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(liquefaction) 382719 WHEEHEAY

microcrystalline cellulose(MCC)2] FAIAZE 9138t vlo] Quf~(FHE,
of W ARFZAE +5317] f8ted, vlolems QS

larix kaempferi) <3}
Run 14%-H

167}712] CCD(central composite design) A& A 2ol whebr 8)aldet. Blo] Quj2 ABHL T (105-165 °C), A=)
2A] sulfuric acid F5E(1-5%)°F, & ¢} vio] @mj2o] H](SBR)(300-500%)°] 7t vlo] Qmlj2 H3la7g 7oA u}
o| Qw2 MslAF S 7h7F FaSTh 2 Aol A vloleuj 2 dlsle] ogk MCCoF E2]&9] SAIAIZRAA A3}
278 Run 224, F43} AslxAe A52% SBR 2 A&En] H%7) 7H2} 165 °C, 3:1, 1%2]ATh

Abstract: Lignocellulosic liquefaction of biomass (sawdust, larix kaempferi) was performed to prepare polyol and micro-
crystalline cellulose (MCC) simultaneously under various operating conditions such as 105-165 °C of liquefaction tem-
perature, 1-5% of acid catalyst (sulfuric acid), 300-500% of solvent/biomass ratio (SBR). Biomass liquefaction scheme
was designed to construct its optimal operating conditions according to central composite design (CCD) composed of 16
runs of experiments using response surface methodology. The optimal condition of liquefaction to prepare simultaneously
MCC as well as polyol turned out to be Run 2 out of 16 runs of experiments, in which the liquefaction temperature, the
SBR, the concentration of acid catalyst (sulfuric acid) were 165 °C, 300% and 1%, respectively.

Keywords: lignocellulosic liquefaction, polyol, microcrystalline cellulose, co-preparation, optimization.
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7H2-E-2 (carbon black) 5 TIYeH RN 7F ARE-Eo] ko
Hol= 2187 2AE AL A0 FHAR ARSSle
A wegk gk X ok AR FellA AE
292 7|9k microcrystalline cellulose(MCC)= A7 dollA]
7V FetaL, AV, A7EsAd, ARElA B SzIskA
S 7 Edolm Aro R Ealste] T8 99 AlA
e 34S 5ol Anlgog AxE = AE AHS 7K
ot}.? Egk MCCe At HatAlel SR =M AMg-st
Featell WA R ARE= Z2]9-aee] nlo]
AE FEsP7] St vlo] o3kks AFHoE A
ol = = ot olelgk MCCel FXA
54 S} o AEA vlER A A}
adhesion)°ll 2J3}o] AH =M. MCCE E21--2
B2} B3 o] AN ARESte] Mg oH
Ado] ZyslE IEA BIAE AZs= A+t
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sY=lo] Yk Wu 527 FEdEE wjEY 20 MCCE
MAF B S A% MCCE H|SA3 229 ek)
23S NlustEd], ARt A B0l PIEN A
CC ZHE&L 5wi%stal B89 Glowinska$l Datta
£ A5 7R RS2 28E, vle| o FeE3 oy
7] wt%] MCCZ 4% vlo] 2. Z2]¢-aet B3 & A
Z3HT). o]y gk vlo] @ Ee] -l et H3A= Wu 597 74
$-9} 7ho] AZZ Q2 7]uke] MCC7} 5 wi%ed wioll 0 wt%
74¢-Hr vlo] @ 2| e A JIAAET} 13.6% &
7¥ked 71 Z1aL, MCC7T 10, 15 2 20 wi%® 7182
AR EE 7hadtodA 0 wid%R T Hlo] @ Z2]$-agt Bot
Aol Q77 9388 #Aasdtt. Zhang 5-&° B2 )
Z gk waterborne Z 2] F-d &3 A#AZH Al 3-amino-
propyltriethoxysilane(APS)= -7l % nanocrytalline cellulose
(NCC)®] E3AE Az, #3Hd 9 71414 45 a4
g 7S Bareiith 2ol E Bl g Rte] & §
74 (cohesion)ell 71Q15te] H7teE= 7HA NCCE HH 2%
2 Agtstodr, NCCE EF2]9-de B3] o] nfo] oS
AHGH o2 AXA)E e A7 AJT Yang 52° =
29 g} MCC E+=, Kim 5ol w2t APSE ZH/NA
g MCC(MCC-APS)®] Z2]9-ee B35 Alzslal 55
Aol E4< S48t 2 2424 MCC-APSE WA
gk MCCe] Z]9-d gt 53A 2] 7 9-ol= Glowinska®}
Datta® 2 Wu 5|7 73-9-9} T}24], MCC-APS7} S7H5
N7} e E2 S718I=T, MCC-APS7} 10 wi%?]
7357 MCC7F 10 wt%3] 73--He} Q1870w edEo] 7t
7} 5% 2 46% THEF 7V

