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Preparation of Polyimide-coated Polyurethane foam for Improved
Flame Retardancy
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ABSTRACT: CO,-based polymerization research and industries are attracting attention as one method of utilizing CO,
to alleviate the acceleration of the climate crisis caused by increasing CO, emissions. Polyurethane foams (PUFs) were
prepared using CO,-based polycarbonate and polyimide (PI) was coated on the surface through an easy and simple
aqueous solution dip coating method. High compressive strength of up to 773.2 kPa at 70% compressive strain was
exhibited attributed to the rigid PI coating on the surface of the PUFs, resulting in a significant increase in
mechanical strength. The PI-coated PUF exhibited improved thermal stability and the limited oxygen index (LOI) of
26.0%. The phosphorus contained in the PUFs and the PI coatings had influenced the formation of a protective char
layer in the condensed phase and reduction of gaseous combustibles, resulting in a 31% reduction in total heat release
(THR) as a result of combustion tests using a microscale combustion calorimeter (MCC).
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97 1YY Bok E2o|u| = 29 & A ekaih PASE
o 78 skl G E 2om 31, o] WS Fe
Fel el o] @, 714 B4 9 velAlo] IS,

2. 4 o
2.1 M2

Glycidol, cesium chloride (CsCl), polyphosphoric acid
(PPA), cyclohexane2- Sigma-Aldrich (Korea)o| A ¢34 c}h.
Tolylene diisocyanate (2,4- ca. 80%, 2,6- ca. 20%) (TDI)<}

tin (II) 2-ethylhexanoate= Tokyo Chemical Industry Co.
(Japan)oll A -3}, AlH A =l 35| (B8462)

= Goldschmidt(USA)o]| A A& ct.

2.2 Poly(1,2-glycerol carbonate) [PGC] g
poly(1,2-glycerol carbonate) (PGC)E &3 ule} g3}
&}[32]. CsCl (4.54 g, 0.027 molyS 35 -3=7]<F wwt vt
7k Q= RES7100 A7kl ¥hg-71E CO, (1 atm) &
Sof] 208 5o 60°C7HA| 714 3} 4t} Glycidol (40 g,
0.54 mol)& F=AL| & ARE-sto] HE-g-7] o] d7Het &, vk
71E 80C7HA] 3] 71 a5ttt £ 80Tl Al 5t
S 5ok wubshol 4 Aol /G 1 &, gL
AE LBl A 60T A Bh5Rt ek Azstelch. 1 AT,
2ol HA HH (52 gg= dch 'H NMR(600 MHz,
CD,OD, ppm): 6 = 4.92(s, H), 4.80(s, H), 4.54(t, H), 4.38(t,
H), 3.92-3.46(m, 2H). *C NMR(150 MHz, CD,0D, ppm):
8§ = 157.6, 73.8, 72.2, 70.6, 64.4, 49.0.
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PUFQ] A% Ax}= Scheme 1(b)o]] A =|o] ¢)t}. PUF=
one-pot FFH O & A2 E ]I} PGC, tin (II) 2-ethylhexanoate,
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ol

PUFo] Eejoju]= 5192 913) 84 Beloju]= A7

0 COj, (1 atm), CsCI (5 mol%) %
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Scheme 1. Synthesis routes of (a) PGC and (b) PUF
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Table 1. Formulation of PUFs

Name PGC (g) PPA (g) TDI B8462 (surfactant) Tin cat. Water Cyclohexane
PUF 1 i
UF00 0 (0 wt%)
PUF01 9.9 0.1
(1 wt%) -OH (-OH + NCO) 0.03 ¢ 06e (-OH + NCO)
UELO . 1 *15eq * 1 wt% e 04 *10 wt%
(10 wt%)
PUF20 8 2
(20 wt%)
'“{iﬁ'b A w00 248 1] 7 (SEM)(Nova Nano, FEL, USA)S A}g-3}o] BA415}
ok weli it S AR AIH 7] (UTM)E o] §3ho] 4204 mopo

NCO
PGC PPA L TDI
Tin (1) catalyst ‘

Dl-water
Surfactant

(b)

B-B=

PAS Pl-coated
coating solution PU foam

Fig. 1. Preparation procedures of (a) PUFs and (b) Pl-coated
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t}. PUFS] A% 3Hg2 Fig. 19 vrepiict.

