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Abstract

The effect of nickel precursors and the temperature annealing to obtain intermetallic NisSns alloy catalysts on its
activity and selectivity in the selective hydrogenation of biomass-derived furfural (FFald) were investigated. Two
types of nickel precursors (c.a., i) nickel metal (Ni°) derived from Raney®nickel and ii) nickel ion (Ni2*) derived
from nickel chloride) were employed as the starting materials via hydrothermal at 423 K for 24 h followed by re-
duction with H2 at the elevated temperature of 573-873 K for 1.5 h. The physico-chemical properties of the inter-
metallic NisSns were characterized by XRD, N2-, and Hs-adsorption, ICP-AES, and NHs-TPD. The intermetallic
NisSnz alloy catalysts, both bulk and supported, demonstrated high activity and selectivity towards hydrogenation
of FFald. The activity and selectivity of y-Al2Os and AA-supported NisSnz alloy catalysts in the hydrogenation of
FFald to furfuryl alcohol (FFalc) were maintained even after annealing at up to 873 K, but that of bulk NisSn»
drastically dropped. Ni-Sn alloy catalysts which were obtained from Raney®Ni precursor showed more stable than
that of nickel salts during hydrogenation of furfural to furfuryl alcohol.
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1. Introduction into high value-added chemicals and fuels using
simple supported metal catalysts are quite diffi-
cult to catalyze the complexes of C—O bonds. Bi-
metallic or bifunctional catalyst systems, typi-
cally consisted of active metals, supports, and
promoters, would be a promising catalyst for
feedstocks upgrading. The interaction between
metals in the bimetallic or bifunctional catalyst
system can modify the properties of catalyst,
enhance the activity and selectivity, significant-
* Corresponding Author. ly improve the catalyst stability in presence of

Email: rodiansono@ulm.ac.id (R. Rodiansono); biomass-derived impurities or in severe reaction
Telp/Fax.: +62-511-4773112

Most building blocks of biomass-derived com-
pounds are in the forms of oxygenates which
have a number C—O bonds and higher oxygen
content, including sugar alcohols, functionalized
carboxylic acids, aldehydes and ketones, phenol-
ic compounds, and furanic derivatives [1-3]. In
this sense, the transformation of the oxygenates
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conditions [4,5]. Bimetallic platinum-group
metals (PGM) are the most studied catalyst
components in the forms of bimetallic or alloy
structures owing to it offers many possibilities
[6-10]. However, the utilization of PGM-based
catalysts is not economic and less viability in
the upgrading of biomass-derived platform in-
dustry [11].

Intermetallic structures of Ni-based both
bulk and supported have received increasing
attention as highly selective heterogeneous cat-
alysts for the hydrogenation of unsaturated
carbonyl compounds or the transformation of
biomass-derived compounds to produce fuels
and chemical platforms [12,13]. For example,
Shimazu groups developed both bulk and sup-
ported bimetallic Ni-M (M = Sn, In, Fe) cata-
lysts for the selective hydrogenation of various
a,b-unsaturated carbonyl compounds with high
activity and selectivity towards to unsaturated
alcohols [14-21]. The dispersion of NizSn2 alloy
species on metal oxide supports such as TiO2 to
form NisSna/TiO2 significantly enhanced the ac-
tivity and chemoselectivity towards hydrogena-
tion of nitro compounds to unsaturated amines
[22,23].

In literatures, several synthetic methods of
intermetallic Ni-Sn catalyst have been devel-
oped (e.g., polyol method, coprecipitation-
hydrothermal, surface organometallic chemis-
try on metal (SOMC/M), chemical vapor deposi-
tion (CVD), layered double hydroxide (LDH)
route, and arc melting). To obtain bimetallic
Ni-Sn alloy catalysts, the utilization of chloride
or nitrate metal salts precursors are common
approaches, although metal complexes or or-
ganometallic salts were also employed. Onda et
al. prepared Ni-Sn intermetallic from Ni and
Sn powder using arc melting method under ar-
gon atmosphere at above melting point of Ni
(1733 K) for 13 h [24]. Komatsu et al. [25] and
Dumesic et al. [26,27] employed organotin (Sn
(CHs)s) and Ni/SiO2 for the synthesis of Ni-
Sn/SiOz catalysts using CVD method. Mara-
katti et al. reported the synthesis of bulk
NisSnz alloy catalysts from LDH route by an-
nealing at 1073 K for 24 h under hydrogen at-
mosphere [28]. Arc melting, CVD method, and
LDH routes seem to be energy consumption, re-
quired expensive precursors, and difficult to
control the end of Ni—Sn alloy results. There-
fore, the development of synthetic protocol that
lower energy consumption, utilize inexpensive
precursors, and relatively easily handling dur-
ing the synthesis and catalytic reaction is still
challenging.

