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Abstract: Polyurethane (PU) foams were prepared according to the experimental plan of central composite design
(CCD). Liquefied polyol was prepared by lignocellulosic liquefaction of biomass (saw dust, Larix kaempferi) under the
optimal liquefaction condition suggested by Lee et al. The density, cream time, rise time and compressive strength of the
PU foams prepared in this study were applied as dependent variables of process condition for the PU foam-preparation,
and were measured. The distribution of the density and the compressive strength of the PU foams prepared in this study
were turned out to be nearly consistent with those of PU foam, respectively, reported by Xu er al. and Alma et al. The
correlation of their dependent variables with three independent process variables such as mixing time, the ratio of lig-
uefied polyol to polyethylene glycol, and the amount of added distilled water, was regressively analyzed by response sur-
face methodology. In addition, the proper condition for the preparation of the PU foams was suggested according to the
degree of development and the status of cells of the PU foams prepared in this study, observed by SEM.

Keywords: lignocellulosic liquefaction, polyol, bio-polyurethane, polyurethane foam, biomass.
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OH7|E 7HK& d3hilo] Qul 2~ (liquefied biomass)Z Z18Heh
T Ut} oo} o] BAFTHSl vio|Quj 2o dslRHE F
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To] Ad PU F& Axsb] flg HA 2218 AAsiH
I AFEA, A dEAEE 1789 kPaZ UEREY, th-H
£ cream time, rise time & WE+ Z+ZF 13.8, 26.8s
19.5 kg/m*] AT}, Hakim 5-2* AFRTF5 A7l E8&
<, TFTE YEAE ste] MDISF PEGS} WHSAIAA PU
E5 Axsk, AlZFE PU E2] cream time, B ¥ =7
=7} 22} 5179 s, 30.01~44.56 ke/m® 2 50.3-79.89 kPa®]
BEZE /g a Baskdth Kurimato 5&° A
(Cryptomeria japonica D. Don)E < 3}A|Z] A s}=7) 7}
0~182% ®Ha o+ E91S3%, 2l onviete] F3]7t
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Table 1. Coded Levels and their Corresponding Uncoded Values of Independent Variables According to Cental Composite Design
(CCD)

Coded levels and their corresponding uncoded values of variables

Variables
-1.67332 -1 0 +1 +1.67332
Mixing time (s) (X)) 11.63340 15 20 25 28.36660
Polyol[:PEG] (X3) 0.326680[:2] 1[:2] 2[:2] 3[:2] 3.67332[:2]
Distilled water (g) (X3) 0.132668 0.2 0.3 0.4 0.467332

*Polyol:PEG denotes the mass ratio between liquefied biopolyol and PEG400, which is shown as a relative factor of liquefied biopolyol to a 2 g
of PEG400.

X3t PMDIC] 42 A3EE]L, PEG 400, 7l X Table 2. Experimental Plan to Prepare PU Foams According
g} gl OHel Bak<el PMDIY| EgHH o} 2l NCO ~ to CCD

3 0] IndexES 1.0°0.2 3l ALE-EFAT) Mixing time Polyol : PEG Distilled water (g)
_Central CoE‘lposite De:s,ign(CCD) AEMAof E PU Run ypeoded Coded Uncoded Coded Uncoded 1o
& N=. PU & A5 1 central composite design(CCD) ©) &)
olxe] HEHrE 1) dskEel S AHA F218% PEGE 1 15 -1 1[:2] -1 02 -1
33k Zo)8 T 29 PMDIS] HEA 7K mixing time), 2 15 -1 3[:2] +1 0.4 +1
2) A3}Z2)S ) PEG H](Polyol : PEG) ¥ 3) =75(D.W.) 3 25 +1 1[:2] -1 0.4 +1
o] ko2 HASINTE CCD AgAA ! wE PU &+ A=A 4 25 +1 3[:2] 1 02 -1
Heol 71FEA olM, 7 SHHETE] I = (code) I (level) 5 20 0 2[:2] 0 0.3 0
< Table 13} o] “0”o2 HAs|ar, 7 F= gl U85 p s y I[2] y 04 "
= 7} S| AAl A-8-(uncoded) #42 Table 13 7o) ; s r 321 " 02 y
ARsITh T3 PU E AZXE 913 cCDoll 23 4348 ' ’
2 Table 29} 7to] S@3I%ITh Table 29} 2-& PU & A% 8 i 02 !
A7) Wb NCO IndexZ 1022 31§ PU EL A| o » A3k A 04 *l
2819} 10 20 0 2[:2] 0 0.3 0

