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Abstract

The effects of pore structure on the reaction rates and selediinitigne liquid-phase hydrogenatioh 2»ethylanthraquinone over Ni—B
amorphous alloy catalysts prepared by the reductant-impregnation method were studied using regular (HMS, MCM-41, and SBA-15) and
commercial mesoporous silicas as supports. Thepasition, particle size, and location of tNé-B particles were profoundly influenced
by the pore structure of the supports. It is found that the location of the Ni—B particles depended on the pore size of the supports, whereas
the uniformity of particle size was related to the interaction between the Ni—B particles and the supports. The hydrogenation rate was much
faster on Ni—B catalysts with pore diameters exceeding 5 nm than on the narrow-pore catalysts, whereas the selectivity to 2-ethyldihydro-
anthraquinone, the carbonyl group hgdenation product, was higher on Ni-B catalygipported on regular megorous silicas. The best
activity and selectivity were achieved when using SBA-15 as the support, which is attributable to the formation of more uniform active sites
due to the unique pore structure of SBA-15.

0 2004 Elsevier Inc. All rights reserved.
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1. Introduction (2) The “active quinones” ar oxidized with an oxygen-
containing gas to produce®, and simultaneously re-
Discovered by Thenard in 1818,8, has been widely cover eAQ and HeAQ.
used in textile bleaching and to prepare other peroxides
[1-3]. Since the only by-product formed is water,®b is Further details of this process can be found in R@fs3].

often referred to as “friendly” oxidant. Although there are Note that to maintain the cycle, a very high overall selectiv-
many ways to produce4®s, by far the dominating process ity to “active quinones” (well hove 99%) is required. So
is the anthraquinone autoxidation procgkss3]. In this fa- the catalyst used in the hydrogenation step should be highly
mous process3cheme }, 2-ethylanthraquinone (eAQ) dis-  selective. In industry, Raney Ni and palladium are the most
solved in a suitable solvent (working solution) is cycled be- commonly used catalysts for this reaction. However, even on
tween two main steps: the most selective palladium catalyst, during the hydrogena-
tion step eAQ can be deep hydrogenated to some degrada-
(1) eAQ in the working solution is hydrogenated catalyt- tion products such as d¢AQH,, 2-ethylanthracene (eAT),
ically to the corresponding “active quinones” (eAQH  and 2-ethylanthrone (eAN&,5]. Such degradation products
and HieAQH); cannot be oxidized to produceB,, thus leading to the loss
of the expensive anthraquinones and fed hydrogen. On the
mspondmg authors. Fax: (+86-21) 65642978, other hand, the oxidation rate of4b|AQI—!2 is remarkably
E-mail addresses: mhgiao@fudan.edu.cfM.H. Qiao), slowed down as compared to eAQHeading to lower effi-
heyonghe@fudan.edu.¢Hl.Y. He). ciency in HO> production[6]. Thus it is highly desirable if

0021-9517/$ — see front mattéi 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2004.08.002


http://www.elsevier.com/locate/jcat
mailto:mhqiao@fudan.edu.cn
mailto:heyonghe@fudan.edu.cn

420 X.Y. Chen et al. / Journal of Catalysis 227 (2004) 419427

2. Experimental

X 2.1. Catalyst preparation

degradation
products

Pure siliceous SBA-15, MCM-41, and HMS mesoporous
molecular sieves were synthesized according to the well-
established procedurd47-19] and a commercial meso-
porous silica was obtained fmoQingdao Haiyang Chemical
Corp. All silicas were crushed and sieved to a particle size
of 40-60 mesh.

The amorphous Ni—B particles were introduced to silicas
by a reductant-impregnation method described as follows.
The silica (1.0 g, 40-60 mesh) was first immersed into the
potassium borohydride solution (3.0 M, 13.74 mmol) for
one can develop a catalyst exhibiting exclusive selectivity to 15 min, then the excessive solution was removed. Reduction
eAQH; rather than to HeAQH; i.e., the catalyst is exclu-  commenced as soon as the nickel chloride solution (0.42 M,
sively selective in hydrogenating the carbonyl group rather 3 41 mmol) was added to the borohydride-impregnated sup-
than the aromatic ring. port. The mixture was placed undisturbedly until no bubbles

