

Interfacial polymerization in combination with an O/W emulsion is a-estthblished method

for isocyanate microencapsulation. However, the MCs obtained by this method are not
considered to be biodegradable making then microplastics. In 2021, the E@hi#fleted a

restrictions proposal regarding the use of intentionally added microplastics in products available

at the European Union/European Economic Area marés]. Following the European

Commission request, ECHA proposed that the concentration of microplastic in a mixture should

not exceed 0.01%, which is equivalent to its ban. The proposal is still to be approved but it is
expected to come into forcgss, 66]

Some PUs have been reported to present some biodegradability, to a certain extent, depending

on the properties of the polymer as for example its molecular orientation, crystallinity,-cross

linking and the presence of certain chemical groups whictpcamote degradalility by certain

enzymeq67].

In 2019, Xiao et al.reported on the production of PU MCs containing encapsulated IPDI
presenting some biodegradability when subjected to simulated physiological conditions. For the

al &aQ LINPRdAzOGA2YS> | LRt&OFLINREIlIOG2YyS ot/ [0 RAZ2T
with an MDI to form a PU prpolymer to be further used for the shell formati¢é8]. The PU

MCs, obtained by interfacial polymerization, exhibited some degradation into smaller fragments

after exposed to phosphate buffer saline solution for 30 days. However, there is no reference to

further degradation after this time.

The strategy followed in this thesis to address the microplastics issue took into account the

SYLX 28YSyid 2F O0A2RS3INI RIO6f S Li-dhapieriespiains®@ NI ( KS a
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11.3.4 Slvent evaporation

As an alternative to the absent or limited biodegradability of the MCs obtainedtbyfacial
polymerization, it is possible to obtain biodegradable MCs using ¢¢eliniques.

The solvent evaporation technique has been used to obtain MCs by precipitation. By this method
no chemical reactions occur, and the MCs are obtained only by physical phenomena. Instead of
monomers or prepolymers as starting materials for the shell forneati in this case, polymers
(including biederived and biodegradable polymersan be used, offering a wideange of

options.
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By this technique, a first aqueous phase is dispersed into an organic phase composed by a
dissolved polymer, forming the primary emulsion syster@QVThis emulsion is then dispersed

into an aqueous phase containing an emulsifier, leading to the doubl®M, emulsion
system formation. The double emulsion is then left under agitation until all the solvent present
in the O phase has evaporated, leading to the polymer precipitation at th© \&mulsion

interface ando the MCs formatior69].

This technique enables to use biodegradable polymers as shell material for the MCs formation,
with PCL being the mostferred in the literature for this use. PCL is an aliphatic polyester with

low glass transition temperature and a melting point of 60 °C with its biodegradability occurring
by means of bulk ester hydrolysis into carboxylic acids and alcpt®sF3]. PCL has been widely
aGdzRASR | a a/ aQ aKdbrirdlled ¥rugi rSléakehpplicatioms Adylef t@ its F 2 NJ
biocompatibility and FDA approval for use in humpf® 71] However, most works reporting

its use refer to the encapsulation of hydrophitiompounds, usually temperature sensitive, by
means of a W/O/W emulsion systeid-78].

For the encapsulation of isocyanates using this techniquis, necessary to use an O/O/W

emulsion system, since the core content would not be hydrophilic but lipophilic.

11.3.4.1 Duble emulsionsystem

Emulsions can be divided into simple emulsion systems, consisting of two immlggpiide
dispersed in one another or double/multiple emulsion systems consisting of threaore

different fluids, as depicted iRigure 1110.

Oil-in-water Water-in-oil Water-in-oil-in-water Qil-in-water-in-oil

Figure I10.{ OKSYI GA O NBLINBa&SYy il (A2 Wpes With th&\gaterSphva
of the emulsion system represented by the light gray color and the oil phase by dark gray

Seifriz Wreported, in 1924¢on double emulsions system formatidor the first time, classifying
them as complex polydispersystems, which can be placed into two categories: W/O/W or
O/W/O [79]. Although W/O/W is the most commonly double emulsion system used in

combination with the solvent evaporation technique, there is also reference, in the state of the
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art, for the use of O/O templates and, more commonly, W/O/O dowrtailsion systems.
Microencapsulation using an O/O emulsions have been reported later @turgsson et al.

1993, regarding the encapsulation of timolol maleate using poly(ZXaotitycolic acid) through

the solvent evaporation method, leading to a drug load of about 2% (y8@]) The use of O/O
templates or the adaptation of theti@r onein a double emulsion system brought the possibility

to obtain a higher encapsulation yield for water soluble compounds since these species tend to
diffuse to the aqueous outer phase on the conventional emulsion sysf8in$2] Despite its
importance, references regarding the use of O/O emulsion systems are still reduced, mainly due
to the difficulty to achieve a stable system. For that it is essential to identify appropriate solvent
pairs that drive phase separation into an esiah. The most referred combinations regard the
use of nonpolar solvents for the polymer dissolution, such as hydrocarbons, and highly polar
solvents (e.g., dichloromethane, polyols, formamide, and methanol), and mineral or vegetable
oil for anexternalO phasd82]. JelvehgarM. andMontazam S. Heported on encapsulation of
theophylline using W/O/O and O/O emulsion systems through solvent evaporation/extraction
technique using various shell forming materials, obtaining a high encapsulation yield of 90% with
Eudragit RS and an O/O templ484]. Ramesh D. \&tudied the encapsulation of Vitamin B12

in PCL microspheres by the solvent evaporation technique using the following emulsion systems:
0O/0, W/O/W, and O/O obtained by melt, in which the Vitamin B12 was added directly in melted
PCL without the need of aolsvent. The most favorable result was obtained with the O/O
template [82]. Iwata and McGinityhave developed a multiple emulsion systemntta W/O/O/O

type trough which multiphase MCs of poly(laetizglycolic acid) (PLGA) containing W/O
emulsions were prepared by solvent evaporation technique, using acetonitrile for the polymer
dissolution and mineral oil for the continuous phase, obtainoagling efficiencies of 8000%

[83]. In addition, W/O/O templates have also been describedZbgng et alas a method to
produce doubleshell MCs containing a hydrophilic content, with a PU/PMF shedugh

combinations of both interfacial polymerization and polymer precipitation techni¢@éps

11.3.4.2 Microencapsulatiorfor adhesiveformulations

Microencapsulation can be of use in adhesive industry to increase the compatibility of certain
ingredients, to minimize component poisoning and product degradd88h Other advantage
offered by microencapsulation is tlpssibility to activate the adhesive at a specified t{i8&].
However, despite the offered advantages very little development has been carried out in this

field. In the adhesive industry, encapsulation can be used to enclose a reactive component, a
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catalyst or a crosknker, enabling the production of latent adhesives. This type of adhesive is
not active until the breakage of the MCs at the desired moment. It is also possible to encapsulate
other incompatible, sensitive, or volatile compounds of adhesive formulatemantioxidants,

flame retardants, solvents, biocides, dyes, among otf&8s 86]

Most of the work reported in the state of the art combining microencapsulation and adhesives
refers to selhealing applications. As a title of examp¥uan et al.described on the
encapsulation of a liquid epoxy resin adhesive, composed by a mixture of diglycidyl ether of
bisphenol A and-butyl glycidyl ether in MCs withRUF shell, to be used as a healing adhesive

to selfthealingcompositeq87]. Celestine et abncapsulated anisole with dissolved poly(methyl
methacrylate) (PMMA) in PU/PUF MCs to be part of ahegfing PMMA formulation. The MCs
were only to release the core content when subjected to a fracture. When subjected to a Mode

| fracture, while in thePMMA matrix, the MCs were able to releasedtsitent and lead to a
healing efficiency of 89% after 3 days, for a formulation containiwts of MC$88]. Although

in a fewer amount there aralsosome publications regarding the encapsulation of curing agents
for adhesives formulationsZhang et al.reported, in 2019, on the encapsulation of 2
phenylimidazole to act as an accelerator to a 1K epoxy thermoset resin. Imidazole is one of the
most used accelerators for epoxy resins, however its intrinsic high reactivity, even when at room
temperature, maks it unfeasible to be added directly to the resin formulatiblere the MCs

act as latent accelerators, onlseleasing the encapsulated component by the effect of
temperature, allowing the addition of the imidazole to the formulat{88]. You et al.refer, in

2020, the production of MCs viaienofluidicassistedfabrication containingoxalic acigand by
usingethoxylated trimethylolpropane triacrylate psgolymerfor the shell formation The MCs

are intended to be used on Uifessuresensitive adhesivefor plywood boardq90]. Alsq in
2020NietalNB L2 NI SR 2y LIRf &S3dKSNRA YA R Solaniligel(MNPAR)K St f Q a
on its core, to be released due to an external stimulus of pressure, heat orTighMCs were

able to release the core content at the temperature of TZDleading tdhe epoxy resin cure

[91]. In 2021Messersmith et akeported on the encapsulation of a polyol crdsser, glycerol,

and a tertiary amine catalyst, DABCO, to be added tmlyurethaneadhesive intended to a

rapid cure under water. The MCs were composed by a PUa shell and demonstrated to be able

to release its content in response to a mechanical stimi8as

Regarding the production of MCs containing encapsulated isocyanate species for adhesive
formulations, in 202Q_ubis et alreported on the encapsulation of polymeric 4,4 methylene
diphenyl isocyanate in PU MCs to be used for the modification of urealh#sivesTheauthors

showedan increased performance of the adhesive with the addition of the MCs when comparing
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with the UF adhesive on its owhRlowever, it is referred the importance of reducing the MCs

size,whichreached 30Qum, to improve itgperformance[93].

The applicationof MCs in adhesive formulations is still very scansparticularthe use of
isocyanatecontaining MCs. For the MCs to be used as elinkers in adhesive formulationst

is necessary for them to respond to the stimuli applied during the adhesive application, have a
good dispersion in the adhesive, have small sizes and size distributions (to guarantee a good
homogeneity) and, in case of 1K adhesineedto resist the solvent present in the formulation.

In this work the development ofadequate MCs, with the required characteristics, is here
addressedas well as the formulation of a final PU and PCP adhesive containing the new solid

crosslinkers.
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Chapter Il - Testing andcharacterization

l1l.1 Emulsions testing and characterization

The stability of the O/W emulsion systens directly correlated with the sizend size
distribution of the MCsFor that purpose, emulsions were evaluated bathder static and
dynamic conditions, by optical microscopy and sedimentation tddte.following tests were
used to evaluate the O/W emulsionisat were combined with the interfacial polymerization

procesdor the achievement of the MCs

[11.1.1 Opticalmicroscopy

An optical microscopélruss MSZ 5600 (Hamburg, Germavg$ used to evaluate the emulsion
aGlroAftAGe | yR RNZRLX Slhekfuistris wSstudiedddthiwhilg & yest 2 S NI ( A
(static conditionsy YR RdzZNAy 3 (GKS a/ aQ & eésybjeé & stdringaRe yl YA O
400 rpm, for a maximum of 30 minutesnterfacial polymerization reactiortske place at the

emulsion dropletsuiface and it isnot possible to guarantee that no solid film has been formed

after that time. For the emulsion evaluatiamder static conditions, photographsere taken

after 10 minutes of emulsificatioand after 20 minutes at rest, whidorrespondgo 30 minutes

of synthesis. For the evaluation at dynamic conditions, the photos were taken after 10 minutes

of emulsificationand after B minutes under mechanical agitation, which is equivalent to 20

minutes of synthesis. The photographs were used to determine the aveliageeter and size

distribution of the emulsion dropletsusingthe Fiji software in a sample of 100 droplegtsr

image[1].

I11.1.2 Emulsion stabilityg Sedimentation tests

Gravitational separation is one of the mastmmon emulsion instability mechanisms when the
two phases have a significant density disparétyd, in particular for O/W emulsions, creaming
is the most predominant phenomendgt]. Due to this, theereaming index (Ci§ usually used to

study O/W emulsions stability, by usitige followingEquationl:

50 p T[%)_ Equationl

whereHsis the height of the serum layer and tHe total height of the emulsiof2].
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However the emulsion gravitation separatiomas evaluatedy calculating thesedimentation
volume fractioninstead of the CI, for two main reasonsisi)cyanatedead to such an increase
of the O phase density that it surpasses that of the W phase, with a consetpnetency for
the droplets to move downwardgsedimentatior) [1, 3}, ii) the emulsions are polydisperse in
terms of droplet size distributiorhavingdifferent sedimentationvelocities, as schematically
represented inFigure IIll. The smaller droplets remain dispersed in the upper part of the
emulsion during a prolonged timaot allowingto form a cleanserum layer during the time of

the study, which is required for the CI calculatip.

