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Abstract—An economical and effective approach for the selective transformation of biomass-derived 5-hydroxymeth-
ylfurfural (HMF) into 2,5-dihydroxymethylfuran (DHMF) was developed by catalytic transfer hydrogenation over vari-
ous magnetic zirconium hydroxides (MZHs). As expected, MZH with a moderate Zr/Fe molar ratio of 2 displayed the
highest catalytic activity, resulting in 98.4% HMF conversion and 89.6% DHMF yield at 150 °C for 5h in the presence
of 2-butanol that simultaneously acted as the hydrogen donor and reaction solvent, which was ascribed to its appropri-
ate specific surface area, pore size and acid-base content. Moreover, a plausible reaction mechanism for the catalytic
transfer hydrogenation of HMF into DHMF over MHZ(Zr/Fe=2) was also proposed, in which the basic hydroxyl
groups with the aid of acidic zirconium metal centers were considered to be responsible for the pivotal hydride trans-

fer via a six-membered ring structure.
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INTRODUCTION

In recent years, with the continuous depletion of fossil resources
and the incessant deterioration by environmental pollutions, the
increasing research interest has been concentrated on the conver-
sion of renewable biomass resources into various valuable chemi-
cals in a much more sustainable way [1-5]. 5-Hydroxymethylfurfural,
which can be produced by the dehydration of biomass-derived
carbohydrates such as fructose, glucose, sucrose, maltose, cellobi-
ose, inulin, starch and cellulose, is considered to be one of the
most important platform molecules [6-10]. This is because it can be
used as a versatile intermediate for the synthesis of a series of high
value-added derivatives such as 2,5-dihydroxymethylfuran (DHMF)
[11], 2,5-dimethylfuran (DMF) [12], 2,5-dihydroxymethyltetrahy-
drofuran (DHMTHF) [13], 1,2,6-hexanetriol (HTO) [14], 2,5-
diformylfuran (DFF) [15], 2,5-furandicarboxylic acid (FDCA) [16],
5-ethoxymethylfurfural (EMF) [17], 5-arylaminomethyl-2-furan-
methanol (AAMFM) (18], 1-hydroxyhexane-2,5-dione (HHD) [19],
5,5"bis(hydroxymethyl)furoin (BHMF) [20], 5,5-0xy-(bismethy-
lene)-2-furaldehyde (OBMF) [21] and furfuryl alcohol (FFA) [22].
Among the above-mentioned derivatives, DHMF which is prepared
by the selective hydrogenation of HMF is particularly attractive,
which is because DHMF has a special symmetrical structure and
tremendous application potential in the production of resins [23],
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fibers [24], foams [25], drugs [26], polymers [27-29] and crown
ethers [30-32].

HMF has three functional groups, including an aldehyde group,
a hydroxyl group and a furan ring. Hence, it shows a very strong
chemical reactivity [33]; how to ensure the hydrogenation priority
of aldehyde group and avoid the further hydrogenolysis of hydroxyl
group and furan ring are the key issues in the selective transforma-
tion of HMF into DHME To solve these issues, designing an ap-
propriate catalytic system is especially significant. Up to now, most
conventional catalytic systems for the selective transformation of
HMF into DHMF are mainly composed of precious metal cata-
lysts (such as Ru/C [34], Ru/ZrO, [35], Ru/CeO, [36], Ru/MSZN
(37], PUC [38], P/ALO, [31], PUMCM-41 [39], Au/FeO, [40],
Au/Al O, [41], It/ TiO, [42] and Ir-ReO,/SiO, [43]) and molecular
hydrogen (H,) [34-43]. Although excellent results have been achieved,
these conventional catalytic systems possess a serious deficiency,
which is that precious metal catalysts and H, are extremely expen-
sive. From the perspective of practical production, it is uneconomic
for the selective transformation of HMF into DHMF by using the
above conventional catalytic systems. More recently; some new cata-
lytic systems have also been employed for the selective transforma-
tion of HMF into DHMF via disproportionation reaction [44-46],
electrocatalytic method [47-49], photocatalytic method [50] and
biocatalytic method [51], which can be performed over non-pre-
cious metal catalysts (such as Na-, Fe-, Ni-, Zn- and Al-based cata-
lysts) without the need of external H,. However, the treatment of
corrosive alkali, the lower faradaic efficiency; negligible product yield
and the longer reaction time are their unavoidable demerits, respec-
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tively. Thus, exploring an economical and effective catalytic system
is very necessary and desirable for the selective transformation of
HMF into DHME

