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ABSTRACT

An efficient process was developed for the conwersf glucose into 5-hydroxymethylfurfural (HMF).séries of
common weak alkalinity solid catalyst, ammoniummahum carbonate hydroxide (AACH, with formula
NH,AI(OH),COs), was prepared at different condition and used ftire conversion of glucose into
5-hydromethylfurfural in ionic liquid 1-butyl-3-nfgtlimidazolium chloride ([Bmim]Cl) and dimethyl fadide
(DMSO) mixtures. In those catalyst, the ammoniwméaium carbonate hydroxide prepared at 140 °C ®h3vas
found to be the best catalyst for this transformatand the optimal HMF yield was 42.35% at 120°C4h. The
recycling experiments showed that the AACH ownegla stabile catalytic activity for the conversio glucose
into HMF. After six reaction runs, its catalytictadty didnt loss significantly and a moderate HM#eld of 39 %
was also obtained. In addition, various reactiomditions about the preparation for AACH, includingaterial
ratio, temperature, reaction time, were also inigegied.
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INTRODUCTION

With the depleting of fossil resources and growtwncerns about environmental pollution, global wagn
biomass with an estimated global production of atb.0 x 16" tons pear year provides a ideal and promising
alternative source to produce fuels and chemic8§[Carbohydrates are the major components of AgsmHence,
catalytic conversion of carbohydrate into high-ealohemical and fuels is significantly both in scenand
commerce[4].

5-hydroxymethylfurfural (HMF) is an important biossderived chemicals, which can be synthesized from
carbohydrates, such as glucose, fructose and xyRissultaneously, HMF is an important platform mmediate,
because it can be converted into many useful hadhevchemicals and liquid fuels such as levulirg gLA),
2,5-bishydroxymethylfurfural, 2,5-diformylfuran (B¥, 2,5-dihydroxymethylfuran (DHMF), 2,5-dimethyl
tetrahydrofuran (DMTHF), 2,5-furandicarboxylic adqiDCA), 2,5-dimethylfuran (DMF), 5-ethoxymethylfural
(EMF), ethyl levulinate (EL) and linear alkanes[p-¥hus, much more attention are paid to the casiwarof sugars
into HMF.

Recently, glucose and fructose are the two maidietiuobjects for the production of HMF. Many woi&s[0]
demonstrated fructose can be easily converted - under proper catalyst. However the fructosesésy
expensive and rare. So the fructose is not thenatthoice. Glucose is anther saccharides, whighrig cheap and
available[11]. But many catalytic system of the wension into HMF is hard or ineffective to convgtticose into
HMF[12]. Hence, it is still challenging to develagw catalytic system for the efficient catalyticneersion of
glucose into HMF.
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Since Zhao et al.[13] found that CpyQlas well catalytic activity for the conversion gificose into HMF in ionic
liquid 1-ethyl-3-methylimidazolium with a high HM¥eld of 69%, people have been mainly aimed atoweriacid

catalyst, such as metal chlorides, solid acid gstaH-zeolites, acidic cation-exchange resinsgrfogtoly acids and
carbonaceous catalysts. Other typical catalystsfemasstudied. Presently, Deng et al.[14] found tiwat alkalinity

of catalysts can promote the isomerization of gbecmto fructose. Many researches have demonstthstdhe

catalytic process of HMF obtained from glucose degasition should be divided into two steps : isamsion of

glucose into fructose and dehydration of fructage HMF[15-17]. The process was showed in Fig. wklver, the
aim of the report worked by Deng et al. was to eshglucose into polyols. Whether glucose can breveded into
HMF under alkaline catalyst wasn't studied. Hentds urgently necessary to search for an easygpezpand
low-cost solid alkaline catalyst for the conversadrglucose into HMF.