[ A 4 A N I
L o L
e & -
L L _ t I L
°, . . :
o N : o Serum layer
L -
e ¢ ® .
e-" @ ~ -
I [® ) L FORPE _— .
p ¢ g% 2an CE ittt
* o o o .6 AN 3 e eels | Sedimentation
\ J \*eee e W/ \‘e00 ¢ @ \“S06'¢ @) |ayer

Figure llIl. Schematic representation of the sedimentation phenomenon observed in a polydisperse emulsion system.
The dispersed phase of the emulsion is represented by orange splbrelscorresponds to the oil phase of the
emulsion, composed by the isocyanatesage reprinted fronf5].

For these reasors, instead of the Cl it was determined the sedimentation volume fraaifadhe

emulsion, by usinthe followingEquation2:

113 ‘l , .
YQQQAd Qe o {pe—Qe—% Equation2
i

where h is the total height of the initial emulsion in the vesseglshhe height of the sediment
formed at the bottomasdepictedin Figure 112, and r is the radius of the vessel used to calculate

the volume.
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Emulsion

2y ___Sediment

Figure IIR. Visual explanation of the (total heightof the initial emulsionand hO(heightof the sedimentused for
Equation2.

For the sedimentation tests, the emulsions were prepared using an organic dye, Oil Red O dye
(Sigma Aldrich, USA) in tephase, to better distinguish both phases. After the emulsification,

a 30 ml sample was collected to a vessel of 2.6 cm of diameter by 7.7 cm of heigh. The collected
sample was let at rest and followed for 30 minutes. During that time photographs wene &ike
periodic intervals of 1 minute, during the first 5 minutes, and then every 2 minutes. The

photographs were used to calculate teedimentation volume fraction of the emulsion.

I11.1.3 Viscosity

The viscosity of the W phase of the emulsions systems were measured to understand its effect
on the emulsion stabilization. For that purpose, it was used a BROOKFIELPo\igital
viscosimeter, with a CFEB2 spindle, at a speed of 60 rpm and a temgtare of 20 °C. All the

measurements were made in triplicate.

[11.2 Microcapsulegesting andcharacterization

In the course of this workthe MGCs were characterized according to theimorphologcal
characteristicstheir core content, shelfife, chemical resistance, behavior in the adhesive pre

polymer and capacity to release its content during the adhesive application.

The morphological characterization of thECs namely its morphology type, physical chape, size
and size distribution, were accessed by microscopy techniquesMTsehemical composition,

quantification of its core content and sheife were confirmed by Fourier transform infrared
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spectroscopy, thermogravimetric analysis, and its derivalifferential scanning calorimetry
were used to confirm the melting temperature of thdCi Q & K St f M8V ofétHe  f &
polymersused forita / 8 Q LINRP RdzOGA 2y

[11.2.1 Opticalmicroscopy

Optical microscopy was used during the M&sduction processto evaluate the emulsiof

droplets sizeandstability, aswellasoasS & a ( KS a/ & Quridgkh8 prdcesy i:é8 dzNR G &
rigidity, which enable to qualitativdly evaluateits capacity to endure the vacuum filtration
process. For bigger sized MCs, its final morpholegy, in some caseaccessed by optical
microscopy, however scanning electron microscopy was the preferred technique for that

purpose.

The optical microscope used was a Kruss MSZ 5600 optical microscope (Hamburg, Germany).

[11.2.2 Scanningglectron microscopy (SEM)

SEMgl a dzaSR (2 OKFNIOGSNATS GKS a/a NB3IIFNRAY3

porosity, shell thickness, average diameter and size distribution. For that purpose, the samples
were immobilized in a sample holder by using a conductive desibdied adhesive tape and
coated with a conductive 15 nm layer of ggldlladium (Au/Pd) thin film, through sputtering,

by usingaturbomolecular pumped coater, Quorum Technologies sputter coater, model Q150T
ES (Lewes Road, Laughton, UK). The average diametatistiibeition, and shell thickness of

the MCs were evaluatedsing photomicrographs obtained through SEM and employing the Fiji

software in a sample of 100 M{&.

CI

¢ KNBS RAFTFSNBYG {9a SldZALIYSYyiQa 6SNB dzaSRXI yI Y

A field emission gun scanning electron microscope-$ER operating at 15 kV, JEOL JSM7001F
OWOh[ZX ¢271@82X WHLIyYyOod ¢KS StSYSydalrt Fylrfeara
Oxford Energy Dispersive Spectrometer (EDS) light elements detector| Nl 250.

An analytical scanning electron microscope, model Hitachi S2400 (Chiyoda, Tokyo, Japan), with

Bruker light elements EDS detector.

A Phenom ProX G6 benchtop SEM (ThermoScientific, Waltham, MA, USA) equipped with an EDS

with integratedelementidentification (EID) software.
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[11.2.3 Fouriertransforminfrared spectroscopy (FTIR)

FTIR spectroscopy & dza SR (2 O2yFANYXY GKS OKSYAOIf adiNHzO
the relative encapsulation yield (Y value), which represents an indirect measure of the
isocyanate encapsulation efficiency, used to evaluate the 4ifelff the MCs. For that ppose,

the FTIR spectra were obtained at 4°tnesolution and 8 scans of data accumulation, between

500 and 400@n™.

The followingequation3 was used to determine the Y value:

01 Qi
01 Qi

w Equation3

where Y is considered a relative, indirect measure value of the isocyanate encapsulation
efficiency, Areaco zeoemh 0 KS I NBF 2F GKS A Redddkthéaiedfab/ h LIS}
LISIF1 NBIFINRAY3I GKS a/aQ akKStft O(GKIG RAMGEG y20 &aa:z
it was usedhe area of thepeak at 1300 crirelated to the GO stretchingvibration and for the

t/[ FYR tl. a/aQ GKS NSl BFR (KBS LIS L2 Ge WS NIna
The FTIR peaks areas were obtained by using the Origin Pro 2016 s¢ftjvetne Y value and

the corresponding methodology herein described to calculate it, have been previously reported

in published papers under my -@uthorship[5, 810].

By comparing the Y valubtained after the MCs synthesis with that of tBemonthsold MCs,

it is possible to conclude abolts shelflife, directly related to the shell permeability to
Y2Aa0dNB® LT (GKS a/aQ akKSff R2Sa y20 2FFSNJ Sy?2
interior and react with the free NCO groups, leading to a loss of encapsulated compound,

together withan increasefi KS a4 KSff Qad (KAOlySdaa FyR I RSONSBI &

The FTIR equipment used was a Spectrum Two from PerkinElmer (Waltham, MA) equipped with

a UATR Two accessory

111.2.4 Thermogravimetri@analysis (TGA)

TGAresulting thermograms and its derivative curves (DTG) were used to quantify the amount
2F (GKS a/ aQ Oz2chdBlud©abyutiits gging, hsywRll asd@rroborate the FTIR
FTAYRAY3IA NB 3 toMpditisra Thé &ndlyses weré€performed under a controlled
nitrogen atmosphere with a flow of 200 mL/min, at a temperature increase rate of 10 °C/min,
Ay GKS NI y 8 eqoipmient used was/a®litachi STA 7200 Thermal Analysis System
(Ibaraki, Japan).
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111.2.5 Gelpermeation chromatography (GPC)

GP@nabledto studytheMW2 ¥ G KS LRt &8YSNB dzaSR (G2 200l AY
and PHB, and to evaluate the effect of the microencapsulation process oMieof the

L2t EYSNAO a/aQ akKStte® C2NJ GKFG LdzNILIRaSs |t ¢
g/L in tetrahydrofuran (THF). The calibration curve was established by using polystyrene
standards from PS& Polymer Standards Service GmbFbor the analysis it was followed an
isocratic method using THF as the mobile phase at a flow rate of 1 mL/min at 40 °C.

The equipment used was a Jasco system (Tokyo, Japan) equipped with a refractive index
detector, model RI14030 andhaultraviolet-visible(] +\8s) detector, model UMIO70 (set at 254

nm). The equipment is equipped with a S@Wrenedivinylbenzeneprecolumnand a set of

two SDV linear columns.

[11.2.6 Differential scanningcalorimetry (DSC)

The DS@nalysis enabled to confirm theelting temperature of thd?CL polymer, used for the

al aQ &KSft fTheIDS® aAlySds ivdvefofrded using a DSC Q200 V2differential
scanningcalorimeter, from TA Instruments (New Castle, Delaware, USA) under a controlled
nitrogen atmosphere witta flow of 50 mL/min and a temperature increase rate of@0Onin, in

the range of 2@o 300°C.

l1l.2.7a /| dé&havior totemperature

To evaluate thethermosresponsive MCs behavior to temperatutajo different tests were

performed:

In a first testthe MCs were placed in an oven at 3D and exposed to increasingly higher
temperatures, untilmelted. This enabled to confirm the maximum temperature at which the
MCs can be exposed without meltifigK S 8térpafaiure was increasenly 10°C each hour

and the MCs were optically evaluated.

In a second tst, the MCs were added to an adhesigee-polymerformulation, which contains

OH groupsvailable to react (OH pygolymer), supplied by CIPADE S.A (Séo Joao da Madeira,
Portugal) andexposed to 50C in an overiThis test enabled tetudy the responsiveness of the

al 4Q aKSftf (2 GSYLISNI GdNB® ¢KS YStdiAyadd 27F

contact with the OH prgolymer with consequent formation of urethane crosslinkshich
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contributes to an increase of there-polymer viscosity.The viscosity of the prpolymerwas
monitored along the time, including that oéference samples/hich consised of onlythe pre-
polymer,without MCs,exposed toboth 50 °Cand at RT. Theiscosities were measured every
10 minutes, during a period of 1 hour, at 2Z, using a multi speed digital cone and plate

viscometer with variable control, from REL (London, United Kingdom).
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Chapter V - Interfacial polymerization technique in combination with a
microemulsion system: Reactional parameters astlategies

This chapter exposethe production ofMCs by the interfacial polymerization technique in
combination with @ O/W microemulsion systenmBythis technique, the MCs synthesiscur

due to polymerization reactions on the emulsion droplets interface, which leads to the
formation of the polymeric shelSeverabtrategies andeactional parametersptimizationsare
reported in this chapterintended to improve the MCéinal characteristics in particular to
increase its encapsulation yield and sHi## as well as to reduce the MCs size distributian.
laboratorialscaleup of the MCs production process is also described, which refersitceease

of the reactional volume from 1.5L to 10L.

Published ppers with results exposed in this chapter:

1 [2dz2NBANRIT ad +dT al NRljdA G2 ! T =S adT . 2|
{GFEOAEATFOARZ2Y {GNIGS3IASE F2NI ¢FAf2NBR Lazoel
Doi: 10.3390/polym15020403

V.1 Materials

The materials used for th#1Cs production by the interfacial polymerization technique in
combination with a microemulsion system, can be classified as isocyanates, active H sources,
and emulsion stabilizer&ll reagents used are listed Trable V1 andthe essential information
regarding the isocyanates and the active H sousresdescribed ofable V2 and Table N3,

respectively.
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Table IV1. Reagents used in the MCs production by the interfacial polymerization technique, with the respecti
commercial name, purity, and manufacturer.

Classification Chemical

Commercial name

Purity Manufacturer

Isophorone diisocyanate (IPDI) Desmodur® | 98% Covestro AG
Methylene diphenyl diisocyanate Ongronat® 2500 ) BorsodChem
Isocyanate ~ (MP!) Suprasec® 2234 - CIPADE SA.
Desmodur® RFE - Covestro AG
Toluene diisocyanate (TDI)
Desmodur® RC - CIPADE S.A.
Polyetheramine Jeffamine® D2@0 - Huntsman
Active H Poly(ethyleneimine (PEI) - XX di SigmaAldrich
source Triethoxy(octyl)silane GDTES) - 97% SigmaAldrich
1,6-Hexanediol - 97%  Acros Organics
Gumarabic (GA) - >95 FisherChemical
Poly(vinyl alcoholjPVA) - - Alfa Aesar
Polyoxyethylenesorbitan Tween® 85 Xp JE SigmaAldrich
. Trioleate (GC)
Emulsion :
stabilizers  Sorbitan laurate Span® 20 KN T Fluka
(GC)
Poly(ethylene glycoblock Pluronic® . _
poly(propyleneglycol}block b 193 - SigmaAldrich

poly(ethylene glycol)

Dabco® DC193

Air Products
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Table V2. Isocyanates used for the MCs synthesis by the interfacial polymerization technique and respective ¢
structure, density, viscosity, NCO content and main properties.

Commercial Chemical "ZHnc¢' ZHnE NCOcontent
Properties
name Structure (g.cm3) (mPas) (%)

Aliphatic diisocyanate witt

two isomers cis and trans,

HAC NGO with the same reactivity.

Desmodur® | HaCQNCO 1.049 15 X oT ®p SecondaryNCO group has
e a higher reactivity (for

most cases) than the

primary-NCO group.

