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Introduction

Efficient transformations of biomass to produce biofuels and

value-added chemicals are deemed as one of promising ways
to alleviate the current reliance on fossil fuel sources.[1] In

recent years, g-valerolactone (GVL) has been identified as
a green and renewable solvent to improve the performance of

biomass conversion and various organic reactions,[2] and as an

additive suitable for liquid fuels, perfumes, and food.[3] More
importantly, GVL can be employed as a precursor to produce

gasoline and diesel fuels (e.g. , C8–C18 alkanes and 2-methylte-
trahydrofuran) and valuable chemicals, such as 1,4-pentane-

diol, methyl pentenoate,[4] ionic liquids,[5] and polymers.[6]

Levulinic acid (LA) and its esters, which can be synthesized
from lignocellulosic biomass through multiple catalytic steps,

are frequently used as substrates for producing GVL with or
without enantioselectivity.[7] Among various catalytic processes,
noble metals (e.g. , gold, platinum, palladium, iridium, and
ruthenium particles) show moderate to excellent activity in the

catalytic conversion of LA into GVL with hydrogen gas as the
hydrogen donor.[8] Metals in the homogeneous phase are

active for this catalytic process,[9] although high reaction tem-

peratures (�200 8C) are normally required to produce GVL
with high selectivity from LA in the absence of acid additives

over heterogeneous catalysts.[10] In some cases, GVL can be

produced at lower temperatures (100 8C), but other parame-
ters, such as high hydrogen partial pressure (e.g. , 10 MPa), are

required.[11] Interestingly, remarkably enhanced activity in the
synthesis of GVL (�90 % yields) from LA at relatively low tem-

peratures can be achieved with strongly acidic cocatalysts

(e.g. , Amberlyst A15 and A70) or supports, such as DOWEX
50WX2-100, sulfonated polyethersulfone, and acid-functional-

ized mesoporous carbon, in combination with metal particles,
especially ruthenium.[12] It has been speculated that the syner-

gic effect between acids and noble-metal components plays
a significant role in facilitating the conversion of LA into GVL
through either catalytic hydrogenation of dehydrated prod-

ucts, a- and b-angelica lactones, or intramolecular esterification
of in situ generated 4-hydroxypentanoic acid, which is a hydro-
genated intermediate.[13] On the other hand, some non-noble-
metal catalysts (e.g. , nickel, copper, iron, and cobalt) have also

been explored in the upgrading of LA to GVL to reduce pro-
duction costs.[14] Unfortunately, few examples mediated by

non-noble-metal catalysts display comparable activities to

those of noble metals in the catalytic transformation of LA and
its esters into GVL.[15]

Both formic acid (FA) and LA can be obtained from sugars in
equal molar ratios, which results in the synthesis of GVL from

LA with FA as a hydrogen donor being highly renewable and
more attractive. Deng et al. reported that the presence of or-

ganic base (e.g. , triethylamine and pyridine) could accelerate

the decomposition of FA,[16] which was responsible for the en-
hanced reactivity,[17] but a stronger base (e.g. , NaOH and KOH)

resulted in decreased GVL yields because of side reactions
(e.g. , condensation). Recently, a Shvo catalyst was demonstrat-

ed to be highly active for producing GVL through solvent-free
transfer hydrogenation of LA after reacting at 100 8C for 8 h.[18]

A series of mixed oxide nanoparticles were prepared by a co-

precipitation method and characterized by many techniques.

