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ABSTRACT

A series of nonprecious monometallic Ni/AISBA-15 and bimetallic Ni—M (M = Zn, Ga, Cu, or Fe)/AISBA-15
catalysts were prepared using a urea precipitation method and applied to the semihydrogenation of
phenylacetylene. The catalysts were characterized by various techniques, showing that the Ni particle
size of catalyst can be tuned by adjusting the Al content, and NiZn and NiGa supported catalysts exhibited
geometric and electronic effects that originated from the bimetallic alloy. Among all the catalysts studied,
NiZns/AISBA-15, with a turnover frequency of 10.89 s~! comparable to that of precious Pd-based cata-
lysts, presented the highest selectivity to styrene (90.3%) at nearly 100% conversion of phenylacetylene
in semibatch operation. This catalyst was further evaluated in a continuous fixed-bed reactor for semihy-
drogenation of a model Cg aromatic fraction of pyrolysis gasoline (a mixture of phenylacetylene, styrene,
ethylbenzene and xylene), which aimed at assessing its practical application of recovering styrene from
pyrolysis gasoline. The results showed that at complete conversion of phenylacetylene, the styrene con-
centration in the product was always kept at a stable level and higher than its initial concentration over
100 h of time on stream, demonstrating high selectivity and good stability of NiZns/AISBA-15. Finally, the

application of NiZn3/AISBA-15 was extended to other phenylacetylene derivatives.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

As an important chemical monomer, styrene has been widely
used for producing synthetic rubbers and plastics such as
styrene-butadiene rubber, polystyrene and ABS resin. Styrene is
mainly obtained by catalytic dehydrogenation of ethylbenzene,
epoxypropane-styrene co-production and extraction of pyrolysis
gasoline (pygas, byproduct of steam cracking of naphtha) [1-4].
In recent years, pygas extraction has attracted much attention from
both academic and industrial researchers, because a 1Mt/a of
steam cracking plant can produce about 24-42 kt/a of styrene
[2,4]. However, unfortunately, phenylacetylene always exists in
the styrene-containing feedstock, and even a small amount of
phenylacetylene will poison the catalyst used in the polymeriza-
tion process [3-6]. Considering the similar chemical structures of
phenylacetylene and styrene, it is very difficult to separate them
from one another. The most effective way to eliminate pheny-
lacetylene from styrene is through the semihydrogenation reac-
tion, which aims at completely converting phenylacetylene while
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avoiding hydrogenation of styrene. Indeed, in the pygas extraction
process, the feedstock sent to the extraction distillation unit is a
hydrogenated Cg stream composed mainly of aromatics, which is
obtained by fractionating a pygas first and then hydrogenating
any acetylenic compounds [1,2].

At present, Pd supported catalysts are most widely used for
semihydrogenation of phenylacetylene due to the excellent activ-
ity at mild reaction conditions. However, the selectivity to styrene
decreases quickly once the conversion of phenylacetylene exceeds
95%, which inevitably results in loss of styrene [7-13]. Moreover,
the limited availability and high cost of Pd metal restrict the prac-
tical application of Pd catalysts. In this respect, it is urgent and
important to develop less expensive catalysts with high activity
and selectivity for semihydrogenation of phenylacetylene.

Among various nonprecious metal catalysts such as Ni [14-20],
Fe [21] and Mo [22], Ni supported catalysts are mostly studied for
phenylacetylene hydrogenation. For instance, Erokhin et al. [18]
synthesized a Ni@C nanocomposite that exhibited around 60%
selectivity to styrene at complete conversion of phenylacetylene;
Golubina et al. [20] prepared a Ni/nanodiamond catalyst that
showed 75% selectivity to styrene at 60% conversion of pheny-
lacetylene, and the selectivity seemed to decrease with increasing
the conversion although the results at a higher conversion was not
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reported. After modifying Ni with P or Si to form nickel silicides
[15,16,19,23] or nickel phosphides [24,25], the selectivity to styr-
ene at nearly 100% conversion of phenylacetylene was increased
to some extent, e.g., about 80% selectivity at 99% conversion for
N,Si/SBA-15 [23]| and 88.2% selectivity at 98.6% conversion for
Ni,P/Al,O3 [25]. However, the modified catalysts in general had
yet to show an acceptable selectivity up to 90% at complete conver-
sion of phenylacetylene.

It is known in the literature that introduction of a second metal
such as Cu [11,12], Zn [11,12] and Ga [26] to Pd can effectively
improve the selectivity to styrene at high conversion of pheny-
lacetylene. This strategy has been tried recently for Ni-based cata-
lysts in spite of few studies available. Li et al. [27] prepared several
supported Ni-Ga intermetallic compounds via an in situ reduction
of layered double hydroxide (LDH) precursors, and the best cata-
lyst displayed around 72% selectivity at nearly 100% conversion.
Liu et al. [28] synthesized Ni3Ga/MgAl,04 and NisSn/MgAl,04
nanocrystal catalysts that exhibited, respectively, 87% and 89%
selectivity at >99% conversion. Very recently, Liu et al. [29]
reported 90.3% selectivity at 95.8% conversion over a LDH-
derived Ni—Cu nanoalloy catalyst, but the selectivity at almost
100% conversion was not presented. It is clear that, as mentioned
above, the selectivity to styrene at nearly complete conversion of
phenylacetylene needs to be improved. In addition, worthy of
mention is that, to date, most of the catalysts reported in the liter-
ature have been tested using a model feedstock composed of
phenylacetylene and solvent such as methanol and n-hexane,
which is different from the practical situation where pheny-
lacetylene is present in excess of styrene [2,22]. In such a case it
is unclear whether the catalysts were still effective in removing
phenylacetylene and preserving styrene owing to the competitive
adsorption of phenylacetylene and styrene over the active sites
of catalyst [4].

In this study, a series of monometallic Ni/AISBA-15 and
bimetallic Ni—M (M = Zn, Ga, Cu, or Fe)/AISBA-15 nonprecious cat-
alysts with varying Si/Al atomic ratio were prepared by a urea pre-
cipitation method and applied to the semihydrogenation of
phenylacetylene. The structure- activity/selectivity relationships
of these catalysts were explored and discussed. The best catalyst
identified was assessed in the hydrogenation of model Cg aromatic
fraction of pygas (a mixture of phenylacetylene, styrene, ethylben-
zene and xylene) for 100 h in a fixed-bed reactor to simulate the
practical application. Moreover, the semihydrogenation of other
phenylacetylene derivatives was attempted.

