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ABSTRACT

The main aim of this study was to investigate the potential of wood charcoal on removing furan compounds
(5-hydroxymethylfurfural (5-HMF), furfural) known as fermentation inhibitors in sugar hydrolysates obtained from su-
percritical water treatment of lignocellulosic biomass. For this aim, model hydrolysate was prepared, and removal rates
of sugars or furan compounds depending on wood charcoal concentration and treatment time were calculated and ana-
lyzed in comparison with the case of activated carbon. 0.5, 1, 2, 4, 8, or 12% (w/v) of wood charcoal or activated
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carbon was loaded into the model hydrolysate, containing glucose, xylose, 5-HMF, and furfural, and treatment was
conducted for 1, 3, 6, 12, or 24 h. After treatment, removal rates of 5-HMF and furfural gradually increased as

wood charcoal concentration or treatment time increased, and over 95% of 5-HMF and furfural were removed at 8%

of wood charcoal concentration and 3 h of treatment time, while the loss of sugars (< 2%) was hardly observed. On

the other hand, in the case of activated carbon treatment, removal rates of 5-HMF and furfural were over 95% at mild

condition (activated carbon concentration: 8%, treatment time: 1 h), but over 10% of glucose and xylose were removed.

Therefore, considering sugar production and further process applied sugar, the wood charcoal treatment of sugar

hydrolysate was more effective for removing furan compounds and maintaining the sugar yield.

Keywords : wood charcoal, 5-hydroxymethylfurfural, furfural, fermentation inhibitor, sugar production
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A AAALz oA ARl F7Fstal A
& ARgel mhE Al Fol tiFdol wek Al
oluIA W oA ALl tfat TAIZ ATTF 2714
@31 Qlti(Bozell and Petersen, 2010; Adekunle er
al., 2016; Jambo et al., 2016). TJFo 2 AHA|H o8]
A oA oA %, S8 vfoloul st b
AR o] Thsstehs A olol= Afak) A4S
gl 4 odrks AeEd 3he A 9ol ol
gt W AFE0] W3 Folth(Park ef al., 2012;
Koo et al., 2012; Thangavelu et al., 2016).

Hfolen At ofe] Al A A7t AaE
sz, 207 vlolenjae] A9t A7 Mg
&, HuAgRes, Fados olfeld gtk ol
8 MEROL SERLLE oLt
Ho] ofiro] AL cloksl MR WS &3 oy
Rz & - wﬂlﬂlﬁ 3 AAE HFAEE g55
AY, F& o] &3 24 REg-& F3f HiolLoEE
(Kim et al., 2015; da Silva et al., 2016; Jang et al.,
2016), H}o] L XHEFS(Morone and Pandey, 2014) &
o] A7 FE= AYTE(Rao ef al, 2016)T} 2 F
& ShRe A Zolglth Aol B ul
ol Qufj 28] FFE}; 3 IRtEC] AT MEE A
2] ol gt Zio] FrEs] A% Al glil(Jeong
et al., 2016), o|Z EA 7| ulo| QAR EE WE A
7F el B il 294 33 34
St A= A7)E) 3l Qlth(Prado ef al., 2016). 134
A7 vpo]emj2o] A2l o] ZhEsiel uhet

T Enk ofuet FrHH o s AYH F BoiEEE
o} o] Reaks Ao UeiA AckKim er al,
2011; Jeong et al., 2016). ol& T EIJAEE