Nickel–zirconium oxide catalysts and their partially reduced
magnetic counterparts were highly efficient in the direct trans-

formation of biomass derivatives, including ethyl levulinate,
fructose, glucose, cellobiose, and carboxymethyl cellulose, into

g-valerolactone (GVL) without the use of an external hydrogen
source, producing a maximum GVL yield of 95.2 % at 200 8C for

3 h with hydrogen-reduced magnetic Zr5Ni5 nanoparticles

(<20 nm). The acid–base bifunctionality of these nanocatalysts

plays a synergic role in the synthesis of GVL in alcohols, where-

as appropriate control of the nickel/zirconium molar ratio is
able to improve the selectivity towards GVL (�98 %), along

with high formation rates (up to 54.9 mmol g¢1 h¢1). Moreover,
the magnetic Zr5Ni5 nanoparticles were conveniently recovered
by means of a magnet for five cycles with almost constant ac-
tivity.
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Unlike [RuCl3][16] and [Ru(acac)3] (acac = acetylacetonate),[4a, 9b, c]

heterogeneous catalysts, such as silica-immobilized Ru parti-

cles, Au/ZrO2, and Cu/ZrO2 have recently been investigated for
the production of GVL from LA to simplify catalyst recovery.[19]

However, only a very limited number of non-noble metals are
acid resistant and can selectively catalyze the decomposition

of FA into H2 and CO2, rather than CO and H2O.[19c, 20]

By using inexpensive and abundant alcohols as hydrogen
donors, catalytic transfer hydrogenation (CTH) of LA and its

esters to form GVL over non-noble metals and oxides has at-
tracted much attention.[21] Three different reaction routes
mediated by acid and/or base sites are generally proposed for
the catalytic transformation of ethyl levulinate (EL) into GVL:

1) Lewis acids are able to initially catalyze the hydrogenation
of levulinates into 4-hydroxypentanoates, followed by lactoni-

zation, to yield GVL.[22] 2) In a basic alcoholic solution with

metal particles, GVL is most likely to be produced through the
cyclization of LA to form the hydroxy lactone, followed by hy-

drogen transfer reduction of a-angelica lactone, which is a de-
hydration product of hydroxy lactone.[23] 3) Basic sites (O2¢),

with the aid of Lewis acidic sites, have recently been proposed
to synergistically activate the dissociation of hydroxyl groups

in alcohols for CTH reaction to give 4-hydroxypentanoate,

which is subjected to intramolecular esterification or transes-
terification to produce GVL.[24] Nevertheless, the one-pot trans-

formation of more accessible biomass derivatives, such as
sugars, into GVL over a single catalyst is hard to realize be-

cause of the need for multiple sequential reaction steps, which
involve the formation of hydroxymethylfurfural (HMF), LA, and

other intermediates or byproducts,[25] largely restricts its cata-

lytic activity.[26]

Herein, a series of magnetic nickel–zirconium nanoparticles

were prepared through a facile and cheap method that in-
volved coprecipitation and partial reduction. These nanoparti-

cles were tested for GVL production and easily separated from
the products by means of a magnet. Several important param-

eters, such as acid–base bifunctionality, nickel/zirconium molar

ratio, reaction time, and temperature were optimized to direct-
ly convert sugars (e.g. , fructose, glucose, cellobiose and car-

boxymethyl cellulose) and EL into GVL in alcohols without the
use of an external hydrogen source.

Results and Discussion

Characterization of catalysts

The XRD patterns of samples of ZrO2 and NiZr (Ni2Zr8, Ni5Zr5,
and Ni8Zr2) are illustrated in Figure 1. Neat ZrO2 calcined at

450 8C exhibits a series of wide peaks at 2q = 30.5 and 34.68
(tetragonal phase), 28.4 and 31.58 (monoclinic zirconia), and
50.4 and 60.18 (cubic phase). However, only two broad bands,

approximately 31.5 and 50.48, from the characteristic reflec-
tions of ZrO2 are observed in Ni2Zr8 and Ni5Zr5 oxides; this
demonstrates that NiO and ZrO2 powders primarily exist in
noncrystalline phases with small particle sizes. When the molar

ratio of Ni/Zr increases to 8:2, a range of additional diffraction
peaks at 37.2, 43.3, 62.9, 75.4, and 79.28 are detected, which

can be assigned to the reflections of the NiO crystalline struc-

ture from the (111), (200), (220), (311), and (222) planes, respec-
tively. Moreover, the actual compositions of NiZr samples de-

termined by inductively coupled plasma optical emission spec-
troscopy (ICP-OES) are consistent with the controlled Ni/Zr

molar ratios (Table 1).
The textural properties of samples of ZrO2 and NiZr (Ni2Zr8,

