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Abstract

An environmentally benign SBA-15-supported amorphous nickel boride alloy catalyst, prepared by a novel reductant-impregnation
method, exhibits superior activity, selectivity, and stability in the selective hydrogenation of 2-ethylanthraquinone (eAQ) to 2-ethylanthra-
hydroquinone (HeAQ), which is the dominating process for the production of hydrogen peroxide in industrial scale. The unique characters
of the amorphous alloy as well as the pore structure of the mesoporous SBA-15 molecular sieve are crucial for the excellent catalytic behavio
of the title catalyst.
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1. Introduction 18% of eAQ was converted to 2-ethyltetrahydroanthrahydro-
quinone (HeAQH,) and 3% of eAQ was deteriorated [4].
The hydrogenation of 2-ethylanthraquinone (eAQ) into 2- It is noted that the oxidation rate of48AQH; is sharply
ethylanthrahydroquinone ¢dAQ) is one of the key steps  slowed down compared to that of eAQHeading to lower
in the industrial manufacturing of #D,, which is a non-  efficiency in HO> production [5]. Besides, #AQH; can
polluting oxidizing agent [1-3]. In industry, Raney Ni and be further hydrogenated to 2-ethyloctahydroanthrahydro-
palladium are the most frequently used catalysts for this quinone (HeAQH;) which does not produce 4@, [3].
reaction. However, even on the most selective palladium Although the nanosized Ni-Cr—B catalyst shows 100% se-
catalyst some degradation products [3] are easily formed, lectivity in eAQ hydrogenation to p€AQ [5], its low ther-
which leads to the loss of fed hydrogen and the expen- mal stability and difficulty in separation from the reaction
sive eAQ. Moreover, the palladium catalyst is expensive. products impede its practical application. Moreover, the
Thus, it is highly desirable to develop nonnoble catalysts Cr additive in the Ni—Cr—B catalyst is enviromentally haz-
with exclusive selectivity in carbonyl group hydrogenation, ardous.
at the same time preventing hydrogenation of the aromatic  Here we report on a mesoporous molecular sieve SBA-
ring. 15-supported amorphous nickel boride alloy catalyst (de-
In previous work, our group reported on two kinds of noted as Ni-B/SBA-15) prepared by a novel reductant—
catalysts which exhibit higher selectivity than the conven- impregnation method. This Ni-B/SBA-15 catalyst exhibits
tional Raney Ni catalyst, one is the rapid-quenched skeletal higher activity and stability than the nanosized amorphous
Ni catalyst (RQ-Ni) and the other is a nanosized amor- Ni-Cr-B catalyst and can efficiently block the hydrogena-
phous Ni-Cr-B catalyst [4,5]. However, a detailed chro- tion of the aromatic rings in eAQ. Even after a reaction
matographic analysis reveals that over the RQ-Ni catalyst time of 240 min, the amount of eAQ only dropped by 6%,
while no degradation products were detected. Along with
T Corre . its enviromentally benign nature, this novel Ni-B/SBA-15
orresponding authors. . ; . ) .
E-mail addresses; mhgiao@fudan.edu.cn (M. Qiao), catalyst shows an attractive perspective for industrial appli-
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0021-9517/$ — see front mattét 2003 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2003.07.007


http://www.elsevier.com/locate/jcat

X. Chen et al. / Journal of Catalysis 220 (2003) 254-257 255

2. Experimental and methods 2.3. Reaction and analytical procedures

2.1. Catalyst preparation The activity tes_t was carried. out.in a 220-.ml stainles;—
steel autoclave with a magnetic stirrer. A mixture of tri-
octylphosphate and trimethylbenzene (volume ratji@)3
was used as the solvent and the concentration of eAQ in the

well-established method designed by Zhao et al. with 4 ying solution was 50 git. The reaction conditions were
triblock poly(ethylene oxide)-b-poly(propylene oxide)-b- 55 follows: 70 ml of working solution, 1.0 g of catalyst, re-