SHH, MCC Azl MCC AZ2378 L4z JAe, &
W) 2 AblREle] A4 FAZRAE flste] AaATArEel
o3k o8} A7} YT 3 uho] @ Za] $-g ehe]
AZE 9% vEER] o] . ZE]g9], nlo| Qv 2 Azl <
g Az = B2 A77F A= Stk Horvathe" &
A galwel BHEte, 1) B2 swellinge &2 21 gufo
FAAT Awrt Sl FAGY AR o] WA
o2 HEE 7FseHAl shar, vl A EEe 4
A7)0 A} Adstar 2) Blad Salee vl
Z Zo|7} 71 YFYSE F43] gaska, TR 2l
W g8x 2 A4 gdgujEd o s 2y
3IATE Guo 52 Et(Giant reed)S 2HI3) Za]olgallZ
ZZolM ABAAMN HAHZANA 852%2] A H3leS
X 73}t Hassany} Shukry='¢ AF&4=<=tH (bagasse)ol =
Std(cotton stalks)E ZZ|oE I E E= FAA
(glycerineyS &= d}aL FAHS AFul 2 ARE-to] HS}A]
7 A=A, ddgufEeldgaZe)F)e] 7ol vds)
&o] oF 20%0]R o B3tgvl (e gdZe Fa FTA
A)E ARESIS dol= BlskEo] 10% m]Rtel™, OH7}

Ly

<
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(OH valuey= HspA|7ko] ARFH THAstthal ikl
o} Huét Lie" vle] etjd ARkg7g o] Foba=A 26-40%
o] §7] BEo] EA5E crude F2AE (glycerol)S Y
shguj e Mdelste] S (com stover)E, A 3781 A
Znf Ay & FHA LS Ay eE 74
9 aslzgor AFAAMN OHZP7} 536-936 mgKOH/gS)
FES AxSAokaL Busieltt. §, Yang 52" # 7
&3 lignocellulosic HFo] 2] A~E E316}32 NaOH v
£ AREet] AAIA olste] EFellA] Hstall=tl, A8
T 250°C0IaL, # AvEE} 24 tl(comn stalk)’} 7}
At o] AR EHE T e dEXgelnal B
It B3k Feng 52" lignocellulosic BFo] QU225 wlo]
AZ o] (microwave) A E ©]83t dielectric 71ES &
St 2FEul k] methanolysisel] €8+ 21521 Hslgge| <]
slo] e glH2]o]E (methyl levulinate)2] 30% T-82 W
313FATH

ZEu} vfo] uj elislo)] ejsie] njo] @ F2l&3 MCCE
FAAZSLAL FAAZ] e AT 2ol gk A
e A9 §le dFelth 71E€ MCC Alzgrgolr = =
=522 (lignocellulosic) HFo] @ 2ol 2]l2d 3} &w|d
£20Ag A7lele, BT oA Aias] MCCE
Azsht, AAE 2297} SudER 220 A H 7| Eo]
g Eolx ER BlasAFE22] vlo] eujie] 7hgAdo]
Ao AL SHAEAIE AT o]l EAIS AAdsh]
flste] & Aol e nlo]emji 43kE B3 MCC % &
AT R E2EY SAAIRE TSIl = (part
DellA = 42HEwl ek Horvatholl  whebs, @Eakeke] 2 Zajof
dilSEERte JgdSEEs MY 58S ARSS)
o vpo| QujAE MFA7|3L MCC H A T2 2] Ei)
29] FAAZRE AT TS MCC ¥ g dF 22
ETE9] SAAz gk HHFAH 20 S =EsITh &
g FE = (part 2)0lX = vlo]l @2 Astel] osf Al
YT R F2ESS ARGt vlo] e e #5
Azstal EAH7HE Fdste, vlo| e -alw & Azl
w3 AT 20E AAs AT

Al =|

b

HIO|20HA <Hstof 2|8t MCC ¥ Z2|8 SAIM=
X3}, vlo] euj 2~ M3}(liquefaction) F7d2719] WH-3EH
21 (RSM, response surface methodology)oll W& HA =
S =] Q5] volemA N3l FAZFAS] CCD(central
composite design) 2 A 2-S F53I3ATE Hlo] L A3}
F929) A 7P W52A Table 13} 0] vlo] 2x)2: o)
sk, A= 24 sulfuric acid s=9}, EAIEEH F
ZAe] 8l (4:6)9F vio] @m0 H]of| thgk ZHte]

A
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Table 1. Experimental Design Levels of Chosen Process

Variables
. Low Center High
Process variables
-1 0 +1
Temperature (°C) 105 135 165
Solvent/Biomass 3 4 5
Sulfuric acid 1% 3% 59

concentration (%)

*The concentration of catalyst (sulfuric acid) was calculated as weight
content (%) based on the amount of the liquefaction solvent.
*Unit of solvent to biomass ratio is mL/g.

