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ABSTRACT

The main purpose of this study is to evaluate the potential of producing bioethanol from
yellow poplar (Liriodendron tulipifera) wood chips by oxalic acid pretreatment and to examine
the pretreatment conditions by response surface methodology (RSM). Based on 2° factorial design,
adjusted variables were reaction temperature (°C), residence time (min), and acid loading (g/g),
and a series of distinct 15 experimental conditions was organized with duplication at central point
(total 16 performances). After pretreatment, simultaneous saccharification and fermentation (SSF)
was subjected on solid fraction with yeast strain Pichia stipitis. Maximum ethanol yields of the
most samples were measured at 72 hours and applied to RSM as a dependent variable. 9.7 g/ ¢
of ethanol was produced from the solid pretreated at 180°C for 40 min with 0.013 g/g of oxalic
acid loading. According to the response surface methodology, it was determined that the
temperature is the most governing factor via statistic analysis.

Keywords : yellow poplar (Liriodendron tulipifera), oxalic acid pretreatment, simultaneous sac-
charification and fermentation (SSF), bioethanol, response surface methodology
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217 oA g elelA A

(RS =

AF7HA A F-] ti o] Ak 2 g Al ~Flo] al 9} 7] %‘é‘?‘i Wl Liriodendron tu-
Aol 28 34 Amo e i =S e lipifera)= A88& ZA7 nlo]eujxo] &% 9
B wiiell, g4 dAse] ug FTAZ A% tf$ o]-g-ol gk A7}k °1TOV4 ko (Allen et al.,
o] Attt 53] AT sl EAS utEE, ©a 2001; Tucker et al., 1998), W] ZHFF2ZH T}
£ AA iEstdA 7129 dsE dAE F de St AEFAANA T2 S Holw o] &7}
Hlo] Qo= o] Aibe] Tk A7l s 7y A= o] o] o] § RoffA A Folrt.

3 THDuff and Murray, 1996; Galbe and Zacchi, S BA Beqto] HAE EEAZ o 4]
A

2002; Qureshi et al., 2008). 53], 48 A5 =24 3l AR O 2 (Shimada et al., 1994), &4k
Hpo] @ ol ghgoll tigh ¥Afo] EmobAaL glom, ofv] 2 olde] Hx FAA AFE S o (Kenealy
JB 2l A= 7Y 2 HIA S galste] 9A et al., 2007; Swaney et al., 2003), &t A g
Hl& o) AREH AL vk 53] AA7HA] o] &5 AL Hle) #7o FE E A e FulE 7 E QA
9l HAEA vlo] oo EteS thAE ERE ligno- 3 Jth(Lee et al., 2009). 7152 FA| D3R
cellulosic biomass7} 7‘%% WA A, Ak e) F et Aol A Saccharomyces cerevisiae?b HE Tt
Fol 74 AAe Wl gl o A 2ws) 713 TR 7P ol AREE AT 2y o] Aol A=
=3 AvHWyman, 2007: Jorgensen, 2007). Ligno- 33l § 82 o]y] 93] st eSS BT whE
Hatis

d rl

cellulosic biomassv & #HAA, FA2, AA F< Al Bk ol)2} xylanase, B-glucosidaseS £H|S
et F50 SR AYS Ty golsta, = Pichia stipitise ¥& 52 A3 HOzcan
A g BAEA] ot 7HA A E FAE T et al., 1991; Jeffries et al., 2007).

Rnom, 17 A7t gtk Aol E FHoltt. 54 ool Ase Mo S dAE AFE (A
Al vlo] s BRAFHA EF o= Qld)] o] 5, 2009)°0 o]o] FAF s EE ] ofgh o & ALk
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Table 1. Experimental design by oxalic acid concentration, reaction temperature and time
Variables Coded levels
Temperature  Oxalic acid Reaction time  Temperature Oxalic acid Reaction time

Sample No (O /9 (min) (O (@/9) (min)
Xi X2 X3 X1 X2 X3
1 160 0013 20 -1 -1 -1
2 180 0013 20 1 -1 -1
3 160 0037 20 -1 1 1
4 180 0037 20 1 1 -1
5 160 0013 40 -1 -1 1
6 180 0013 40 1 -1 1
7 160 0037 40 -1 1 1
8 180 0037 40 1 1 1
9 153 0025 30 168 0 0
10 187 0025 30 168 0 0
n 170 0.005 30 0 -168 0
12 170 0045 30 0 168 0

