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ABSTRACT: A low-cost and magnetic catalyst derived from a
hydrotalcite precursor was developed for selective hydrogenation of
levulinic acid (LA) into y-valerolactone (GVL) in a methanol solvent. An
excellent GVL yield of 98.1% with full LA conversion was achieved at 415

K over a magnetic and recyclable Ni, oCu;Mg; sAl, gsFe, o catalyst. The ‘H+ it ethanol e \<:\///0
§pec1ﬁc textural and chemical characteristics of prepared sample‘s were NN ﬁ r—>
identified by ICP-AES, XRD, XPS, NH;-TPD, Py-IR, and nitrogen 0

physisorption. Various parameters such as Ni/Cu molar ratio, reduction i
temperature, and reaction solvent played a great role in LA hydro- magnetic nano-size
genation. The recycling experiments revealed that reactivated separation of catalyst < —
Ni, 50Cu; Mg, 55Al; gsFey- maintained excellent activity, stability, and under magneti field HE -l |
magnetism after being used five times, which made 3

Ni, oCu;Mg; ssAl) osFep 7o a potential catalyst for the production of
GVL in industry.
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B INTRODUCTION LA hydrogenation.'”~>* Yan et al. reported that 96.5% yield of
GVL was obtained using Pd/SiO, under the conditions of 453
K and 9.0 MPa H, in aqueous phase.”> Manzer systematically
investigated LA hydrogenation under 5.5 MPa H, over various
catalysts and pointed out that Ru/C gave the highest GVL yield
at 97% in dioxane solvent.”* Although desirable results were
achieved using supported noble metal catalysts, the obvious
drawback of being high cost limited the practical application of
these catalysts in large-scale GVL production. Besides, Ru
nanocatalysts showed slow deactivation due to carbon
deposition, acid-assisted metal loss, and structural changes of
support.'”** Therefore, the development of cheap, highly
active, stable, and readily recyclable catalysts remains an urgent
problem in the present studies.

In recent years, inexpensive hydrotalcite-like compounds

With gradual depletion of fossil resources and further
deterioration of global climate, increasing concerns are paid
to the production of fuels and chemicals from sustainable
resources.” Biomass, which is widespread, renewable, low-cost,
and abundant, is regarded as a promising alternative for fossil
resources. Currently, extensive work has been directed toward
converting biomass into various value-added chemicals.*~¢
Among these platform compounds, y-valerolactone (GVL) is
suited for use as a versatile building block for the production of
valuable chemicals and high-grade fuels,”® which has attracted
worldwide attention.

Typically, targeted GVL production can be achieved through
hydrogenation and subsequent cyclization of levulinic acid

(LA), either using heterogeneous or homogeneous cata- : )
Iysts.'®~'5 Published literatures indicated that homogeneous (HTlcs), composed of divalent and/or trivalent metals such as

Ru-based catalysts presented superior activity toward the Ni, Cu, Co, Al etc, exhibited great catalytic activity and

selective transformation of LA into GVL.'*~'® Desirable LA stability in hydrogenation, polymerization, isomerization, and
reforming reactions as well as oxidation reactions and so on

because the catalysts derived from HTlcs generally had smaller
crystal size, large surface area, high stability against sintering,
good reducibility, and high dispersion of active phases.”>”>

conversion and good GVL selectivity could be easily attained.
However, the recycle and separation of these homogeneous
catalysts after reaction were still a big problem. Therefore,
heterogeneous catalysts are in great demand and have been
advanced due to the advantages of high activity, easy separation,
and recycling. In this case, noble metal catalysts, such as Ru/C, Received: March 18, 2015
Ru/TiO,, Pd/MCM-41, etc,, displayed remarkable activity in Published: July 6, 2015
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Among these HTlc-derived catalysts, Ni- and Cu-based
catalysts were widely applied in hydrogenation reactions.”>*'
In this respect, Yan et al. had synthesized Cu-catalysts derived
from HTlcs for efficient hydrogenation of biomass-derived
furfural and LA, whereby promising yields in target products
(95% furfuryl alcohol and 91% GVL) were achieved at a
temperature of 473 K.>*** Besides, compositions including
Fe*, Cr’*, and Al*, characteristic of high electronegativity,
were found to favor the hydrogenation of the C=0 bond.>***
It is important to note that magnetic Fe and Co elements
markedly elevated the hydrogenation rate, as well as help the
magnetic separation of catalysts from the mixtures.*®

