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Abstract

A very simple synthetic procedure was developed for the preparation of Ni-Sn alloy catalysts that were uti-
lised for chemoselective hydrogenation of furfural, producing furfuryl alcohol almost exclusively. The mix-
ture of nickel nanoparticles supported on aluminum hydroxide (R-Ni/AIOH) and a solution containing tin
was treated under hydrothermal condition, producing the as prepared nickel-tin alloy supported on alumi-
num hydroxide (Ni-Sn/AIOH). H: treatment at range of temperature of 673-873 K for 1.5 h to the as pre-
pared Ni-Sn/AIOH produced nanoporous Ni-Sn alloy catalysts. XRD patterns and SEM images revealed that
the formation of Ni-Sn alloy of NisSn and NisSnz phases and the transformation of crystalline gibbsite and
bayerite into amorphous alumina were clearly observed after H2 treatment at 873 K. The formation of the
Ni-Sn alloy may have played a key role in the enhancement of the chemoselectivity. © 2014 BCREC UNDIP.
All rights reserved
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1. Introduction

The chemoselective hydrogenation of the
C=0 bond in a,B-unsaturated ketones/aldehydes
has been extensively studied because the un-
saturated alcohols that the reaction forms are
important in the production of a variety of fine
chemicals [1]. The group-9 and group-10 metals,
such as Rh, Ir, Ni, Pd, and Pt, are well known to
generally hydrogenate the C=C bond more easi-
ly than the C=0 bond of a,8-unsaturated alde-
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hydes [2]. Despite extensive research [3-5], only
Ir-, Os-, and Pt-based catalysts have thus far
produced unsaturated alcohols [6-8]. To improve
the chemoselective hydrogenation of the C=0
group, the modification of the previously men-
tioned metals is necessary, i.e., the addition of
more electropositive metals [9] or the use of ox-
ide supports that strongly interact with the ac-
tive metals [10]. Although these modified cata-
lyst systems have been effective, catalyst prepa-
ration critically depends on the precise control
of the amounts of the second metal [11-13]. Re-
cently, the tin alloying of the platinum group
has been extensively studied and widely applied
in various chemical transformations [14,15]. Pt-
Sn/Si02 showed a higher selectivity towards
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furfuryl alcohol (FFalc) rather than Pt/SiOz in
the hydrogenation of furfural (FFald) [16,17].
Delbecq et al. suggested that an increase of the
charge density of Pt metal by the addition of hy-
perelectronic metals or by the formation of a
metal alloy could enhance the affinity towards
C=0 rather than the C=C bond to form unsatu-
rated alcohols in the hydrogenation of a,B-
unsaturated aldehydes [18,19]. However, pre-
cious metals, such as Pt, were utilised in these
catalyst systems. Therefore, alternative eco-
nomical and eco-friendly heterogeneous cata-
lysts that would ensure the preferred hydro-
genation of the C=0 group over C=C are highly
desired.

We recently have reported the chemoselec-
tive hydrogenation of FFald and various un-
saturated carbonyl compounds over Ni-Sn cata-
lysts both bulk and supported. The chemoselec-
tivity of Ni-Sn alloy catalysts in C=0 hydro-
genation could be controlled by changing the ad-
ditive amount of Sn [20,21]. In the present
work, we continue to describe the catalytic per-
formances of our Ni-Sn alloy catalysts that were
obtained according to the previous reported [20]
in the selective hydrogenation of FFald to
FFalc. The as prepared nickel-tin alloy support-
ed on aluminium hydroxide (Ni-Sn(1.0)/A10H;
1.0 = N1/Sn molar ratio) was intentionally treat-
ed by hydrogen gas at the range of temperature
of 573-873 K to confirm the formation of Ni-Sn
alloy phases. The effects of the formed Ni-Sn al-
loy phases on the activity and selectivity in hy-
drogenation of biomass-derived furfural at vari-
ous reaction conditions were studied.

