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Abstract

The study analyzed the physical and chemical properties of dry-torrefied (DT) and
wet-torrefied (WT) biomass. Hemicellulose was mainly degraded by torrefaction, and the
contents of glucan and lignin were relatively increased. The degradation rate of biomass
was higher in WT (18.25%23.13%) than in DT biomass (3.12%3.83%), and it increased with
increasing reaction time. Torrefaction improved the crystallinity of the biomass from
36.88% in the raw material to a maximum value of 60.97% in the biomass subjected to wet
torrefaction for 30 min (WT-30). The thermal stability of torrefied biomass was improved
in WT-10 (17.21%), WT-60 (15.38%), and DT-60 (8.74%) compared to that of the raw
material (2.35%). The hydrophobicity and fine particle distribution of biomass were increa-
sed by torrefaction, with the lowest water absorption (3.08%) and the highest distribution
of fine particles (8.20%) being observed in WT-60 biomass.
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7k Aolet. AR ARV EekaE Aol ARBEE 3 Aok S2A Hiol Ui Alo] 9]
/&7 A7t o} EdAlm A Aedel EA7E SRt Tk AARES =
ARSI Jgg Al ARFARE Aol Ao Alolz st EtEA] SEke EARe] Al
oekA Zehy Aleh E9eb] AsiAe AXFARES] et Basitt

=7 Hio| QUi TRl HAP|E Eeoial lom, ol AL ey Aok Egto]l A At
2 2334 wEbA 7S A st AEet ol i wheele S vlo] euf2
EHE SIS AAT o e e el Hidslks S8 vlo] QAT FAbAs 27, W2
HE-25(200C-300T)001A 1417E o] #f2Jshe 4| F=a HE3oItHS]. o] IgolA = Hio]
Lrfjzof 2HE 7, FEY o] F2 AAHM SuAER L ARTt FefEt. wEhA v
o} Hio|eufiiz Aap/do] Hof e Aok Egto]l A9t A} et TS, 584 wiol 2
o] Fg/gso] L EsfElo] TRl oUAE A 4= ATHOL. oIk FARE vl 54
Wk RS E el o SudER oA BoiE fsh HfRt H 28
AAZCH7]. 74] wretste} vlwsto] 22 9k 2704 Hpo] QujA9] =2 Hofg-S Uehli= A
o] E4otH8]. & ATold= ARt StaE Akl ARiAtEs 8835 sl A 54
Hiete} JiS A8oklon, vl AR sfeh - 24 SAS Hla BAstAr gl
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1. SN2

2 Aol A=3(Pinus resinosa) AAFAES @HESERRE Wol AR
Apgslgdty, AYRAES 20-80 mesh F7|2 Eafote] AxF} &4 wiekslo] AR85dct
Hafd AR TeEE 10% WEHeE FAIsHIT

2. HiO|RO{AL| HEEAM

AAEANEC] FA44E-2 NREL(National Renewable Energy laboratory) o= 4519
tH9). Hio]QufjA0] 3} SRS TAPPI Standard Method(T211-om-02)E W@t} 775+25C
oA 6AIZE AAXAA S7F5I5IT
3. HIO|QOHA £A| HIEIS}

Hlo] QUi AL} ZBLE 1:8(w/w) HEE &35t & 3144 vR37|(EMV-HT/HP600-3, E.M.S.
Korea, Korea)ollAl 4] HIEHSHE 48853t} 245 4T /minl & 200C7H] 223t & H-g
AZE 104, 304, 60 ZH ATt Hhgol S&E F 100T ofsk= YZ4AIA A4 714=Eaf
ARE} T HPo| QUIAE ofafsto] FEejelylon, 1ggHlo| QuAL] SRS 230 HRe R &
Asioict. A 7haEshabEe] 23k FRet FEsiibE-> HPLC(Waters 2695, USA)YE ©1-85
o BAsigtt BAZ= o2 Aminex 87H column(300x7.8 mm, BIO-RAD)Y AZV]|=
Refractive index detector(Waters 2414)& AR&0FTE. 01542 5 mM H,SOE ARE-sH o,
0.6 mL/min £E& o]s4S SeEY 558 &t B4kt 2l1d 2oiHESQ] total phenolic
compounds (TPC) $FF2 Folin-Ciocalteu’s reagents ©]-&3ato] Z45FATH10].

