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Ruthenium Ru-B-C/SBA-15 obtained via the same process but using RuCls as the metal source. The as-prepared
Boron Ru-B-X/SBA-15 delivered catalytic activity up to seven times greater than that associated with the
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be used repetitively 11 times without significant deactivation.
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1. Introduction line counterparts [4,5]. Ru-based amorphous alloy has proved

to be a potential alternative to Raney Ni in selective hydrogena-

Hydrogenation of maltose to maltitol (Scheme 1) is of great
importance because of the potential application of maltitol as a
sugar substitute in modern nutrition, in diabetic food, and as an
intermediate for pharmaceutical production [1]. Presently,
Raney Ni is used in this industrial process [2]. However, the
leaching of nickel during hydrogenation and the poor selectivi-
ty to maltitol make this catalyst less profitable. A refilling of the
catalyst and a purification of product to remove residual Ni and
other byproducts are necessary, which eventually increase the
overall cost [3]. Amorphous alloys, metastable materials with
long-range disordered but short-range ordered structure, have
attracted growing attention from both academia and industry
because of their superior catalytic properties to their crystal-

tions of benzene to cyclohexene [6], glucose to sorbitol [7], and
maltose to maltitol [8]. Generally, Ru-B amorphous alloy was
prepared by the reduction of Ru3+ with BH4 in aqueous solu-
tion [4]. However, vigorous and exothermic reactions between
metallic ions and BH4 usually induce particle aggregation,
thereby reducing catalytic activity. Recently, we have devel-
oped an approach to synthesizing monodispersed Ru-B amor-
phous alloy through ultrasound-assisted chemical reduction of
(NH4)2RuCls with BH4™ in aqueous solution [9]. The coordina-
tion of halide ligands to Ru3* resulted in the formation of ul-
trafine Ru-B amorphous alloy with high dispersion, which ex-
hibited much higher catalytic activity relative to the Ru-B pre-
pared by reduction of Ru3+ with BH4". However, their industrial
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Scheme 1. Catalytic hydrogenation of maltose to maltitol.

application is still limited because of the high cost of Ru, as well
as the low surface area and poor thermal stability of Ru-B
amorphous alloy. The development of supported Ru-B amor-
phous alloy catalysts with improved thermal stability seems a
promising option.

Because of high surface areas, ordered pore channel, and
uniformity in pore size, highly ordered mesoporous materials
can act as promising carriers for depositing amorphous alloy
nanoparticles [10]. However, the supported amorphous alloy
made with pure mesoporous silica wusually exhibits
non-uniform distribution and even blockage of the pore en-
trance, which eventually limits the activity. Although the metal
dispersion can be improved through the modification of the
surface of mesoporous silica (SBA-15) with hydrophobic func-
tional groups [11], this approach involves a complicated prep-
aration process. With the aim of designing powerful catalysts
for maltose hydrogenation to maltitol, we report the synthesis
of supported Ru-B amorphous alloy through ultra-
sound-assisted incipient wetness infiltration of (NH4)2RuCls
into SBA-15 and a subsequent reduction with BHa. This product
exhibited much higher activity and improved durability than
the conventionally prepared Ru-B amorphous alloys during
maltose hydrogenation. The correlation of the catalytic per-
formances to the structural properties has been tentatively
established.

2. Experimental
2.1. Catalyst preparation

SBA-15 silica was synthesized according to the method re-
ported by Zhao et al. [12]. The supported Ru-B catalyst was
prepared by the following procedure. SBA-15 (1.0 g) was im-
pregnated with 8 ml of (NH4)2RuCls aqueous solution (0.062
mol/L), which was sonicated for 2 h with an ultrasonic bath (60
W). After being calcined at 473 K for 2 h, 1.5 ml of KBH4 aque-
ous solution (2.0 mol/L) was added dropwise at 273 K and was
stirred continuously until no bubbles were released. The solid
was washed free from Cl- and K* ions with deionized water
until a pH~7 was achieved. The as-prepared Ru-B sample was
denoted as Ru-B-X/SBA-15, with X representing the metal
source, [RuCls]2- complexes.