2. Materials and Methods
2.1. Materials

Raney Ni-Al alloy (50 %wt of Ni and 50 %wt
of Al) Kanto Chemical Co. Inc.), NaOH (WAKO,
97%), and SnCl22H20 (WAKO, 99.9%) were
purchased and used as received. All organic
chemical compounds were purified using stand-
ard procedures prior to use.

2.2, Catalyst preparation
2.2.1. Synthesis of R-Ni/A1OH

Typical procedure of the synthesis of Raney
nickel supported on aluminium hydroxide cata-
lyst (denoted as R-N1/AIOH) is described as fol-
lows [20, 22, 23]: Raney Ni-Al alloy powder (1.0
g) was slowly added to a dilute aqueous solu-
tion of NaOH (0.31 M, 8 ml) at room tempera-
ture. The temperature was raised to 363 K and
1 ml of 3.1 M NaOH solution was subsequently

added and stirred for 30 min. The mixture was
placed into a sealed-Teflon autoclave reactor
for hydrothermal treatment at 423 K for 2 h.
The resulting precipitate was filtered, washed
with distilled water until filtrate was neutral-
ized, and then stored in water. The catalyst
was dried under vacuum before the catalytic re-
action.

2.2.2. Synthesis of Ni-Sn/A1OH

Typical procedure of the syntheses of nickel-
tin alloy supported on aluminium hydroxide
(denoted as Ni-Sn(1.0)/A10H, 1.0 is N1/Sn ratio)
is described as the follows [20]. R-Ni/AlOH that
was obtained from the above procedure (Section
2.2.1) was mixed with a solution that contained
3.96 mmol SnClz2H20 at room temperature
and stirred for 2 h. The mixture was placed in-
to a sealed-Teflon autoclave reactor for the hy-
drothermal treatment at 423 K for 2 h. The re-
sulting precipitate was filtered, washed with
distilled water, and dried under vacuum over-
night. The as prepared nickel-tin alloy support-
ed on aluminium hydroxide (Ni-Sn(1.0)/A10H;
1.0 = Ni/Sn molar ratio) was intentionally
treated by hydrogen at the range of tempera-
ture of 673-873 K and produced the Ha-treated
Ni-Sn alloy (denoted as Ni-Sn(1.0); 1.0 = Ni/Sn
molar ratio).

2.2.3. Catalyst characterization

Powder X-ray diffraction (XRD) measure-
ments were recorded on a Mac Science
M18XHF instrument using monochromatic
CuKa radiation (1 =0.15418 nm). The XRD was
operated at 40 kV and 200 mA with a step
width of 0.02° and a scan speed of 4 °/min (al =
0.154057 nm, a2 = 0.154433 nm). Inductively
coupled plasma-atomic emission spectroscopy
(ICP-AES) measurements were performed on
an SPS 1800H plasma spectrometer by Seiko
Instruments Inc. Japan (Ni: 221.7162 nm and
Sn: 189.898 nm). The BET surface area (Sgzr)
and pore volume (V,) were measured using Ns
physisorption 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
measurement. The amount of nitrogen ad-
sorbed onto the samples was used to calculate
the BET surface area via the BET equation.
The pore volume was estimated to be the liquid
volume of nitrogen at a relative pressure of ap-
proximately 0.995 according to the Barrett—
Joyner—Halenda (BJH) approach based on de-
sorption data [24]. Scanning electron microsco-
py (SEM) images of the synthesised catalysts
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were taken on a JEOL JSM-610 SEM after the
samples were coated using a JEOL JTC-1600
autofine coater.

The H: uptake was determined through ir-
reversible Hz chemisorption. After the catalyst
was heated at 393 K under vacuum for 30 min,
it was heated at 673 K under Hz for 30 min.
The catalysts were subsequently cooled to room
temperature under vacuum for 30 min. The Hy
measurement was conducted at 273 K, and Hos
uptake was calculated according to the method
described in the literature [25,26].

