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EZ5 Eucheuma spinosums- 71t 'S T8 OO 2 313l 1.2 Indonesia, Malaysia, Philippines, China,
Tanzania 544 ddZ o2 kel St 2 AN E E spinosums tdOE FeCli-Zvl ERES-S 5517
33} 3}8157HA| (5-HMF, levulinic acid, formic acid)® A 3ksl112} ATt BA1A AW (3-7=-3-21412] Box-Behnken
designyer 2-8-8l0] WESRIAMWHS- 5, S5, WhSAIThe] A Fe) Ji3ks Frietsitt. #2843, 5-HMFE] %
S+ 160 °C, 0.4 M FeCly, 10 minllA] 2.96 g/L.7} A3/d = AT} Levulinic acid®} formic acid®] #3 Z712 200 °C,
0.6 M FeCl;, 30 min® 2 A=, Tz 212t 4.26 g/Le} 3.77 g/Lo| ]It

A

Abstract — Eucheuma spinosum, red macro-algae, contains carrageenan as the major polysaccharide and is commercially
produced in Indonesia, Malaysia, Philippines, China and Tanzania. In this study, E. spinosum was converted to sugar and
platform chemicals (5-HMF, levulinic acid, formic acid) via FeCl;-catalytic hydrothermal reaction. In addition, statistical
methodology (3-level 3-factor Box-Behnken design) was applied to optimize and evaluate the effects of reaction factors
(reaction temperature, catalyst concentration and reaction time). As a result of optimization, the concentration of 5S-HMF
was obtained to be 2.96 g/L at 160 °C, 0.4 M FeCl; and 10 min. Optimal conditions of levulinic and formic acids
were determined at 200 °C, 0.6 M FeCl; and 30 min, and the concentrations were obtained to be 4.26 g/L and 3.77 g/L,

respectively.
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2 9] ek=3}E (carbohydrate), ] (lipid), 211 (lignin) 55 A&
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At AR A57F A8 Foll ATH7-12].
FZ52 Eucheuma spinosum->- Indonesia, Malaysia, Philippines,

China, Tanzania, Kiribati &< o4 32 02 AAkE 31 QITh13].
Euchema &° &% 5% Y (polysaccharides)> 7F&}7]d
(carrageenan)© = &&#] QIT}, T |2 A8 ] thd O 2 galactose
residue 2} 3,6-anhydrogalactose residue = 1-/J ¥ galactan ©. % &
A QITH13,14]. & AFX = E. spinosumel -+ = o
T s Ak Ao 2 A 9 THeAdEs ATetaat
FoATt. BEgt, = Arol] FHull & ARt ferric chloride (FeCly)i= Th
Ft ofol] ARE-E] = Fo] 2 AbLewis acid) O 2 W 71, 54,
a1 FefhE 54 witel] theksh vio] @m o] ) A
HES-of] ARSE 1§l ot sliz=F/oll thet A5t w5t 15,16].
n)= oA g el = B s A 0 2R E] AAkE o] R TheF
tE579] stetEd ) FAES dAEH ] $l8te] B(sugar) o E
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& Tl 12714]9] 7L Akt
e 3]-9,1 [17]. Levulinic acid (LA)= 7]&
holm, 71 FEAlES sk ol shekait

AR H7HA, ASA, A SFA TS A 7hset
21 91TtH?2,7,8,18,19]. 5-Hydroxymethylfurfural (5S-HMF)&
v 372 11 53] (polymer building blocks)©. = AR 4=
S+ oheFst 3)8HE4 (2,5-bis(hydroxymethyl)tetrahydrofuran, 2,5-
dihydroxymethylfuran, 2,5-dimethylfuran, 5-furandicarboxylic acid
59 A A2 AH-E 45 QIUH3,4]. Formic acid (FA)= 7F3 v
3 7P Ato] o, Bakehe] O Avek 7H9-S B3 obEAL 4
A BN HAHER T2 A ETH2,2021], 2L ol )
2 A0 RN skt kg 3 Fo GOz E LA Lol
FAZF 75 3L QITH2,10,11]. o] 3 FAE 4131 A7, f7] o2~
B2 A, ARelol ) 2 BE AR WE, A4S 9 HY, A8, 58
o, ok Ul AF SolRA, T HeLEA, S, 7kaA] B v
A1) Hopol] ALE a1 9JTH2,20,21]. T3, FAZF 18 4% 218
Z3AQ A Al Al A FEaL Qleh22].