13 170 0025 13 0 0 168

14 170 0025 47 0 0 168
15 170 0025 30 0 0 0
16 170 0025 30 0 0 0

Fat A GF AR A w2, 2=) Aol & A|AsaL 7]{ FEOl A A=A HRE =Y

l_]_— [¢)

37 4 % sk WS =4I Response
surface methodologyE ©]83F modeling (Lee et
al., 2009; Perez et al., 2008; Roberto et al., 2003)
2 7} Axg] Qo] Wt AFE Aoz 44 A

Y Qlo] WA 2 T MFRE EE A
A A7 Atol o] #AIS HA 2 @A) golsit,
o9} -2 modeling A& o gk S
TR A AA Y AR S H8d 9

o Ho

S
o =

=
T M

= ‘0 ‘_%]Z% E’—E“ —]—, =
AAE 24 QAE Atolo] BAS FHEAl ot

206348 WS (Liriodendron tulipifera)= 77
ST Akl koA AujE o 4

A SLAAA A chipping F . 117 B
products laboratory®] Wiley mill Model No. 2
(Philadelphia, USA)Z 27 20 mm ©]3}¢] o=
TFASA B8k 4°0C FuoA B T Ao
AHESEATH A E =] e A 17]@*%8
10%$32™, glucan 40.23%, xyaln 17.01%< 33}
%92 arabinan, mannan, galactan, rhamnang X

3l
)

shel = eh3tE ¢ha) 61.18%. klason lignin 21.9%
283 16.9%9 3% 2 e BHES L3k

2.2. ™A

S 22S o] 83 ]8]S Forest products labo-
ratory®] 23 ¢ &) ~H|S1E] 2 3] -2 ukg-7]e
A sttt dxg 2 ueh LA 400 me
Bof| 83JA171 &, 1 ¢ 2H e~ 7)o AATA

100 g (7] &8 10% 118)9] N85 T3 2%
skl WH&-7] Ui A F F7E FY8H
W 255 SH T 1 g o)A mass balance
£ FA3] flste] AR} U= AR HE5EHA &
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fols == EA2 el x| 2 W3lalo] Table 10 A
AlE AT SHHER HrbE dAE 22X, °0),
Sk BE (X g/g), 18AL Ao 24 ¥
AZEXs, w)e] 2AHAeH, FEHFE dAEd
nF o] T2AZE Fet %"]%ﬂ%‘ﬁ#@oﬂﬁ A4t
? y, g/ )= ATt

99%2] AlFAHe ZPEE -1.68~1.68 T7FlA
Z1S H4A3R o™, central pointell Aol ZHz}e]
a7gste] 2 wHEE At
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e
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!
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o,
off
Lﬂ

H s v 4
3 2 A z{ﬂﬂ
point¥ &% 170°C, ¥H&AIZF 30, S 5%
0.025 g/g= A3t oM, Z17te] &9 Was A
A AR x = (% - 170)/10, xo = (5%
2.5)/1.2, x5 = (RESAIZF - 30)/107 Zro] WSHA|A
Z4zyol 7o meh A gk Algol A AR T24]
Feeh waso] Aakd oehee Fx(y, g/¢)7t
SWaen AAEAT. A4F A= Design
Expert 8.0.1(Statease, USA)E AM&-3to] 41314
o L23}sto] Equation (1)3} Table 29 23} vt
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2.4, o B

A 23 BE #5524 wild type yeast strain,
Pichia stipitis CBS 60545 &gt} 4°C A %arel]
] YPD (yeast extract, peptone, dextrose agar) Wl
A7} @71 petri disholl R#dt 75 AA] ujA
(glucose 10 g/ ¢, peptone 10 g/ ¢ , yeast extract 10
g/ 0)o HEAA 30°C, 200 rpme] ®i%¥7] (Innova
4450, New Brunswick Scientific, USA)ellA] 24A]7¢
SoF wiskadtl. Cell 5,000 rpmellA 108 5oF
A& AFEste] WA S FeE & d
TR AHE F 2 RS whEste] wiAE 4
3] Aojll & FR38te] FA] B3} e o] &3t