AE AARs, srdERe2e) glad B HEAY
(amorphous) A EZ Q9] ulo] Qw2 A5} gl Asle nHjo]
2ol Foll= AA Y (erystalline) A EZ Q20 HE| =
Boto] vlo|Quf sl &g MCC ¥ E2|& SAARE
Figure 13} 7o] —’Fﬁﬁépﬂq- ole} o] FAAZE mAAA

2 MCC BAAZR 2 FZ3} 19

HIO|2OHA SHSIMS. Table 29} - YEEEE 7HA&
vlo] Qw2 FY, larix kaempferiyl TS A3} ¥gz2712] vt
SFHEEAN 2 Y AL 72517 5k, vlo]on)
2 AEAE S Table 33 72 Run 15E 167FK12] CCD 4
AA el whEhA], blo] el M= (105, 135 2 165 °C),
A= 24 sulfuric acid F=(1, 3 2 5%)<}, v} vlo] 9
| 2=9] H](300, 400 & 500%)2] Z} vlo]uj AslyH =
ZollA 747} 603 &<t T8It B3 vho] @m0 A7
o e dsiFolE AEeE] $l8ked, Table 30 Foi%l CCD
A&A S FollA4 Run 15E Run 100 o7 A¥ZAel o}
2 npolom 2~ Adskyy 2004 7zt 10, 20, 30 E 45%
&t vpo] omj 2 MSIAFS FI1H 07 P33

Figure 10l ZA¥E vlo] Qufs A3t Y] Hxke= thaat 2
o}, 37377 (reflux condenser)e} wH7]7} A= Figure
29} 722 250 mLe] vloloml2 HsESTE AU bath
oﬂ 1:1—7]_/\1 /\1647:]]:@]0]] XJOH;(] ﬁ].o]OuH/\ on§]_§>_1:_€_ o ]5]_
Al 3 Foll, 180-850 pm(80-20 mesh) FERH o] Y% A

MCCA] te 54978 FARSIT Mol 2sls otalel o] = 10g% Mol sl olshieslo] . o|RaTEI st 3
g MCC % E2& %/\]Xﬂi Aol M o] Asks, MCC Aol 4t 602 E9tE S AFAI G ezl vk
&, 471 2 OW} 5ol AR AR MeEHRA el wp  F FUSKILE 22T YUY AR Slol) A@ALe] Hah
£ vlolon)2: sle] HHHE 4§ AZECI sutistica =] TS WIS AL 300 pmOE Y HAA
(ver. 105 &-8-3lo] FPsltt. L3 E2l¥ MCCS XRD FHE AES A e A7 st AsA71AL B
A Fsle] vle| QX oiste] HAxE =EsITh o] euf2 ASMEZT7|E Aol A 2%t
M 10g sample
=1 (sawdust,
+ é Larix kaempferi )
i) — B

(30,40,50mL Solvent
[EG:Glycerol=4:6]and
Sulfuric Acid[1,3,5%])

Silicone oil bath
(preheated to
160°C)
Whatman filter paper

(Grade 4, 20- 25|.|_\m1,/

Ligquefaction process
(105-165°C, 60 min)

Residue —
MCC« oo b
WA * - e Acetone

-
g". =1

!

Polyol

Polyol ( with solid residues)

Figure 1. Schematic diagram of co-preparation process for lignocellulosic-polyol and MCC by sawdust-liquefaction and subsequent MCC-

separation.

Table 2. Size Distribution of the Sawdust Used in This Study

Particle size (um) <180 180-300

300-425 425-850 >850

Fraction (%) 9.60 16.70

8.07 40.25 25.38 100.00

Polymer(Korea), Vol. 43, No. 1, 2019
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Table 3. Experimental Matrices for Central Composite Design
(CCD)

Sulfuric acid

Temperature Solvent: biomass ‘
Run concentration

Coded U“(Eg‘)ied Coded Uncoded Coded Un(%z()ied
! -1 105 -1 3:1 -1 1
2 +1 165 -1 3:1 -1 1
3 -1 105 +1 5:1 -1 1
4 +1 165 +1 5:1 -1 1
> -1 105 -1 3:1 +1 5
6+l 165 -1 3:1 +1 5
7 -1 105 0 4:1 +1 5
8 +1 165 0 4:1 41 5
9 135 0 4:1 3
10 135 0 4:1 3
1+ 165 +1 5:1 3
12 135 0 4:1 +1 5
13 135 +1 5:1 3
14 - 105 0 4:1 3
15 0 135 0 4:1 - |
16 0 135 -1 3:1 0 3

*Liquefaction time of each run of the experiments is 60 min.
*Uncoded value-unit of solvent to biomass ratio is mL/g.

SILIOON OIL BATH

: =3 (\ "IIZJQ

Figure 2. Lignocellulosic liquefaction apparatus.

