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VR AR KR . BOK AT AR EZEN &S
Y)—5- 2 S LR (5-Ethoxymethylfurfural, EMF)
BN R BB R Y . EMF BIRE R TE N
8.7 KW-h/L B 575 (8.8 kW-h/L) Fl¥EH (9.7 kW-h/L)
ML EEREZE, m T LR EEE% (6.1 KW-h/L),
AE 5541 1 48 DL 5%~259% 1) L R v, i H ek HE R
BN F i A HE A T A A S, ] AR
A S AT A S B A R 74

Hur, H % EMF R = 2. 558 HF R M
(5-Hydroxymethylfurfural, HMF) 253144k & 401 Sk |
MR 0Ky BIEHEEAEY TS LD HMF N E R,
EMF el i T 83%4%, 41 Liu Z1LL HMF 9 )5kt
EMF 7F23% ik 91.5%. LU, EMF F=%N
60%~90%%%; LIFGH NIE RN, EMF 773%8 53%~
6296910 DUARERE N R, EMF 230 33~43%6 1,
DU 4 B SRR, FR T 52 4 0 S A G BRI I B2, EMF
(77 AR, 0 Lew SR & & Ak 70 Ak 3 4
PEHIE EMF, =% &m0 31%. nfLLEH, CLAEYIR

ks H . 2018-06-08  f&1T Hii: 2018-09-04

BT H: WA RS BARP A BH (162300410007)

TE# TR IREERE, #0%, W+, FENFHENR AR LR AR .
pEROL TR e o 0t REESE (E041200698S).
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KRR, 1521 EMF PR bk, B EMF iR &%
KECH: RWESE>IER>E Z . L HME A9 )5 b
REEET, B8 EMF CRR R, (EE R AR &, Tolk
Az 7= 52 B PR A1

A FAENERF R ERNFEE N AR
Ui, HLEEAGR A 2 AT e o i e SCEE KM, SR,
H T AR A 8T 404k 2= B % EMF B0 5E, A It
ForlS 8, KL ER R T Y R S A N T A ) HMF,
S-S FF LR (5-Chloromethylfurfural, CMF) Fil 5-iR
FEHERE (5-Bromomethylfurfural, BMF) 2%, #RJ5i@id
]P0 3 A5 H bR72 4 EMF, 10 Mascal S0 474 S m A
IS SRk R, UL ZkRERER, 66 TR
[ HidlE. 18 h g, FEmE A S R SRR
WG 12 h, &id 20K 80%IM 44 Rkt
CMF, #RJ5 L OEENTERIRN. 8 h 193] EMF, ISCRIAE
95%. FI| LT 4E R HIEL EMF (W5, sE40 N CMF.
HMF A1 BMF ZE 8] 74, FA%40 N EMF R TT LLSRAG
BmeE, (BRIRAAE LA E B 1) R o B
ARG T 2BONE R AR 2) WARAEFIE
FEROR, XA Rt 3) kNN EK; 4
SSEFE R AN AE NS RE G T 25 4, $mT
EMF 477 gl A2,

TEH % EMF S FE R, AR RIIERUR de 22
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ML EEN 2, AV RBERRT] & EMF P iA R 322
HERTEMEAL IR, AARRRR . [ RBRAN BS T4
o EGRBATRRE BRI & SRS, Bk HE
AU L2BONE A AR S, TR AR B N % %
FEAREA B, AT UME NS R RE RS, Hi,

YIRS R (A F 51 1 R Fe 3 1o,
TERT AR e, AR 0 SR R A IR e 1 2R 4 o R 28
—HRTE A I BRI R 2155 (Ethyl levulinate, EL) #1 EMF,
TR IR A5 FH B 8D B 8% AR T 6 JE T RN I 58 )
EE 57 Wk, AT AR R R B 2R & 0.1%
HIBR R AF 9 MR Mk 55), 72 RIS G O N B4 AL R
PEFI CEEHIIE EMF. B e AT R Rk, HRR PR
B RS (AR B 3 Rl EMF ISR 520 s S8
S AR AR DR 26 4 SR A T S TR R T &R, X EMF %
T Z AT AL, DR B KRR LA 4E R —Seik
HIH EMF st T 2%, NA4EREREES EMF #2
ft—& a0, LTFIRE.