In this work, a series of low-cost and magnetic Ni/Cu/Al/Fe
catalysts derived from hydrotalcite-like compounds were
synthesized and introduced in LA hydrogenation. Various
metal-modified catalysts were also developed to find the most
active one for selective hydrogenation of LA into GVL. Effects
of varied experiment parameters were systematically inves-
tigated, including reduction temperature, Ni/Cu molar ratio,
initial pressure, reaction solvents, and so on. To our delight,
98.1% yield of GVL was obtained with a TOF value of 1.98
Mgy, My; +Cu)_1 h™" under the optimized conditions; moreover,
the prepared magnetic catalyst showed excellent activity and
stability in recycling experiments.

B EXPERIMENTAL SECTION

Sections including Materials, Catalyst preparation, Characterizations,
and Product analysis are described in detail in the Supporting
Information.

Catalytic Reaction Procedure. In a typical reaction, the high
pressure autoclave was loaded with magnetic catalyst, LA, and
methanol purged four times with H, after which the reactor was
pressurized with 2 MPa H, at room temperature. Then, the reaction
was carried out at a certain temperature with a stirring rate of 500 rpm.
After the reaction, the reactor was cooled to room temperature,
followed by releasing residual H,, and then liquid products were
collected. The catalyst was separated by a magnet, rinsed with
deionized water, and finally reactivated under H, atmosphere at 773 K
before its next use.

Bl RESULTS AND DISCUSSION

Catalyst Characterization. The synthesis of multi-element
metallic HTlcs was carried out at Ni:Cu molar ratios from
0.93:1 to 9.21:1 by a co-precipitation method, and Table 1 lists
the main components of prepared catalysts. The X-ray
diffraction (XRD) patterns of Ni/Cu/Al/Fe hydrotalcite

Table 1. Chemical Composition of HTlcs and Names of
Obtained Catalysts

chemical analysis (wt %)

catalyst precursors (denoted
with the molar ratio of

catalysts metals) Ni Cu Al Fe
M1 Nig93Cu;Aly 5 Fegay 1938 2238 489 420
M2 Niy 7sCu Al osFeq 44 3101 1202 550 467
M3 Niy ,Cu,AlL g,Feq 7o 3462 806 625 562
M4 Nig 09Cu; Al goFe, 57 3362 444 582 499
M Nig»,CuAl, 5, Feq 7 5820 632 621 264
M6  “NiygsCu;Copop AlioFegrs 2760 639 532 415
M7 ONiyCuZnypoAly oFegny 2946 682 748 446
M8 Niy5oCu,Mgy oAl geFegro 3179 745 620 450

“Co: 5.46 wt %. "Zn: 8.38 wt %. “Mg: 4.45 wt %.
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precursors (Figure la) exhibited several obvious diffraction
peaks at 11.6°, 23.2°, 34.8°, 39.0°, 47.1°, and 61.8°, which were
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Figure 1. Powder XRD patterns of samples: (a) hydrotalcite
precursors and (b) reduced M8 catalyst.

indexed to (003), (006), (012), (015), (018), and (113)
reflections of hydrotalcite (JCPDS files no. 22-0700),
respectively.”>” The sharp and symmetrical reflections were
observed for (003), (006), (012), and (113) planes as well as
broad and asymmetric reflections for (015) and (018) planes,
indicating that the precursors were characteristic of a well-
crystallized HT in carbonate form.*® No isolated phases of
individual metal hydroxides were detected, suggesting the
formation of a pure hydrotalcite phase.

