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双相体系中催化碳水化合物水解制备5-羟甲基糠醛

赵 岩,刘 银,朱金波

(安徽理工大学材料科学与工程学院,安徽淮南232001)

摘要:采用廉价催化剂硅酸铝盐与痕量的盐酸组合,在双相体系中催化碳水化合物有效地转化制备5-羟甲

基糠醛(HMF)。葡萄糖在水/正丁醇两相体系中在453K下反应30min达到了100%的转化率,并可以获

得61.5%产率的HMF。同时,在双相体系中在453K下反应40min能有效地转化多糖(蔗糖、麦芽糖、淀粉

和纤维素)制备HMF。此外,硅酸铝盐可以多次重复使用,试验中重复5次以上其活性没有明显下降。本

催化体系在碳水化合物转化制备生物燃料和化学品领域具有很好的成本效益和商业应用潜力。
关键词:生物质;5-HMF;双相;硅酸铝;葡萄糖

0 Introduction
Withthedepletionoffossilresourcesandthe

increaseinenergydemand,moreandmorepeople
are transferring to fields related to the
development and utilization of sustainable



resources[1].Biomassisoneofthemostabundant
renewableresourcesandhasattractedmuchmore
attentiontothesubstitutionofthepetroleum
resourcetoobtainfuelsandchemicals[2-4].5-
hydroxymethylfurfural(HMF)isanimportant
platformmoleculeandaprecursorofliquidfuels.
It can be obtained from biomass-based
carbohydrates[5-8].However,thehighcostof
productionof5-HMFhashampereditsindustrial
production[9].

Glucoseisthemostabundantandcheapest
monosaccharideinnature[10].Itwouldbevery
beneficialtogeneratevaluablecompoundsfrom
glucose[11]. However, obtaining HMF from
glucoseismuchmoredifficultthanfromfructose,
which can be attributed to the stable ring
structure[12].

It has been proposedthatconversion of
glucoseto HMFcanoccurviaisomerizationof
glucosetofructoseandsubsequentdehydrationof
fructose[13-17].Zhaoetal[18]havedemonstratedthat
glucosecouldbeconvertedintoHMFin67%yield
using CrCl2 in 1-ethyl-3-methylimidazolium
chloride([EMIM]Cl).SnCl4inionicliquidshas
alsobeen proven very effectivein converting
glucosetoHMF.AmaximumHMFyieldof64%
wasobtainedat373 Kfor3hin1-ethyl-3-
methylimidazolium terafluoroborate ([EMIM]
BF4)[19].However,these metalchloridesare
toxic,andionicliquidsareexpensive,sothese
catalyticsystemsarenotsuitableforlarge-scale
production.Carrying outthe reaction in an
aqueous solution has the lowest efficiency.
However,inanaqueoussolutionthereactionleads
tofurtherdegradationofHMFtolevulinicacidand
humins.Biphasicsystemscombiningwithwater
andawater-immiscibleorganicsolvent,cannot
onlypreventthedegradationandaggregationof
HMF,butalsofacilitatethe separation and
purificationoftheproduct.TheyieldofHMF39.
7%inabiphasicsystem (H2O/tetrahydrofuran
(THF)mixturewasusedasthesolvent)was
achieved[20].Although metalchloridesareactive
Lewisacidcatalystsforglucoseisomerization,
separationandrecycling ofthecatalystisa
challenge.UsingSn-betaandHClinabiphasic
(H2O/THF)system,79%glucoseconversionand

72% HMFselectivitywereobtainedat453Kfor
70min[21-22].However,thecomplexpreparationof
Sn-betamadeitsapplicationprospectsblocked.A
lowcostandefficientconversionofglucoseto
HMFisstillachallenge.
Inthispaper,thecombinationofaluminium

silicateandHClwasproventobeveryeffectivein
thesynthesisofHMFfromglucoseinaH2O/n-
butanolbiphasicmedium.Aluminiumsilicatewas
acheapandabundantchemicalandwasusedas
catalyst.Polysaccharidesasrawmaterialsinthis
systemwerealsostudied.

