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Enhancement of Ethanol Production by The Removal of Fermentation
Inhibitors, and Effect of Lignin-derived Inhibitors on Fermentation'

Min Um’ - Gyeong-Jin Shin® - Jae-Won Lee'
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2 AtollA = SAE A2 vho] Quf A0 AYTIRel e 23 ‘%’EX%HEZ‘O A7) 1 XAD 4] A
2jstod Xﬂﬂ?ﬂ T oeES AT A7|1EA 2 ollA] opA| EARS iR AIA = 921 (95.6%), Hlo|2/d WA A
3 =2 (Total phenolic compound: TPC, 5-hydroxymethyl furfural: HMF, furfural)}2 XAD ~X] x2]of oJsf a1}& o
2 AAHSN. A71FA4% XAD 3] A2H Adrtedsiias HPE% e A3} XAD 422 9] A A|Tto] Bh&
% Ok Aol FYTSIch ) OB AUe WR DAL F 616 12 WITH F P uairES
XAD-4 S04 58 HAA|5t9e o Uepdeh gad S wEAEE Z syringaldehyde= A%%(1 mM, 2 mM)
ofl Al oflehZ AihE Al 5519—‘1] 5 mMof|A= ae] B Jas F80 2ad f SaAf=EY Al|A]
A= 3holstiA}l AR R waE 435191 o1, Syringaldehyde (1 mM)&} ferulic acid (1 mM) AR S o] &
sto] Wta S =83l A} syringaldehyde 2T} ferulic acid®] FgFo g ofehg AAlo] ZhaFict.

ABSTRACT

In this study, ethanol was produced from a biomass hydrolysate that had been treated by electrodialysis (ED) and
Amberlite XAD resin to remove fermentation inhibitors. Most of the acetic acid (95.6%) was removed during the ED
process. Non-ionizable compounds such as total phenolic compounds, 5-hydroxymethyl furfural, and furfural were
effectively removed by the XAD resin treatment. Ethanol production was improved when the ED-treated hydrolysate
was treated with XAD-4 resin for a short reaction time. The highest ethanol production from ED-treated hydrolysate
was 6.16 g/¢ (after 72 h of fermentation) when the treatment with XAD-4 resin was for 5 min. Among the lignin-
derived fermentation inhibitors tested, syringaldehyde in low concentrations (1 and 2 mM) in the hydrolysate in-
creased ethanol production, whereas a high concentration (5 mM) inhibited the ethanol production process. A synthetic
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medium containing syringaldehyde and ferulic acid was prepared to investigate the synergistic effect of inhibitors on

ethanol fermentation. Ethanol production decreased in the mixture of 1 mM syringaldehyde and 1 mM ferulic acid,

implying that the effect of ferulic acid on ethanol fermentation is comparable to that of syringaldehyde.

Keywords : ethanol, electrodialysis, XAD resin, fermentation inhibitors
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ot ohefRt tiAll oflvA] FoflAf Blo] @mj
AFEl= Hhol ol A= Zlghg A olal A4
gt A9S &8st7] wizol FAuAz o
A glrkSim, 2012). £3] vl erj 22y E A4k
£ ol oojetee A4 S48 dng oY
4 glel 2 A7k B olRel 1 glrkKim
et al., 2011).

IAH] whojemjsel FApet S 5o HiEte

HU ofN oXt

do oo
ST ST (A

o?:?igﬂﬂ

N
N

ol gt Hlol SofRke AARE AR AFEEE] o
U AlAnte] Ao olgh Ut Gt A

i BAS o3 4 ook ueha AR
BABHA b= 24 FAA Hpo] o] o] g
gt At7F Z71ekar QQek(Shin et al., 2015). 232
A Bloleujis AERe A USRS, PO
dog FAEo] 9lu, AERoAl 40-45%, 3]
AEE QA= 25-35%7F EAg o] AL FHS &
o p4Eo] 9ot f7He AnsiA AHol
9o} B vio| eujg olgsy] AL A2
go] "aslck(Seo er al, 2011). A1} ARS 0|83t
AA S &g artd oz 7l H vlo|onjas

Aol osf setgat 68 5 Warkse 3ol FEH
Z H3E 4 Qti(Szczodrak and Fiedurek, 1996).
SR ook g AAE BAelA BEASH G
map ol g} F2 32T HMF (5-hydroxymethyl fur-
fural), TPC (Total phenolic compound)@} ZHS Hj-o|
QufA S WaAsfEZlo] HAETHLim and Lee,
2012).