AACH is common weak base solid compound, whichdsyeto prepare and usually used as the precursor fo
industrial catalyst AIO4[18]. So, it is easy to get and the price is vesw.lIn the work, AACH of different
properties were prepared at different conditiorifécent temperature, different time, different materatio ) and
these AACH were used as the reaction catalystadyme HMF from glucose conversion in ionic liquhfiim]CI

and DMSO mixtures. Its catalytic performance in to@version of glucose into HMF was compared widedes

of catalyst, such as Q@H),CO;, 4MgCQO;'Mg(OH),5H,0, 3Zn(OH)-2ZnCG;, Mg/Al-LDHS, Zn/Al-LDHS and

SO on.
OH

HO OH
2 isomerization © dehydrati °
Ho OH ehydration \ / \O
HO
OH OH
OH OH
Glucose fructose HMF

Fig. 1. The process of the conversion of glucoseinto HMF

EXPERIMENTAL SECTION

Materials and Chemicals

lonic liquids, 1-butyl-3-methylimidazolium chlorid§Bmim]Cl, AR) was purchased from Shanghai Chergy J
Chemical Co. Ltd. (Shanghai China). HMF (99%), 32ZH),2ZnCG;, CH,0,Zr, were supplied by Aladdin reagent
Co. Ltd. (Shanghai China). All of other reagentsenanalytic grade, purchased from Sinopharm ChdrRieagent
Co. Ltd. and used as received.

Catalysts preparation

AACH was prepared via hydrothermal synthetic metteatording to the previous procedures with some
modifications[19]. In a typical synthesis, 0.01 Md{NO3)z*6H,O and 0.08~0.28 mol urea were added into 50 mL
distilled water under vigorous stirring to form anhogeneous solution. Then, the solution was tramesfento a 100
mL Teflon-lined stainless autoclave, sealed and tisated at 120~160°C for 12~60h. Afterwards, thedave was
cooled to room temperature naturally. The produas wollected through centrifugation and washedraévienes
with deionized water. Finally, the AACH samples webtained by drying the product in a vacuum at XD@or 12

h.

Catalysts characterization

The structure and phase purity of samples werermeied by Panalytical X-ray diffraction (XRD, X'RePRO
MPD) analysis with Cu-K radiation £=1.5406 A). The data were recorded ovérra@nge of 10-80 The FT-IR
spectra were recorded by a Nicolet 460 spectrometgry the KBr powder technique with diffuse reftecce
sampling accessory at a resolution of 4'ahroom temperature.

Typical procedure of HMF from glucose

The catalytic processes were carried out in the ftll8mmx180mm with a lid. In the typical run, @ dlucose and
0.3g AACH were added into the mixture of 1g ioriguuid [Bmim]Cl and 1g DMSO. Subsequently, the twhas
transferred into a 120 oil bath and was stirring at the speed of 500 fprmih. At the end of the reaction, 10 ml
deionized water was added into the reaction mixtoi@ol and dilute the reaction mixture. Finathe solution was
centrifuged at 10000 rpm for 5 min. The clear lijuias sent to further analyze.

Analysis
The amount of HMF was detected by ultraviolet fullve scanning spectrophotometer (TU-1810, Beijindkinje
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General Instrument CO. Ltd., Beijing China) at th&aviolet wavelength of 284nm via external staxdanethod.
The content of glucose was checked by HPLC (Agili2Q0) equipped with a refractive index detectahvei ion
exclusion column (300 mm x 7.8 mm, Aminex HPX-874)6(°C. The condition of mobile phase was 0.007 M
H,SO, at a flow rate of 0.4 mL mih The yield of HMF and conversion of glucose weatulated according to the
following equations:

mole of glucose in the product
Glucose conversion = 100% — #* 100%

mole of starting glucoce

mele of HMF
HMF yield = - #1008
mele o fstarting glucose

RESULTSAND DISCUSSION

Catalyst characterization

The FT-IR spectra of different type of AACH prodsietre shown in Fig. 2. In the Fig. 2, there are fgpical peaks
of O-H, N-H, C-O, Al-O. The AACH exhibits a widegsial nearby 3443 and 985 ¢rdue to thev OH ands OH
vibrations, respectively. The peak at 3175, 3018 2840 crit are ascribed to NH stretching vibrations, and the
bands at 1828 and 1723 ¢rare due té NH stretching vibrations. The of COs? vibrations bands was observed at
1545, 1452 and 1382 ¢hmand thevy, v, andv,of CO;” vibrations bands was observed at 1105, 850 anct#B0
Finally, the three bands at 751, 630, and 484 present the vibration mode of AIQAIl the absorption bands in
Fig. 2 are consistent with the reported values\&CH [19].