2.4 PUFe| &AM

'H(600 MHz) ¥ *C(150 MHz) 32}7] 2% (NMR) AHE
€2 CD,OD §u, TMS 7| 284S ALg5ko] Agilent
Premium COMPACT NMR 237|2 =Agc} st 1
EAHE THFo|| gsfisto] 2 £} 2 2nt&e 19 (GPCO)&
AMgBl] B HARS ZAFc). SEajol] Wk Mol (FTIR)
A2HEHLS 4cm?! Bo5T 32 AWM O 2 Nicolet 1S10
(Thermo Fisher Scientific, USA)S o]-8-35}o] 7| == ¢ic}. &
ZoF BA(TGA)2 TA Q50(TA Instruments, USAYS- AR85}
o] A4 7tA B8 FlofA 10C¢/ming] 71YE £EZ 6007
7HA 7+ 838lo] PUFQ] £3al] &%= ¢) char yieldg& SA it}
PUFQ| thg/d Al 41x9} PUF W 2% PIl= =AM
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tester 5567(Instron, USA)2 A}-8-5}4] 5 mm/min®] ¥ &
o} 2] 70%0) QH% WA BR /| AA FEE APt
o). PUFS] 9t TS A1) Ral2 theo] 24al9]
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A LER 7500717 7}sks ] 914 Qe (MCC)(FAA-
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AojF ). Glycidol2 CsCl 1) 204 CO, (1 atm)Q} Ht
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Fig. 2. (a) "H NMR and (b) "*C NMR spectra of PGC
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E FAI GR|shlch32]. 53], 4.80 ppmolA] hydroxyl
AR 1|27} W E AL, carbonate F7 9] alkylZ| Q] oF
AR} 92 4.92, 4.54, 4.38 ppmoll A UERITE BAF alkyl
©91o] 415 = 'H NMRoJ|A] 3.92~3.46 ppmol| 4] §2 o]
7§} w28 et PC NMRoJA] & 4= §l20], carbonate
9] W carbonyl7] 9] 3= 157 ppmol|A] HEetA T2
= $Ach32].
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PUFL PGCo} PPAS] b2 chfsl] Sto] one-potid o
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= PGC®} PPAQ] hydroxyl7]9} TDI®] isocyanate”] 2] HF-3-
= o ulE Aol AFH o g AU ou|et

L] L Rt .. 7
8 s N Y/
E E \//
" (7]
= =
g g
§ 5 v
P-0-C, C-0

4000 3500 3000 2500 2000 1500 1000 500 1150
Wavenumber (cm™)

1100 1050 1000
Wavenumber (cm™)

Fig. 3. FT-IR spectra of PUFs

Fig. 4. SEM images and EDS elemental mapping images of (a)
PUF00 (b) PUFO1 (c) PUF10 (d) PUF20
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1170 cm™ 2 v A gk 7] 2 o] 5] {2 it} o]+= PUF00
] 74§~ 1050 cm'of| A] ester C-O A% 25 1| 27k £2)3}
L ubw, PUF0L, PUF10, PUF200]| A]i= PPAS] 3}efo] =7}
3lo]| ul2} phophonate ©$] 2] P-O-C A= AF w32}
carbonate &1 C-O 415 %5 w37} A= o] 927}
1170 cm™' & 0] 538 H o] Zt} FI-IR 84 Z1}, PPA=
PUF £%0||4] PPA®] -OH7|2} TDI®] -NCO7| 2] ¥Fe-8 =
3 sfstd o g AgEo] lSs HolFyth

Fig. 4= SEM-EDS 94~ ulj3 o]u|x]& H |31, PUFY
AEA o = PPAS tfet 7140 A HE Al53t
t}. Fig. 4(a)oll A & 4= Ql%°], PUF00 A| 9] EDS wjg 2
I P Y HEEA GUARE PPAS FH3E PUF A=
(Fig. 4(b)-(d))e] 7-¢- P ¥47t Al stHo]| FUsHA 22 ict.