Ongronat®
1.24 520680 30-32 Oligomeric MDI.
2500 NCo NCO 7 NCx
Suprasec® n _
1.13 2500 15.9 Prepolymeric MDI.
2234
Aromatic poly-isocyanate
E@ 9 pre-polymer supplied as ¢
Desmodur® i : solution of tris(p
F AT 1.000 3 72102 .
RFE Q isocyanatophenyl)
o thiophosphate (27%) ir

ethyl acetate.

Supplied as a solution of
Desmodur®

RC 1.01 3 7.0x£0.2 poly-isocyanurate of TD

(35%) in ethyl acetate.
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Table IV3. Active H sourcassed for the MCs synthesis by the interfacial polymerization technique and respective
chemical structurand type.

Name Chemical Structure Type of active H source

Polyetheramine(PEA) Hm{zﬂo *\(L/NH, -
! mine
(Jeffamine® D20 = M e

Poly(ethyleneiming (PEI) T e Amine

Triethoxy(octyl)silane 07 cH Silane
HsC™ O EI;' CH3(CHz)gCH3
(n-OTES) O._CHs (Latent active H source)
1,6-Hexanediol HO™ - OH Polyol
. . . HzN\/\ /\/NHE .
Diethylenetriamine(DETA) H Amine

IV.2 Experimental: MCs synthesis by Interfacial polymerization technique in
combination with a microemulsion system

PUa and PUPUa MCs were synthesized via an O/W microemulsion system combinethwith

situ polymerization at the O/Wroplets surface.

The synthesis of MCs by interfacial polymerization involves, at least, two reactants in a pair of

immiscible liquids, which is typically achieved by an O/W meanalsion system.The

continuous aqueous solution is composed by one or more reactants with NH gradpk and

at least one emulsion stabilizer, as fbe dispersed phase it is composed by the isocyanates. To

obtain the microemulsion, the two phases are mixed together and subjected to a high shear

rate. This is followed by the diffusion of the reactants, which become in contact at the interface

of the O drglets of the emulsion systernd begin to react to form aimitially thin PUa and/ or

PUPUa polymeric shell, composed mainly by oligomers or -poéymeric species. The

isocyanate reacts readily and igker with water, resulting in the formation of an unstable

carbamic acid intermediate that immediately decomposes to amine and[gJO&mines react

with isocyanates and are autocatalytic, further leading to PUa formddibrin case of polyols

in the W phase, PU is also formed. With further polymerization reactions the thickness of the

initially thin polymeric shelsurrounding the O phase droplets increaseshicknessuntil no

more reactant species are allowed to be in contabt. this synthesis technique, the

polymerization reactions are mostly controlled by the diffusion of the W phase reactants to the

h LKFEaS 2F GKS SydzZf arAz2ys gKAOK tSFRa (2 |
59

RS ON.



thickness increases. The main reactions that take place during the synthesis of MCs by interfacial

polymerization are summarized Figure 18 and Figure 1VL1.

In more detall, for the @V microemulsion preparation, both phases were mixed under vigorous

stirring, at 3400 rpm with the use of an UKTaurrax, IKA T25 digital (Germany), during 10 min

at a predefined temperature. The microemulsion was then submitted to mechanical stirring,

using an Heidolph RZR 2051 (Germany) mechanical stirrer, under a controlled temperature.

After 10 minutes under mechanical agitation, the OH and or NH reactants, from now on
designated as active H sources, were added to the emui¢ghSy G KS a/ aQ akKStft KI
enough maturity, they were filtrated using a vacuum filtration system, while washed with water.

The final MCs were dried at atmospheric pressure and room temperature for 48 h before stored.

The maturity of the MCs shell waonstantly evaluated, during the time of the synthesis, by

means of optical microscopy, using a Kruss MSZ 5600 optical microscope (Hamburg, Germany).

The general synthesis procedure is depicteBigure V1.

Water + Emulsion
Isocyanate  Stabilizer

=

O/W Emulsion
System

MCs cross-section

Liquid
Isocyanate

Ultra-Turrax

!

i R—NCO + H,0 ——» R—NH, + CO,
Active H Source

o
[ R—NCO + NH——R ———» R )J\ o
-NH
R—NCO + HO—R —» R )J\ R
Mech. Stirring hi
50-70°C

Filtrated final
product

Mech. stirring
50-70°C

Vacuum Filtration

>

Figure MIld { OKSYI GAO NBLINBaSyidl GAz2y 27 pdyBerizatiod
technique combined with a micemulsion system.
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There are several parameters which are consideregkastionalvariables.Table 1V4 lists the
ranges of temperature used, synthesis duration, emulsification time and mechanical agitation
used. The choice of the synthesis temperature, duratima emulsification time was made
having into consideration the reactivity of the isocyanates employed in the syntiiésis€hoice

of the mechanical agitatioto use wasased on the viscosity and density of tBghase.

Table IV4. Reactional variables in the synthesis of MCs by interfacial polymerization technique and ranges

used.
Reactional parameters Ranges
Synthesis temperature 40-70°C
Synthesis duration 1lh¢5h
Emulsification time 5¢ 10 minutes
Emulsification 8rring 3200 rpm ¢ 3600 rpm
Mechanical stirring 380¢ 600 rpm

The isocyanates, active H sources and emulsion stabilizer used are descrlladdeim\2 and
Table \G.

A scaleup of the synthesis process is described in the-Oub I LIY13 Netaldp of the
syntheses processés® C 2aN0L tivitér hieAted jacketed glass reactas usedand, for the
heating system, a Huber (Offenburg, Germany) heating bath circulation thermostat, moedel CC
304B coupledvith a thermal bath, at 30C.For the emulsification, ablLTRATURRAXmodel

T50, from IKA (Staufen, Germany)) was ugedJLTRATURRA¥Nodel T50, from IKA (Staufen,

Germany) was used for emulsification.

IV.3 Resultsand discussionReactional parameters and strategies

The most reported technique for the isocyanates microencapsulation is by an O/W
microemulsion system combined with interfacial polymerization. However, there are still some
challenges regarding this process, particularly the usually wide size distributionsotitéieed
MCs,a low encapsulation yield, andhort shelflife. To decrease and control the MCs size
distribution, several emulsiorstabilizers,and different combinations between thenwere
tested As for the encapsulation yield, the effect of gyathesis duratiomndtemperaturewere

tested, as well athe combined effect of using active H sources on the W phase and two different
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AazoelylriSa 2y (GKS h LKI &S -lgefthelefle& of Sliffedenta A 2y @ C

~

isocyanates for the shell formation and different active H soyrde2 A YLINRE @S (G KS a/ a!

hydrophobicity were studied

Figure I\2 depictsthe schematiaepresentation of the strategies adopted to optimize the PUa

and PUPUa MCs obtained by interfacial polymerization technigue.

Optimizations in Interfacial Polymerization

MCs Encapsulation

Yield MCs sheHife MCs Size Distribution
Controled bythe extent of Intrinsically correlated
the reaction between the with the reaction of the . .

isocyanates and the encapsulated isocyanate ﬁ? ﬁge&fbyéthg gn};ﬂsgn}\ 16 FyR &GF oA

reactive groups in the W with available OH or NH

phase. groups.

Synthesis durati d Isocyanate used for the g e o i
JMIEEIS EUEIET 2 y " emulsion stabilization
temperature shell formation

systems

Use active H sources and

) Active H sources
two isocyanates

Figure V2. Shematic representation of thetrategies adopted to optimizéhe MCs obtained byhe interfacial
polymerization technique

IV.3.1 Synthesigduration and temperature

z

¢KS a/aQ akStft F2N)YI pgsraAnrilyaOtidzkhi PUaydndordBUaY | A y & &
shell composed by oligomers or pyolymeric specieds formed followed by an increase of

the shell thickness, due to theontinuing of thepolymerization reactions. The extent of the

reaction is controlled by diffusion, arttie shell growth rate tends to decrease as the shell

thickness increasdg, 3]
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TKS AyFtdzSyOS 2F (KS aeyiKSaia Rophbldgywas 2y (K
assessed-or that,samples of MCs were filtrated at different times during synédsedone at 70

°C and at 30C, and evaluated by SEM. The syntheses val@ved for 5h, and the samples

collected after 30, 120 and 300 minuteke reactants used for both syntheses were identical

and aredescribed inTable 1\V5, as well as the reactional parameters, with exception of the

temperature.

Table IV5. Emulsion compositioand active H source for theynthesiof the MCsused to study the effect of the
a2y UiKS&AA RdzNdhall tigkyfesayiohorptolSgy a / & Q

Water phase Oil phase Active H source
(wt9%0) (wt%) (wt% of the W phasg
Water Ongrona®2500(Shel) ) o
Diethylenetriamine
Gumarabic IPDI(Corecontent)
) _ (DETA}4 wt%)
(93 wt% of the emulsion) (7 wt% of the emulsion)

Figure \@showsll KS S @2 f dzil A 2 ¥ndtAeRatidiokaSK Saf/ {Q &l raM@iyee & G2 a/
(S/D ratio) over the duration of the synttess TK' S a/ & Q & dighi®antlyhffacted/ 8 (i

the duration of the synthesis as its average size only varietilgan during the process, fahe
synthesis at 30C and 1.5um for the synthesis at 78, which represents a variation of 17 and
1.9%0f 1 KS 2 @S NJ, fespectveélyDR theichniraythe S/D ratioincreased, mainly for

the synthe®s conducted at 30C.This can be explained by the necessary time for the shell to
be formed, the quicker its formation the sooner the reactants diffusion tends to decrease as well
as the sh# growth rate.Indeed, higher temperatures promote the transfer of the aqueous
reactansto the O phase by increasing its diffusion and partition coefficient which results into
an increase in the reaction mf3-5]. It is most likely that the initial barrier around the O
emulsion droplets was formed earlier in the synthesis at°@Q slowing the condensation
reactions and protecting the isocyanatebe encapsulatedThese results confirm that the shell

growth occurs inwards, consuming the isocyanate to be encapsulated.

After 5h of synthesis, the MCs obtained at’8have several debris and show some aggregation,
which is not observed for th®ICs obtainecht 70 °C, asdepicted inFigure \4. Thisindicates

that these MCs were still maturing and were not ready to undergo vaaasistediltration.
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by FTIR, which was used to calculate the Y vdaethis study, the reactans used for the

synthesis arelescribed irrable 1\6.
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Table IV6. Emulsion compositioand active H source used for the synthesis of the MCs used to study the effect of
the synthesis duration on the encapsulation yield.

Water phase Oil phase Active H source
(Wt%) (Wt%) (wWt% of the W phasg
Water

. Desmodu® R{Core conteny
Gumarabic -

, (7% of the emulsion)
(93% of the emulsion)

A very reactivgolyisocyanurate of D| Desmodur® R@as usedoth to be encapsulatednd
for the shell formationThe synthesis of #seMCsis considerably quickopccurring in less than
15 minutes,due to this isocyanate high reactivitylo conclude about the synthesis duration
effect, a samplavascollectedafter 5, 8, 10 and 15 minutdeom the beginningof the synthesis
and evaluated by FTIRigure I\5 (a)). The encapsulated isocyanate can be detected by the
band peaked at ca. 2260 cinwhich corresponds to thBi=C=0 bond stretching vibratiofhhe

a /| elymericshellexhibits characteristipeaks at1730;1715 cmt and at 170Q1680 cn,
related to the presence of theU and PUearbonyl groups vibration peakespectivelyat 1214
cn?, related to thepresence othe C;OqC group andat 1300 cmt, due toCgO stretchingThe
NCO peak, @260 cmt, its found todecrease irnintensity with theprogression of the synthesis
and is no longer visible for the sample collected after 15 minuteicating that there is no
more free, unreacted, isocyanagpeciesFigure I\5 (b) showsthe evolution of the Y value over
the course of the synthesifor whichthe value calculated for the MCs_5min. was consideced t
be 100%. It is clear the correlation betwearonger duration of the synthesis and the decrease
in the encapsulated contenheverthelessthe maturity of the shelis also to consideThefirst
collected sample MCs_5min.was evaluatedover time by FTIRATR Figure I\N5(c)), while
storedat room temperature and 60% of relative humidiffter the MCsfiltration, the 2260 cm

! peak has asignificant intensitywhich rapidlydecreasego be no longer detectablén the
spectra of the MCs stored fax week indicatingthat the MCsno longer had unreacted,
encapsulated isocyanai#ter that period This occurs due tthe isocyanateeaction with OH
or NH groupshat might get incontact usuallyOH groups from the air moisture that canter

the MCs interior trough the shell.

By comparinghe photomicrographof the MCs obtained after 5 and 15 minutes of synthesis
Figure I\, the difference in the shell is notoriougjth the 5min._MCs having holes in its
surface not visible in thel5min._MCsThis might have occurred due the lack of time for a
homogeneous shelb be formedand/or to the inability of the 5min._MCs to endure the vacuum

filtration process.
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and a more mature shell. It éssential to achieve @mpromisebetween the optimum reaction

time to achievea sufficiently mature shell while enabling the encapsulation of a significant

amount of unreactedisocyanate.lt was implemented to filtrate several aliquots over the

synthesis duration to better understand threoment at which the MCs can stand the vacuum

assisted filtration process, and, as this, optimize the synthesis duration.