1 RS

1.1 RIEAR

a4 R, Solarbi AF]; WRERER, AR, LIZRI
W THRAT; 4FF, AR, REFERLFMARAF;
gk, EMRIELiEK; o, HPLC, %[E VBS AF;
FfE, HPLC, WdbH 3tk TRHGA R A F]; EMF, HPLC,
Virs IR Ly (R HAERAR; L8, HPLC,
KT RHE A AT A IR AR s SRR FLIE LSS 5
FEANIE B BN AS BT
1.2 REgE

2 [H 22446 A 7] Agilent-1260L C /& RO 43 2 45,
4% G1311C MY t5 . G1329B HEhiHEse. G1316A &k
RN G1314F LAMG M 255 JJ224BC B HL 7 KF, H #
TORAMBA A s MR RS, DT S0 & B R
|7 EASHhUENL, B KH VELP A#]:; GM-0.20 7Y [ ik B
I, VR gERR, KRBT IR &G WA A
TGL-16C Rl & 0L, bR s SYU-
10-200DT ZYEE P B VENL, FBM T AE U AR A F
1.3 SWS5HER®

AP ) EMF SR @ 8GR AR 54 (HPLC-
1260) #ATE E . WE KA ZORBAX Eclipse
XDB-C18 (il 4 (4.6x250 mm, 5um); RENHIA M-
0.1%f¥] ZFR/KIE =30 : 70, ¥iEA 0.6 mL/min; FHi:
30 C; KK 280 nm; HEFERN Sul . HRIEAFEK
J5E BRIARE ff 2 ST ARy i 26 U5 EMF AR

EMF W25 = EMF K JEE R $ 5 SO ) (£F
$eFR) MEEREZ L, BAaX (D T

EMF i = UM 1000 (D
mo/Mo

I mo M my 43 HNERE (£F4ER) A EMF K&, g
Mo CLLFURET) A1 My ONIERIRT EMF BB R, 43
N 162 1 154,

1.4 RWHE

AT RN, RE1E R R RIS R Lt
A7 TR ARG o BRI AR P B B I N . RN
B[] FHJECAA) R P55 0 I R A0 £ 4 25 1] H EMF ¥ 52 .
BT AR IR 375 200 mL A WU FE 25 B 1 = e v 28
AT, BRI 80 mL ZEEVARAE N MIET, AL
7N 0.1% (LAZEEFRERFNE) FIRER. SN EVIIRT
PEIHE A 250 r/min, 240k BB i B T AT, IR
TN R E 2 500 r/min. 2434 3 s A TE) i S R E
TR, B HFN KK A B =, ARG g4t
JER NI, FBIETR A BERRE, 28 10 000 r/min &y 25
O 30 min, HU I AT AR G AT

2 GR55

2.1 BERARERSHETL
2.1.1 RS Est BMF 4 & 49 oh)

SN FEAE R AR R A AR E B EH . fERET
BRI ZARIGHS, B VRN 30 min, £F4ER R
JRPIAEE R 20 gL, ZFEHEY 80 mL, fELLTTIN 0.1%
Wilg. %% MR E Ny 180, 190, 200. 210 i1 220 ‘CHif
X 1 42— AR L EMF SCR IG5, 45 R 1 AR .
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AN
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170 180 190 200 210 220 230
JZ R E Reaction temperture/C

e YER 169, ZFE80mML, JM[A] 30 min, iR & 0.064 g.
Note: Cellulose 1.6 g, ethanol 80 mL, reaction time 30 min, H,SO,4 0.064 g.

B 1 RSREMEEE —FEFIR EMF LRG3 R
Fig.1 Effect of reaction temperature on EMF
(5-ethoxymethylfurfural) yield from cellulose in one-pot reaction

LA H, N EXT EMF IR B HRem,
EMF [R1SCR Bl 2 s S B2 AR 388 o o 0 5 389 0 = k2> Fp e
o LERPIIT AR AR, Bl S N )4 R, EMF Y
R M N IRFE Ny 180 CHF ) 5.02% 472 & [ M iR A
200 ‘CHIH] 12.57%. {H MRS 200 CHf, EMF
B H BLBE B 1 R B, X AT AR DR A SR R T
PRAL LR 2 R R R A 2 R RS, W] RE 2 BT H A
FENAE R A R AR, X R RIE R T B AR
M AR B S i /N T B AR = B 2, I EMF
(RS R T BT, IR A o 2T o 25 DR R o TR 3R BR A R 11
S SR 200 °C o
2.1.2  RSLBHIA) AT EMF 4 & 64 8k