Ni5Zr5, and Ni8Zr2) were examined by N2 adsorption–desorption

isotherms and pore size distributions (Figure 2 and Figure 1S in
the Supporting Information), and results of BET surface areas

and average pore sizes of these samples are listed in Table 1.
For samples of Ni2Zr8 and Ni5Zr5, the type IV hysteresis loops of

Figure 1. XRD patterns of ZrO2 and NiZr oxides with different Ni/Zr molar
ratios.

Table 1. Physicochemical properties of ZrO2 and NiZr nanoparticles with different Ni/Zr molar ratios.

Sample NNi/Zr
[a] BET surface area [m2 g¢1] Pore size [nm][b] Acidity [mmol g¢1][c] Basicity [mmol g¢1][d] Ms [Am2 kg¢1][e] Particle size [nm][f]

ZrO2 – 84.8 7.4 0.35 0.46 – 82.3
Ni2Zr8 1:4.18 123.7 5.9 0.59 0.62 2.2 12.5
Ni5Zr5 1:1.27 147.2 5.5 0.72 0.53 10.7 19.6
Ni8Zr2 3.68:1 91.6 14.1 0.87 0.49 22.6 55.4

[a] The Ni/Zr molar ratio (NNi/Zr) was determined by ICP-OES. [b] Average pore size was calculated by using the Barrett–Joyner–Halenda (BJH) method.
[c] Determined by NH3 temperature-programmed desorption (TPD). [d] Determined by CO2-TPD. [e] Saturation magnetization (Ms) was determined from
the corresponding H2-reduced NiZr oxides. [f] The crystallite sizes of ZrO2 and H2-reduced NiZr samples were estimated from TEM images.
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isotherms suggest the presence of mesoporous structures.

With respect to the sample of Ni8Zr2, the relative pressure of
the loop significantly shifted to 0.8–1.0, which was concomi-

tant with the decreased BET surface area, but increased aver-

age pore size, compared with ZrO2, Ni2Zr8, and Ni5Zr5 (Table 1).
Furthermore, the acid/base strength and contents of the ZrO2

and NiZr samples were measured by CO2-/NH3-TPD, respective-
ly (Figures 2S and 3S, respectively, in the Supporting Informa-

tion). Two CO2 desorption bands at approximately 150 and
450 8C for all tested samples are observed (Figure 2S in the

Supporting Information) from the weak and moderate base

strengths, respectively. Interestingly, the base density is closely
correlated with ZrO2 content and surface area (Table 1). On the

other hand, the temperature for NH3 desorption gradually
shifts from approximately 130 to 150 8C, related to weak acidi-

ty, as the molar ratio of Ni/Zr increases from 0 to 8:2 (Figure 3S
in the Supporting Information).

Saturation magnetization (Ms) of H2-reduced NiZr samples

was also investigated by vibrating sample magnetometry
(VSM; Figure 3). With increase Ni species content, the Ms for

H2-reduced Ni2Zr8, Ni5Zr5, and Ni8Zr2 correspondingly increased
and was 2.2, 10.7, and 22.6 Am2 kg¢1, respectively (Table 1); this

means the resulting magnetic materials can be separated from
solution with a magnet (Figure 4S in the Supporting Informa-

tion). The presence of Ni0 species in reduced NiZr samples can
be confirmed by X-ray photoelectron spectroscopy (XPS) with

a binding energy of 852.8 eV (Figures 5S and 6S in the Sup-
porting Information). All reduced NiZr samples are nanosized
particles (Table 1), which can be estimated from a TEM image

by taking Ni2Zr8, for example (Figure 4 a). In addition, the
HRTEM (high-resolution TEM) image of H2-reduced Ni2Zr8 nano-

particles shows a series of typical lattice planes for NiO and
ZrO2 species (Figure 4 b), which are consistent with the XRD

pattern (Figure 7S in the Supporting Information).