2. Materials and methods
2.1. Preparation of Ni-based AISBA-15 catalysts

The ordered mesoporous support AISBA-15 was prepared by a
modified technique of Vinu et al. [30]. First, 30 g of deionized water
and 70 g of 0.28 mol-L~! hydrochloric acid (36-38%, Sinopharm)
were mixed at 40 °C, and then 4.0 g of Pluronic P123 (M,, = 5800,
Sigma-Aldrich) was added with stirring until the P123 was com-
pletely dissolved. Next, 9.0 g of tetraethyl orthosilicate (>98%,
Sinopharm) and a predetermined amount of aluminium isopropox-
ide (>99%, Sinopharm) were added with the trace injection pump
under slowly stirring for 24 h at 40 °C, after which the solution was
transferred to a Teflon-lined stainless-steel autoclave and heated at
110 °C for 24 h. Finally, the precipitate was filtered, washed succes-
sively with deionized water and ethanol (>99.7%, Sinopharm),
dried at 80 °C for 10 h, and calcined at 550 °C for 6 h at a heating
rate of 1°C-min~'. For simplicity, the as-prepared support was
denoted as AISBA-15(x), where x (x=5, 10, 20, 40 or 80) repre-
sented the nominal Si/Al atomic ratio. For comparison, SBA-15

was also prepared using the same method except for without the
addition of aluminum precursor.

Ni-based monometallic and bimetallic supported catalysts were
prepared by a urea precipitation method [31,32]. A typical proce-
dure was as follows: first, predetermined amounts of nickel nitrate
(Ni(NO3),-6H,0, >99%, Sinopharm) and M (M = Zn, Ga, Fe or Cu)-
bearing nitrate (Zn(NOs),-6H,0, >99%, Sinopharm; Ga(NOs);-H,0,
99.99%, Sigma-Aldrich; Fe(NOs);-9H,0, 99%, Sinopharm; Cu(NOs),-
-3H,0, 99%, Sinopharm) and 0.5 g of SBA-15 or AISBA-15(x) were
added to 15 g of deionized water and stirred at room temperature
for 1 h; next, 0.23 g of urea (>99%, Sinopharm) was added to the
above solution and stirred at 90 °C for 15 h; finally, the suspension
was filtered, washed with water, dried at 110 °C for 10 h, and cal-
cined at 500 °C for 5 h at a heating rate of 2 °C-min~". Note that the
M-bearing nitrate was added only for NiM,/AISBA-15 catalysts,
where y represented the nominal M/Ni atomic ratio; moreover,
the nominal total metal loading (Ni + M) was kept at 10 wt%.

2.2. Catalyst characterization

The Brunauer-Emmett-Teller (BET) surface area (Sggr), pore vol-
ume (Vpore) and pore diameter (dpore) of samples were determined
by N, adsorption-desorption data collected at —196 °C on Micro-
metrics ASAP 2010. Before analysis the samples were degassed at
133 Pa and 200°C for 6 h. Powder X-ray diffraction (XRD) on
Rigaku D/Max 2550 was conducted to confirm the crystalline
structure of sample by using a Cu Ka radiation (A = 0.15406 nm)
in the range of 20 = 0.5-5° and 10-80° at a scan rate of 0.02°-s~ .
Inductively coupled plasma-optical emission spectroscopy (ICP-
OES) was performed on Varian 710-ES to detect the actual compo-
sition and metal loading of catalyst. High-resolution transmission
electron microscopy (HRTEM) was recorded on JEOL JEM-2100 to
observe the morphology and the metal particle size of catalyst.
Temperature- programmed reduction (TPR) of catalyst was carried
out on Micromeritics AutoChem 2920 to investigate the metal-
support interaction. The sample was reduced from room tempera-
ture to 800 °C in 10% H,/Ar at a heating rate of 10 °C-min~!, and the
H, consumption was monitored by a thermal conductivity detector
(TCD). The amount of active sites of Ni-based catalysts were also
acquired on this instrument by CO pulse chemisorption, assuming
the chemisorption stoichiometry of CO:Ni=1. The catalyst was
first in situ reduced at 800 °C for 2 h in 10% H/Ar at a heating rate
of 10 °C min~', followed by switching to He at 830 °C for 30 min to
remove adsorbed H,. After that, the catalyst was cooled to room
temperature in He, and pulsed by CO until the CO peak area
remained constant. The CO uptakes were monitored by TCD and
calculated based on the accumulated adsorbed CO. X-ray photo-
electron spectroscopy (XPS) was investigated on Thermo Scientific
ESCALAB 250 Xi to analyze the surface electronic states of catalyst
by using an Al Ko radiation (hv = 1486.6 eV) and a pass energy of
40 eV, and the binding energies of spectra were referenced by C
15 (284.8 V).

2.3. Catalyst test

The semihydrogenation of phenylacetylene over various cata-
lysts was carried out in a semibatch stirred tank reactor (300 mL,
Parr 5100). First, 5 g of phenylacetylene (>98%, Alfa Aesar), 5 g of
n-octane (>98%, Sinopharm) acting as internal standard, 90 g of
methanol as solvent, and 0.15 g of pre-reduced catalyst (reduced
at 800 °C for 2 h in 10% H,/N, at a heating rate of 10 °C-min~!) were
added into the reactor, and the mixture was heated to 40 °C in N,.
Next, H, was charged into the reactor to purge N, for several times.
Finally, the reaction occurred at 40 °C and 0.1 MPa in H, with vig-
orous stirring at 1000 rpm. A small amount of liquid product
(around 1 mL) was withdrawn from the reactor in a certain interval
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and analyzed by gas chromatography (GC) using an HP 6890 GC
system equipped with a capillary column (PEG-20M,
30 m x 0.32 mm x 0.50 pm) and a flame ionization detector.