IV.3.2 Use oftwo isocyanates and active H sources

The synthesis of MCs by the interfacial polymerization technique involvesdlcgon of OH or

NH groups, present in the emulsion W phase, with the isocyanat¢the O phase. The higher

the extent of the reaction the lower thavailableencapsulated isocyanat&imed atincreasng

the encapsulation yieldthe use of two isocyanates in the O phase of the emulsion, one to be
encapsulated and the other, the most reactive,form the shell, was testedlo complement

this strategy, active H sources were added to the aqueous phase of the emulsion, as an attempt
to lead to a quicker inial shell formation. This initial and immature shell reduces the diffusion
of water species into the O phase of the emulsion aletreaseshe extent of the shell
formation, ideally contributing to a higher encapsulation content. The use of active H sources
can also impact the morphology and final properties of the MCs. Molecules with different
structures can influence the morphology, porgsipermeability,and thermal and mechanical
resistance of the shelyhich have anmpacton the release performancand/or the shelflife

of the MC4d2]. Active H sources with a higher functionality have more readily available sites for
reaction, leading to a higindegree of crostéinking and, therefore, an increased hardness of the
shell. Linear structuredecrease thanechanical resistanaaf shell. On the other hand, branched
active H sources lead to a thicker shell formation due to the presence of bulkier groups. It is
therefore important to have the chemical structure of the active H source into consideration

during its selectionto meet the required specifications for the MCs.

This combined strategy was studied on the encapsulation of Suprasec®2234 and later used for
the encapsulation of Ongron@2500. Suprasec®2234 is apaymeric MDI, which makes its
encapsulation particularly difficult, due to its higher reactivity and a high visca$iB500cP.
Usually, for tiesecases, organic solvents are added to the O phase of the emulsion, to decrease
its viscosity[6, 7] The isocyanate used for the shell formation was Desmodur® RC which is a

poly-isocyanurate of TDI with a low free NCO value, supplied in 75% of ethyl acetate, and a

67



viscosity of 3cP. Its low viscosity contributes to decrease the one of the O phase, avoiding the

needfor extra organic solvent.

The SEM images amaspective size distribution ahe MCs obtained with one and two

isocyanates in the O phase ashownin Figure IVI. The decrease of the O phase viscosity

(Suprasec® 2234 and Desmodur® HRE€R positive impacton (i K S

exhibit a narrower and monomodal size distributidhhas been reported that emulsions with

less viscoudispersed phas&ead to MCs wittnarrower size distributions, as opposed to those

with a higher viscosit}8]. As thedispersed phase viscosity increases, the size of the largest and

smallest drops tends to increase and decrease, respectively. For khighesities there isome

resistance for the droplets to deform under shear rate and an increased difficulty for the

emulsion stabilizers tadsorbaround the emulsion dropletsesulting inlarger dropletg9-11].

The formation of smaller sized droplets seems to be correlated with the droplets rupture, by

pressure, by drogortex collisions or by its elongation into threads prior to the brapk due

to viscousstresseq10, 12]

,(Sug_ras§®22—34 and,Desmodur®RC !
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Figure IVZ. SEMphotomicrograph®f the MCs obtained with one and with two isocyanate
and (b) in the O phase of the emulsion, respectively. Respective size distribution (c) an

When encapsulating prpolymeric isocyanates, it is difficult to accurately quantify the

encapsulation content by thermogravimetric techniques, as there are overlaps of thermal
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Suprase@i Hon I Yy R (i #f&waa évaluatedsbiK BTfRFusing the relative encapsulation
yield (Y). The FTIR spectra of the MCs obtained with one and two isocyanates in the O phase of
the emulsion are exposed iRigure I\8. Unfortunately, for this case, it is not possible to
compare the Y value between the two samples in staglthe backbone of the isocyanates used

for the shell formation is differenwhich will influence the wavenumber and intensity of the
respective peaks. However, it is possible to state that the MCs to which were added two
isocyanates had a significantly higher encapsulation content, confirmed by the differences in the
N=C=0 bondtsetching peak vibration, at 2260 cin

Transmittance (a.u.)

—— One_lsocyanate_MCs | 'J
Two_lIsocyanate_MCs !

— T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure IM8. FTIRATR spectra of thBICs obtained with one and with t
isocyanatesn the O phase of the emulsion.

In addition to the use of two isocyanates in the O phase of the emulgtiovas tested the
addition of several active H sources, and combinations, in the W pHadde V7 lists the
synthesiscompositiors for the MCs to which active H sources were added, as welbraa
reference All syntheses were carried out under the same emulsification and mechanical stirring
velocities, temperature range, organic aaqueous mixture, and so it is reasonable to assume
that the morphological and encapsulation yield differences among samples are due to the
different active H source#.is to notice that the maturity of the MCs was continuously evaluated

during the synthesis and so the reactions timese optimized for each case

69
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Water phase Oil phase Active H source Time of
MCs acronym )
(wt%) (Wt%) (wt% of the W phasg synthesis
Ref_MCs - 2h20
n-OTES_MCs n-OTE$0.72 wt%) 1h45

1,6-Hexanediol

aqueous solution at 5

Hexanediol_MCs . 2h10
Suprase®2234 Owt%
Water (Core content) (5.8 wt%)
. Aqueous solution of
Gumarabic
PEI_MCs Desmodu®RC PEl at 1Wt% (2.2 1h40
wt%
(89% of the (Shell) )
emulsion) Aqueous solution of
ulsi o
Jeffamine_MCs (11% of the Jeffamine D 2000 1h20
emulsion)

at 17wt% (2.2vt%)

Aqueous solution of
PEl n PEI at 1Tt% (2.2
OTES_MCs wt%)
n-OTES (0.72 wt%)

1h50

Three different types of active H soussgere tested, namely a silane, a polwold polyamines.

The isocyanate NCO groups react with the OH or NH groups from the active H sources to form
urethane or urea moieties, respectively. The main factor influencing the activity and reaction of
these chemicals in emulsions are their solubikiyd diffusion rate towards the emulsion
droplets interface[13]. Reactions in emulsions interfaces can be controlledifysion or by
activation. Reactions with a low activation energy are controlled by diffusion, as its reaction time
is negligible in comparison with that required for the diffusion of the molecules to occur. For
cases with reaction times much higher thdmose required for the diffusion of the reactants,

the reactions are controlled by activati¢h3].

The reaction of the isocyanates NCO grauign NH groupshas ahigher reaction ratéhan that
withOHgroup® { AflySa Oly 6S O2yaARSNBR &Wbthet SyiQQ |
synthesis, they are not readily able to react. It is expected that H¥TES addition to the/

phase would lead to its alkoxy groups hydrolysis, with the formation of silanol groupse Th

may react among each other by polycondensation reactions, leading to the formation of siloxane
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moieties forminga PU/PUa/Silica hybrid shell

The photomicrographs of the obtained MCs are displaydeignre 1\9, where a general view

of each sample is displayed. All the syntheses led to loose, disaggregated MCs, with a fairly
spherical shape, howevavith distinct size distributions. Both MCs to whittte n-OTES was
added show some roughnesks 8carbon aliphatic chaimf hydrophobic nature, hae low

affinity with the W phase and might contribute to local inhomogeneaz@mpositions and
reaction kinetics, together witlthe different diffusion rates of the active H sourcg water and
isocyanates present in th® phase[14, 15] This different reaction kineticand diffusion rates

might have contributed tahe roughness of the shell.

C Qﬁr ’f;’ f

‘Hexanediol_MCs ~

Figure I\A. SEMphotomicrograpls of the MCsebtainedusing different active H sourcas well as the Ref_MCs,
for which it was not added any active H source dutirgsynthesis.

OnFigure V10 are a photomicrograph of a broken MCs, on the left, and of a broken shell, on
the right, confirmingts core-shell morphologywhich is the desired morphology that enables a

higher encapsulation content.
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Figure IVL0. SEMphotomicrograpls of apurposefullyproken MC (left) and
KFEF I a/aQ akKStf oNARIKGO

Figure V11 depicts the size distribution histograms for all the MCs in study, antlablelV8

the maximum value for each case, which corresponds to the mode of the M&3s Hie

presenceof h ¢ 9{ a4 WWil GSyiQQ FOGAGS | az2dz2NOS gl a 7F
KSGSNRr3ISyS2dza a/ Quhile 3ht RS MEGshaaditheAREINICs g dhe ones

showing a lower heterogenaty. NOTES might led to a less stable emulsion, due to its
hydrophobicity and its tendency to lead to local inhomogeneous compositions and reaction

kinetics. The same phenomena might have occurred with the addition of Jefl@Di@00, due

to its repeating oxypropylene hydrophobic backbone, as MiSsalso have a broad size
distributioncomparing not only to th&ef MCdbut also tathe ones to which PEI and Hexanediol

were added.
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Figure IV11. Sze distribution histogramsf the MCsobtained with different active H sourcess well as the
Ref_MCs, to which it was not added any active H source during the synthesis
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TablelV8. Maximumvalued Y2 RS0 206G Ay SR Ay (KS

al aQ Ref PEI PEI
~ n-OTES_MC: H iol_M — ffamine_M -

acronym MCs n-OTES_MC: Hexanediol MCs MCs Jeffamine_MCs n-OTES_MC:
al Qa 38.8 404
diameter 215 112.9 60.1 28.6 119.4 212' 5
(mode)(>m) 237.1 .

The FTIR spectra of the MCs as well as thbsiee active H sources and unreacted isocyanates
are exposed ifrigure IV12. The presence of an intense band peaked at ca. 226%) icnall the

al aQ arel&dd GoNthezpresence of a N=C=0 bond stretching vibration, confirms the
LINBASyOS 2F Sy Ol LladzZ I 6SRE dzy NS OGSRZ Aazoel yl
composition is confirmed by the presence of its carbonyl groups vibration peaks, detected at
1730;1715 cmtand at 170Q1680 cm', respectively, and from the presence @@;C group at

1214 cmt and @O stretching at 1300 ct Both PU and PUa were expected as the Desn®dur

RC reaction with the water forms PUa while its eventual reaction with GA felinalthough

the GA is added to the synthesis as an emulsion stabilizer, it has several OH groups possible to

react with the isocyanates present in the O phase, and thus act as a gadyalll the samples,

the carbonyl peak ascribed for the PU has a higher intensity than the one of PUa, indicating a

Y2NB aAIYyATFAOIYy(d O2yiNROGdziA2y 2F GKS FANRG Ay
intense PUa carbonyl peak are the onéth PEI. The ®©OTES has characterispiesksat 1103

cm! and at 1076 cm, from the SIO-CH-CH group. Unfortunately, these peaks cannot be

detected in the MCs to which@TES was added during thynthesis. It has been reported that

the peak related with the 80¢Si asymmetric stretching vibrations (TO component) is located

at ca. 1070 cm, whereas the presence of a shoulder at ca. 1206 corresponds to the LO

component of the asymmetric stretqi6]. LGa | 6 A4Sy O0S Ay GKS a/ aQ &aLISO0
a hybrid PU/PUa/Silica shell. The Desm@&@RE is very reactivguickly forming an initial thin
polymeric shell around the O dropletghich makes this synthesis probably quite fast for the n
OTES silane to have time to hydrolyse and posteriorly react with the isocyanate. Although it was
not possible to show evidence of the hydrolysis, condensation, or polymerization of the silane,
i.e ofthe hybrid character of the4®TES and PEFQITES_MCs, it is still possible for sor@@TES

Y2t SOdzZ Sa G2 0SS SYidNILIWSR Ay (GKS a/aQ akKSftf

QD
[entN
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obtained MCs (b).

¢KS NBfFGAGS SyOFLladzZ I GA2y @ASEtR 6,0 o1& dzaSR
efficiency,exposed inTable I\A. All the MCs to which active $durces were added during the

synthesis present a higher encapsulation yield than the Ref_MCs. The faster formation of the

al aQ akKSftfsz RdzS (2 (GKS NBI OlA2WROBdheSeStd ( KS b/
active H sources, created an early barrier between the NCO groups and the aqueous medium,

which led to a higher amount of encapsulated isocyanate. For the Ref_MCs, the formation of

the shell is only due to the reaction between the isocytanand the less reactive OH groups

from the waterand, possibly, with GAgading to a slower shell formation, which increases the

exposure of the isocyanate to thl¥ phase

Right after the synthesis, the PEIGTES_MCs and theQTES_MCs are the ones which exhibit

a higher encapsulation contenith contrastwith PEIthe Hexanediol andhe Jeffamine® D2@0

only have two reactive groups per molecule, offering far less reactive H groups. Hexanediol was
chosen due to its small linear molecule which could be associated with a fast diffusion through
the immature shell towards theD phase. The higher Y value of the Jeffamine_MCs, comparing
with that of the Hexanediol_MCs, is explaghby the faster reaction of primary amines witte
NCOgroups which have a relative uncatalyzed reaction rate, at 25 °C, 1000 times higher than

that of primary hydroxyls and wat¢t 7].