B A= X7 E spinosums P2 A0S
E3fo] nlo] g 7 sl 7}—6P 3}e714 (platform chemicals)=
Agksl=d] AME 7Fse ZAlES 7kebr) $l8ke] FeCl, Zvil <)
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2-1. A=

APA TR AL E spinosums AZU|Aofl| A ABike A o=
Al 7% F B4 5 AS 0]4310] 200 um ©]5}e] QYrpke A
sfo] A 3lef] ARSIt FeClii= Duksan Pure Chemicals AH(Korea)2]
7%, 5-HMF, FA 712]31 LA Sigma-Aldrich AF2] 218 2185151
T} 71EF A|oke- A9k -5 ARSSISITE

2-2. YUY
E. spinosums FeCly Zulstoll A 4 7Eg-& O]%i} s}eksit
Al (platform chemicals)®] AJ2HS 913l th3-7) o] %1 zd
AR A RRS7)(HIRIE A AE, 50 mL)yE }%ﬁ}aigu%
71l 5%2] nfo] uj A8} Suj 8 J‘““ == 10%?—{ =3ato]
3 NESEO] FEF g T ke-S Al oM, = 3
1= 25 mL7} |55 ato] S FEHiTh vt Zﬂ—&— w3
N2 3to] AP A el o3
RS U] R A =
7€k 5 min A E)E 0 min® 2 A-S 22519
5 THS olgsle] HHH 2= PID X UE
=, A7 HESAIZE B2t Wkl w7
HES-E-S vl d|" vlE o] 8-381] oF 500 ipm S 2 S5-3It
o] TRHW NLE7E BT E o] &3te] mEA YA £
= #3501 17,000 pm S Z 10 min &2+ Y4223 & A5 dS
HE](0.2 um)Z 333F] HPLC 24 ARSIt 11,12].
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2-3. AlEiAE & SAHEA
HESRHEATH S 285 A3 AGE tlARISH ] $151¢] Design-
Expert 9 software (Stat-Ease, Inc., USA)E ©]&-3}0] 3-4-3-212}2]
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Box-Behnken designe 283}t 37141 9] Wh-g-AA}(HH-g-2
(160~200 °C), =5 E(0.2~0.6 M), JE-2-A17H10~50 min)= ﬂw
o2 APAEE vARlste] AYsiict. AF A (Table 1= 4
B3 4 A2 E F351] modelS IS mHlA] o] A3}
e ARAFR) HolHA (ANOVA)S o] g-3to] F7)slich
[11,12].

2-4. Severity factor

RhE- 52 9 WES-A17ke] $H[SF=log [t exp(T-T,,)/14.75]]% 1t
5-9] 7}=- = (severity factor, SF)S UERNAT} A= HH-5-A17H(min),
T(ty= W82 52(°0), T, = 71 HEe-25(100 °C), 712 L 14.75=
A Fholth18,23-25].

2-5. =M EiY

A5 2] 5-HMF, FA, LA°
USA)'— /\].‘g_ol_oir/]_ %x% S
USA)Z} ZH &5 65°C, 5 mM sulfuric acidS
mL/min®] 7522 43It 11,12].

%E% HPLC A]2~El(Agilent 1100,
%71, Aminex 87H Z¥(Bio-radAl,
O] F /4L 0.6

3-1. E. spinosumPLZ5E Tl 35HS:

A4AE

AFelM e TR E. spinosums: HVg O FeClyg Sl =
/\}“3’5}04 F} 3}8F571A (platform chemicals)® 1 348}a12} 5197
Tk FeCly Ful| AgE3-o] # A3k el AR -39
A1H)S 288150k Table 10 A A EH 02 TS A8 %7
I A= HeRfitt

Table 1]l 25}, 160 °C, 0.4 M FeCly, 10 min2] 213371 (Run
3yl 7P =2 518 /L] Fo] AE AT LAE the] AY
ZZ(Run 11, 13, 16)°14 7F& =8 43 g/L W9] 9] LA7} A=
Tk FAE 200 °C, 0.6M FeCls, 30 min2] 2 3 Z A (Run 1)° 4]
7h =8 3.77 gL FAZF A4 E 31Tk 5-HMFE 160 °C, 0.4 M
FeCls, 10 min®] A3 27 (Run 3)oA 7Hd =2 5% 3.01 g/L7}
A=