3.3 PUFe| 7|AIX §d ¥ O/MT=

PUFQ] 7] 4|2 B4& 2AF5}7] 98] UTMS AHE-5ho]
PUFE x7] 27]9] 70%= HIPAA = AdS +3A
o} oheFet (0, 1, 10 2 20 wt%)2] PPAE 2= PUF| tf
&t 71AA A= HaF e w, Table 20 PUFS| H7}e
7|4 E4do] elslo] 9tk Fig. Sa)el AAE vre} 2
o], PUF9] ¢} 7= PPA ol 10 wt%z F7Fgho]
g} 13.3 kPaoj|A] 182.4 kPaZ Z7}gic}. 1L} PPA deko|
20 wt% Z715hH = At 45.6 kPag® F23| A
o} olelgt Aoh PUFS] Wiwe} A ez Ay 4 9
t}. PUFQ] Wi = PPAQ] 10 wt%7}X]= Z7}5}A 4t PPAS]
20 wt%ellAl= U5 e Aot FAHA gtk (Fig. 5(c)).
Fig. 49] SEM o]u|z|of| 4] & 4= Ql5=0], Al A7]+= PPA o
T 10 wt7HAl= A AN 20 wtkol| A= ot 5

T 1w

713tk o] = PPA §refo] 10 wi%7hx] 2715kl wek PUF
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Fig. 5. Compressive strength of (a) PUFs with different content
of PPA and (b) Pl-coated PUFs. (c) Density of PUFs with
different content of PPA. (d) Digital images of PUF10
before and after compression test
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Table 2. Mechanical and thermal properties of PUFs

S I R
PUF00 0.026 + 0.004 239 13.3
PUFO01 0.049 + 0.004 25.2 114.5
PUF10 0.052 +0.001 26.0 182.4
PUF20 0.041 + 0.003 27.4 45.6
PUF10-3 | 0.053 £0.003 28.0 356.5
PUF10-6 | 0.061 £ 0.004 31.5 417.0
PUF10-10| 0.072 +0.002 35.2 773.2
29 Fadel Z7ste] @) 4 Mol F7H7] RO

EEN

2 273 % 9Ic. PPA Fao] 20 wit Z7Fshe A 2171
7} F7keke A0 Uehon], o PGCSL PPAS] HE
#o| 2 QIFF E3H ol 7113 A0 HelTh 45 7
= Ane A 72 57 2 uEY §Fo s vehgoy,
2 Aol A PUFI0 AZ-E PL 3 F12 Aste] 7]
A% = 0 denel Ae 2

PI 58)¥ PUE:= tjofsl %5 (3, 6, 10 wt%)2] PAS -804
PUFI0S | S R3H 5 A28 B3 o n| =5}5te] 4%
=90, Fig. 62 SEM o|u] 1|2 HojZch. Fig. 6@elH &

Fig. 6. SEM images of (a) PUF10 (b) PUF10-3 (c) PUF10-6 (d)
PUF10-10

4= Ql%ol, PIZ AR A o5 PUF102 7§25t EH} o
o] = A ¥ 1xE Holt) gy PIZ A= PUF10-3,
PUF10-6, PUF10-102] 7%, Al ¥ FHo| I &% Pl o] &
Ask= A2 &ele 4= Qltt(Fig. 6). PI 5-& PUFS] 5- 3£
e whet A FzbE] o] Qo) k3l w2 HE=g ¢Isf PUF
Al o 2 E PI 59 FA7F A2} F715h(Fig. 6(b)-
(d)).