In the present report, an extended investi-
gation of the effect of temperature annealing on

the formation of NizSns alloy synthesized from
different two types of nickel precursors are de-
scribed. The composition of Ni to Sn was pre-
cisely amounted to obtain Ni/Sn molar ratio of
1.4-1.5 from two types nickel precursors: first,
from Raney nickel supported on aluminium hy-
droxide (Raney®-Ni/AIOH), which produced as-
prepared nickel-tin alloy supported on alumini-
um hydroxide (Ni-Sn(1.4)/AIOH) [14] and, sec-
ond, from nickel salts (e.g., NiClz or Ni-
Cl2.6H20 or Ni(acetate)2) and produced both
bulk and supported Ni-Sn (1.5) alloys [15]. The
applied temperatures for the synthesis Ni-Sn
alloy were around 573-873 K under Hs stream
for 1.5 h then followed by XRD, N2 adsorption
(BET method), H:-chemisorption, and NHs-
TPD analyses. The synthesized NisSn2 alloy
catalysts were tested in selective hydrogena-
tion of biomass-derived furfural to furfuryl al-
cohol.

2. Materials and Methods
2.1 Materials

Raney Ni-Al alloy ((50%wt of Ni and 50%wt
of Al) was purchased from Kanto Chemical Co.
Inc.) and used as received. Nickel (II) chloride
hexahydrate (NiCl2.6H20) and tin (II) chloride
dihydrate (SnCl:.2H20), and NaOH pellet were
purchased from Wako Pure Chemical Co. Ltd.
and used as received unless stated otherwise.
Furfural (FFald) (98% GC), furfuryl alcohol
(FFale) (98% GC), tetrahydrofurfuryl alcohol
(THFale) (98% GC), iso-propanol (iso-PrOH,;
99.5% GC) were purchased from Tokyo Chemi-
cal Industry Co. Ltd. and all organic chemical
compounds were purified using standard proce-
dures prior to use. y—Al2Os (Ser = 100 m2.g71)
were purchased from Japan Aerosil Co.

2.2 Catalyst Preparation
2.2.1 Bulk and Supported NisSns

A typical procedure of the synthesis of bulk
NisSnz alloy catalyst is described as follows
[15]. NiCl2.6H20 (7.2 mmol) was dissolved in
deionized water (denoted as solution A), and
SnCl2.2H20 (4.8 mmol) was dissolved in etha-
nol/2-methoxy ethanol (2:1) (denoted as solu-
tion B) at room temperature. Solutions A and B
were mixed at room temperature; the tempera-
ture was subsequently raised to 323 K and the
mixture was stirred for 12 h. The pH of the
mixture was adjusted to 12 through the drop-
wise addition of an aqueous solution of 3.1 M
NaOH. The mixture was then placed into a
sealed-Teflon autoclave for the hydrothermal
reaction at 423 K for 24 h. The resulting black
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precipitate was filtered, washed with distilled
water, and then dried under vacuum overnight.
Prior to the catalytic reaction, the obtained
black powder was treated under hydrogen at
673 K for 90 min. The procedure of the synthe-
sis of y-Al2Os supported NisSnz (NisSna/y-Al2Os)
was similar to the bulk, whereas a 1.0 g y-Al20s
(Seer = 100 m2.g71) was added to solution mix-
ture before the hydrothermal at 423 K for 24 h.
The obtained NisSna/y-Al2Os then was reduced
with Hqo gas at 573, 673, 773, 873 K for 1.5 h
and NisSna/y-Al2O3 was obtained.

2.2.2 Synthesis of Supported Ni-Sn(1.4)/AA

Typical procedure of the supported Ni-
Sn(1.4)/AA; 1.4 = Ni/Sn molar ratio and AA =
amorphous alumina) catalysts is described as
the follows [20]. Raney®Ni/AIOH (it was ob-
tained from alkali leaching of Raney Ni-Al alloy
according to Petro's protocol [29]) was mixed
with a solution that contained 0.45 mmol
SnCl2.2H20 at room temperature and stirred
for 2 h. The mixture was placed into a sealed-
Teflon autoclave reactor for the hydrothermal
treatment at 423 K for 2 h. The resulting pre-
cipitate was filtered, washed with distilled wa-
ter and ethanol, and dried under vacuum over-
night then the as-prepared Ni-Sn(1.4)/A10H
was produced. The as-prepared Ni-
Sn(1.4)/Al10H sample then was reduced with H»
gas at 573, 673, 773, 873 K for 1.5 h and Ni-
Sn(1.4)/AA; AA = amorphous alumina was ob-
tained [30,31].