From the previous work, the NHof AACH can promote the conversion of glucose idtdF. As was shown in Fig.
2, all the AACH of different temperature had widgral at 3175, 3108, 2840, 1723¢rdue to the vibrations of
N-H. However, the AACH, which was prepared at T40had a strongest band at 3175, 3108, 2840, 1723cm
Especially, the band at 1723¢mwas very clear. The FT-IR spectra of differentetyf AACH had demonstrated that
the AACH which was prepared at 1@0had a high catalytic activity on the conversiomghicose into HMF.
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Fig. 2 The FT-IR of all the AACH of different temperature

The Mg/AI-LDHS and Zn/Al-LDHS were also charactedzby the FT-IR. From the Fig. 3, the FT-IR spedfa
Mg/Al-LDHS and Zn/Al-LDHS shows many peaks dueheit special structure. The bands at 3460, 1630 ware
assigned to O-H stretching of water molecules & ldyers and the O-H bending mode. The band at t&50
belong to the stretching modes of £OHowever, compared with the FT-IR spectra of AAGH&re are no peaks at
3175, 3108, 2840, 1723¢cmbelonging to the vibrations of N-H. Especiallp peak was found at 1723 ¢rfrom
the FT-IR of Mg/AI-LDHS and Zn/Al-LDHS.
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Fig. 3The FT-IR of the same type of catalysts

The XRD patterns of different type of AACH produetee shown in Fig. 4. All the XRD pattern of thes&CH
show strong diffraction peaks a# angels of 10-70and All the diffraction peaks are indexed into émehorhombic
AACH and the high-crystalline AACH is in good agmeent with JCPDS Card 042-0250. This phenomenon can
demonstrate that all the AACH can be synthesizedrgnthese temperature. As can be seen from Fighdn the
temperature was between 120and 14CC, the intensity of diffraction peaks increased witle increase of the
temperature of catalyst preparation. Certainly, nvitee temperature was 140 the intensity of diffraction peaks
was the strongest. But after the temperature odlysit preparation was higher than X4Qthe intensity of
diffraction peaks decreased with the increase eféimperature of catalyst preparation.
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Fig. 4 The XRD patterns of different type of AACH products

Conversion of glucose into HMF by different alkali salt

We explored the effects of numerous acid catabystsalkali catalysts on the conversion of glucose 5-HMF in a
mixed solvent of [BMIM]CI and DMSO at 120 for 4h, all the results were shown in Table 1. Seheatalysts
includes Cy(OH),CO;, 4MgCOy;Mg(OH),'5H,0, 3Zn(OH)2ZnCQC;, CH,O;Zr,, Mg/AI-LDHS, Zn/Al-LDHS,
Al,O3-NH3, Al,O; and AACH. From the Table 1, it can be seen thatCMAwas one effective catalysts for the
conversion of glucose into HMF in a mixed solvehfRMIM]CI and DMSO. The yield of HMF was 42.35% @n
the glucose conversion was also up to 80.08% hbygu8iACH as catalyst at 120 for 4h. Certainly, a blank test
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was done without catalyst. About 1.49% HMF yield d:3.04% glucose conversion were attained aftext4i20C.
From these information, it can be seen that glueess hard to be converted into HMF without catalyghen the
catalyst was CiOH),CO;, the yield of HMF and the conversion of glucoseen£0.29% and 30.72%, respectively.
The other catalysts such as 4MgfNDg(OH)-5H,0, 3Zn(OH)2ZnCQ; and CHO,Zr,, all have a low catalytic
activity on the dehydration of glucose into HMF hvitess than 6% HMF yield and 20% glucose conversion
Surprisingly, when the catalysts were these catlgsich as 4MgC{Mg(OH), and CHO;Zr,, the HMF yield and
glucose conversion were all less than the yield glndose without catalyst. It may be result frono teasons. On
the one hand, these catalyst have less catalytiidtgon the dehydration of glucose into HMF. Oretother hand,
these catalyst were alkali catalysts and when thagt with glucose in a mixed solvent of [BMIM]Ghé DMSO,
the alkalinity of AACH cause acidity of the reactieystem decrease a little. As is know for us,igcid benefited
to convert fructose into HMF. Certainly, we alsal diome experiments and the proposal is confirmethéypH
value of reacted solution, which is up to 8.3.