PI7} PUF Wl 32 o0& sgd A 2
PUF10-3, PUF10-6, PUF10-100| T3}t ¢F= A
A= Fig. 5(b)o]l Lepitt. PI ¥ ¥ PUFS] o5 =
Y §HO| F&7} S7Igtol| wet PUF109] 182.4 kPaof|A|
PUF10-102] 7732 kPaZ 420% oA} 37| FFAFE ¢t
Fig. 5(d)oll A & 4= 9ol ME2 70% WY o] % gst
Al dFE o, MES AF e dugh W 293
FSE Y57 Al GLxof 7191e Ao R = E e AAIE, PI
5k 71AA B44& 7HA] AL 917] wiszell PI 2% PUF
1A ZFeg dAS| FFAIZIH

i

o fr

3.4 PUFe| ¢X =X

Zo] gt T F A2 1§80l QlojA] uie- F
a3 BAolth TGA 5742 PUFS| & M4 B7te}7]
93| £=3%] ¢}, Table 2= PUESQ} PI TE] PUFS] g% E
A& yasttt. thofst PPA §FS 2= PUF A1E&2] TGA
£/93} A7H= Fig 7()0]l Vreb 9loH, o] PUF £29]
Ql o] o 2 & IFEl IS nRthe AL A
gt} o]i= PPAS] & 3] 52t phosphoric acidE &/d5}o]
% 59 P4 X8kl 12 F Rl 51t 4= PO, PO,
4 HPO- gftjzho] §hg-ste] 7kl H- & OH- gtt]Z-& A
Ago 24 PUFQ] & Qb4 Adoll kS m 7 ch(33-35]. 1
2]t} PUFS] 600°C (Tgpor) 0Nl A 2] ZHRE-S w9 2h2 Zpo]
£ Btk PUFI09] Ty 26.0%<1 WHA, PUF202] Ty,
£ 274% A h webA] 71 A A e AlE AaHE L]t
A HES B FEA717] el PUF109] PI 29 A
=3,

Fig. 7(b)oll 4] & 4= Q13%0] 400T o|/d9] 124 4 <t
A4S PUF10-10 > PUF10-6 > PUF10-3 > PUF10 &0 2
Z713itt. o= PI] 93t & Aol whE Fo|H, Ty,
Zr T3t PUF10-10(35.2%) > PUF10-6(31.5%) > PUF10-3
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Fig. 7. TGA curves of (a) PUFs with different content of PPA and
(b) Pl-coated PUFs
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(28.0%) > PUF10(26.0%) <=0 2 2713 on, 53l 34
FAYC). P T E PUFS] 500 o] 4ol 9] 3 1)
L PO R TR0 A WE AT 4 e3P

g2 PUFS] 7144 B S P44 7L AL 0hartx
PUES] & Qg Aol #0s) FHAel 9ae e

=

1T O 1

S5 PUFS] Hlds |75k 9

3 LOI =745 =3 3Tt. Table 30| vt Aatef ol

AAG FEo] ¢li= PUF002] LOI Zh-2 19.1%%ith. o] 7k
A

[36,37]. =, BiAol] 21287 414 Sw7} oF 20%9 2] &
M= 47 4= 4 9tk PUFo] PPAZ F-4-51% PUF
°] LOIE §HAHA] 7] d] =80] = 4 91}, PPA Fefol
10 wt%©] PUF= LOI7} 2088 ok7F Z7}3i=|ut o] 5] 3}
A Qb4 4 & 707 ol = E &}, PUF109] PIE 23 T,
PUF10-102] LOI= 26.00.8 Z7}5k0] 7] 3 o4 A7+
8HA15] ©HEA17 4= 9lrk. AR PUES £7] Zoll4 dda
AFE 1), PUR00S B3z0] Alo] B2} ufx} 2] wsje}
o] 9145 Q1A 5k, PUF10-102 5% 0] A o] 2k-eo]
sng asEo] da Al7te] WA s wEE