Recently, amorphous alloy catalysts with short-range or- ywere generated. The resulting black catalyst was washed
dering and long-range disordering structure have attractedyith distilled water to neutrality, and then with ethanol three
much attention owing to their special physical and chem- times to replace water. The catalyst was finally kept in
ical properties such as unique isotropic structure and high gthanol for characterization and prior to activity test.
concentration of coordinatively unsaturated sifés9]. In- The Raney Ni catalyst (Degussa) was used for compar-

dustrial application of those amorphous alloy catalysts is json. Since all catalysts can be oxidized easily, great care
limited, however, due to their low surface area and poor ther- ., st pe taken to avoid their exposure to air.

mal stability. One of the most promising ways to overcome
those drawbacks is to deposit them on a support with high N
2.2. Characterization
surface area. The supported amorphous alloy catalysts have
been shown to be of better thermal stability than the corre- .
sponding unsupported amorphous ones, higher activity and The bulk compositions of the as-prepared catalysts were

H, Cat.

Et
+0, -H,0,

o)
(H,eAQ) (H,eAQH,)

Scheme 1.

selectivity than the crystallencounterparts, and less pollu-
tion than the Raney metal catalyfi®—-14]

determined by ICP-AES (Thermo Elemental IRIS Intrepid).
The Brunauer—-Emmett—Teller surface areSigef) and

Regular mesoporous molecular sieves have shown greapore-size distribution (PSD) of mesoporous silicas were

potential in catalysis, which islosely related to their spe-
cific features such as extremgdligh surface area and narrow
pore-size distributiorjl5]. Their large channels allow dif-
fusion of bulky compounds and present different types of

measured using Nphysisorption at 77 K. Prior to mea-
surement, samples were transferred to the glass adsorption
tube and degassed at 383 K under ultrahigh pure nitrogen
flow for 2.0 h. The nitrogen adsorption—desorptionisotherms

shape selectivity such as reactant, product, and transitionWere acquired on the Microenitics TriStar 3000 appara-
state. These unique features of mesoporous molecular sieve&!s- The pore volume was calculated from the amountof N

offer new possibilities for obtaining highly dispersed metal

adsorbed at a relative pressure of 0.995. The pore-size distri-

catalysts and motivate us to study nickel boride amorphousbution curves were calculated from the desorption branches

alloy catalyst supported on mesoporous molecular sieves.

of the isotherms using Barrett—Joyner—Halenda (BJH) for-

In a recent research note, we have briefly reported the mula[20].

excellent selectivity of the SBA-15-supported amorphous
nickel boride alloy catalyst in eAQ hydrogenation to e AQH

The pore structure and the Ni—B particle size of the as-
prepared catalysts were observed by TEM (JEOL JEM2011)

[16]. This paper addresses the effects of pore structure onfitted with an energy-dispersive X-ray emission analyzer

the composition, size, and distribution of the Ni—B parti-
cles and catalytic behavior in eAQ hydrogenation of amor-

phous Ni-B catalysts supported by mesoporous silicas.

(EDX) with mapping facility. The amorphous character of
the catalysts was verified bylseted-area electron diffrac-
tion (SAED).

Both regular and commercial mesoporous silicas were used The XRD patterns were collected on a Bruker AXS D8
as catalyst supports. Inductively coupled plasma-atomic Advance X-ray diffractometer using CueKradiation ¢ =

emission spectroscopy (ICP-AES), nitrogen physisorption,
X-ray diffraction (XRD), transmission electron microscopy
(TEM), X-ray photoelectron spectroscopy (XPS), ang H
chemisorption were used to alaaterize the catalysts and
the different catalytic behaviors were correlated.

0.15418 nm). The tube voltage and current was 40 kV and
40 mA, respectively. Catalyst with solvent was put on the
sample stage, with argon flow (99.9995%, deoxygenated by
an Alltech Oxy-trap filter) purging the sample during the de-
tection to avoid oxidation. Crystallization of the catalyst was
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monitored in situ by elevating the stage temperature from ultraviolet detector emplagg the Zorbax column (ODS,
room temperature to 873 K. 4.6 mmx 15 cm). It is found that under the present reac-

The active surface area was measured by pulsged H tion condition only eAQ and FEAQ exist, as also confirmed
chemisorption, assuming/Mli(s) = 1 and a surface area of by Finnigan Voyagen GC-MS equipped with HP-5 capillary
6.5 x 1029 m? per Ni atom[21]. Turnover frequency (TOF)  column (30 mx 0.25 mm, 0.25 pm).
was expressed as the number of Molecules consumed
per active surface nickel atom per second by differentiating
the H uptake curve and extrapolating to the zero reaction 3. Resultsand discussion
time.