2.5. A Yot =

Z47vo] 7oA HAEE 1A AlEE AW FA
5 g% 125 ml Erlenmeyer flaskol] FHEHA o™, u
GFobe] Huje 1A Az Fif TS aElste] &
50 m7F ¥ %= 50 mM sodium citrate buffer (pH
5.5)E F=Y3sFAct. 5 M NaOHZ #HZF pHE 57} &
T2 A9t 24 AlRES 120°0C L EZHolH

of|A] 2087k sl &4 Accellerase 1,000 (Genencor,
Rochester, USA)7F 500 CMC U/g, B-glucosidase
80 pNPG/got AT 2 g/ ¢ 9] yeastE H7I5IA
T} Yeast nutrienti= urea 3.6 g/ ¢, MgSO, - TH20
0.5¢g/¢, KHoPOs 14.4 g/ 2, FeSO4 - TH20 0.003 g/
2, 7nS0y - TH20 0.0045 g/ ¢, CaCly - 6H20 0.0045
g/ ¢, MnCly - 2H,O 0.00084 g/#, CoCly - 6H,0
0.003 g/#, CuSO4- 5H,0 0.003 g/#, NaMoOy
2H,0 0.004 g/ ¢, HsBO;3 0.001 g/¢, KI 0.0001 g/
¢, Na-EDTA 0.015 g/ ¢ & T4 5] At} SAF
shg ol A olehe H3ES vlwslr] $s,
control H@O2H 9o} L& PO R ARE FH]

g Fol & HTAIIA B AavtrEdE 7

:I:‘4

I A=

SAGIEEE 30°C, 150 rpm 270 24417F
DASE NZE FH3NA 0AIHE 9621274 ol &
= A/ 0)s #AE e, HPLCE F8
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307, Villiers-le-Bel, France)= Aminex HPX-87H
column (300 x 7.8 mm, Bio-rad, Hercules, USA)3}
refractive index detector® AF&3F3ItE. Mobile
phase (isocratic elution)2 5 mM 34t =& 9 (flow
rate 0.3 m/min)S AHE31e] ZF AlR 5 5587 &
Akl

3.1. M2l & AEE MRS 74 d&

AA 2 T 7hg sl oF 30~40% 7] ghas)
FEol= 2w 2de} glucose, ThaFe] xylany}
442 JE(arabinan, mannan, galactan, rhamn-
an)& B FaE o] A4 sl abEe] vl
U ool 714k Ze B AsslEgEe] dH=
BEHAE Boew FHEH(Cara et al., 2008:
Nichols et al., 2008). E‘Eﬂ, TAAE T A Ho=

Aol 180% o], 40%
90% ©]/&¢] xylane] 3 oH
& 94 60% vwro 2 UEltt}, o] %"”}"
E 9] non-cellulosic THdHE cellu
gljst]ol kA s AI7] 71E
Pinson et al., 2004) 2 ZLI’_O}OJI 2rrEdE e
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£ AR e] 724 WetE RIS d5E 3
o}, Lignin®] &A% AR 1, 2, 3, 5, 6
10% w9k 4,7, 8,9, 12, 13, 15, 16941 10~16%
o, 10oAM+= 20%9] AAES ®YTh Glucan
o] e B2 AEEC] 7.0~12% 7tF AAHIJL
v, e AR 27ie] AE&H AR 49 100041 ¢]
glucan®] & &4 7o Zhzk 28.39%9} 24.43%0°] AT}
(LY A5 50| 2412 54%, 53%). Glucose
o] E4e] ALSFE gade 4% 9] FUks)
Ao} o= o ek o] AT fo Al AAE
HolA] eFgteh. Ak A2l e] 71=ke] lignin®] 3l 5
U AER 0 20 Fajjol o frEsitte HE
D3RS o, oek&e] S xylan®] E3l&
I AAAAZ Bol= Ao ALgAT(Lee et al.,
2010). o] A} vls=g 2719 =4 ] (aspen, ma-
ple) 2 AH&-3ke] autohydrolysisE A& 3k o] A A+
o} vlars] HokS wl(Mittal et al., 2009), & 75%
9] xylan solubilizations 7] I3l 175°CellA] 24]
FFS AAEE AlAEGiT. o9 vl S W &
ATl e SAAS FH7Eske] 160~180°CellA] 13
~4TE 9] Alolol A T0% ©]/d9] xylose solubili-
zationg & F UATHKim et al., 2010). S4HF
AAYE To R HFH2 A7 Fetell old Foke

o) Xylan% = Hil‘i—‘ﬂ AAG HEg mFo EO}
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L
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3.2. SAIeLR0| 2T ofEs SN

2! response surface analysis

AL E FAANA 1220744 W E NS )
ArkE oekge] S response surface method-
ology® #4138}l tf&-3 12 Equation (1)3} 22
ZXV‘ o7 FAgleton, Z4zte] WMEE thYdstad