Fonwe duaEnesy sudozue §
e 1 A Z+= furfuryl alcohol, tetrahydrofuran

k.
6,6-Nyron®] AGLEZZE o]l QIth(Vargas er
al, 2014). FEAFHELR gt 2oy G 2
| AHE- 2= syringaldehyde, ferulic acid, vanilic acid,
syringic acid7} tjaE2lo|tt. ol Z}Z+e] AEuirh
a0 FFE vA= F=7F 2w 459 vanillic
acid, syringic acid, syringaldehyde+= g2 AJAHS
FAANIIIE ST A5 = ool ofeke
Ztf. WhA ferulic acid= &

S AT Ao o

AJAF 9l alcohol resin,

Hl—joﬂ B o] AFFS

= FEoAE ek
HA Qch(Klinke e al., 2003; Kundu, 2015).

ol g WHANEAS AASH PO &
Z+2] # g (overliming), &ZH(adsorption), &1j|F=
(solvent extraction) 5©] om ZTo=
oj/Fe] WH(XAD 4] FA} H7EA)
og /\}_Q_ ]_oq HP:g_;qu‘jxl 7\1]74 = o ,})
th(Lee et al., 2009). A7) 54 ZTAL Jol w
3} ol mpEE olgste] Helshe ot el
For ol &4 dis ¥ Fade 7Pk
wpeba] A7 FAS A oA atEls dis
;<4o] o]_Qk] H]'—QHOHDXIOI o}/\ﬂg,q.o Xﬂﬂ ;\
gom 4k AR ARgE= ol FviE AlA
& 4= QltiJeong et al., 2014). WHH A 7]FEA o)A
A ABIA] Esl= v|o]&Ale] WEAFEAL XAD
A Aol ofsf AA”KLI et al., 2013). W=/
3l XAD 47| AA2] & olabris-Rajabgo] mt
¥ HMF, 232, TPCo}F 22 H|o] 2/ A A3
E4E FAS 5= QAT Weil et al., 2002). BHd A}
ZhEeiatEel 23E o] e B2 XAD A
e il Tk ofehE Akl felet =4
=gt (Imai et al., 2002).
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Table 1. Properties of XAD-4 and XAD-16 resin

95t WEANEY AAG 9oy fdf Y

gl

A= e Eao] vXe 99

Dry density Specific surface area Pore diameter

Macroporous resin Polarit Structure Mesh size
P Y (g/m0) (m’/g) (nm)
XAD-4 Non Poly 1.08 725 5 20-60
Polar styrene
XAD-16 Non Poly 1.02 800 10 20-60
Polar styrene

YRSl A R AT g
(Liriodendron tulipifera L)E AF&-51th & 20~
80 meshz B3 ¥ A elo] ALgItOn] G
22 6.11 £ 0.04%%t}.

2.2, SAM FEI2]

Ul SAME ARE WA w7l
(DM-848; Daeil Machinery, Daejeon, Korea)of| A 4=
Pk AA AR 50 g} £4H4F 100 mM (LY
8] 1:4)Z Bhe7lo] Flek & 170C, 50:29) =4
o8 AAE 4359 Kundy, 2015). AH 2] &
WA R AT TRulo] euf Al W olz]
2 ojgsto] Helsty, A IERAAES AL
R R PR

2.3. WMTIEallitE EA
AAe] & abietebEe] Fa IR,

Az 2, o] e )i} o —EOH/\JE(;#E;#%}, HMF,
O EANS HPLC (Waters €2695, USA)E o] 83}
o] BA31 O refractive index detector (Waters
2414 system)E ARESFCE Aminex 87 H column

