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Different AL,O; carriers were synthesized by co-precipitation and sol-gel method. From
them, 4%Ni0-20%Mo0,/Al,O; catalysts were prepared by incipient wetness impregnation. The
catalysts were characterized by X-ray diffraction analysis (XRD), N, adsorption-desorption,
NH;-temperature programmed desorption (TPD) and H,-temperature programmed reduction
(TPR) and subsequently used for selective hydrogenation of naphthalene to high-value tetralin.
The results showed that Ni-Mo/so-ge Al,O, (900) exhibited better catalytic performance than
Ni-Mo/commercial Al,O,, achieving 99.56% naphthalene conversion and 99.43% tetralin

selectivity.
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Introduction

Naphthalene hydrogenation has been widely reported.'-
Active metals such as Co, Mo, Ni, W, Pt, Pd, Ru, Ni-Mo,
Ni-W and Co-Moloaded on Al,O,, Si0,, TiO,, HY zeolite,
HZSM-5 zeolite, activated carbon, Al,0,/Si0O,, and
AL O4/TiO, carriers have been used to study naphthalene
hydrogenation.*¢ Usually, noble metal catalysts have
higher activity.” However, due to the lower cost and wider
application, scholars focus more on transition metal
catalysts,®especially Ni-Mo catalysts.>!° Although the price
of tetralin is higher than that of decaline, most studies are
devoted to the complete hydrogenation of naphthalene to
decalin. Tetralin is an important solvent and chromatographic
reagent.'"""* Han and co-workers'* used Fe-Mo based
catalyst to produce tetralin and the highest yield of tetralin
was 85%. Additionally, 84.9% tetralin yield was achieved
by 4.2% Ni nano-clusters supported on MFI nano-sheets
zeolite."

In a preliminary research!® carried out by some of
us, the optimum active metal, metal loadings, loading
ratio and reaction conditions for the naphthalene
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selective hydrogenation to high-value tetralin have been
determined. The present paper mainly investigates the
effect of different Al,O, supports on the performance of
4%Ni0-20%Mo0,/Al,0O;catalysts under the same reaction
conditions employed in the preliminary studies.'® It is well-
stablished that carriers play an important role in catalysts,
but there is little literature on the effects of Al,O, supports.
This paper provides a reference study about the effects
of different Al,O, supports on the synthesis of tetralin by
naphthalene hydrogenation.

Experimental
Preparation of catalysts

Al O, was synthesized by a co-precipitation method,"” in
which 20 g of AICI;-6H,0 (Shanghai Aladdin Biochemical
Technology Co., Ltd, Shanghai, China) and 10 g NaOH
(Shanghai Aladdin Biochemical Technology Co., Ltd,
Shanghai, China) were fully dissolved in deionized water.
The NaOH solution was then slowly dropped into the AICl,
solution with stirring. Subsequently, the obtained white
precipitate, AI(OH),;, was vacuum filtered, rinsed with hot
water, dried at 120 °C for 4 h and calcined at 600, 700, 800
and 900 °C for 4 h to produce Al,O,. Finally, the obtained
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AL O, powders were pelletized and sieved (80-120 mesh),
and then denoted as co-pr Al,O,(600), co-pr Al,O5(700),
co-pr Al,O,(800) and co-pr AL,O5(900).

AL O, was synthesized by the sol-gel method using
0.2 mol L' AI(NO,); (Sichuan South China Inorganic
salt Co., Ltd, Sichuan, China) as aluminum source and
Triton X-100 (Shanghai Aladdin Biochemical Technology
Co., Ltd, Shanghai, China) as a dispersing agent.'8 Triton
X-100 (60 drops) was added into 300 mL of the AI(NOs;),
solution, and 2 mol L' (NH,),CO; (Sichuan South China
Inorganic salt Co., Ltd, Sichuan, China) solution was
slowly dropped into the mixture while stirring until pH 9.
Subsequently, the mixture was vacuum filtered and then
washed with hot deionized water. The precipitate was
then refluxed in n-butanol for 2 h, dried at 120 °C for
4 h, and calcined at 800, 900, 1000 and 1100 °C for 4 h.
Finally, the obtained Al,O, powders were pelletized and
sieved (80-120 mesh), and then were denoted as so-ge
Al,0, (800), so-ge AL,O, (900), so-ge Al,O,(1000) and
so-ge ALLO,(1100).

Commercial ALLO; with saturated water absorption of
38 wt.% was purchased from the Aluminum Corporation
of China Limited (Shanghai, China). Table 1 shows its
physical and chemical properties.