4. HIO|QUYA ZHA| BiEts}

Hlo| Quj AL 1054+3C 9 AZRT]NA 24417 ARSI oH, AZRE Hjo|ujA 30 ¢ ©olg
(HTF-Q100, Hantech, Korea) =30l £9J5t0] A4 29)7](300 mL/min)ollA] ¥HEHIE 43
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3t $24L = 30 /minC 2, 200C7H] T2 & 108, 308, 6022 2+ SR8t vk
T HiEs) ARE slgetylon 2310 HiHo R HiERS) Hlo] QAL LR EASHTT

5. HIO|QUjAS| XX EM

Hlo] QuiA A= 3D VH s XA SEEA7|(Empyream, Malvern Panalytical,
Netherlands)E ©]-€35}9] 20=5C-50C, 40 kV, 30 mAS] 7oA 459t 23+ 4]
(Dol sl 244 PG AASIATHLL.

Crystallization %) = (pez = Lum / Zoo? x 100 )
looz: peak intensity of 26: 18°
Lam: peak intensity of 26: 22°

Hlolemjao] gl At A 52 wefsly] s Fof wek Ao #37(fourier
transform infrared spectroscopy, FTIR) (Spectrum 400, PerlomElmer, USA)E ©]-&5Tt.
AHEY 3 4,000-500 cm 'S} HLolA 4 cm '] WFER 323] Aqfiste] st

Ho] Quj A 0] F&eF B0 ek HA7|(Discovery TGA, TA Intruments, USA)E o|-&3]
10C/min®] £&E2 800C7HA] of=3t 7kA £9)7|0A $8¥siqitt.

Hlo]eujA0) F 45 Brkel] o vloleujie FAIE ST $ 105C Ax7100A4]
2417t B%F AZRF. HAACIE A 35% NaCl €9 1LE ¥ & %71 70%-80% ==S FA4|

stoion, AxE vl uAS Yl 6ARE B3t 1A BAE S7ste] o2 F4E S0t

At

6. HIO|Q0fA X}F7| X

il u20] A7) EEE S| flsiA vol 22 20 g& EEA(1.0 mm, 500 pm,
250 pm, 125 pm)ell YL W75 olEste] 283t 227t & =27]0f wet £2)d Hio] Quj Ao
TF= S

Zar o pE
1. SAT} 74| HIESI0) J3t HIO|QUIA BIER X

54 ulE) 5 AYEAIRS] BHRS 18.25%23.13% Uehton], 714] wietslel vl mgie
T 22 HoleS Ech 44 HEsls B2 AM83 102 18 2rolx AAEh: solsa
1012

H;0")2 Qi ek sto] AF Saff whgat RARE BIHE RESH12). wheha] 54 ghest
I7go| A Hpo] QufA 9 IR F W 2LoA Bt AlREE FrAAER AT R Ei
Elo] Bofgo] Aid o= =tom[12], §EEARe] Aojdas Eole2 S7ketoint. v 4]
HIEre} 2ol 3.12%3.83%= dH o= WSkt vkgAJTol| whet & Aolg YERAA] Aottt
T2 FE, S FE20] AAEL G SR A Hai7t dodt A o= wkEcH12).