The types of adsorption sites existing on the catalyst were 3.1. Catalyst texture
studied by temperature-programmed desorption pfHb-
TPD). After the sample was treated at 473 K for 2.0 hunder  The nitrogen adsorption—desorption isotherms and the
argon flow (99.9995%, deoxygenated by an Alltech Oxy- corresponding pore-size distribution curves of the original
trap filter), it was cooled down to room temperature followed mesoporous silicas are shownFig. 1a andlb. The BET
by being exposed in deoxygenated for 1.0 h to ensure  surface area, total pore volume, and average pore diame-
the saturation adsorption of hydrogen. The catalyst was thenter are presented ifiable 1 The BET surface area in all
purged with argon to remove gaseous and/or physisorbed hy-regular mesoporous silicas (SBA-15, HMS, and MCM-41)
drogen. The maximum desorption temperature, 873 K, wasis higher than 750 fig~1, whereas it is much lower for
reached at a ramping rate of 20 Kmih The H; signal  commercial Si@ (446.3 nfg~1). In Fig. 1a, the isotherms
(mass 2) was monitored by am-line mass spectrometer of SBA-15 and commercial SiDshow a type IV shape

(MS, SRS 200). with type A hysteresis loop according to the classification
The surface composition and electronic state of the cata-

lyst were detected by XPS (Perkin EImer PHI 5000C). The 900

spectra were recorded with MgeKline as the excitation sol @ _a sBA1S

source fv = 12536 eV). The sample was pressed to a self- o r —e—SiO,

supported disk and kept in ethanol before mounting on the & ™[ A~ MoM41 .712—‘7'.;-

sample plate. It was degassed in the pretreatment chambef'g 600 v / /

at 383 K for 2 h in vacuo before being transferred into the =
analyzing chamber where the background pressure was bet-3
ter than 2x 102 Torr. All the binding energy (BE) values
were obtained after removing the surface oxides by Ar ion
sputtering and referenced the C 1s peak of contaminant
carbon at 284.6 eV with an uncertainty-60.2 eV.

500
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2.3. Activity test and product analysis

The activity test was carried out in a 220-ml stainless- Relative Pressure (P/P))
steel autoclave with a magnetic stirrer. A mixture of tri-
octylphosphate and trimethylbenzene (volume ratji@)3 a
was used as the solvent and the concentration of eAQ in  °¢[ ®) & +§%A-15

. . . . —@— Si
the working solution was 50 gf. The reqcuon conditions VG4t
were as follows: 70 ml of working solution, 1.0 g of cata- 06 L —v— HMS
lyst, reaction temperature of 323 Kplgressure of 0.3 MPa, /\
04 /v

0.2 /
| l./ ®
my &V b"’.)\ \.

and a stirring rate of 1000 rpm to exclude the diffusion ef-
fect.
0.0 | PR S N
1 . . IIIIH1I0 . . I.‘.“100

.1)

The reaction process was nitmred by sampling the re-
action mixture at intervals for oxidation. The HO pro-
duced was extracted by distilled water and then titrated by
KMnOy in acidic solution. The percentage yield ob®h
(X) is expressed as the ratio of the moles oiCH to the
initial moles of eAQ in the reactor, i.eX = ”ﬁzoz/”gAQ X
100%, which also represents the selectivity to eAGtid
H4eAQH,. The organic layer after #D, extraction was an-
alyzed by high-performance liquid chromatography (HPLC, Fig. 1. Nitrogen adsorption-desorpticsotherms (a) and pore-size distrib-
Hewlett-Packard HP1100) with an accuracy of 5%. eAQ ution curves calculated by the BIJH equation in the desorption branch (b) of
and H,eAQ can be readily quantified by HPLC with an siliceous SBA-15, MCM-41, HMS, and commercial $iO
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<
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=
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/
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Table 1

Physicochemical properties of the psrous silica-supported Ni—B catalysts

Sample Ni loading (wt%) Composition (atomic ratio) SgeT (M g™%)  Vpore(€m*g ™) dpore (NM) ~ Sh (M?gyl)  dni—s (Nm)