(300 x 7.8 mm, BIO-RAD)S A3} 0.5 mM9| 3+
ARS O] FAFOE 0.6 me/min &2 Z#FEn 458 &
Qb B 7R sibEe] EASk= TPC
32 Folin-Ciocalteu’s reagentS ©]-8-51¢ 760 nm
of| 4] UV spectrophotometer (SHIMADZU, Japan)=
BEg 2459

2.4, TI1EA0l 2t OtMIELE XA

A71FAE AAe & AY7teEofjitaoe] =3
5 oEAbe AASY] §is) el fant
HA 550 cm’E oFo]2 wWFHNEOSEPTA® CMX;
ASTOM Crop., Tokyo, Japan)i} So0]& w3ldt
(NEOSEPTA® AMX; ASTOM Crop., Tokyo, Japan)
o] ALEEIIck. B4 0, 5%, AZOLE 156 0/min
o g%o= AAsH FaEYL 10 V AAY =
Aog AH7|EAL AASE K Shin et al., 2015).
2.5. XAD £=X|E 08¢t Y= Xai=ZE XA

A% T Qofnl BalabEo] B
BAEES AASH] 28] XAD-49F XAD-16 424
£ ARESIQItH(Table 1). AFE 2 XAD A& &2
AR 5 Dz 71748S] XAD 44 iso-
propyl alcoholo]] HR|A|A 24A)7F F2F EAISH Al7]

50 x 3 cm@| open columnol] X3}t FAH
XAD ) B2 Alae F oblereiies 3
otH] 1:109.2 3143}tk Open columnofx] <BAF
RIS Zk2h SR, 308, 1AIZY, 2417 B9t

T T
HAAA FaAs=d F2 dde

Saysteih.

OHA}7 4L
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NE s

D A Az daAfEdS Al
FEAES ol8sto] oee WRE
/.\:_]/\]3}9,"11:}. oletL WHEFFEE Pichia stipitis

CBS 60542 ]85}tk AA| A (20 g/ SFFTLA,
10 g/¢ yeast extract, 10 g/f peptone)o] < HE3}

o] 30TellA 24A1%F F&F 150 rpmoflA] HijRE &
Tao] o]gstlct #59 A4S s A7
4E2 pH 552 2ASH & EHE urea 5 g/l
KH,PO, 1 g/¢, MgSO, - 7TH,O 0.5 g/0, yeast ex-
tract 5 g/0E F7IeIYTE 1 & Ag7teEaiEof
vl eFE A7Ysto]

olehe ESIER
96117k Eot WEE sgo}aau}. 24471
A oleas o o
O

P. stipitis 2 g (dry cell weight)/0E
T s A5t 30C, 150 rpm

ARE QFste] AYAE
HPLCE Z=A3s}t1 @(1)011 oJ3) et 4~
ahict.

( EWAX

Ethanol yield (%) = TR
% 0.

Eyus HPLCE B3] Aol ofe =
jelsh, L BRaA% AQRAY) 27 Y

£ oujgith. 0512 Fo sk ofghs Mgt 2§
Tl WgA otk
2.7. YSXiSEES =Zeet =Xl A
HiS
=2
HF7H —E’r H“EEHH AEE Aol ao| v
SE L SRR ST E RN S

AR (GX: 5 g/Q SFAL, 10 g/ ALZ2)olA
Ha s S5t daAsEdo] HUIEHA] ¢
GX WA E Yzgoz o]&3lAt). GX iAo sy-
(1 mM, 2 mM, 5 mM)Z H7}
5}t ferulic acid 1 mMI} syringaldehyde 1 mM2
st waE APshck oehs WAaTHL 2.6

it g

ringaldehyde&

ol

3. Zo o m
3.1. A7+ EaliM=25E XAD S0l
olgt EEXSH=E XA

AAP F B7IAET 2714, XAD 4
A Aol ofgh AR HRE BAT
AT Table 20} 2. WA F AL
© AARA(1800 07t B FER AEHY
T O EALS

il

11 OPN|EARS 2,05 g/ 2 e A2 A0] B
7} B % QREle] FazUe 235 g2 AEHth
OIS SAME HH el o3| Snl B0 7}

Tl FAE M-S 2UIRhPu er al., 2013). 0]