Meerwein-Ponndorf-Verley (MPV) reaction, a typical catalytic
transfer hydrogenation method, is highly selective for the reduc-
tion of various carbonyl compounds such as furfural (FF), levulinic
acid (LA), ethyl levulinate (EL), in which alcohols such as ethanol
and isopropanol are commonly employed as hydrogen donors to
replace H, [52-55]. More satisfyingly, the MPV reaction has been
verified to be catalyzed by the inexpensive zirconium-containing
catalysts [55-62], which can reduce the corresponding production
cost to a large extent. At the same time, HMF with an aldehyde
group is also a carbonyl compound; therefore, it should be theo-
retically applicable to MPV reaction. Inspired by this speculation,
a novel catalytic transfer hydrogenation system was developed in
this work for the selective transformation of HMF into DHMF via
MPV reaction over the zirconium hydroxide catalysts with the
introduction of magnetic components. To achieve the ideal cata-
lytic activity; various reaction conditions such as reaction tempera-
ture, reaction time, catalyst amount and alcohol type were optimized
in detail. Furthermore, the recyclability of catalyst and the plausi-
ble reaction mechanism for selective transformation of HMF into
DHMEF were also investigated.

EXPERIMENTAL

1. Materials

HMEF (99%) was supplied by Shanghai Energy Chemical Co.
Ltd. (Shanghai, China). DHMF (99%) was purchased from Shang-
hai Bide Pharmatech Co. Ltd. (Shanghai, China). Zirconium oxy-
chloride octahydrate (ZrOCL-8H,O) was supplied by Shanghai
Aladdin Reagent Co. Ltd. (Shanghai, China). Ferrous sulfate hepta-
hydrate (FeSO,-7H,0), ferric chloride hexahydrate (FeCl,-6H,0),
ammonium hydroxide (NH;-H,0), methanol, ethanol, isopropa-
nol, 1-butanol, 2-butanol and many other chemicals were pur-
chased from Sinopharm Chemical Reagent Co. Ltd. (Shanghai,
China) and used without further purification.
2. Catalyst Preparation

Magnetic zirconium hydroxides (MZHs) were prepared by a
one-pot two-step approach. Primarily, FeSO,-7H,0 (2.78 g, 10 mmol)
and FeCl;-6H,0O (5.40 g, 20 mmol) were dissolved in deoxidized
and deionized water (DDW, 200 mL) under an atmospheric pres-
sure of nitrogen (N,) with a agitation speed of 600 rpm. Next,
NH;-H,O was slowly added into the above solution until the value
of pH was kept at 10, and the temperature was further elevated to
80 °C. After continuous stirring for 1h, the reaction mixture was
cooled to room temperature, and the black precipitates were col-
lected by a permanent magnet and washed with DDW to neutral-
ity. Subsequently, the resulting precipitates were resuspended in
200 mL DDW and mixed with 400 mL aqueous solution of ZrO-
Cl, (9.67 g, 30 mmol; 19.34 g, 60 mmol; or 29.01 g, 90 mmol), which
was then stirred for 30 min and sonicated for 10 min. Soon after-
wards, NH;-H,O was slowly added into the above mixture until
the pH was kept at 10, and the reaction mixture was continually
stirred for 30 min and aged for 24 h at room temperature, which
was followed by filtrating and washing with DDW until chloride
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ions were not detected in the washed water. Eventually, the gener-
ating magnetic catalysts that were abbreviated as MZH(Zr/Fe=1, 2
or 3) were dried in a vacuum oven at 110 °C for 12 h. For the sake of
comparison, other catalysts such as zirconium hydroxide (Zr(OH),),
stannic hydroxide (Sn(OH),), aluminum hydroxide (Al(OH);) and
ferric hydroxide (Fe(OH);) were also synthesized by using the simi-
lar approach without the introduction of magnetic components.
3. Catalyst Characterization

The patterns of X-ray diffraction (XRD) were recorded on an
ARL X’'TRA diffractometer (ARL, Switzerland) using a Cu Ko
radiation source (1=0.15418 nm). The images of scanning electron
microscopy (SEM) and transmission electron microscopy (TEM)
were conducted on a Zeiss Sigma scanning electron microscope
(Zeiss, Germany) and a JEM-2100 transmission electron micro-
scope (JEOL, Japan), respectively. The isotherms of nitrogen ad-
sorption-desorption were measured on a 3FLEX surface analyzer
(Micromeritics, USA) at —196 °C. Before adsorption, catalysts were
degassed at 100 °C for 3 h. The specific surface areas and pore sizes
were evaluated using the method of Brunauer-Emmett-Teller (BET)
and the method of Barrett-Joyner-Halenda (BJH), respectively. The
spectra of Fourier transform infrared (FI-IR) were collected on a
Nicolet IS50 spectrometer (Nicolet, USA) using the standard KBr
pellet method in the range from 400 cm™ to 4,000 cm™" with a res-
olution of 4cm™. The profiles of ammonia temperature-pro-
grammed desorption (NH,-TPD) and carbon dioxide tempera-
ture-programmed desorption (CO,-TPD) were estimated on an
AutoChem II 2920 chemisorption analyzer (CA) (Micromeritics,
USA). The magnetic properties were observed on an MPMS-XL-
7 superconducting quantum interference device (SQUID) (Quan-
tum, USA) at room temperature in an applied magnetic field of
18,000 Oe. The carbon content was analyzed on a Vario EL III ele-
mental analyzer (EA) (Elementar, Germany).
4. Typical Procedure for the Selective Transformation of HMF
into DHMF