AEARE 32 S5 38.49%, B 34.45%= LREAR] MY IR TS Ve
Wor, FudEZ QA i HELS galactoglucomannan®® TS 8.36% sl AUt
714 ghets} vlo] QUi A0l 79 SuAER QA JMg/dRo] AN BofE|glor AddjHo s FE
21 gFgo] Sk HRSAIRE 710l wet AR Tl 2 Aol UERA] Rt
O|AL TFUAE 2o} YAJstoirt. §HH, 54| REls} vHlo| QA9 udlEE 0 A JE-2 T
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Table 1. Sugars and degradation produ

Faf=glom AdiFos 573 21y o] 7k oA S HAEY HustiS
EEY] FUAEZ QATE RS onsict. AEZ A T2 BRI Supay B4t
oA ZEE Fofohs F8 JROZ Eo| 44| HIEtS} Hio| QujAofA =2 RS e

54 Hiets} A} 7iEeibE o] SR B4 A= Table 13 2tk 58 EoRHE-2 Fjujd
E2 QA0 gt Th e AofH, 4] REES} Aj7to] Z713kpE skt Z71519I 0|2 Hio]
QujA AR Aol AR|EIPTHTable 2). 681 {8 BajakEol x4 HMF(hydroxy-
methylfurfural), 58 8 FEFH9] s= 54 BHEs] A)7to] 7185 S76nh A
F SUERE QA= S FuBER QA 20} Hwolo] W2 HILo] obNE7|E Egokl Q
o] OINEAL] sle= Ao R WltH13]. 2l1d BoihER]l TPC T 54 Hieks} A7t
wret Z7keEom o]AL g1l Rt BAlE S Qnisitt. WA eReibES] pHe &
A BHs} Ajzto] 371ekRE 2 3h UElon, oA SR QA AEE QA Hajd
ofsff /9 oMEAR} 22 |7l o3t Ao wETH10].

2. SAL 74 RBiEkel0f ot Hio|OjAS =Y £

AAFARES] A st Hits) vlo] eufj20] At A= Fig. 19 UEhiler, fAl=e] 2
Jotes 36.88%2 HHE A2l A=t FrARBIITH 4] 54 Hiets) vlo] vl o] Aol
= AACE S7K57.55%60.97%)31 3.0, HESAZIO] 3023 60+ AteleflAl= & XolE vre
WAl okt ol wlolemil T 24 BiKTable 2)2F AAISHAL. 54 Hhetale] s}
SudEzes0t AER 0 A0 vlARA Goo] Tl Ao AAstert S eIl Wi
A4 it vtoleuj2o] Aot ARt Hluste] IA S7FHA] FATHA0.35%45.18%).
o7 14 nietalol] ofRt FAE, TR Aot QASIITHTable 2). Hiol Qv Aol
ARald ERtAE Aatold AER QA0 ALt TR T glo] S71E sy St
3ol 3HHR] IFE & AR dSHt
HlEs} vlo] Qufj 0] F2HEIE BRI slo] FTIR £4< 31900, 1 A3k Fig. 29}
2t GRS} 24 9l 54 iheta) o] Quf o)A FEER] FAETt SRIEQIL:. A E} H]

am e

cts in the hydrolysate obtained from wet torrefaction

Glucose Xylose
(gl) (gl)

Mannose Formic acid  Acetic acid HMF Furfural TPC

(L) (gl) (glt) (gl) (o) (o) Pr

WT-10 min 140 (0.36) 0.26 (0.04) 243 (0.94) 019 (0.06) 0.78 (0.12) 061 (0.14) 086 (0.14) 1.10 (0.16)  3.75
WT-30 min 019 (0.01) 0.9 (0.11) 345 (0.78) 044 (0.23) 159 (021) 199 (0.22) 161 (0.10) 1.39 (0.17)  3.45
WT-60 min 017 (0.02) 0.3 (0.04) 546 (0.78) 032 (0.11) 204 (042) 331 (0.18) 1.85 (0.08) 147 (021)  3.39

HMF, hydroxymethylfurfural; TPC, total ph

enolic compounds; WT, wet torrefaction.