BATE Bo) vARe YRS Aol U
H %%l ©m(Rajan and Carrier, 2016), w2}A]
e AL nAES ol 24 B
Watol oA A - Belst e A3 FHol
3}H(Yucel and Aksu, 2015). Taxa|&d =
Moz ol go] &S Fed el 29,
5-HMF (5-hydroxymethylfurfural), 3£23FH 52 A
Aet7] gIat toket A2 WSl Alwse] gk,
xFog S7|8u] FZH(Wilson et al, 1989),
2+ H(Martinez et al., 200), o] w&H(Nilvebrant
et al., 2001), A|lZ2Ho|E Ei= BAdehol| o3t S
H(Eken-Saragoglu and Arslan, 2000; Dominguez et
al, 1996) o] o] gloit B4 ulg W o
RS e 2ot AAAQl A wof gk &
T A%E T e,

olo] & dAtold= = @%‘%“—1011 94
Az A wAEE AE Be F
of AMgsto] BAZQl WA=
B BAARAY S Selstus o)
THAs =W 398 g3tzoA Azxd 7]741
AEA gatzolA Alzd ezl tal 1 7]%‘3
HA(Lee and Kim, 2010)3} &F<%(Jo et al., 2007;
Jo et al., 2008)°] T3t S& 5 So] Hily v} glo
u, 3+ SigkEol tiet SR =AY BeS A9
AFEA o2 AAolth webA, & AFolME =
A viol euj 20l 2QAG A F dojRl Tl
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Table 1. Concentrations (mg/¢) of chemical com-
pounds in (1) liquid hydrolysate after supercritical
water treatment of biomass (oak) and (2) model hy-
drolysate

Chemical Liquid hydrolysate Model hydrolysate
compound (mg/Q) (mg/0)
Glucose 2,535.75 + 13.05' 10,000
Xylose 821.36 + 2.49 10,000
5-HMF 417.03 = 8.98 1,000
Furfural 855.62 + 3.08 1,000

' Mean + standard deviation

& mele 3 44 Felole Az, oF Hut =
ek W Azl weh Aelstel FeA SEE
(-HMF, F252) A7g 9 3 £48 Axte) &
#ere] 790} ulaiAslelt.

A, AFAZ 2 (> 99%,
Sigma-Aldrich Co., St. Louis, MO, USA)E F<15}
RaL, 2RAG A2 FEtoofA HaEd F EalitE
< YaAsedz dHA e FEFE, S-HMF
(5-hydroxymethylfurfural) (> 99%, Sigma-Aldrich Co.,
St. Louis, MO, USA)S F7}2 E{Jske] AT
SAF FBtO] U 2t BHEHE O] s Table 13 2k,

Aol AHE e TAHTH0-40 mesh)S
Sigma-Aldrich2 5-€] JLufshglar, 2eke] -2 efjul
FF=(FET 55 gteholA A4 d@akzoA
Azd FFas +F S8 Asdol 75

=]
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HI

EEro] H|EHA-S ASAP 2010 (Micromeritics,
Norcross, GA, USA)S o|&3slo] A4 SE32F 9
2]& Hlg 22 3 Brunauer-Emmett-Teller (BET)
WAow BHsL, $2 2] W BEE Baret-
Joyner-Halenda (BJH) 2ol ]3] p/py=0.925 =50
X 2= e,

2.3. SE X2

EE A= 30 meo] FAF GBS 100 me A4
7t Zepado] Wi, B EE Beke 247} 0,15,
03, 0.6, 1.2, 2.4, 3.6 g B=Q(z} &: 05, 1, 2, 4, 8,
12% (wiv)sto] AlAslact ZulE AlRSe Mg
HlloF7](VS-8480SR, Vision Scientific Co., Ltd.,
Daejeon, Korea)2 Z1Z} 1, 3, 6, 12, 24A|7F 521 A
(25, 250 rpm)3}SiTh.
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24. 9 &

A

=

ek A2 &, 49§ FAI(1 me Kovax-syringe,
Korea Vaccine Co., Ltd., Seoul, Korea)E ©]-&3) Z+
AR FEFH 1 meE AfFfske] 045 um HEH Q! LE
(Advantec Co., Tokyo, Japan)= oJ1}5}4ct. o] 7y
Az Y GEFILE, AR o) W FA 2t
=(FEFE, S-HMP)ES 14 HA A=rtEe
I (high performance liquid chromatograph, HPLC)
(HP 1100, Hewlett Packard, Palo Alto, CA, USA)&
o]gsto] HAstct. AHLS Aminex HPX-87H
(300 x 7.8 mm, Bio-Lad Laboratories, Inc., Hercules,
CA, USA)YE ARSI, HE7|2e AR=Ed e
7](refractive index detector) (1290 Infinity LC,
Agilent Technologies, Santa Clara, CA, USA)E 9]
gatelch, B4 Al Y SR 40T ARk,
0.01 N K4 1 m@/min)S o5 LE ARE-5}
of 2. AFHOE FYY F L FA
S EEe G obdl o At 2ol 27] f44 9
st W w=of i3t WE&s ALkste] AlAE
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(removal rate, %)= UEFHTH