All the catalytic transfer hydrogenation reactions were in a 100
mL cylindrical stainless steel reactor (Parr, USA) with the external
temperature and stirring controllers. In a typical reaction, the reac-
tor was charged with 0.5g HME 0.3 g catalyst and 24.5 g alcohol,
and the reactor was sealed and purged with N, for 5 times. And
then, the reactor was filled with an atmospheric pressure of N, and
heated to a known temperature and stirred at a speed of 500 rpm
for the specific time. At the end of the reaction, the reactor was
immediately quenched to room temperature in an ice-water bath,
and the reaction mixture was sampled and filtered with 0.22 pum
syringe membrane filter.
5. Product Analysis

HME DHMEF and other products were analyzed by means of GC
(Shimadzu GC-2014) and GC-MS (Shimadzu QP2010) equipped
with the flame ionization detector (FID) and the polar capillary
column (DB-WAXETR, 30 mx0.32 mmx0.25 pm), respectively. The
initial column temperature was 40 °C and maintained for 2 min,
and then, the column temperature was increased to 100°C at a
heating rate of 5°C/min and maintained for 2 min, after that, the
column temperature was further increased to 250 °C at a heating
rate of 10 °C/min and maintained for 4 min. Moreover, HMF con-
version and DHMF yield were quantified via the external standard
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method and calculated by using the following equations:

. _(+_Mole of HMF in products
HME conversion (%)= (l Initial mole of EIME )x 100 (1)
. _ Mole of DHMEF in products
DHME yield () === e ol of IME 100 @
RESULTS AND DISCUSSION

1. Characterization of Catalysts

The preparation process of MZHs can be divided into two con-
secutive steps in the same reactor: (1) the synthesis of ferroferric
oxide (Fe;O,) via the method of coprecipitation [63-65]; (2) the
encapsulation of zirconium hydroxide (Zr(OH),) on the surface of
Fe,0, [66-68]. Once MZHs are prepared, they will be comprehen-
sively characterized by a sequence of characterization methods such
as XRD, TEM, SEM, BET, BJH, FT-IR, NH,-TPD and CO,-TPD,
and the corresponding characteristic results are summarized in the
subsequent section.

Fig. 1 shows the XRD patterns of MZHs and Zr(OH),. In con-
trast to Zr(OH),, the peaks of MZHs at around 30.2°, 35.5°, 43.3°,
53.6°, 57.2° and 62.7° are assigned to (220), (311), (400), (422),
(511) and (440) lattice planes of Fe;O,, respectively, which is con-
sistent with the standard magnetite structure data in the JCPDS
Card No. 19-0629 [69], indicating that Fe;O, components have
been successfully introduced into MZHs and their structures are
not apparently affected in the encapsulation process of Zr(OH),
(Fig. S1). Furthermore, note that no other obvious peak is observed
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Fig. 1. XRD patterns of (a) MZH(Zr/Fe=1), (b) MZH(Zr/Fe=2), (c)
MZH(Zx/Fe=3) and (d) Zr(OH),.

in Fig. 1, demonstrating that Zr(OH), components in MZHs are
still presented in the form of amorphous state. From the above
results, it can be clearly seen that MZHs not only introduce the mag-
netic property of Fe;O, but also retain the original state of Zr(OH),,
which is favorable for the catalytic transfer hydrogenation of car-
bonyl compounds via MPV reaction [57].

SF A ._
o ..“ - i y
Pl 55" Y i

A4 Jul 2018

1pm EMT = 16.00 kv Signal A = InLens
|—| WD= 48mm Mag= 207TOKX Time :16:32:26

— WO = 50mm Mag= B151KX

EMT = 15.00 &V Signal A = InLens

Date 14 Jul 2016 ZEINK
Tie :16:24:35

Fig. 2. SEM images of (a) MZH(Zr/Fe=1), (b) MZH(Zr/Fe=2), (c) MZH(Zr/Fe=3) and (d) Zr(OH),.

Korean J. Chem. Eng.(Vol. 35, No. 1)



102

Fig. 3. TEM images of (a) MZH(Zr/Fe=1), (b) MZH(Zx/Fe=2), (<) MZH(Zr/Fe=3) and (d) Zr(OH),.