PU E9| &z EM, ASTM D1621(Standard test method 11 16  -1.67  2[2] 0 0.3 0
for compressive properties of rigid cellular plastics)oll ™2} 12 284 +1.67  2[2] 0 0.3 0
PU & AJ#e] ULE =43t} 13 20 0 033[2] -1.67 0.3 0

PU &2 &I5ZE 4. WS A71(UTM) (AGS- 14 20 0 367[2] +1.67 03 0
(10kNJ), Shimadzuys ©|-8-8}f PU & A9 4=574=E = 15 20 0 22] 0 013 -1.67
A3kt )

PU Bo| Eawio| Cipt HISECEAHO] o8t AHa 16 20 0 2[:2] 0 047  +1.67

P ST T TS EemhmmmiET e e 17 20 0 202 0 0.3 0

A 4. CCD A@8Ae WE PU & A|Zol|A, ¥hg-E0]

. - *Polyol:PEG denotes the mass ratio between liquefied biopolyol and
S35ty A1ARE L= S o = 7] AlZ AY A 7F &=

S ARE 2o} 027] A7) ™ ARk PEG400, which is shown as a relative factor of liquefied biopolyol to
= WESE@V)e] Aol WolA]= AIZRI cream time, cream a 2 g of PEG400 at each run.

time® 25 PU Fo| Hh= F-E0] 33 wi7kx] 29 A

71 rise time, W= B ASAES] Zhzke] S gk

Al 7Hel SHHEF(AEIAIZE, AstE] S o PEGE] H] Ao me A g Ax, A He] gy, 4o A7) 55 #F
(Polyol:PEG) % SR/=9] )] HaAE FH st 2t skt
A 4o] 1h-3- 31 WA W (response surface methodology, PU EZ9| FTIR 4. PU & A]¥ 9] FTIR +4(Frontier,

RSMY oJgt A 7lle] Swgol] tist gataAle] 3774 TA Perkin Elmer)S £3l] PUS] £47191 —NH(3299 cm™),
S e AT E 0]l STATISTICA(Ver. 10)2 &3t} & -CH,(2941 2 2866 cm™), free N=C=0(2275cm™), C=0

ARoz S8t (1708 em™) 59 #5715 AT g4, PUS| C=0 A
PU Z9| M(Cell)0il CHEt SEM £41. PU & A]H 3] =735 3=, 4 H2)E hard segment] 73-9-+= hard domain

A& SEM #4](SU8220, HitachiyS 33kl CCD A3 = A F2ATS st 1708 emellA B =27}t EAshH, E4
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7k gz elg o] 2gelK] g Aol = hard segment’}
3 #27F HA] E35IA soft domainl] —'—Zﬂﬂ welli= 1730 cm
oAl =7} EAISHE. A hard segment FolA 3 2l
hard segment®] ¥-&-2, FTIR £4ol|4] 1708 cm™412] C=0
AEE HaPes 170&+ 1730 cm™ollA 2] s =273 =e] 3
O 2 Yol BEE AT & Sk kA A hard
segment 3ollA] 2 HE]Q hard segment®] #-8-2 F3l3t}.