Conversion of EL into GVL

Initial experiments on the synthesis of GVL from EL in 2-propa-

nol catalyzed by different mixed metal oxides were performed
at 230 8C for 0.5 h. As observed in Figure 5, a moderate yield of
GVL (65.5 %) from EL (79.5 % conversion) at a GVL formation
rate of 39.4 mmol g¢1 h¢1 was achieved over ZrO2. The catalytic
activity was further improved after introducing an additional

metal oxide (e.g. , CuO, ZnO, Al2O3, Fe2O3, and NiO) in combina-
tion with ZrO2, as a result of increased acidity. In particular, the

Figure 2. BET analyses of ZrO2 and NiZr oxides with different Ni/Zr molar
ratios.

Figure 3. VSM curves of H2-reduced NiZr catalysts with different Ni/Zr molar
ratios.

Figure 4. a) TEM and b) high-resolution (HR) TEM images of H2-reduced
Ni2Zr8 catalyst.
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Ni5Zr5 catalyst exhibits the highest GVL yield (91.2 %), selectivity

(97.5 %), and formation rate (54.9 mmol g¢1 h¢1), possibly owing
to its moderate pore size (5.5 nm), surface area (147.2 m2 g¢1),
and acid/base contents (0.72/0.53 mmol g¢1), compared with
its counterparts Ni2Zr8 and Ni8Zr2 (Table 1). Moreover, poisoning

either the Lewis acid or base sites of the Ni5Zr5 catalyst[27] re-
sults in a significant decrease in its catalytic performance,
which indicates that Lewis acid and base sites appear to play

a synergic role in Meerwein–Ponndorf–Verley or CTH reduc-
tion,[28] as well as subsequent lactonization to boost the cata-

lytic transformation of EL into GVL.

Effect of reaction temperature and time on EL-to-GVL
conversion in ethanol

Based on the above experiments, Ni5Zr5 was used as a catalyst
to study the influence of temperature and time on the produc-

tion of GVL from EL (Figure 6). At 230 8C, a high GVL selectivity
(97.5 %) is obtained in a short time of 0.5 h (Figure 6 a). By pro-

longing the reaction time to 1 h, a slight increase in
GVL yield from 91.2 to 92.6 % is observed, whereas

the selectivity towards GVL decreases to 95.4 %. As
the reaction time reaches 2 h, both the GVL yield and
selectivity decrease, owing to the formation of poly-
meric compounds (PC1–4, 2 % yield; identified by
GC-MS in Figure 8S in the Supporting Information)
derived from either GVL or EL (Scheme 1S in the Sup-

porting Information, pathways 1 and 2).[21d] The con-
tinuous decrease in GVL yield to 85.8 % after 5 h
proves that high temperatures are prone to result in
the degradation of GVL through condensation reac-
tions (7 % yield of condensed products). However, no
detectable ring-opening products of GVL or valerate
were observed in the reaction mixtures; this may be

attributed to the lack of strong Brønsted acid sites

provided by zeolites[29] or residual aqueous acids[21e]

for GVL ring opening or deoxygenation (removal of

hydroxyl groups). At 200 8C (Figure 6 b), the highest
GVL selectivity of 97.8 %, along with a yield of 93.8 %,

was achieved after 3 h. Interestingly, a certain
amount of IPL (3.2–17.7 % yield) was detected in

a short reaction time of 0.5–2 h; this demonstrates

that the key intermediate towards GVL is most likely
to be IPL, despite intermediate compounds (ICs),

such as isopropyl and ethyl 4-isopropoxypentanoate,
also being identified by GC-MS in trace amounts

(Scheme 1S, pathway 3, and Figure 8S in the Support-
ing Information).[21d] More IPL (up to 38.7 % yield) is

formed at a low temperature of 170 8C (Figure 6 c),

which supports the reaction pathway 3 illustrated in
Scheme 1S in the Supporting Information. However,

it is almost impossible to avoid side reactions (<10 %
yields), which lead to a decrease in GVL yield and se-

lectivity at even lower temperatures (e.g. , 170 and
200 8C). On the contrary, a much longer time is re-

quired to obtain high yields of GVL.