2.4. Catalytic reaction

Catalyst (0.05 g), FFald (1.1 mmol), and iso-
PrOH (3 ml) as solvent were placed into a glass
reaction tube, which fitted inside a stainless
steel reactor. After H2 was introduced into the
reactor with an initial Hz 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(1.5) catalyst was easily separated using ei-
ther simple centrifugation or filtration. The sol-
vent was removed in vacuo, and the residue
was purified via silica-gel column chromatog-
raphy

3. Results and Discussion
3.1. Catalyst characterization

The bulk compositions of the synthesised
Ni-Sn(1.0) alloy catalysts before and after H2
treatment are summarised in Table 1. The
loading amount of Sn in the as prepared Ni-
Sn(1.0)/AIOH is 3.96 mmol g-! which is almost
equal to the amount of Ni metal (entry 1). No
change of the amount metals both Ni and Sn
was observed after Hz treatment at 673 K for
1.5 h (entry 2).

Table 1. Chemical compositions of the synthe-
sised Ni-Sn(1.0) alloy catalysts before and after
H: treatment

BET specific surface area, total pore volume,
and average pore diameter are summarised in
Table 2. With the increase of temperature of Hs
treatment from 673 K to 873 K, BET specific
surface area increased drastically from 26 m?2 g
1 to 126 m2 g1 (entries 2 and 4) which was com-
parable to the previous results for Ni-
Sn(1.5)/AI0H alloy catalyst [21]. Interestingly,
total pore volume and pore diameter also in-
creased that reflected the formation of na-
nosized pores during the elevated temperature
under H2 atmosphere.

H: uptake and the active surface of Ni (Sm)
that were obtained from reversible Hz chemi-
sorption and the results are summarised in Ta-
ble 3. As the increase of temperature from 673
K to 873 K, H2 uptake decreased slightly from
66 mmol g1 to 56 mmol g'! (entries 2 and 4). Ac-
tive surface of Ni (Sni) also decreased as the in-
crease of temperature of Ho treatment. The Ho
uptake and Snj of the synthesised Ni-Sn(1.0) al-
loy catalysts is much higher than that of the
previous results for Ni-Sn(1.5) supported on the
various inorganic supports and the bulk Ni-
Sn(1.5) catalysts [21]. We suggested that the
high H: uptake and Sni of the present Ni-
Sn(1.0) alloy catalysts due to the high disper-
sion both Ni metal and Ni-Sn alloy species.

The XRD patterns of the as prepared Ni-
Sn(1.0)/AIOH and Ha-treated Ni-Sn(1.0) cata-
lysts are shown in Figure 1. Ni-Sn(1.0)/A10H
showed the sharp diffraction peaks at 20 =
18.26°, 27.8°, and 40.54° that were recognised
to bayerite and at 20 = 18.7°, 20.36°, 36.66°,
37.760 and 53.18° which were assigned to gibbs-
ite (Figure 1a) [27]. After Hs treatment at 673
K, the evolution of Ni-Sn phase formation was

Table 2. BET surface area (Saer), total pore
volume (V,), and average pore diameter (dporc)
for Ni-Sn(1.0) before and after Hz treatment at
673-873 K

LA of Ni® LA of Sn®

(mmol g.l) (mmolg'l) Nl/Al Sn/Al

Entry  Catalyst®

Ni-Sn(1.0)/
1 AOH 3.78 396 0.69 0.72
2¢  Ni-Sn(1.0) 3.78 396 0.69 0.72

a The value in the parenthesis is Ni/Sn molar ratio

b LA=loading amount of Ni or Sn, determined by ICP-
AES

¢ Molar ratio, determined by ICP-AES. dafter H:
treatment at 673 K for 1.5 h

yb
a Temp Of Hz SBETb p3 - dporec
Entry  Catalyst treatment (K) (m’g™) (CIP) & (nm)
Ni-
Sn(1.0)/Al  as prepared 72 0.039 2.8
OH
Ni-Sn(1.0) 673 26 0.040 4.9
Ni-Sn(1.0) 773 61 0.086 5.7
4 Ni-Sn(1.0) 873 126 0.079 5.6