PU Zo| DSC £4. PU Z AJHe] DSC £4(Q2000, TA
Instruments)S %5}04 CCD Az W& 7,0 Fol& &
Aot 7hiEE Z1lsielnt

PU E9| TGA 24, PU & A#H 9] TGA(Thermo Gravi-
metric Analysis) ¥27(Q500, TA InstrumentsyS 53lo] I3
LelAE 548 AT

PU ol €2l 4 RIOE4. PU &+ A2 ASTM D
6226-15(Standard test method for open cell content of rigid
cellular plastics)ol] W& G o] F3)EAS Fale], CCD
Az e 23 Az A 7ke] H(cell wall) 735 4t
3l g9 Ao] RAgRy w8 (open cell-volume ratio)S

AHEskTh

L
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E

b}
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=1
[Lm

CCD HEHA0 =I5k gt
°ll

HEM 23 2 A7l
Table 2¢] CCD A @47 1 Az PU

SEHEY
webaA Az 2] cream
time, rise time, W= ¥ SR Zzte] FEH g tigh
Al 719 %%E‘JT(JJ—HV\]K, —‘.’Qiﬂi t PEGS] H(polyol:
PEG) ¥ SH779 ol BHAAAE 3]HEA sk

Cream Time. PU % Xﬂy%xéow 2 cream time(z))
o] A3} gtoll dis] ESEATAH S A &3 3] A4
(regression)ollA] 3147 22} S|ARD AL egs. (1)-3)F 2
=3

N

F - 933

= o

Response surface equation of model-predicted cream time
(z)) versus [time(x) and Polyol:PEG(y)]:

z1(x, ¥)=-94.793540727171 + 10.375850916423*x
—25186688311689*x*+ 19.676502514137*y
—.40381493506503*)7—.41250000000001 *x*y
+2.8749999999999* 3*x—13.125*.3%)+15.1023753

)

Response surface equation of model-predicted cream time

(z1) versus [distilled water(x) and time(y)]:

z1(x, y) =-94.793540727171 + 107.99141326181*x
—192.16720779222%x*+ 10.375850916423*y
—.25186688311689*)7—.41250000000001%2.*y
+2.8749999999999*x*y—13.125%2.*x + 37.7377453

@

Response surface equation of model-predicted cream time

(z1) versus [distilled water(x) and Polyol:PEG(y)]:

z1(x, ) =-94.793540727171 + 107.99141326181*x
—192.16720779222*x*+ 19.676502514137*y
—.40381493506503*y7—.41250000000001*20.%y
+2.8749999999999%20.*x—13.125*x*y + 106.770265

3)

Table 32] ANOVA ZA3ol|A pgto] 0.05ET} & A=

folsltta 7P dS wioll, cream timeS WHHA|7F] 5
(quadratic)ll A|=3] 2]t 2EA Q] JAAAE KA
Figure 13} 7ro] kA7 o] 202004 cream time] w7k
< B33, A5kEE]E 9 PEGE] H](polyol:PEG)= cream

timeo] 53] frold 1P FAAE Wtk 22 557
ol ol frold ARAAS ol wsit.

Rise Time. PU & A|x3go)A 29 rise time(z,) 23

Table 3. Analysis of Variance for the Response Surface Quadratic Model on Cream Time

Factor SS df MS F p
(1)Time(L) 38.9980 1 38.99840 1.20799 0.308088
Time(Q) 441.1940 1 441.19360 13.66617 0.007688
(2)Polyol:PEG(L) 469.2120 1 469.21160 14.53404 0.006608
Polyol:PEG(Q) 1.8150 1 1.81460 0.05621 0.819384
(3)D.W(L) 77.9520 1 77.95190 2.41460 0.164156
D.W(Q) 41.0930 1 41.09280 1.27287 0.296408
IL by 2L 34.0310 1 34.03130 1.05413 0.338722
IL by 3L 16.5310 1 16.53120 0.51206 0.497416
2L by 3L 13.7810 1 13.78130 0.42688 0.534388
Error 225.985 7 32.2836
Total SS 1344.529 16

*SS, df, MS, F and p denote sum of squares, degrees of freedom, mean sum of squares, F-statistic and P-value, respectively.
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Figure 1. Response surface and contours of combined effects of any two variables on cream time of PU foam prepared from liquefied sawdust

in this study: (a) polyol:PEG and time; (b) time and distilled water;

wholl el W EHEA-S A-8-3F 3|34 (regression)?l]
A Fstedzl 221 B AR egs. (4)-(6) ATt