Sioy - - 4463 1057 7.26 - -

Ni-B/SiO, 113 Nigs.8B34.2 4402 0918 587 87 10

HMS - - 7798 0.628 322 - -

Ni-B/HMS 119 Nigg gB51 2 5997 0510 318 45 15

MCM-41 - - 7769 0.664 292 - -

Ni-B/MCM-41 118 Nigo 8B30.2 5423 0582 288 51 50

SBA-15 - - 7676 1223 648 - -

Ni-B/SBA-15 a8 Nig7 7B42 3 367.0 0.482 647 112 6

of IUPAC [22], indicating the presence of tubular pores of 600 - (a) J

relatively large pore sizes. The much sharper inflection of I —=— Ni-B/SBA-15 oo ¥
—e— Ni-B/SiO, o/

the adsorption branch &t/ Py in the range of 0.7-0.8 for
SBA-15 confirms its high quality with uniform mesoporos-
ity [23]. On the other hand, the shape of the isotherms of
HMS and MCM-41 corresponds to the adsorption ofdw
the walls of narrow mesopores. As expected, the BJH pore-
size distribution curvesHjg. 1b) are narrower for regular
mesoporous silicas than for commercial gi@nd the av-
erage pore diameters of SBA-15 and commercial,Saé
much larger than those of HMS and MCM-41 (also shown
in Table 7). .
Introduction of Ni-B does not change the preliminary 0.0
lineshape of the isotherms, thou§ig. 2a and2b clearly Relative Pressure (P/P))
evidence the decrease in both the total pore volume and av-
erage pore diameter of the mesoporous silicas to a more or [
less extent. It is noted that the pore-size distribution curves oz | () — m Ni-BISBA-15
of SBA-15, MCM-41, and commercial SjOpresented in sl ::i-gﬁgﬁm
Fig. 2b exhibit an additional peak at 3.9 nm. Considering +N::B/HMS
the pore size of SBA-15 and commercial $j@t first sight
one may attribute it to partial blocking of the large pores by
Ni-B particles. However, this assumption cannot rationalize
the case of Ni-B/MCM-41, since the “pore size” exceeds
the pore diameter of original MCM-41 of 2.92 nm. The ori-
gin of the peak from Ni-B itself can also be ruled out, as in
a separate experiment virtually no peak in the mesoporous  %'f
region was found for unsupported Ni—B particles due to the 00l
nonporous texture of the amorphous Ni—B parti¢is As
a result, we assign the peak to an artifact reflecting the ten-
sile strength effect of the adsorbate according to Gregg and
Sing[24] and Khodakov et a[25]. Fig. 2. Nitrogen adsorption—desorptiosotherms (a) and pore-size distrib-
In Table 1 the most drastic decrement in total pore ut_ion curves calc_ulated by the B‘_JH equation in the de_sorption branch (b) of
volume and BET surface area is found on Ni—B/SBi—15 Ni-BISBA-15. NI-B/MCM-41, NIFBIHMS, and NI-8/SiQ.
catalysts: they are less than one-half of those of SBA-15,
whereas the decrement is30% at most for other cata-
lysts. This phenomenon strongly suggests that more spaceBET surface areas of the catalysts, but in line with the poros-
in the mesoporous channels of SBA-15 has been occupiedity of the original supports.
by Ni-B particles, making them inaccessible for nitrogen.  On the other hand, although the preparation condition
Table lalso shows that the active surface arfg)(of the for all catalysts remained the same, the compositions of the
supported Ni—B catalysts derived from hydrogen chemisorp- Ni—B alloys obviously devia from each other over differ-
tion decreases in the order of Ni-B/SBA-:INi—B/SiOy > ent supports. It seems that the characteristic texture of the
Ni-B/MCM-41 > Ni-B/HMS, which does not follow the = mesoporous silicas can affect the nature of the Ni-B parti-

—A— Ni-B/MCM-41
—w— Ni-B/HMS . /
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Ni-B/HMS

Fig. 3. TEM images of (a) Ni-B/SBA-15, (b) Ni-B/MCM-41, (c) Ni-B/HMS, and (d) Ni-B/Si€amples. Inset in (a) is the SAED pattern of the Ni-B
particles.

