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Abstract:In this paper, the heterogeneous catalytic conversions of lignocellulose to high value-added platform compounds of
levulinic acid and esters were studied. The research progress and trend of the direct conversion of lignocellulose to levulinic acid
and esters using sulfate as catalytic system at home and abroad were reviewed. Firstly, the basic information of levulinic acid/
esters and their application in industrial production were summarized. The preparation process of levulinic acid/esters using
different sulfate catalysts was compared, and the law of the conversion of lignocellulose to levulinic acid/esters under the synergy
effects of different solvent systems was deeply analyzed. And, the mechanism of direct conversion of lignocellulose catalyzed by
sulfate catalysts was also summarized. Finally, the problems of existing process were discussed, and the development direction of
this research field was prospected.
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Table 1 Physical properties of levulinic acid and methyl levulinate

waw AR 537 ik Prip WEE/ (kgem ™) 15/ WS/ C
chemical compound relative molecular weight refractive index density melting point boiling point
LTI levulinic acid 116.12 1.4796/20 C 1140/20 °C 33 ~35 245 ~246
LT TR H iR methyl levulinate 130. 14 1.422/20 C 1051/20 C -24 196
1.2 WA
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Fig.1 Application of levulinic acid
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2.1.1 AL(SO,), &JE¥hrPIBH &1 S A 7R W R A LF Y Brgnsted/ Lewis FR 1, £
WS 5 AR AL T BRI S vk AR, T A £ TR RR AN 2 T T R R 1 1 9T 4
T SR BB RRER A AL R AL (SO, ) 5, MO SCHRHRIE WL38 2, AL (SO,), " A Al AT 4 fit
Lewis R0, A B T ST s A i 24, HL R AR I S A AL R 7K 5% . Huang 26 7E300% | 180 °C |
40 min BRI ZEAF T, AL (SO, ) s VEMEALT 427 2 2 5% A0 R L R DI R FH R (ML) |, IF-3K45 70. 6% 15
R AR ZH AL S0 T R I 2 s KA SN R T] (720 min) A REZRAS ML fie =159 %%(68.8% ) ,
SERIRI AL (SO, ), AT UAFETHARSRAE P A AL ET 4 e Ak (R NV R BT 2, DL B Seie 4y i H
FE ARV X PR AV 300 B DE A2 /K AT IR/ JE 9 i/ 3 1 A SRR TGV 390 ) I 6, T B T LAl ot
J5 NP v P P T AR AR A 2O B Ry A, DT 4 ey ML PR32, Ak Tl PV 2 — R IR BB B PE Y
AR AT AR KBRS 0 3 3 ek /U I 7 BTt A RS 11 00 i, AL (SO, ) 5 B EH i TSR], 9 LA
AR IV 27 4 2 45 H e CBEN R IER LA K JFURHA: W B A 64 5256 b . Huang 260 5508 #4H
LTI T AT ) 1 RN R R R 1% A 8, DT O 2 B N T A R D 24 B ol R R AR VS R
180 °CF 300 min PIA AT ILE] 44. 0% ) ML F=310 0 WA R b A K6 B AR F= 90 0 7= R AE T K52
Mgt O AR A A R, AR 4E 2 R JFURL, 78 250 °C R I 120 min AT 3KAS 18. 4% () 2.1k
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IR (LA) s Sk R R rp | JCIE 2T 4 R R A AN NI , SRR R = 3R 5% 1 il 24l
FHAE R R I DL R T B R i), LU/ INERSAT ZF4E 30 JsURE, SN 1R H TR (ML) 12 15
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Tk TN PR P A7 AE — SE 5
£2 AL(SO,),BLH& ZBABRINZ BiREE"
Table 2 Catalytic preparation of LA or levulinic esters with Al, ( SO, ), catalysts

sl JEt 18]/ min WE/C YRR ) Jm#or = SCHk

solvent substrate time temp.  product( mass fraction) heating mode ref.
/7K methanol/water — ZF4EZ cellulose 40 180 ML(70.6% ) TN microwave [33]
/7K methanol/water 48 % cellulose 720 180 ML(60.8% ) T oil [33]
/7K methanol/water  £F4EZ cellulose 80 170 ML(68.4% ) 8 microwave [33]
% methanol HEBE glucose 150 160 ML(64% ) A oil [35]
H P methanol e glucose 120 200 ML(54% ) T oil [35]
I E methanol BB fructose 150 160 ML(49% ) T oil [35]
F % methanol LFYE K cellulose 300 180 ML(44% ) T oil [35]
% ethanol R furfural alcohol 5 150 ML(80.6% ) # microwave [36]
1E T n-butanol FHE fructose 120 200 BL(43.7%) A oil [37]
7K water KB cassava 360 200 LA(14.53%) TS oil [38]
2T/ 7K ethanol/water AKZE cassava 360 200 ?ki?z) g?y:/o) )* T oil [38]
JK water A48 % cellulose 120 250 LA(18.4%) T oil [39]
JK water A48 % cellulose 360 140 LA(5% ) T oil [40]
JK water ikl glucose 160 140 LA(5.0% ) T oil [40]
% methanol INFEFEFT wheat straw 180 180 ML(10.2% ) * T oil [41]
1E T n-butanol 48 % cellulose 120 200 BL(13.6% ) T oil [42]