poly(ethylene oxide) copolymer (Pluronic, &§PO70E Oz, action temperature of 323 K,apressure of 0.3 MPa, and a
P123) as the template [6]. Then it was crushed and sieved 10 gtjrring rate of 1000 rpm to exclude diffusion effects. The re-
obtain a particle size of 40-60 meshes. action process was monitored by sampling the reaction mix-
Ni-B/SBA-15 catalyst was prepared by the follow- tyre at intervals for @ oxidation. The HO, produced was
ing procedure. The SBA-15 (1.0 g, 40-60 meshes) was exiracted by distilled water and then titrated with KMpO
immersed into a 3.0 M pOtaSSium borohydride solution The percentage y|e|d of iﬂ)z (X) is expressed as the ra-
(13.74 mmol) at 293 K for 15 min. The excessive solu- tjg of the molar number of kD, to the initial molar number
tion was decanted and a 0.42 M nickel chloride solution of eAQ in the reactor, i.eX =nl, o /"gA x 100%, which
(3.41 mmol) was poured into the flask containing SBA-151t0 g|sg represents the selectivity tééf,\Q and HeAQH,. The
start the reduction. The mixture was placed undisturbed atorganic layer was further analyzed by HPLC (HP 1100)
293 K until no bubbles were generated. The resulting black with an ultraviolet detector and the Zorbax column (ODS,
solids were washed with distilled water to neutrality and then 4.6 mmx 15 cm) to quantify eAQ and k&AQ.
with ethanol three times to replace water. The catalyst was
finally kept in ethanol for characterization and activity tests.
For comparison, the ultrafine Ni—-Cr—B catalyst was pre- 3. Resultsand discussion
pared by mixing KCrOy4 salt in the nickel chloride aqueous
solution before potassium borohydride reduction as previ-  The nickel loading of the as-prepared catalyst is 9.84 wt%

Pure silicate SBA-15 was synthesized according to the

ously reported [5]. with a chemical composition of M 7B42.3 (molar ratio) as
determined by ICP analysis. The pore diameter of the cata-
2.2. Catalyst characterization lyst calculated by the BJH method is 6.5 nm and the BET

surface area is 3679g 1. The pore volume of the catalyst
(0.482 cn? g~1) remarkably drops as compared to that of the
original SBA-15 (1.233 crhg™1), suggesting the incorpora-
tion of the nickel boride particles in the SBA-15 channels.
TEM unambiguously confirmed this suggestion and further

ume were determined by Nphysical adsorption at 77 K = o\ eaied that the nickel boride particles (the darker ones as
on a Micromeritics TriStar 3000 adsorption apparatus. The | arified by EDX) were uniformly dispersed in the SBA-15

bulk compositions of the as-prepared catalysts were de-channels (Fig. 1a). The average particle size of the Ni-B
tected by inductively coupled plasma (ICP) analysis. The amorphous alloy in the Ni-B/SBA-15 catalystiss.5 nm. It
crystallization process and the crystallization temperature js worth noting that on mesoporous MCM-41 or HMS mole-
were determined by differential scanning calorimetry (DSC, ¢yjar sieve-supported nickel boride catalysts prepared in the
Perkin-Elmer DTA-7) analysis which was carried out un- same way, the amorphous Ni—B alloy particles are mainly
der nitrogen atmosphere (99.9995%) with a heating rate |pcated outside the mesopores with scattered particle-size
of 10 Ks™. The active surface area was measured by H gistributions ranging from 20 to 60 nm (Fig. 1b).
chemisorption, taking Ni(s) = 1 and a surface area of XRD patterns of original SBA-15 and Ni-B/SBA-15
6.5 x 10729 m? per Ni atom [7]. Turnover frequency (TOF)  catalysts verified the intact framework of SBA-15 in the
was expressed as the number efrholecules consumed per  catalyst. For the Ni—B/SBA-15 sample, besides the typi-
active surface nickel atom per second at the beginning of theca| SBA-15 diffraction peaks, one broad peak centered at
reaction. The types of active sites existing on the catalyst 29 = 45°, characteristic of the amorphous nature of Ni-B
were studied by temperature-programmed desorptiorof H [8] was observed, which was further confirmed by SAED,
(H2-TPD). The pore structure and selected-area electron dif-as only a diffractive halo was observed (inset in Fig. 1).
fraction (SAED) pattern of the catalyst were acquired by DSC demonstrated the superior thermal stability of the as-
a transmission electron microscope (TEM, JEM2011), fitted prepared catalyst, as its crystallization temperature is 80 K
with an energy dispersive X-ray emission analyzer (EDX). higher than that of ultrafine Ni—-Cr—B [5]. XPS spectra
The surface composition and electronic state were detectedshowed that in the Ni—-B/SBA-15 catalyst Ni is predomi-
by X-ray photoelectron spectroscopy (XPS, Perkin-Elmer nantly in its elemental state [9]. However, the Bls-binding
PHI 5000C). All binding energy (BE) values were refer- energy is~1.2 eV higher than that of pure amorphous B.
enced to that of contaminant carbon (C21284.6 eV). This implies that boron donates electron to nickel in the Ni—