a The value in the parenthesis is Ni/Sn molar
ratio

b Determined by N2 adsorption at 77 K

¢ Calculated according to BJH approach
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observed at 206 of 30.3°, 38.6°, 43.5°, 44.6° and
44.8c that recognised as NizSn2(101),
Ni3Sn(102), NisSn2(110), and NisSn(201), re-
spectively [27] (Figure 1b). On the other hand,
the diffraction peaks of bayerite and gibbsite
completely disappeared after Ho treatment at
673 K indicating the transformation of crystal-
line bayerite or gibbsite into amorphous alumi-
na which have no detectable peaks in XRD
analysis [28,29]. In addition, the diffraction
peaks of Ni metal at 26 of 51.6° and 76.2° corre-
sponding to Ni(200) and Ni(220) were also ob-
served. The formation of Ni-Sn alloy phases
such as NisSn and NisSn2 was clearly observed
and intensified after Hz treatment at 773 K and
873 K for 1.5 h (Figure 1c and 1d).

Table 3. H: chemisorption results for Ni-
Sn(1.0) alloy catalyst before and after H2 treat-
ment at 673-873 K

Temp. of b b 2 -
Entry Catalyst” H, treat- I(lemugfak_f) SN‘l (Iil &
ment (K) \HMOTE et
Ni- as pre-
! Sn(1.0)/AIOH pared & 48.0
2 Ni-Sn(1.0) 673 66 32.1
3 Ni-Sn(1.0) 773 59 24.4
4 Ni-Sn(1.0) 873 56 21.3

a The value in the parenthesis is Ni/Sn molar ratio.
b Based on total Hz uptake at 273 K (noted after cor-
rected for physical and chemical adsorption)

*NiSn @ Bayerite
6000 cps & © Nfs Sn, O Gibbsite
¥ Ni metal

+ B-Sn

Intensity

20 30 40 50 60 70 80

20/CuKa (degree)

Figure 1. XRD patterns of Ni-Sn(1.0) before
and after Ho treatment; (a) as-prepared, (b) 673
K (c) 773, and (d) 873 K.

Scanning electron microscopy (SEM) images
for Ni-Sn(1.0)/A10H before and after Hz treat-
ment revealed that the morphological differ-
ences between the as-prepared and Hz-treated
samples are readily visible in the Figure 2. The
as-prepared Ni-Sn(1.0)/A10H is constituted by
Ni-rich angular particles and irregularly ori-
ented Al-rich crystal-like particles. Besides the
spongy morphology of Ni, the Al-rich region
contains hexagonal prismatic rods and spiral
crystals constructed by plates stacking perpen-
dicular to the longitudinal axis, which are char-
acteristic morphologies of gibbsite and bayerite,
respectively (Figure 2a) [30-32]. The character-
istic morphologies of Al-rich region were main-
tained and become more rigid after Hs treat-
ment at 873 K (Figure 2b).

3.2. Hydrogenation of furfural

Results of the selective hydrogenation of
FFald using supported Ni-Sn(1.0) alloy cata-
lysts are summarised in Table 4 and the reac-
tion pathways are shown in Scheme 1. It can be
observed that by using the as prepared Ni-
Sn(1.0)/AIOH catalysts, FFalc yield was 91 %
while tetrahydrofurfuryl alcohol (THFalc) yield
was 6 %, respectively (entry 1). After Ho treat-
ment at 673 K for 1.5 h, Ni-Sn (1.0)/AIOH cata-

d _=28nm
pore

r /nm
P

Figure 2. SEM images and average pore diame-
ter of Ni-Sn(1.0) (a) as-prepared and after H:
treatment at (b) 873 K for 1.5 h.
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tetrahydrofurfuryl
aldehyde (THFald)

W

N

/ O
Ni-Sn(1.0) alloy cat.
453 K, H, 3.0 MPa

0]

0
E/)ﬁ\o D—\OH

furfural tetrahydrofurfuryl
(FFald) @j alcohol (THFalc)
OH
furfuryl alcohol
(FFalc)

Scheme 1. Reaction pathways of FFald hydro-
genation by supported Ni-Sn (1.0) alloy catalyst