2.3 Catalyst Characterization

The bulk compositions of the catalysts were
determined by inductively coupled plasma-
atomic emission spectroscopy (ICP-AES), using
an SPS1700 HVR of SII instrument. Powder X-
ray diffraction was taken on a Mac Science
M18XHF instrument wusing monochromatic
CuKa radiation (A = 0.15418 nm). It was oper-
ated at 40 kV and 200 mA with a step width of
0.02° and a scan speed of 4° min-l. The for-
mation of Ni-Sn alloy for every sample was con-
firmed by ICDD standard data [32]. The mean
crystallite size of Ni-Sn was calculated from the
full width at half maximum (FWHM) of the
Ni3Snz(110) alloy diffraction peak according to
the Scherrer equation.

The BET surface area (Sser) and pore vol-
ume (V,) were measured using N2 physisorp-
tion at 77 K on a Belsorp Max (BEL Japan).
The samples were degassed at 473 K for 2 h to
remove physisorbed gases prior to the measure-
ments. The amount of nitrogen adsorbed onto
the samples was used to calculate the BET sur-

face area via the BET equation. The pore vol-
ume was estimated to be the liquid volume of
nitrogen at a relative pressure of approximate-
ly 0.995 according to the Barrett—Joyner—
Halenda (BJH) approach based on desorption
data.

The Hz uptake was determined by Hz chem-
isorption. After the catalyst was heated at 393
K under vacuum for 30 min, it was heated at
673 K under H: for 30 min and under vacuum
for 30 min, followed by evacuation to room tem-
perature for 30 min. The adsorption of Hs was
conducted at 273 K.

2.4 Catalytic Reactions

2.4.1 General Procedure for Hydrogenation of
FFald

Catalyst (0.05 g), FFald (1.1 mmol), and iso-
propanol (iso-PrOH) (3 mL) as solvent were
placed into a glass reaction tube, which fit in-
side a stainless-steel reactor. After Hz was in-
troduced into the reactor with an initial He
pressure of 3.0 MPa at room temperature, the
temperature of the reactor was increased to
453 K. After 75 min, the conversion of FFald
and the yield of FFalc were determined via GC
analysis. The Ni-Sn(1.4)/AA 673Hareq. catalyst
was easily separated using either simple cen-
trifugation or filtration.

2.4.2 Product Analysis

Gas chromatography (GC) analysis of the
reactant (FFald) and products (FFalc, THFalc)
was performed on a Perkin Elmer Autosystem
XL with a flame ionization detector with an In-
ertCap 225 (i.d. 0.25 mm, length 30 m, d.f. 0.25
mm) capillary column of GL Science Inc. Tokyo
Japan. Gas chromatography-mass spectrome-
try (GC-MS) was performed on a Shimadzu
GC-17B equipped with a thermal conductivity
detector and an RT-FDEXsm capillary column.
The products were confirmed by a comparison
of their GC retention time, mass spectra with
those of authentic samples.

The conversion, yield and selectivity of the
products were calculated according to the fol-
lowing equations:

F -F
Conversion = —2—Lx100% (1)
FO
Yield = —motproduct 4400, 2
consumed mol reactant
Selectivity = mol product x100% 3)

total mol products
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where F), is the introduced mol reactant
(furfural, FFald), F; is the remaining mol reac-
tant, and AF is the consumed mol reactant
(introduced mol reactant- remained mol reac-
tant), which are all obtained from GC analysis
using an internal standard technique.

3. Results and Discussion
3.1 Catalyst Characterization

The physicochemical properties of bulk and
supported NisSnz/y—Al203, and Ni-Sn(1.4)/AA
catalysts are summarized in Table 1. It can be
observed that Sger of bulk NisSnz was only 12
m2.g-1, while supported NisSnz/AA and Ni-
Sn(1.4)/AA were 95 m2.g! and 27 m2.gl, re-
spectively. The H: uptake of supported
NisSno/y-Al203 and Ni-Sn(1.4)/AA was 37
umol.g-1 and 32 umol.g1, respectively which is
higher than that the bulk (8.6 pmol.g™1). These
results suggest that higher dispersion of NizSnz
alloy particles on AA were formed as roughly
depicted in the average NisSn2(101) crystallite
sizes, which were 14.7 nm and 15 nm, respec-
tively (entries 2 and 3). These results are also
comparable to the previous results of Marakatti
[28], Komatsu [33], Agnelli [34].