1) ML Z LR B R methyl levulinate; BL: Z AR T I butyl levulinate; EL: ZFRTR ZHE ethyl levulinate; LA ; ZFRITR levulinic acid;
* P’i’ﬁﬁ?%éﬂl,ﬁﬁﬂﬁﬁﬁ%ﬁﬁz mole fraction,and the others are mass fractiuns;Tlﬁ] the same as in the following

Al, (SO,) ;1Y AP AAURT AARAE Lewis 207 5, , 18 0] LA i K f# 7= A Brensted BRI S (H* ), AT
PRBEAT A WS ] MLE (9 5% A0 A5 ORI EAT . 78 DL 25 05 Sy SRRk, FR B A 95 300 04 2 2 AR &, 160 °C
150 min F ML F=3H 64% ) 1% 5o a5 T 0 D0 0 8 B8 HH IR R, BEREAIR, JF HL S 56 2 752 ff £ ) 45
AL Bl i 2 2 07 B ) A X 8 K, ML P2 3R R, 200 °C, 120 min B 25 F F AT 155 54. 0% Y ML 7=
RIST A BT, T REAS B R B R (ELIR] B 2 AR H BRI R

F RN AR R JERE AR 7E 160 °C | 150 min B9 55048 F Al 153 49. 0% 1 ML =3, {H
FATRV IR BE RN IE] R, LA 285 0 I i ML 72 335 64% ) 3 J2: DX Ok SR LU A 285 0 o 25 5 Sk bk
MLE , Y4 I 1E T BRI, 45 200 °CF 2V 120 min ZBERER T FE (BL) B2 5N 43.7% |, ' T4F
EZ MR F= R ) S LA E IS sl A W A o B SR, AL (SO, ) A B PR PERE, 7EHE
B (FAL) B A B, AL (SO, ), B AR S BRI P L IR S min BITT RS 80. 6% () ML P25
A NEEHMIIE S LIRS R DRSSPI, 200 °C F 50U 360 min FI3R1E 14. 53% B LA 773 4 LAk
N EAE RN 7E 200 C R W 360 min A 3875 10% 149 LA 1 37.05% [ EL p=2&13)

H AT AR B - AL (SO, ) s TEMEALET 4R H2IS B At A= ) o ) 4 £ Tk 79 T2 i ol EL AT ¢ v A e A
Wk, FEIHET AL (S0,) /K AIE I Bronsted/ Lewis 2 S 9 2, 15E P9 82 2 T8 114 562 1) 11 45 5 I A0, Bk 42
TR TAR ZR oM EF e 2 WS S b A 3 I 5 e A B = A e PEAR L T R PE R
2.1.2 Fe,(S0,);5 FeSO, ITAFEN, V52 SCEEHGE T (0 FH AL R kA Ak i 7% £ Bk 9 R AN 2 T TR TR TR 119
T (F3) . BIUITERG S0 F R Fe, (SO,) BT 4 K540l 2 B R H G (ML) |, 122 520 76 F B2 A
IKERARZ T ,180 C W 40 min, ML 723K 48.2% ' | Fe, (S0,), i Fe’ " $RALEK 5 Hr R i 15
Fe' " M7= Bronsted BRI, RN AR R AUEIKET, Fe, (SO, ), HEAL LT 4k % 7] £ BE TN AR 5% 4k, 16
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250 C Y ROVIRIE T, 120 min FIUCER 4. 7% (9 LA o YRR ZRAUE IE T B2, 7E 209 °C, 180 min (1

WL AAF T BL 7358 37.2% 2 Fe, (S0,) /BN XU REHEAL TR AT LA R4 b (2 4 £F 2k 28 (1 B g, A
ﬁ'ﬁ%?% R BL 7R NI, 22X FeSO, HEALET 4E 3 17 L BEN TR 9 F 4L, IF X EL Fe, (SO, ), HfiE
FEPERE , FEAH A A SC 50 2500, 2R 4 R AL IE B LA 1915 3R [A], FeSO, B fE AL PE h[i[ﬁFez(SO4) E
Gt AR A AR D R A ML 2 A e O T R 5 e e K 6 i 1 R iR T LA —
T HE A 2 2 4 R ML A 380 S L ]

&3 Fe,(SO,),5 FeSO, &k §l & Z Bt RS/ B
Table 3 Catalytic preparation of LA or levulinic esters with Fe, (SO, ), or FeSO, catalysts