T ol HaA=de AAsH] sl 7‘471‘5“
= AT AI, oM EAR95.6%)] i 174
E 93 b vjo| A vk F A& =2 el HMF,
N
A ah 2k o3t Ao R AR ETrHMulder, 1996).
H7)154 3 giRE Holgls ooy WaA

B0L XAD $4E ol§3to] AASLE. vlol ey
BAASEY AA e HH 20 B 9]

e

h
3] XAD $=%|(XAD-4, XAD-16)Z o|g3}o] x| A|
THEE, 304, 60+, 1208)] whet A 4353l
k. o399 Hl5/49l XAD $=4]¢f| TPC, HMF, ¥
EFTLE Hilads A5z ofs) FAbETi(Jia
et al., 2015). wfehx] gjEEo] TPCO} HMF, E2 3%
22 XAD Ao FAE QI 7} A& thE F3}
£2 XAD-4 529} XAD-16 Z22|of|A] G-AFEE 7ek

2 UepckFig 1). FAARE] W 53 Ao
§A3HeATh. XAD-4 X9k XAD-16 4:A]ojA] mE
A AR sENA 607K F2Hgo] FAsA Z7H
SAEE 120804 608 AR =AT FAsheTt
oA WX G0EeNN FEI B2 oa* olzeld

C F2o] 7}

Ao FehEt), XAD-16 =204 T
- apo]Qit. XAD-4 =x]o|A 58 FASAS
o] TPC7} 45.87%, EIZ3EZ o] 69.38%7} S21=¢)
I XAD-16 $=X[o|A 58 HAstES o TPC7t
59.45%, 20| 68.11% SAE QL) o]AL >
A 3= A7 ztolo] ok AR XAD-4 A=
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Table 2. Sugars and inhibitors concentration in the original and detoxified hydrolysate (g/{)

Glucose Xylose Arabinose Acetic acid HMF Furfural TPC

Orisinal 497 18.00 0.32 2.05 0.26 234 3.76
& (0.02) (0.11) (0.01) (0.03) (0.01) (0.06) (0.07)
EDtreated 332 14.79 0.19 0.09 0.18 223 2.79
cate (0.23) (0.51) (0.01) (0.00) (0.03) (0.06) (0.06)
XAD-4 3.10 14.14 0.17 ND 0.08 0.68 1.51
5 min (0.05) (0.04) (0.00) (0.00) (0.01 (0.04)
XAD-4 3.06 14.00 0.18 D 0.08 0.67 1.37
30 min (0.05) 0.11) (0.00) (0.00) (0.01) (0.02)
XAD-4 2.86 13.68 0.19 ND 0.02 0.29 0.52
1h (0.02) (0.07) (0.00) (0.00) (0.00) (0.00)
XAD-4 2.79 13.46 0.16 ND 0.02 0.12 0.47
2 h (0.08) (0.13) (0.02) (0.00) (0.02) (0.19)
XAD-16 3.04 13.83 0.16 ND 0.08 0.71 1.13
5 min (0.06) (0.14) (0.01) (0.01) (0.00) (0.07)
XAD-16 2.95 13.68 0.17 ND 0.05 045 0.70
30 min (0.10) (0.05) (0.00) (0.00) (0.00) (0.05)
XAD-16 2.79 13.16 0.15 D 0.03 0.40 034
1h (0.14) (0.69) (0.07) (0.00) (0.00) (0.01)
XAD-16 274 12.98 0.14 ND 0.03 0.06 0.32
2h (0.05) (0.03) (0.04) (0.00) (0.03) (0.12)

*ED: electrodialysis, HMF: 5-hydroxymethyl furfural, TPC: total phenolic compound, ND: not detectable.
*The parentheses contains the standard deviation with the analysis repeated three times.