0.2 pm

Table 1. Selective transformation of HMF into DHMF over various catalysts with different physicochemical properties

Entry Catalyst HMEF conversion DHME yield Surface area Pore size Acid content Base content
(%) (%) (m% g)” (nm)* (mmol/g)d (mmol/g)*
1 No catalyst 57 0 - - - -
2 Fe;O, 10.4 1.8 91.8 7.2 1.481 0.264
3 Al(OH), 26.3 12.9 - - - -
4 Fe(OH), 31.6 74 - - - -
5 Sn(OH), 41.2 44 - - - -
6 Zr(OH), 71.5 62.7 226.5 2.6 0.287 1.659
7 MZH(Zr/Fe=1) 75.2 66.4 103.4 5.7 1.223 0.785
8 MZH(Zr/Fe=2) 79.9 71.3 165.7 3.1 0.948 1.092
9 MZH(Zr/Fe=3) 823 68.9 194.8 2.8 0.752 1.276

“Reaction conditions: 0.3 g catalyst, 0.5 g HME, 24.5 g 2-butanol, 150 °C, 4 h, 1 bar N,

*Surface areas were measured by the method of BET

“Pore sizes were measured by the method of BJH

“Acid contents were determined by the profile of NH;-TPD
‘Base contents were determined by the profile of CO,-TPD
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Fig. 2 and Fig. 3 show the SEM and TEM images of MZHs and
Zr(OH),, respectively. Although all catalysts are aggregated in dif-
ferent degrees, they are composed of primary nanoscale particles.
Differently, these primary nanoscale particles in MZHs are rela-
tively bigger and smoother than those in Zr(OH),, leading to a
gradual decrease in the specific surface areas of MZHs (Table 1),
which can also be confirmed by the declining adsorption capaci-
ties for nitrogen. In addition, according to nitrogen adsorption-
desorption isotherms at various relative pressures in Fig. 4, the pore
size of Zr(OH), is estimated to be smaller than that of MZHs,
which should be due to the introduction of Fe;O, facilitating the
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Fig. 4. Nitrogen adsorption-desorption isotherms of (a) MZH(Zr/Fe=
1), (b) MZH(Zr/Fe=2), (c) MZH(Zr/Fe=3) and (d) Zr(OH),.
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Fig. 5. FI-IR spectra of (a) MZH(Zr/Fe=1), (b) MZH(Zr/Fe=2), (c)
MZH(Zx/Fe=3) and (d) Zr(OH),.

formation of pores in relatively larger size by restraining the exces-
sive aggregation of primary nanoscale particles in MZHs. More-
over, with the increase of Zr/Fe molar ratios, the specific surface
areas and pore sizes of MZHs are correspondingly increased and
decreased to a certain extent, respectively, and the specific data is
listed in Table 1 and Fig. S2.

Fig. 5 shows the FT-IR spectra of MZHs and Zr(OH),. The peaks
at around 3,400 cm™' and 1,626 cm ™, 1,545cm ™, 1,450 cm ' and
1,334 cm™ are assigned to the stretching and bending vibration of
O-H in the hydroxyl groups, respectively, which are related to the
basic sites of catalysts that can be able to interact with CO, [70-
72]. Furthermore, the peak at around 1,090 cm ™ is ascribed to the
stretching vibration of Zr-O in the zirconyl groups, which are respon-
sible for the acidic sites of catalysts that can be able to interact with
NH,; [72]. In contrast to Zr(OH),, a new peak in MZHs has emerged
at around 586 cm™" that is due to the stretching vibration of Fe-O
in the magnetic groups [73-76], which is in agreement with the
results of XRD.

Fig. 6 shows the NH;-TPD profiles of MZHs and Zr(OH),. In
all catalysts, there are two peaks at around 175 °C and 348 °C that
are attributed to the weak and medium acidic sites of catalysts,
which should be caused by the different interaction modes of zir-
conium with NH; (Fig. S3) [77], respectively. Analogously, as can
be seen from the CO,-TPD profiles of MZHs and Zr(OH), in Fig.
7, another two peaks are also observed at around 170°C and
318 °C, which are ascribed to the weak and medium basic sites of
catalysts where CO, can be adsorbed in the form of bicarbonate
and bidentate carbonate (Fig. S4) [70], respectively. Based on the
above results, it is concluded that MZHs and Zr(OH), are ampho-
teric catalysts with the corresponding acid-base properties. More-
over, although the introduction of Fe;O, does not apparently change
the acid-base strengths of MZHs, it affects the acid-base contents
of MZHs to a large extent. As shown in Table 1, with the increase
of Zr/Fe molar ratios, the content of acidic and basic sites in MZHs
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Fig. 6. NH,-TPD profiles of (a) MZH(Zr/Fe=1), (b) MZH(Zx/Fe=2),
(c) MZH(Zr/Fe=3) and (d) Zr(OH),.
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Fig. 7. CO,-TPD profiles of (a) MZH(Zr/Fe=1), (b) MZH(Zr/Fe=2),
(c) MZH(Zrx/Fe=3) and (d) Zr(OH),.

is gradually decreased and increased, respectively.
2. Preliminary Study on Different Catalyst Types for the Selec-
tive Transformation of HMF into DHMF