To identify the formation of Ni-Sn alloy
phases in each sample, the XRD patterns of
each sample and crystallographic data were
compared with JCPDS card number of #35-

1362 for NisSn, #06-414 for NizSnz, #04-0850
for nickel metal, and #06-395 for tin metal/tin
oxide. The XRD patterns of bulk NisSno,
NisSno/y-Al203 as prepared, and Ni-Sn(1.4)/AA
as prepared and after reduction with Hz treat-
ment at 573-873 K are shown in Figure 1, Fig-
ure 2, and Figure 3, respectively. Multi-
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Figure 1. XRD patterns of bulk NisSng (a) as
prepared and after reduction with Ho at tem-
perature of (b) 573 K, (¢) 673 K, (d) 773 K, and
(e) 873 K for 1.5 h. The plotted data were com-
pared with JCPDS card of #06-414. (*) NisSn.

Table 1. Physico-chemical properties of bulk NisSns, supported NisSns/AA, and Ni-Sn(1.4)/AA catalysts
after reduction with Hs at 573-873 K for 1.5 h.

Composition® (mol%) and  Sserc H2 uptaked Crystallite

Entry Catalyst? [major alloy phase]c (m2.g 1) (umol.g™!) sizese® (nm)
1  Bulk NisSn:2 as prepared Nisg.95n40.1 70.3 nd na
2 Bulk NisSnz 573Harea. Nis9.98n40.1 [NizSnz] 9.7 nd 15.1
3  Bulk NizSns 673Hsrea. Nis9.9Sn40.1 [Ni3Sn2 91%] 12 8.6 17.0
4  Bulk NisSnz 773Hzrea. Nis9.05n40.1 [NisSnz] 2.1 6.1 26.5
5  Bulk NisSng 873Hared. Nis9.98n40.1 [NizSnz] 3.2 4.7 34.2
6  NiszSnz/y-Al2Os as prepared  Niso.o0Snao0.0 115 nd 8.9
7 NisSna/y-Al203 573Harea. Niso.0Sn40.0 79 nd 9.7
8  NisSna/y-AloO3 673Hozrea. Ni60.0Sn40.0 [Ni3Snz 90%] 120 37 11.4
9  NisSnz2/y-Al20s 773Hareq. Nis0.05n40.0 [N13Snz] 79 27 13.7
10 NisSna/y-AloO3 873Hzrea. Nis0.05n40.0 [Ni3Snz] 76 9.1 22.8
11 Ni-Sn(1.4)/A10H as prepared Niss.oSnossAlso.4 82 75 na
12 Ni-Sn(1.4)/AA 573Harea. Niz4.05n24.8Al40.4 nd nd 5.2
13 Ni-Sn(1.4)/AA 673Hsrea. Niz4.9Sn24.8Al40.4 [NisSn2 88%] 50 60 14.7
14 Ni-Sn(1.4)/AA 773Hsrea. Nizs.0Sn24.8Al40.4 [NizSnz 85%] 26 40 16.6
15 Ni-Sn(1.4)/AA 873Hzved. Nis4.9Sn24.8Al40.4 [NizSns] 27 36 28.4

aValue in the parenthesis is Ni/Sn molar ratio. ®The composition was determined by using ICP-AES. cBased on the crystallo-
graphic databases [32] and mol% of alloy component was calculated by Multi-Rietveld Analysis Program LH-Riet 7.00 method on
the Rietica software. <Determined by N2 adsorption at 77 K. dBased on the total Hs uptake at 273 K (noted after corrected for
physical and chemical adsorption). ¢<Caclulated by using Scherrer's equation on NizSn2(101). nd = not determined. na = not avail-
able.
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Rietveld Analysis Program LH-Riet on the Rie-
tica software was performed to the powder X-
ray diffraction patterns of bulk NisSn2 673Hayeq,
NisSnsa/y-Al20Os  673Hz2red, Ni-Sn(1.4)/AA
673Hs2red, and Ni-Sn(1.4)/AA 773Hszrea and it
was found that the amount of NizSns alloy spe-
cies was 91% (entry 3), 90% (entry 8), 88%
(entry 13), and 85% (entry 14), respectively.