Hebde 5wl gt
EH9 FE(mg/l)
Z7] BAF g3ty Y ER 9
e (mg/0)

AAE
(%)

x 100

2.5 A=A

2 Aol AlAE & 9 A StE AE
5] tidllA= Statistical Analysis System pro-
gramming package (version 9.1, SAS Institute, Cary,
NC, USA)E o|43}0] EA1512 B48 At

= SAAZE 95% 4l=]

ZE5 HEA|A least sig-
nificant difference (LSD) testES A1A

I8kt 2 A
47]—1}0101] I3}]6ﬂp<()()5 01]_]11‘40'%-2—6;]
ek
3. dut & uF
3.1. 2EO| MEB 24
HERS] BET H|EHZ 9 AN EA B4 Ayls
Table 29} Itk Behe wlAFS @ o o] o

3t u]ﬁmm ] ﬁjP 169 m’/g, 73 m/gO & & 242
m%/g2) etk A3y O:l:,’-(Lee and
Kim, 2010)011 1% A sFor A2t e
sz H 7} 109-372 m¥/g # 0_ A
, = Oﬂ%@—l EI}E o Hn*

.

jBHN

3
0.078 cm’/g, 2.3 nm=Z UE}}O
3} Lee and Kim (2010)0] X313}t Zhjts
ero] B4 B Auku|A 582 0.049-0.177 em’/g,
Bt AT 1.9-2.4 nmyet AtIc). i, A
o8 FAete] nNTLA ] A 0214 cm¥/gl 2

Table 2. BET surface area, pore volume, and pore
diameter of activated carbon and wood charcoal

Property cbon ool "

BET surface area (m%/g) 660 242 2.7
Micropore area (m*/g) 462 169 2.7
External surface area (m%/g) 198 73 2.7
Micropore Volume (cm’/g)  0.214 0.078 2.7
Average pore diameter (nm) 2.6 23 1.1

! Ratio = Value of activated carbon/Value of wood charcoal

AR Yepygtov, Bt Al
AL 2.6 nmE AMjFogz Helylo] zjo]&Et
L.18})7} ek weby A7) 23E 18E o,
_]

Fyee] 49 Heknch uvﬂ+ 7} sl
A}

SR o 2.7 &2
A

pa)
lo

>
fu
i
Hu)
e
rU.‘.
x f
10
fu
ok
oX o
F—Vfl
ﬁ
oﬁ
:10
Iz
)
)
ot
i e lo B o ot fu

rd‘

Lo off
ofl e}
O_>|: o
How B oo

m]o|v
N
N
o~
fllo
i,
ox
o)

3.2. SEF EU& 3 X2| Azt wE
5-HMF XA

met Ag) F, G4 dotel o SHMF gee =
g A AIZE 9 BRG] wE o] BF
Uebon] 1 Auks Table 33+ 2t} 27] §AF o
3ol 1 5-HMF & tiH] A A&(%) 7.09-97.91%
o] W9I® Uehgon], dAdon ee] £elekol
Z7KkT Ae] AZto] Zold5E S-HMF A7 &0
Z7kste AE 2t

A F5 FUTFo] 0.5%0 A5, A Ajte] &

olgol meh 5-HMFe| A[A&2 7.09% (1417 A
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Table 3. Removal rate (%, based on the initial content) of 5-HMF in the model hydrolysate after the treatment
of wood charcoal or activated carbon depending on treatment time and concentration of charcoal