HIO|2OHA HSHE, 2ol 2/3] nlo] Qmj2 sink-g-7]
o] & osluto] Qml X(total liquefied biomass) S04 2 g
S 50 mLoPA B Y 35 B9k 83X 89 A
£ 180 um(No. 80, 80 mesh) Aol FTHAIAA T84
Eala AR ZAY residueE A A, E3EH A|BE

Zay, Al4338 A15, 20193

& 3718 - s
105 °CollA Ax3sl] FAS 2431, residued] AXFAS

Z7Jslo] M3l (liquefaction yieldyS eq. (134 (2)9F 2ol 4+
=3kt
The ratio of residue(>180 pm) =
residue mass/2 g of liquefied biomass) )

Liquefaction yield(%) =
(1-[residue ratio X total liquefied biomass(g)/10 g]) x 100
@

MCC =& °“§}H}°]°UH* 2 g& 50 mLoPH| & Wi &}
Z Eot A7l F gallE A182 180 um(No. 80, 80 mesh)
xFAol E3AA AR residueE A AL, T3E Al
75 um(No. 200, 200 mesh)] EEA| o oAl F2AZ1
A8 7 sub-residues A 715t B3E AJRE THA
-4 o] 37} X (Whatman filter paper, grade 4, pore size
um)E ZE Y IR 5 105 °CollA] AZRAIF|ZL FA|
£ F4 3t MCC(25-75 pm)®] &5 AFEskdth 25 um
olstZ HE Y Z2(polyoly w2 R3S 1o, AAR
residue ¥ sub-residue= 27} 105 °CollA] 7AZx3te] FAE
A3kt

A1 ASTM D46620] w2} i slato] @ mf 2~ 2gS 50mL
o] ofjgkZe] Wi WRIAIZ|ZL 1% phenolphthaleing-2] 1 mL
Yo 3 3k ok WA AT pH meter(720P istek) =
= 361 0.1N KOH%—"—‘?% g Etalﬂw *“01

[e)

=
=

01]

ﬂlomﬁol'ltﬂll&—{

i

=] lmL«] 1% phenolphthaleln9—°“—°— 5]
A3 o2 01N KOH £9o2 A4s}
94 ol 2A7H(acid number)E eq. 3y ARE-al]

T
>,
)
ot
Olﬂ

2 RS B P L
ol
ﬂF
>
et
ﬁ JlN‘

32 0T
Ry
O:

ol
i
‘—E N

Acid number = [(A—B)Nx56.1)/W 3)

A=KOH solution required for titration of the sample(mL)
B=KOH solution required for titration of the blank(mL)
N=Normality of the KOH solution

W= Sample mass used(g)

OHZt. ASTM D42740] g} dsujo]om2 | g& 25 mL
phthalation reagent®l|] Y3 heating stlrrer— o]&3te] 110°C
oA 20 &<t WHHAIZTE wRE £ 50 mLe] pyridine}
25mLe] S/FTE 7182 1 mLe] 1% phenolphthalein &
AS H7lske] wrkelAth. pH meter(720P istek)® %7] pH
& 543, 1M NaOH &2 Hojmgaxa Ao] Wsh=
AR FE FEHoR ATk T4 %K(blank) 25 mL
phthalation reagent®l]l 50 mLe] pyridine?} 25 mLe] FFTE
Z7F8ka 1 mLe] 1% phenolphthalein -89-S 7o) wwt
AR F FUS W OZ 1 M NaOH § 02 AA3i9i).



Hlo] omls lsjo] elg Eele % MCC AR 2 245} 21

A7) o] OH7Hhydroxyl number)& eq. ()& ARE-3k] -
skt

Hydroxyl number = [(B-4)Nx56.11/W 4)

A =NaOH required for titration of the sample(mL)
B =NaOH required for titration of the blank(mL)
N=Normality of the NaOH

W = Sample mass used(g)

XRD £24A, ulo]9njx HEL% 165°Ce] Run 2, 4, 6 2
89] AAXCE A|xH vlo] Qo] Az} Fa|ZoA
213k residue @ MCCS] 24 4024 E2H residue
2 MCC9 XRD w418 XA 3187 (Multi-Function X-ray
Diffractometer, PANalytical, EMPYREAN, Netherlands)E A}
2319] 40KV 2 30mA] 270 Cu-Kadd (0=1.541874 A)
O 10-40°0] =7 lolA sttt

FTIR 4. njo]Quf2 oshdedollA Run 6 3 89 A9
7102 AzH vlo]Qnj2o] A3t et A} HEls

— Runi
- Run2
7~ Runs
=i Run?
—- Runis

Liquefaction Yiekd (%)

— Aunz

i - " . @ Rund
7 e - Runé

80 —— RunB
0 . —- Runli

Liquefaction Yield (%)
g

Run {min)