Table 4. Results of FFald hydrogenation over
various Ni-Sn alloy catalysts

Temp. of . Se- TOF
Entry Catalysta Ho treat- C(()Or);] El(e;/lc)l lect.c  sd/h
ment (K) " (%)
Ni- as pre
1 Sn(1.0)/Al Pré= 97 97 916) 39
OH pared
Ni- 39
2 Sn(1.0) 673 >99 90 90(10)
R-
8 NUAIOH . >99 0 0(100)
4 Sn/AIOH 673 0 0 0

a The value in the parenthesis is Ni/Sn molar ratio. Reaction
conditions: FFald, 1.1 mmol (FFald/Ni ratio=15); iso-PrOH (3
mL); Hs, 3.0 MPa, 453 K, 75 min.

b Yield of FFalc, determined by GC using an internal standard
technique.

¢ Selectivity to FFalc. The value in the parenthesis is the se-
lectivity to THFalc.

d Turnover frequency, calculated based on the mole of FFalc
to the amount of active Ni metal per hour

lyst gave 90 % and 10 % yields of FFalc and
THFalc, respectively (entry 2). On the other
hand, R-Ni/AIOH converted FFald to give >99%
THFalc (entry 3), indicating that R-Ni/AIOH
hydrogenated both C=C and C=0 of FFald.
Moreover, Sn/AIOH was not active as catalysts
and did not produce the hydrogenated products
under the same conditions (entry 4). Therefore,
we conclude that the formation of a Ni-Sn alloy
may facilitate in the adsorption mode of the
FFald molecule through the C=0 group, giving
rise to much higher yields and selectivity of
FFalc rather than THFalc. These results are
consistent with the fact that no tetrahydro-
furfuryl aldehyde (THFald) was observed in all
the catalytic results. Therefore, we speculate
that FFald hydrogenation by Ni-Sn/AIOH cata-
lysts does not proceed via THFald due to the
formation of the Ni-Sn alloy (Scheme 1)

The Ha-treatment of the as prepared Ni-

100+ 4100
OConv.B 9 Q
Lz]
80} FFalc 180

=]
X
E 60+ 160
> £
°° <)
g a0} ./O/T,;‘ lao ©
o

O I I

0
600 700 800 900

Temp. of H, treatment/K

Figure 3. Effect of Hz treatment on conversion,
yield, and TOF. Reaction conditions: FFald, 1.1
mmol (FFald/Ni ratio = 15); iso-PrOH (3 ml);
Hs, 3.0 MPa, 453 K, 75 min

Sn(1.0)/AIOH at various temperatures and
evaluation of its catalytic performances in fur-
fural hydrogenation were carried out. The con-
version, yield, selectivity, and turn over fre-
quency (TOF) as a function of temperature of
Hs treatment are shown in Figure 3.

FFald was completely converted into FFalc
(>99 % yield) whereas THFalc was retained
(~1.0 % yield) after Hs treatment at 773 K. On
the other hand, TOFs slightly increased as an
increasing of temperature and retained at 45
h-1 at 773 K. These results are consistent with
the previous works that the formation of alloy
phases such as NisSn and NisSn2 are believed
to be responsible for the high chemoselectivity
towards C=0 bond [20,21].

4. Conclusions

Nanoporous Ni-Sn alloy catalysts have been
successfully synthesised by simple procedure.
The catalysts exhibited highly active and
chemoselective for hydrogenation of furfural
produced furfuryl alcohol almost exclusively.
The formation of the Ni-Sn alloy possibly plays
a key role in the enhancement of the chemose-
lectivity.

Acknowledgments

Rodiansono would like to express thank to Dr.
Eng. Indri Badria Adilina for the kind help in
measurement and valuable discussion of 1H
and 13C NMR analyses.

Copyright © 2014, BCREC, ISSN 1978-2993




Bulletin of Chemical Reaction Engineering & Catalysis, 9 (1), 2014, 58

References

(1]

Falbe, J., Bahrmann, H., Lipps, W., Meyer,
D., in Ullmanns encyclopedia of industrial
chemistry, Wiley-VCH Verlag GmbH & Co.
2005. Vol. 11, pp. 21.