PI )% PUFS] H et 4] ol 7 5-& 2712 §7l8}7|
9l ulH A AeA(MCO) 24& 433}, Aol 4
4 520 AY 2AA AbA FEE 20%2 18T, A
HE 75007 7hedste] SRYTE 2o B4 dluss
HRR(E W& &%), PHRR(FY € W& 4%) Y THR(H
A o WE)o]n, o] Table 30| ROFE|SI3L Fig, 8o L2}
2 JFA|E it PUF00, PUF10 2 PUF10-100] tjjsf] 42
PHRRS 7}z} 110.3 W/g, 107.9 W/g 2 77.8 W/go]t}.
PHRR ko] 7h4:3tol| whe} oluba o 2 514 ek Ho] %
7}5tm & PI ZE)o] ¢ PHRRo| oF 30% 7ZtAdt= Auli
A B 9IS W 4 98 ojujsict. PI ZeE PUF
o] PHRR A 72 4 5% 50 §4ow ola) B4
shrh. w3k PHRRO] £ (TPHRR)E FHHl =], 75
TPHRRE: 914 7140] X% 4= Ye-e Wolzch w1

(a) (b)

150 PUF00 24 LOI 20
PUF10 THR 18
° PUF10-3 | 165
S 100 \ PUF10-6 | 8 = ws
= PUF10-10| = 54 2
o 6 12
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Fig. 8. (a) HRR curves of PUFs obtained from MCC and (b) LOI
and THR values for PUFs

Table 3. Flame retardancy of PUFs

Name LOI PHRR TPHRR THR
(%) Wig) (°C) (kJ/g)
PUF00 19.1 110.3 296.2 16.0
PUF10 20.8 107.9 304.9 15.5
PUF10-3 21.8 101.0 3145 14.0
PUF10-6 23.0 81.9 311.3 11.8
PUF10-10 26.0 77.8 3111 11.0

T Zo © o] =@ w32 B PUF00Z} PUF10
< 410~420Cof|A 22 &TE 5712 H{lth PI Y PUF
o A= olH3t &T7F ARRR| AL =8 w7} ZFAxste] PI
o] 7Rl d W& WA 5= 5= AlAR o
TGA Ao} F-AFSHA, 600°C ol A LrEbt 242 9] 2= PI
o] ks o] Eolle AE 4 qlok AA A4 2o
A THRS- PUF00%} PUF10-10 A}Z0|| 4] Z¥zF 16.0 kJ/goll A]
110 K)/g= ZraFch d 84 9 LOL Al A atet gHA,
MCC A3 A7}= PUF®} PI F &0 PPAS H7}3to 24
wAgdol FEENSS Holeth
1.3 2

H Lo E= CO, 7|Ht poly(1,2-glycerol carbonate)
(PGOYE o|&3t E et &< AlxstaL, EYoln=E
st R o2 5Ysko] 7)1 A| A ZF e of vl o] R
%l PUFE ¢t} Polyphosphoric acid®} E&joju| == 2z}
7} 3¥ehA At 1 A9 A& Foff PUFS] dAA T
71AA Z3eE 2ot} PUF10-10& LOI Zfo] 26.0%°] =
=gl © i, PUFOO tfH] THRO| 31% A3t =71 A
¥ A= AaLg P Ag o] PUFS] 7| A4 ZFkeof {-2jn]
gt G v|x= A& AAKEHT PUFL0-109] 57 ==
773.2 kPa=Z, BT X &2 PUF10 thH] 420% =713t} &
Ate G E9uw F5 Al xsh= o st
2H 23k Q1 S A|Qksh, o] 9] HEA Rl S8 7]

St lel 7] e LY 9 Z e AR (2E31904)2)
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