Conc. of charcoal

Treatment time (h)

Charcoal type

(%, wiv) 1 3 6 12 24
Control 0 0.00 + 0.00' 0.00 + 0.00 0.00 + 0.00 0.00 £ 0.00 0.00 + 0.00
0.5 7.092 + 0.08  8.46® + 1.16  831® + 125  10.29° + 2.08  12.74° + 0.23
1 1624 £ 0.81  18.05% + 0.14 2030 £ 0.95 21.03% + 243  26.45" + 0.23
2 3280 + 0.69  39.79' + 2.09  4221™ & 3.75  47.70° + 0.69  52.72° + 1.00
Wood charcoal
4 64.15" + 1.63  76.15' + 463  81.55' + 1.74  83.40™ + 2.04 86.90 + 1.49
8 90.71% £ 0.13  96.42” + 026 97.74”* + 0.12  97.91%% + 0.19 97.46” + 0.91
12 97.22% + 0.18 ND? ND ND ND
0.5 17.06% + 0.63  18.10% + 0.75  19.65 + 1.69  22.88% + 0.03  28.12" + 0.95
1 3549 + 157 37.81M £ 202 3623 + 0.12  4541" + 0.67  57.90% £ 0.62
2 65.45% £ 0.67 6541 = 0.60  67.50° + 1.72  74.75' = 1.67  85.51™ % 0.74
Activated carbon ,
4 91.17% + 028 91.76¥ + 0.82 93347 + 0.94 9529% + 0.65 98.09% + 0.50
8 98.58 + 0.20 ND ND ND ND
12 ND ND ND ND ND
' Mean + standard deviation
> Means with the different letters in the same column are significantly different at p <0.05 (least significance difference test)
3 Not determined
1274% (Q4AZH7HA F7etg o, 1-6AkF 2 Asy] qEoR AlrET.
3-12A1%F Abololl= foAQl Aol7t gle A< 9, 58 YRS 2%E STHIES A 1A
0.05)o.2 2Qlxo] A AFte] g F7hgS W ZFHES Al 32.80%9] AIAES UERH o A Al
U d = AUSEh o9 e A =7 B4 1ro] F7Kgel wak AAE ol F9AQ AolE
Fol 1% = yebgow, A2 Algko] S7hgtl Holu FA3] F7IsIAtHp <0.05). H& Tl
o} 4% e A2 AZE 6, 124174 AlSIgh i)

wel 24 2645% Q4AZHZIA F7HSFe] oF 30%

of 77h& 5-HMF7F AAE S-S ERlakqlct. o] ZhoflA Hek FRIRF 2% wiek vR7EA 2 5-HMF
oF FAFSHA, ZHEHILTES] HAE A2 & A Th AAE ol 41 Aol7h Ao (p <0.05),
HHEEREH AdES BAibstaiat Pd AP 64.15% (1A17DoIA 86.90% (24A]17Ho.E 1 %ol
TH(Miyafuji et al., 2003) A= 2417} o]&} HAF 7} BN > =,

FEdflEe] AP AE" FAT 1% (WA EHEE FQATF 8%olA = 1AZE 53F Hehe A ejd
78 E(v) ©lsh) S-HMFeF -2 i5tA 2lhE A A Gkl W 5-HMF9] 90.71%7F A1 A(10%
4 g5 SRHEEY UV S35t &3 4459 oal zHp)E|om, 3AIF o] 4] Az AFtollAl=
O}, 3AZE o] Fe] A Agte M= Zraege] A 1 AAEEY HATE 96.42-9791%E FAHCRE F
Aoz FAsHA wopxlvkal ®astgict 3, o] At ghe AP <0.05). HFHOE 12%9]
A g AP Al A A7 Be B & e A2 Sl 1ARF A Al 5-HMFE] A|A&o]
5-HMF A Aol A7} Q= AL afid FaFda | 97.22%= UrEbgom, 3AI7E o] 4] A 2] AJTtelA
9] Wl H&e] B4 wE 25l A7 & = 5-HMF7} 79 AEEA] obglet. whebA 7] 2
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RF 2 Bero] §Ab W) U] SHMFE of