JERBUS S 200 °C, LFERIRMIIER 20 glL,
2552 [ MR A4 504 5. 304 60, 90 A1 120 min I X £ 4
FAE EMF YGRS, g5 Rk 2 Bk,
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T LYER 169, LEF80mL, RMESE 200 C, BRI E 0.064 go
Note: Cedlulose 1.6 g, ethanol 80 mL, reaction temperature 200 °C, H,SO, 0.064 g.
B2 B EF 2 — ik A B EMF IR 89 %R
Fig.2 Effect of reaction time on EMF yield
from cellulose in one-pot reaction

2 BT EMF BIWCERBEAE SOB IS [B] P RE G HY R 56
WG R A &S, fE R SEER 5~30 min B,
EMF YSCRPUE I N, 24 e S [E)E E] 60 min B EMF g
FISRN R KAE, R EMF BN 13.32%, ##id 60 min
J&, EMF WCRBEAE SN A KT AR IR N %, v
I IEE 2] 120 min B, EMFUSCREFE] T 11.76%. SN
[ E K T 5 EMF ISR R BT RE 2 BT BRI =4 B 6 1
JERL R THT, A 2 5 ARk R8N, [R5 EMF
RASTR, AT EMF ICRTE [ M. 60 min e B8 S8 ]
FERTT PRI . W5 S B G P i i B e 8 Ak, DB
5 T ) PR S K LB IR NIRRT B B AL BRIR A
AT BESE BT R BB (R A, P2 R R B T B 2 ANV
V& AL B 7 0 i 8 A € AR R P 3 2 ) v R R
F) S B TB) A )T B AR =40 EMF AR Bt T4, =
JE s [ 1) B PR 2R 6 e £ 114 e S (1] 9 60 miin
2.1. 3 JRMIKEAT EMF 4 & 69 85h

VRBL S MR E N 200 °C, Je il AN 60 min, #%E
2R ok EURHE IR B A 10, 20+ 30, 40 A1 50 g/L i EMF
e, g Rk 3 fis.
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JEEMIYR B Substrate concentration/(g-L™)
W ZFE80mL, KIMEE 200 'C, KRNI IA] 60 min, BiELH & 0.064 g.
Note: Ethanol 80 mL, reaction temperature 200 °C, reaction time 60 min, H,SO,4
0.064 g.

B 3 R KB R FE — Rk IR EMF LR 6 %0
Fig.3 Effect of substrate concentration on EMF yield from
cellulose in one-pot reaction

HFE 3 AT %A, BEE LR IRYIIR LG N, EMF Yok

IS IR R LR . LT 4ERTRYIIKE N 10 g/lL
F) 30 g/L HIVEEENS, EMF BICR BEE Yk FE B B8 i

P n, JEYIKE N 10 g/L I, EMF KN 3.81%:;
IR FE 8 K F) 20 g/L B, EMF FIICR 34K 31 13.329%,
LB EMF B KRB i K. 4 eF 4 R M 20 18K 5
30 gL i, EMF WL T 1.24%, 183 [ KAE,
14.56%, IEHY B EMF ORI KBNS . S0 R, AT
RE/EIRMIRE R 10 g/l i, RNFPIEVISER N, RN
RS, IR E A R T N AT, e
KINGRE, ATCAM 10 Z84LE] 20 g/L I, 382 1R
T EMF AR, (15 EMF R PGERS K, HM4)EY)
WREEIRE] 20 g/L I, JE AR BE XoF s N PRS2l 1 F 290N,
YIRVIREILR] 30 g/lL I, KRRV E D4R 5
K, FIEZ R e T3 s N AT . BTeL, MK 3
ATLAE H, YR N 20 A84LF] 30 g/L I EMF Wi
AL, T M 30 1K F) 50 g/L I, EMF Wi B H B
THIRM TR, ATEEE TR B R4 K R R S
AT AT AN GE, ) T EMF (2B, B 2 i
T HWFYSZ MR R LSS HARE, &
T HFRFA EMF ISR R B2, ph s ml DUR 52 TR
FAR Z ARG B A 1 S RH R IR B 30 g/l
2.2 NEREERSITE
2.2.1 e R ERiRt

