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Abstract — This study optimized levulinic acid production through acid-catalyzed conversion of two-stage pretreated
rice husk solids involving de-ashed and delignification. As comparative substrates for levulinic acid production optimization,
acid-catalyzed conversions of glucose, a-cellulose, and avicel were performed. The experiments were conducted in a
batch reactor using an oil bath reaction system under the conditions of reaction temperature (160-200 C), reaction time
(0-240 min), sulfuric acid concentration (1.0-3.0 wt.%) as the catalyst, and a substrate-to-catalyst ratio of 100 g/L. The
acid conversion of glucose was employed to observe the reaction profile of levulinic acid production, while a-cellulose
and avicel were used as comparative polymers to examine the acid conversion characteristics of lignin-free cellulose
materials against the two-stage pretreated rice husk. Consequently, the acid conversion of the two-stage pretreated rice
husk achieved a levulinic acid yield of 44.75% under the conditions of 180 C reaction temperature, 3.0 wt.% sulfuric
acid concentration, and 120 min of reaction time. The results of levulinic acid yield across various process conditions
were further analyzed using response surface methodology (RSM) to optimize the reaction, and a detailed discussion on
levulinic acid production from the two-stage pretreated rice husk is provided.
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o} Tgho] 7hssiti10]. wbA nlo] Q= 23 A5 Ths A=
FoAA Al oA REEE Zslah= 5 a3 oA o< eles
2] Far QTH11,12].

Ho] QA= A5 9 7hE Ao whet [~3ATE e T
1A vlo] Qui = AV, S7e) 2 A8 Aol Sls
vlo] @ AR E AT kAR, A8 AE-E o] &8k AEk <k
10| A8} 7HA d=5e] FAE S 7 glvks Wlo] glvt whi,
2410 vlo| Qul| A= E AV IE, EAl9F 22 1] 48 A g
A Z-Z 9 A (lignocellulosic biomass; LCBs)E &-8-5}0] 215F A4k
2] BAE 2T Uk A vlo] Qi dETT, vk
22 kel Ak AES 98Tk 3A Y vho] mlj 2~ Kt
H| 28 2 S AFS-EE7] Wil 1Al Bho] Qi Aete] HA S
5t 5= QAT 7= A EAeF A A Al 5 2 S AT
Holl= AgEie13,14].

LCBst= duvtth 1 7498 254 th=2 A0k B 35-50%2
AET @ *(cellulose), 20-35%2] &0 A& @ ~(hemicellulose),
5-30%2] #1973l 3] (ashyo]y &2 A (protein), <] 2 (lipid),
Eh (tannin), €F*~(wax), 7] 2 (inorganic compounds) 52} 2
71} &4 (others)Z T = o] QlTH[15]. o]21gt LCBsE T3t
theFst B4 o] §3te] 88t 28 Asid 5= glor, 39
AZZ A9 FNAFE QAE o835 A7V} Hol XgEolen
At AZE QA 2572 (glucose) THFA7F B-1, 4-2F-FA]
T A%HS o] & BalA & AF 7} E-8) (acid hydrolysis)S E3] 5-
HMEF(5-hydroxymethyl furfural), 2|3 :Klevulinic acid; LA), 54t
(formic acid)?} 22 E4S A9 5= 3lvi{16-19]. Sv| =2 @
A FFILA, AEE Q A(galactose), AL E @ A (xylose), oF2f
H] 4= @ A (arabinose), TH 2 7~ (mannose) 5 2. % 7 E EHA|0]
H, FE AU 2 T o] BARI AU fh(xylan) 02 7 =]
o] t} | AEE A8 AL 7R E T XEAL HFE
(furfural; FuR)7h 242> 525 A S & lh20-25). 7+ 24 =5 E
e AERAY B B8 A s Bl g et
3}o] = 2 F#(2-methyltetrahydfuran; MTHF)o] 2} 313t &S
e 4= QITH18,19,25]. MTHF= 7| A-5-A A 8ol H7lE o]
A5 s A 7 o, SEI) Srtste] qixle
deg AT S ohs Ado] 9t B3, MTHEZF LCBsZ4-H
ko] 7hsst7] el A& 7hs gt AR EA AL T stk
&0l lrh26].