HEAEFR sl JEUR WA /min - JRE/C 7o) IEAYIEN ik

catalyst solvent substrate time temp. product heating mode ref.
Fe; (50,)5 FEZ/ 7K methanol/water £ ZEZ cellulose 40 180 ML(48.2% ) 14 microwave [33]
Fe, (S0,); JK water YR cellulose 30 200 LA(1.2 g/L) il oil [43]
Fe, (S0,); F B methanol Hi%IBE glucose 150 160 ML(5.0% ) WA oil [35]
Fe, (S0,); FH B methanol Hi%IBE glucose 120 200 ML(43.0% ) il oil [35]
FeSO, K water Y2 cellulose 30 200 LACO. 1 g/L) ¥ oil [43]
Fe, (S04) 5 2T alcohol FBEEE furfural alcohol 5 150 ML(31.4% )  #)% microwave [36]
Fe, (S04); IETEE n-butanol HLH fructose 120 200 BL(59.2% )  il¥ oil [37]
Fe, (S0,); JK water AZE cassava 360 200 LA(1.22%) i oil [38]
Fe, (S0,); . ethanol AR cassava 360 200 Ekiz (2)?(3/2 ; HIA oil [38]
Fe, (S0,); 7K water L4k cellulose 120 250 LA(4.7%) T oil [39]
Fe, (504)5 1E T I n-butanol L4 ZE cellulose 180 209 BL(37.2%) M oil [42]

2.1.3 HAbmims i

Fig .2

FARANER 4 N3R5 iR

x4 CuSO ELFIEZBHEERR Z B R
Table 4 Catalytic preparation of LA or levulinic esters with CuSO,catalysts

CuSO, Fl ZnSO, L2 WL AU BRERER HE AL, W FH T AL ] 25 Z B N TR S LN R

sl Uk i 8]/ min R/ C /] gy = BN
solvent substrate time temp. product heating mode ref.
H /7K methanol/water Y £ cellulose 40 180 ML(4.4% ) T microwave [33]
FHE methanol TZEIBE glucose 150 160 ML(12% ) T oil [34]
JK water Y E cellulose 30 200 LA(3.2 g/L) R oil [43]
7K water e glucose 30 200 LA(5.0 ¢/L) T oil [43]
1E T B n-butanol B fructose 120 200 BL(54.1% ) R oil [37]
FH i methanol INEFEFF wheat straw 234 183 ML(20. 1% ) T oil [44]
1FE Tl n-butanol A48 % cellulose 120 200 BL(29.1% ) A oil [42]
*=5 WL ZnSO,AENFIHIF ZBAER K Z B R ERES
Table 5 Catalytic preparation of LA or levulinic esters with ZnSO, catalysts
pagil JERH i /] min TR/ C s7] Jm#hTs = SCHR
solvent substrate time temp. product heating mode ref.
H %/ 7K methanol/water A48 % cellulose 40 180 ML(4.4% ) * 1% microwave [33]
% methanol kel glucose 150 160 ML(2.0% ) * TS oil [34]
JK water THZEIBE glucose 30 200 LA(0.1 g/L) VA oil [43]
JK water YR cellulose 30 200 LA(0.3 ¢/L) T oil [43]
2,1 alcohol HBEEE furfural alcohol 5 150 ML(9.7% ) T microwave [36]
1E T B n-butanol RHE fructose 120 200 BL(14.3% ) * R oil [37]
JK water AR cassava 360 200 LA(0.92% ) A oil [38]
EL(0. 16 e s
T ethanol AKZE cassava 360 200 ( %) T oil [38]

LA(0.25%

)
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H# 4 F1E 5 B, CuSO, ML 1Y ZBE N R AN £ BBE DN BRIR A6 AL R AR BAR ™ T ZnS0, HEARAL
2O ATRE RO A A A ML B3 A BETS 22 Bronsted BRI , (075 2 h 42 JR SR L BEAY % 5 W
RS, MHA B EMAICRNX RS R, — T th &8 5 F RO S i i s JhE s &R s 71
IR/ B e K VR FH = A Bromsted FROZ A7, CuSO, AL A2 i BL BURCSR K&, S LR kY BT
Fs AR, £E 200 °C R SR 120 min, BL (7250 K 54. 1% 7 XFEEER U8 AL L 0 BL A9 45
PSSRANRE S NI, (A A2 ZnSO, 76 H BV i b AR A B, AR 1T B2 A SR B o P 25 1Y) i
PR X FHALGR R ER (% 6) , TEARRI R SEE 40, HAE ML BE IR T AL (SO, )l Fe, (S0,) %,