Response surface equation of model-predicted rise time
(z) versus [time(x) and Polyol:PEG(y)]:

(c) polyol:PEG and distilled water.

z(x, y) =—77.172834451531 + 7.6526702700291*x
—.19391233766235%*x*+ 8.2837432102605*y
+.50933441558435%°—.38750000000001 *x*y

+3.125* 3%x-14.375* 3%y +21.7867593

4)
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Response surface equation of model-predicted rise time
(z,) versus [distilled water(x) and time(y)]:

zy(x, y) =—77.172834451531 + 145.73535562321*x
—243.70941558442%x* + 7.6526702700291*y
-.19391233766235%°-.38750000000001*2.*y
+3.125%x*)-14.375%2.*x + 18.604824 )

Response surface equation of model-predicted rise time
(zy) versus [distilled water(x) and Polyol:PEG(y)]:

z)(x, ¥) ==77.172834451531+145.73535562321*x
—243.70941558442*x*+8.2837432102605*y
+.50933441558435%)7—.38750000000001*20.*y
+3.125%20.%x—14.375*x*y + 75.4884703 6)

Rise timeS Table 42] ANOVA Ao} 7ro] kA 7ke]
Aol v foleh AAAAS HodA Figure 29} o] o
HEA|ZFo] oF 20Z0014 rise time®] FHTHFEE E AT o]H g
2 cream time 753 LA 28y cream time 7]
53 g2 A3Z2] ol PEGE] H](polyol:PEG)YIlE 2
St AAABAIE HolX] ettt 1y S/5E] delle vaL
A fFolst AP AAE BRI B3, SR 49
Aol = AL Hogx oF 0.3~0.38 gol|A] rise time®] ]
7S LRSI ©]2 3t rise timeS PU & Al9] F3] A
3 2Fdo] 2lefA, Hdle] pU & Ale] HulE 7= Al
202N WA SR ol Zh2 202 3
0.3~0.35 go| =Z5 At}

PU &¢o| L. Alx¥ PU Z9] B&(z) @l el vES-
HEAH S 288 3]ATA AN Fetedzl 221 3R
[e]

egs. (7)-(9)2F 7t

1 E

. OLTL]—;;j

= o

Response surface equation of model-predicted density(z;)
versus [time(x) and Polyol:PEG(y)]:

2(x, )= 41.043942947123-2.7355236587815*x
+.062495640933144%¢ + 8.889024457572%y
—.12957326238575%7—.11446759259259%x*y
+.85717592592596* 3%x—8.0474537037038* 3%y
~6.2700817 )

Response surface equation of model-predicted density(z;)
versus [distilled water(x) and time(y)]:

2,(x, ¥) = 41.043942947123-25.951566635484%x
+16.8376473064**—2.7355236587815%y
+.062495640933144%7—. 11446759259259%2 %
+.85717592592596%x*)—8.0474537037038%2. %x
+17.2597559 (8)

Response surface equation of model-predicted density(z;)
versus [distilled water(x) and Polyol:PEG(y)]:

7(x, ¥) = 41.043942947123-25.951566635484%x
+16.8376473064% + 8.889024457572%y
—12957326238575%)7—.11446759259259%20 %y
+.85717592592596%20.*x—8.0474537037038*x*y
~29.712217 ©)

U Table 52] ANOVA Z e} 7ro] wrbA|7ke] A<
of uj$- fol3t FHAAS HoJA Figure 33 o] WHEA]
7ro] of 2004 Wro] HAgS BT olelg We] o
3k PU Z2¢] w7l w2 ASE cream time 2 rise time
of gk A-sa HhT). o2 gh A=diAl=, wRkA|Zke] oF

Table 4. Analysis of Variance for the Response Surface Quadratic Model on Rise Time