49%Ni10-20%Mo00,/Al, O, catalysts were prepared by
incipient wetness impregnation using NiNO;-6H,0O and
(NH,){Mo,0,,-4H,0 as precursors. After immersion for
12 h, they were dried at 120 °C and calcined at 500 °C for
4 h. Finally, the obtained catalysts were denominated as
Ni-Mo/commercial Al,O,, Ni-Mo/co-pr ALO, (x, x = 600,

Table 1. Physical and chemical properties of the commercial Al,O, support
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700, 800, 900) and Ni-Mo/so-ge Al,O; (y, y = 800, 900,
1000, 1100).

Characterization of catalysts

AlO, was identified by using a Rigaku D/max-2400X
(Tokyo, Japan) X-ray diffraction equipment using Cu Ko
radiation. N, adsorption-desorption experiments were
performed by a Quantachrome NOVA 2200e instrument
(Florida, USA). The NH;-temperature programmed
desorption (TPD) and H,-temperature programmed
reduction (TPR) analysis of the catalysts was carried
out on a TP-5080 device (Tianjin, China) with thermal
conductivity detector."

Catalytic performance

2 g catalyst and 1 g naphthalene were added to 19 g
of n-hexane as a solvent in a stainless-steel batch reactor,
employing 6 MPa of H, as a reductant. The solution was
then mechanically stirred and heated to 200 °C for 8 h.
The product was analyzed by the use of a 3420A gas
chromatograph (Beifen, Beijing, China).

Results and Discussion
X-ray diffraction analysis (XRD)

Figure 1 shows the XRD patterns of Al,O, prepared
by different methods. In Figure 1a, the diffraction peaks
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Figure 1. XRD patterns of Al,O, prepared by (a) co-precipitation; (b) sol-gel method.
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of Al,O, prepared by co-precipitation at the calcination
temperature of 600, 700, 800 and 900 °C are basically
similar, with three well-defined peaks around 26 = 37, 45
and 67° assigned to the characteristic peaks of y-Al,0,.%
The intensity of the diffraction peaks increased slightly with
increasing calcination temperature. When the calcination
temperature was 900 °C, two peaks appeared near 26 = 32
and 40°, which were assigned to the characteristic peaks
of 6-Al,0,. Therefore, when the calcination temperature
rises to 900 °C, Al,O, prepared by co-precipitation method
begins to transform from the y phase to the 0 phase. In
Figure 1b, the diffraction peaks of Al,O, prepared by the
sol-gel method became sharper with increasing calcination
temperature. At the temperature of 800 °C, the peaks around
20 =45 and 67° appeared with low intensity, indicating that
the Al,0, was in an amorphous form.?! When the calcination
temperature reached 900 °C, the characteristic peaks of
v-Al,O;became more obvious. At 1000°C, the characteristic
peaks of 0-Al,0, (20 = 32, 38, 40°) appeared,”* while at
1100 °C, the characteristic peaks of a-Al,04 (26 = 26, 35,
38, 44, 53, 58, 68°) were clearly seen.®

N, adsorption-desorption

Figure 2 shows N, adsorption-desorption isotherms
and pore size distribution of different Ni-Mo/Al,O,
catalysts. It can be observed that all isotherms are type IV,
suggesting the presence of well-structured mesoporous
materials.>*? Table 2 lists Brunauer-Emmett-Teller surface
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areas (Sggp), total pore volumes (V,,,,), and average pore
sizes for different Ni-Mo/AlO; catalysts. The BET data
for Al,O, catalysts is consistent with published results.?®
By comparison, Sy of Ni-Mo/co-pr Al,O,is the smallest,
while the Sy of Ni-Mo/so-ge Al,O; is the largest, reaching
206.70 m? g'. Compared with Ni-Mo/commercial Al,O,,
V.o Of Ni-Mo/co-pr ALLO; and Ni-Mo/so-ge Al,O; was
increased by 17.6 and 30.0%, respectively. Average pore
sizes of Ni-Mo/commercial Al,O5, Ni-Mo/co-pr Al,O, and
Ni-Mo/so-ge Al,O; are 5.98, 6.44 and 3.81 nm, respectively.

NH,-TPD

According to the desorption temperature, the acid sites
can be divided into weak (< 200 °C), medium (200-400 °C),
and strong (> 400 °C). Figure 3 shows NH;-TPD curves
and acid strength distribution of different Ni-Mo/Al,O,
catalysts. Ni-Mo/Al,0O; is mainly medium-weak acid.”
By comparison, total acidity of Ni-Mo/so-ge Al,O, is
the largest, while total acidity of Ni-Mo/co-pr Al,O; is
the smallest, which may be due to the largest Sy; of
Ni-Mo/so-ge Al,O; that reflects more surface active sites.