The best catalyst identified from screening all catalysts was fur-
ther applied to a continuous operation system, where H, and a
simulated Cg aromatic fraction of pygas (a mixture of 2 wt% of
phenylacetylene, 28 wt% of styrene (>99%, Alfa Aesar), 30 wt% of
ethylbenzene (>99%, Sinopharm) and 40 wt% of xylene (>99%, Sino-
pharm) [2,4]) flowed concurrently downwards through a fixed-bed
reactor (height: 20 cm; inner diameter: 1 cm), as shown in Fig. S1.
1 g of catalyst (40-60 mesh) was loaded at the middle of the reac-
tor, and the upper and lower parts of the reactor were filled with
glass beads (40-60 mesh). The reaction temperature was adjusted
by hot water circulating through the reactor jacket and the pres-
sure was controlled by a back-pressure regulator. The gas and liq-
uid flow rates entering the reactor were controlled by mass flow
controller and HPLC metering pump, respectively. The product
was withdrawn through a six-way valve located at the outlet of
the reactor. The operating conditions were as follows: temperature
(T), 40-90 °C; pressure (P), 0.2-1.0 MPa; liquid flow rate (F;, accu-
rately controlled by a metering pump), 0.05-0.3 mL-min~'; H, flow
rate (F¢), 10 NmL-min~!. The stability of the best catalyst was eval-
uated in 100 h of reaction under an optimal condition.

Finally, the best catalyst was applied to the semihydrogenation
reaction of other phenylacetylene derivatives, including 4-
methylphenylacetylene (>99%, Alfa Aesar), 4-methoxyphenylacetylene
(>99%, Alfa Aesar), 4-chlorophenylacetylene (>98%, Alfa Aesar), and 3-
aminophenylacetylene (>99%, Alfa Aesar). The reaction was conducted
at 40 °C and 0.1 MPa in the stirred tank reactor. The amounts of reac-
tant, solvent (methanol), internal standard (n-octane) and catalyst are
the same as those used in the semihydrogenation of phenylacetylene.

Conversion of phenylacetylene is defined as moles of pheny-
lacetylene consumed divided by initial phenylacetylene moles.
Selectivity to styrene is defined as moles of styrene produced per
mole of phenylacetylene consumed. The catalyst activity is
expressed in terms of the initial rate and the turnover frequency
(TOF), with the former defined as moles of phenylacetylene con-

verted per gram of catalyst per second during the initial period,
and the latter as moles of phenylacetylene converted per mole of
active sites per second. The TOF values were calculated as follows:

Fo
TOF = WN (1)
where F is the mole of phenylacetylene in the feedstock, mole;  is
the conversion of phenylacetylene; t is the reaction time, s; W is the
catalyst weight, g; and N is the mole of Ni active sites determined by
CO chemisorption, mol-g~!. Note that the conversion data used for
calculating the TOF values are lower than 30%.

3. Results and discussion
3.1. Effect of Al doping

The ordered mesoporous structures of SBA-15 and AISBA-15 are
confirmed by small-angle XRD and HRTEM analysis (Fig. S2). In
addition, for AISBA-15, the incorporation and coordination of alu-
minum atoms into the framework of SBA-15 is evidenced by
small-angle XRD. The BET surface area, pore volume, average pore
diameter and actual Si/Al atomic ratio of the support materials are
listed in Table 1. For AISBA-15(x), the actual Si/Al atomic ratios
ranging from 839 to 23 are much larger than the corresponding
nominal ratios from 80 to 5, which might be attributed to the high
solubility of the Al precursor (aluminium isopropoxide) in the
acidic medium [30]. With increasing the Al content or decreasing
the Si/Al ratio, the BET surface area of support increases first,
passes through a maximum (955.4 m?.g~' for AISBA-15(40)), and
then decreases monotonically. This variation is in accordance with
previous work by Vinu et al. [30,33]: the increase in surface area is
probably due to the incorporation of Al atoms into SBA-15 struc-
ture, while the decrease is attributed to the possible presence of
aluminum oxide species inside and outside the mesopores of sup-
port as a result of increased Al content. The presence of mesopores
in AISBA-15(x) is evidenced by the N, adsorption-desorption iso-
therms and the pore-size distribution curves (Fig. S3). In addition,

Table 1
Physicochemical properties of supports and catalysts.

Catalysts Seer” (M?/g)  Vpore® (cm?/g)  dpore® (nm)  ngi/na”  Metal Particle size’  CO uptake Initial rate® TOF® (s 1)

loading® (nm) (umol-g-1 cat)  (umol-g-1 cat-s™!)

(wt%)

Ni M
SBA-15 775.2 1.09 6.0 - — - - — - -
AISBA-15(80) 861.6 113 6.3 839 - - - - - -
AISBA-15(40) 955.4 1.21 6.4 365 — - - — - -
AISBA-15(20) 823.8 1.20 6.7 219 - — - - - -
AISBA-15(10) 778.6 1.18 6.8 117 — - - — - -
AISBA-15(5) 578.6 1.32 93 23 — - - — - -
Ni/SBA-15 400.8 1.03 9.7 - 8.3 - 53 1.73 8.26 4.78
Ni/AISBA-15(80) 505.7 1.04 8.6 839 7.9 - 4.2 1.86 8.64 4.65
Ni/AISBA-15(40) 533.7 1.07 9.1 365 8.5 - 33 243 10.76 4.42
Ni/AISBA-15(20) 399.8 1.02 9.5 219 8.6 - 6.3 1.42 6.92 4.87
Ni/AISBA-15(10) 397.9 1.05 9.9 117 8.1 - 7.3 1.23 7.17 5.83
Ni/AISBA-15(5) 322.0 1.21 10.2 23 8.1 - 7.8 1.01 6.30 6.24
NiCug ¢/AISBA-15(40) 2573 0.53 8.2 365 49 33 2.6 2.18 8.95 4.11
NiGag/AISBA-15(40) 513.2 1.02 8.7 365 5.1 3.5 6.5 0.92 6.38 6.93
NiFe( 6/AISBA-15(40) 387.5 1.23 12.7 365 49 2.8 15.1 0.61 2.64 432
NiZng ¢/AISBA-15(40) 5323 1.07 9.1 365 53 3.1 4.2 1.78 7.57 4.25
NiZn, 5/AISBA-15(40)  335.5 0.78 9.4 365 32 53 72 0.73 6.19 8.47
NiZn3/AISBA-15(40) 376.6 0.98 104 365 1.8 6.1 7.5 0.41 447 10.89
NiZns/AISBA-15(40) 331.8 0.84 10.1 365 1.2 6.8 8.2 0.23 2.16 9.43

@ Calculated from the desorption branch of the N, physisorption isotherm by the BJH method.