Direct conversion of sugars into GVL

The one-pot synthesis of GVL directly from biomass-derived

carbohydrates, including fructose, glucose, cellobiose, and car-
boxymethyl cellulose, was subsequently examined, and all ex-

periments were performed in an alcoholic solvent at 200 8C. In

Table 2, both Ni5Zr5 oxide and H2-reduced Ni5Zr5 catalyzed the
conversion of EL into GVL in high yields, as determined by GC

(93.8 and 95.2 %, respectively; Table 2, entries 1 and 2), as well
as those isolated (88.2 and 91.9 %, respectively; 1H and
13C NMR spectra provided in Figure 9S in the Supporting Infor-
mation) by column chromatography (ethyl acetate/hexane =

1:5). Apart from GVL yields, the mass balance and GVL forma-

tion rates of NiZr samples are also superior to previously re-
ported catalytic systems (Table 2, entries 3–8). Both of them

are almost inactive for the synthesis of GVL from fructose after
3 h, except for a small amount of IPL generated (Table 2, en-

tries 9 and 10). Instead of 2-propanol, ethanol as a solvent and
hydrogen donor is able to somehow improve the conversion

Figure 5. Catalytic conversion of EL into GVL in 2-propanol over mixed metal oxides (EL
(0.65 g, 5.5 wt %), 2-propanol (11.8 g), catalyst (0.15 g), at 230 8C and 0.5 h). a) Ni5Zr5 was
treated with tetraethoxysilane (0.1 g) to cover the Lewis acid sites;[27a] b) Ni5Zr5 was titrat-
ed with benzoic acid (0.1 g) to poison the Lewis base sites.[27b]
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rate of fructose (53.5 %), giving EL in a moderate yield of

31.3 % (Table 2, entry 11). The slightly decreased yield of GVL is
ascribed to the relatively higher reduction potential of

a primary alcohol than that of a secondary alcohol.[30] The in-
troduction of a solid acid, HY6, can significantly increase fruc-

tose conversion (88.6 %) and the GVL formation rate
(2.46 mmol g¢1 h¢1), and promote the formation of EL and GVL

in a total yield of 69.5 % (Table 2, entry 12). With extension of
the reaction from 3 to 7 h, the yield of GVL gradually increases

with the consumption of in situ generated EL from fructose
(Table 2, entries 12–14). Interestingly, this catalytic system can

also mediate the one-pot transformation of glucose, cellobiose,

and carboxymethyl cellulose to afford GVL and EL in total
yields of 60.1, 56.0, and 51.5 %, respectively (Table 2, en-

tries 15–17), with a moderate mass balance (�70 %), which
shows great potential for the industrial production of the

liquid fuel component of GVL from biomass.

Catalyst cycles

Ni5Zr5 oxide and its counterpart magnetic nanocatalyst (H2-re-
duced Ni5Zr5) were recycled for the conversion of EL into GVL
in 2-propanol at 200 8C for 3 h (Figure 7). Both catalysts toler-

ate the reaction conditions, and exhibit almost constant activi-
ty in 3 or 5 consecutive cycles, with slightly decreasing GVL
yield from 93.8 to 86.5 %, and 95.2 to 90.9 %, respectively. To
examine the leachability of the H2-reduced Ni5Zr5 catalyst, the
magnetic sample was separated from the reaction mixture

after 0.5 h and the rest of the alcoholic solution was further re-
acted for another 0.5 h without adding any catalyst. No signifi-

cant difference in terms of EL conversion (89.3 % vs. 90.9 %)

and GVL yield (72.4 % vs. 72.2 %) was observed; moreover, only
0.3 wt % Ni and 0.5 % Zr leached into 2-propanol, as detected

by ICP-OES, which implies the heterogeneous nature of the
catalyst. Furthermore, the XRD patterns and CO2-TPD profiles

of fresh and reused (in the fifth cycle) magnetic nanocatalysts
were also investigated (Figures 10S and 11S in the Supporting

Information), and the unchanged structure and slight increase

in base density possibly resulted from the adsorption of organ-

Figure 6. Catalytic conversion of EL into GVL in 2-propanol over the Ni5Zr5

catalyst at a) 230, b) 200, and c) 170 8C by varying the reaction time (EL
(0.65 g, 5.5 wt %), 2-propanol (11.8 g), and Ni5Zr5 (0.15 g)). IPL = isopropyl
levulinate.