W EUSONE R S LR TR A S SR 3 AN
FHNAZRE, D EMFYCRIENRPAE, & =FE=/K
S ARG . AR PE R R ARG SR, ES R RS K
TN 1w

*1 MEEREERSKE
Tablel Factorsand levelsof response surface methodology (RSM)

# Factors
¥ SV P i ] A
Levels  Reaction temperature  Reactiontime  Substrate concentration
X/ C Xo/min X3/(gL™
-1 190 30 20
0 200 60 30
1 210 90 40

FRIE Box-Behnken Wit JREE, i N R4 Bt 5 &
K EERINE 2 FR,
2.2.2 ARERESE RS L TR

K] Design Expert 8.0.5 4 G it A, 153101
IR ST N R 3 For. B XER 3 FIEHRHT
[FLH 24T, 152 EMF 7= 2 5 8 6] (8 28 w48 1 [ ) 55 20
N: Y=14.80+1.10x;+1.42x,+0.78x3 — 1.89x1x,+1.04x x5+
0.34xx3— 6.19x12 — 1.27x,° — 2.49x5%. X iZ AR HEAT [B] )= 11
TEMNT, ERNE 3 Fon, MFE 3 AT, B
P=0.003 4, KA EA RIFMEEKT. HEWIE
49 0.0531>0.05, A, UBZBAEER,, BRI,
FERE RAF, Rz, R A% R=0.9256, 9]
ZARIE VA AT RER, A DARX AR SR o AT 45

XFENA T RS R R AT 0T, SR — kI,
SSERSS ] s i A0k B2 11 P B 43 14 0.051 5,
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0.114 1 A1 0.241 3, ¥J KT 0.05, NARZFHET, — IR P
YN 0.0002, 0.1743 F110.0207, Hidr, SN iR EEM
JEADIR B ) — R I P B /T 0.05, Xt EMF IR LA
B3 WSHEZRZEW P AERT LUK, LB R B
B 18] DA B J2 82 B () R JEC A0 52 1) A8 LA FH e, P BN
0.064 3, HIe M il FE AR BE 122 BAR A - WRYE F
E AR R/ INA] A W7 AN R 6 H bR =4 EMF ISR 2
FARRIR A s I SENT [8]> 52 7 it B > SR PIA FE

&2 WNERERITRREER
Table2 Experiment design and results of RSM

g %g&”?o% R}i&"ﬂﬂ‘ I&] Eﬁfﬁ EMF %
No. temperﬂature ea;tzllm rt1l me concentraﬂon EMII;Oy/; eld
X/C X(g-L7)

1 190 30 30 1.65

2 210 30 30 7.94

3 190 90 30 10.53

4 210 90 30 9.28

5 190 60 20 6.10

6 210 60 20 5.89

7 190 60 40 4.29

8 210 60 40 8.23

9 200 30 20 12.78
10 200 90 20 12.69
11 200 30 40 8.73
12 200 90 40 9.99
13 200 60 30 13.98
14 200 60 30 15.56
15 200 60 30 13.58
16 200 60 30 15.36
17 200 60 30 15.53

*3 [EERBEFENSHR
Table3 Results of regression model variance analysis
FIA HE BU7 FE P