Actual Si/Al atomic ratio determined by the ICP-OES analysis.

b
¢ Actual metal loading determined by by the ICP-OES analysis.
d
e

Calculated using the conversion data lower than 30%.

Average metal particle size determined by the HRTEM analysis using at least 100 particles.
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it is noticed that the hysteresis loops of the isotherms shift to
higher relative pressure with increasing the Al content, and accord-
ingly, resulting in larger pore size.

The N, adsorption-desorption isotherms of Ni/SBA-15 and Ni/
AISBA-15(x) catalysts (Fig. 1) display typical hysteresis loops of
mesoporous materials, implying that the mesoporous structure of
support is preserved after introduction of Ni particles. In addition,
the N, sorption hysteresis loop of Ni/AISBA-15(x) shifts to higher
relative pressure as compared to that of AISBA-15(x), indicating a
larger pore size of catalyst. As presented in Table 1, the average
pore diameter of Ni/AISBA-15(x) is around 1.4 times that of the
corresponding AISBA-15(x). On the contrary, all Ni/AISBA-15(x)
have BET surface areas much smaller than their support counter-
parts, suggesting deposition of nickel species on AISBA-15 [32]. It
is worthy of note that the variation of BET surface area with the
Al content for Ni/AISBA-15(x) follows the same trend as observed
for the support materials. Among all Ni/AISBA-15(x), Ni/AISBA-15
(40) has the largest surface area. Around 80% of nickel species is
deposited on AISBA-15 (actual Ni loadings of 7.9-8.6 wt%, Table 1),
showing the effectiveness of the urea precipitation method used
here for preparing catalysts.

Fig. 2 shows the XRD patterns of reduced Ni/AISBA-15(x). The
well-preserved characteristic peaks in the small-angle range imply
that the ordered mesoporous structure of AISBA-15 is maintained.
Compared to AISBA-15(x) (Fig. S2), the (1 00) plane peak of Ni/
AISBA-15(x), especially those catalysts with x > 20, shifts to a
smaller angle, indicating the incorporation of Ni species into the
framework of AISBA-15 (the bond length of Ni—0 (1.93-2.07 A)
is longer than those of Si—O and Al—O bonds) [32,34,35]. However,
for Ni/AISBA-15(10) and Ni/AISBA-15(5), this angle shift is very
small by comparison of Ni/AISBA-15(10) and AISBA-15(10) (or
Ni/AISBA-15(5) vs AISBA-15(5)), which is probably due to the
aforementioned presence of excess Al,0s; that prevents Ni from
being incorporated into AISBA-15. The broad peaks at 20 =44.5
and 51.8° are assigned to (111) and (2 00) planes of metallic
Ni® (JCPDS 04-0850), respectively. The intensity of these peaks
decreases first and then increases with the Al content, meaning
that the crystallite size of Ni can be tuned by adjusting the Al con-
tent. Among all Ni/AISBA-15(x), the Ni crystallite size of Ni/AISBA-
15(40) seems to be the smallest.

Fig. 3 shows the H,-TPR profiles of Ni/AISBA-15(x). There exits
only one broad reduction peak centered at around 600 °C for each
catalyst, which belongs to the strong metal-support interaction
[32]. Like the BET surface area and the intensity of Ni° characteris-

2400

2000 )
Ni/SBA-15

-

]

o

o
1

Ni/AISBA-15(80)
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800 A Ni/AISBA-15(20)
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T T
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Relative pressure

Fig. 1. N, adsorption-desorption isotherms of Ni/AISBA-15(x) catalysts.

tic peak, the reduction peak temperature of Ni/AISBA-15(x) varies
with the Al content: increases first, and then decreases, with the
highest reduction peak temperature of 610 °C for Ni/AISBA-15
(40). The higher reduction temperature or the stronger metal-
support interaction is closely associated with the incorporation of
Ni into AISBA-15 that makes the reduction of NiO species difficulty.
However, with a further increase in the Al content, the amount of
Ni incorporated into AISBA-15 decreases, as reflected by the XRD
analysis, and consequently it is relatively easy to reduce the cata-
lysts such as Ni/AISBA-15(10) and Ni/AISBA-15(5).

Fig. 4 displays the HRTEM images and the corresponding Ni par-
ticle size distributions of reduced Ni/AISBA-15(x) catalysts. All
samples exhibit ordered mesoporous structures, which is in line
with the XRD analysis. With increasing the Al content, the average
Ni particle size of Ni/AISBA-15(x) varying between 3.3 and 7.8 nm
first decreases and then increases, which is also in agreement with
XRD. As shown in Table 1, a negative correlation is observed
between the average Ni particle size and the CO uptake of Ni/

\ After H, reduction

Ni/AISBA-15(80)

' NVA'SBA'15(4°)MMMWWM
1

Ni/AISBA-15(20)

Intensity / a.u.

Ni/AISBA-15(10)

Ni/AISBA-15(5)

1 1 1 1 1 1
08 12 16 20 24 10 20 30 40 50 60 70 80
26/ degree

Fig. 2. XRD patterns of reduced Ni/AISBA-15(x) catalysts.
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Fig. 3. H,-TPR profiles of Ni/AISBA-15(x) catalysts.
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Fig. 4. HRTEM images and the corresponding histograms of Ni particle size distribution of reduced Ni/AISBA-15(x) catalysts: (A) Ni/SBA-15, (B) Ni/AISBA-15(80), (C) Ni/

AISBA-15(40), (D) Ni/AISBA-15(20), (E) Ni/AISBA-15(10), and (F) Ni/AISBA-15(5).