In the case of the as prepared bulk NisSns
alloy (Figure 1), the broadened peaks at 20 of
30.5°, 34.4°, and 43.7° which are recognized as
NisSn2(101), NisSn2(002), NisSn2(102),
Ni3Sn2(110) alloy phases were observed (Figure
1(a)). After reduction with Hs at 573, 673, 773,
and 873 K, the diffraction peaks become inten-
sified and a series NisSnz alloy phase system
were formed with almost single phase. A small
peak at 20 of 39.3° was also observed which can
be assigned as NisSn(200) alloy phase [32].
These results suggest that the crystallite sizes
of NisSnz alloy particle become higher, as
roughly depicted from crystallite sizes of
NisSn2(101) which were 15.1 nm, 17.0 nm, 26.5
nm, and 34.2 nm, respectively (Table 1, entries
2-5). The specific surface area (Sser) and Hs up-
takes are also consistent with the average crys-
tallite sizes of NisSnz alloy, whereas both Sger
and Hz uptakes decreased significantly after re-
duction with Hz at 673-873 K.

For supported NisSna/y-AloOs samples, simi-
lar XRD profiles are also obtained for both the
as prepared and after reduction with Hs at 573-
873 K (Figure 2). For example, the crystal

i | 10000 cps

~
N
o
=
A
)

~
-
o
-
~

~(110)

Intensity

(c)

(b)

(a)

20 30 40 50 60 70 80
20/deg.

Figure 2. XRD patterns of supported NizSna/y-
Al203 (a) as prepared and after reduction with
H2 at temperature of (b) 573 K (c) 673 K, (d)
773 K, and (e) 873 K. The plotted data were
compared with JCPDS card of #06-414. (*)
NisSn.

growth of NizSnz(102) and NisSn2(110) was
easily observed as function of temperature as
well as Ni3Sn2(101). The average crystallite siz-
es of NizSnz2(101) were 8.9 nm (for the as pre-
pared) and increased to 9.7 nm, 11.4 nm, 13.7
nm, and 22.8 nm after reduction with Hs at
573, 673, 773, and 873 K, respectively. The
Seer and Hz uptakes also suggest that the con-
trolled annealing under H: atmosphere may
mainly affect to the physico-chemical proper-
ties of supported NizSna/y-Al2O3 as summarized
in Table 1 (entries 6-10).

In the case of Ni-Sn(1.4)/AA catalyst (Figure
3), the N1/Sn molar ratio of 1.4 was found to be
the best composition and demonstrated a high-
ly active and selective in the hydrogenation of
biomass-derived furfural and levulinic acid
have been reported previously [14,20,30]. It
can be observed that broadened peaks with
hardly to distinguish due to the overlapping of
diffraction peaks of Ni or bimetallic Ni-Sn alloy
were formed on the as prepared and H: treated
at 573 K. After Hz treatment at 673-773 K for
1.5 h, a series NisSn2 alloy phases were clearly
observed, and a broadened peak at 20 of 44.6°
was split up into two peaks which were easily
recognized as NisSn2(102) and NisSn2(110) al-
loy phases (Figure 3(c)-(d)). Further treatment
at higher temperature of 873 K, all diffraction
peaks intensified and small peaks at 20 of
39.3° and 43.0° which are assigned as
NizSn(200) and NizSn(002) alloy phases, re-
spectively, were also observed [32] (Figure

3(e)).
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Figure 3. XRD patterns of supported Ni-
Sn(1.4)/AA (a) as prepared, and after reduction
with H2 at temperature of (b) 573 K, (c) 673 K,
(d) 773 K, and (e) 873 K for 1.5 h. The plotted
data were compared with JCPDS card of #06-
414. (*) NisSn.
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The Sper and H2 uptakes decreased to al-
most in half after reduction with Hs at 673-873
K while the average crystallite sizes of
Ni3Sn2(101) increased gradually as the increase
of temperature (Table 1, entries 11-15). On the
other hand, the diffraction peaks of bayerite
and gibbsite completely disappeared after H:
treatment at 673 K, indicating the transfor-
mation of crystalline bayerite or gibbsite into
amorphous alumina which have no detectable
peaks in XRD analysis [35-37]. Additionally,
the diffraction peak of metallic Ni(200) and
Ni(220) species disappeared completely in the
as-prepared and observed after Hz treatment,
suggesting the formation of Ni-Sn alloy might
be selectively occurred on the surface of Ni(111)
rather than on the surface of Ni(200) or Ni(220)
[38-40].