Fujita, S.I., Sano, Y., Bhanage, B.M., Arai,
M. (2004). Supported liquid-phase catalysts
containing ruthenium complexes for selective
hydrogenation of a, B-unsaturated aldehyde:
importance of interfaces between liquid film,
solvent, and support for the control of product
selectivity. J. Catal. 225: 95-104.

Claus, P. (1998). Selective hydrogenation of
a,b-unsaturated aldehydes and other C=0
and C=C bonds containing compounds. Top.
Catal. 5:51-62.

Gallezot, P., Richard, D. (1998). Selective hy-
drogenation of a,B-unsaturated aldehydes.
Catal. Rev. Sci. Eng. 40: 81-126.

Maiki-Arvela, P., Hajek, J., Salmi, T., Yu.
Murzin, D. (2005). Chemoselective hydrogena-
tion of carbonyl compounds over heterogene-
ous catalysts. Appl. Catal. A. 292: 1-49.

Bianchini, C., Farnetti, E., Graziani, M., Nar-
din, G., Vacca, A., Zanobini F. (1990). Elec-
tron-rich iridium complexes with mixed-donor
polydentate ligands: chemoselective catalysts
in hydrogen-transfer reduction of a,b-
unsaturated ketones. J. Am. Chem. Soc. 112:
9190-9197.

Kaspar, J., Graziani, M., Escobar, G.P.,
Trovarelli, A. (1992). Chemoselective hydro-
genation of unsaturated carbonyl compounds
over groups 8 and 9 titania-supported metal
catalysts. J. Molec. Catal. 72: 243-251.

De bruyn, M., Coman, S., Bota, R., Parvules-
cu, V.I., De Vos, D.E., Jacobs, P.A., (2003).
Chemoselective reduction of complex a,b-
unsaturated ketones to allylic alcohols over
Ir-metal particles on b-zeolites. Angew. Chem.
Int. Ed. 42: 5333-5336.

Sachtler, W.M.H., Van Santen, R.A. (1977).
Surface composition and selectivity of alloy
catalysts. Adv. Catal. 26: 69-119.

Dandekar, A., Vannice, M.A. (1999). Cro-
tonaldehyde hydrogenation on Pt/TiO2 and
Ni/TiO2 SMSI catalysts. JJ. Catal. 183: 344-
354.

Clarke, J.K.A. (1975). Selectivity in catalysis
by alloys. Chem. Rev. 75: 291-305.

Ferrando, R., Jellinek, J., Johnston, R.L.
(2008). Nanoalloys: From theory to applica-
tions of alloy clusters and nanoparticles.
Chem. Rev. 108: 846-910.

Jiang, H.L., Xu, Q. (2011). Recent progress in
synergistic catalysis over heterometallic na-

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

noparticles. J. Mater. Chem. 21: 13705-13725.

Arana, J., Ramirez de la Piscina, P., Llorca,
L., Sales, J., Homs, N. (1998). Bimetallic sili-
ca-supported catalysts based on Ni-Sn, Pd-Sn,
and Pt-Sn as materials in the CO oxidation
reaction. Chem. Mater. 10: 1333-1342.

Santori, G.F., Casella, M.L., Ferretti, O.A.
(2002). Hydrogenation of carbonyl compounds
using tin-modified platinum-based catalysts
prepared via surface organometallic chemis-
try on metals (SOMC/M). J. Molec. Catal. A.
186: 223-239.

Merlo, B., Vetere, V., Ruggera, J.F., Casella,
M.L. (2009). Bimetallic PtSn catalyst for the
selective hydrogenation of furfural to furfuryl
alcohol in liquid-phase. Catal. Commun. 10:
1665-1669.

Vetere, V., Merlo, A.B., Ruggera, J.F., Casel-
la, M.L. (2010). Transition metal-based bime-
tallic catalysts for the chemoselective hydro-
genation of furfuraldehyde. J. Braz. Chem.
Soc. 21: 914-920.

