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++*V7,, 1. Background: Introduction of Polyurethane
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Polyurethane (PU)

Diisocyanate

ranked the sixth most manufactured worldwide polymers
In leather industry, PU widely used both as leather coatings and as base material for synthetic leather
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ﬂ Diol/polyol
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Polyurethane

Adhesives

Polyurethanes global market

Rigid foam
28%

7%

Coatings
13%

Others
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Flexible Foam .
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Elastomers
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HO-C____D-OH

Soft segment (polyol)
Chain extender ‘éDrOC k Pol ymer

Coatings Membranes

Implants Drug deliveryé

Hard segment (di-isocyanate)
crystallising or non-crystallising

Variable raw material
highly controllable
molecular structure
Micro-phase separated
Structures

Versatile properties

v Diverse application
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+*V,, 1. Waterborne Polyurethane (WPU) : green and safe alternative
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Solvent PU (VOC emission)

WPU

o~ &@2
(_“J>PU chains
e
QRp. %
Organic solvent

Latex particles formation of PU in water

WA \
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: Polyurethane or
polyurethane-urea ch

N D S ,» SWPU
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Nonionic

0 External emulsification: addition of surfactants

O Internal emulsification (self-emulsifying SWPU)

« covalently incorporating hydrophilic groups(internal emulsifiers) in PU
« forms part of the polymeric chain

«  Commonly used for WPU

€ Content of surfactants or hydrophilic groups : at a
minimum level to get stable dispersions

» reduced water resistance of PU films
» |nsufficient adhesion to substrate

Im lonic Combined lonic-
+ center nonionic centers
1 =
Bsmxwvﬁl— m
¥ lonic WBPU or
{E/I/V\/\/EHT@ " . WBPUU particles lonic-nonionic WBPU or
- 8 A Polyol WBPUU particles

=

=

T  lonic center
: Counterion A @
' I VA
o . —) f\ " Tailor made
I on I c C Nonionic dispersing center
S center < 3T T (Polyols, chain
—T—W extenders...)
SW P U Nonionic WBPU or

: Diisocyanate

: Chain extender

PU particles architecture based on hydrophilic center

WBPUU particles Design of hydrophilic
structures for specific WBPU

and WBPUU particles



+$X‘//, 1. Pickering emulsion

hydrophile-lipophile balance (HLB) value '

e W surfactants Traditional emulsion | Can Pickering particles |
M Wz 3 & nead B g  used for emulsifying PU?
IULTCS = “}°‘{t;j" }Hydmphobic & I ! > actas stabilizer !
CONGRESS /t Ay tal : droplet - droplet - . > endow PU with useful |
Water Al Surfactant Reere Sy | characteristics |

o ' » Improving water ? !

:— |

resistance

Pickering emulsion: solid particles stabilized emulsion

Mechanism: formation of steric barrier by solid particles at interface

The emulsifying of PLA

superb stability > traditional emulsion (Polylactic Acid)
v All types of Particles ( inorganic/organic, biobased.. ! R et | AT~ T
gl ;b/ N e ~ I
Three phase contact angle N ’;’/iv\ o |

desorption energy

> >thermal energy !
! Li X, et al. Eur. Polym. J., 2019.

o Particles size : nm - several submicrometer ; irreversible absorption :

[1] Nakama Y. Cosmetic Science and Technology, 2017: 231-244. [2] Pickering S U. Journal of the Chemical Society, 1907, 91(0): 2001-2021.
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2. Waterborne Polyurethane via Pickering emulsifying (PWPU)
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@ : PU latex particle

o Si0,-50

3 : PU/EA latex particle

: H‘;O

Sample
SPU

PWPU
SWPU

Commonly used for Pickering emulsion

Table 2 The raw materials ratio to synthesize SPU, PWPU and SWPU

Solvent or emulsify

IPDI PTMG 1,4-BDO DMPA
method
Organic solvent, without 6 1 5 0
emulsifying
Water, Pickering emulsion 6 1 5 0
approach
Water, self-emulsification 6 1 1.4 3.6
NCO
H;C CHNCO 4 H-l'O(‘H;(‘H..(‘H;(‘H_,‘l-()H
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1(()’\])\01{ SW P
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Q Q o §b 9
OCN-R-NH-C-0Ov\ O-C-NH-RHN-C-OCH,CCH,~0-C-NH'R-NCO U
o)\ou
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1,4-BDO
Q Q 2 o o 9 Q 9
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l NEt;
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2 % o il
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the synthesis of self-emulsifyingwaterborne polyurethane(SWPU)