Table 2. Chemical composition of biomass (unit: %)

Glucan Xylan Mannan Lignin Ash Degradation rate
Raw material 38.49 (0.64) 4.32 (0.29) 8.34 (0.63) 34.45 (0.00) 0.36 (0.01) -
DT-10 min 38.78 (0.76) 4.08 (0.10) 8.15 (0.05) 40.38 (0.00) 0.36 (0.02) 3.21 (0.56)
DT-30 min 38.37 (0.02) 3.93 (0.12) 8.04 (0.07) 40.92 (1.05) 0.55 (0.00) 3.04 (0.56)
DT-60 min 38.60 (0.09) 3.84 (0.23) 8.00 (0.05) 41.58 (0.29) 0.46 (0.15) 3.83 (0.34)
WT-10 min 46.87 (0.17) 1.25 (0.08) 2.46 (0.09) 46.28 (1.43) 0.15 (0.04) 18.25 (1.72)
WT-30 min 46.92 (0.74) 0.58 (0.15) 2.27 (0.18) 48.95 (0.61) 0.13 (0.06) 22.05 (1.73)
WT-60 min 46.69 (0.75) 0.38 (0.08) 1.89 (0.14) 49.91 (0.49) 0.07 (0.08) 23.13 (1.48)
DT, dry torrefaction; WT, wet torrefaction.
20 | Trends Agric. Life Sci. Vol. 60 https://www.etals.org
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Fig. 1. Crystallinity of biomass depending on treatment conditions. DT, dry torrefaction; WT, wet
torrefaction.
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Fig. 2. FTIR spectra of biomass depending on treatment conditions. DT, dry torrefaction; WT, wet
torrefaction; FTIR, fourier transform infrared spectroscopy.

wsto] 54] HHEs) vlo| euj Ao AER @ A0 A% W A AERE AS UE= 3,300
cm! YYoA F& mF9] WHelE BRISITH15]. o7 FudEZ oA Hefjo] Qg ATl
274 999 7ol gt A= wetdnt ¥ 4] gt} vlo] @ujAofx 11 Hak= m|u]sie]
o}, FAEE QA9 WHH B4 1lH 1,420 ecm '} 1,732 cm oA &4 HlElS) vlo] Quj A0
WIS gRIstglon, oA P AER QA Fofjof Qg Ao 74| HiEets) uo] Qufj oA Ha}
L ojolEiichie). gadst BEE 34 19(1,263, 1,454, 1,507, 1,593 cm )2 ¥Wske Lehst
on YA|EL} Hlwste] 714 HHets} Hio] Qui Ao A Tt FA4] HIES] Hlo] Quf Ao A 2ol & L}
AoH16].

A =0} WIS} Blo] QuiAS] AFeF FA Ail= Fig. 33} Table 30 UEWl o, Hio] QujA
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Fig. 3. Thermogravimetric analysis and derivative thermogravimetry curves of raw material and
torrefied biomass. DT, dry torrefaction; WT, wet torrefaction.

Table 3. Characteristic parameters on thermal degradation of raw material and torrefied biomass

Raw material ~ WT-10 WT-30 WT-60 DT-10 DT-30 DT-60

Ti (C) 189.99 191.07 210.07 221.07 208.40 209.70 212.95
DTGmax (C) 329.55 345.96 347.05 351.78 332.30 334.03 350.33
Residue (%) 235 17.21 0.01 15.38 0.95 1.06 8.74

WT, wet torrefaction; DT, dry torrefaction; T;, initial temperature of thermal degradation; DTGpay,
maximum temperature of thermal degradation; Residue, weight percent after finish thermal degradation.