S W,z (g/ )X od== olehe NS 3
g 9o}, Equation (1)¢] A&7 ANOVA table2
Table 29 AA = At}
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Table 2. Analysis of variance for ethanol yield at Simultaneous saccharification and fermentation,
shown as quadratic model coefficients for the centered and scaled variables

Dferire%eosn?f Ssgr;lar%f Mean square F value P-value Coefficient Pélsrtaiﬁ::r p-value
381 00001

Model 5 7642702 1528540 1348 00004 v >
a 2028 00001
Error 10 B 113374 2 06344 00530
a3 05276 00957
Coigfglted 15 8776437 an 09750 00270
ax -0.6000 01421

* R-Square : 08708, Adjusted R-Square : 08062

athanol

XAska) gt _,__..»--""""'“""’

T ey X1: Temmperanire

Fig. 1. Response surface methodology of etha-
nol yield by SSF (Time fixed at 40 min).

Z = a T a XX1ta XXt azx X3t oapgX
X1 X X2 T az X X2 X X3 Equation (1)

Equation (1)-& 99%¢] A& 475 74144 &1&
T 9 tH(p-value 0.0004). =% (x)e A = .
A ZHxa) = 242 99%°F 95%, 90%°] o8& 7HA
B, o]lE& dAY 203} FAZILEES 7
& el AN o142 Al @ 9
U e b 2 9Egs n = Eywdoly A
&

[+
2 QAT Y e dFS

A= Aol Fi
o} £ Alole] HEAEL 9750 2E FFEL I}
2 ARz BAHY o), FEe} A7 Afole] 454
8¢ 85%9) A THE AR Jeeo] A %

otttk Fig. 1& Equation (< 3214 lﬂﬁi ‘/}E‘r

9 AoR, A d0FoR nAART 4
180°Cell 4] 0.013 g/g«] AhS 7heke] 408
darge W(Ag 6) 7H me e

o W

] %
sttt ol P A Fig. 18 Fuds ul &
5

ol 08 A5 Y

UMW«] = Eifﬂ g wefsked Oﬂ‘i‘r% *3’5}

S A F43 4= 3k (Palmgvist and Hahn-

Hagerdal, 2000).

Qo] Ao e AAYE Y3 A 2L FE F
RAAT, Be Fo deeS Aitsly] S8l =
& REOA Al om we Fre g stk A
o] £& =79YS Equation (1)¥ Fig. 1S 53l &
st 4= e, HA 2AS S FEYES ¢
ato] £AHE AP may AAH M AL 5 U
k9o ANE A Aol e8Fe] v Ho
Vg e %E% Zh= weldl, AlE 2w $1x]g

[1 11 1.22, O993]i A= 6
0.22, L1JZE, A8 801, 1

)
0.993)2 €Ao] 259} =% AI7HS

—

AlE AL, 1, -8
1, -1, 1Jell A (1.3,

ol A

(1.11, 0.22,
Frdste] A
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Table 3. Ethanol yield, specific ethanol yield and volumetric productivity at 72 hours by SSF

Volumetric Volumetric
No Ethanol yield Specifi; ' ethanol No Ethanol yield  Specific ethanol
(g/?) Ethanol yield® producthlty (g/?) Ethanol yield® product1V1ty
(g-¢"'-hH (g ¢'-hH
1 0 0.00 00 2 68 053 01033
3 34 030 00595 4 86 080 01561
5 22 022 00431 6 97 080 01568
7 55 048 00938 8 68 057 01126
9 3 028 00555 10 72 003 01238
1 45 041 00809 12 63 049 00958
13 53 045 00873 14 64 053 01037
15 52 043 00848 16 52 047 00915

* Conversion rate was calculated based on the theoretical conversion rate 051 from fermentable sugars to ethanol. Conversion
rate = ethanol yield / (total sugars released during enzymatic hydrolysis in the absence of yeast*050).