For reduced MS, several phases of metal species were clearly
observed such as a NiCu alloy, NiO, and metallic Cu. As shown
in Figure 1b, the presence of (111) and (220) phases at 26 of
44.2° and 75.6° indicated the formation of a Ni—Cu solid
solution, which could be assigned to a Ni-rich alloy.**** The
peak corresponding to planes (200) at 26 of S51.7°
demonstrated the presence of metallic Cu in face-center-cubic
structure, which was in line with that given by JCPDS file no. 4-
836. In terms of the NiO phase, characteristic peaks were found
at 26 of 37.3° (planes 110) and 63.1° (planes 220).*" Besides, it
is an obvious fact that no new phases were identified in the
XRD diagram of reduced M8 after higher temperature
treatment and/or repeating use.

The primary aim for conducting X-ray photoelectron
spectroscopy (XPS) analysis was to obtain relevant information
with respect to the chemical environment of reduced catalysts.
High-resolution scans of Cu 2p and Ni 2p XPS spectra with
different intensity scales as ordinate are shown in Figure 2A and
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Figure 2. XPS spectra of reduced precursors: (A) Cu 2p and (B) Ni
2p.

B. For Cu 2p XPS, two obvious peaks at binding energies of
932.4 and 953.5 eV were detected, which could be definitely
assigned to Cu 2p;,, and 2p, /,, respectively. It is worth noting
that the binding energies of metallic Cu are around 932.6 and
953.8 eV.** For this reason, the binding energies of Cu 2p in
reduced samples were similar to that of Cu’, confirming that
the Cu element was essentially present in zero valence state
after being activated at 623 K or higher temperatures.

In the case of Ni 2p XPS, the peaks of Ni 2p;,, and 2p,, in
reduced M2 and M8 catalysts were found at binding energies of
around 853.8 and 871.4 eV, accompanying with two satellites at
about 860.0 and 878.0 eV respectively. However, the binding
energies of Ni 2p;,, and 2p;;, in zero-valence nickel were
around 852.9 and 870.0 eV, respectively. The obtained binding
energies of Ni 2p;/,, 2p;/, and related satellites were among
that of Ni’ and Ni**** indicating the existence of metallic Ni
and NiO species. The results were in accordance with those
described in the XRD test. Through calculating the related
areas in Ni 2p XPS of the M8 catalyst, active Ni® accounted for
about 38.0% at the reduction temperature of 773 K, as
compared to that of 24.3% at 623 K (Figure S1, Supporting
Information). Besides, a negligible shift in the binding energies
of recycled catalysts was determined, implying that the Ni and
Cu sites maintained good activity even after repeated use.

The temperature-programmed desorption (TPD) profiles of
desorbed ammonia on various catalysts were described in
Figure 3, with related acidity present in the inset. The specific
desorption temperature of NH;-TPD reflects the acid strength
of the catalyst, i.e., the higher temperature of desorption is, the
stronger the acid strength is. It can be clearly seen that a higher
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Figure 3. NH;-TPD profiles of M2, MS, and M8 catalysts.

desorption temperature appears at around 816 and 935 K, with
respect to MS and M8 catalysts, respectively. However, the
strong site at 935 K disappeared in the M2 catalyst, resulting in
weaker acid strength (0.13 mmol g™!). By contrast, MS and M8
catalysts had higher acid amounts, owing to relatively larger
amounts of the aluminum sites. With in-depth study, the IR
spectra of adsorbed pyridine on the MS catalyst were
undertaken to characterize acid type and further confirm
related concentration. As described in Figure S2 of the
Supporting Information, bands at around 1441, 1488, and
1589 cm™! attributed to pyridine molecules were apparently
observed, suggesting the presence of Lewis acid sites in
MS5.*7* It is important to note that a characteristic band at
1540 cm™' depicted as Bronsted acid was not found. In
addition, the acid amount of MS calculated according to Py-IR
analysis was 0.22 mmol g~', which roughly agreed with the
result from the NH;-TPD profile.