95% o4} mEHom AATL 4 A Ao
Hr. 2 7ol Beke] 4%, Az 24 59| o
E

Miyafuji et al. (2003)2] 01—"[’-01]/\-]5 7% ©]AF9]
mEtom 3A7F oA oM FRBaES Aeishe
Ae oy W B 2 Y HREES A
o] glold &gl HolA o2 misIge
o ol 2 qd7e] ATelE fAlT
B, $4 Selole] RS Aelsiae A9,
se A7) Ao FAEH BTl Selsgol 371
Sl7U A2) Alzto] ZojheE SHMF A7) 2
7]'3}% AEE et o, 1 W9l 17.06-98.58%
94 ﬁ OEE]_ m;;.x—] oz io]-];]_ 71-71-94 27-]
Oﬂ RER TR — F9% % A
ZF stoll A Bvte s Aejgt Ayt Seke A st
e ot A R {2l iPO]E Hojn
=2 AAE = ‘%E}”‘ﬂr(p<005) 2= a2y
7R 2 -4 E A (eucalyptus)e] A}y Tk
HIER A 75_5“%\34 Villarreal et al. (2006)2]
Aol dstol] oFt FetA BtE AA At
P &8k Aog Buskyrt o= FAEle] AL
sekn} wmelo] 4] WERY U HFEAT 2L
ched B4o] wrh s, A%E AE B
S QA 7 2do) aRabEol S-HMFS) 2
$7120] gt B2l Holu] tEew Aln
C}(Saka and Doi, 1998).
Soldoz, EAdete] FolFol FYU0S, 1, 2, 4%)
2t A% 1, 3, 6417 A7|E S-HMFO| AlALE 1t
o el Ao} e gatesip <0os,
ST ROl 4% AlolE BE R WslolA
Ae) A 1243 o2 AP gesos #2
o Uehgt). AEHont s%el
3AIZE oA+ A e A] 5-HMF

mm1

ﬁ

N

i rlo of

011

RS

=0 =] O

7} AZEEA] oron, 12%2] e E?JTSP 3
ol ®E A2 AlZkolA S-HMF7} tiig Al A = %
55 ghelskgih

- g - dHE - o

3.3.

Hek A & FAF Bkl i FEFE AL
T Sehe] BoR W A2 Atk @Rk =LA ot
walslgon, =45 7ko] Hol: 15.08-99.06%9]
I3} cH(Table 4). S-HMFE] £} GASHA &
gho] FQfgo] F7kskaL A2l Algto] doj s
230 AAEo] Sk AFE Biod, Y
b 2709 AAE F> S-HMFHEU =900
oA Apolg YERHTHp <0.05). o5 &4,
=8 FdEo] 0.5%% AL, 1431 AlZkol dejdl
of wel FaFeo] AALL 15.08% (1A7hHolA
21.45% (4A7H7HA] AZE 57}0}MJ_, 5 £
Fol 1%=2 719 s 6-12A417HS AlLjsh
= W99 A7 AlolA {oJFHQl AfolE Holw
29.41% (1AIZDOl A 41.99% (24A7hE 27}ttt
Kamal er al. (2011)9] A3AFo A= Akil(sago)
o] W} TheEs=el 4TS 1AF A Esto]
32.02% (B8 EU: 1%) 9D 53.36% (ZA4e
Eolek 2.5%)0 EEEgo] AAEL Hisgs
o, SE2 o]83t & AT Ay EH FASH
24 %%‘1— oflel HetE FEF A Ao aitA
¢l Aeg AtmEh