5-HMF 4 229] U5 3]7]#2](ANOVA) Z3}E Table 3°]
Yehf ik 2el 48 1 elo] FyalueZ} 542,760 % R Ho] Q.
Sithar = Tk Al 702 1212 2] AlG(A, B, C)2F Al 7HE] cross-
product Al<=(AB, AC, BC) 18] 1L Al 7] 2] 2x}2] 2] Al<=(A%, B?,
C2y7} 5 2.3 Q2K (p-values < 0.05)% 1= ST}

Table 491 LA2] 2243} Ad ¥ ANOVA A3= eERAITH
29 29 FvalueZ} 24.622 B9 2)o] 2} 2l 212 A
el 17—4’*@4 A=A, B, O)9F 7 /M€ cross-product Al (AB,
ACY} F88k ARt

Table 5°] FAS] 222 ANOVA 235 YeRfith 29 2] 9]
FvalueZ} 40.87% 28 Ao] Adaigitt, Bl AL A 7)) 12429
AG(A, B, C)&} 3 719] cross-product Z15=(AB)} 523 91A}=
LERT

WS PRS2 5, F e, Hhg-A17hel EH%H ANOVA 4]
(Table 3-5)7} T3 3|7]:24& S3lo] 42 29
20 YERAQITE 5-HMF, LA, FAS] R4 qu

Z M| (platform chemicals)
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Table 1. Experimental design and data for 3-level-3-factor response surface analysis in Box-Behnken design

Reaction temp. Reaction time Catalyst conc. Products (g/L)

(°C), A (min), B M), C Monomeric sugar (g/L) LA FA 5-HMF
200 30 0.6 3.42 4.26 3.77 0.01
180 10 0.6 2.49 4.19 3.14 0.41
160 10 0.4 5.18 2.59 2.08 3.01
160 50 0.4 1.28 4.01 2.87 0.61
180 30 0.4 1.94 4.08 3.00 0.26
160 30 0.2 2.59 2.94 2.13 2.73
180 50 0.2 1.91 3.92 3.03 0.28
180 30 0.4 233 3.99 3.08 0.27
180 30 0.4 248 3.71 3.07 0.29
180 10 0.2 1.98 3.14 2.71 2.14
200 50 0.4 3.10 434 3.62 0.01
180 30 0.4 2.69 4.00 3.16 0.23
200 30 0.2 241 431 3.37 0.06
200 10 0.4 4.11 4.15 3.66 0.10
160 30 0.6 1.94 4.13 2.90 0.66
180 50 0.6 1.89 434 3.10 0.04

Table 2. Final model equation for monomeric sugar, S-HMF, LA and FA responses resulting from experimental design

Response (g/L) Final equation in terms of actual factors Model R*(Adj R%)
5-HMF =62.473 —0.506A — 0.365B —31.873C + 0.001 AB + 0.126AC + 0.093BC +0.001A% + 0.001B* + 4.769C>  Quadratic ~ 0.999 (0.997)
LA =-11.250+0.075A + 0.169B + 16.798C — 0.001AB — 0.078 AC — 0.039BC 2F1 0.943 (0.904)
FA =-7.295+0.053A +0.108B + 5.896C — 0.001AB — 0.023AC - 0.022BC 2F1 0.965 (0.941)

Monomeric sugar =80.037 —0.793A —0.388B — 5.936C + 0.002AB + 0.104AC — 0.033BC +0.002A% + 0.001B>— 13.973C? Quadratic 0.814 (0.536)
A (Reaction temperature,®C), B (Reaction time, min), C (Catalyst concentration, M) are the actual values of the independent factors.

Table 3. ANOVA results for the response surface quadratic model for 5S-HMF formation

Source Sum of squares DF Mean square F-value Prob. > F*P
Model 14.736 9 1.637 542.756 4.93E-08
A-Temperature 5.857 1 5.857 1941.538 9.15E-09
B-Time 2.793 1 2.793 925.809 8.36E-08
C-Catalyst conc. 2.093 1 2.093 693.681 1.98E-07
AB 1.327 1 1.327 440.035 7.65E-07
AC 1.019 1 1.019 337.874 1.67E-06
BC 0.552 1 0.552 182.824 1.01E-05
A? 0.675 1 0.675 223711 5.62E-06
B’ 0.275 1 0.275 91.080 7.56E-05
c? 0.146 1 0.146 48.255 0.000441
Residual 0.018 6 0.003
Lack of Fit 0.017 3 0.006 10.419 0.04282
Pure Error 0.002 3 0.001
Cor Total 14.754 15