.p‘x‘/// Surface modification of SiO, and its emulsifying property
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OUH + HCOo-si-ocH; 0-Si=CH,CH,CH;
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Schematic illustration of SiO, modified by PTS

Table S1 The characterization data of modified SiO2 nanoparticles

Unmodified SiO,/PTS/ residual mass at 800°C
water/ eth ] alcohol 2 wt% 800°C wt%

grafting rate

a unmodified SiO: b L =
g Si0=1.5 99l
Si0:-2.8 )

8 S g8l
8 Si0z4.2 0
£ % 97 unmodified SiO:
@ 2960 2870 s Si02-1.5
E C-Hg [C-H: 96 L Si0=-2.8
(= Si0:-4.2

i \ \ 95 . . . )

4000 3000 2000 1000 0 200 400 600 800 d
Wavenumber (cm'') Temperature (°C)
C d
SPU I‘I~K CH,- L'J)L -CH,-CH; RNL»I".
;“EE s JP/\/\ —1- ¢
® f
L;) Swpu R -0-f- !\il JII\[:)(J
i) L DMSO
= N m g n
g ed SPU  a ilkip [
c » P
E '.l-kt fl;('}'r_.u'] \‘\_\RL;‘[_‘:-_P:“JI_-R‘}II‘I' e DMSO f
= 3323 1710 oo m
N-H c=0 | cd SWPU aofiflk il Ml
4000 3000 2000 1000 8 6 4 2 0
Wavenumber (cm™) 5 (ppm)

wt%
3/0.75/0.375/60 98.1 1.9 1.5
3/1.50/0.750/60 96.9 3.1 2.8
3/2.25/1.125/60 95.6 4.4 4.2

unmidified ,‘
S0, Si0,-1.5

Si0,28  Si0,4.2

Figure 4(a) Photographs of Pickering emulsions
stabilized by SiO,-x particles. A drop of
emulsions stabilized by (b) Si0,-2.8;(¢c) Si0,-4.2
particles dispersing in water. (d) oil-in-water
(O/W) type emulsion; (e) water-in-oil (W/O)
type emulsion.

» Grafting rates of PTS on SiO, surface can be
controlled by amount of PTS
» PTS grafting improve the emulsifying ability of SiO,

» unmodified SiO, fails to stabilize emulsion

stable emulsions were obtained using modified SiO,

» The emulsion stabilized by SiO,-2.8 can remain
dispersed in water (the oil-in-water type)

» The emulsion stabilized by SiO,-4.2 is of water-
in-oil type.
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mean size: 28

;\3 ol standard deviation: 1um © S °
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S L
> O o o Qo oo 00 . 80 5
(a) Photographs of PWPUs (a) without Si0,-2.8 and (b) with different L L L 1 L L 5 @ ° - e
Si0,-2.8 concentrations. 0 20 40 60 80 100 20 0 e @ -l 0000 oo, OS’
Size (um) ) @ @ ° B 0;’“%8%0
. Size distributions of the emulsion droplets in the Pickering ° ® d 5 05000 A - L o
;~52 Emulsification ‘ € i V] /C.::i \'i; E;lz;s?raa(:::;gtgf . 7 1
& A » The polyurethane fails to be dispersed in water in the absence of

\
O/W Pickering emul /pwPU ’

:\::(y:cela‘e (O: PU solution with ethyl acetate as solvent) A/// emullslon \\ Si02_2. 8,
» Stable emulsions can be formed when the dosage of SiO,-2.8
exceeds 0.5 wt%

( SiOz nanoparticle

. The droplet of PU solution
with ethyl acetate as solvent WPU/SiO: composite film
 WPU latex particle with honeycomb structure

:st AR + =m 5 > The modified SiO, has proper wettability facilitating their adsorption

_:i:% __ | : v T at the oil-water interface to obtain stable Pickering emulsions
: ”: = S » all the PWPU composite films possess high transparency, implying
NE SEER the uniform dispersion of SiO, particles via Pickering emulsion
HH approach




VY7, The wettability of particles and emulsion of PWPU
& a unmodiﬁedSiOz' 28°+ 3 b Si0=-1.5 l 757317 2 Si02-2.8 E 84° +2° d Si02-4.2 -111°t1°

e 2025

O PTS-grafting rate significantly affect
the wettability of SiO, particles

Water contact angle

Z M hydrophilic
L -ﬁ- —a—
O SiO,-2.8 (WCA=75°) was selected

e ol SR T L S0 as Pickering emulsifiers for PWPU
> AR S P LR T (O/W type)

.YON

“.7 A.' %

A\

Ly o e Y sum [0 SiO,-4.2 exhibits a higher WCA
S - : — (111°), facilitating the formation of a
| fe Tumsn water-in-oil emulsion (W/O type )
gl #J4%
H oo im:,"rme"m““ : gz : .':. . o
Jonbepua et okimmamant 2 | 3 SN O CLSM images clearly exhibit that
e e hmae-woa  almost all nanoparticles anchor on

Size (pm)

the PU/water interface

Figure 3 (a-d) WCA of unmodified SiO, nanoparticles and SiO,-x nanoparticles in the ethyl acetate.