cles by providing pores with different structures in which the outer surface of the supports. For Ni-B/3j@ince the chan-

reduction of the nickel ions by borohydride occurs. nels of commercial Si@are irregularly connected and the
pore sizes are broadly distributed, it is not easy to identify
3.2. Size and location of the Ni-B particles the position of the Ni—B particles froffig. 3d. However, by

analogy to the cases of SBA-15 with large pores and MCM-

The above nitrogen adsorption results indicate the block- 41 and HMS with small pores, it is safe to assume that a
age of the pores of the mesoporous silicas by supportedportion of Ni—B particles are in the interior of the large pores
Ni-B; however, they cannot discriminate the situations if Of commercial Si@, while others are on the exterior of the
it is due to covering the external surface or entering the support. Furthermore, on the basis of the relatively limited
channels of the support. The TEM micrograph shown in decrement of the total pore volume {3%) for Ni-B/SiQ,

Fig. 3a reveals that the Ni-B particles (with darker contrast we suggest that the Ni—B particles are dominant on the outer
as confirmed by EDX) are located in the SBA-15 channels, surface.

whereas for Ni-B/MCM-41 and Ni-B/HM%;ig. 3 and3c, Fig. 3a as well asTable 1 shows that the particle
respectively, the Ni—B particles are mainly situated on the size of Ni-B (~6 nm) in Ni—B/SBA-15 is uniform and
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much smaller than that of the unsupported Ni-B particles
(~35nm)[9], which is attributed to the confined growth of
Ni-B patrticles in the channels of the mesoporous SBA-15.
For Ni-B/MCM-41 and Ni-B/SiQ catalysts, the Ni-B
particles are agglomerated and dispersed in size. As for

Ni-B/HMS, although without the confinement of the chan- SBA-15
nels, the Ni-B particles on the surface are smalllb nm) ;

and homogeneously distributed, suggesting the existence of

some interaction between Ni-B particles and HMS support. KBH /SBA-15
Moreover, SAED patterns of the Ni—-B particles on all four /\\_/\L ‘

100

(a)

110
200

Intensity (a.u

catalysts exhibit only diffuse Debye rings rather than distinct
dots, verifying the amorphous nature of the Ni-B particles Ni-B/SBA-15
(inset inFig. 3a)[26]. [ , , : , : , ,
The TEM characterization early demonstrates that the 1 2 3 4 5
texture of the mesoporous sitis plays a more complicated 20 (degree)
role than only influencing the particle size of the supported
species. The present study manifests that the particle size of 111 (b)
the supported species is not straightforwardly related to the
pore size of the support, and the location of the particles can 200 992
be quite different over different mesoporous materials. So NURIALN
it can be misleading if only usg X-ray line broadening to
interpret the influence of support pore size on the particle 523 K
size of the supported speci5]. W T
As to the different sizes and locations of the Ni—B par-
ticles over regular mesoporous silicas, we tentatively at- = 473K
tribute it to the unique feature of the reductant-impregnation '
method and the different textures of the mesoporous mate- Ni-B/SBA-15, RT
rials. After reductant-impregnation, the pores of the meso- g
porous silicas were filled with KB solution. After the — ——————
addition of NiCh solution, the deposition of Ni—-B occurred
in the channels accompanied by the release of hydrpten
As the mesopores in SBA-15 are interconnected by micro- Fig. 4. (a) Small-angle XRD pattes of original SBA-15, KBH/SBA-15,
pores[17], hydrogen is anticipated to leave the interior of and Ni—B/SBA-_lS, and (b) hot-stage XRD patterns of Ni-B/SBA-15 cata-
SBA-15 more easily, while its dissipation in the mesopores Vst treated at different temperatures.
of MCM-41 and HMS was blocked by the formed Ni—B
particles. Thus the Ni—B particles were pushed out by hy-
drogen and aggregated on the external surfaces of MCM-41
and HMS. On the other hand, it is also possible that the di-
mension of the Ni—B particles cannot be reduced further due
to the inherent limitation of the preparation method, lead-
ing to Ni—B particles being too large for the mesopores of
MCM-41 and HMS to accommodate them.

u.)

ntensity (a

20 (degree)

did not find any diffraction peaks in calcined Co/SBA-15
with Co loading up to 20 wt%. When the temperature was
elevated to 473 K, a broad peak centered @to? ~ 45°
appeared due to the occurrence of nucleafi8j. For un-
supported amorphous Ni—B catalyst, aside from the peak at
~45°, Yamashita et al[28] and Li et al.[12] observed ad-
3.3. Thermal stability ditional small features owing to MB and NgB phases. In
the present case, because of the large BET surface area of