()

o Al {2]s MCCe 54 #4224 FTIR(PerkinElmer,
Frontier) %412 =343}

GPC 4. o] Qufj29] o5} Z|&o] EAts S48}
7] $13F] GPC(gel permeability chromatography) 412
GPC A]2="] (Alliance €2695, Waters, USA, detector-RI}& A}
f3to] =35t} StandardZA PS 1060, 1320, 2980,
6940, 19500, 51200, 124000, 282000, 667000, 1390000,
27000002 AFE3ISL, THE(Merck)S 872 ARE3le] 35°C
oA 1mL/min® FFSZ column(Waters Styragel HR3,
HR4, HRSE)S F3AAX E24dS 786130

2y 9 EE

Lignocellulose 24&lg. o3k o] w2 lignocellulose]
AeHE B4 TR ot AEhe=rt 105°C 75
= Figure 3(a)ollA <} 2ol Ashad 27420 Run 1, 3, 5, 7
2147} Sl AskEo] HstATlel] wEA FTeke] 20-

55%°N EE3 AL, S o] nvlo] 2uj 2 H](SBR, solvent to

| == Furd
1 -8 Runt0
| —— Runi
801 = Run13

| 2 - Runis
—l- Runté

Liquafaction Yiakd (%)
: F
\
i
™
"

''''''''

Run {min}

(b)

Figure 3. Liquefaction-yield of saw dust of Larix kae-
mpferi at the liquefaction-temperature of 105°C (a),
135°C (b) and 165 °C (¢): (a) Run 1, 3, 5, 7 and 14; (b)
Run 9, 10, 12, 13, 15 and 16; (c) Run 2, 4, 6, 8 and 11
(The liquefaction yields for each run from run 1 through
10 were shown at five liquefaction times of 10, 20, 30, 45
and 60 min while the liquefaction-yield for each run from
run 11 through 16 was shown at the liquefaction time of
only 60 min).

Polymer(Korea), Vol. 43, No. 1, 2019
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biomass ratio)’} &7+ wfel] A} W3}t vjm] sk S,
AE Fee STHEES Askeo] STl skt
135°C2] 7$-ol:= Figure 3(b)oll A9} 7o) b e =791
Run 9, 10, 12, 13, 15 B! 16°] 3= A3k viZ7HA|
2 A7kl wet Frhskslen 105°C]] BF-Roh S7kshe]
40-70%°1 A3 AA5rl s=rt Srbehd AskeE v St
ata, A& FE7F At Hskgo] 7hAastolt). $hE,
SBRe| S7kePH eishgo] F7lelin. niAgte s sk w
7} 165 °C2] 73-9-ell= Figure 3(c)ellxl e} 7o) Hspad 271
?l Run 2, 4, 6, 8 51 11°] =™, Azka-2 50-95%] &
Fate] 7P ESaAL, Aol w7 5 A% A3k &
7He 9tk E3F SBRo| S7FEE A3k S8,
e FETF S7VERE 27l dskgo] ks st
FTEAIH(60 minyell & A FEob H5E-2 Faeioith
o]} 7Fo], A-2(105 °C)elA = SBRYELE AEm) Fo) St
o wWehr] Aakgo] Frket o, A2(165 °C)ellME A
m =R SBRO| STl WA diskeo] Sl g

&l

0 T
— Runi1
~@- Run3
25 4 —5— Runs
| - Run7
~fl- Runid
__ 24
£
o
s 15
%)
%)
o HH A
i |
54
0777 T T T T T T
Cf@f@g&y @e:‘}?ﬁ EEES
FodFddd ST FETTSTIIS
Run {min)
(a)
30 7
—— Run2
1 —- Rund
5 4 - Rund
~%— Rund
—- Runi1
. 201
#
2
= 15
[
[
=
04
[N al )
5 4
]
c‘}‘?;? PP S "";ﬁ}“ﬁ;ﬁ\ F oS s;g;g;ﬁ‘ e
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3]

H, T2(135 CPlM= A=A 559 SBRe| F71l wbA
zhzte] dslgo] Fgto] AA T wpEpa dslewr) 7t
ATE vlo| Q|2 Al tigh 4ke] SEuj| o] B& A
Ho| FE=ATE Eg lignocellulose HSHAIZFT 603ES 7]
TO = lignocellulose®] H3H&-2 HsH2E7F 165°CS] Run
2 9 40X 90% o= 7P =3kt

MCC $&. 343257} 105°C¢! Z4$Run 1, 3, 5,7 2
1400 Figure 4(apPllAeF o] MCC G-&0°] A7l we} 7+
23l 5-15%2] BEES Bt} o]9} 7Fo] A7kl wE MCC
F& dae eIz MCColl 2 7 Fhke s glad BB
FrAER Q27 &3l E A AR MCC7F A7l whaha]
AAES orgkt. SBRo] S71sI9S well, A T 1%
of|A= MCC &°] 3-5% Bx S7FIoL, AEH 55
5% = SBRo] S7FId = MCC 4-&°] 72| H|:38ith
gk Al =7 SV wiell, SBRO] 3:10x= MCC
F80] oF 3%7} F71eI oL, SBRO] S:1oA= A &
T7F S7FFE MCC &0 A9 Y3kt A, st