The mesoporosity of recycled M8 was confirmed by N,
adsorption—desorption isotherm analysis, as described in
Figures S3 and S4 of the Supporting Information. All samples
displayed type II isotherms with a type H2 hysteresis loop,
characteristic of a mesoporous structure in a size range of 2—50
nm. Recycled samples displayed large adsorption volumes in
the monolayer region, featuring a porous structure with
uniformly particle size distribution. Table 2 summarizes the

Table 2. Properties of Recycled M8 Catalysts

BET surface area average pore total pore volume

sample (m*g™") diameter (nm) (em® g7")
fresh 131.8 8.5 0.337
used once, RA 128.9 9.1 0.334
used twice 121.0 11.1 0.293
used twice, RA 120.1 11.2 0.281

RA: reactivated in H, atmosphere at 773 K.

related specific surface area using the BET method. The fresh
M8 had a BET surface area of 131.8 m* ¢! and a total pore
volume of 0.337 cm® g ". For regenerated catalysts, only a slight
decrease in the BET surface area and total pore volume were
achieved, verifying that reactivation treatment could be an
effective way to defer rapid deactivation of the M8 catalyst.
Meanwhile, high-temperature treatment helped particle sinter-
ing that resulted in a minor increase in pore diameter. As shown
in Figure SS of the Supporting Information, the phenomenon
of particle agglomeration was apparently observed in recycling

DOI: 10.1021/acssuschemeng.5b00535
ACS Sustainable Chem. Eng. 2015, 3, 1708—1714


http://dx.doi.org/10.1021/acssuschemeng.5b00535

ACS Sustainable Chemistry & Engineering

Research Article

experiments, which might not provide good interactions
between the substrate and active sites.

B ACTIVITY TESTS

The activities of resultant M1 to M8 catalysts are evaluated in
LA hydrogenation, and the results are depicted in Figure 4. It is
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Figure 4. Effect of catalyst type on LA hydrogenation. Reaction
conditions: LA (476 mg, 4.1 mmol), catalyst (119 mg, 25 wt % relative
to LA), methanol (20 mL), H, (2.0 MPa), 395 K, and 3 h.

clearly evident that properly higher nickel content enhanced the
reaction rate, and LA adsorbed on the active Ni/Cu sites was
hydrogenated into GVL in quantity. However, a further
increase in nickel component in M3—MS led to a marked
decline in related activity. Combined with the result of XPS
analysis, Ni** species in the prepared precursors was hard to be
totally reduced into Ni° even at a high temperature of 773 K.
On the other hand, the practical content of active Cu® in M3—
MS was lowered relatively, thus rendering mild activity toward
GVL formation. With the in-depth study, various metal
elements such as Co-, Zn-, and Mg-modified catalysts were
synthesized and applied in yielding GVL. In this respect, the
MBS catalyst gave higher reaction rate at a TOF value of 0.79
Mgy, My +Cu)_1 t™!, probably due to a synergistic effect among
those metal elements. Under the catalyzing of M1 to M8 at a
temperature of 395 K, much 4-hydroxyvaleric acid (HA) and
methyl levulinate (ML) were observed during the reaction,
resulting in a moderate selectivity to GVL.