The small-angle XRD patterns of SBA-15, KBISBA- SBA-15, the high dispersion of these phases makes them in-
15, and Ni-B/SBA-15 are given ifFig. 4a. The well- discernible by XRD. When the Ni-B/SBA-15 catalyst was
resolved (100), (110), and (200) diffraction peaks suggest further heated to 523 K, various crystalline diffraction peaks
the preservation of the regular mesoporous structure of SBA-at 2 of 44.2, 51.5, and 76°1were developed, which are
15 during catalyst preparation and in the final Ni-B/SBA-15 attributed to metallic Ni(111), (200), and (222) planes, re-
catalyst, corroborating well with the TEM resultfig. 3a. spectively[29]. The Ni crystallites at that temperature are

Fig. 4b is the large-angle hot-stage XRD patterns of small considering the broad width of the diffraction peaks.
Ni—B/SBA-15 at different temperatures. At ambient temper- At 873 K, the growth of the Ni crystallites led to stronger
ature no diffraction peak was observed, confirming that the and narrower diffraction peaks. For other supported Ni—B
amorphous Ni-B particles are highly dispersed on SBA-15. catalysts, their crystallization processes are similar to that of
Similar results have been reported by Wang ef2] who Ni—-B/SBA-15 and thus are not displayed here again.
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3.4. Surface species and chemical states

As the XPS spectra of the mesoporous silica-supported

Ni—B catalysts are similar, iffig. 5 only the XPS spectra
of Ni-B/SBA-15 are illustrated as a representative. From

Fig. 5a, one can see that almost all the nickel species in

Ni—B/SBA-15 are in their elemental state with the BE of
the Ni 2p3/> level at 853.0 e\[30]. In Fig. 5o, besides el-
emental B with its 1s level at 1882 eV, oxidized boron

is identified on Ni-B/SBA-15 with B 1s level at 1931 eV
[30], which is due to the hydrolysis of B during the re-
duction process being inevitable for a reaction carried out in
aqueous solutiofv].

Note that although no significant BE shift of metallic
nickel is observed, the BE of elemental boron in Ni-B
shifts aboutt+1.1 eV relative to pure borof80]. Based on
XPS measurements, Okamotoadt claimed that in amor-
phous Ni—B alloy boron donates electrons to the alloying
nickel [31,32] so boron is electron deficient while nickel
is electron rich. Our previous DFT calculation employing
the Ni,B2 (m = 1-4) cluster model also supported their
observatior[33]. The electronically modified Ni species is

853.0 eV

3
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2
7}
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Fig. 5. XPS spectra of Ni 2p (a) and B 1s (b) levels of Ni-B/SBA-15 cata-
lysts.
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anticipated to display catalytic properties different from pure
Ni, such as Raney Ni.

3.5. eAQ selective hydrogenation

The percentage yield of 4D, (X) over the mesoporous
silica-supported Ni-B catalysts as a function of reaction time
is plotted inFig. 6. For comparison, the percentage yield
of H2,O, on routine Raney Ni catalyst is also presented. As
shown inFig. 6, on these supported Ni—B catalysts, the yield
of HoOy increased steeply to 100% and then declined very
slowly. In contrast, on Raney Ni catalysts the yield o34
reached 67% and then dropped very quickly. The reaction
time corresponding to the maximum yield of®&, and the
TOF values are summarizedTable 2 The activities of the
supported Ni—B catalysts are in the sequence of Ni-B/SBA-
15> Ni-B/SiO; > Ni-B/MCM-41 > Ni-B/HMS.

According toScheme 1the percentage yield of D>
only reflects the overall hydrogenation selectivity to e AQH
and HeAQH,. In order to have a deep insight into the
difference in the catalytic avior of these catalysts, we
monitored the evolutions of eAQ and;&AQ during the hy-
drogenation process. It should be stressed again that eAQ

100 |- . —
90 F
soé-
70F
soé- > '

50 >

40

—=— Ni-B/SBA-15
—e— Ni-B/SiO,
—&— Ni-B/MCM-41
—w»— Ni-B/HMS
—>»— Raney Ni

Percent Yield of H,0,(X)

P S U R RS
50 100 150 200

250
Reaction Time (min)

Fig. 6. The percentage vyield of J®@, (X) over the mesoporous sil-
ica-supported Ni-B catalysts andifey Ni as a function of reaction time.
(Reaction conditions: [eAQE 50 g1, T = 323K, PH, = 0.3 MPa,
rs = 1000 rpm,Wcat=1.0 g.)