The amount of acid sites (umol.g=1) of each
synthesized bulk NisSns 673Hared. and support-
ed alloy catalysts was measured by using am-
monia (NHs) as molecular probe as shown in
Figure 4 and the results are also summarized
in Table 2. Bulk NisSns 673H2red has amount of
acid sites of 133 umol.g-1, while amount of acid
sites of NisSnao/fy-AloO3 673Harea was 276
umol.g=! which is almost two times higher than
that of the bulk catalyst. Ni-Sn(1.4)/AA

Table 2. Results of total NH3 acidity bulk and
supported NisSns after reduction with H: at
673 K for 1.5 h.

Amount of acid

Entry Catalysta sites® (umol.g-1)
1 Ni3Snz 673H2red. 133
2 NisSna/y-Al2O3 673Horea. 276
3 Ni-Sn(1.4)/AA 673Harea. 346
4 Ni-Sn(1.4)/AA 873Harea. 117

dThe value in the parenthesis is Ni/Sn ratio, determined by
ICP-AES. sAmount of acid sites (umol g-!) was derived from
NHs-TPD spectra.

673H2rea has a maximum acid density (346
umol.g7l) and the acid density drastically
dropped to 117 umol.g™! after reduction with
H: at 873 K (entry 4). It can be suggested that
the acid density of supported NisSnz is likely
due to the great contribution of aluminium ox-
ide or aluminium hydroxide of support (Figures
4(a)-(d)) or which also depend on the atomic ar-
rangement in bimetallic Ni-Sn alloy crystal
forms [15,28,38]. The total acidity of each cata-
lyst is estimated from the desorbed amount of
NHs without further identification of acid
types, because it is difficult to distinguish the
weak, medium and strong acid sites from such
broad desorption peaks. The quantification re-
sults are summarized in Table 2.

(@)

NH, desorbed (a.u)

375 500 625 750 875 1000 1125
Temperature (K)

Figure 4. NHs-TPD of (a) bulk NisSn2 673Hsved,,
(b) NisSna/y-AloOs 673Hared, (¢) Ni-Sn(1.4)/AA
673H2rea., and (d) Ni-Sn(1.4)/AA 873Hrea.

Table 3. Results of FFald hydrogenation over the bulk and supported NisSnz catalysts after Hs treat-

ment at 673 K for 1.5 h.

Selectivity (%)

Entry Catalysta Conversion (%) Yield® (%)
FFalc THFalc
1 Bulk NisSns as prepared 49.8 27.4 86 14
2 Bulk NisSno 573Hsred. 96 57.5 82 18
3 NisSn2/y-Al203 as prepared 56.4 56.3 100 0
4 Ni3Sna/y-Al203 573Harea. 100 929.1 929 1
5 Ni-Sn(1.4)/AIOH as prepared 98 91 94 6
6 Ni-Sn(1.4)/AA 573Harea. 100 98 98 2

aThe value in the parenthesis is Ni/Sn molar ratio. Reaction conditions: FFald, 0.04 g (FFald/Ni ratio = ~15); iso-PrOH (3 mL);
Hs, 3.0 MPa, 453 K, 75 min. »Yield of FFalc, determined by GC using an internal standard technique.
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3.2 Catalytic Reactions
3.2.1 Furfural hydrogenation

Results for the selective hydrogenation of
FFald using bulk and supported NisSna alloy
catalysts are summarized in Table 3, and the
reaction pathways are shown in Scheme 1.
Over the as prepared bulk NisSng alloy cata-
lyst, FFald conversion was 49.8% with a furfu-
ryl alcohol (FFalc) yield of 27.4% or the selec-
tivity to FFalc and tetrahydrofurfuryl alcohol
(THFalc) were 86.2% and 13.8%, respectively
(Table 3, entry 1). After reduction with H: at
573 K, the conversion of FFald increased two
times (96%) with FFalc and THFalc selectivi-
ties of 82% and 18%, respectively (entry 2) un-
der the same reaction conditions.