Table 3 depicts the catalytic performance of randomly
selected M2, MS, and M8 catalysts under various reaction
temperatures. Generally, elevated temperature promoted LA
conversion and GVL formation. A LA conversion of around
100% and GVL vyield of 98.1% were achieved over the M8

catalyst, with increasing temperature up to 415 K. The same
upward trends in GVL yield and TOF value were also observed
on M2 and MS samples since increased temperature accelerated
the hydrogenation rate. However, significant decreases in GVL
yield and selectivity at a higher temperature of 435 K were
obtained for M2 and M8 catalysts, attributing to undesired side
reactions such as deep hydrogenation and hydrogenolysis. It is
worth mentioning that the GVL yield fell to 36.6% at 435 K
over the M8 catalyst, as compared with that of 98.1% for 415 K.
Interestingly, the MS catalyst exhibited a relatively slower
reaction rate in yielding GVL, if compared to M2 and MS.
On the basis of the above observations, a temperature of 415
K was chosen for the subsequent studies. The influence of
catalyst loading on reaction rate and GVL selectivity was deeply
investigated, as shown in Figure S. One can clearly observe that

25 | BXXA TOF » 1100
| -=wv- GVLyield / \'
- /
0 Cr . e
- —0O— GVL selectivity o~ , ~—__ 80 x
= 20f Y ¥ >
g g v £
= >
£ <]
<
131
E 15} 160 o
2 )
z — »n
& R =]
RRRRLL =
=] [RIXRKR
1.0 L3834 a0 §
S s <
= RIS =t
RRRILLS . <
o KSQOKRKK =
(RIS b
= [RRRXRRS
0.5 H555584 20
(XRS5
199595 <0558
| KRR
RS
RRRRLL
0.0 RIKERS 0
: 5 15 20 25 30 35

Catalyst loading / wt%

Figure S. Effect of catalyst dosage on LA hydrogenation. Reaction
conditions: LA (476 mg, 4.1 mmol), M8 catalyst, methanol (20 mL),
H, (2.0 MPa), 3 h, and 415 K.

the TOF value and GVL selectivity were higher for a larger
dosage during the 3 h of reaction. A significant rise in GVL
yield, from 12.5 to 70.4%, was achieved when increasing dosage
from S to 20 wt % relative to LA. This is because much more
active sites were available during the reaction, thus resulting in a
faster reaction rate to promote the conversion of LA to GVL.
When setting loading at 25 wt %, a promising selectivity toward
GVL was deserved at 98.1%, with a desirable TOF value of 1.98
mgyL m(Ni+Cu)_1 h™". However, a further increase in catalyst
loading led to a steep drop in GVL yield and selectivity, which
could be elucidated as the occurrence of side effect (Figure S6,
Supporting Information).

Figure 6 illustrates the effect of initial H, pressure ranging
from 0 to 4.0 MPa on the hydrogenation of LA into GVL.

Table 3. Effect of Reaction Temperature on LA Hydrogenation

M2 MS M8
temp. (K) yield selectivity TOF yield selectivity TOF yield selectivity TOF
375 52 20.5 0.097 21 13.4 0.026 49 139 0.10
385 18.0 243 0.33 7.0 204 0.085 243 385 049
395 4058 518 0.76 347 464 042 393 477 0.79
405 48.1 48.1 0.89 45.1 45.1 0.55 759 759 153
415 78.5 78.5 1.46 54.3 543 0.66 98.1 98.1 1.98
425 94.8 94.8 1.76 754 75.4 0.92 84.1 84.1 1.70
43S 79.4 79.4 1.47 77.7 77.7 0.95 36.6 36.6 0.74

Reaction conditions: LA (476 mg, 4.1 mmol), catalyst (119 mg, 25 wt % relative to LA), methanol (20 mL), H, (2.0 MPa), and 3 h. Yield: GVL

yield, %; selectivity: GVL selectivity, %; TOF: mgy, m(NHCu)’1 hl.
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Figure 6. Effect of initial H, pressure on LA hydrogenation. Reaction

conditions: LA (476 mg, 4.1 mmol), M8 catalyst (119 mg), methanol
(20 mL), 415 K, and 3 h.