1 Experimental
1.1 Materials

Sucrose, NaCl, n-butanol, 2-butanol,
tetrahydrofuran,methyl-isobutyketone(MIBK),
starchandhydrochlonricacidwerepurchasedfrom
SinopharmChemicalReagentCo.,Ltd.Glucose,
maltose,cellobiose,2-methyltetrahydrofuran(2-
MTHF)andaluminiumsilicatewerepurchased
from Shanghai Aladdin Reagent Co., Ltd.
CelluloseandHMFwaspurchasedfromAldrich.
Allreagentsandsolventswereusedassupplied
withoutfurtherpurification.
1.2 Characterization

BETsurfaceareaandporevolumesofsamples
weredeterminedbyN2physisorptiontechniqueon
Micromeritics ASAP2000adsorptionanalyzer.
TheX-raydiffraction(XRD)patternsofpowder
wereconductedonPanalyticalX’PertPROX-ray
diffractometerusingCuKɑradiation.CO2-TPD
(temperatureprogrammeddesorption)wasapplied
tocharacterizethealkalinesitesofaluminium
silicate on Micromeritica ChemiSorb 2750
chemisorbanalyzer.Indetail,aluminiumsilicate
(0.1g)wastreatedat823Kinargonfor1hand
thenpurgedwithCO2inapulsewayfor90min
aftercoolingto353K.Thesamplewaspurged
furtherwithArat30mL/minfor60min,and
thenwasheatedto973Kat10 K/minunder
argon.
1.3 Reactiontesting
In a typical experiment, 0.5 g of

carbohydrates,1.75gofNaCl,0.125gof
aluminiumsilicate,5mLofpH=1HClaqueous
solutionand15mLoforganicsolventwereadded
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toaParrreactor (50 mL).Themixturewas
heatedtothedesiredtemperatureinlessthan35
minwithvigorousstirring.Afterthereactionwas
completed,theparrreactorwasquicklyquenched
inacoolwaterbath.Inthereuseexperimentof
catalyst,aluminium silicate wascollectedand
washedfor3timeswithacetoneanddriedin353K
for24hforthenextuse.
1.4 Analysismethods

Quantiativeanalysesofglucoseandfructose
were performed by high performance liquid
chromatography (HPLC)usinga Waters1525
pump,aNacalaiTesquecosmailPakedSugar-D
column and a Waters 2414 refractive index
detector.Acetonitrileandwater(3∶1v/v)were
usedasthemobilephaseat303Kwithaflowrate
of1.0mL/min.HMFwasquantifiedbyHPLC
equippedwithaNacalaiTesquecosmail5C18-AR-
ⅡcolumnandHitachilL-2000HPLCsystem.The
mobilephasewaswaterandmethanol(9∶1v/v)at
303Kwithaflowrateof1.0mL/min.

2 Resultsanddiscussion
2.1 Characterizationofthecatalyst

Brunauer-Emmett-Teller(BET)isothermsof
N2adsorptionshowedthattheBETsurfaceareaof
aluminiumsilicatewas78.98m2/gandthepore
volumewas0.38cm3/g.IntheXRDpatternsof
aluminiumsilicatebeforeandafterreactions,the
amorphouspeakscanbefound (Fig.1(a)).
However,thecrystaldiffractionpeakscannotbe
observedintherangeof5°~70°,whichindicates
thataluminumsilicateisnotacrystalstructure.
TheCO2-TPDprofilesforaluminumsilicateis
showninFig.1(b).Apeakcanbeobservedon
CO2-TPDprofile,indicatingthepresenceofbase
sitesonthesurface.Isomerizationofglucosemay
beattributedtothebasicsites[23-24].
2.2 Contrastexperiments

Tab.1showsthatthevariouscomponentsin
thereactionsystemhaveanimportantinfluenceon
thereaction.Inasinglephaseandabiphasic
system,aluminiumsilicateandHClwerecombined
andtestedfortheiractivitytowardsconversionof
glucosetoHMF.Entries1and2inTab.1clearly
showthatinthebiphasicsystem bothglucose
conversionandHMFyieldarehigherthanthosein