Figure 7. Recycling of Ni5Zr5 and H2-reduced Ni5Zr5 catalysts for the EL-to-
GVL conversion in 2-propanol (EL (0.65 g, 5.5 wt %), 2-propanol (11.8 g), cata-
lyst (0.15 g), 200 8C and 3 h).
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ic species (e.g. , ethoxides) onto the catalyst surface;[32] this in-
dicates the high stability of H2-reduced Ni5Zr5. For the magnet-

ic catalyst, after NiO was reduced to Ni, the slightly increased

activity and stability could be ascribed to the promotion effect
of Ni0 in the process of MPV reduction and the formation of

a crystalline structure.

Conclusion

NiZr oxides and their partially reduced counterparts were effi-

cient for GVL production. Hydrogen-reduced magnetic Ni5Zr5

was highly active for converting EL into GVL with a high yield
of 95.2 % at 200 8C after 3 h. More importantly, this magnetic

nanocatalyst was easily recovered for 5 cycles with slightly de-
creasing GVL yield from 95.2 to 90.9 %. Furthermore, the com-

bination of the nanocatalyst with a solid acid, HY6, could cata-
lyze the one-pot transformation of fructose, glucose, cello-

biose, and carboxymethyl cellulose into GVL and EL in total

yields of 69.5, 60.1, 56.0, and 51.5 %, respectively.

Experimental Section

Materials

Chemical reagents Ni(NO3)2·6 H2O (99.99 %), ZrOCl2·8 H2O (98.0 %),
NH4OH (25–28 % in water), and carboxymethyl cellulose (USP)
were purchased from Aladdin Industrial Inc. (Shanghai). Ethanol
(�99.5 %), 2-propanol (�99.5 %), glucose (�99.5 %), fructose
(�99.0 %), and cellobiose (�99.0 %) were purchased from Sigma–
Aldrich (Shanghai). GVL (98.0 %) and EL (99.0 %) were purchased

from J&K Scientific Ltd. (Beijing). Other chemicals were of analytical
grade and used as received, unless otherwise noted.

Preparation of NiZr catalysts

Acid–base bifunctional NiZr nanocatalysts with Ni/Zr molar ratios
of 2/8, 5/5, and 8/2 (denoted as Ni2Zr8, Ni5Zr5, and Ni8Zr2, respec-
tively) were prepared by coprecipitation. In a typical procedure,
Ni(NO3)2·6 H2O (0.58 g, 2 mmol) and ZrOCl2·8 H2O (2.58 g, 8 mmol)
were added to deionized water (30 mL) and stirred at room tem-
perature to form a homogeneous mixture, and NH4OH was inject-
ed into the solution by means of a syringe to reach pH 9. The re-
sulting precipitant solution was stirred for 1 h and aged for anoth-
er 2 h under ambient conditions, followed by filtration (0.22 mm
pore size) and washing with water 5 times. The obtained slurry
was dried overnight at 80 8C in an oven (WFO-710, EYELA, Tokyo Ri-
kakikai Co. , Ltd.), placed into a tubular furnace (SGL-1100, Shanghai
Daheng Optics and Fine Mechanics Co., Ltd.), and heated to 450 8C
at a heating rate of 2 8C min¢1 for 3 h of calcination in air. For com-
parison, Cu2Zr8, Zn2Zr8, Al2Zr8, and Fe2Zr8 were also prepared by
using the same synthetic method as that described above. On the
other hand, to facilitate the process of catalyst separation, the cal-
cined NiZr oxide samples with Ni/Zr molar ratios of 2:8, 5:5, and
8:2 were further reduced in the tubular furnace under a flow of H2

(1 vol % in N2) at 550 8C (with a heating rate of 2 8C min¢1) for 3 h,
and the resulting catalysts were designated as H2-reduced Ni2Zr8,
Ni5Zr5, and Ni8Zr2, respectively. All samples were ground and
passed through 200 mesh sieves before use in experiments.