AISBA-15(x), implying more active sites for the catalyst with smal-
ler Ni particle size. In addition, compared to Ni/AISBA-15(40)
whose average Ni particle size (3.3 nm) is much smaller than the
average pore diameter (9.1 nm), Ni/AISBA-15(5) has comparable
Ni particle size (7.8 nm) with the pore size (10.2 nm), indicating
that many Ni particles of Ni/AISBA-15(5) are deposited and aggre-
gated on the outer surface of AISBA-15(5).

Fig. 5 presents the XPS spectra of Ni 2p and Al 2p core levels of
reduced Ni/AISBA-15(40) and Ni/AISBA-15(5). Deconvolution of
the Ni 2p peaks (Fig. 5(a)) of both catalysts yields three separate
peaks at the binding energies (BEs) of 852.7, 856.1, and 861.1 eV,
which are assigned to Ni° NiO and nickel satellite peak, respec-
tively [36-39]. It should be stressed that there is no peak shift
for Ni 2p peaks, indicating no electronic effect of Al on Ni. Decon-
volution of the Al 2p spectrum of Ni/AISBA-15(5) reveals two peaks
at BEs of 74.4 and 75 eV (Fig. 5(b)), corresponding to the tetrahe-
dral and octahedral aluminum states, respectively [40]. In the
tetrahedral state, Al is covalently bound to four Si atoms via oxygen
bridges, while in the octahedral state, Al is not incorporated into
the SBA-15 framework and it exists in the form of aluminum oxide
[33]. This finding confirms the presence of aluminum oxide on Ni/
AISBA-15(5), which in turn, as discussed above, gives rise to small
BET surface area and large Ni particle size of the catalyst. As for Ni/
AISBA-15(40), the Al 2p spectrum is curve-fitted into only one peak
at BE of 74.4 eV (Fig. 5(b)), indicative of incorporation of all Al into
the SBA-15 framework.

The conversion-time and conversion-selectivity curves of Ni/
AISBA-15(x) in phenylacetylene hydrogenation are displayed in
Fig. S4, and the corresponding initial rate and the turnover fre-
quency (TOF) are listed in Table 1. The TOF values vary from 4.42
and 6.24 s~!, which are of the same order of magnitude as those
(1.3-21.4s7 1) achieved using Pd-based catalysts under similar
mild reaction conditions [3,8,11,12]. This demonstrates that non-
precious Ni/AISBA-15(x) can catalyze the phenylacetylene hydro-
genation with a specific activity comparable to that exhibited by
precious Pd-based catalysts. The TOFs show a positive correlation
with the average Ni particle sizes, revealing that the pheny-
lacetylene hydrogenation on nickel surface is a structure-
sensitive reaction. This characteristic is also found on Pd-based cat-
alysts [3,12,41]. Nevertheless, like the CO uptake, the inital rate in
general has a negative correlation with the Ni particle size. Ni/
AISBA-15(40) has the highest initial rate and thus the highest
apparent activity. As regards the selectivity to styrene at almost
complete conversion of phenylacetylene (>99.5%), Ni/SBA-15, Ni/
AISBA-15(80) and Ni/AISBA-15(40) have similar selectivity of
about 84.5% (Fig. S4), which is larger than that of Ni/AISBA-15
(20) (80.8%), Ni/AISBA-15(15) (70.6%) and Ni/AISBA-15(5) (62.7%).
It appears that the selectivity to styrene remains unchanged with
increasing the average Ni particle size of catalyst from 3.3 to
5.3 nm, but decreases with a further increase in Ni particle size
(6.3-7.8 nm). This implies that smaller Ni particle size is favorable
for increasing the selectivity to styrene.
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Fig. 5. XPS spectra of (a) Ni 2p and (b) Al 2p of reduced Ni/AISBA-15(40) and Ni/AISBA-15(5) catalysts.

There exists NiO on the surface of reduced catalyst according to
the above XPS analysis, which we believe is mainly due to the oxi-
dation of Ni° by air during sample transfer [29,32,42]. In addition,
Ni instead of NiO is the predominant active phase for the semihy-
drogenation of phenylacetylene. This is because the unreduced
NiO/AISBA-15(40) shows very low activity, with only 7.5% conver-
sion of phenylacetylene after 500 min of reaction (Fig. S4). In con-
trast, the reduced Ni/AISBA-15(40) realizes 99.6% conversion in
about 350 min. Considering that Ni/AISBA-15(40) has the highest
apparent activity and the highest selectivity to styrene among all
Ni/AISBA-15(x), it is selected as the reference catalyst in the next
section to explore the activity and selectivity of bimetallic cata-
lysts, namely, NiM/AISBA-15(40) (M = Zn, Ga, Fe or Cu).

3.2. Effect of second metal

Bimetallic NiM/AISBA-15(40) (M =Zn, Ga, Fe or Cu) catalysts
with M/Ni atomic ratio of 0.6 are prepared. In addition, three
NiZny/AISBA-15(40) (y = 1.5, 3 and 5) are synthesized by taking
into account the high performance of NiZn/MgAl,0, with a high
molar ratio of Zn/Ni for the semihydrogenation of acetylene [43].
Supported NiGa, NiFe and NiCu catalysts with high molar ratios
of M/Ni are not considered in this study because a relatively high
amount of Ga [27], Cu [29] or Fe [44] was found to result in low
selectivity. Like Ni/AISBA-15(x) whose actual Ni loading is about
8.0 wt%, the actual metal loadings (Ni+ M) of NiCugg/AISBA-15
(40), NiGagg/AISBA-15(40), NiFegg/AISBA-15(40), NiZnge/AISBA-
15(40), NiZn,s/AISBA-15(40), NiZns/AISBA-15(40) and NiZns/
AISBA-15(40) are 8.2, 8.6, 7.7, 8.4, 8.5, 7.9 and 8.0 wt%, respectively
(Table 1). The actual M/Ni atomic ratios of these catalysts are 0.62,
0.58, 0.60, 0.52, 1.49, 3.04 and 5.10, respectively, which are close to
the nominal M/Ni atomic ratios. The existence of hysteresis loops
in N, physisorption isotherms of bimetallic catalysts (Fig. S5) and
the presence of characteristic diffraction peaks in small-angle
XRD patterns (Fig. 6) taken together demonstrate that the ordered
mesoporous structures still remain after introduction of the second
metal.