For comparison, the reference Ru-B catalysts were prepared
through the conventional method. Unsupported Ru-B amor-
phous alloy was prepared by direct reduction of RuClz with
BH4", which was denoted as Ru-B-C. Supported Ru-B amor-
phous alloy was prepared by the same process as described
above for Ru-B-X/SBA-15, except that RuCls was used as the
metal source and was denoted as Ru-B-C/SBA-15. Raney Ni

was commercially available and was used without further
treatment.

2.2. Catalyst characterization

The bulk composition was analyzed by means of inductively
coupled plasma optical emission (ICP, Varian VISTA-MPX). The
amorphous structure was investigated by both X-ray diffraction
(XRD, Rigaku D/Max-RB with Cu K, radiation) and select-
ed-area electronic diffraction (SAED, JEOL JEM-2100). The
crystallization process was followed by differential scanning
calorimetry (DSC, Shimadzu DSC-60) under an N2 atmosphere
at the heating rate of 10 K/min. The surface morphology and
the particle size were observed by transmission electron mi-
croscopy (TEM, JEOL JEM-2100). The surface electronic states
were investigated by X-ray photoelectron spectroscopy (XPS,
ULVAC-PHI PHI5000 VersaProbe using Al K, radiation), during
which all Ru-B samples were dried and pretreated in situ in
pure Ar atmosphere to avoid oxidation. The active surface area
(Aact) was measured by hydrogen chemisorption on a Mi-
cromeritics AutoChem II 2920 system assuming H/Ru(s) = 1
and a surface area of 6.1 x 10-20 m2 per Ru atom.

2.3. Activity test

The liquid-phase hydrogenation of maltose was performed
at 3.0 MPa of Hz pressure and 373 K in a 200-ml stainless steel
autoclave with a Teflon tube to avoid metal contamination, in
which Ru (0.05 g, 0.5 mmol) and a maltose aqueous solution
(40% w/w in 50 ml H20) were well mixed. According to the
drop of the Hz pressure in the autoclave with reaction time,
both the specific activity (the Hz uptake rate per gram of Ru,
Rym, mmol/(h-g)) and the intrinsic activity (the Hz uptake rate
per m2of Ru, RuS, mmol/(h-m?)) were calculated using the ideal
gas equation. After reaction for 0.5 h, the reaction products
were analyzed in a liquid-phase chromatograph (Agilent 1100)
equipped with a carbohydrate column (CARBOSep, Core-
gel-87C) and a refractive index detector at 353 K with water as
the movable phase at 0.6 ml/min. Preliminary kinetic studies
revealed the following: that there was a plateau in the depend-
ency of the reaction initial rate when the stirring rate was
above 1000 r/min; and that the reaction initial rate varied lin-
early with the catalyst amount from 0.1 to 2.0 g, indicating that
the stirring rate of 1200 r/min was high enough that the hy-
drogenation rates were independent of mass transfer.

3. Results and discussion

3.1. Catalyst characterization
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Fig. 1. Wide-angle XRD patterns of catalysts. (1) Ru-B-X/SBA-15; (2)
Ru-B-C/SBA-15; (3) Ru-B-C.