Hj, 2% ool mEto] FolH —"r—%
Hh olko] FEF o] AAEGeH, 1247t o] 449
A AFtolA AAES 1+ *n‘4 2to] 7k 3o
(p<0.05) o] GHal Fazd Xﬂ74 Hkgol 12
AlZE ool o]Fojxl Ao g odHct a2l 2F
Ao Hek QR 8% u, 12417F o]/4fo] Aeji

e Faido] JEHA| ook, 12%8] S8s F
Ql3ALS AeE HE 7 A7tol|x
AE=A Sk

S FAE G AREtie A, FEF
ZHo] A AEL 18.49-97.87%E HELS] AQRTE A
Aoz o), 4w B 4 A
o2 W3t A AT 0.5%9] & 5
Yok 1AZE A stls A 18.49%%W FE5
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Table 4. Removal rate (%, based on the initial content) of furfural in the model hydrolysate after the treatment
of wood charcoal or activated carbon depending on treatment time and concentration of charcoal

Conc. of charcoal

Treatment time (h)

Charcoal e
wp (%, wiv) 1 3 6 12 24
Control 0 0.00 + 0.00 0.00 + 0.00 0.00 £ 0.00 0.00 + 0.00 0.00 £ 0.00
0.5 15.082 + 0.71 1537 + 0.69  18.72° + 025  20.13* + 3.55  21.45° + 0.02
1 29.41° + 340  32.05' £ 098 37.94%" + 058 36.71% £ 232 41.99 + 0.49
2 49.71% £ 1.69 5845 £ 342  61.45™ £ 254  67.29° £ 0.03  68.37° + 0.94
Wood charcoal
4 78259 + 1.60  86.09" + 2.57  90.62* + 1.10 9133 + 1.18  91.57" + 1.39
8 94,80 + 0.48 97.12"* + 0.10  99.06% + 0.11 ND ND
12 ND® ND ND ND ND
0.5 18.49° £ 0.57 2133+ 132 22459 £ 207 24419+ 180 32.50" £ 0.26
1 37418 + 0.15  40.18" + 0.84 4578 + 0.73 4469 + 1.65  59.48™ + 0.08
2 66.04™ + 123  64.89" + 0.08  73.06" + 1.82  72.39° + 1.60  85.96" + 0.06
Activated carbon
4 89.15° + 1.92  91.83" + 0.73 91.97% + 1.09 93.82" + 0.06 97.46" + 0.09
8 97.87% + 0.44 ND ND ND ND
12 ND ND ND ND ND

' Mean + standard deviation

2 Means with the different letters in the same column are significantly different at p <0.05 (least significance difference test)

3 Not determined

of wet Hat Sk e,

Jek EQIEe 1%

24

woln @] AIZHE 24A7toR SRl 59.48%
Al o] o] FEo] AAEH. o= A7 =4
o] S ARt et AHE| AsPAFMiyafuji et al.,

2003; Kamal et al., 2011) Z3}e} BT3RS ], F+
23 AR B} g R0l FREoR

£ Hrf 953 Aoz FRlE ik
E3, ST FYRF 8% ol Y A, AL o)
Ae] Al FEFo] HEEA] Ao, 12%2] &4
52 A Soll= FEFo] HEEA| ot 3
HBo| AAE Ao ALgE) o]}
= 471 %WE* 2o E}E 5-HMF Zﬂﬂ

pu

&

3.4. & S A XM2| Azt mE
ot Bz 3}
AU O FATI 2 FHAAZ o] §ste] o
A0 SEANBAS AAT A4S, WEANEY B
B ofUjet A% B Fawle] SAEy BiH

th(Maddox and Murray, 1983; Kamal et al., 2011).
b S Aol S SHME 8 F2Ret A
T 9 o RS disiMe #Esglon, O
NE FEIe A0 AuE Fig 1o] e
A Bolelo] BEg AeaRe A, FRS
EUBS A Aol 1AZlA 1247744
7hohe B9k ReIMel Aol WolA] Uk <
05), 24A17F H a3t Aol AZ Zrlels B
& HAHFig. 1 (A). 5 FAFl w2hi= 8%,
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charcoal (A) or activated carbon (B) depending on treatment time and concentration of charcoal.
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charcoal (A) or activated carbon (B) depending on treatment time and concentration of charcoal.
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