H,-TPR

Figure 4 presents the H,-TPR profiles of different
Ni-Mo/Al,O; catalysts, showing two reduction peaks
attributed to the reduction of Mo species (lower temperatures)
and NiAl,O, species (higher temperature reduction peaks),
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Figure 2. N, adsorption-desorption isotherms (a) and pore size distribution (b) of different Ni-Mo/Al,O, catalysts.

Table 2. Textural properties of different Ni-Mo/Al,O, catalysts

Catalyst Sger / (m? gh) Vo / (cm® g 1) Average pore size / nm
Ni-Mo/commercial Al,O, 114.93 0.17 5.98
Ni-Mo/Co-pr Al,O, (900) 102.35 0.23 6.44
Ni-Mo/So-ge Al,O, (900) 206.70 0.20 3.81

Sger: Brunauer-Emmett-Teller surface area; V,,,: total pore volume.

total
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Figure 3. NH,-TPD curves (a) and acid strength distribution (b) of different Ni-Mo/Al,O; catalysts.
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Figure 4. H,-TPR profiles of different Ni-Mo/Al,O; catalysts.
respectively.?® The lower peak temperatures of Ni-Mo/so-ge

AL O;, Ni-Mo/commercial Al,O; and Ni-Mo/co-pr Al,O,
were 430, 480 and 540 °C, respectively.

Catalytic performance

Table 3 presents the catalytic performances of different
Ni-Mo/Al,O; catalysts. For Ni-Mo/co-pr Al,O,, naphthalene
conversion and tetralin selectivity first increased and then

Table 3. Catalytic performances of different Ni-Mo/Al,O; catalysts

decreased with increasing calcination temperature. Among
the Ni-Mo/co-pr Al,O; catalysts, Ni-Mo/co-pr Al,O,
(800) has the highest catalytic activity, achieving 21.33%
naphthalene conversion, 97.56% tetralin selectivity and
20.81% tetralin yield, respectively, which may be due
to the y phase of ALLO; prepared at 800 °C. Compared
with Ni-Mo/co-pr AL,O,, Ni-Mo/so-ge Al,O, catalysts
show better catalytic performance. The conversions of
naphthalene are greater than 93% for all Ni-Mo/co-pr Al,O,
catalysts. Meanwhile, Ni-Mo/so-ge Al,O; (900) has the
highest catalytic activity, achieving 99.56% naphthalene
conversion, 99.43% tetralin selectivity and 98.99% tetralin
yield, respectively. Furthermore, compared with Ni-Mo/
commercial Al,O;, naphthalene conversion and tetralin
selectivity of Ni-Mo/so-ge AL,O;(900) were increased by
4.12 and 3.78%, respectively.

Conclusions
In conclusion, Ni-Mo/commercial Al,O;, Ni-Mo/co-pr

AL O;and Ni-Mo/so-ge AL, O; catalysts were prepared for the
selective hydrogenation of naphthalene to high-value tetralin.

Naphthalene Tetralin
Catalyst
Conversion / % Selectivity / % Yield / %

Ni-Mo/commercial Al,O, 95.62 99.75 95.38
Ni-Mo/co-pr Al,O;(600) 1.02 38.67 0.39
Ni-Mo/co-pr Al,O;(700) 1.61 75.28 1.21
Ni-Mo/co-pr Al,O;(800) 21.33 97.56 20.81
Ni-Mo/co-pr Al,O;(900) 9.49 94.10 8.93
Ni-Mo/so-ge Al,O; (800) 99.90 10.46 10.45
Ni-Mo/so-ge AlL,O; (900) 99.56 99.43 98.99
Ni-Mo/so-ge Al,O, (1000) 99.49 75.60 75.21
Ni-Mo/so-ge Al,O, (1100) 93.48 93.28 87.20
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The optimal Al,O, support was the pure y phase, while the
0 and a Al,O, phases were unfavorable for good catalytic
performance. The largest Sy and proper pore size of the
Ni-Mo/so-ge Al,O;(900) product may be the main reasons
for its better catalytic performance. In the obtained catalysts,
Ni-Mo/so-ge Al,0,(900) has shown the best catalytic
performance with 99.56% naphthalene conversion, 99.43%
tetralin selectivity and 98.99% tetralin yield, respectively.
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