The wide-angle XRD patterns (Fig. 1) demonstrated that,
besides a broad peak around 26 = 22¢ corresponding to amor-
phous SiOz, both Ru-B-X/SBA-15 and Ru-B-C/SBA-15 displayed
only one broad peak around 26 = 45¢ indicative of the typical
amorphous structure [7]. Figure 2 shows the XPS spectra of the
as-prepared supported Ru-B catalysts. Because the core-level at
Ru 3d3,2 was overlapped with that of C 1s [13], the core-level at
the Ru 3ds,2 peak was chosen to determine the electronic state
of the Ru species. Only one peak with the binding energy (BE)
at ca. 280.0 eV was observed in the Ru 3ds/2 level, indicating
that almost all the Ru species were present as the metallic state
in both samples [14]. However, the B species were present in
both the elemental B and the oxidized B, with B 1s BE values of
around 188.3 and 192.9 eV. The B 1s BE of the elemental B in
either Ru-B-X/SBA-15 or Ru-B-C/SBA-15 exceeded that of pure
B (187.1 eV) [15] by 1.2 eV, further indicating that the ele-
mental B is alloyed with the metallic Ru. In alloys, partial elec-
trons may be transferred from B to Ru, as has been detected in
other M-B samples [15]. The failure in observing the BE shift of
the metallic Ru can be understood by considering its relatively
greater atomic weight compared with the B atom [15]. The
combined results from both the XPS and the aforementioned
XRD  demonstrated that both Ru-B-X/SBA-15 and
Ru-B-C/SBA-15 were present in the Ru-B amorphous alloys.
Although ICP analysis demonstrated that Ru-B-X/SBA-15 dis-
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Fig. 3. DSC curves of catalysts. (1) Ru-B-C; (2) Ru-B-C/SBA-15; (3)

Ru-B-X/SBA-15.

played a similar bulk composition to Ru-B-C/SBA-15 (see Table
1), the XPS analysis revealed that Ru-B-X/SBA-15 exhibited a
higher surface molar ratio of the alloying B to the metallic Ru
(19/81) than Ru-B-C/SBA-15 (12/88), which was similar to
Ru-B-C (11/89) [9]. This observation implied that Ru-B pre-
pared using (NH4)2RuCls as the ruthenium source was sur-
face-enriched with alloying B. The higher B content in
Ru-B-X/SBA-15, relative to those in Ru-B-C and
Ru-B-C/SBA-15, may be due to the inhibition of BH4™ hydrolysis
by the coordination of Cl, which would enhance the acidity of
the reaction solution and the formation of B-enriched amor-
phous alloys [9]. The crystallization process was further inves-
tigated by DSC analysis. As shown in Fig. 3, Ru-B-X/SBA-15 and
Ru-B-C/SBA-15 displayed exothermic peaks at 522 and 493 K,
much higher than that of Ru-B-C. The enhanced thermal stabil-
ity could be due to the stabilizing effect of the support. Addi-
tionally, Ru-B-X/SBA-15 exhibited stronger thermal stability
against crystallization than Ru-B-C/SBA-15. This is related to
the increased surface B content in Ru-B alloys. On the other
hand, the location of the uniform Ru-B nanoparticles in the
channel of the carrier may inhibit the particle migration and
agglomeration, a key step in the crystallization process [16].
The low-angle XRD patterns (Fig. 4) revealed that the pure
SBA-15 and the supported Ru-B samples displayed an intense
(100) diffraction peak at 20 = 0.77° and two weak peaks at 26 =

192.9 ()
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Fig. 2. Ru 3d (a) and B 1s (b) XPS of catalysts. (1) Ru-B-X/SBA-15; (2) Ru-B-C/SBA-15.
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Fig. 4. Low-angle XRD patterns of the support and catalysts. (1) SBA-15,
(2) Ru-B-X/SBA-15, and (3) Ru-B-C/SBA-15.

1.4° and 1.6°. This is indicative of (110) and (200) diffractions,
which are characteristic of the 2D hexagonal (p6mm) structure
[12]. Deposition with Ru-B nanoparticles caused significant
decrease in the intensity of the diffraction peaks, implying the
reduced ordering degree of the mesoporous structure, which
were attributed to Ru-B nanoparticles in the pore channels.
Figure 5 shows the TEM morphologies and SAED images
(the inset) of Ru-B-X/SBA-15 and Ru-B-C/SBA-15. The SAED
images showed that both samples displayed successive diffrac-
tion halos, indicative of typical amorphous alloy structure [17],
in agreement with the above XRD characterizations. The TEM
images demonstrated the ordered mesoporous structure. Re-
markable particle agglomeration was observed in
Ru-B-C/SBA-15, because some particles were larger than the
pore diameter of SBA-15 that deposited on the outer surface of
SBA-15. This was attributed to both the strongly exothermic
reaction between Ru3+ and BH4+™ and the release of a huge mass