To the best of our knowledge, the selective transformation of
HMF into DHMF via the method of catalytic transfer hydrogena-
tion over the inexpensive zirconium-containing magnetic catalysts
has not been reported in the previous studies. Hence, in order to
verify the feasibility of this new system, the catalytic activities of
MZHs, Zr(OH), and other catalysts were first evaluated in the
presence of 2-butanol that could be acting as hydrogen donor as
well as reaction medium. As can be seen from Table 1, HMF con-
version and DHMEF vyield largely relied on the applied catalysts. In
the absence of any catalyst, although 5.7% HMF was converted at
150°C for 4 h, the yield of DHMF was negligible, which obviously
indicates that the usage of catalysts was very essential for the suc-
cessful transformation of HMF into DHME Under the same reac-
tion conditions, when Fe;O, was used as a catalyst, HMF conversion
and DHMF yield were only 10.4% and 1.8%, respectively, demon-
strating that it was almost inactive for the selective transformation of
HMEF into DHME When the catalysts were changed into A(OH);,
Fe(OH); and Sn(OH),, 12.9%, 7.4% and 4.4% yields of DHMF could
be obtained, respectively, however, the conversion of HMF was
always lower than 42.0%. Surprisingly, if Zr(OH), was applied for
the selective transformation of HMF into DHME HMF conver-
sion and DHMF yield were sharply improved to 71.5% and 62.7%,
respectively, which should be due to its larger specific surface area
and higher base content [56].

With regard to the above phenomena, the specific surface areas
and basic sites of catalysts have been proved to be very important
for the catalytic transfer hydrogenation of carbonyl compounds
via MPV reaction in many studies [56-58]; however, they are not
the only two factors in this study, which can be further verified by
entries 7, 8 and 9 in Table 1. Compared with Zr(OH),, although
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MZHs with the introduction of Fe;O, contained the smaller spe-
cific surface areas and lower base contents, they still led to more
than 75.0% HMF conversion and 65.0% DHMF yield, clearly
demonstrating that the pore sizes and acidic sites of catalysts were
also crucial for the selective transformation of HMF into DHME
Thus, it can be concluded that the synergistic effects of acidic sites,
basic sites, specific surface areas and pore sizes should be answer-
able to the superior catalytic activities of MZHs, in which the
higher acid content and base content could promote the activa-
tion of carbonyl group of HMF and the dissociation of hydroxyl
group of 2-butanol [52], and the larger specific surface areas and
pore sizes could enhance the contact of HMF and MZHs and
facilitate the synthesis of DHMF with the less formation of byprod-
ucts [68], respectively. In addition, among three magnetic cata-
lysts, MZH(Zr/Fe=2) with the moderate specific surface area, pore
size and acid-base content exhibited the highest catalytic activity,
resulting in 79.9% HMF conversion and 71.3% DHMEF vyield. There-
fore, MZH(Zr/Fe=2) was selected as the appropriate catalyst for
the following experiments.

3. Intensive Study on Various Reaction Conditions for the Selec-
tive Transformation of HMF into DHMF over MZH(Zr/Fe=2)

It is common knowledge that the catalytic activities of catalysts
are also strongly dependent on various reaction conditions in addi-
tion to catalyst properties. Hence, to better understand their effects
on the selective transformation of HMF into DHMF over the cat-
alyst of MZH(Zr/Fe=2), reaction temperature, reaction time, cata-
lyst amount and alcohol type were investigated in detail. Moreover,
the recyclability of MZH(Zr/Fe=2) was also studied in this section.

As presented in Fig. 8, only 38.4% HMF conversion and 33.2%
DHMF vyield were obtained at a lower reaction temperature of
130 °C. With the increase of reaction temperature to 150 °C, HMF
conversion and DHMF yield were dramatically increased to 79.9%
and 71.3%, respectively, which reveals that the selective transfor-
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Fig. 8. Effect of reaction temperature on the selective transforma-

tion of HMF into DHME Reaction conditions: 0.3 g MZH(Zr/
Fe=2), 0.5 g HME, 24.5 g 2-butanol, 4 h, 1 bar N,.
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Fig. 9. Effect of reaction time on the selective transformation of
HMEF into DHME Reaction conditions: 0.3 g MZH(Zr/Fe=2),
0.5 g HME, 24.5 g 2-butanol, 150 °C, 1 bar N,.

mation of HMF into DHMF could be promoted by a higher reac-
tion temperature. Furthermore, when the reaction temperature was
further increased to 170 °C, although the conversion of HMF was
up to 91.1%, the yield of DHMF was decreased to 66.8%, which
should be ascribed to the fact that too much higher temperature
gave rise to a series of side-reactions such as the hydrogenolysis of
HMF and DHMF into 5-methylfurfural (MF) and 5-methylfurfu-
ryl alcohol (MFA) [8] that could be detected by GC-MS (Fig. S5
and Fig. S6). According to these results, the proper reaction tem-
perature was set to 150 °C.