The X-ray diffraction (XRD) patterns were collected
on a Bruker AXS D8 Advance X-ray diffractometer with
Cu-K, radiation. The BET surface area and the pore vol-
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Fig. 1. TEM images of (a) Ni-B/SBA-15 (inset showing its SAED pattern)
and (b) Ni-B/MCM-41 catalysts.

B/SBA-15 catalyst, resulting in electron-rich metallic Ni [9].
Moreover, the H-TPD profile of the catalyst exhibited only
one peak at- 700 K, from which we infer the uniformity of
the active sites on the catalyst.

Fig. 2 presents the percentage yield of3 over the Ni—
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Fig. 2. The percentage yield ofJ@, (X). Inset is the evolution of eAQ
and H4eAQ over the Ni-B/SBA-15 catalyst as a function of reaction time
(reaction conditionsieAQ] = 50 gL~1, T =323 K, PH, = 0.3 MPa,

rs = 1000 rpm,Wcat= 1.0 g).

increased steeply up t8 100% in a reaction time of 90 min
and then began to fall marginally. The TOF of the Ni—
B/SBA-15 catalyst in this reaction is 0.12"% which is
much larger than the value found for the ultrafine Ni-Cr-B
catalyst ¢~0.03 s'1), demonstrating the superior activity of
the Ni-B/SBA-15 catalyst. HPLC analysis showed that the
amount of eAQ remained constant and ngeQ was de-
tected within the first 90 min (inset in Fig. 2). Prolonged
reaction time led to a decrease in the amount of eAQ and
simultaneously an increase of2¢AQ. Nevertheless, even
after a reaction time of 240 min, the amount of eAQ only
dropped by 6%, while no degradation products appeared.
This clearly demonstrates the excellent selectivity of the Ni—
B/SBA-15 catalyst. Moreover, the catalyst is highly stable,
as confirmed by its invariable catalytic behavior in suc-
cessive runs and virtually unchanged TEM feature of the
used catalyst. In contrast, there was evidence for the lower
thermal stability and significant leaching of the active com-
ponent on the MCM-41 or HMS-supported Ni-B catalyst.
Here the time for achieving the maximum@®k, yield was
prolonged to 180 min.

From the characterization and the activity test shown
above, the superior activity and selectivity of Ni-B/SBA-15
in carbonyl group hydrogenation can be addressed as fol-
lows. First, due to the isotropic nature of the amorphous
alloy [10], the active center on the present catalyst is ex-
pected to be more homogeneous, which is the prerequisite
for the high selectivity. On the other hand, the coordinatively
unsaturated structure of the amorphous alloy [10] makes it

B/SBA-15 catalyst as a function of time. To get a deeper bind tightly with hydrogen, which is disadvantageous for the

insight into the selectivity, the evolution of eAQ andeAQ

hydrogenation of the aromatic ring [11]. The-HPD result

was also plotted as an inset. It should be stressed that eAQs in support of our hypothesis. Second, owing to the unique
virtually denotes the summation of unreacted eAQ and eAQ electron state of the amorphous nickel boride alloy [12], the

hydrogenated to p£AQ, while H1eAQ is equal to HeAQH,

electrons are prone to transfer from the electron-rich nickel

in quantity, as illustrated by the reduction—oxidation cy- to thesx* antibonding orbitals of the carbonyl group, which

cle [4]. As Fig. 2 shows, the $D, yield over Ni-B/SBA-15

induces a suitable adsorption configuration for the activation
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