Catalyst characterization

XRD patterns were recorded with a D/max-TTR III X-ray powder dif-
fractometer (Rigaku International Corp., Tokyo) by using a CuKa ra-

Table 2. Direct conversion of biomass derivatives to GVL with H2-reduced Zr5Ni5, HY6, and other catalysts.[a]

Entry Catalyst T [8C],
t [h]

Substrate H-donor Substrate
conv. [%]

GVL yield
[%]

GVL formation rate
[mmol g¢1 h¢1]

Ester (ether)
yield [%][c]

Mass
balance [%]

Ref.

1 Ni5Zr5 200, 3 EL 2-propanol 95.9 93.8 (88.2)[b] 9.41 0 97.9 this study
2 H2-reduced Ni5Zr5 200, 3 EL 2-propanol 97.2 95.2 (91.9)[b] 9.55 0 98.0 this study
3 nano-copper 240, 4 methyl

levulinate
methanol 94.1 68.9 2.30 – 74.8 [21e]

4 ZrO2 150, 16 butyl
levulinate

2-butanol >99.9 84.7 0.98 – 84.8 [21c]

5 ZrO(OH)2·x H2O 200, 1 EL 2-propanol 93.6 88.5 12.3 – 94.9 [21d]
6 Au/ZrO2 170, 6 butyl

levulinate
butyl
formate

98 95 <3.17 – 97 [19b]

7 Cu/g-Al2O3 265,
10 min

LA H2 98 87 – – 89 [14b]

8 Cu¢Cr 200, 10 LA H2 97.8 90.7 8.04 – 92.9 [31]
9 Ni5Zr5 200, 3 fructose 2-propanol 36.4 3.2 0.26 17.3 84.1 this study
10 H2-reduced Ni5Zr5 200, 3 fructose 2-propanol 32.6 6.7 0.54 16.5 90.6 this study
11 H2-reduced Ni5Zr5 200, 3 fructose ethanol 53.5 5.9 0.47 31.3 (2.1) 85.8 this study
12 HY6 + H2-reduced Ni5Zr5

[d] 200, 3 fructose ethanol 88.6 30.7 2.46 38.8 (4.3) 85.2 this study
13 HY6 + H2-reduced Ni5Zr5

[d] 200, 5 fructose ethanol 99.8 43.2 2.08 21.6 (8.9) 73.9 this study
14 HY6 + H2-reduced Ni5Zr5

[d] 200, 7 fructose ethanol 100 48.9 1.68 12.5 (3.2) 64.6 this study
15 HY6 + H2-reduced Ni5Zr5

[d] 200, 5 glucose ethanol 98.3 41.7 2.01 18.4 (11.5) 72.3 this study
16 HY6 + H2-reduced Ni5Zr5

[d] 200, 5 cellobiose ethanol 99.8 35.8 1.81 20.2 (13.4) 69.6 this study
17 HY6 + H2-reduced Ni5Zr5