Table I\O. Relative encapsulation yield (Y value) calculated for eantple, by using the FTIR spectra of the
prepared MCs.

alac Ref MCs n-OTES MC: Hexanediol MCs PElI MCs Jeffamine MCs PEln
acronym - - - - - OTES_MCs
Y value 2.94 3.41 3.33 4.15 3.65 4.38
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OnFigure IV13is the evolution of the Y value of each samplhile stored at room temperature

and 60% of humidity over time. Although all the active H sources contributed to a more
protective shell, themost promising shellife was obtained for the Jeffamine_MCs and for the
PEI_ROTES_MCs, corresponding to a logk98band43% respectively, of the Yi after 3 months.
Hexanediol MCs were the ones showing the most significant decrease of the Yi, of 67%.
Jeffamine® D2@ has repeating oxypropylene units in its backbone, which brings some
hydrophobicity to the MCs, contributing to prevent moisture froenptrating across the shell.

PEI brings an enhanced crdsking to the shell, that comes from the branched structure rich

in NH groups and the-®TES, due to its long aliphatic carbohydrate chigimnticipated to

contribute to increase the shell hydrophobicity.
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Figure IV13. Y value variation over time, for all the M@study, while stad
at room temperature and 60% of humidity

The addition of active H sources to the MCs syntligsgigspected t@lso influence its mechanical
properties.lt is desired for the MCs to be sufficiently robust to\sue transportationandthe
blending within thepre-polymerformulation, but at the same time be able to budring the
adhesive joint preparatiorhy the effect of the applied pressure. The siloxane moieties of the n
OTES can be responsible to promote an improved mechanical strength and thermal resistance
to the MCs. As for the additionf &El, the resulting increased crdsking of sheltypically

results in more stable MCs with higher thermal and mechanical resistdatfamine® D2@)

due to its long repeating oxypropylene units is expected to bring some flexibility to the shell.
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One of the main problems associated with the PU/PUa MCs arbigindoughness of its shell,

which makes it difficult for some of the MCs to break during the adhesive application, especially

when encapsulating such reactive isocyanate species. Although the-®EE® MCs were the

oneswith the higher encapsulationontentandthe most promising shelffe over the period of

three months, its increased crofiaking, from PEI, andnhanced mechanical properties, from

n-OTES, might difficulisi brealage dumg the adhesive applicatiodeffamin@®D2000provides

'y AYONBlI aSR FTtSEAo0AfAGE (2 (GKS a/aQ akSttsz |y
an increased shelife, when comparing with the Ref_MCs, which makes this an interesting

active H source for the current application.

This strategy was applied for the encapsulation of other highly reactive isoeyanat
Ongrona&2500,an oligomericMDI with increased functionality. DesmodRCwas usedor

the shell formationwith to two different active H source combinationsamely Jeffamine
D&2000 and the combination of PEl andDTES, according to tiable IV10.

Table IV10.a A ONR Ol LJadzZ SaQ I ONRye Y.

Water phase Oil phase Active H source Time of
MCs acronym ]
(wWt%) (wWt%) (wt% of the W phasg  synthesis
Ongrona®2500 Aqueous solution of

O_Jeffamine_MCs Water (Core content) Jeffamine D 2000 75min.
Gumarabic at 17 wt% (2.2 wt%)
Desmodu®RC Aqueous solution of
(91% of the (Shell) PEl at 17 wt% (2.2 _
O_PEI_FOTES_MCs ) 45min.
emulsion) wit%)

(9% of the emulsion) | ~TES (0.72 Wt%)

The photomicrographs of both MGamplesare displayedn Figure IV14, along with the
respective size distribution histograms. Both syntheses ldddse, disaggregated MCs, with a
fairly spherical shape. As in the MGbtained with Supras&®2234, the ones with the
combination of PEI and-@TES have a rougher surface, while the O_Jeffamine_MCs have a

smoother surface.
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Figure IV15exposeghe FTIR spectra of the active H sources, unreacted isocyanates and of the
MCs after the synthesis andged by 3 months. The presence of the N=C=0 bond stretching
vibration peak, at ca. 2260 chconfirms the presence dfie encapsulatedsocyanate By the

Pu and PUa carbonyl peaks, at 1¢B015 cmtand at 170Q1680 cnt, respectively, it is possible

G2 O2y FTANXY GKS a/ & @ mafysdmposdd pywEdebatticasasalifioughk A O K
only aNHterminated active H sourceras used for th€_Jeffamine_MCsynthesis promoting

the PUa formation along with the water, the PU peak is still more intéfsis.is probably due

to the significantly higher concentration of G#&. 10 times highein the W phaseompared to
Jeffamin®@D2000.When looking at the 3 months old MCs, it is possible to notice an increase in
the PUa formation, indicating that water, from the air moisture, must have entered the MCs and
reacted with the encpsulated Ongron&2500. The fOTES has strong pesét 1103 crt and

at 1078 cmt, which can be seen inthe O_PEOTES_MCs, confirming the presence of the silane
Ay (KS a/ aQcSimsy@rhetridstratcki®y vipration, located at 1070'%ésmot visible

Ay GKS a/aQ ALSOGNI T AYRAONGHREI G(KFG GKS €1+ O]

Due to the overlap of thermal events indbe samplesthermograms,Figure IV. § from
Supplementary Information, the quantity of encapsulated content was not possible to be
quantified from TGAlnstead the Y valuewvas usedo conclude regarding the encapsulation

yield and shelife. The Y valugof the as prepare@dnd3 months aged/Cs are displayed at the
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Table V11 Similarly,to the results obtaind for the encapsulation of Suprase@234, the
combination of PEI with-©TES led tthe higher encapsulation conteémnd shelflife.

Jeffamine D 2000

W Y Tt V)
n-OTES bl 1& il
N W ‘ LA

Desmodur RC

I
Ongronat 2500

{ ]
W\W —— O_Jeffamine_MCs i
O_Jeffamine_MCs with 3 months I

Transmittance (a.u.)
Transmittance (a.u.)

O_PEI_n-OTES_MCs {
O_PEI_n-OTES_MCs with 3 months

T T T T T T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™) Wavenumber (cm™)

Figure IVI5. FTIRATR spectraofthe a2 O&  yI 6Sa FyR | OGAGS | ) dsNBlIGsi
the MCs after the synthesis and after stored for 3 months at room temperature and 60% of relative hinigiid)t

Table IV11. Relative encapsulation yield (Y value) calculated for each sample, by using the FTIR spectra o
prepared MCs and 3 months aged MCs, while at room temperature and 60wt% of relative humidity.

alaQ I ONRye&)\ Yvale Y (%) 3 months after the synthesis
O_Jeffamine MCs 8.67 38.06
O_ PEI_fOTES MCs 14.54 52.75

The strategy of usingvo isocyanates in the O phase of the emulsion, one to be encapsulated
and the other to form the shellin combination withactive H sourcefn the W phase has
enabled to obtain PU/PUa MCs containaliggomericand prepolymericisocyanate species. The
active H sources have also a role in the MCs characteiisfigsncingits morphology, porosity,
permeability and thermal and mechanical resistancevhich directly impact the MCs

performance as crodinkers in the adhesive.

The majority of isocyanate containing PU/PUa MCs reported in the state of thefartthe
encapsulation omonomericspecies The encapsulation of highBW isocyanats mainly refers

to the encapsulation oPAP] more precisely PAPI 44V2B, 7] This isocyanate has an NCO
content of approximately 30, which is equivalent to the one of Ongi®8a00. It is to refer that

the NCO content of Suprase2234 is of 15.9. To the best of my knowledge, the encapsulation

of anisocyanatewith such low NCO contemindsuch high reactivity, was not yet reported.
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IVV.3.3 Effect of the socyanatesource,used for the shell formation on the
YAONROLF LJadz SQa FAYLEFf LINRPLISNIASaA

pu

Thediffusion of air humidity to the MCs interiis the majo2 6 a i I Ot S {2 shelf | y
life, leading to its decreasé\s differentisocyanatesan affect the thermal, mechanical, and
morphological properties of tha / &Hhell, due to distinct intermolecular interactions, it is here
proposed that different isocyanates cailsolead different permeabilitiesf the shellto the air

moisture diffusion18, 19]

Three different isocyanates were tested for the shell formation, namely Ong&2580,
Desmodu®RC and Supras®@234. Its general properties and chemical structure are exposed

in Table 2. Ongrona®2500 and Suprase® 2234 are MDd with different polymerization

degrees and functionality. DesmodRC is a polisocyanurate of TDThea/ 4 Q aéy i KSaa

parameters aresummarized onTable 1V12. The Desmodu® RCwas added to theespective
synthesis having into consideration that 65% of its composition is ethyl acetate. The amount of

IPDiwas maintained for the three syntheses.

Table V120 a A ONR OF LJadzZ S&aQ I ONRye

W phase O phase Isocyanate for the
MCs acronym W phase (Wt% in the O phase  (wt% in the shell formation (%
emulsion) emulsion) in the O phasg
Ongrona®2500
Ongronat MCs 90 wt% 10 wt%
Isocyanate (30%)
Water
for the
. shell Suprase®2234
SuprasecMCs ~ Gum arabic 90 wt% formation 10 wt%
(30%)
Jeffamin®
IPDI
Desmodur D2000 (core DesmodukRC
sgwtop  content) 12 Wt%
RCMCs (48.75%)

Figure IV16 exposes The SEM photmicrographs of the obtained MCs. Ongronat and Desmodur
RC_MCs are loose adidaggregated andave a spherical morphology. On the contrahg use

of Suprase@2234 led to irregular aggregates. Several attempts were made to optimize this MCs
synthesis though without success. Supr&334is an isocyanate witl significantly higher
viscosity which mightavecontributed to the emulsion destabilization, due to the resistance of

the O droplets to deform under the applied shear ratend the difficulty to achieve a good
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dispersive mixture of dropletsRegardless the aggregated particles, the Suprasec_MCs were
used to draw conclusions regarditiedzd S 2 F G KA & A & prapertiey. 1S 2y GKS

Ongronat. MCs 5¢ -. 2 Desmodur RC_M)CS
: ©

¢

Figure IV16. SENMphotomicrograph®f the MCs obtained using different isocyanates for the shell formation.

The Ongronat_ MCs have a broader sidistribution than the Desmodur RC_MGéown in
Figure IV17, which might be related tdts higher viscosity520-680 mPa. compared to the
one of Desmodu®RC(3 mPa.} It was not possible to conclude abatlte Suprasec_ MGsize

distribution, as theFiji softwareuses the area of a circle to calculate thd & Q RA | Y S G SNJ

Ongronat_MCs Desmodur_RC_MCs

£
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Figure IVL7. Sze distribution histogramsf the Ongronat_MCs (left) and of the Desmodur_RC_MCs (i

Figure IV18 showsthe thermograms and respective derivative curves of the MCs and those of
IPDlandthe isocyanats used forthe shell formationThe ones corresponding to the aged MCs,

by 3 months, are availablm Figure 1V. &, at the Supplementaryinformation. Due to the
polymerization degree of th#°Dlon the aged MCshe Y value was used tmnclude about the

MCs shelfife. IPDIhasits first thermal event starting above 100 °C, with the major mass loss
occurring at 225 °C, while the MDIs have its most significant loss occurring between 200 and 350
°C, approximatelyDesmodu®RC ha$5 wt% of ethyl acetatewith its thermal eventoccurring

at lower temperaturesthan that of the isocyanate, which occubgetween 430 and 500C,

approximately Thedecomposition of thd?Ua and Plshell, in particularthe soft segments, start
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to occur typically around 300 {20]. Having this into account, the first slope of theprepared
MCs thermogramsvasusedto quantify theencapsulated isocyanatédPD] with its valuedisted
in Table V13 along with the ones of theelative encapsulation yield, determined by FTIRe
FTIR spectrare available inFigure 1IV. § from Sipplementaryinformation. It is to notice that,
for this study, the Y values are not comparable betwddferent synthesisasii K S shélla Q

composition variesand it should only be used trawconclusions aboufi KS a/ dif€@ aKSft F

The MCs encapsulation content, calculated by TGA, did not significantly varied between the
different synthesis. By interfacial polymerization techniquiee tmain factor affecting the
encapsulatedontentis the quick formation of a physical barrier between the W please the

O phasdisocyanatesdf the emulsion Suprase®2234 and Ongron& 2500 are both MBWith

a high degree of polymerization resulting in MCs with similar encapsulation contents.
Desmodu® RC was expected to lead tthe highest degree & encapsulation what was not
observed This isocyanatés a polyisocyanurate afDIl which has significantly lower freeNCO
contentthan the MDIsin study, meaningesser free groups to reagbromoting aquickershell
formation. TKS 5 S & Y 2 R dzNJpshdwgsanteligherNVe igdcyanates, at ca. 23C, not
visible for the other MC#dding, this isocyanate led the to MCs wtitle poorer shelflife, with

a decrease of almost 67% in the Y value in a period of 3 months, while stored at room
temperature and 60% of relative humiditfhis might be due tdhe Desmodu® RCbulky
aromatic trifunctional monomera structure with potentially more free volumahich might

lead to a lesser protective shell, enabling sditmther reactions between the W phase and the
IPDI In contrast, he shell resulting from the MDI is expected to imere packed and more
crystalline[21]. It is reported that the permeation in polymers occurs preferentially in-non
crystalline regionsnd, thehigher the crystalline content, the lower the permeabilify9, 21]

The MDIs led not only to a higher encapsulation yield but also to a betterlgbeffarticularly

the Ongrona® 2500 MCs obtained with this isocyanateave the better resistance to the air
moisture permeability, from the Y valu®ngrona® 2500ds, from theisocyanatesn study, the
Y2ald LINRYAaAy3a (G2 0SS dzaSR F¥2NJ 0KS Syg@gial 3SR

¢ KS NBaaaidl yOSto@dganicSdlverks araatér Qiffusiok, Svhile immersedyas

also evaluated, and the results are exposedddapter VI
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and respective derivatives (rightjormalized by the division of each point by the maximum value.