—- Rurd

| -8~ Run10
a8 o == RuniZ
—%— Run12
-~ Runis

3 ~- Runlg

P ESFFIFESSES
SEFTFFFELS

B

MCC ratio (%)

ol
S & &
Fdd
Run (min}

(b)

Figure 4. MCC(%)-yield from the liquefaction of saw dust
of Larix kaempferi at the liquefaction-temperature of
105 °C (a), 135 °C (b) and 165 °C (¢): (a) Run 1, 3, 5, 7 and
14; (b) Run 9, 10, 12, 13, 15 and 16; (c) Run 2, 4, 6, 8 and
11 (The MCC(%)-yields for each run from run 1 through
10 were shown at five liquefaction times of 10, 20, 30, 45
and 60 min while the MCC(%)-yield for each run from run
11 through 16 was shown at the liquefaction time of only
60 min).
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Figure 5. Acid number of liquefied saw dust of Larix kae-
mpferi at the liquefaction-temperature of 105 °C (a), 135 °C
(b) and 165 °C (¢): (@) Run 1, 3, 5, 7 and 14; (b) Run 9, 10,
12,13, 15 and 16; (¢c) Run 2, 4, 6, 8 and 11 (The acid num-
bers for each run from run 1 through 10 were shown at five
liquefaction times of 10, 20, 30, 45 and 60 min while the
acid number for each run from run 11 through 16 was
shown at the liquefaction time of only 60 min).
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Response surface equation of model-predicted lignocellulose-
liquefaction yield(z;) versus [temperature(x) and SBR(y)]:
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Figure 6. Hydroxyl number of liquefied saw dust of Larix
kaempferi at the liquefaction-temperature of 105 °C (a),
135°C (b) and 165 °C (c): (a) Run 1, 3, 5, 7 and 14; (b)
Run 9, 10, 12, 13, 15 and 16; (c) Run 2, 4, 6, 8 and 11
(The hydroxyl numbers for each run from run 1 through
10 were shown at five liquefaction times of 10, 20, 30, 45
and 60 min while the hydroxyl number for each run from
run 11 through 16 was shown at the liquefaction time of
only 60 min).
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zy(x, ¥) =17.31018582671+.43689687234853*x
+.00055743933080784*x*~16.038279744322*y
+1.9185091477275%)*+.024177937500006*x*y  (5)

Response surface equation of model-predicted lignocellulose-
liquefaction yield(z,) versus [temperature(x) and sulfuric acid
concentration(y)]:

zi(x, ) =—-17.999618619318+.32308446893939*x
+.0019430919823233*x7+9.8977417613643*y
—.18845524147734%)7—.054534020833335%x*y

(6)

Ho Ao=

Table 42] ANOVA ZAzol|A pgho] 0.05HTh & H9-5
Frolaitiar 7H9 S well, Ashe-2 sl o) Hrjios
fFrolst A3 o] AAAAE BAAL, 2T %9 SBRol=
Z}zk 2158 frolgk A3 o] 43S B3t Figure 7(a) B

25

7(b)e} 7o) A3} 7} S/ Rl (model-predicted)
H A5}g (7)) AP o2 F7I8IAAL, ol wehA dslex
EX 165°C7F HA At =EHU

F, MCC 7&(%) A3 #toll thell R EHEA NS
83 3] 54 (regression)o| Al -3l X 23} 3] R A&
egs. (7) 2 (8)% 2t}

Response surface equation of model-predicted MCC
yield(z,) versus [SBR(x) and sulfuric acid concentration(y)]:

o

¢

z(x, ¥) =6.1826227343741+7.3566050625005*x
—1.1439278125001*x*—6.9036850312501%*y

+.88263804687501%)7+.3298403125%x*y ™

Response surface equation of model-predicted MCC
yield(z,) versus [temperature(x) and sulfuric acid concen-
tration(y)]:

Table 4. Analysis of Variance for the Response Surface Quadratic Model on the Liquefaction Yield

Factor SS df MS F P
(1)Temperature(L) 4212.148 1 4212.148 1051.046 0.000000
Temperature(Q) 2.556 1 2.556 0.638 0.454938
(2)Solvent:biomass(L) 66.245 1 66.245 16.530 0.006608
Solvent:biomass(Q) 15.204 1 15.204 3.794 0.099363
(3)Sulfuric acid concentration(L) 78.952 1 78.952 19.701 0.004383
Sulfuric acid concentration(Q) 6.074 1 6.074 1.516 0.264330
IL by 2L 4209 1 4.209 1.050 0.344981
IL by 3L 85.650 1 85.650 21.372 0.003604
2L by 3L 5.779 1 5.779 1.442 0.275057
Error 24.045 6 4.008
Total SS 4501.218 15
{a} Fitted Swriace; Vansble: Liquelaction yisld (%) {t}:] Fiitedt Surtace; Vaniable: Liguedaction yield (%)