[d] 200, 5 carboxymethyl
cellulose

ethanol – 29.9 1.07 21.6 (15.6) 67.1 this study

[a] Reaction conditions: substrate (0.65 g, 5.5 wt %), ethanol (11.8 g), catalyst (0.15 g) at 200 8C. [b] Yield of GVL isolated is given in parentheses. [c] Ester is
denoted as IPL or EL, whereas ether refers to alkyl (isopropyl or ethyl) fructoside or glucoside. [d] H2-reduced Ni5Zr5 (0.10 g) and HY6 (0.05 g) were used as
cocatalysts.
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diation source. XPS measurements were performed by using
a Physical Electronics Quantum 2000 Scanning ESCA Microprobe
(Physical Electronics Inc. , PHI, MN) equipped with a monochromatic
AlKa anode. The elemental compositions of the catalysts, after
being dissolved in water with concentrated acid, were determined
by ICP-OES on an Optima 5300 DV instrument (PerkinElmer Inc. ,
Waltham, MA). BET surface areas of the porous materials were de-
termined from nitrogen physisorption measurements at liquid ni-
trogen temperature on a Micromeritics ASAP 2010 instrument (Tri-
star II 3020, Norcross, GA). NH3- and CO2-TPD analyses were con-
ducted on an automated chemisorption analyzer (Quantachrome
Instruments, Boynton Beach, FL) to assess the surface acidity and
basicity of catalysts, respectively. The magnetic properties of
powder catalysts were measured by means of VSM (HH-15, Nanda
Instrument Plant, Nanjing) at room temperature. Magnified images
of samples were obtained with a transmission electron microscope
(TEM; JEM-1200EX, JEOL, Tokyo), and the size distribution of select-
ed catalysts were estimated from the TEM images by using Nano
Measurer 1.2 software to give the corresponding mean particle di-
ameters.

Catalytic conversion of sugars and EL into GVL

The production of GVL from sugar or EL was performed in a 25 mL
stainless-steel autoclave (YZPR-25, YanZheng Shanghai Experimen-
tal Instrument Co., Ltd.) with dead volume (0.5 mL; pressure gauge
was removed). In a typical procedure, catalyst (0.15 g) was added
to a stock solution consisting of substrate (0.65 g, 5.5 wt %, relative
to alcohol) and alcohol (11.8 g). The autoclave was flushed with ni-
trogen 3 times before being heated to the desired temperature
(i.e. , 170, 200, and 230 8C) within 50 min. The air-free reactant mix-
ture was magnetically stirred at 500 rpm for a specific reaction
time (0.5–10 h), and time zero was defined as the designated tem-
perature reached. After the reaction, the autoclave was quenched
in a water bath. The reaction mixture was directly decanted from
the Teflon liner, from which the magnetic catalyst was attracted by
a permanent magnet. The remaining catalyst in the liner was
washed with ethanol 3 times, dried at 80 8C for 2 h (catalyst recov-
ery rate of 89–93 %), and directly used in the next cycles. For cata-
lysts without magnetism, centrifugation was employed to separate
them from solutions.

Analysis of products

Liquid products and byproducts were identified by GC-MS (Agilent
6890N GC/5973 MS, Santa Clara, CA). The concentrations of fruc-
tose, glucose, and cellobiose in alcoholic solution (after dilution
10 times with deionized water) were determined by HPLC (LC-20A,
Shimadzu, Kyoto) fitted with an Aminex HPX-87H column (Bio-Rad,
Richmond, CA) and a refractive index (RI) detector as well as a UV
detector at l= 280 nm. EL, GVL, and IPL were analyzed by GC (GC-
2014, Shimadzu, Kyoto) with an Rtx-Wax capillary column (30 m Õ
Ø0.25 mm Õ 0.25 mm) and a flame ionization detector. N2 was used
as the carrier gas at a flow rate of 0.75 mL min¢1, and a pro-
grammed temperature of 60 8C (1 min)–10 8C min¢1–230 8C (5 min)
was employed in the analysis. An internal standard (n-butylalcohol)
was used for quantitative analysis, and EL conversion and GVL
yield were calculated on the basis of the standard curves made
from commercial samples. EL or sugar conversion (X, mol %) and
GVL yield (Y, mol %) were calculated by using Equations (1) and (2):

Xð%Þ ¼ 1¢ðmole of EL or sugar in productsÞ
ðmole of initial EL or sugarÞ   100 % ð1Þ

Yð%Þ ¼ mole of GVL
mole of initial EL or sugar monomers

  100 % ð2Þ
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