Table IV13. Mass loss (%) of encapsulated IPDI (by TGA), relative encapsulation Yield (Y) calculated using
spectra obtained after the synthesis and 3 months later. The Y3 is given as a percentage of Yi.

Y3 (%) 3 months

Mass loss (%) from TGA Initial relative
al aQ | ON (encapsulated isocyanate) encapsulation yield (Yi) after the
(115¢ 320°C¥*) P y synthesis
Ongronat MCs 42.34 15.9 41.0
SuprasecMCs 43.47 15.8 387
Desmodur RQVICs 37.68 308 331

*Range of temperatures used for the encapsulated isocyanate quantificdti@miemperature rangevaried slightly
depending orthe MCs thermogrars.
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IV.3.4 Emulsion stabilization

The results exposed inthiss@K | LJG SNJ a L & do Oh f AV dziARYY¥ | NB Lldzo f A

¢6Emulsion Stabilization Strategies for Tailored Isocyanate Microcap@ags

In MCs synthesis by interfacial polymerization, the size of the emulsion droydetallydefines

the size of the final MCs, as the polymerizatieactions occur at the droplets interface leading

to the formation of the shell. As so, the stabilization and control of the emulsion droplets sizes
throughout the synthesis is of great importance to be able to tailor the final MCs sizeszand
distribution. For O/W emulsion systems, the most common instability phenomenon is a result

of gravitational separatin and flocculation, which might lead to coalesce[&® 24]

With the intend to obtain small sized MCs, witma@row size distribution, and with no to little
variation between the initial O droplets size to that of the final Mgseral emulsion stabilizers
and different combinations between themvere tested The used stabilizers are described in
Table IV14.

Table IV14. Stabilizers used for the O/W emulsion stabilization and respective HLB and molecular v

Type of stabilizer Stabilizer HLB Molecular Weight (Da.)
Polysaccharide Gum arabidGA) n.a. 250 000
D@®193 12 3200
Spar®20 8.6 346
Surfactant Tweer®85 11 16.04
Pluroni®P123 8 5800
Polymer PVA n.a. 57000-66 000

Each of these stabilizers was tested in different concentrations and combinations. A general

overview for all cases can be found at thable IV. § from Supplementarynformation

The polysaccharide GA was here used as the benchmarkiath@& most commonly used
emulsion stabilizergeported in the literature for the synthesis of PU/PUa MCs by interfacial
polymerization combined with an O/W emulsion system. It has a good water solubility, low
solution viscosity, good surface activity, and ability to form a protective film around emulsion

droplets. However, GAaeds to be used ihigh amountdo lead to a stable emulsion.
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All the tested surfactants were chosen having into consideration its hydrogibphilic
balance (HLB) value, which ranged from 8 to 12 as, for an O/W emulsions sistamst be
higher than 8. However, from all the four different surfactants tested, only DC193 led to a stable
emulsion. DC193 is a ndonic silicone surfactant and was chosen not only based on its HLB

value but also on its low surface tension and its insthe PU and footwear industry.

SPAN20 and Tween85, which are both hydrocarbon chain surfactants, led to a complete
emulsion destabilization while under mechanical agitation and no MCs were obtdihedis
possibly due to their lower HLB values of 11 and 8.6, respectively, when comparing with the
ones of DC193, which gives them a lower affinity for the W phase. Plurca2®ifa nosionic,
difunctional block copolymer with terminating primary hgayl groups, and, depending on the
tested concentration it led to a completely or pari destabilization of the emulsion. For the
cases of partial destabilization, the resultant particles had big dimensions and an irregular

morphology and were not considered viable for this application.

Partially hydrolysed PVA, is a atmxic and biodegradable wateoluble polymer and was used
as a rheology modifier, intenddd increase the continuous phase viscosity and, as this, reduce

the tendency for the emulsion droplets to suffer from sedimentation and coalescence.

The emulsion stabilization mechanisms of polysaccharides, surfactants and rheology modifiers

are schematized iRigure IV19.

ﬂfl .:\Q ?’/. /\./\
\
¢ )

Polysaccharide Surfactant Rheology modifier

Figure IV19. Schematic representation of the emulsion droplets stabilization by polysaccharides, surfactants, and
rheology modifiersimage reprintedrom [22] under an open access Creative Common CC BY license.

The best 5 emulsion stabilization systems, which represented different strategies, are listed in
Table IV15 along with its concentrations and the O and W phases emulsion composifions.
general werview of all cases tested can be foundTiable IV. § from the Supplementary
Information. Opticamicroscopy photograph®f all the emulsions testedvere takenafter 10
minutes of emulsification(at the end of the emulsificationgand after 15 minutes under

mechanical stirringas it is not possible to guarantee that no solid film has been formed after
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that time. Theoptical microscopy photographare reported on Table IV. & from the

Supplementaryinformation.

Table IVI5® a A ONR O LJa dzf S& Q conipbsRioht

Emulsion stabilizer

> | =\ .
alaQ ! ON Water phase Oil phase (Wt% added o the W phase)
GA_MCs GA (5%)
DC_MCs - IWate; i Ongronat®2500 DC193 (4%)
mulsion stabilizer
: IPDI GA (4%)
GA_DC_MCs Jeffamine® D2@D DC1931%)
PVA_MCs (93W% of the (7Wt% of the PVA (2%)
GA_PVA_MCs emulsion) emulsion) GA (1.30%)

PVA(2%)

For O/W emulsion systems, th@ost common instability phenomenon is a result of gravitational
separation, in particular the occurrence of cream[igg, 24] However, in this caséhe droplets

tend to sediment asOngronat®2500 greatly contributes to increase the O phase density, to a
final value of 1.114 g/cinGravitational separatiopphenomenan emulsionsan be reduced by
decreasing the density difference between the W and O phases, by increasing the viscosity of

the continuous phase, or by decreasing the size of the emulsion drqpkts

Figure 20 showthe photographs of the selected emulsion at 0, 15 and 30 minutes after the
emulsification, while at rest andkigure \M21 showsthe volume percentage of sediment along

the time, determined from the first

DC193 was the stabilizer that led to the higher degree of sedimentation as well the only leading
to the occurrence of coalescence. Thast phenomenon may also contribute to a quicker
sedimentation, as it increases size of the emulsion droplets.pborer stabilization might be
correlated with the small size of DC193 molecule, compared to the other stabilizers in study,
which makes it more difficult to avoid the attractive interactions between the isocyanate
droplets [26]. The combining effect of GA and DC193 led to improvements in the emulsion
stability when comparing with the two stabilizers acting aloAs. forthe use of PVA as a
rheology modifier it led to significant improvements in decreasing the sedimentation. With the
use of 2wt% of PVA it was possible to increase the viscosity of the continuous phase to 5.78 cP,
and to 7.64 cPwhen in combination with GA, which demonstrated to significantly decrease the

gravitational separation phenomena in emulsigiis8].
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Without stabilizer
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Figure IN20. Visual observation of the emulsions used to obtain the GA, DC, GA_DC, PVA, and GA_PVA M
period of 30 min. From left to right: oil and water phase before emulsification, righteafielsification, 14 and 30
min after emulsification (static conditions).
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Figure I\21. Evolution of the sedimentation volume fraction over time, «
the reported emulsions study, while at rest (staticonditions).

Figure IV22 compares thebest performingemulsion obtainedwith GA and PVA.e. the one
that suffered less sedimentation, with the oobtainedwith DC193. After 30 minutes at rest,

the density of dropletsn the emulsionphasestabilized byDC193s significantly less than that

of the emulsiormphasestabilized byGA _PVAand the occurrence of coalescence in the sediment

phase is notorious, revealing some inadequacy of the DC193 for this application.
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. During the emulsification ; After 30 minutes atrest i

| = | B = %
Emulsion Emulsion Sediment

DC_MCs

GA_PVA_MCs

T ivo; . ol

Figure I\22. Optical microscopy photographs of tmulsion that suffered less sedimentai
(GA_PVA_MCs emulsjoand the one stabilized with DC1930ptical photographs of tl
emulsions while under emulsification (left) and after 30 minutes at rest (right), emulsi

sediment portions.

In addition to the static tests, the emulsion systems were also evaluated when under dynamic
conditions. For that purpose, the emulsions were followed by optical microscopy during the first
25 minutes of the synthesis. As was observed for static condjtibesemulsion stabilized by

DC193 was the only suffering from coalescertggure 1\23), with no major changes reported

in the other stabilizing systems.

Ultra-Turrax Emulsification Mechanical Agitation

10min. 25min. -

DC_MCs

Figure V23 h LIGAOIEf YAONR&O2LER LIK2{G23INI
first 25 minutes of the synthesis. Left: after 10 minutes of emulsification at 32(
using the UltraTurrax; Right: after the following 15 minutes under mecha
stirring at 400 rpmdynamic conditions).

Figure I\24 exposes the SEhotomicrographf the obtained MCs. All the syntheses led to
loose MCs, with a corghell morphology and a spherical shape, excepting the one with DC193

as stabilizer, which led to some irregular shaped MCs and debris. The MCs show some roughness
or bucklingdue to fluid-induced shear forceselated withthe mechanical stirringnd dueto
inhomogeneous reaction kinetics between the isocyanate, the added active H sources and

water. Another explanation is a slow shell formation that leads to an initially thin and flexible
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shell preceding the reduction of the MCs size, due to the progress of the interfacial

polymerization reactiongl4, 15, 27]
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Figure I\24. SEM images of the obtained MCs at 80x amplification {ef).a A Yl 3Sa 2
crosssectionR St A6 SNF 1St & ONHza KSR 620ilFAySR |G RA

The combining effect of DC193 and GA, at a ratio of 1:4, led to the smallest MCs. It is possible
that both the strong steric effect of the GA and the low surface tension provided by the DC193
surfactant contributed to the emulsion stability in the GA_DCsM@nthesis. It has been
referred that when the two stabilizers coexist and reach an equilibrium state, the silicone
surfactant preferentially migrates to the emulsion droplets interface, and when this is at low
concentrations the GA can also partially adis[12]. Indeed, the DC193/GA ratio of ca. 1:1 led
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to bigger MCs with a broader size distribution, as can be seefale IV. & from

Sipplementarylnformation

Figure \24depictsii K S a / dist@butioi Hisgrams andlable V16 the maximum value
for each case, which corresponds to the mode of the MCs sizes. It is important to refer that no
debris or nonspherical MCs were considered for the size distribution determination, which is

particularly relevant for the DC_MCs.