Table 2
The catalytic behavior of the mesoporous silica-supported Ni—B catalysts
in eAQ selective hydrogenation

Catalyst XH,0,2 (%) 13 (min) Yi,eaqr, (MOI%) TOF (s
Ni-B/SiO» 100 120 yz) 008
Ni-B/HMS 100 180 5 0.03
Ni-B/MCM-41 100 180 V] 005
Ni-B/SBA-15 100 90 0 a2
Raney Ni 673 85 527 0.60

@ The maximum yield of HO, (XH,0,) and the corresponding reaction
time () and HieAQH, yield (Y ,eAQH,)-
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——————, :
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virtually denotes the sum of eAQHand unreacted eAQ,  Fig. 8. H,-TPD profiles of the mesoporous silica-supported Ni-B catalysts.
while HzeAQ is equal to HeAQH; in quantity.

Table 2and Fig. 7 show that over Raney Ni catalysts,
H4eAQH, was produced as soon as the hydrogenation com-port. The better structural uniformity of the Ni-B particles
menced. At the maximum yield of4®,, 52.7 mol% of eAQ in Ni-B/SBA-15 is further revealed by HTPD profiles dis-
has been converted taBIAQH,, implying that Raney Niis  played inFig. 8 As shown inFig. 8, for Ni-B/MCM-41,
not selective in carbonyl gup hydrogenation. Further reac- Ni—-B/HMS, and Ni-B/SiQ catalysts, they all exhibit three
tion led to the formation of some degradation products such desorption peaks, implying thttere are at least three types
as HseAQH, as verified by GC-MS analysis, thus decreasing of adsorption sites on these catalysts. For comparison, al-
the yield of HO>. Over mesoporous silica-supported Ni-B  though the hydrogen desorption peak of Ni-B/SBA-15 is too
catalysts, the yield of lAQH, decreases in the sequence of broad to be simply attributed to a single peak, it is much
Ni-B/SiO; > Ni-B/MCM-41 > Ni-B/HMS > Ni-B/SBA- narrower than the desorption profiles of other samples. This
15 when reaching the maximum yield ob&,. However,  points to the fact that a wider distribution not only in par-
even on the least selective Ni-B/Si®@atalyst, the yield of tjcle size but also in other particle properties such as struc-
H4eAQH; is only 7.2 mol%, showing the superior selectiv- tyral short-range ordering of the amorphous Ni-B clusters

ity of the amorphous Ni-B catalysts to Raney Ni catalyst in other catalysts is a likely cause for their inferior catalytic
in carbonyl group hydrogenation, supposedly relating to the performance.

unique electronic property of Ni modified by B as revealed
by XPS. By analogy, the deviation in the electronic property
of the amorphous Ni—-B catalysts, as a consequence of their
different composition, may also contribute to the different
activity and selectivity in eAQ selective hydrogenation.

It is worth noting that on Ni—B/SBA-15, eAQHis the The combination of the physicochemical techniques leads
only product when KO, yield achieves 100%. This demon- 10 @ clear view on the nature of the mesoporous silica-
strates that over the Ni-B/SBA-15 catalyst, the carbonyl Supportedamorphous Ni-B catalysts. The composition, size,
group is preferentially hydrogenated, while hydrogenation and location of the supported Ni-B particles are profoundly
of the aromatic ring does not occur unless all the carbonyl influenced by the pore structure of the mesoporous silicas.
groups are saturateBlig. 7 shows that a prolonged reaction The confinement of the pores or the strong interaction be-
period led to a decrease in the amount of eAQidd simul-  tween Ni-B particles and support leads to highly dispersed
taneously an increase inselAQH,. However, even after a  uniform Ni—B nanoparticles using SBA-15 and HMS as sup-
reaction time of 240 min, the amount of eAQ only dropped port. In the liquid-phase hydrogenation of eAQ to eAQH
by 6%, meanwhile no degradation products appeared, fur-Ni—B catalysts supported orgular mesoporous silica ex-
ther signifying the excellent selectivity of the Ni—-B/SBA- hibit better selectivity than oiirregularly pore-structured
15 catalyst, which is consistent with TEM characterization commercial SiQ. The superior activity and exclusive selec-
pointing to a more uniform distribution and population of tivity are obtained on Ni—B/SBA-15, which is attributed to
the Ni—B active component when using SBA-15 as the sup- the predominant population of the size-specific Ni-B parti-

. Conclusion
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cles having more uniform microstructure within the SBA-15
channels.
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