The wide-angle XRD patterns of these catalysts are also illus-
trated in Fig. 6. NiGags/AISBA-15(40) exhibits diffraction peaks

After H, reduction 1:Ni; 2: NijGay

NiGa, /AISBA-15(40) 2

_/L NiFe, /AISBA-15(40)

NiCu, /AISBA-15(40)

A

Nizn, /AISBA-15(40) :

Nizn, /AISBA-15(40) A |
NiZn,/AISBA-15(40) \ :
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I
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Fig. 6. XRD patterns of reduced bimetallic catalysts.

(20 =43.6 and 50.7°) belonging to NizGa [27,28], indicating the for-
mation of Ni—Ga alloy. NiCug s/AISBA-15(40), NiFeq g/ AISBA-15(40)
and NiZng/AISBA-15(40) show diffraction peaks (26 =44.5 and
51.8°) indexed to metallic Ni°. For the NiZn supported catalysts,
with increasing the molar ratio of Zn/Ni, the peak at 44.5° shifts
to smaller angles, which is located between 44.5° and 43.2° (the
(101) plane of Zn) indicating the formation of Ni—Zn alloy
[45,46]. The possible presence of Ni—Zn alloy is also reflected by
the H,-TPR analysis (Fig. S6), from which it is found that the reduc-
tion peak gradually shifts from 630 °C to 690 °C with increasing the
molar ratio of Zn/Ni from 0.6 to 5.0.

HRTEM and lattice images of reduced bimetallic catalysts
demonstrate the alloy formation for NiGag g/AISBA-15(40), NiZn 5/
AISBA-15(40), NiZn3/AISBA-15(40) and NiZns/AISBA-15(40)
(Fig. 7). On the one hand, NiFeqg/AISBA-15(40), NiZng g/AISBA-15
(40) and NiCuge/AISBA-15(40) display small particles with a lattice
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spacing of 0.203 nm (determined by fast Fourier transform pattern
(FFT) (inset)), corresponding to the (11 1) plane of fcc Ni [31,47].
On the other hand, a lattice spacing of 0.206 nm is observed for
NiGage/AISBA-15 and a lattice spacing of 0.208 nm for NiZn; s/
AISBA-15(40), NiZn3/AISBA-15(40) and NiZns/AISBA-15(40), which
are assigned to the (11 1) plane of Ni-Ga alloy [27,48] and the
(8 1 5) plane of Ni-Zn alloy (JCPDS card No. 47-1019), respectively.
It is interesting that the Ni-Zn alloy is formed with increasing the
Zn/Ni ratio. This result is consistent with the XRD analysis as men-
tioned above. The HRTEM-determined average metal particle size
of bimetallic catalysts ranges from 2.6 to 15.1 nm, depending on
the type of the second metal. Like monometallic Ni/AISBA-15(x),
the bimetallic catalyst with a smaller metal particle size generally
possesses higher CO uptake (Table 1). Note that NiZns;/AISBA-15
(40) and NiZns/AISBA-15(40) have metal particle sizes (7.5 and
8.2 nm, respectively) smaller than that of NiFeqg/AISBA-15(40)
(15.1 nm), but their CO uptakes (0.41 and 0.23 umol - gz, respec-
tively) are lower than that of NiFeqg/AISBA-15(40) (0.61
umol - g21), which could be attributed to the very low Ni loading
of the two catalysts.

XPS analysis of reduced bimetallic catalysts further confirms
the alloy formation for NiGagg/AISBA-15(40) and NiZn,/AISBA-15
(40) (y=1.5, 3 and 5). As illustrated in Fig. 8, among all NiMgg/
AISBA-15(40), only the Ni 2ps); peak of NiGag ¢/AISBA-15(40) shifts
to a lower BE (852.3 vs 852.7 eV), implying the electron transfer
from Ga to Ni and the presence of electronic effect [27,28]. As for
NiZny/AISBA-15(40), the Ni 2p;, peak gradually shifts negatively
from 852.7 eV to 852.3 eV with increasing the molar ratio of Zn/
Ni from 0.6 to 5.0, reflecting the electron transfer from Zn to Ni
[49]. The above result clearly demonstrates that Ni atoms in
NiGagg/AISBA-15(40) and NiZny/AISBA-15(40) (y=1.5, 3 and 5)
are more electron-rich than those in other catalysts.

Fig. 9 shows the conversion-time and conversion-selectivity
curves of the phenylacetylene hydrogenation over various bimetal-
lic catalysts. Compared to monometallic Ni/AISBA-15(40), all
bimetallic catalysts exhibit lower reaction rates, as indicated by
more time required for about 100% conversion. Indeed, both the
initial rate and the CO uptake of bimetallic catalysts (Table 1) are
lower than those of Ni/AISBA-15(40), which is ascribed to the
lower Ni loading of bimetallic catalyst. In addition, like
monometallic catalysts, we observe a negative correlation between
the inital rate and the metal particle size for bimetallic catalysts. By
comparison of the TOF values for bimetallic catalysts and Ni/
AISBA-15(40) (Table 1), it is found that the specific activity of Ni/
AISBA-15(40) is slightly higher than those of NiZngg/AISBA-15,
NiCug g/AISBA-15 and NiFeqy ¢/AISBA-15, but much lower than those
of NiGag ¢/AISBA-15(40) and NiZn/AISBA-15(40) (y = 1.5, 3 and 5),
disclosing the positive effect of Ni—Ga and Ni—Zn alloy. In previous
studies on Pd-based catalysts, some researchers also found that the
alloy of Pd with a second metal can increase the hydrogenation
activity of catalysts, e.g., the TOF value for benzene hydrogenation
catalyzed by Pd—Rh/CNT was round 5 times higher than that of Rh/
CNT and nearly 2 orders of magnitude higher than that of Pd/CNT
[50], and the activity of Pd—Ru/PCNT catalyst in the selective
hydrogenation of cinnamaldehyde to cinnamyl alcohol was supe-
rior to Pd/PCNT and Ru/PCNT [51].