TableIV16® al EAYdzy @Ffdz§ o0Y2RS0 206G+ AYySR

al 3Q | ONE GA_MCs DC_MCs GA DC_MCs PVA MCs GA _PVA MCs
al Qa RAI YSi
(>m)

92.74 80.15 28.24 40.85 65.32

All the samples follow a monomodal distribution wi@A_MCs having the broadest profile. On

the other hand, the combination of GA with DC193 led to the narrowest, with most of the MCs
having between 14.8 and 45 um in diameter. PVA, present at ont9@ greatly increased the
viscosity of the aqueous solution to 5.8 cP. By comparing with GA that, when present at 5 wt%
lead to a viscosity of 1.3 cP, it is possible to state that PVA is a more efficient rheology modifier,
which plays an important role iemulsion stabilization. Howevea further increag ofthe PVA
concentration was found to lead to bigger sized MCs and a larger size distribution, which might
be associated with an excessive viscosity of the continpbase. The same has ocred to the

GA _PVA emulsion, with a viscosity of 7.6 cP, resulting in larger MCs compared to the PVA_MCs.
For the GA_R/A emulsion two different effects can be acting on the emulsion. The higher
viscosity of the aqueous phase requires more energy to brealiblease into smaller droplets

and hinders tle diffusion of GA and adsorption onto tledroplets, contributing to a less stable
emulsian [28, 29] Also, it has been reportetthat excessive free, neadsorbed, polysaccharide
emulsifiers on the continuous phase of O/W emulsions can lead to deplgtituted
flocculation[28, 29] O/W emulsion system with exceBge polymer in the W phase can suffer
from depletionrinduced flocculation through an osmotic effect, as there is a region surrounding
each droplet where the polymer concentration is depleted. This results in an osmotic pressure
between the depletion zone and the bulk polymer solution, with a thermodynamic tendency for
the decreasing of the water volume in this zone. When the two O droplets appezathother,

the system tends towards droplet association and drives floccul§80n31]

Thereis an optimum viscosity value for the continuous phase to lead to a stable emulsion,

namely between 5 cP for the present system.
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Figure I\25 represents the average diameter of the O emulsion droplets at the end of the
emulsification process, after 10 minutes under mechanical agitation and of the final MCs. DC193

f SR (2 GKS tIFINBSalG QOFNAFGAR2Y 0SioStfwherKS AyAili7
excluding the debris and nespherical particles, followed B8A. GA_PVA_ MCs suffered a final

variation identical to the one obtained with GA, however with a more noticeable destabilization

in the first 10 minutes. PVA_MCs suffered the lowest variation, which proves the PVA capability

as stabilizer, offering the possibility of a better tuning loé tMCs. By using PVA as emulsion

stabilizer it is possible to define the MCs size by controlling the size of the initial emulsion

droplets.
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Figure I\25. Oil emulsion droplets average diameter at the end o
emulsion preparation (10 min), after 10 min under mechanical agit
(20 min), and of the final MCs (180 min).

Figure I\26 showsthe ATRFTIR spectra of the MCs and those of the isocyanates, active H

source, and stabilizers. The presence of encapsulated unreacted isocyanate is confirmed by the
presence of the NCO peak at 2260ckny G KS a/ a &aLISOGNI o . & G4KS aAi)
peak with that of thelPDIit is possiblgo confirm that this is the encapsulated isocyanaed

not Ongrona&2500

The presence of PU and PUa can be confirmed bpréence of its respective carbonyl peaks,
at 17801760 cmtand 17601700 cmt, respectivelyand by the peak at 1214 chirom the @
OcC group and at 1300 chfrom the stretching of 0linkagesPUa carbonyl groups are clearly

detected in all the MCs spectra while the ones from PU are only slightly visible. DC_MCs are the
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ones which exhibit a stronger PU carbonyl peak, which suggests that DC193 OH end groups
reacted with the Ongronat® 2500 in a higher extent than the other stabilizers. Indeed, a broad
band between 1115 crhand 1060 cnt in the DC_MCs and GA_DC_MCs spectra indicate the
presence of siloxane (6Si) groups brought by DC1¢B5, 32] An additional EDS analysis,
Table IV. $andFigure IV. 5 from the Supplementarinformation, confirmed the presence of

Si atoms in the DC_MCEkhe presence of GA and PVAmatrbe confirmed by AFRTIR as none

of its characteristic peaks can be identified, or are hidden, in the respective MCs spectra.
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Figure IV26. FTIR spectra of the isocyanates, active H source, and stabilizers (left). FTIR spectra of t
(right).

The Y valuef the asprepared MCgYi) andthose aged by 3 monthsvith the latter given as a
percentage of Yiwere used to conclude about the MCs sHiéd. The obtained values are
reported inTable IV17. For the period of 3 months, most of the MCs hadecrease in the Y
value between 37.7 and 54.2%he GA_DC_MdCssad the mostsignificantdecrease, of almost

66% possibly because these MGsnaller, therefore, with a larger surface area which
contributes to a greater diffusion of air moisture it core and the consequent isocyanate
polymerization

The thermograms and respective derivative curves of the MCs, as well as those of the
isocyanates used in the synthesis, are representdeigare I\27. The major mas®ss oflPDI
occurs at 225 °C, while the Ongronat®2500 has its most significant loss occurring at 294 °C. The
t ! I I yR shell deaompgosition, especially the ssftigments, start to occur typically
around 300 °C, as can be seefigure IV. & from Supplementary Informatiof19]. Having this

into account, the firstmass loss ithe MCsthermogramswas consideredo calculate the
amount of encapsulated isocyanate whicHissedin Table 1V17. All the MCs have around 30

wt% of unreacted encapsulated isocyanate, with exceptionPf/dA_MCs and GA_PVA_MCs,
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both having ca. 46 wt¥®RVA is theemulsionstabilizer that is expected to hawbe lowest

contribution to the MCs” shell as it does not act at the emulsion droplet interfetabjlizing

only by increasing the viscosity of the W phase, which might explain the larger encapsulation

observed.
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Figure \27. Thermogram of the aprepared MCs and the respective derivative curi@s).(Thermograr
of the isocyanateand the respective derivative curvé®i{tom), normalized by the division of each poin
the maximum value.

Table IV17. Mass loss (%) of encapsulated IPDI (by TGA), relative encapsulation Yield (Y) calculated using tf
spectra obtained after the synthesis anh8nths later. The Y3 is given as a percentage of Yi.

Mass loss (%) from TGA

Initial relative

Y3 (%) 3 months

al aQ | O (encapsulated isocyanate) encapsulation yield (Yi) after thg
(from 116188 to 320°C *) synthesis
GA_MCs 3L2wt% 14 50.3
DC_MCs 30.6 wit% 137 62.3
GA_DC_MCs 329 wit% 14.3 34.2
PVA_MCs 46 wt% 153 458
GA_PVA_MCs 46.3 wt% 16.1 53.3

*Range of temperatures used for the encapsulated isocyanate quantification.t@fhperature rangevaried
depending on theViCs thermograms.
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To conclude, all thetudiedstabilization systems enabled loose, spherical, and-shedled MCs,

with the exception of DC193.

PVA and its combination with GA led to a significant reduction of the gravitational separation
phenomenon, with the continuous phase viscosity having the most significant impact in the
emulsion stabilization. The MCs obtained with the combination of bb#sé¢ stabilizers were

also the ones with the highest encapsulation content (46.4 wt%). However, PVA alone, besides
fSFRAY3 (G2 | AAYAETINI SyOl LladAg A2y FY2dzyiz &aKk:
synthesis leading to the smallest variation in sizthefdroplet to particle process, and allowing

I FAYSNI GdzyAy3d IyR O2y(iNRf 2F (GKS a/aQ airlsSo
effective strategy to stabilize O/W emulsion systems for the PUa MCs” synthesis by interfacial
polymerization. The imeased viscosity of the continuous phase, achieved with PVA at 2 wt% in

the W phase of the emulsion, is shown to be an effective strategy for this purpose.

IV.4 Scaleup of the syntheses processes

A laboratorial scaleip of the synthesis process was made at IST facilities, with the intent to
produce a higher number of MCs to be tested in the-poéymer by CIPADE and, posteriorly, by
its customersThe laboratorial scalap refers to a reaction volume increase from 1.5L to 10L,
which corresponds to an increase of almost 7 times its initial volurhe. initial volume was
already scaledip from an initial protocol which involved a reactional volume of 77ml. The 77ml
reactional volume was used to makeetinitial studies regardinthe choice and impact of the
active H sources and isocyanates usadhe synthesisAll the other reactional optimizations
were made using the 1.5L volumiEhe transition to 10L required adaptations to the process,
more specifically to the filtration procesgpresented by an asterisk in tifiew diagram Figure

IV28, as it became a timeonsuming operation.
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!
Dry

!

Microcapsules

Jeffamine® D2000

Figure I\M28. How diagram2 ¥ (G KS t ! kt !l a/ aQ aeyikKkSaia oe
of 10L.With an * are represented two additional steps added to the MCs synthesis in theipqaiecess

As per request of the company CIPAB&prase€2234 containing MCwere the selected ones
for the scale up testsable IV18lists the emulsion composition and time of synthesis for both

cases

Table IVI8® a A ONR OF LJadzZt S&Q I ONRy & Ya Iksgaltup &nd tixt the Scalgh vauany. |

Active H source

Synthesis Water phase Oil phase . Time of
MCs acronym (wt% in the W )
volume (Wt%) (wWt%) synthesis
phasé
Suprase®2234
A
Prescaleup_MCs  1.5L Water (Core content) queous 1h20
_ solution of
Gumarabic )
Desmodu®RC Jeffamine D
2000
(89% of the (Shell)
Scale_Up_MCs 10L emulsion) at 17wt% (2.2 1h
(11% of the Wt%)
emulsion)

The reaction apparatus of the smattaled synthesias well as for the scaleap volume are
depicted n Figure I\29. In Figure I\30, are exposedhe major steps of thea / 8 Q aey i KSaAa

process with the microscopy photographs obtained each phasas well as of the final MCs
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Initially theOphase, composed by the Supra&2234 and the Desmod@RC, is added to thé/
phase by a glass funnel connected with a metallic tudgich allows theO phase to enter
directly in the waterThis is followed bthe emulsification TheULTRATURRAK thenmanually
exchanged for the mechanical stirrer, and the active H source, Jeffa2@00 is addednce

the MCsattain enough maturity the stirring is stopped, and the MCs are let to sediment. This
step is followed by the decantation of thgpper water phase, and the filtration and washing of

the MCs.

Ultra-Turrax

Mechanical Stirrer

Water Circulator

Reactor

Thermal Bath

Figure \M29® a/ Q& aeéyiKSaAa [-delleupNefatmfor tzd Saedpivalide (righS. LI

Addition of the O phase  Emulsification Polymerization step Filtration

Figure V300 t K2 23 NI LIKa 2F GKS aS@SNIt ais
GKS 2 LKI&aSs SvydzZ aAFTAOF(GA2Yy T LRt e&YSNR
reactional medium and final MCs.

R

LJa dza S T
Ik 2y LK

i A
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The SEM photomicrographs of bahmplesare exposedn Figure 1\V31, along with the MCs
size distribution histogranBoth syntheses resulted in loose MCs, with the VO_MCs having a

bimodal size distribution and the 5V0_MCs a monomodal distribution.

t NSRSy a/ &
3 m Ve

Pre-Scale-Up_MCs

Ny
N
\\
\

Frequency (u.a.)

0 50 100 150 200 250 300 350
Diameter (um)

N Scale-UP_MCs

Frequency (a.u.)

Soom o o e Z M
. il Diameter (um)

Figure \N31. SEM photomicrographs of the PsealeUp_MCs and of the Scdlip_MCqleft), and respecti
size distribution histogras(right).

The scaleup process resulted iff RSONBFasS 2F (KS YSRAdzY a/ aQ
uniformization of the size distribution. This can be related with the different UHTBHRRRAX

dispersion rotor used in the scalgp. Figure 1I\32 showsthe schematizationof an ULTRA
TURRAXvhich enabled a better emulsification and homogenization of the emulsion droplets

As cepicted a metal shaft (rotor) rotates inside a stationary casing (stator). During the
emulsification process, the sample is drawn into the narrow space between the rotor and stator,

which creates shear forces. The level of shear is affected by the speed as tvels&a® of the

gapbetween the rotor and the stator. Tse changes, between dispersion rotors, need to be
compensated by an adaptation to the appliedations per minuteom). The speed of the rotor

relateswith the rpm by theEquation4 [33]. Whenincreasing the rotor diameter, the rpm value

should be decreased to maintain the same tip velocity.
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Figure N32. Schematic representation of the mixing mecharo$m
the rotor/stator arrangement of Ultral'urrax homogenizer. Image

reprinted from[34].
Y*Q
(N8
where, V is the rotor speed (m/s), R timm (rev/min) and d the rotor diameter (m). As this, the

emulsification was decreased from 3600rpm to 1600rgiigure N33 depicts the dispersion

rotor used in the prescale up synthesis, (a), and in the sagbeone, (b).

Equation4

@) (@)

Figure IV33 - Dispersion rotors used in the psealeup (a) and
in the scaleup (b).

Regarding themechanicaktirring, in the prescaleup synthesis a mechanical agitation of 200
rpm was applied, using a rod with 7 cm blades. For the saglexynthesisa rod with 13.5 cm
bladeswas used and aagitation of 100 rpnwas appliedcalculated using th&quatiord. Due
to the cylindrical nature of the reactothe usedrod hadtwo sets of blades distancecertically

by 23 cm. The stirrer blade used in the ys@ale up synthesis as well as that of the scgdare

shownin Figure 1\34, (a) and (b) respectively.
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Figure I\34 ¢ Stirrer blade used for the mechanical agitation in
pre-scaleup (a) and in the scalep (b) synthesis process.