of hydrogen during the catalyst preparation, which put the

produced Ru-B particles out of the pore. In contrast, the Ru-B
nanoparticles in Ru-B-X/SBA-15 were uniformly distributed
within the mesoporous channels with much smaller size. This
was attributed to the chelating of CI” to Ru#, which ensured
that the reaction between [RuCle]2” and BH4™ occurred in a ho-
mogeneous and smooth manner, and therefore diminished the
particle agglomeration. On the other hand, the smooth reduc-
tion reaction was favorable for the diffusion of hydrogen out of
the pore, which prevented the Ru-B nanoparticles from being
moved out of the channel. As shown in Table 1, Ru-B-X/SBA-15
exhibited higher Aact than Ru-B-C/SBA-15, owing to the absence
of the large particles arising from the particle agglomeration.
Moreover, both supported Ru-B samples displayed a higher
dispersion degree of the Ru active sites, which could be under-
stood by considering the dispersing effect of carrier [4].

3.2. Catalytic performance

Table 1 summarized some of the catalytic parameters over
the different catalysts during liquid-phase maltose hydrogena-
tion. All of the Ru-based catalysts displayed nearly 100% selec-
tivity towards maltitol. However, only 70% selectivity was ob-
tained on Raney Ni because of the formation of sorbitol and an
uncertain byproduct at trace level. Sorbitol could be considered
as the hydrogenation product of glucose originating from the
hydrolysis of maltose [8], and the uncertain byproduct was
possibly formed via the dehydration reaction between glucose
molecules and maltitol molecules [8]. The poor selectivity of
Raney Ni could be attributed to the presence of residual alumi-
na [18], which served as acidic sites to catalyze the hydrolysis
of maltose and the condensation between glucose and maltitol
[8]. Compared with Ru-based catalysts, Raney Ni possessed a
very high Aac, but exhibited a much lower Rym and a maltose
conversion within 0.5 h because of the extremely low intrinsic
activity (RuS). This suggests that Ru was much more active than

Table 1

Structural characteristics and catalytic properties of the as-prepared catalysta.

Catalyst Composition Ruloading (Wt %)  Aac(m?/g)  Ru™ (mmol/(h'g)) RwS (mmol/(h'm?)) Conversion (%) Selectivity (%)
Ru-B-X/SBA-15 Ruz4B26 4.3 39 1062 27 99 100
Ru-B-C/SBA-15 RuzsB2s 4.2 36 710 20 94 100
Ru-B-CP Ru72B2s — 7.1 133 19 14 100
Raney Nic Ni — 45 7.5 0.2 2 70

aReaction conditions: 1.0 g catalysts, maltose aqueous solution (40 wt%, 50 ml), T = 373 K, p(Hz) = 3.0 MPa, reaction time = 0.5 h, stirring rate = 1200

r/min. > A catalyst containing 0.05 g Ru. ¢A catalyst containing 1.0 g Ni.



WANG Yi et al. / Chinese Journal of Catalysis 34 (2013) 1027-1032 1031

CH,OH
H O_H H o
OH H OH H H
OH o H :
H  OH H  OH

Scheme 2. Schematic representation of the reaction mechanism be-
tween adsorbed maltose and hydrogen on Ru-B amorphous alloy cata-
lysts.