Digestibility after <0. )
‘(lz%jg itg(“]eg%c;nt (%)= 5¢ < {percentage of glumiutq;)giaf.zzlZ(iéilen?a(;(folf aylan < 1.13(%) }+ 100 X100 Equation (2)
’ g&)r)gersion constant of polysaccharide to monosaccharide : glucan to glucose is 111, xylan to xylose 113 (Olofsson, K, et al,
S35 v ZEES o B HA 26l o 7t A F, T2A7E Sk 30°C, 150 rpmell A £ A 8)
A de Aoz dSaiint. 2y FAHR Z 3 AskE D(glucose, xylose) Fe] H]&S &t

HE& s wf olv] B2 UA 7 1 fro=, Equation (2)¢F 7ol AlRt= At

AL, T B2 Fe] wE A Aate] g E oF 20% 7Fe] digestibilityE HowH, o] 7]
A d = &S s o, Tele) =] AT =EEl nlsl @A s v FAjolt} 1
Agatr)ol FEatrhal Atrdct el A9 chipe AHEE A2 aE S w, 180°C
ojate] 2ol A A2l & b7l A stA o,
3.3. 72A|ZH0| M2 O EbS MAMZE - A7 &3 size reduction®] &3ttt 7]E] AE
Ot MALS 2l OfEFS HAALS 4 8 mm °]3te] Exﬂ Hel A% gake] W glol

Table 34+ 7+ Al&<] 72417kl A YeRd # o)
of k-2 A FeE(Ethanol yield, g/ ¢ )3}
w29 ‘401 o eh&E A 8kE = v AYAHE(Specific etha-
nol yield), 18]a A|7HE ol gh& AJ2HE (Volumetric
ethanol productivity, g- ¢ - h"), AA7 & &4
332 3 2248 digestibility (%) 5o AA =
o B AkES XY F 7S —Erodﬁ}xl %
Z10A B4 aE uwl(
2t o), e FYsle] AT

A ogem A8y = o] &4 ?X](O.Bl)g}

%Att. Digestibility (4238

A EE A

&
(diffusion limit) Wh-&o] WH7}A] F23] dold
olg}a 714 gk Mlttal et al., 2009). & dT+ 4
H}ES v PS W) 20~40 meshe] 2 A7) Al
BoA 7 ZAHTAY 9 2SS BRYon
(Allen et al., 2002; Jacobsen and Wyman, 2002),
ol¢e} Z& offr Wil %7] Hl&& Tt ets
size-reductions 3 WA S T38| e W
Ho] AEHEH(Nguyen et al., 2000). A8 T fil-
tration®. 2 N gy} 1P FE|shs A, 1
PES EZT Aol A% chip9 inhibitorE (&2}
¥ f7] 3ls+E 2 lignin droplet, hemicelluose
Aol S EHA A AE A ek A T Fol a4
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Fig. 2. Volumetric ethanol productivity by simultaneous saccharification and fermentation (g-£ " -h™).
A. Volumetric ethanol productivity showed maximum at 24 h, and less than 005 at 96 h (1, 3, 5, 7, 9, 11, 13).
B. Volumetric ethanol productivity showed maximum at 24 h, and 005 to 008 at 96 h (2, 14, 15, 16 (Central point)).
C. Volumetric ethanol productivity showed maximum at 48 h or more, more than 008 at 96 h (4, 6, §, 10, 12).

Jhrid] 2 g s A 5= ke Sl U
Yth(Selig et al., 2007). wizoll Mol FioA %
=Y e kS A A

wg 9 gs 58S
| Hofof & Zlojt,
i) AR EA AT
ZEE} 1242 ALololl A 71 W kel ol ehES Ak
shRom, 72417 o] Foll:= glucose, xylose?} &
B anglo] uZE A, o] ~ET} o Eh2 S %3]1"]74
Bado R AEEHA dlehE go] Ay
S BHATH 7 AL g AE AR 12
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A U dER o AE AgEr B
’3H’\]73 o1, control AHe] SAFslerg e} nlwE)
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A 92 (Ozcan et al., 1991, Jeffries et al.,
2007), 918} 22 Z-gol ofsto] La e} sAld o]
o] = Ik F7HA Rl @5t 7H453kE o] con-
trol &N FalE FET} v B2 G Fol et

22 #3}l%
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Fig. 3. Production of sugars (glucose, xylose) in enzymatic hydrolysis at 30°C with 150 rpm (g/ £ ).
* This control hydrolysis was performed without yeast at same condition with SSF.
A. Rate of producing glucose decreased drastically after 24 h (decrease of gradient), and final yield of sugars was

6~9g/¢ at % h (3570911, 13

B. Rate of producing glucose decreased drastically after 24 h (decrease of gradient), and final yield of sugars was

9~11 g/ ¢ at 96 h (2 14, 15, 16 (Central point)).

C. Rate of producing sugars decreased after 48 h (decrease of gradient), but not drastically, and higher amount of
sugars was produced compared with A and B at 96 h. The line of sample 10 was almost linear steadily (4, 6, 8,

10, 12).
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