Surm of Degreeof Mean
squares freedom square vaue

Variance source

RENE
Pvaue Significance

1% Model 257.14 9 2857 968 0.0034 ggﬁfﬁam
X 9.61 1 961 326 01141

X, 16.22 1 16.22 549 00515

Xs 484 1 484 164 02413

XX 14.21 1 1421 482 00643

XoXs 431 1 431 146 02664

XoXs 0.46 1 046 015 07061

X2 161.12 1 16112 5459 0.0002

X? 6.75 1 6.75 229 0.1743

X5 26.07 1 2607 883 0.0207

%7 Residua 20.66 7 2.95

SRAYIR Lack of fit  17.08 3 569 6.35 00531 Ziﬁ;‘f
4ii% % Pureerror  3.58 4 0.9

SN Cor total 277.8 16

# ] Design Expert 8.0.5 4 Gt v+ 34 Ao [m] )18
PR x| i SS7 T P, 3BT 2% A DR SR T 0T i A 520 . 1 4
& AE IR H R4 EMF YA F 0 = 4 i T Pl A A
e 2. B 4damT LU i, EMF O [ S N 2 A2
AR T AR WY R, T S5 I T SR L B )
THE% . & 4b Oy RN FEANERDIR L HAE X EMF
YR oI, PR RS YRS e A A, =4
THT S P58 W) 0 3 W) S M2t B R JER A 94 P82 22 1) F) A2 LA
X EMF ORI . 7218 4c . EMF R BEE &
S I T A W% 2 A2 A 1 g T A IS IR, WA AE %
SEOBETHE A, AEAEARAEL, B I PR 85 e Ao

EMF &
EMF yield/%

a X, 1 X, 28 HAEH
a. Interactions between X; and X,

EMF Y

EMF yield/%

b. Xy Al Xa 28 AR
b. Interactions between X; and X3

- —
Sug, 35 = 70
Slrag Y 30 -z 60 A
© Copy Dt 25 20 0 =N g
Ollceab:;?& 20730 40 ‘ﬁ_ﬁ'@@eﬁ
boa*l}'/ &eﬂ&oo
(é’z\,)

c. Xo Fl Xz 22 HAEH
c. Interactions between X, and X3
B4 44E% 3 EMF %0 B & X ZAE ek e B
Fig4 Plotsof EMF yield from cellulose in one-pot reaction
versus different variables
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2.2.3 AR @MRALT LA RIE

3k [ USRS R PR TR, A SR R TR B R R M AL 4T
ek — LI EMF PR T 2% RN RNIRE
199.95 C. S NI [E] A 76.50 min, MW E N 28.79 g/L,
BEIHFUN A EMF S KUSCR Y 15.24%. % FE 31| T2 1] #
PR, ¥tk T2 %M RE AR BIRE 200 Cy RBIET
/8] 75 min. JEYIKREE 30 g/lL. RN &1 FEE 3 Kl
I, EMF (REUCR N 14.93%, 5310 TN A T 15
72N 2.03%, FHIERIATEE,
2.3 AHZEEFISTIEFEEUHEYIRRTLE

AR SO 5T 45 F 5 Sk R A AR 4E R I ELC EMF R
EL 25°F SR 7T 45 kT3t b, 513K 4 Fios.
Bredihhin 255 F 3 35 AL 2T 45 250 L EMF, B AR IE
ATLUAF] 40%, HEMLTEBNES. RNEERK,
¥ B a =i 5 . $eali. Bribz 4h, RIS 4E
FHIH EMF B ATEEEG 90, A ORI — 7L 7 4
K, & LEBONRESR., NS, B3R 4 EnTLs
R, A SCAE PR R M AL 27 45 2 B EMF (iR 53¢
BRI TCHUER . ARSI A R AI B IR A ) B
EL A1 Z.BE P92 s (methyl levulinate, ML) HIWCRAHIT,
A SCH AR T A AR . OB A, HE A HLE
), WP RFI RN R, A SO AR A
P R YR E I EMF JHE S M S,

®4 AHFRHETEFEULSYRITILE
Table4 Comparison of different platform compounds
prepared by cellulose

Jrid: TE%M o e ok

Method Reaction conditions Product Yield/% Ref
; - [y ——

(;n i%gi 150 'C. 2h. K-HPW-1. ZE;  EL 148  [30]
(;f;i ;;? C. 2h, HPWH-ZSM5. & o oo 221
onepor 0OAmaIL). B ML T a
&f‘ﬁ 195 C. 1h. H,SW1,04, FEE; ML 12 [32]
gf‘;i‘t 180 C. 1h. H,SW1,0p. FFE; EL 19 [32]
gf;i iﬁoz;\ 20h, H-USY (SIAI=6) .\ 1, (23]
s e . 5

gfgi ﬁ)ozc‘ 12h, [MIMPSICI. 2B g [35]
(;n i%gi 170 C. 12h. [MIMPS|CI. Z.B}; EL 26 [35]
(;f;i ;ﬁo? . 75min, 0.1%H;S0n £ yc 1403 Thiv%ork