(e-h) Optical micrographs of PWPU dispersions stabilized by different SiO,-2.8 concentration. O PWPU dispersion maintains good
(1-j) CLSM images of Pickering emulsion with a PU dissolved in ethyl acetate as the oil phase, stabilized by 1 . P g .
w1% rhodamine B-labeled Si0,-2.8 nanoparticles. stability after the removal of the ail

(m) Schematic illustration of the hydrogen bond interactions between g;o,., g and polyurethane.
(n) size distributions of the WPU latex particles in PWPU dispersions stabilized by Si0,-2.8 solvent ethyl acetate )




#X% Stability of PWPU dispersion
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Table 3. Parameters of the PWPU dispersions prepared with different amounts of SiO,-2.8

. = a b adding CH:CHO SiO,-2.8 mean size of size distribution  solid content PWPU dispersions
° 3 days, 241 pm _ 233?“"‘N o concentrations PWPU latex of PWPU latex of PWPU yield
- = —4— 7 days, 241 ym < [ ae™ T Saetum (Wt%) particles (um) particles (um) dispersions (%)
2 20 days, 24£1 pm < -adding NH.OH
IU LTC S = 60 days, 2451 ym S %4z1p;n » 0 Unable to form PWPU emulsion
CONGRESS £ 5 entrel, 2&THm 0.5 45+ 1 15~95 17.0+0.5 73.7+2.1
© o
5 “qE‘; 1.0 24+ 1 4~50 22.60+0.2 94.8+ 1.0
S
2 5 1.5 19+ 1 7~55 23.3+0.4 96.5+ 1.5
~ >
p——g————————, 070203026 50 60 70 2.0 17+1 4~50 24.1+£0.3 98.7+1.2
Size (um) Size (pm)
C d > size of the WPU latex particles is 24 ym
—_ Control, 2421 ym —_ before freeze-thaw e .
£ aernane | S 2ustym > excellent long-term stability after storing for 60 days
6 2451 pm S 2641 pm : - -
= 8 " » good chemical stability and thermal stability of PWPU
g = dispersion meet the requirement of QB/T 2223-1996
—_ E g
= > e o > the good freeze-thaw stability
0 20 40 60 80 100 0 20 40 60 80 100
Size (um) Size (pm)
Figure 4 Mean size and distribution of the WPU latex particles in PWPU O the adsorptlon SIOZ at the interface of PU and water
dispersion stabilized by 1.0 wt% Si0,-2.8 after (a) storage for 3-60 days, (b) is irreversible acting as a physical barrier

adding different chemicals, (c¢) heating for 120 h at 60 °C, and (d) three tests
of freeze-thaw.
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morphologies and formation of PWPU films

a

=

Transmittance (%)

SPU
PWPU-2.5
PWPU-5.0

b

Transmittance (%)

4000

Thickness distribution

PWPU-2.5 I Lol PWPU-5.0
60 average thickness: 5 average thickness:
= 320 nm =B | 580 nm
2 ast £ 230
£ 2 E
2 30 ‘VJ) €20
3 83
® 15} g x10r
~ .g_) N
£
0 i " i - 0 M o e N ——
0 200 400 600 800 0 250 500 750 1000 1250
Thickness of SiO2-2.8 layer (nm) Thickness of SiO2-2.8 layer (nm)
N
a b B L/
— ¢ —_— A -
T>Tg /
Stage | Stage Il Stage Il
: Water : Polyurethane (PU) :PUchain ( : SiO2-2.8 nanoparticle

3000 2000
Wavenumber (cm™)

1000

PWPU-

1100 1000
Si-0-Si Si-O-Si

W

C

PWPU-5.0
Mn = 62520 g/mol
PDI = 1.84

1050 900
Wavenumber (cm'™)

1200

2.5

750

a: Evaporation of water  b: The diffusion of PU chains c¢: Film formation

Thickness distribution
(% by number)

6 7 8 9 10
Retention time (min)

PWPU-7.5
301 average thickness:
780 nm
201
10p
O 500 1000 1500

Thickness of Si0O2-2.8 layer (nm)

Stage IV

—» . driection of the diffusion of PU chains

structure with thick wall.