Factor SS df MS F p
(Time(L) 1.1706 1 1.17060 0.06468 0.806552
Time(Q) 261.5158 1 261.51580 14.45011 0.006703
(2)Polyol:PEG(L) 41.2426 1 41.24260 2.27887 0.174891
Polyol:PEG(Q) 2.8868 1 2.88680 0.15951 0.701513
(3)D.W(L) 150.4443 1 150.44430 8.31283 0.023544
D.W(Q) 66.0924 1 66.09240 3.65195 0.097613
IL by 2L 30.0312 1 30.03120 1.65938 0.238630
IL by 3L 19.5312 1 19.53120 1.07920 0.333422
2L by 3L 16.5312 1 16.53120 0.91344 0.371037

Error 126.6849 7 18.0978
Total SS 719.1176 16
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Figure 2. Response surface and contours of combined effects of any two variables on rise time of PU foam prepared from liquefied sawdust
in this study: (a) polyol:PEG and time; (b) time and distilled water; (c) polyol:PEG and distilled water.
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o] Fdigl=o]A] PU &9] HA ExE A5k A= 3 < cream timeol| thk 753 FAFSIA=H, dsEa]E of
Mg, 28y AskEE-E o PEGS] Hl(polyol:PEG)el H] PEGS] Hl(polyol:PEG)7} Z7}3FHA] NCO indexE 1.00.=
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Table 5. Analysis of Variance for the Response Surface Quadratic Model on Density of PU Foam

Factor SS df MS F p
(1)Time(L) 14.6364 1 14.6364 8.0027 0.025446
Time(Q) 27.1635 1 27.1635 14.8522 0.006261
(2)Polyol:PEG(L) 182.8920 1 182.8920 100.0000 0.000021
Polyol:PEG(Q) 0.1868 1 0.1868 0.1022 0.758591
(3)D.W(L) 29.7909 1 29.7909 16.2888 0.004958
D.W(Q) 0.3155 1 0.3155 0.1725 0.690339
1L by 2L 2.6206 1 2.6206 1.4329 0.270261
IL by 3L 1.4695 1 1.4695 0.8035 0.399830
2L by 3L 5.1809 1 5.1809 2.8328 0.136236

Error 12.8024 7 1.8289
Total SS 280.9926 16

Z7keRe Ao AMHEY. B9 BEE R4l B v
FOIT HBE) FAUAE BolH, SR Fol ALSE
=

PU Eo| UXRZE. AxH PU Z9 4% (z,) woll th
& RESHHEAHS 835 3R A FsledRl 23} 3]

Response surface equation of model-predicted compressive
strength(z,) versus [time(x) and Polyol:PEG(y)]:

z4(x, ¥)=317.99530366664-29.196254073654*x
+.71871969696973*x* + 39.746593074681%*y
-3.0101325757573*)%+ .32054166666668*x*y
+.068055555555842* 3*x-78.229861111111*.3*y
—2.4713488 (10)

Response surface equation of model-predicted compressive
strength(z,) versus [distilled water(x) and time(y)]:

2(x, ¥) = 317.99530366664-79.152601982922%x
+236.3825757576%—29.196254073654*y
+ 71871969696973%)%+.32054166666668*2.*y
+.068055555555842%x*)—78.229861111111%2.%x
+67.4526558 (11)

Response surface equation of model-predicted compressive
strength(z,) versus [distilled water(x) and Polyol:PEG(y)]:

zi(x, ¥) = 317.99530366664—79.152601982922%x
+236.3825757576%x* + 39.74659307468 1 *y
—3.0101325757573%2+ 32054166666668*20.%y
+.068055555555842%20.%x—78.22986 1111111 *x*y
~296.4372 (12)
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Figure 3. Response surface and contours of combined effects of any two variables on density of PU foam prepared from liquefied sawdust
in this study: (a) polyol:PEG and time; (b) time and distilled water; (c) polyol:PEG and distilled water.
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Table 6. Analysis of Variance for the Response Surface Quadratic Model on Compressive Strength of PU Foam