LCBs?] 9% < 97 (rice husk; RHy= 22 AAkeh wf] dhAsh=
FARER AollM fA7F 2SS F 20% otk 2023/
2403 2% kRS- 59 23905 Eol B3k, o] 2 QlE)] FaER]
FA ) et Frol A TH27]. sHAINE, MTHFS] F3HA191
A5 HFEE o a8% 07 YAshy] $I8A] 9AC A
o] (pretreatment) 373°] AFH 02 Q THT 4AE LCBsZEA]
Az e FudEr e A, J81 glade] B4l 88l
TJ2E 7ML TH28-30]. v B 9] HEF = gade
LCBs T-Zo|A AEF @ 29} 534 % (lignin-cellulose complex;
LCO)E o]Fo] aavt Fn|e] 370z R e Aeds 7= 54
o|th31]. whehA, AEE A FHHAER @ AF o] 857 $lEliA

FA B ade FEAAE St 13, FAE olF= T E
3L 9l

2 of 10%-20%2] A 2] 7k(silica) 2] 3+ 7H]
B4 w3t 93 38k F Aol o3t F712Q B AE A 51y

uitoll o5 AASH: AA ] B3t pA 0w QFETH32].
ekt Azl W % AR E B (sodium hydroxide; NaOH)S:
o]g-3t 479 AA = Aed o7 3|H-S A7 8H=(de-ashing)
w0 7 B3| oA o) 1Rl 3%-0] $eke A sk
Aoz A Qlrh33]. o]F FHA o= F7]8wQl ek
(ethanol; EtOH)S- ©]-&-3F f-7]-8-1)] &3] (organosolv-fractionation)
A & ARNA =9, 2l d ] AAR ofyE) 1 U]
o] S FAE = Qlvh34,35]. F718) & 32 7rgel A
PEFE AR AT FAEY, v AEE 9 A st EA))7
WY PE(FE FuAEZ A0 AFdgko 7 FA)o] AT

1 o

23 9 2 d A i A E FEl A il
= =
s =

=

A 2R, W ASRA BN RS el B8
& % gt

B Ao BAL S AR AT T v AXe g
TR AL Hol AHS B 247 AU PAS AN g
Aoleh. 44315 918 Aokt 2RO, AEZ A i 2
e

2 24 ol avicel), 12131 2] 1H0] 100% AAE kAl
E2 9 X (o-cellulose)] AF F1ll H3-S FARSISIT. o] F A&
AR Al 71 3 RIpR] 9 25, BES AL Sl 55 7]
AHIAE HES-E W24 W (response surface methodology; RSM) 2]
Box-Behnken Designs &3l A 2]€ S4AZNE 5 65

Ao oft =012 At

2-1. A2 M= 2 A2

2-1-1. A A=

A 9 AF 28 F7g ol ARE-E wlo] emj A= A (RH)O| T
AL 2017 A A= 1.2, local rice-processing complex
(RPC; Kimpo, Republic of Korea)l|l 4] Fullsfod AR5} T}, A+
45+5 T2 5 1 x 2 E(FC-RP-1500, Lab house, Seoul, Korea)
oflA 48 A|7F o HAZBIGl oH, AR o) ALg-E7] A AbE Al
Azx7)e] Bastqlnt. oju A Fi e o E 1z T
71 4.6%2] e TSkl Al

b 23 TN AFEE TEE ARES S8 FAL A Y
AR 2] 3] A} 47714l (Sugaren Co., Ltd. #B207, Seogwan,
152, Jukjeon-ro, Suji, Yongin, Gyeonggi, 16890, Korea)l| 4] =3}
vt GA= 337 ad s wol x3ska QU7 whiell
23 dAg el gelad A s ok dAE S AR
FAL G3E AA = FABMERH 38l g T e 2
i FeolH, gelade A+ f718uQl olgkETke] -