100 100
A B
50 « % 50 N "
&0 A A 80 x x
A
70| w * T
I *Glucese I X +Glucose
~ (0 ~ B0
.5' A Wivlose .5 4 m¥ylose
E S, ATFC E 50 ATPC
4 40 xFurfural g 40 XFurfural
< R
] 30
20 20
. * . ;
10 s & = ] 10| g : u
0 0
0 20 40 E0 a0 100 120 i 20 40 60 a0 100 120
Time (min) Time (min}

Fig. 1. Adsorption performance of chemical compositions in the ED-treated hydrolysate during XAD resin treat-
ment (A: XAD-4 resin, B: XAD-16 resin).

&= #7°l 5 nmZ XAD-16 #A|(10 nm)Ech &2 32, FMI|EAMDF XAD 4X| X2| & AT
Hog o AFHe Weky| WEe] TPC 2o =ollttE HE

9101 XAD-16 7014 & FAEL 2el Aow

AehEITh(Viia, 1999; Aimin er al., 2001). A71EA3 XAD 422 A2| & g7t
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Table 3. Ethanol fermentation performance on the detoxified hydrolysate

Initial fermentable sugar concentration (g/0)

Ethanol production (g/0) Ethanol yield (%)

ED 18.83 + 1.63 (3.75 + 0.70)* 4.18 + 0.08° 43.52
XAD-4 (5 m) 15.01 £ 1.75 (0.11 £ 0.01)* 6.16 = 0.06° 80.43
XAD-4 (30 m) 14.39 + 1.77 (0.15 £ 0.02)* 574 £ 0.21° 76.54
XAD-4 (1h) 14.49 + 1.66 (0.04 £ 0.07)° 5.49 + 0.40° 74.24
XAD-16 (5 min) 14.49 + 1.64 (0.11 £ 0.01)* 5.94 + 0.04° 83.19
XAD-16 (30 min) 13.81 £ 1.70 (0.16 + 0.01)* 5.59 + 0.07° 79.40
XAD-16 (1 h) 13.49 + 2.15 (0.14 + 0.03)* 5.28 + 0.28° 74.90
*ED: electrodialysis.
?Remaining sugar after fermentation.
" The highest ethanol production was observed after 96 h of fermentation.
“The highest ethanol production was observed after 72 h of fermentation.
8
A —+ED WE-4 (k) B o ——ED ¥4k
7 4 4 X-4 (30 min} K4 (5 min) 4 —&— X4 (30 min) —X-4 (5 min)
= | e¥-18 0k ~&—X-16 (30 min} —#-X-16 (1 b) —o-3-16 (30 min)
K —+—¥-18 (% min) 3 ——X-16 {5 min)
8 =
§ i
— fd
i
=)
[£3]
2

0 24 48 Tz 96
Time (h)

Time (k)

Fig. 2. Ethanol fermentation of detoxified hydrolysate by Pichia stipitis CBS 6054 (A: ethanol production, B:
sugar consumption, ED: electrodialysis, X-4: ED and XAD-4 resin treatment, X-16: ED and XAD-16 resin treatment).

343t A9E Fig. 20 UERY
A718A & Q7 EailE a4 9647t
4.18 AyArstlom ol st
S52%E A7) EA T XAD 424
&Roz gt A|5(74.24~83.19%)2}
aste] JfjA o e 85 ettt vk of

2RE)Z] B3l 3.75
FEAE Bl ol wa
A oH‘:‘Z' < Xﬂﬂo}‘i"ﬂ Tk A8 FEFH(Q2.23 /)
3} TPC (2.79 g/0)e} -2 Hlo] &4 g A s|Ed o]
Zhote] aRe| of 4Amet ofehE AgARE At
Ao g werElthLee ef al, 2009). E Z7 A=
T2A7F o] oflghg AJAto] syl o)Al W
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o
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nE S ooekE Eaivt doid