To the best of our knowledge, the AACH and the btalcite could be mutual transformation in somedition

when the hydrotalcite was prepared. According ®sé¢h a assumption that these hydrotalcite may hageod
catalytic activity on the dehydration of glucosdoirHMF was attained. So the other type catalysthsas
Mg/Al-LDHS and Zn/Al-LDHS, were prepared to catadythe glucose to HMF. But from the Table 1, we fibtimat
Mg/AI-LDHS and Zn/Al-LDHS also have low catalytictivity with less than 3% HMF yield. The resultsal
indicated that the construction of AACH may be tia main reason for the glucose into HMF with ahhigMF

yield. It is very consistent with previous work.

From the previous work, the NHwas the key effect when AACH catalyze the glucmée HMF. In order to
further demonstrate the conclusion, the catalydt©Aand ALOs-NH; were applied into the glucose into HMF.
When the catalyst was acid catalysi@y, the yield of HMF was 4.98% and the conversioglatose was 77.03%.
But when using AIO;-NH; as catalyst, the yield of HMF was 10.53% and thieversion of glucose was 80.05%.
This also demonstrate the effect of NH

Tablel. Conversion of glucoseinto HMF by different alkali catalysts

Entry catalyst HMF yield (%) Glucose Conversion (%)
1 No catalyst 1.49 13.04
1 Cuw(OH),COs 10.29 30.72
2 4MgCQ Mg(OH), -5H,0 0.84 10.63
3 3Zn(OH} -2ZnCQy 5.59 19.56
4 CHO7Zr, 1.19 8.58
5 Mg/Al-LDHS 2.05 10.35
6 Zn/Al-LDHS 2.42 11.96
7 Al;O5-NH3 10.53 80.05
8 Al,O3 4.98 77.03
9 AACH 42.35 80.08

Reaction condition: glucose (0.19); catalyst (0;38mim]CI (1g); DMSO (1g); 12C°C; 4 h.

Effect of the temperaturefor catalyst preparation
As can be seen from Fig. 5, the temperature falygsttpreparation has a significant influence anytield of HMF,

but has a low influence in conversion. The expeninabout the preparation for AACH were conducted20'C,
130C, 140C, 150C, 160C to study the effect of the temperature for catatysparation on the yield of HMF in a
mixed solvent of [BMIM]CI and DMSO at 120 for 4h. when the temperature of preparation wa¥126nly
27.3% HMF yield and 73.15% glucose conversion wgaied after 4h, respectively. At the beginning of
temperature rise, the glucose conversion and HMF yhcreased to 79.43% and 28.94% slowly at‘@30Vhen
the temperature for catalyst preparation was@46IMF yield was up to maximum with 42.17% HMF yieBut
when the temperature exceeded ‘T4Qhe yield of HMF decreased sharply with the iase of temperature, from
42.17% at 14T to 31.50% at 150 and 25.91% at 160. Surprisingly, when the temperature for catalyst
preparation changed from 120to 160C, the conversion of glucose did not change largeity maximal glucose
conversion was 80.08% at 140 and the minimal glucose conversion was 73.15% 2&CL The different
temperature for catalyst preparation may resutthianging of the amount of NH the detailed mechanism is still
under research. Therefore, IdGvas chosen as the optimal reaction temperatureatatyst preparation.
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Fig. 5. Effect of the temperature of catalyst preparation on the conversion of glucoseinto HMF

Effect of the material ratio of catalyst preparation
In order to understand clearly the reaction proocdssatalyst preparation, the material ratio ofabadt preparation