When no H, was filled, only a 3.2% GVL yield and the lowest
reaction rate of 0.065 mgy;, my; +Cu)_1 h™! were attained. At this
point, much ML was formed through the acid sites-promoted
esterification of LA and methanol. Under H, atmosphere,
targeted chemical GVL was generated in quantity, and the
selectivity to GVL reached the maximum value at a pressure of
2.0 MPa. It is observed that higher hydrogen pressure enhanced
the dissolved hydrogen concentration in methanol,” so much
more hydrogen molecules could easily access Ni and Cu active
sites, which accounted for the increased reaction rate at
elevated pressure from 0.5 to 2.0 MPa. Nevertheless, a further
increase in hydrogen pressure from 2.0 to 4.0 MPa led to an
obvious drop in GVL selectivity, which could be illustrated as
the appearance of deep hydrogenation of GVL to produce 2-
methyltetrahydrofuran (Figure S7, Supporting Information).
Taking into consideration practical cost and efficiency, the
optimal initial hydrogen pressure for this reaction was
suggested to be 2.0 MPa.

Given the outstanding performance of the M8 catalyst in
yielding GVL, herein the influence of reduction temperature on
catalyst activity was thoroughly surveyed. As shown in Figure 7,
both TOF value and GVL yield increased significantly when
raising the reduction temperature to 773 K. In this case, the
highest GVL yield of 98.1% had been attained at a reaction rate
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Figure 7. Effect of catalyst reduction temperature on LA hydro-
genation. Reaction conditions: LA (476 mg, 4.1 mmol), M8 catalyst
(119 mg), methanol (20 mL), H, (2.0 MPa), 415 K, and 3 h.
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of 1.98 mgy;, m Ni+Cu)_1 h™. The main reason is that much
more active Ni’ and Cu’ were obtained through higher-
temperature reduction (Figure S1, Supporting Information);
therefore, the substrate LA would be hydrogenated into GVL in
quantity. On the basis of the XPS analysis, full reduction of
Cu*" into metallic Cu in zero valence state could be achieved at
around 623 K, while higher temperature was required to realize
a complete reduction of Ni** to Ni’, and this observation was in
line with the previous work.*” A further increased reduction
temperature to 823 K, however, led to a remarkably reduced
GVL selectivity to 73.4%, owing to the fact that the particle
sintering occurred at high temperature (Figure SS, Supporting
Information).

Table 4 presents the influence of reaction solvent on LA
hydrogenation over M2, MS, and M8 catalysts. Interestingly,

Table 4. Effect of Reaction Solvent on LA Hydrogenation

TOF GVL yield  GVL selectivity

catalysts (mgvL meniecy~ BT (%) (%)
M2 (water) 1.20 64.9 64.9
M2 (methanol) 1.46 78.5 78.5
MS (water) 0.73 59.4 59.4
MS (methanol) 0.68 554 554
M8 (water) 1.36 67.5 67.5
M8 (methanol) 1.98 98.1 98.1

Reaction conditions: LA (476 mg, 4.1 mmol), catalyst (119 mg),

solvent (20 mL), H, (2.0 MPa), 415 K, and 3 h.

the LA was almost completely consumed in both water and
methanol media. The higher activity was achieved on M2 and
MS8 catalysts in methanol, which displayed a higher GVL yield
and TOF value. Furthermore, it is clear that the reaction rate
and selectivity to GVL were relatively lower in the aqueous
phase, in comparison with that of methanol. Much intermediate
HA was first formed through the aqueous phase hydrogenation
of carbonyl in LA, followed by further conversion into GVL. In
regards to the MS catalyst, comparable yield and selectivity in
GVL were observed when reacted in methanol and water,
endowing these two systems with similar TOF values of around
0.70 mgy;, my; +cU)_1 h™". All things considered, magnetic Ni/
Cu/Al/Fe catalysts were more suitable for converting LA into
GVL in the methanol system.