> At higher content of SiO,, larger thickness of
the honeycomb wall is observed.

» This honeycomb structure is formed by SiO,
that absorbed at the oil(PU)/water interface.

____________ ; e e
| The presence of absorbed SiO, at WPU latex :
1 do not impede the film formation |
: I
| Tg values of PWPU films (-75 °C) is far below
| room temperature !
: I
. O form heterogenous film at room temperature,
, 0O Good film-forming ability :
L e e e e e e e e e e e e e e e e e e == - -

Figure 5 FT-IR spectra of SPU and PWPU films ranging from (a) 4000 to 700 cm! and (b) 1300 to 700 cm™!. (¢) GPC trace of PWPU-5.0.

(d-g) The SEM images of cross-sectional morphologies of SPU and PWPU films. (h-j) Thickness distributions of honeycomb walls in

PWPU films. (k) Schematic illustration of film formation process of PWPU dispersion.



+~*Y,, Mechanical properties, water resistance of PWPU films

= a b o

:?: - = SPU L WPU L s : H 1
: M : —rweuzs sor S0° “r B i B O O PWPU films exhibit better mechanical
: : e B 7 o : :
- S IR - vt 3 properties as reflected by the higher TS
IULTCS 3 7 2%
CONGRESS & £ 20p i and EB values
A 053 PSS O confirming the reinforcement of SiO,
02 4 6 & 10 6‘9"‘ i ?\3 q@?\}' o
Strain (100%) o
d - e
T \ 900fa., [ T 104 ‘
‘@:_E 3 S| ili
2 | ! | O thermal stability of PWPU are
o | o g o - i
5 & 2 : [ : comparable or even higher than those of
2t I v
a1 0 0 11 solvent PU (SPU) and self-emulsifying
‘.’ "3 U \) \) ‘-b 9 o
200 400 600 %\e& %‘? W o ?\51 o 7 V02 0P o o -
Temperature (°C) A e e ot ol v‘“ T waterborne polyurethane (SWPU) films.

Figure 6 (a) TGA and DTG curves, (b) stress-strain curves, (¢) tensile strength, (d)
elongation at break, and (e) water absorption rate of films.

O PWPU films show very low water absorption rate (s6%), as low as that of solvent PU film.
O Self-emulsifying SWPU film has the highest WAR (101.8%)
O the enhanced water-resistance of the cured film via Pickering emulsion approach



.p‘XV// Leather coating application of PWPU composite film
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AL EE L . - ! » PWPU-5 was selected for leather finishing :
@ . T Pwp'ﬁhyc;afi_ _ 1 > WCA of PWPU coated-leather is even higher than SPU,
IULTCS B » PWPU coated-leather have slight change in brightness :
CONGRESS

|
|
|
i and no wear marks is observed; the wear mass loss is
i the lowest (10.5mg).
|
1
1

Worn area Worn area Worn area

» water vapor permeability (WVP ) of PWPU coated
leather is as high as that of SWPU-coated leather.

PWPU-5 coated ettt
leather

Unworn area Unworn area Unworn area

=

= &
SWPU coated SPU coated
leather leather

Cgso- : dg o : Advantages of PWPU coated Leather: i
g I o : i O Better abradability :
£ S ooy ' O Better surface hydrophobicity :
= I : 52' : . , i O Good Hygiene performance comparable to SWPU :
pu 2 %3‘2‘;;“333\\7?22 d\eame‘ gWPY ooa‘ed;ﬁ“:;a\e:\ﬁ:g\z oot : coated leather :

|

Figure 7 (a) water contact angles, (b) appearance (before and after abrasion
test), (¢) wear mass loss, (d) water vapor permeability of SWPU, SPU, and
PWPU-5 coated leather.




Y, Summary

" @»

: .":"' - First study on the preparation of WPU via Pickering Emulsifying Approach.
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- - The water-resistance of PWPU is comparable to that of solvent PU.
IULTCS

CONGRESS — PWPU-coated leather shows better abrasion resistance and hygiene performance
This work demonstrates that Pickering emulsion approach can be used as a potential strategy to
fabricate waterborne polyurethane emulsions for film application such as leather finishing.
o~ The role of SiO, in PWPU by Pickering
7 N
e » 7 oy soton . Evaporation of approach
£t 5?’2 W r== Lk‘:;‘ir.,';vith ethyl acetates - m
<3 \. :‘K 0 \‘:j\ as solvent !’;;[ » \ b . . .
L e w . ) O Act as stabilizer in PWPU emulsions
,""*\ (achieving the dispersion of PU in water)
O/W Pickering emulsion , PWPU
(O: PU solution with ethyl tat: Ivent) i . .
Film properties By g ™"\ O reinforcement effect on PWPU film
¥4 Transparency . .
| 4 O Improve abrasion resistance
% Water-resisrance Drying A&7 weu !altex
< 1\. ] particle .
/| Abradabily © ... O Enhance water-resistance (solvent PU)
‘/ Hygiene performance WPU/SIOz composite film = ‘%&E‘ j.{_'_ -

with honeycomb structure R D EnVironment fr|end|y( > SOIVent PU)
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L