3 4

AT FE A FH - DT 2 A0 i 7 T X 38 9k xR A
WEMBRENLARERE LM —BiEH B EMF (5

ethoxymethylfurfural) 247 THF5T, B8 TR N
] MR 3 AN R 20 EMF IR 5 . 45 5%
B, SR B ARFE EMF USRS/ E AR O8N -
S5O ) > B2 S i S AR FE o FR4E Box- Behnken 57
TR, SRR NN RBIREE 200 CL =
REAFA] 75 min FEEAE 30 g/ #EATFATRIGIAE, 15
F) EMF S2Pric K P EICR N 14.93%, 5 EEE TRIIAE 157 2
N 2.03%. JEIE 5 H A DAAF4EZ A ERLETEL EMF B 7045
X bl ) FH R ARG 5 2 A P T TR A T 4 3K — B vk il
B EMF, HABE T RS, KB AN HEA LA
TR T B A AN S T A A

RICWRFEE SRR, R EIR BB e
RUEAL LT 4 R — B kHIE EMF, R A ICRE . %R
F B LT B I EMF T T IR A e fn s %,
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Process optimization on 5-ethoxymethylfurfural production from
cellulose catalyzed by extremely low acid in one-pot reaction
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(1. College of Mechanical and Electrical Engineering, Henan Agricultural University, Zhengzhou 450002, China;
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Abstract: With the inevitable depletion of non-renewable petroleum resources and the rising environmental concerns,
renewable biomass has been regarded as a potential resource for sustainable supply of biofuels. The development of simple,
cheap and sustainable catalytic process for the production of biofuels has become a major target. Among the promising
biofuels, EMF (5-ethoxymethylfurfural) has been considered as a new generation of biofuel or fuel additive due to its unique
properties, such asits liquid characteristics under room temperature, non-toxicity, high lubricity, stable flashpoint and excellent
flow properties under cold conditions. Recently, an increasing number of reports have been focused on the direct conversion of
carbohydrates and platform chemicals such as 5-hydroxymethylfurfural (HMF), fructose, sucrose, or inulin into EMF catalyzed
by different catalysts. However, from a point of view that raw materials are cheap and rich, it is more valuable to use cellulose
or cellulosic biomass instead of model compounds, such as HMF and fructose, for the production of EMF. In the existing
researches, cellulose was usually used as raw material to be converted into intermediate product HMF, 5-chloromethylfurfural
(CMF) or 5-bromomethylfurfural (BMF), and so on, and then the target product EMF was obtained through the intermediate
product. Using cheap and renewable cellulose as the raw material, and ethanol as the solvent, and combining the dehydration
of cellulose to HMF, followed by the etherification of HMF to EMF in one-pot, is a more attractive reaction pathway. This
one-pot reaction avoids the isolation and purification of HMF, which saves time, energy and solvent. The side reaction of
process using extremely low sulfuric acid is slight, in which standard grade stainless steel facility can be used instead of high
nickel alloy, which has a significant cost advantage in the equipment. In this paper, sulfuric acid with ultra low mass
concentration (0.1% of the mass of ethanol) was used as catalyst to catalyze cellulose and ethanol to produce EMF in one-pot
reaction. The effects of temperature, reaction time and substrate concentration on EMF yield were firstly studied and then the
response surface methodology was used to design experiments to optimize the reaction conditions. The interactions of factors
and the optimum reaction conditions were obtained. The results showed that the reaction temperature was the factor that
mostly impacted the one-pot EMF production from cellulose and ethanol catalyzed by sulfuric acid with ultra low mass
concentration. The maximum mean EMF yield of 14.93% was obtained under the optimum reaction conditions. reaction
temperature of 200 °C, reaction time of 75 min and substrate concentration of 30 g/L, with the prediction error of 2.03%,
which showed that the model had a good fitting property. Compared to other studies, the study showed that EMF can be
obtained directly from cellulose catalyzed by extremely low acid in one-pot reaction for the first time. The process conditions
for producing EMF from cellulose catalyzed by extremely low acid in one-pot reaction had been optimized. This study can
provide reference for the EMF one-pot production from much cheaper and abundant cellulosic biomass such as agricultural
wastes catalyzed by sulfuric acid with extremely low concentration.
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