Fof gado] F73] AAE 1188 FelQl Cé(glucan-riched) 2}
M 2912l CS(xylan-riched)Z H-FH T ¥ Ao A= 2%k %
2 1T FEY C6 AS AHESHYAL, vl W O ® Aok
=5 3.2 2~ (Sigma, Cas No. 50-99-7), ©}H] 4 (avicel; Sigma, Cas

No. 9004-34-6), 718 11 &3} & 2 @ *(a-cellulose; Sigma, Cas
No. 9004-34-6, Lot #BCBZ2017)Z AF&-sl5itt.

2-1-2. 24 AR
Axe] Aok A A%k 340 At A4S e 24 A REE
D-(+)-glucose, D-(+)-xylose (Sigma, Cas No. 58-86-6), formic
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210 kg

acid (Sigma, Cas No. 64-18-6), levulinic acid (Sigma, Cas No. 123-76-2;
LA), 5-HMF (hydroxymethylfurfural; Cas No. 67-47-0), furfural (Sigma,
Cas No. 98-01-1)& A-g-5151 21, Hul| 2 A3 3 SAMCHUN,
Cas No. 7664-93-9y &5} £330 1.0-3.0 wt. %= 34313t
A AR 3 AR AAESY AE 24 A8 gaze

(DUKSAN, Cas No. 471-34-1y& ARg-310] F3pA1 7T}

2-2. AlS HiH

2-2-1. A 9] &3l WA 34

G 8 TS Bl YAANA FARAEE A 3
FAlol AASHAT B3l HA T E 913 lab scale HH5-71+= U]
10.7 mm, Z°] 150 mm, W& €2 13.5 mLe] F1.& H-&-7]
AFEEEY] o8 AZE A 1.0 g2 FASUEF €9 10 mLS
ARgEte] 3L H]go] 1:100] HEF 3 7 RESAIZT A8 2
2 USR5 116-184 C, HES- Al7F 6-74 min, 18] 1L AU EF
&5 6.0%(wWV)E ARESIATE AR HkS o TS o
AT 2R A WESAIZ & A g of] AR Al FAITEo] HH
FIAA TS TSI

A A3k FE Qe AAgle A i Ak 2 3]A)
T7kllel A s gl on, sl YAE Ale ol ARSSIITH36).

Ut o o

irr

2-2-2. @3 A E 9AY gElod dXE 34

23w 99 2Elad AAE Qe 718l olehes
3 238 3L ol gt oeheS AMgEA =i A
o= A& 2| 1d-& 3AI7] 3 2T el 251
S FY o AY 208 9 2% 130-170 T, ol
60%(v/v), 122l -3 A]ZF 30-120 min®l] 7]&-m)
Fsielet. oS o] &3 77]8H Ak
SHA =W Whg-9] TSRS FHAAZ
Zd) LS =Y lvh36]. gElrd AAe
W2 B A EolA AR 3 ) At
A2 W7 21.0 mm, 4o] 140 mm, 18] 2 V5
W75 ARSI
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2-2-3. A& H]

Aok AA27F B 13T A2 1A QgskA] gt webA,
=2 REE WA S VM § A B4 o2 A I cutter
milly& AMEEFl o, 2l 29 AL 40 meshe] AJE o3k
TL3 7|5 2] st AEe Tt

2-2-4. 2k 28 w2 qk-$-
FFFeA, oA, AupAEE oA HAAEd FAL A M35
2 §8-316 3]+-2] WH8-71(217 12.7 mm x 2] 195 mm, W5
19 mL)E AME-8o] == Qe AF A8 Wk 13 F-2] -
g7} 3k Fvl 5 mLE E3ete] 1:102] 1 H|2 2Ast
255 160-200 T, RF-S- A|7F2(0-240 min) 2.2 A%
Al 2~E-2- Fig. 1o YeERloH, 3132 B3V &
13t D8 L duiAg 54 ARF7EA] /&
sk oA, 12]a WEgo] Ed WES7] 9] Whs
HIA T o] FolA gtk T e AHAE BF 2% 4
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Fig. 1. Schematic diagram of the batch rection system: (1) tem-
perature controller; (2) oil bath for pre-heating batch reac-
tor; (3) oil bath for acid catalytic conversion; (4) cooling
bath; (5) SS-316 batch reactor for thermocouple installa-
tion; (6) thermocouple [37].