Figure N35 depicts theFTIRATRspectraof the Prescaleup_MCsand Scale_Up_MCas well

as those of the isocyanates and active H source fmed K S

al aQ aLSOoOuNr Ad

al Qa adyidkKSarao

Yéth sydthesés Aed fo MICsimh aa itléntic8 chéni(chl

composition, as their spectra have the same fingerpfiihen lookingat the intensity of the

N=C=0 bond stretching peak, it can be stated that the sgaled to MCs with an identicainly

slightly lower, encapsulation content. The Y values calculated for both synthesdistae in

Table IV19. These facts reveal the success of the implemented scale up process.

Jeffamine D2000
ey I ey "
- © |
© |Desmodur RC El f
8 8 "
c = f k |
£ = '1 i
Z 5 (D
§ Suprasec 2234 E | |j'i f‘\i
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1
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Figure M35-FTIR ¢w 2F GKS Aaz20elylrisSa FyR FOGABS |1 a2

obtained for the prescaleup and for the scalep reactional voluméright).

Table IV19. Relative encapsulation yield (Y value) of thedeedeup_MCs and of the Scalgp_MCs as prepared

al aQ

I ONER y & Initial relative encapsulation yield (Yi)

Prescaleup_MCs

4.20

Scale_Up_MCs

3.52
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By this laboratorial scalep the number of obtained MCwas increasedrom 75g, in the 1.5L
volume batch, to 400g of MCs pes synthesis, at the same time maintaining the characteristics of

the product. This confirms the viability of implementing this ynthesis process in a larger scale.

IV.5Final remarks

Interfacial polymerization technique combined with an O/W microemulsion system istise
reported method to produce PUa and/or MRUa MCs. Although this is well-established
technique, there are still some challenges regarding this process, in particular the wide size
distributions of the obtained MCs, its low encapsulation yield, and its shortldieelin this work
severalapproacha to tackle these issues artd optimize theisocyanate containinUPUa

MCs obtained by theinterfacial polymerization techniqyevere tested

Encapsulation Yield

The main factor affecting the encapsulation vyield is the extent of the reaction between the
isocyanates to be encapsulated and the reactive groups of the W phase of the emulsion. Having
this into considerationit was tried to decrease the contact between the isocyanate and the W
phase of the emulsion by promoting a quicker formation of the initial, immathel|lat the O
dropletssurface For that purpose, the effect of the synthesis duration and temperatasevell

asthe use of two different isocyanas on the O phase in combination with the addition of active

H sourceswere studied

Both the duration and temperature at which the synthesis is performduhve proven to
strongly impact the encapsulation yield. It was found that the duration of the synthesis
Ay Tt dzSy O Sshell thicgkiSessamaml@dwhen using a temperature oPG0This result is
explained by the longeiime necessary for the formation of the shell as higher temperatures
increase the diffusion and partition coefficient of the reactamtsnsequently increasinthe
reaction rate.lt was foundthat by using higher temperatureand by optimizing the duration

of the reaction, by recurrently observingn aliquot of the reaction medium at the microscope

it is possible toobtain MCs witha smaller S/D ratio and with an adequate balance between

an enough mature shell and a good encapsulation content.

Another strategy is to usevo isocyanates in the O phase of the emulsiadhe most reactive
for the shell formation and the other to be encapsulated, along with the addition of active H

sources.All the synthesis to which active H sources were added led to a higher encapsulation
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content, particularly thosavith PEI. Indeedprimary amines have a faster reaction with NCO

than primary hydroxyls and water. However, PEI has a branched structure rich in NH groups

resulting in a very crodfked shell. Although this active H source would be ideal to be used to
encapsulate isocyanate species for other applications, for this case it @ghf RA G A2y (GKS a/
performance as crodinkers One of the main difficulties on the use BUPUa MCs for this

application is to guarantee its breakagkiring the adhesive application, by the effect of

pressure. As thjst is proposed the use of Jeffami@®20@, which has a long linear structure,

composed by repeating oxypropylene units and only two NH end groups per molecule. It is
expected for this amine to provide some flexibilapd hydrophobicityi 2 G KS a/ 48Q &aKSf¢
addition, Jeffamine® D2000 led to significant improvements in the encapsulation yield and

shelflife of the MCs comparing with the ones obtained without activesblrces.

Although it was possible to increase the encapsulation yield by using the proposed strategies,
the maximum value obtained in the developed work was of ca. 46.3 wiPDgiwvhich does not
represent a significantmprovement to the state of the art. Values ranging from 30 to ca. 60
wt% of encapsulated conterttave been reportedusing this techniqueby other authors
However, in most of the cases there is evidence that the MCs core is composed not only by the

isocyanate but also by an organic solvent.

For other casesigherencapsulatiorvalues areonly obtainedfor largesized MCs, as reported
by Yang et alIn this case, 68% of encapsulation is achieved/os with diameters between
200 and 40Qum, decreasing to 32 wt% of IPDI for lower diameters [A8% In our case, the
developed PU/PUa MCs have average diameters between 30 jami®dth the majority having
ca. of 6Qum. An exception is the MCs containing encapsulated Ong&2&10 and Supras@c
HHon GKAOK KI @S fINHSNJ aA1TS RAFYSGSNBRI LINRPOL Of ¢

Shelflife

¢ KS a/ &difeis @mtknSically correlated with the reaction of the encapsulated isocyanate

with available OH or NH groups. Although soreactive groups, from the active H sources,

YAIKG adAatt oS F@LAftroftS G2 NBIOG Ay ofiteS Y2YSyl
air moisture to the MCs interiorthat mostly affectsts sheltlife. As an attempt to decrease the

rate of this diffusion, the effect of different isocyanatesed for the shell formation and

different active H sourcesere studied

Three different isocyanatemamely Ongronat® 2500, Suprasec® 2234, which are both MDlIs with

different polymerization degrees, and Desmodur® RC, aipmtyanurate of TDivere tested
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to be used for the shell formatiorit is expected for the shell obtained with the MDtsbe
denserand more crystalline than that obtained with the Desmdc®IRC, as ihas a bulky
aromatic trifunctional monomer. IndeedViCs synthesized witMDI compounds showed an
improved sheHife, with the Ongronat_ MCsexhibiting the lowest isocyanate loss in a period

of 3 months while stored at room temperature and 60% of relative humidity.

The addition of active H sourcesmsused to tailor the MCsn the sense thathemical backbone

of the active H sourcemight influenceli K S  ehéniic@ and mechanical properticgveral
active H sources, namely two amines, PEI and Jeff@Bia600, a polyol, 1, §Hexanediol and

a silane, FOTESwere tested Al the MCs to which active H sources were added during the
synthesigresentedan increased resistance to the air moisture diffusiwith Jeffamin@®D2000

and the combination of PEI and@iTESeadingto the most protective shells. The repeating
oxypropylene units of Jeffami®D200Q as well as the long aliphatic carbohydrate chain-of n
OTESnight have brought some hydrophobictiy the shell PEI contributed with an increase in
the crosslinkingof the shell,due toits branched structure rich in NH groups. By using active H
sourcesthea/ 4Q aKSftt NBAAA&IGI ynasSincréaBedAltdt & peddd 6f8SNJ RA F T dz
months, the PEI_fDTES and Jeffamine_MCs showed a reduction of only 43 and 48&aof

the initial Y value, which contrasts with the 66.2 wt% of loss obtained without active H source.

SizeDistribution

By interfacial polymerizatiortechnique, the MCs size distribution is defined by the emulsion
RNRLX SGaQ aAal S FyR adloAfAT I GA2Y Y | &ufac&KS L2t &Y
leading to the formation of the shell. As so, several stabilization systems comprising emulsifiers,
a polysaccharide and a rheology modifier, as well as combinations between them, were tested
with the intent to decrease the emulsion destabilization thatwors during the first moments of

the synthesisAlthough GA is thenost used emulsion stabilizer to obtain this type of MCs, it was
by rheology modification that the most stable system was achielethis sensePVAwas the
rheology modifier employedgither alone or in combination with G¥/hen used alone it led to

the most stable system, but in combination with Gked to thehighest encapsulation content.
Anincrea® of the W phase viscosity to-6 cR enabled by 2wt% PVAesulted in aminimum
variation between the size of the initial emulsion droplets and thaheffinal MCs, enabling a

finer control over the MCs sizRheology modification is herein shown to be the most effective
strategy to stabilize O/W emulsion systems for the PUa MCs’” synthesis by interfacial

polymerization, namely by adding PVA to the W phase of the emulsion
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Table IV20a dzY Yl NAT Sa Sl OK aidN) GS3e dzaSR (G2 2LIJAYAI

main conclusions draw from each study.

Table IV20. Strategies used toptimizethea / &Hracteristicand the man effects/conclusions of eacstudy.

Characteristics Strategy used for the
o S Effect on the MCs
to optimize optimization

- Shell formation(higher temperatures result ir
a quicker shell formation);
_ -a/ &4Q { khigheN@mpérature desult in ¢
Synthesis temperature
lower S/D ratio);
-Maturity of the shell (higher temperature

result in a more mature shell).

_ -Maturity of the shell (longer duration result i
Encapsulation
a more mature shell);

Yield Synthesis duration _ _ _
-Encapsulation yield (longer durations result
lower encapsulation yield).

Use of two isocyanates - Higher encapsulation content.

- Use of ative H sources lead to a hight
) encapsulation yield;
Active H sources ) . ] .
- Amines led to higher encapsulation yield thi

polyols.

Type of isocyanate for the she - The use of MDI for the shell formation, ow

formation TDI, led to an extended shdife.
Shelflife
) - Adding hydrophobic active H sources led to
Active H sources _
extended sheHife.
- Rheology modification enables detter
Size Distribution Emulsion stabilization emulsion stabilization and control over th

MCs sizes.

Contributions:

1 Effect of the synthesis temperature and duration on M€s size and shell thickness
1 The effect of several active H sourcasdtheir combination,on the encapsulation yield
I YR a/ dif@ The Ks8 offfe active H sourcdeffamin®D2000had not beenyet

reported on the state of the art for this application.
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The effect of different isocyanates on the chemistry and mechanical properties of the

al Qa aKS {2884 andzDidincl@RChad not beenyet reportedin the

literaturel 2 0 S dza SR T2 NJ & KsSorOmgrand®25a0ft Susevasanly y i K S a A
reported by our group32, 35]

Comparative study mthe effect of a polysaccharide, a surfactant, a polymer, thuadr
combinations, for the O/W emulsion stabilization.

Fineldzy Ay3a 2F GKS t!«kt! Il FAylLf a/aQ airAlsS IyR
W phase rheology modification. Determination of the optimum viscosity for the system

in study.

Encapsulation of higtMW isocyanates, with a NCO value lower than 30, by the

interfacial polymerizatiotechnique in combination with an microemulsion system.
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Figure IV. 8 Thermograms of the O_Jeffamine_MCs and of the O_fHIES_MCs, as well as of
isocyanates used in the synthesis (top) and respective derivatives (botimmmalized by the division

each point by the maximum value.
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Figure IV. & Thermograms of the aged Ongronat MCs, Suprasec_MC
DesmodurRC_MCs, by 3 months at room and 60wt% humidity (above
respective derivatives (bottomhormalized by the division of each point by
maximum value.
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Figure IV. & FTIR spectra of the Ongronat_MCs, Suprasec_MCs
Desmodur RC_MCs, as prepared and aged (by 3 months, at
temperature and 60wt% of humidity).
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Table IV. 8 Emulsion stabilizers and2 Yo A y I

GAzya GS&a&GSR F¥2NJ GKS a/
technique.
Gum DC193 DC193 Polyvinyl PVA SPAN®2( Tween®85 Pluronic® Pluronic®
Emulsion  arabic and GA alcohol and P123 P123 and
stabilizer  (GA) (PVA) GA GA
5% 2.5% 2% 2% 2% 2.5% 2.5% 2.5% 2%
(DC193) (PVA) (Pluronic
4% and 3% and 4% 4% 4% P123)
0 2.5% 1.30% and 2.5%
Stabilizer % (A (GA) 5% 5% 5% (GA)
(W% 0
added to 6% 6% 6%
the W 4% 2 wt% 1%
phase) (DC193) (PVA) (Pluronic
and 1% and P123)
(GA) 2.5% and 4%
(GA) (GA)
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Table IV. & Optical microscopy photographs of all the emulsions tested. Left: after 10 minutes of emulsification at
3200 rpm using the Ultrdurrax; Right: after the following Ihinutes under mechanical stirring at 400 rpm (dynamic
conditions)

Emulsion Stabilizer
- (wWt% added to  Ultra-Turrax emulsification Mechanical Agitation
stabilizer
the W phase)
Gum arabic
0
(GA) 5%
2.5%
4%
DC193
5%
6%

2% (DC193) and

DC193 and GA .5% (GA)
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