Fig.1 (a)TheXRDpatternsofaluminiumsilicatebeforeand
afterreactions,(b)theCO2-TPDprofilesforaluminumsilicate

the single-phase system under the same
conditions.Theseresultscouldbeattributedtothe
timelyextractionofHMFbyn-butanolfromthe
aqueousphaseinordertoavoidthedegradation
andaggregationof HMF underaqueousacidic
conditions.InanH2O/n-butanolbiphasicsystem
withHClascatalyticsystem,theconversionof
glucosewas29.5% andtheyieldofHMFwas
12.5%at433Kfor90min.Whenaluminum
silicatereplacedHClasacatalystunderthesame
conditions,theconversionofglucoseincreasedto
49.5%whiletheyieldofHMFwasonly11.5%.
However,thecombinationofaluminumsilicate
with HCl resulted in both higher glucose
conversionand HMFyieldthaneither HClor
aluminumsilicateusedascatalyst(Tab.1,entries
3,4and5).TheresultofCO2-TPDhasconfirmed
theexistenceofthebasicsitesonthealuminum
silicate.Sothisresultmightbeattributedtothe
basicsites existing on aluminum silicate via
isomerizationreactionofglucosetofructose,while
HClcould beefficientlyimplementedfructose
dehydrationto HMF.Furthermore,NaClhas
beenproventoeffectivelyimprovetheselectivity
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ofHMF,makingitanintegralcomponentinthe
H2O/n-butanolbiphasicsystem(Tab.1,entries2
and5).Theseresultsareconsistentwithprevious
reports,showingthattheadditionofNaCltothe
aqueousphaseincreasesthepartitioningofHMF
intothe organic phase,thus restraining the
degradation of HMF into byproducts under
aqueousacidicconditions[25].

Tab.1 ResultsofconversionofglucosetoHMF
entry system catalyst conversionyield/%

1
single

phase(H2O)
aluminium
silicate,HCl

65.5 13

2
biphasic

(H2O/1-butanol)
aluminium
silicate,HCl

100 29
􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋

3
biphasic(H2O/1-
butanol/NaCl)

HCl 29.5 12.5
􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋

4
biphasic(H2O/1-
butanol/NaCl)

aluminium
silicate

49.5 11.5
􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋

5
biphasic(H2O/1-
butanol/NaCl)

aluminium
silicate,HCl

100 47.5
􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋

􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋

􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋

􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋

􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋

[Note]Reactioncondition:HCl:5mL,pH=1;aluminiumsilicate:
0.125g;glucose:0.5g;NaCl:1.75g;n-butanol:15mL;reaction
temperature:433K;reactiontime:90min.

2.3 Effectofreactiontemperatureandreaction
timeontheglucoseconversiontoHMF
Fig.2showstheeffectofreactiontemperature

ontheglucoseconversionandtheHMFyieldin
the H2O/n-butanol biphasic system. The
conversionofglucoseincreasedfrom50% (413K)
to100% (453K),andtheyieldofHMFwasalso
increasedto61.5% at453 K for30 min.
However,when thetemperature wasfurther
raised,theconversionofglucosewasmaintainedat
100%,whiletheyieldofHMFdecreasedslightly.
ItisassumedthatthedecreaseofHMFyieldat
highertemperaturescouldbeduetotheformation
ofundesiredbyproducts,suchashuminsand
cokes[26].

Theeffectofreactiontimeontheglucose
conversionandtheHMFyieldat453Kisshownin
Fig.3.Itwasconfirmedthataluminumsilicate
combined with HClis highly activeforthe
dehydration of glucose to HMF,since the
conversionofglucosecouldmountto100%and
HMFyieldcouldalsoreach61.5%at453Kfor30
min.Furtherincreasingthereactiontimeledtoa
decreaseintheyieldofHMF.Thiscouldalsobe
attributed to the formation of byproducts

Reactioncondition:HCl:5mL,pH=1;aluminiumsilicate:
0.125g;glucose:0.5g;NaCl:1.75g;n-butanol:15mL;
reactiontime:30min
Fig.2 Theeffectoftemperatureontheglucoseconversion

andHMFyield

Reactioncondition:HCl:5mL,pH=1;aluminium
silicate:0.125g;glucose:0.5g;NaCl:1.75g;n-
butanol:15mL;reactiontemperature:453K.