ThsetEs &5 27 At o] Stk o d 8 S dujAellA
3|2 w71 7F Ao e ke 27K TS Al (pre-
heating time)< ¥H5-& %7} 160-200 CE Z713Fol whe} 240-270
Z7F 2 QFQh BE A¥L 33 o AAESleH, Aulis Hot

2-2-5. A9 Hlo] Quj~e] AGREA 2 A 3 A3 E A

AAE7F ehae 8] 7= NREL/TP-510-426182] 4]
S EUIE 3A] A o] J3E QLo A 1 E-s Bl L
M} A ES 1T NA A ZvHE 18 3 (high-performance
liquid chromatography; HPLC)E &3l Adtt4le] o] Fo ft}. 5=
5242 Td-F(glucose, xylose), 7714 H(formic acid, LA) 18] 3L
F &7 3HEHE(S-HMF, FuR)©] =2 HPLC “4%] = Bio-Rad Aminex
HPX-87H Z #(300 mm x 7.8 mm; Bio-Rad. Inc., Hercules, CA,
USA)Y} =74 E(refractive index; RI) AZE7|5 3l 43130} 9]
&4 5 mMe] kS AR 0, 7452 0.6 mL/min® & A
2= B Agow Sealvh A7 288 2EE 60 TolH, RI
AHE719 25+ 50 T A3t A 18 3ol M AHEH
kS BHARE] HEel 3 nE ¢ lnk webA, o) F Eo)7)
Al 24 o) Hell 7 MEES B SRS o83t S3lsliel
T} HPLC ol =S F317] el 14,000 rppm .2 5%-7F
AT AlA W H-SET} gl o8t A (saltyS w2I5H
°m, 0.45 um?] A|BA| HE](syringe filter) T FTE-S o IHA|F
T3t}

FFEALA HAFEL 2] (1), 133 FFIALAENE HEA
ko 7 o] o] A Ao MEES T s AEAA] &2 2 (2)

5 &l AR

Glucose conversion (%) = (moles of reacted glucose)/
(moles of initial glucose in substrate) x 100

(M
Levulinic acid yield (%) = (moles of produced levulinic acid)/

@

(moles of initial glucose) x 100

2-2-5. HESHEMFAMH (response surface methodology; RSM)
i=]

—_
AP B B Ao Al2EeA g1 Mgl



A wlo] Qi) 2dk AR E FF AERAR AT

o, A% A
oE)E 3413
SkoH[38]. =,
womH, o= &
ZHA I ek A
Behnken Design (BBD)—% AHE-EFTH
&5, Whg AlREO = A ASISITH39].

3-1. EAe| ®xz2| Zut
Fig. 201 L&t el o] dAje] A 7o} 23l A
T a B3R d 2w A elE g9 S ES Yo

| A

]

>

o]

Basis on 100 g

211

1% (block flow diagram; BFD) 2.2 YERNITE 42| A A=
SR 34.4%, AL 15.6%, 2] 71 24.2%, 3E 16.2%= T
kAL T} GAe EAlekE 2l ad g 382 gAC] A A
o] gl Aezte-S Y o7E EXolrt & AFolx Ag-st A=
TN B3 AXeE 1A WPt FA el EA5H=
thgke] Aejgt s)to] A EHA A Uil Ak Sl AE
R FuAER oA T3 BIrde] Aol ) o] %
Aol Bd% 23 9AL f718 28 F4ES 53 °
aIA R g s AAT = A Hrt