F6 WEIELHEZBABRRZEBERE

Table 6 Catalytic preparation of LA or levulinate esters with sulfate catalysts

HEALF] sl Jt ffe)/min  HREE/C 7o) Jn#Tr = B

catalyst solvent substrate time temp. product heating mode ref.
CoS0, B L1 L4 % cellulose 300 150 LA(8%) H oil [46]
CoSO, I methanol M glucose 150 160 ML(7.0% ) WA oil [34]
CoSO, JK water LY cellulose 30 200 LA(0.2 g/L) I oil [44]
CoSO, 1E TB% n-butanol JBE fructose 120 200 BL(21.9% ) TR oil [37]
Co,(80,);  EFWIMIL- L4 K cellulose 300 150 LA(5%) A oil [46]
SnSO, FEE/ 7K methanol/ water 4 E cellulose 40 180 ML(10.0% ) * 3 microwave [33]
SnS0, FH B methanol I BE glucose 150 160 ML(15% ) A oil [34]
SnS0, T ethanol BB furfuralalcohol 5 150 ML(16.1% ) i microwave [36]
NiSO, 1% ethanol AR cassava 360 200 Eii(l) iiz/z >) T oil [38]
NiSO, FH % methanol M glucose 150 160 ML(4.0% ) A oil [34]
NiSO, JK water L2 cellulose 30 200 LA(0.2 g/L) I oil [43]
Cr, (SO, ), 2 aleohol HEBS furfural alcohol 5 150 ML(0.6% ) T microwave [36]
Cr, (S0,); FH /7K methanol/ water Y E cellulose 40 180 ML(0.0% ) % microwave [33]
MgSO, JK water AKZ cassava 360 200 LA(0.86% ) T oil [38]
MgSO, 1E TB% n-butanol JBE fructose 120 200 BL(4.6% ) A oil [37]
MgSO, M ethanol K cassava 360 200 Ekig: ﬁ?; )) TR oil [38]
MnSO, FF . methanol B glucose 150 160 ML(0.0% ) A oil [34]
MnSO, JK water L4 % cellulose 30 200 LA(0.1 g/L) TR oil [43]
K, S0, 1E TB% n-butanol b fructose 120 200 BL(3.2% ) T ol [37]
K, 50, F B methanol Hi%iHE glucose 120 200 ML(0.0% ) T oil [35]
Na, SO, FF I methanol HIZEHE glucose 120 200 ML(0.0% ) T oil [35]
Ti(S0,), 1ETE¥ n-butanol WA fructose 120 200 BL(41.1% ) T oil [37]

2.2 WBE/EEBENLY

TRl & Ja A AL SO 5 T i TR R L B T IE AL, S AR RR A AL 0 0 Iz N A 4R
BET AR R T BT EoR U A B , Sl LT DU ZE AR R B SRR A A T B R
&R ALY AR R T LS 1) ML 6 Ak B30 P f s, OB R AR 25454 200 °C, 120 min, ML #
BRI 59% ) i 700, -Ti0, —InE ALY Y SO, /710, -TiO, AL A F B LA FH R &
— & B A ALY T TR T
2.3 EUNEMR

FRAE S B4 FRAR S SR> P I B 1 T — R BR A0 i AL 27 4k R 551 0 £ BRI R I 2, R T R
B 0 S B A, AL 2 s o 24 AL (SO, ), FE S KIR R i, AL 5K 40 Be 5 #F— 2 K i T2 L% 5
iR S 5 IR A, e, AP R AR K S A R R rpai i B MR Ak %2 A 7K fifk ol P gt 2 N A it
R SO S S R AT S e R L R AL A R S fn i SRR 5 SR S e i SR
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e — 2D K A A 5 -5 RIS I Joe S 6 R MR 5 ol T /K M I 2 4 70 IO A A, 5 -9 YRR e e S
e RLARERE 2t — 20 SRR AL T SN R S S BE N R T
R7 UmBRE/ ERELVELTFEZHRBEE 2B RERRER

Table 7 Catalytic preparation of LA or levulinic esters with sulfate metaloxide catalysts

FEALF gl JEket Hif ]/ min L/ C ] SCHk

catalyst solvent substrate time temp. product ref.
S0,27 /Ti0, FF 5 methanol WA sucrose 120 200 ML(43% ) [47]
80,27 /Ti0, FF 5 methanol HIHIRE glucose 120 200 ML(33% ) [48]
S0,27 /Ti0, FF 5 methanol S fructose 120 200 ML(59% ) [48]
80,2~ /7x0, L% ethanol %M glucose 180 200 EL(30% ) [49]
80,2~ /7x0, 2.1 ethanol M glucose 120 200 EL(24.5%) [49]
S0,2~ /Ti0, 2.1 ethanol M glucose 120 200 EL(26.0% ) [49]
80,2~ /7x0,-TiO, LT ethanol HHIRE glucose 120 200 EL(25.5%) [49]
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Fig.2 Catalytic conversion of cellulose to LA and levulinic esters reaction path
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