As indicated in Fig. 9, when the reaction time was 2h, HMF
conversion and DHMF yield were merely 46.8% and 39.9%, respec-
tively. With the extension of reaction time from 3 h to 5h, the con-
version of HMF and the yield of DHMF were significantly increased
from 63.2% and 54.6% to 93.1% and 83.4%, respectively. When
the reaction time was further prolonged to 6 h, although most of
HMF with 95.9% was converted, DHMF yield was not continu-
ously increased but decreased to 78.6%. In general, DHMF yield is
manipulated by a balance in the hydrogenation and hydrogenoly-
sis of HMF (Fig. S7). At the beginning of the reaction, the hydro-
genation rate of HMF was much greater than the hydrogenolysis
rate of HM; thus, the yield of DHMF was gradually increased with
the increase of reaction time. When the hydrogenolysis rate of HMF
was equal to the hydrogenation rate of HME the yield of DHMF
reached to a peak value. After that, the hydrogenolysis rate of HMF
would be greater than the hydrogenation rate of HME, the yield of
DHMEF began to decrease, which is in accordance with the trend
of Fig. 9. Hence, it is considered that a reaction time of 5h was
suitable at the reaction temperature of 150 °C.

As illustrated in Fig. 10, when the amount of MZH(Zr/Fe=2)
was increased from 0.1 g to 0.4 g, HMF conversion and DHMF
yield were successively increased from 54.4% and 46.1% to 99.9%
and 89.6%, respectively, demonstrating that increasing the amount
of MZH(Zr/Fe=2) in a certain scope could not only promote the

100 -
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Fig. 10. Effect of MZH(Zr/Fe=2) amount on the selective transfor-
mation of HMF into DHME Reaction conditions: 0.5g HME,
24.5 g 2-butanol, 150 °C, 5 h, 1 bar N,.

conversion of HMF but also facilitate the formation of DHME
However, when the amount of MZH(Zr/Fe=2) was further increased
to 0.5g, the yield of DHMF was decreased to 86.8% although
99.9% conversion of HMF was achieved, which should have been
caused by much more available active sites derived from the exces-
sive MZH(Zr/Fe=2) that accelerated the occurrence of various
byproducts such as MF and MFA. Furthermore, the overuse of
MZH(Zr/Fe=2) could also increase the production cost of DHMF
to a large extent. Thus, considering the satisfactory yield and pro-
duction cost of DHME 0.4 g MZH(Zr/Fe=2) was preferred at
150 °C for 5 h.

As listed in Table 2, HMF conversion and DHMEF yield are highly
associated with the reduction potentials (AH) of alcohols that de-
crease in the order of methanol>ethanol>1-butanol>isopropanol~
2-butanol [78]. It is generally known that the reduction potentials
are defined as the difference of the standard molar enthalpy of for-

Table 2. Effect of alcohol type on the selective transformation of

HMF into DHMF*
HMEF conversion ~ DHMEF yield AH{
Alcohol !
cone (%) (%) (kJ/mol)
Methanol 66.2 33 130.1°
Ethanol 90.3 82.5 85.4°
Isopropanol 97.1 88.7 70.0°
1-Butanol 84.7 76.4 79.7°
2-Butanol 98.4 89.6 69.3°

“Reaction conditions: 0.4 g MZH(Zr/Fe=2), 0.5g HME 24.5g 2-
butanol, 150 °C, 5h, 1 bar N,

“The numerical values of AH; were calculated according to the
definition of AH;

‘The numerical values of AH; were obtained from the previous
report [78]

Korean J. Chem. Eng.(Vol. 35, No. 1)



106 L. Hu et al.

mation between alcohols and their corresponding carbonyl prod-
ucts, and that is to say, they represent the complexity of hydrogen
abstraction [79]. Because methanol possesses the highest reduc-
tion potential in various alcohols, therefore, although the selective
transformation of HMF into DHMF was carried out under the
optimum reaction conditions, it still showed a poor capacity as
hydrogen donor. However, on this occasion, 5-hydroxymethyl-2-
(dimethoxymethyl)furan (HMDMMEF) was identified as the dom-
inant byproduct (Fig. S8), which was formed by the acetalization of
HMF with methanol. When ethanol was used as hydrogen donor,
the conversion of HMF and the yield of DHMF were 90.3% and
82.5%, respectively; they were more than those in 1-butanol, and
even the reduction potential of 1-butanol is lower than that of eth-
anol, which may be due to the stronger steric effect of 1-butanol
[56]. Expectedly, compared with the above primary alcohols, the
secondary alcohols such as isopropanol and 2-butanol with much
lower reduction potentials were more active for the selective trans-
formation of HMF into DHME, resulting in more than 97.0% HMF
conversion and 88.0% DHMEF yield. In particular, the best results
were observed in the presence of 2-butanol; hence, it was chosen
as the outstanding hydrogen donor in this work. Moreover, MZH
(Zr/Fe=2) and 2-butanol is an excellent combination for the selec-
tive hydrogenation of HMF; the obtained yield of DHMF can be
comparable to that in the previous studies (Table 3).