Table 4. ANOVA results for the response surface 2FI model for LA formation

Source Sum of squares DF Mean square F-value Prob. > F2P
Model 3.943 6 0.657 24.624 4.23E-05
A-Temperature 1.426 1 1.426 53.442 4.51E-05
B-Time 0.800 1 0.800 29.965 0.000393
C-Catalyst conc. 0.857 1 0.857 32.121 0.000307
AB 0.376 1 0.376 14.077 0.004542
AC 0.387 1 0.387 14.487 0.004178
BC 0.097 1 0.097 3.653 0.088289
Residual 0.240 9 0.027
Lack of Fit 0.162 6 0.027 1.042 0.530009
Pure Error 0.078 3 0.026
Cor Total 4.183 15
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Table 5. ANOVA results for the response surface 2FI model for FA formation

Source Sum of squares DF Mean square F-value Prob. > F*P
Model 3.179 6 0.530 40.872 4.98E-06
A-Temperature 2.460 1 2.460 189.803 2.36E-07
B-Time 0.132 1 0.132 10.153 0.01107
C-Catalyst conc. 0.349 1 0.349 26.940 0.000571
AB 0.172 1 0.172 13.238 0.005414
AC 0.035 1 0.035 2.671 0.136621
BC 0.031 1 0.031 2.425 0.153855
Residual 0.117 9 0.013
Lack of Fit 0.105 6 0.018 4.504 0.122191
Pure Error 0.012 3 0.004
Cor Total 3.296 15

Table 6. Comparisons of S-HMF, FA and LA production

Species Reaction conditions Product/concentration References
G verrucosa 140°C, 7.5 liquid/solid ratio, 15% Amberlyst 15, 150 min 10.7 g/L 5-HMF, 2.5 g/L LA [7]
G verrucosa 180°C, 10% biomass amount, 0.5M MSA, 20 min 22.02% LA [8]
K. alvarezii 178.2°C, 62.5 g/L biomass amount, 2.87% H,SO,4, 39.3 min 18.7% LA [9]
Enteromorpha intestinalis 175°C, 3.7% H,S0,, 35 min 4.0% LA [10]
Sargassum fulvellum 189.5°C, 2.93% H,SO,, 48.8 min 2.65g/LLA [20]
Gelidium amansii 160.0°C, 3.0% H,SO,, 43.1 min 9.74 g/L LA [5]
Codium fragile 160.7°C, 3.9% H,S0,, 39.1 min 426 gL LA [6]
Corn stalk 180°C, 0.5 mol/L FeCls, 40 min 16.14 gL LA [21]
E. spinosum 160°C, 0.4M FeCl;, 10 min 2.96 g/L 5-HMF This work
200°C, 0.6M FeCl;, 30 min 426 g/L LA
200°C, 0.6M FeCls, 30 min 3.77 gL FA
10 FA7} S-HMFS] SR 16-2 ol g 7] oJat g0
==t Frekgich
" B FA Fig. 2= E. spinosum® 28] 33} 3}83bA| 2] A3 7g ol wlA|=
5 ] 1 s AE 9 Yehidot s-HME Aol Al W <l
g 59 A7)7} AASFE 5-HMF7}F st B8-S H%@(Fig
I HI Hl | 1 20 LA A A 95 1RS] 2717 AR5 S 1o %
g Hl Hl ¥ BSIHFig. 2(B)). FAS] B-olM % A 9hE Q1xke] 1717} 7;7}%
£ T% YA 0 FrIg on, 53] whe-2E(A)e] o] A
8 o5 | vk 9] Aol ukg- e Skl wet gasitir)
oF F7bekz H L, WAl THISE ashe FR,
123 Sukse] S7bl utet Skt giasehe 3wk,
10 . . . . . . . . . Fig. 3 E. spinosum®.Z5-E] 5-HMF&] AJ/J ol R-5-1 =7} ]
A B Cc AB AC BC AA BB cC ]h /\L_Q_xlg_ﬂ L}E]—LHCHD]- Flg 3(A)°ﬂ 0.4M«] FeCl3 éuﬁ =T
Reaction factors o]—oﬂ ;\1 5-HMF ;\g/\q oﬂ ] ]t 1{}%%5__ 31_ q}%j\] Z_}gl /\]-izl—&g
Fig. 1. Effect of explanatory factors on S-HMF, LA, and FA formation. eIt e mh8- o= A0 uhe-A|7ko] ZyEeE 5.
20(rlllfianclt;).n temperature), B (Catalyst concentration), C (Reac- HMEF A40] 72819t} =0 @ o ykSa| 7he]| |3t o) 5
o] YT} o= F& WG oll A= B AlRtell ©o] 5-HMFE
zo] R210] 0.94 o4 (Ad). R? 3k 0.90 o]/d)2] & k& o Ayl & IS &0 7 Q13| S-HMF7E 23l =] 97] Wi o=
Elo] meEldlo] A A3 o &3)e] g SkE . T (monomeric ke tH10,11,18]. Fig. 3(B)& 30 min HE-&-A] el A S-HMF 2]
sugar)®] FLEIALL- A4 0 2 uhe- R? ghs LRI Adell Rbg-2 9 Frls =7t vA = A il S vERd Zlojot
Fig. 12 RE&-1A7F Rl a]of] vl & vlwdt 2ot 5- W2 ke s Flle et S7FES 5-HMFS] Aol 2t
HMF E oA vh8-2 12 (A), 4H-3-A12HB), E52(C)7F 73 BT T W oA & Sullsitel] Adaglo] WA vk
79l IS 329111, L] AB, AC, BC, A%, B, 2 24 49l t}. Fig. 3(C)= 180 °CollA) 5-HMF Aol v x| 3= Wh-g-A) 7k} =
S FA. LA RIS A B OF S LB i) AR el Aol Sehisig 184 571
] AB, AC, BC= #7291 &2 vehiglch FA Rdel A= of wh} 5-HMF2] /32 7hAskglet. 5-HMF] Aol vk vt
A 223} fARSHA RES- QIAFS0] @S LRSIt o= LAS) et SullEs, 1ean g WAl STk S
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Fig. 2. Perturbation plot for comparing the effects of reaction temperature, catalyst concentration and reaction time on the formation of 5-
HMF (A), LA (B), FA (C) and monomeric sugar (D) from E. spinosum under constant reaction condition.
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Tt SV A= Wbtk T3,
Aag o] ket FAS] AAJo] Zol &SIt
oA FA7} oAb shetAs o) A4 IREal
30 min®] RES-AIZE 7104 HEg-2 %9}
F& UEkd Ak(Fig. 5(B)), W= Tl