WA, 35 A 913 32 e g8hd AXy Wy
oz AAE FHANA FASPERS ]88 2337 AA =
ZEGTE s EF-S A g ollA A <] Adel $14]
A7l &) 33 HE-S-5107 sodium silicate FEZ 3]
o= a37F QlvH4041]. B3, 2 d 3 2] 2 Afo] €] offH|
AR, v dEE e 9 2lad Aol e ofHZ/eAH A3, 18

ioo o i

Raw rice husk [%]

Glucan: 34.4+0.1

Xylan: 15.6+0.0

Galactan: 1.8+0.2

Arabinan: 1.9+0.0

Mannan: 0.3+0.0

Acid insoluble lignin: 23.2+0.0
Acid soluble lignin: 1.0£0.0
Ash: 16.2+0.2

NaOH 6.0% (w/v), 150°C,
40 min

!

Remaining solids: 65.75 g

De-ashed rice husk [%]

Glucan: 50.3+0.2

Xylan: 20.2+0.6
Galactan: 1.5+0.0
Arabinan: 2.5+0.0

Mannan: 0.3+0.0
Acid insoluble lignin: 22.4+0.1
Acid soluble lignin: 0.8+0.0

Ash: 0.9+0.1

ﬂ)e—ash/dcligniﬁcatcd rice husk [%ﬁ

(Solid)

EtOH 60% (v/v), H,SO, Glucan: 82.0
0.25% (w/w), 170°C, 60 min Xylan: 7.9
— X Galactan: N/D!
Remaining solids: 35.51 g Arabinan: 0.012
Mannan: N/D!

Acid insoluble lignin: 10.09
Acid soluble lignin: N/D!

\ Sy

ﬂ—ash/deligniﬁcated rice husk | g/l.\

(Liquid hydrolysate)

Glucose: 1.25 (monomer) + 1.16
(oligomer)
xmg? (mainly xylose): 17.87 (monomer) +

EtOH 60% (v/v), H,SO,
0.25% (w/w), 150°C, 90 min

7.99 (oligomer)
Arabinose: 4.08
Formic acid: 1.39
Acetic acid: 0.03
Levulinic acid: 0.02

5-HMF: 0.09
Furfural: O.y

-

Fig. 2. Block flow diagram of two-stage pretreatment of rice husk; De-ashed pretreatment was optimized at NaOH concentration 6.0% (w/v),
reaction temperature 150 C, reaction time 40 min; De-ash/delignificated pretreatment was optimized at EtOH concentration 60% (v/v),
reaction temperature 150 ‘C, reaction time 90 min; Noted: N/D means not detected and xmg means xylose, mannose, galactose which

was derived from hemicellulose in lignocellulosic biomass.

Table 1. Remaining mass yield of organosolv fractionated RH at different reaction conditions

Reaction conditions

Remaining mass yield

Substrate Tem]::erature Reacti(?n time Glucan Xylan Ash Lignin
[C] [min] [wt.%] [wt.%] [wt.%] [wt.%]

30 48.09 16.23 0.0 16.09

130 60 47.82 14.86 0.14 13.86

90 49.17 14.36 0.0 13.19

120 47.35 12.84 0.13 12.53

30 48.08 11.66 0.0 12.15

60 48.42 9.05 0.0 10.48

De-ashed RH 150 90 48.36 639 0.0 8.69
120 49.28 6.06 0.0 9.37

30 47.49 3.80 0.76 8.53

170 60 47.29 2.63 0.71 5.68

90 46.99 1.97 0.61 7.01

120 46.80 1.51 0.67 491
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212 A - ST -
I AR QA B3 TR(LCC)E &0l Fu|AEZ e
29 Fad S 7EEEE AHE soidt) 318 AA 342
FABIER £ 1.0-6.0%((W/v), BF5AIZF 6-74 min, BFS &%
116-184 T AA3lo] & AALES 517‘4:6} 3tlct. &4 ] g3l
TM* & PABIIER 6.0%E ARSI W] HES AI7E 40%, BES-

5150 TolA doldl = UTh HA ] 374 dolA g3]i
%744 IHFE HEEL 65.75%F Fofd &= AQlet. ofuf] 3]e

SRS 16.2%014] 0.9%% 7A4ske] o, Sl shee] 7h4of et

2R} A e oA ko] 242k 34.4%141 50.3%, 15.6%
oA 202%% 7151k Wk, AR E RS AlE-3 2R
379 5 A e] BEY I S GIRES HYS
g1sk 4= 9)iet.