As far as the selectivity at nearly 100% conversion is concerned,
the bimetallic catalysts follow the order NiZns/AISBA-15 (90.3%)
> NiGage/AISBA-15 (89.5%) > NiZns/AISBA-15 (88.9%) > NiZn 5/
AISBA-15 (87.3%) > NiZngg/AISBA-15 (85.8%) > NiFe( g/AISBA-15
(76.9%) > NiCugg/AISBA-15 (10.5%). The improved selectivity of
NiZny/AISBA-15 (y=1.5, 3 and 5) and NiGage/AISBA-15 as com-
pared to Ni/AlSBA-15(40) is mainly attributed to the electronic

HRTEM Lattice

+6.1 nm

6.5 1:4 nf

0.208 nm
—\<

NiZng/AISBA-1540) | NiZnj/AISBA-15(40) | Nizn, JAISBA-15(40) | NiZn, JAISBA-1540) | NiCug/AISBA-1540) | NiGay AISBA-1540) | NiFe,JAISBA-15(40) |

Fig. 7. HRTEM and lattice images of reduced bimetallic catalysts (the insets in the
left and right panels show the corresponding histograms of metal particle size
distribution and FFT spectra, respectively).
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effect, because the electron-rich Ni active sites normally favor the
desorption of electron-rich alkenes [7,52]. For example, Studt et al.
[43] calculated the adsorption energy of ethylene on Ni(1 1 1) and

NiGa, /AISBA-15(40)

*”(‘\A

852.7 eV

Intensity / a.u.

852.5eV

852.3 eV

890

870
Binding energy / eV

860 840

Fig. 8. XPS spectra of reduced bimetallic catalysts.
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NiZn(11 1) planes, with the former about 0.2 eV lower than the
latter, indicating that ethylene is more easily desorbed from the
surface of NiZn. However, to date, most DFT calculations are per-
formed on ethylene whose molecular size is smaller than that of
styrene. Here, we calculate the adsorption energy of styrene on
the metal active sites of Ni/AISBA-15(40), NiZngg/AISBA-15(40)
and NiZns/AISBA-15(40) (Fig. 10 and Fig. S7). The DFT calculation
results show that the adsorption energies of styrene on the Ni
(111) plane of Ni/AISBA-15(40), the Ni(11 1) plane of NiZngg/
AISBA-15(40) and the NiZn3(8 15) plane of NiZns/AISBA-15(40)
are —2.03, —1.91 and -0.97 eV, respectively. The adsorption
energy of styrene on NiZn3/AISBA-15(40) is much larger than that
on Ni/AISBA-15(40) or NiZngg/AISBA-15(40), which means that
styrene can readily desorb from the surface of NiZn alloy and thus
avoid its over-hydrogenation into ethylbenzene.

Ni Ni(111) |-2.03 eV
NiZng ¢ Ni(111) |-1.91 eV
NiZn, NiZn,(815) |-0.97 eV
0.0 -0.4 -0.8 -1.2 -1.6 -2.0

Adsorption energy of styrene / eV

Fig. 10. Adsorption energies of styrene on the Ni(1 1 1) and NiZn(8 1 5) planes of
different catalysts. (Ni, Zn, C and H atoms are modelled by dark blue, dark gray, gray
and white, respectively.)
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Fig. 9. Conversion vs time and selectivity curves over various bimetallic catalysts: (a) NiM ¢/AISBA-15(40) and (b) NiZny/AISBA-15(40). (condition: 40 °C, 0.1 MPa, 5 wt%
phenylacetylene in methanol, 0.15 g of catalyst and 100 g of solution in a semibatch stirred tank reactor).
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3.3. Comparison with conventional catalysts

The above results show that NiZn3/AISBA-15(40) has the high-
est TOF value and the highest selectivity to styrene among all the
catalysts investigated in this work. Next, NiZn3/AISBA-15(40) is
compared with conventional catalysts used for semihydrogenation
reactions. These catalysts include Pd-based catalysts (Pd/Al,O03 and
Lindlar catalyst) and Ni-based catalysts (Ni/Al;03 and Ni/SiO;),
with the results listed in Table 2 and the conversion-time and
conversion-selectivity curves presented in Fig. S8. As expected,
Pd/Al,03 has the highest apparent activity, but with a low selectiv-
ity (47.8%) at 99.5% conversion. Lindlar catalyst, as a commercially
widely used catalyst, shows a high selectivity (90.2%) at 99.3% con-
version, but it takes about 20 times longer to reach the conversion
than Pd/Al,03, indicating low activity. Ni/Al,03 and Ni/SiO, exhibit
much lower activity, with conversions of only 23.5% and 29.8%,
respectively, after 900 min of reaction. In contrast, NiZn3/AISBA-
15(40) gives rise to a high selectivity (90.3%) at 99.6% conversion
with an acceptable activity (half of the time required for Lindlar
catalyst to reach about the same conversion). In addition, by taking
into account the relatively low cost of nonprecious Ni-based cata-
lysts as compared to precious Pd-based catalysts, NiZns/AISBA-15
(40) is a potential catalyst for the semihydrogenation of
phenylacetylene.

3.4. Application in semihydrogenation of model Cg aromatic fraction of
pygas

NiZn3/AISBA-15(40) is further evaluated in a continuous fixed-
bed reactor for the semihydrogenation of model Cg aromatic frac-
tion of pygas, aiming at assessing its practical application of recov-
ering styrene from pygas. Fig. S9 show the effects of temperature,
pressure and liquid flow rate, from which the optimal reaction con-
dition is determined as follows: T=80°C, P=0.6 MPa, F; =0.1 -
mL-min~! and F;=10 NmL-min~'. Under the optimal condition,
phenylacetylene is completely removed and meanwhile the styr-
ene concentration in the product is kept at a stable level
(241 mol-.L™! on average) during 100h of time on stream
(Fig. 11). Moreover, the styrene concentration in the product is
always higher than the initial concentration (2.37 mol-L~!, as indi-
cated by the red dashed line), which indicates that the amount of
styrene in the feedstock is not reduced but rather increased owing
to the efficient conversion of phenylacetylene into styrene. In addi-
tion, the ordered mesoporous structure and the average metal par-
ticle size (7.0nm) of the used NiZns;/AISBA-15(40) are well
maintained; the chemical state of Ni° (852.3 eV) is unchanged;
no metal leaching is detected (Ni and Zn loadings of the used cat-
alyst measured by ICP-OES are 1.7 wt% and 6.0 wt¥%, respectively.);
and almost no coke deposition occurs (1.5 wt% coke determined by

Table 2
Comparison of NiZn;/AISBA-15(40) with conventional catalysts in semihydrogenation
of phenylacetylene®.