HE= 2F 100C-800T AtelollA] FHLIoHA Uetsitt. BE Hio]QujA ek 100TAA AZ9)
SHATT doftor oA B Wl X FHbY 229] A A oJgt Zlolck. ¥HE 250T-350T
oA FAT ST ol oy o] BA| IR F SEER A0 Hafjo] oJgt
Aoz wtd), dutxoz FujdEz 0 A0 B 32 200C-300C o4 dojubs, AE=
QAL 2 H9|(300T360T)NA EYHrSo g waA Badch vhd 21de Aet Bajek
< 7H WS T EAR YL 25(160C-900C) HYjoll 24 grdukgo] osf Eadci12]. bt
E3} vio] Qi A 0] AR AFLE(T)= HAIE(189.99T)2 B S W =obH.2™(191.07C-
221.07C), ¥HEsl 27t S7FEE 716t Y S8 aart dofvks 2E(DTGrae YA
5(329.55C)%} H|msto] HHASE Hpo] QuiA(332.30C-351.78C)A =4t} WHEtsH WS vl
SIS wf 4] HiEslolA B8 FY FEA 252 YeRh o] AL ekl dboA FRA
4 SR A Fafj9] Zjo]R H4] HIEtS} Hlo] QuiAdA vlw A Fof QFge 2 1d T
1R G 227 A et Ao dtErH15-17]. YARS} vlasto] of tist Qg Aol
e g HiEs] vlo] Quij A ARG STAE KAl Qlo] 245t MR E8E 5= Q1S ottt

YA E 0} GIELS} Hlo] QUIAL] A7t WhE =B F45E2 Fig. 40 Uehd o, Rt} 31
A 5 SuPAEZ 0 A7F AA 0] 224177} TEASIFTH18]. HEErS) Hlo] QEjAL] B ST
g2 YA Ee} H|wslo] W gk VR glom H4] WSl 60R RAA0A THY W R &
S VeIt 54 NS} vlo] QufjA9} Hlwslo], QiAo e FEAASS e 714]
AL} Hio] QuiACIA 2 B F45ES UERTE oA wiEst Yol FEA K A
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Fig. 4. Moisture uptake by raw material and torrefied biomass depending on time. DT, dry
torrefaction; WT, wet torrefaction.

222 Bajo] Xolo] ojgt 208 WRHEIth solol il Wikl o A4 B 2 ¥
of AYRBY ekae o] AR ABHS W, W SAI9 B At A BE
g5 U

3. HO|QUAC| IX{T7| B

AR} vlets} Ho] @il A0) 9JX}Y] BEE Fig, 5] UeRiom, UARE 1.0 mm o4
RTINS 71 o] TSI Uk vk WS Hlo] QuiAL 250 1.0 mme)] YIS
TSt ek, AR Hlol e} uliwsto] vk} Ho] Qu oA nE o] k). Hiis)
FAOIA o] el TR otz Ho] @il B4 o] FpEIgon, uAE AAe] A
20l 5 FITH5). Hlol ori Ui RSN Berae ARS 9iet K12 BRI B
2% ARz 2§t

] <125 um | 250 1= - 125 mT] 500 1= - 250 =[] 1.0 mm - 500 &) =1.0mm
100 -
|

&0

B0 =
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Fig. 5. Particle size distribution of raw material and torrefied biomass. DT, dry torrefaction; WT,
wet torrefaction.
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& AFolME 4] - 54 s} vlo| ujA0] F4, SlokA] 548 BASIIH. HiEsl] of
3 F2 SR AV} BefjE|glon, Adidos F571} glado] Feko] Felirt. Ealg
2 714] Whersh(3.12%-3.83%) 5Tt 4] WHEksK(18.25%23.13%)°1141 =9kom, ¥hg-Ajzte] Zo
A5 Z3feo] S7I5HT 2Ask s YAR(36.88%)9F Hlalsto] Hiets} vo] Quj oA &9k
o 302 &< F4 WSS SIS W 7HE w2 AAS=E UEtH60.97%). BT
4 23, YA RET HHEs) vlo] eufj oA ARbg/do] 9t Ao ® LERET HiEslo] of3]
o] Quij A 244 Bl nAE o] SIS e F4] NS0 7MY W2 s EESE
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