Figure 5 shows the effect of temperature H2
reduction over bulk NisSn: alloy catalyst at the

Tetrahydrofurfuryl
aldehyde (THFald)

[0}
&
0 /H/ \ OH
ot Bulk & supported Ni-Sn(/. 5) (27)

\W/ 453 K, H, 3.0 MPa. 75 min
Furfural Tetrahydrofurfuryl
(FFald) \ o OH/ alcohol (THFalc)
\W/
Furfuryl alcohol
(FFalc)

Scheme 1. Reaction pathways of FFald hydro-
genation over the bulk and supported NisSne
alloy catalysts.
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Figure 5. Effect of temperature reduction with
H: on the conversion and selectivity in the se-
lective hydrogenation of furfural for bulk
NisSngz alloy catalysts. Reaction conditions:
FFald, 0.04 g (FFald/Ni ratio = ~15); iso-PrOH
(3 mL); Hz, 3.0 MPa, 453 K, 75 min.

temperature range of 573-873 K for 1.5 h. It
can be observed that high FFald conversion
was achieved over bulk NisSnz 573Hazwed. and
NisSne 673Hz:ea. catalysts with also high selec-
tivity to FFalc. In contrast, bulk NisSns re-
duced at 773 K (Ni3Sn2 773Hzreq) gave only 10%
FFald conversion with FFalc and THFalc selec-
tivities were 65% and 35% and further reduc-
tion at higher temperature (873 K) dropped the
FFald conversion (only 6%) as well as FFalc se-
lectivity. These results suggest that controlled-
annealing temperature in the preparation and
activation of bulk NisSnz alloy catalyst is sub-
stantially required to obtain high activity and
selectivity. Therefore, it can be concluded that
the optimized temperature for the preparation
bulk NisSns alloy catalyst was 673 K.

For the as prepared NisSna/y-Al203 catalyst,
FFald conversion was 56.4% with a FFalc yield
of 56.3% (almost 100% selectivity, Table 3, en-
try 3), whereas the as prepared Ni-
Sn(1.4)/A10H catalyst produced FFalc yield of
91% (entry 4). A remarkably high FFald con-
version (>99) and FFalc selectivity (98-99%)
were obtained when NisSng/y-Al2O3 573Hzred.
and Ni-Sn(1.4)/AA 573Hzeq. were used under
the same reaction conditions (Table 3, entries 4
and 6). The high conversion of FFald and the
high selectivity of FFalc over NiszSna/y-Al2Os
573Hsarea. and Ni-Sn(1.4)/AA 573Hzrea. may be
attributed to the relatively high dispersion of
Ni-Sn alloy on amorphous alumina giving rise
to active sites with a significantly higher cata-
Iytic activity. Further Hz reduction both the as
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B |—»FFauc
80 180
X 60} 160 &
S 2
2 2
g 40+ B 140 9
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Figure 6. Effect of temperature reduction with
H: on the conversion and selectivity in the se-
lective hydrogenation of furfural for supported
NisSne/y-Al20s alloy catalysts. Reaction condi-
tions: FFald, 0.04 g (FFald/Ni ratio = ~15); iso-
PrOH (3 mL); Hg, 3.0 MPa, 453 K, 75 min.
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prepared NisSns/y-Al:Os and Ni-Sn(1.4)/AI0H
at higher temperature c.a. 673-873 K resulted
higher crystallinity of NisSn2 alloy phase as in-
dicated by XRD patterns (Figures 2 and 3). In-
terestingly, both NisSna/AA and Ni-Sn(1.4)/AA
catalysts gave high FFald conversion and FFalc
yield as the increase of temperature Hs reduc-
tion up to 873 K (Figures 6 and 7). These re-
sults suggest that genuine structure of NizSns
alloy phase may have played prominent role in
the selective hydrogenation of C=0 rather than
C=C bonds of furfural. Resasco et al. have re-
ported that the selective hydrogenation of C=0
versus C=C in a,b-unsaturated aldehydes by
Pd-Cu alloy supported on silica was caused by
the preferential h2-coordination of C=0 to Pd
[41-43]. The similar results also were reported
recently upon bimetallic Pt-Sn catalyst system
that the most preferred configuration of is tilt-
ed with the O in C=0 group sitting on top of
the Sn site then facilitated effectively to high
selectivity toward FFalc [44].

3.2.2 Reusability Test

A reusability tests were performed on the
NisSnz/y-Al203  673Hzea. and  Ni-Sn(1.4)/AA
673H2:ea. catalysts and the results are shown in
Figure 8. The used NisSna/y-Al203 673Hoared. and
Ni-Sn(1.4)/AA 673Harea. catalysts were easily
separated by either simple centrifugation or fil-
tration after the reaction. The spent catalysts
were reuse directly without further treatment.