The recyclability of catalyst is extremely important to appraise
the stability of catalyst, which is beneficial to reduce the cost of
practical production in the selective transformation of HMF into
DHME In the recycling experiments, when each reaction run was
accomplished, the catalyst of MZH(Zr/Fe=2) with a superior mag-
netic property would be separated from the reaction mixture by
an outer magnet (Fig. 11). After separation, MZH(Zr/Fe=2) was
repeatedly washed with DDW and ethanol, and then dried in a
vacuum oven at 110 °C for 12 h. Subsequently, the recovered MZH
(Zr/Fe=2) was directly reused in the next reaction run under the
same reaction conditions. As depicted in Fig. 12, no apparent
decrease in the catalytic activity of MZH(Zr/Fe=2) was observed
after three successive reaction runs, and the conversion of HMF
and the yield of DHMF were still achieved to 95.2% and 87.3%,
respectively, indicating that MZH(Zr/Fe=2) showed good cata-
lytic stability. Moreover, HMF conversion and DHMF vyield were
decreased to 89.7% and 80.2% in the fourth reaction run, respec-

2 1% (a)
154 5 /
10 0/ /
.5./
5_
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=10 - Mr: 0.82 emulg
He: 45.750e
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-20000 -10000 0 10000 20000
Field (Oe)
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Fig. 11. Magnetic curve (a) and separation (b) of MZH(Zr/Fe=2).

tively. Because the pore size and acid-base content of MZH(Zr/
Fe=2) did not remarkably change (Table S1), this unacceptable
decrease in the catalytic activity of MZH(Zr/Fe=2) was possibly
due to the decrease of specific surface area of MZH(Zr/Fe=2) that

Table 3. Comparison of various catalytic systems for the selective transformation of HMF into DHMF

Entry Hydrogen Pressure  Catalyst, amount Temperature (°C), =~ HMEF conversion =~ DHMF yield Reference
donor (bar) (Wt%)” time (h) (%) (%)
1 H, 27 Ru/ALO;, 17 130, 2 92.0 81.0 [36]
2 H, 100 Pt/C, 5 80, 20 97.0 82.0 [38]
3 H, 30 Au/FeO,, 40 80,2 96.0 96.0 [40]
4 H, 60 Ir/TiO,, 53 50,3 99.0 94.1 [42]
5 HMF . NaOH, 35 0, 36 . 82.0 [46]
6 Ethanol - ZrO(OH),, 100 150, 5/2 94.1 837 [11]
7 Isopropanol - Zr-FDCA-T, 40 140, 8 97.0 87.0 [62]
8 2-Butanol - MZH(Zr/Fe=2), 80 150, 5 98.4 89.6 This work

“The amount of catalyst is based on the amount of HMF
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Fig. 12. Recycling of MZH(Zr/Fe=2). Reaction conditions: 0.4 g MZH
(Zr/Fe=2), 0.5 g HME, 24.5 g 2-butanol, 150 °C, 5h, 1 bar N,.

N

Table 4. Carbon content and surface area of MZH(Zr/Fe=2) in the

recycling process
Recycle run Carbon content (%)* Surface area (m”/ g)b
Fresh 0 165.7
4 7.3 139.6
Regenerated 14 158.2

“Carbon contents were determined by EA
¥Surface areas were measured by the method of BET

which can be further confirmed by the elemental analysis of MZH
(Zr/Fe=2) in Table 4. Fortunately; the partial deactivation of MZH
(Zr/Fe=2) could be readily regenerated by a simple calcination at
300 °C for 5h, and when the regenerated MZH(Zr/Fe=2) was reused
in the fifth reaction run, comparable results with 95.6% HMEF
conversion and 85.8% DHMEF vyield were obtained in Fig. 12.
4. Exploratory Study on Reaction Mechanism for the Selective
Transformation of HMF into DHMF over MZH(Zr/Fe=2) in
2-Butanol

From the above results, it can be seen that MZH(Zr/Fe=2) dis-
played the preeminent catalytic activity and stability for the selec-
tive transformation of HMF into DHMEF via the method of catalytic
transfer hydrogenation in the presence of 2-butanol. To gain more
insight into the authentic reaction mechanism, some auxiliary experi-
ments were also conducted by introducing various additives into
the reactor. As shown in Table 5, the higher pressure of N, with
5bar at the beginning of reaction was found to be negative for the
catalytic transfer hydrogenation of HMF into DHME; therefore,
an atmospheric pressure of N, with 1 bar was adopted in this work.
According to previous reports [80-82], hydride transfer is believed
to be responsible for the catalytic transfer hydrogenation of HMF
into DHMF via MPV reduction. Although the direct evidences
have not been observed to imply the existence of hydrides, they
can be indirectly proved by the variation of water content in the