Delbecq, F., and Sautet, P. (1995). Competi-
tive C=C and C=0 adsorption of a,b-
unsaturated aldehydes on Pt and Pd surfaces
in relation with the selectivity of hydrogena-
tion reactions: A theoretical approach. J.
Catal. 152: 217-236.

Delbecq, F., and Sautet, P. (2003). Bimetallic
PtSn catalyst for the selective hydrogenation
of furfural to furfuryl alcohol in liquid-phase.
J. Catal. 220: 115-126.

Rodiansono, R., Hara, T., Ichikuni, N., Shima-
zu, S. (2012). A novel preparation method of
Ni-Sn alloy catalysts supported on aluminium
hydroxide: Application to chemoselective hy-
drogenation of unsaturated carbonyl com-
pounds. Catal. Lett. 41(8): 769-771.

Rodiansono, R., Hara, T., Ichikuni, N., Shima-
zu, S. (2012). Highly efficient and selective
hydrogenation of unsaturated carbonyl com-
pounds using Ni—Sn alloy catalysts. Catal.
Sci. Technol. 2: 2139-2145.

Rodiansono, R., Shimazu, S. (2013). Effective
production of sorbitol and mannitol from sug-
ars catalyzed by Ni nanoparticles supported
on aluminium hydroxide. Bull. Chem. React.
Eng. Catal. 8(1): 40-46.

Petro, J., Béta, A., Laszlo, K., Beyer, H., Ka-
Iman, E., Dédony, 1. (2000). A new alumina-
supported, not pyrophoric Raney-type Ni-
catalyst. Appl. Catal. A: Gen. 190: 73-86.

Lowell, S., Shields, J.E., Thomas, M.A,,
Thommes, M., Characterization of porous sol-
ids and powders: surface area, pore size and
density, Kluwer Academic Publishers, Nether-
lands, 2004, Chapter 8.

Copyright © 2014, BCREC, ISSN 1978-2993




(29]

Bulletin of Chemical Reaction Engineering & Catalysis, 9 (1), 2014, 59

Bartholomew, C.H., Pannel, R.B., Butler J.L.
(1980). Support and crystallite size effects in
CO hydrogenation on nickel. J. Catal. 65: 335-
3417.

Bartholomew, C.H., Pannel, R.B. (1980). The
stoichiometry of hydrogen and carbon monox-
ide chemisorption on alumina- and silica-
supported nickel. J. Catal. 65: 390-401.

Powder diffraction file, JCPDS-International
center for diffraction data (ICDD), 1991.

Vaidya, S.D., Thakkar, N.V. (2001). Study of
phase transformations during hydration of
rho alumina by combined loss on ignition and
x-ray diffraction technique. J. Phys. Chem.
62: 977-986.

Wittmann, Z.S., Kantor, E., Belafi, K., Pe-
terfy, L., Farkas, L.P. (1992). Phase composi-
tion analysis of hydrous aluminium oxides by
thermal analysis and infrared spectrometry.
Talanta. 39: 1583-1586.

(30]

(31]

(32]

Sweegers, C., de Coninck, H.C., Meekes, H.,
van Enckevort, W.J.P., Hiralal, I.D.K., Rijke-
boer, A. (2001). Morphology, evolution and
other characteristics of gibbsite crystals
grown from pure and impure aqueous sodium
aluminate solutions. J. Cryst. Growth 233:
567-582.

Sweegers, C., de Coninck, H.C., Meekes, H.,
van Enckevort, W.J.P., Hiralal, I.D.K., Rijke-
boer, A. (2002). Surface topography of gibbs-
ite crystals grown from aqueous sodium alu-
minate solutions. Appl. Surf. Sci. 187: 218-
234.

Lefevre, G., Fedoroff, M. (2002). Synthesis of
bayerite (h-Al(OH)s) microrods by neutraliza-
tion of aluminate ions at constant pH. Mater.
Lett. 56: 978-983

Copyright © 2014, BCREC, ISSN 1978-2993