Fig.3 Theeffectoftimeontheglucose
conversionandHMFyield

Reactioncondition:HCl:5mL,pH=1;aluminiumsilicate:
0.125g;glucose:0.5g;NaCl:1.75g;n-butanol:15mL;
reactiontime:30min;reactiontemperature:453K.
Fig.4 TheeffectoforganicsolventsontheHMFyield

(Levulinicacidetc.)withthelongreactiontime.
2.4 EffectofdifferentorganicsolventsonHMFyield

Theeffectofdifferentorganicsolventsonthe
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dehydrationreactionofglucoseto HMFina
biphasicsystem wasalsostudied(Fig.4).Ina
biphasicsystemwithdifferentorganicsolventsthe
glucosewascompletelyconverted,buttheHMF
yieldwasquitedifferentat453Kfor30min.The
highestHMFyield(61.5%)wasachievedusingn-
butanolasanextractingsolventat453Kfor30
min.When2-butanolorTHFreplacesn-butanol
asorganicphase,theyieldofHMFcouldalso
reach60%or56%underthesameconditions.2-
butanoneasanextractingsolventwasalsostudied,
andtheyieldofHMFwas42%inanH2O/2-
butanonebipahsicsystem.However,when2-
MTHForMIBKwasusedasanaqueousphase,
HMFyieldwas35%or26%,respectively.Low
HMFyieldcouldbeattributedtosidereactions
whichhadnotbeeneffectivelysuppressed,sincea
lotofcokeandhuminscouldbeobservedafterthe
reaction.
2.5 ProductionofHMFfromcomplexcarbohydrates

Disaccharides (maltose, cellobiose and
sucrose)andpolysaccharides(starchandcellulose)
assubstrateswerealsoinvestigatedinanH2O/n-
butanolbiphasicsystem.Inordertoconfirmthe
completeconversionofthesedisaccharidesand
starch,thereactiontimewasextendedto40min.
TheHMFyieldfromsucrosewasthehighest,
sincesucrosecontainedonefructosemoleculeper
unit(Tab.2,entry1).Conversionofcellobiseand
starchtoHMFwascomparabletothatofmaltose
(Tab.2,entries2~4).Theseresultsshowthat
aluminumsilicatecoupledwithHClcouldbeused
forconversion ofdisaccharidesand starchto
HMF.However,whencellulosewasusedasthe
substrate, part of the cellulose remained
unconvertedandHMFyieldwasonly23%evenat
473 K for40 min.Thepoorreactivity with
cellulose might be due to its recalcitrant
structure[27].Moresevereconditionsmaybeneeded
topromotetheconversionofcellulose.
2.6 Catalystrecycling

Totestthecatalyststability,aluminumsilicate
wasrepeatedlyusedseveraltimesinan H2O/2-
butanolbiphasicsystem.Theresultsshow that
aluminumsilicateactivitydidnotdecreasesignificantly

andtheyieldofHMFwasstill57%afterfivecyclesin
thissystem(Fig.5).Therefore,aluminumsilicatecan
beseparatedandreused.
Tab.2 ConversionofthecomplexcarbohydratesintoHMF
entry feed yield/% time/min temperature/K
1 sucrose 56.5 40 453
2 maltose 50 40 453
3 cellobiose 49 40 453
4 starch 50 40 453
5 cellulose 23 40 473

 [Note]Reactioncondition:HCL:5mL,pH=1;aluminium
silicate:0.125g;carbohydrates:0.5g;NaCl:1.75g;n-butanol:
15mL.

Fig.5 Reuseofaluminiumsilicate

3 Conclusion
Thispaperpresentedanefficientrouteof

converting glucose into HMF catalyed by
aluminumsilicatecoupledwithHCl.Theyieldof
HMF(61.5%)wasobtainedinanH2O/n-butanol
bipahsicsystem at453 K for30 min.Some
complex carbohydrates could be efficiently
convertedinto HMF.Additionally,aluminum
silicatecouldbereusedoverfivecyclesandits
activitydidnotdecreasesignificantly.Inaword,
thiscatalyticsystemhasthepotentialofproducing
HMFatalowercost.
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