(mole ratio of AI(NQ)s'9H,0 and CO(NH),) was also investigated in the work. All the reswliere shown in Fig. 6.
From the Fig. 6, it can be seen that the mateaitid 0f catalyst preparation also play significarftuence on the
yield of HMF, when the reaction was conducted imiged solvent of [BMIM]CI and DMSO at 120 for 4h. Six
catalysts from six mole ratio, such as 1:8, 1:12611:20, 1:24, 1:28, were conducted to studyetffect of the
material ratio on the conversion of glucose into HHM a mixed solvent of [BMIM]CI and DMSO. When th®le
ratio of AI(NGOs)3'9H,O and CO(NH), was 1:8, the yield of HMF was 33.32%. With thereasing of the amount
urea (the decrease of the mole ratio of AIQNOH,O and CO(NH),), the yield of HMF increased slowly. When
the mole ratio was 1:20, the yield of HMF was uprtaximum with 42.17% HMF vyield. Further increasthg urea,
we could find that the HMF yield do not decreaskdrply and when the mole ratio was 1:24, the HM#dyiwas
39.04%. From the Fig. 2, it also can be seen tteatHMF yield almost do not change and was kepBi#b.3Possibly,
when the mole ratio was 1:20, the amount of urearbached the saturation, so that the construetiohNH,"™ do
not change. Therefore, due to economic concerasgggpropriate material ratio was 1:20.
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Fig. 6. Effect of the material ratio of catalyst preparation on the conversion of glucoseinto HMF

Effect of the reaction time of catalyst preparation
Once the reaction temperature for catalyst prejgaraind the material ratio of catalyst preparati@ne chosen, the

reaction time were investigated at 12h, 24h, 38h, 40h and all the HMF yields with different timere recorded.
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As present in Fig. 7, when the time of catalysppration was 12h, 79.24% glucose conversion antb22 HMF
yield were attained at 120 for 4h. in a mixed solvent of [BMIM]CI and DMSO.@iously, from 12h to 36h, the
HMF yield increased quickly, but the glucose cosiat almost did not increase. When the time wasraddd to
36h, the HMF yield was up to 42.17% and the gluamseversion was 80.08%. Further increasing readiioa of
catalyst preparation from 36h to 60h, the glucasmeversion changed to 82.47%, but the HMF yield elased to
40.12%. From the above analysis, the optimal readtime of catalyst preparation was 36h.
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Fig. 7. Effect of thereaction time of catalyst preparation on the conversion of glucoseinto HMF

Recyclability of catalyst
Catalyst recycling is important to evaluate thealyst performance and is essential for large-soadiistrial

production. From previous research, used AACH lws performance of HMF production obtained fromogise,

so the recycle AACH should be used as the recychagtion catalyst. The detailed recycling experiteare as
follow: AACH was separated for the reactional migtuwashed with deionized water at more than 64jrdeéed at
100°C for 6h in a vacuum. And the product (used AACH}svimpregnated with 25 wt% ammonia water to prepare
the recycle AACH. Subsequently, the recycle AACHsvadded into fresh [Bmim]Cl and DMSO at the same
reaction condition and reused via the above proc&3e results are shown in Fig. 8. It shows that tecycle
AACH has well catalytic performance of glucose cersion into HMF. After six reaction run, the HMFeld was
still close to 39%, up to 39.62%.
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Fig. 8 Results of the recyclability of Recycle AACH
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CONCLUSION

In summary, a series of AACH was prepared at difiercondition, such as different temperature, difié mole
ratio, different time. Subsequently, these cata®y&ACH with different properties were used for thengersion of
glucose into 5-hydromethylfurfural in ionic liquittbutyl-3-methylimidazolium chloride ([Bmim]Cl) andimethyl
sulfoxide (DMSO) mixtures at 120 for 4h. The optimal catalyst was prepared at’@40r 36h and the mole ratio
of AI(NO3)3'9H,0 and CO(NH), was 1:16. Certainly, the optimal HMF yield was382 when the optimal AACH
was used to catalyze the glucose into HMF. Thelystavhich has been processed could be recycleld stible
catalytic activity and there was about 39% HMF ¢iafter six reaction runs.
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