Table 5. Selective transformation of HMF into DHMF over MZH
(Zr/Fe=2) in 2-butanol with the addition of various addi-

tives®
HMF conversion DHME yield Water content

Additi

N (%) (%) (%)°
1bar N, 98.4 89.6 1.07
5bar N, 95.8 83.7 -
1bar O, 84.5 65.4 1.69
5bar O, 71.3 37.8 278
Pyridine’ 88.9 79.3 -
Benzoic acid’ 39.7 245 -

“Reaction conditions: 0.4 g MZH(Zr/Fe=2), 0.5 g HME 24.5 g 2-buta-
nol, 150°C, 5h

°0.2 g additive and 1 bar N, were added into the reactor

“The content of water in the reaction mixture was measured by a
V20 moisture analyzer (Mettler, Switzerland)

OH H, CHe

| H
—0-zZr-0— 4 ¢ St
[ “CH,
OH
H
oH OH 0
H
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c._ /"
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—0-Zr-0— N —0-Zr-0-
Ec—
(4) (2)
BN
O
OH o}
HC, —-0-2r-0-
HiC, 1(‘}‘ = O—CXCHS CHy
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Scheme 1. Plausible reaction mechanism for the catalytic transfer
hydrogenation of HMF into DHMF over MZH(Zr/Fe=2)
in 2-butanol.

reaction mixture. When the reactor was filled with 1 bar and 5 bar
O, at the beginning of reaction, water content was 1.69% and 2.78%
which was much higher than that in the absence of O,, respec-
tively, which demonstrates that O, could compete with HMF to
capture the hydrides, leading to an obvious decrease in HMF con-
version and DHMF vyield. Furthermore, when benzoic acid and
pyridine were added into the reactor, the conversion of HMF and
the yield of DHMF decreased in different degrees, respectively.
However, the inactive tendency of MZH(Zr/Fe=2) was worse in
the presence of benzoic acid than pyridine, which indicates that
MZH(Zr/Fe=2) was more sensitive to benzoic acid than pyridine,
and its catalytic activity was closely related to the basic sites. In
other words, although the synergistic effects reliably existed in the
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acidic sites and basic sites of MZH(Zr/Fe=2), hydroxyl groups as
the basic sites seemingly played a more important role in the cata-
lytic transfer hydrogenation of HMF into DHME

Based on these observations and discussions combined with the
results of catalyst characterizations and relevant studies [80-82], a
plausible reaction mechanism for the catalytic transfer hydrogena-
tion of HMF into DHMF over MHZ(Zr/Fe=2) in 2-butanol was
proposed in Scheme 1. To be specific, 2-butanol was first adsorbed
on the surface of MZH(Zr/Fe=2) and then dissociated to the cor-
responding zirconium alkoxide (1) via the concerted interaction
between the hydroxyl group of alcohol and the hydroxyl group of
catalyst. Subsequently; the carbonyl group of HMF was activated
by the zirconium metal center of (1) to generate the transition state
(2). Soon after; the hydride was transferred from the dissociated
alcohol to the activated carbonyl carbon via a six-membered ring
structure, and at this process, a new carbonyl compound was released
to form the intermediate (3). Eventually; another molecule of 2-buta-
nol was coordinated with (3) to produce DHMEF via the interme-
diate (4), in which (1) would be regenerated and entered into the
next catalytic recycle.

CONCLUSIONS

The selective transformation of HMF into DHMF via the method
of catalytic transfer hydrogenation in the presence of 2-butanol
over the inexpensive magnetic catalyst of MHZ(Zr/Fe=2) was first
accomplished in this work, leading to a good yield of DHMF with
89.6% in 5h at a moderate reaction temperature of 150 °C. This
satisfactory result is attributed to the appropriate specific surface
area, pore size and acid-base content of MHZ(Zr/Fe=2) as well as
the lower reduction potential of 2-butanol. Furthermore, the explor-
atory study indicated that the basic hydroxyl groups with the aid
of acidic zirconium metal centers were affirmed to be very im-
portant for the pivotal hydride transfer via a six-membered ring
structure in the catalytic transfer hydrogenation of HMF into DHMF
over MHZ(Zr/Fe=2) in 2-butanol. In addition, we believe that the
combination of MHZ(Zr/Fe=2) and 2-butanol in this work should
also be applicable to the catalytic transfer hydrogenation of other
biomass-derived molecules such as FE LA and EL.
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Fig. S7. Hydrogenation and hydrogenolysis of HME.
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Fig. S8. MS spectrum of HMDMME.

Table S1. Pore size and acid-base content of MZH(Zr/Fe=2) in the

recycling process
Pore size Acid content Base content
Recycle run B b .
(nm) (mmol/g) (mmol/g)
Fresh 3.1 0.948 1.092
4 2.9 0.903 0.987
Regenerated 32 0.926 1.015

“Pore sizes were measured by the method of BJH
*Acid contents were determined by the profile of NH,-TPD
‘Base contents were determined by the profile of CO,-TPD
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