S g5 Sk
BHolok 7 & FA A S & 259 & FlE s
A UFERTE. 180 °C Z2310llA] FAS] A/ ol ] X]= HEE-A]
s ] S vEbd A3kFig. 5(0)), ¥ s
FSAIZF A 352 FA AB730] o] Fol Stk T34 0= FAY
& LAS] A9-9F AR WH-g-2 57t 5555, Sl ert
T5 A Yk

FeCly Z18tolA E. spinosum . Z5-E] 5-HMF, LA, FAS] A&
Q3 HESEHRAPH S A)gate] W2 H A shE stk
HA ) b2 AS AU 5-HMFS] H & A 2712 160 °C,
0.4 M FeCl;, 78]37 10 minellA] 3.01 /L8] o] eiZ= et LAE
200 °C, 0.6M FeCl,, 30 min®] %710l 4.32 g/L.9] AAdo] o =%
ATk, T3, FAR 200 °C, 0.6M FeCl,, 30 min®] 271014 3.71 /L2
Aol AFHUTE RS e H A5 2elA I AR
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Fig. 3. Response surface plot representing the effect of reaction tempera-
ture, catalyst concentration, reaction time, and the reciprocal
interaction of these factors on the production of 5S-HMF from
E. spinosum at a constant reaction condition. (A) At a constant
30 min; (B) At a constant 0.4 M FeCls; (C) At a constant 180 °C.
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Fig. 4. Response surface plot representing the effect of reaction tem-
perature, catalyst concentration, reaction time, and the recipro-
cal interaction of these factors on the production of LA from
E. spinosum at a constant reaction condition. (A) At a constant
30 min; (B) At a constant 0.4 M FeCl;; (C) At a constant 180 °C.
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Fig. 5. Response surface plot representing the effect of reaction
temperature, catalyst concentration, reaction time, and the
reciprocal interaction of these factors on the production of
FA from E. spinosum at a constant reaction condition. (A)
At a constant 30 min; (B) At a constant 0.4M FeCl;; (C) At
a constant 180 °C.
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Fig. 6. Effect of severity factor on the formation of S-HMF, levulinic
and formic acids by FeCl;-catalyzed hydrothermal reaction
of E. spinosum.
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