2 factors, 1 Blocks, 16 Runs; MS Residual=20.05009
DV Liguetaction yield (%)

| (U | |

= 50
< B4
< 74
< &
< 54
<44

2 factors, 1 Blocks, 16 Runs; MS Residual=11 54831
O Liguefaction yield (%)

* O
« 86
< 66
« 56
< 46

15

AEDCnmN

Figure 7. Response surface plot of the model-predicted liquefaction yield (%) versus: (a) temperature and SBR; (b) temperature and sulfuric

acid concentration.
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z(x, ¥)=7.6967738011359+.12475233712122*x
—.00045272597853538*x*~4.6350071477273*y
+.79671602982955%)"—.0032132187499999*x*y (8)

MCC(%) 582 Table 59] ANOVA Z e} 7o) 2k
E=9] A5 (quadratic)dl] wi-¢- ol g AHAAIE BT B
4 of Z(model-predicted)E MCC(%) 4~&(z,)< Figure 8(a)
2 g(b)et 2ol AT F=o et T2 AFE BAS
BE2 AE st P99 SRR AU WS gl
MCC(%) 5&°] B =2 #S Btk weba] vy
AFEA, Hrje] eI MCC(%) &5 3 2 A9
TAZRAL AT} 165°Co|aL A X 1% B
5%2 =& AT

A, A7 9 OHVl| tigh B HGEe aaAlE
w3 Zro] AT Akl At Fhell tial] WS- EA]
HE A8-3F 3] 784 (regression)o| 4] 8k

1% - 9

22 egs. (9) E (1024 2Tt

Response surface equation of model-predicted acid
number(z;) versus [SBR(x) and sulfuric acid concentration(y)]:

z3(x, ¥) =—-95.735777578132+55.369632187504*x
—6.8023640625004*x7-3.4883601562503*y

+1.462046484375%)7+.11132343749999%*x*y Q)

Response surface equation of model-predicted acid
number(z;) versus [temperature(x) and sulfuric acid concen-

tration(y)]:

z(x, ¥) =—13.7337103125+.265064*x—.00074755729166665*
—.72069374999996*)+.746930859375%)*

+01458015625%x*y (10)

2¥7}= Figure 9(a) 2 9(b)e} 7ol A& =7t S7H

Table S. Analysis of Variance for the Response Surface Quadratic Model on the MCC Yield (%)

Factor SS df MS F )4
(1)Temperature(L) 0.45668 1 0.45668 0.19251 0.676197
Temperature(Q) 0.00617 1 0.00617 0.00260 0.960985
(2)Solvent:biomass(L) 6.48502 1 6.48502 2.73368 0.149338
Solvent:biomass(Q) 3.35766 1 3.35766 1.41538 0.279103
(3)Sulfuric acid concentration(L) 3.32919 1 3.32919 1.40338 0.280952
Sulfuric acid concentration(Q) 33.14889 1 33.14889 13.97352 0.009644
1L by 2L 1.83839 1 1.83839 0.77495 0.412557
1L by 3L 0.29735 1 0.29735 0.12535 0.735417
2L by 3L 3.48143 1 3.48143 1.46755 0.271274
Error 14.23359 6 2.37227
Total SS 67.64252 15
(a:] Fitted Surface; Varnable: MCOC (%) {b} Fitted Surface; Vanable: BCC (%)
2 factors, 1 Blocks, 16 Runs; MS Residual=1.683218 2 factors, 1 Blocks, 16 Runs; MS Residual=2 939608
D MACC (%) D MICT (%)

M-

| ERC] | EREE]

| R | ERLE]

| ERH =1 < 103
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Figure 8. Response surface plot of the model-predicted MCC yield (%) versus: (a) SBR and sulfuric acid concentration; (b) temperature and

sulfuric acid concentration.
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o Wty TEAHO R F43] F7lete 2o Z(model-
predicted) A& HI=0l, A= Table 62] ANOVA A3}
o 7o) A&l 9] 25 (quadratic)ol] #-5- 2] gk A
HAE Bt

TS OH7Fe] ZAZ} 3hell sl RhESEAEATH S 283 3]
A (regression)ol| A Fatedxl 2xF 3|A R A2 egs. (11)

2 (12)¢F 22t
Response surface equation of model-predicted hydroxyl
number(z,) versus [temperature(x) and SBR(y)]:

zy(x, y) =3256.2414855469-14.756510531249*x
+.04819756770833*x*—635.05689281254*y
+75.060285937505%)*+.49116718750003*x*y  (11)