2 7]_1;/\44 XAD A&
7t R aE BrE o A= 964177 A TR TS
2wt on, XAD 2] JX|AIgtol| we} ofg-E
Aaroll A ZpolE yrelliTh A R|A7E] Z7k= 27
T sEE AaAA oeE AAERS AR
(Table 3). ofete =& T3+ HAAIZE F7ket &7
Zr235k3ct o] AL TPCo| Z3hE WraArsE7 7+
Zo) o5t Aoz AlZ:ECTE TPCY: 4=2] HA|A|7H
Z7toll et AAEo] F7Fskl7] Wizl TPCo =
ke OE“:' Tafsado] AAE] Ha ¢ 9
ck A71FA7 XAD A 24 F 7MY =
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Aoz AlRHY
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Table 4. Ethanol fermentation performance on the synthetic medium containing syringaldehyde and ferulic acid

Initial fermentable sugar concentration (g/¢)  Ethanol production (g/¢)  Ethanol yield (%)

GX control 12.16 + 0.60 (0.10 + 0.07) 552 + 0.13° 89.03
S1mM+F1mM 14.50 + 0.80 (0.16 + 0.07) 6.08 + 0.54° 82.17
S 1 mM 13.99 + 0.72 (0.13 + 0.12)° 6.70 + 0.31° 93.93
S 2 mM 13.30 + 0.78 (0.05 + 0.03) 6.28 + 0.30° 92.66
S 5 mM 15.72 + 0.44 (3.56 + 0.54) 499 + 0.38° 62.25

*GX: synthetic medium with glucose and xylose, S: syringaldehyde, F: ferulic acid.
?Remaining sugar after fermentation.

" The highest ethanol production was observed after 96 h of fermentation.

“ The highest ethanol production was observed after 48 h of fermentation.

A g B 1%
|-GE 851 mh 45 lmhd =<5 EmM -5 5mM 16 +
F 1 mM

—4—GX 51 mM —&5 ImM =85 2mM —-5 5mM
F 1mM

—
= o2
re

Ethanol production (g/L)
Tatar sugar (g/L)

[=T0 - )

0 24 48 T2 98 0 24 48 72 98
Time (h) Time (h)

Fig. 3. Ethanol fermentation on synthetic medium containing syringaldehyde and ferulic acid (A: ethanol pro-
duction, B: sugar consumption, GX: synthetic medium with glucose and xylose, S: syringaldehyde, F: ferulic acid).

2 ofghE AR XAD-4 R4 SE G Ao 2 daxsiEdE FuiAle] Hriste] Has
2 616 g0T BASATHE04%). SN 27 AT F ofRe wae] vAE 9 Helsirt
TS APk oghE 455 vuk A3 XAD-16 Agdate] osf Hed ddEd 5 diFes &
A4 S HASAE wl 83.19% (5.49 g/O)E 7} F st gloje W] PFE vX= ferulic
=2 88 vehilth o9 E2 ofleE g9 acid®} syringaldehydeE A eH&}9Ith(Kundu, 2015).
Afol= HM7|1EAT XAD A A & 3§ 529 g SyringaldehydeE =¥ (1 mM, 2 mM, 5 mM)Z &
Y S R AsER) waAteER1s Z3kEa 7Fst wj |2} syringaldehyde®} ferulic acidg &gH(Z+
Sl TPCS] o] ofgt o2 ARETE FUH 2 1 mMyste] H7ke WA WEE Sustelrt
B, XAD-4 7o) 4 5B 5o AN A ok (Fig. 3, Table 4)
i = S P B D B ) A s e KSR 1 o Syringaldehyde 1 mM (6.70 g/¢)= 2 mM (6.28
g/l) 270 A= 484t |l oflehE AkS UE
3.3. OEtE 2SS0 22 K 2HEX Won tffZge) o] Ay GX th2(5.52
=20 A&k g/0)3} v|sHES o syringaldehyde 1 mM¥} 2 mM
27014 ofke sgol Ank Assiick v o-
W7t =EalA=e] LC-MS 4o HEH F ringaldehyde 5 mM (4.99 g/0) ZAL 96A| 71714
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