Ni in nature for maltose hydrogenation [8]. On the other hand,
the superior intrinsic activity of the as-prepared catalysts could
be attributed to their unique amorphous alloy structure, which
had proven to be favorable for hydrogenation processes [4].
The Rum and maltose conversion within 0.5 h presented in
Table 1 revealed that Ru-B-C/SBA-15 was much more active
than Ru-B-C, whereas the similar RyS values implied the same
feature of Ru active sites in these catalysts. Accordingly, the
superior activity over Ru-B-C/SBA-15 to Ru-B-C can be at-
tributed to its higher active surface area (Aact) due to the dis-
persing effect of carrier. Table 1 also revealed that
Ru-B-X/SBA-15 exhibited higher activity relative to
Ru-B-C/SBA-15. This may be due to both the larger metallic
area (Aact) and the enhanced intrinsic activity (RuS). Beenackers
et al. [19] showed that, upon the adsorption of glucose on met-
als, an ionized species was generated (i.e., glucose anion),
which was susceptible to attack by hydrogen adsorbed dissoci-
atively on the neighboring metal sites, initiating the reaction.
Wit et al. [20] confirmed the promotional effect of proton ab-
straction from the anomeric hydroxyl group on the hydrogena-
tion of glucose. The adsorption and hydrogenation of the malt-
ose molecule on Ru-based amorphous alloy catalysts could be
described as in Scheme 2. The aforementioned XPS analysis
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Fig. 6. Maltose conversion on Ru-B-X/SBA-15 and Ru-B-C as function of
recycling runs. The reaction conditions are given in Table 1.
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Fig. 7. TEM image of Ru-B-X/SBA-15 after 11 consecutive runs.

demonstrated that the Ru in Ru-B-X/SBA-15 was more elec-
tron-enriched than that in Ru-B-C/SBA-15, taking into account
that Ru-B-X/SBA-15 was surface B-enriched compared with
Ru-B-C/SBA-15. As a consequence, the higher electron density
on Ru active sites might be favorable for the formation of
H species [21] and ionized maltose species, leading to the en-
hanced RusS.

Figure 6 shows the recycling tests using Ru-B-X/SBA-15 and
Ru-B-C catalysts. A significant loss in activity (74%) was ob-
served for Ru-B-C after five recycles, whereas Ru-B-X/SBA-15
could be used repetitively 11 times with slight loss of activity
(8%). ICP analysis revealed that no leaching of Ru species could
be detected for Ru-B-X/SBA-15 and Ru-B-C catalysts during
repetitive uses, implying that both catalysts were stable against
the chelating effect of reactant and product [22]. The transfor-
mation from an amorphous alloy structure to a crystalline
structure has proven to be the main factor responsible for the
deactivation of Ru-B-C [9]. According to this, the improved du-
rability of Ru-B-X/SBA-15 over Ru-B-C could be attributed to
its higher surface B content and the stabilizing effect of carrier,
therefore yielding better thermal stability, as confirmed by the
aforementioned DSC analysis (Fig. 3). The high durability of
Ru-B-X/SBA-15 can also be attributed to the interaction be-
tween Ru-B and SBA-15, which retards the agglomeration of
Ru-B nanoparticles during the hydrogenation (Fig. 7).

4. Conclusions

In summary, the present work supplied a facile approach to
synthesizing supported Ru-B amorphous alloy through a
chemical reduction method using (NH4)2RuCle as a ruthenium
source. The Ru-B amorphous alloy nanoparticles possessed
higher surface B content and were homogeneously confined in
the pore channel of SBA-15, which had been shown to have a
positive influence on the catalytic activity in the hydrogenation
of maltose to maltitol. Ru-B-X/SBA-15 exhibited superior dura-
bility to the conventional Ru-B amorphous alloy during the
hydrogenation of maltose, owing to the improved thermal sta-
bility. Our findings demonstrate the advantages of the present
approach, making it possible to prepare highly dispersed and
stable amorphous alloy, as well as the as-prepared
Ru-B-X/SBA-15 amorphous alloy, to be a potential alternative
to the traditional Raney Ni catalyst in the maltitol production
process.
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