Catalysts Reaction time (min) Conversion (%) Selectivity (%)
Pd/AL,05" 80 99.5 47.8
Lindlar catalyst® 1800 99.3 90.2
Ni/Al,05¢ 900 23.5 93.1
Ni/Si0,¢ 900 29.8 91.5
NiZns/AISBA-15(40) 930 99.6 90.3

¢ Reaction condition: 40 °C, 0.1 MPa, 5 wt% phenylacetylene in methanol, in a
semibatch stirred tank reactor.

b Prepared by impregnation method with a Pd loading of 0.5 wt% and reduced at
450 °C for 2 h.

¢ Purchased from Aladdin Reagent Int., with a Pd loading of 5 wt% poisoned by a
lead complex.

4 Prepared by the method used in this work, with a Ni loading of 10 wt%.
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Fig. 11. Stability test of NiZn3/AISBA-15(40) in the semihydrogenation of model Cg
aromatic fraction of pygas (feedstock: 2 wt% of phenylacetylene (0.17 mol-L™1),
28 wt% of styrene (2.37 mol-L™'), 30 wt% of ethylbenzene (2.49 mol-L™') and 40 wt%
of xylene (3.32 mol-L™!); condition: T=80°C, P=0.6 MPa, F,=0.1 mL-min—' and
Fc=10 NmL-min~'; in a continuous fixed-bed reactor). The dashed lines represent
the concentration of species in the feedstock. The HRTEM and XPS analysis are
performed on the 100 h-used NiZn3/AISBA-15(40).

thermogravimetric analyzer). Therefore, NiZn3/AISBA-15(40) is a
promising catalyst for the semihydrogenation of Cg aromatic frac-
tion of pygas aiming at minimizing the concentration of pheny-
lacetylene while maximizing the concentration of styrene.

3.5. Extension to semihydrogenation of phenylacetylene derivatives

Finally, the scope of NiZn3/AISBA-15(40) is extended to various
phenylacetylene derivatives with different functional groups at the
para- and meta-position of the alkyne group. The results are sum-
marized in Table 3 and the conversion-time and conversion-
selectivity curves are given in Fig. S10. Although the reaction rates
vary depending on the type of phenylacetylene derivative (differ-
ent time required for complete conversion), a high selectivity to
the intermediate product (>90%) is attained for every reaction. This
demonstrates that NiZns/AISBA-15(40) can be extended to the
semihydrogenation of many phenylacetylene derivatives.

4. Conclusions

Nonprecious monometallic Ni/AISBA-15 and bimetallic Ni-M/
AISBA-15 (M =Zn, Ga, Cu, or Fe) were successfully prepared by a
urea precipitation method, with the metal loading of about
8.0 wt% as determined by ICP-OES. The ordered mesoporous struc-
ture of the catalysts was evidenced by small-angle XRD, N,
physisorption and HRTEM analyses. It was found that NiFe and
NiCu alloys were not formed, but the formation of NiZn and NiGa
alloys was confirmed by XRD, HRTEM and XPS analyses. With
increasing the Al content, the Ni particle size of Ni/AISBA-15 first
decreased and then increased meaning that the Ni particle size
can be tuned by controlling the doping of Al All catalysts were
evaluated and compared in terms of activity and selectivity in
the semihydrogenation of phenylacetylene under very mild condi-
tion (40 °C and 0.1 MPa) in a semibatch stirred tank reactor. The
results from monometallic Ni/AISBA-15(x) catalysts showed that
the activity and selectivity relied on the Ni particle size: smaller
Ni particles generally gave rise to higher initial rate but lower
specific activity, while the selectivity to styrene first remained
unchanged and then decreased with increasing the Ni particle size.
These results indicate the structure-sensitive characteristic of the
semihydrogenation of phenylacetylene over the Ni-based catalysts.
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Table 3
Semihydrogenation of various phenylacetylene derivatives over NiZns;/AISBA-15(40)".

Reaction Substrate Desired product Time (h) Conversion (%) Selectivity (%)
1 @/ ©A\ 15.5 99.6 90.3
2  a /@A 28.7 99.3 93.5
o .
Cl
3 O/ /@/\ 31.0 99.5 90.5
(o}
e
\A’S'/O \<\S’
4 /@/// /@A\ 16.7 99.4 90.8
o
W *
5 Y @/\ 71.6 99.6 94.1
NH, NH,

¢ Reaction condition: 40 °C, 0.1 MPa, 5 wt% substrate in methanol, in a semibatch stirred tank reactor.

The results from bimetallic Ni—M/AISBA-15 showed that NiZn and
NiGa catalysts had higher selectivity as compared to NiCu and NiFe
catalysts, which was mainly attributed to the geometric and elec-
tronic effects that were originated from the NiZn and NiGa alloys.
DFT calculations also revealed that the adsorption energy of styr-
ene on the NiZn alloy was much higher than that on metallic Ni,
which in turn allowed the rapid desorption of styrene from the sur-
face of NiZn alloy and prevented the over-hydrogenation. Among
all the catalysts, NiZn3/AISBA-15(40) possessed the highest selec-
tivity to styrene (90.3% at nearly 100% conversion of pheny-
lacetylene), which was also superior to conventional catalysts
including Pd/Al,0s, Ni/Al;03, Ni/SiO, and Lindlar catalyst. When
applied to the continuous hydrogenation of a model commercial
Cg fraction of pygas (2 wt% of phenylacetylene, 28 wt% of styrene,
30 wt% of ethylbenzene and 40 wt% of xylene), NiZn3/AISBA-15
(40) exhibited stable activity and high selectivity to styrene over
100 h of time on stream. Meanwhile, its structure is well main-
tained. In addition, this catalyst was capable of converting a major-
ity of phenylacetylene derivatives into alkenyl aromatics with high
selectivity. Therefore, the nonprecious NiZns/AISBA-15(40) is a
promising catalyst for the semihydrogenation of phenylacetylene
and its derivatives.
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