Factor SS df MS F p
(DTime(L) 15.57600 1 15.576000 0.18017 0.683971
Time(Q) 3592.57800 1 3592.578000 41.55624 0.000351
(2)Polyol:PEG(L) 1541.94900 1 1541.949000 17.83611 0.003921
Polyol:PEG(Q) 100.82700 1 100.827000 1.16630 0.315962
(3)D.W(L) 1161.68000 1 1161.680000 13.43744 0.008010
D.W(Q) 62.17800 1 62.178000 0.71923 0.424443
1L by 2L 20.54900 1 20.549000 0.23770 0.640770
1L by 3L 0.00900 1 0.009000 0.00011 0.992030
2L by 3L 489.59300 1 489.593000 5.66324 0.048900
Error 605.157 7 86.451
Total SS 8262.353 16
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Figure 4. Response surface and contours of combined effects of any two variables on compressive strength of PU foam prepared from lig-
uefied sawdust in this study: (a) polyol:PEG and time; (b) time and distilled water; (c) polyol:PEG and distilled water.
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Figure 5. SEM morphologies of PU foams prepared according to the experimental plan of CCD composed of Run 1 through 16: (a) Run
1; (b) Run 2; (c) Run 3; (d) Run 4; (¢) Run 5; (f) Run 6; (g) Run 7; (h) Run &; (i) Run 9; (j) Run 11; (k) Run 12; (I) Run 13; (m) Run 14;
(n) Run 15; (o) Run 16.
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Table 7. Cell Status of PU Foam Prepared according to CCD

Hlo] o2 ofsjel] o3t E283) olanlopllelErt S ol eFelgeet Az 1 HA3) 911

Run Mixing time (s) Polyol:PEG (g/g) D.W (g) Cell size (nm) Cell status
1 15 1[:2] (1.25:2.5) 0.2 213 O

2 15 3[:2] (3.75:2.5) 0.4 N/A XX

3 25 1[:2] (1.25:2.5) 0.4 193 AN

4 25 3[:2] (3.75:2.5) 0.2 213 A

5 20 2[:2] (2.5:2.5) 0.3 N/A X

6 15 1[:2] (1.25:2.5) 0.4 236 O, A
7 15 3[:2] (3.75:2.5) 0.2 N/A &>

8 25 1[:2] (1.25:2.5) 0.2 142 O, A
9 25 3[:2] (3.75:2.5) 0.4 147 O

10 20 2[:2] (2.5:2.5) 0.3 N/A See Run 5
11 12 2[2] (2.5:2.5) 0.3 N/A X

12 28 2[:2] (2.5:2.5) 0.3 N/A X

13 20 0.33[:2] (0.41:2.5) 0.3 304 O

14 20 3.67[:2] (4.59:2.5) 0.3 N/A XX

15 20 2[:2] (2.5:2.5) 0.13 202 O, A
16 20 2[:2] (2.5:2.5) 0.47 N/A e

17 20 2[:2] (2.5:2.5) 0.3 N/A See Run 5

*Polyol:PEG denotes the mass ratio between liquefied biopolyol and PEG400, which is shown as a relative factor of liquefied biopolyol to a 2 g
of PEG400 in LHS at each run while both true added amounts of liquefied polyol and PEG400 are shown in RHS at each run.

*Cell status: O, well-developed; A, collapsed; <, severely-collapsed; X, poorly-developed; XX, rarely-developed.
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Figure 6. FTIR spectra of PU foams prepared according to the experimental plan of CCD composed of Run 1 through 16: (a) spectra to define
PU foam in this study; (b) spectra to show the peak of C=0 stretching vibration at 1708 cm™, indicating the phase separation of most hard
segments of PU foam, without the existence of C=0 stretching vibration at 1730 cm™.
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and 67.67 °C) from DSC spectra of PU foams prepared according to
the experimental conditions of Run 1, 2, 5, 9 and 16, respectively.
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Figure 8. TGA and DTG curves of PU foams prepared under the
experimental condition of Run 1(---), 9(--) and 13(-) in this study.
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