Table 19 &3]3 2] o]F Ga)1d dAel 2] Avs veh)
et G AR 2 oeheS Al%—ﬂ F718 28 89S

AT, ollghE-2- vlo] @ r oA 2] 1 3} Al e AEE
° 2 AAG IR ER Hojun, 1R Felols
ZH S 7HAl & 5 QivkE o] girh42,43]. whEbA], E3)E
LAl FolQl= =2 o] gl 1S AAT] 8l olleke-S o]
L8 7180 28 dAXy 38 % 6” silet 718 9 &
e &l e 60%(viv)S AZste] Ful2 H2 Fak
0.25%(w/w)s H7Fste] ¥4 SIAIF L, HHS-A17F 0-120 min,
2% 130-170 C2 AA3te] A2l 5 Iyt &3l %
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Xylan
Ash
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Reaction time (min)
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Fig. 32 Table 19] AaFsraES ke 2% W 3lo] whe} WhE- A7)
HE 1YE] AT o ® YEhd Aotk 1] A vk

257t F7htel wheh 2F3E Adwo] 57.1%014] 84.6%714 St
at3lom, AFd 'k 19.3%C4 2.7%7k4] A2dklaL 2 12
19.1%e114] 8.9%7H4] 2=kt 53], Bhg- 1= 170 CollA] wh&-
ARE 60%, 1202114 2] 1 2] gHgol 2+ 10.09%, 8.9%% T
7 230 vl vlg] =2 2edEs Btk ﬁvl 1k,

[e}Ke]
FLE RS 254 WhE Algto] dojde] mhat 18E HEEo]
a7 wiEell ELFJ Jdgo| ATF o E =3 1HE HES e
AH8] fA14E 55 Q= 271 170 C, 6052 T4 A4S Ak g
Hh-gof ARg-eh v ER AEslct
100
(b) =y
90 4 [_JAsh
[ |Lignin
80
— 70 ] ]
= B _
PR
T
2 504
g
£ 40
o
© 304
20
L [T T
0 T T T 1 T
De-ashed RH 30 90 120

Reaction time (min)

Glucan
Xylan
Ash
Lignin

(c)

90

80

70

60

50

40

Components (%)

30
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Fig. 7. Acid catalytic conversion process from two-stage pretreated RH to LA yield using sulfuric acid (1.0-3.0 wt.%); (a) 180 C, (b) 200 C.
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Table 3. Results of coded factor levels for a BBD

Run X, X, X3 Levulinic acid yield (%)
1 2.0 160 180 4.230
2 3.0 160 120 5.304
3 2.0 180 120 22.055
4 2.0 160 60 2.02
5 2.0 180 120 20.469
6 2.0 200 180 39.109
7 1.0 180 180 6.893
8 2.0 180 120 33.035
9 2.0 180 120 31.784
10 3.0 200 120 28.306
11 1.0 160 120 0.121
12 3.0 180 60 28.79
13 2.0 200 60 29.656
14 2.0 180 120 31.294
15 1.0 180 60 1.851
16 1.0 200 120 23.523
17 3.0 180 180 44.63

Table 4. ANOVA for response surface quadratic model; Levulinic acid

yield
Source Mean Square F value p-value Prob > F
Model 308.81 3.86 0.0442
X, 696.43 8.71 0.0213
X, 1482.92 18.56 0.0035
X 132.40 1.66 0.2390
XX, 0.040 5.005E-004 0.9828
X, X5 29.15 0.36 0.5649
X, X5 13.12 0.16 0.6975
X,2 142.29 1.78 0.2239
X,2 243.24 3.04 0.1246
X2 7.94 0.099 0.7618
Lack of Fit 139.07 391 0.1103
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