‘ M - The Pickering waterborne polyurethane emulsion (PWPU) was successfully fabricated by

IULTCS using SiO, nanoparticles as Pickering stabilizer. The good Pickering emulsion effects can

CONGRESS  phe achieved by the optimized hydrophobic modification of SiO,, as verified by the
excellent emulsion stability of PWPU. The PWPU films present high transparency and
morphology of honeycomb structures, revealing that the Pickering stabilizer would not
hinder the film formation process of PWPU if cured at room temperature. The film
performance of PWPU particularly the mechanical property and thermal stability are
comparable or even higher than those of the solvent-based polyurethane and self-
emulsifying waterborne polyurethane (SWPU) films. Itis noted that the water uptake of the
PWPU film is approximately 20 times lower than that of SWPU, demonstrating that the
introduction of SiO, nanoparticles via Pickering emulsion approach contributes to the
enhancement of water-resistance of WPU films significantly. More importantly, the leather
coated with PWPU exhibits better hydrophobicity, abrasion resistance and water vapor
permeability than either SPU or SWPU coated-leather. This work demonstrates that
Pickering emulsion approach can be used as a potential strategy to fabricate waterborne
polyurethane emulsions for film application such as leather finishing.
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Table S3. Parameters of the PWPU dispersions prepared with different amounts of SiO,-2.8

Si0,-2.8 mean size of size distribution solid PWPU
concentration PWPU latex of PWPU latex content of dispersions

s particles (um) particles (um) AV yield
\ dispersions
Unable to form PWPU emulsion

45+ 1 15~95 17.0£0.5 73.7%2.1
241 4~50 22.6.0£0.2 94.8+1.0
191 7~55 23.3+x0.4 96.5+1.5
171 4~50 24.1+£0.3 98.7+1.2

O The conversion rate of the PWPU dispersions is above 94% when the content of SiO2-2.8 exceeds 1.0 wt%
(Table S3)

O PWPU dispersion with high conversion rate can be obtained via Pickering emulsion approach




.p‘x ‘/// Emulsifying of polyurethane via Pickering emulsion approach

cj i : 2 . 2.5 wt% 15.0 wt%??.S wt% — mean size: 28 . -
. T B S 2\0/ 2L standard deviation: 1um o
2 M :;. % \ . :‘.“ﬁ:‘ { | 8 l ) —
B e 5 emulsion s ®, %9 o, ° 00
IULTCS | 8 S oot e 4
CONGRESS - 5 droplets }
E o oo S o ° o o0
KU 3, :Z:O ®* Ha®
(a) Photographs of PWPUs (a) without Si0,-2.8 and (b) with different 6 2l0 4I0 610 810 160 oc, ® .. o o@ - :o ooo: o"::’:o OZ’
Si0,-2.8 concentrations. Size (um) . @ 5 B S °°°%%8;°
Size distributions of the emulsion droplets in the Pickering ° ° @ o 5 Pog0a §°oo - .
Effect of oil-water volume ratio PU concentration . . . o .
unmodified SiO, fails to stabilize the emulsion
o it 20 ~— s[5 stable emulsions were obtained by using modified SiO,
) e ik He:4 S gl —— 20 Wi%
K =7 —a— 30 Wt% ; . . .
e c 5 aowss|_Solution When the oil-water volume ratio at 6:4 , the size of
° oil-water ‘g 6r Isi d let
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£ £
= I >
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Starting point of industrial
production of polyurethanes

DuPont, Sherwin-Williams Co., PPG Industries  ntensification of
Inc., Akzo Nobel Coatings Inc., Bayer AG and ¢olvent-free WBPU and
BASF Corporation potential WBPU and WBPUU processes
WBPUU mundial producers
(Including alternative processes)

|_ Timelin sttt o T st S s s e e A
: :
|

1 |1930] | 1940 | | 1950 | | 1960 | | 1970 | | 1980 | | 1990 | [ 2000 | | 2010 | | 2020 | LT;] 1
I ] ] 1 ] I 1
1 ] 1 1 ] ] I 1 I ] 1 1 IS ]

= - ———— N\

1 F y :
| I | | b ey, 7

I v v 1 :
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