The activity and selectivity of NisSnz/y-Al2Os
673Hz2req. catalyst slightly decreased after the
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Figure 7. Effect of temperature reduction with
H: on the conversion and selectivity in the se-
lective hydrogenation of furfural for supported
Ni-Sn(1.4)/AA alloy catalysts. Reaction condi-
tions: FFald, 0.04 g (FFald/Ni ratio = ~15); iso-
PrOH (3 mL); He, 3.0 MPa, 453 K, 75 min.

fifth consecutive run in FFald hydrogenation.
The amount of Ni and Sn that leached into the
reaction solution for FFald hydrogenation was
1.8 mol% and 2.3 mol%, respectively after the
fifth run. In contrast, the activity and selectivi-
ty of Ni-Sn(1.4)/AA 673Hzred. maintained for at
least five consecutive runs with FFald conver-
sion of >95% and FFalc selectivity of >99%.
The amount of metals leaching into the reac-
tion solution in FFald hydrogenation were 0.78
mol% (Ni) and 1.5 mol% (Sn) after the fifth
run.

The stability of supported NisSnz/y-Al20s
673Hz2rea catalyst slightly less than that of Ni-
Sn(1.4)/AA 673H2rea. catalyst which were syn-
thesized from different nickel precursors. Con-
sequently, the later catalyst consists of the
mixture of Ni-Sn alloy phase (e.g., NisSnz) and
Ni(0) that may play prominent role in FFald
hydrogenation conditions [14,45]. Dumesic
[26], Komatsu [46,47], and Linic [40] have
shown that carbon tolerance of Ni-based cata-
lysts could be improved by synthesizing Ni-
containing surface alloys with the second elec-
tropositive metal of tin (Sn). XRD and Moss-
bauer spectroscopy studies suggested that Sn
migrates into the Ni particles to form interme-
tallic Ni1-Sn [48,49], metallic Sn will deposit
and diffuse on Ni particles at temperature 448-
498 K during chemical vapor deposition (CVD)
processes. Results of DFT studies also con-
firmed that during the formation of Sn/Ni sur-
face alloy, there is a favorable thermodynamic
driving force for Sn to displace Ni atom from

Bl Ni.Sn./r ALO,
100 - B Ni-Sn(1.4)/AA

80

60

40

Yield of FFalc (%)

20

Fifth run

Reaction run

Figure 8. Reusability test of NisSna/y-Al2Os
673Hared. and Ni-Sn(1.4)/AA 673Hareqa. catalysts
in FFald hydrogenation. Reaction conditions:
FFald, 0.04 g (FFald/Ni ratio = ~15); iso-PrOH
(3 mL); Hz, 3.0 MPa, 453 K, 75 min.

First run
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the step-edge sites which effectively repel C at-
oms from the low-coordinated step sites. Since
low-coordinated step sites have been proposed
to play a role in the nucleation and growth of
carbon deposits over Ni [39], this arrangement
of Sn atoms further lowers the tendency of the
alloy to form carbon deposits [48].

4. Conclusions

We described the controlled annealing of
both bulk and supported NisSns alloy catalysts
under hydrogen atmosphere at elevated tem-
perature of 573-873 K for 1.5 h. After reduction
with Hs at 573, 673, 773, and 873 K, the dif-
fraction peaks of a series NisSns alloy phase
systems were formed with almost single phase.
The crystallite sizes of NisSnz alloy particle be-
come higher, as roughly depicted from crystal-
lite sizes of Ni3Sn2(101). The specific surface ar-
ea (Seer) and H2 uptakes decreased significant-
ly after reduction with Hz at 673-873 K for both
bulk and supported NisSnz alloy. The con-
trolled-annealing temperature in the prepara-
tion and activation of bulk and supported
NisSnz alloy catalyst is substantially required
to obtain high activity and selectivity. The opti-
mized temperature for the preparation bulk
NisSn: alloy, NizsSna/y-Al2Os, and Ni-Sn(1.4)/AA
catalysts was 673 K and 573-773 K, respective-
ly and produced almost single phase NisSn2
with the best catalytic performance for the se-
lective hydrogenation of furfural to furfuryl al-
cohol. The activity and selectivity of Ni-
Sn(1.4)/AA 673H2ea. maintained for at least
five consecutive runs both in FFald hydrogena-
tion with FFald conversion of >95% and FFalc
selectivity of >99% which is relatively higher
stability than that of NisSna/y-Al2Os 673Hsred.
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