To further examine the stability, recycling experiments on
the hydrogenation of LA into GVL were done with the M8
catalyst. As observed in Figure 8, a significant decline in
reaction rate and GVL yield had been evidently displayed when
the spent catalyst was used for the second time without being
reactivated. In the following runs, the catalyst activity was
maintained at moderate level with a TOF value of around 1.20
mgyp, m(Ni+Cu)_1 h™'. As was confirmed by related character-
izations, such as XPS, TEM, BET, and ICP-AES analyses,
adsorbed carbohydrates, particle agglomeration, and Ni
leaching (Table S1, Supporting Information) would lead to a
lower level of activity in recycled catalysts to some extent. As a
comparison, reactivation of recycled M8 under H, atmosphere
was found to be an effective way to promote hydrogenation
activity, where reactivated M8 sustained good catalytic activity
after the consecutive cycles. This was mainly because many
more active sites were available after the reactivation treatment.
Comparing the catalytic activity of M8 with other noble metal
catalysts (Table S2, Supporting Information), M8 presented the
lowest TOF value for GVL production in term of reaction rate.

DOI: 10.1021/acssuschemeng.5b00535
ACS Sustainable Chem. Eng. 2015, 3, 1708—1714


http://dx.doi.org/10.1021/acssuschemeng.5b00535

ACS Sustainable Chemistry & Engineering

Research Article

BXITOF —e—GVLyield -{- GVL selectivity
1
P ' . PP
e Reactivation | Without reactivation 7 100 N
1
- - . =
8 21 S00700 K =0~ ~> - -O &
R IR ooz ~ =
I KX RLL] PRIXK] RRRKY e | ~O 4 >
: B R SR
& PR RRRRA KKK K ik 2
KREKKH PRRXRR] KRXXH  PRXXKY ‘ %}
KX BRI RS RS ! -
KX BRI KKK RS {1 ]
1.4 001 RS Reas K38 KSss e o &
TR R Rk BRSS! ke o160 5
g B [%e] B Beetsa) | R | pxxz) @ -
PRRXXT RRRRA [KEN ] 1R [Sote%e%| <
Z KRR PO KRR 1 1R85 RXIKA
BRXRA [RRRKY R 4 1RRRXA oot =
[RXXX KRR [RR [1:%6%6%% B
= 0000 20020 % I 0% % %Y 4 | RRRLA RXHRH )
5 Bk IR B g fn 0 2
7 XXX RS [ {1 KX BRIEKY P
.7 FRRRRH [ RKSKK, {1 ]
KR KKK R K55 K325
IRARRKT KRRNA [RRLKT K ol Se%e%e%| KR35
BRI K55 1S 1 [EXX] RRSKSS
Kaa] B K e fSsd B jes K
ssss] RS (555 K P B 1 20
BRXRA R R 1 1R R
PIXXXT KRR [T RS RRXK otote
BRI KRR KRy K { 1K%Y B

Recycle time

Figure 8. Effect of catalyst recycling on LA hydrogenation. Reaction
conditions: LA (476 mg, 4.1 mmol), M8 catalyst (119 mg), methanol
(20 mL), H, (2.0 MPa), 415 K, and 3 h.

Particularly, great yield and selectivity to GVL were attained on
the M8 catalyst, which was comparable with that of Ru/C.
However, it is notable that a significant decrease in the activity
of recycled Ru/C was observed, in case that reactivation
treatment was not performed. After a comprehensive
comparison, magnetic M8, mainly composed of active Ni and
Cu sites, still was a good candidate for catalytic conversion of
LA into GVL.

B CONCLUSIONS

We have developed a series of cheap and magnetic Ni/Cu/Al/
Fe catalysts for the selective hydrogenation of LA into GVL.
Among the prepared catalysts, Ni,soCu;Mg, ssAl) gsFey 70 was
found to be the most active, and the highest GVL yield of
98.1% had been achieved at 415 K under 2.0 MPa H, after a
reaction of 3 h. Moreover, the recovery and reutilizations of
catalyst in successive reactions suggest that the magnetic
catalyst could be recycled for more than five cycles without
being defeated in its performance, demonstrating that it is a
promising candidate to produce valuable GVL through LA
hydrogenation.
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