Response surface equation of model-predicted hydroxyl
number(z,) versus [temperature(x) and sulfuric acid concen-
tration(y)]:

(a)

Fitted Surface. Variable: Acd Mumber
2 factors, 1 Blocks, 16 Rung: MS Residual= 23,9850
O Acid Number

"

(b)

27
z4(x, ) =2031.05160375-14.1035219375*x
+.060831401041666*x*+3.4121390625*y
+12.673758984375%)7—.69981828125%x*y 12)

T2} OH7R= Table 7] ANOVAR-A]3} 7ho] Al 74| &
Ag zhzbel| thate] frojert W AAAAE BAL,
Figure 10(a) ¥ 10(b)2} 72 2ddS(model-predicted) 715
< B

Lignocellulose st SAIM= E2|8 ¥ MCC2| FTIR
EMZD}, AT 60%2] A AZE dslblo] Qv
S ¢ dshute| enfs F2EoA g MCCO FTIR
spectrum-= Figure 113} 2T}, Figure 11€] FTIR spectrum®]]
Al dsluto] Qw2 Felgo] MCCHRLF B 331 73st 42
gho] = &F2] O-H AEx% 23 93(3000-3600 cm™)
£ YeRfIATE g, MCC 73-9-2] ~OH7] 3 =(3000-3600
emye A4 AEZ Q10 EAlSRs FAA Y Hofsle

O-H A1=31Eel 93 v]=0)90t. Kim¥} Sung*

g cotton

Fitted Swrface; Vanable: Acid Murmiber
2 factors, 1 Blocks, 16 Runs: M5 Residual=28.20097
O Acid Humber

L

Figure 9. Response surface plot of the model-predicted acid number versus: (a) SBR and sulfuric acid concentration; (b) temperature and sul-

furic acid concentration.

Table 6. Analysis of Variance for the Response Surface Quadratic Model on the Acid Number

Factor SS df MS F p
(1)Temperature(L) 0.000370 1 0.000370 3.63052 0.105379
Temperature(Q) 0.000003 1 0.000003 0.03077 0.866530
(2)Solvent:biomass(L) 0.002410 1 0.002410 23.67147 0.002808
Solvent:biomass(Q) 0.000073 1 0.000073 0.71776 0.429372
(3)Sulfuric acid concentration(L) 0.000518 1 0.000518 5.08421 0.065009
Sulfuric acid concentration(Q) 0.001183 1 0.001183 11.62039 0.014339
1L by 2L 0.000002 1 0.000002 0.01773 0.898433
IL by 3L 0.000064 1 0.000064 0.62703 0.458599
2L by 3L 0.000118 1 0.000118 1.15704 0.323420
Error 0.000611 6 0.000102
Total SS 0.005432 15
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Table 7. Analysis of Variance for the Response Surface Quadratic Model on the Hydroxyl Number

Factor SS df MS F p
(1)Temperature(L) 441.566 1 441.566 0.01950 0.893509
Temperature(Q) 3027.174 1 3027.174 0.13369 0.727180
(2)Solvent:biomass(L) 10069.811 1 10069.811 0.44472 0.529649
Solvent:biomass(Q) 11334.206 1 11334.206 0.50056 0.505793
(3)Sulfuric acid concentration(L) 9024.947 1 9024.947 0.39857 0.551105
Sulfuric acid concentration(Q) 2346.297 1 2346.297 0.10362 0.758447
IL by 2L 1736.965 1 1736.965 0.07671 0.791100
IL by 3L 14104.674 1 14104.674 0.62291 0.460009
2L by 3L 766.392 1 766.392 0.03385 0.860094
Error 135858.662 6 22643.110
Total SS 213928.946 15

(a)

Fitted Surface; Variable: Hydrayl Mumibes
Z fachons, 1 Bledes, 16 Rurs; M3 Residual= 162101
D: Hydrowyd Number

Fitted Surface, vanable: Hydndayl Number
2 faciors, 1 Blocks. 16 Runs: M5 Residual= 150766
Ow: Hydrowyl Mumber

= 1300
= 1280
= 1230
<= 1180
= 1130
< 1080

[N | |

Figure 10. Response surface plot of the model-predicted hydroxyl number versus: (a) temperature and SBR; (b) temperature and sulfuric acid

concentration.
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Figure 11. FTIR spectra for liquefied biomass[---] and MCC[—] prepared using the liquefaction conditions of Run 6(a) and Run 8(b) from

CCD of this study.
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Figure 12. XRD spectrum of residue and MCC obtained from the experiments of Run 2, 4, 6 and 8: (a) residue; (b) MCC.
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Figure 13. XRD spectrum: (a) Avicel(PH101) as commercial MCC (A) and MCC prepared by Pachau et al.*(B); (b) MCC prepared from

Run 2 in this study.
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