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Abstract SiO,—Al,O; supports with different composi-
tion were prepared by a precipitation method in order to
control the acid property of SiO,—Al,O3 supports. NiMo/
Si0,—Al,O3 catalysts were then prepared by an impreg-
nation method and sulfided for use in the production of
middle distillate through hydrocracking of paraffin wax. It
was revealed that MoS, phase was dominantly formed in
the NiMo/SiO,-Al,03 catalysts, while Ni-Mo-S phase
was not detected due to its fine dispersion. Acidity of
NiMo/SiO,—-Al,03 catalysts measured by NH;-TPD
experiments showed a volcano-shaped curve with respect
to SiO, content. Acidity of the catalysts played an impor-
tant role in determining the catalytic performance in the
hydrocracking of paraffin wax. Conversion of paraffin wax
was monotonically increased with increasing acidity of the
catalyst, while yield for middle distillate showed a vol-
cano-shaped curve with respect to acidity of the catalyst.
Thus, optimal acidity of NiMo/SiO,—Al,O3 catalysts was
required for the maximum production of middle distillate
through hydrocracking of paraffin wax.

Keywords Hydrocracking - Paraffin wax -
NiMo/SiO,—Al,05 - Middle distillate

S. Hwang - J. Lee - S. Park - D. R. Park -

J. C. Jung - L. K. Song (PX)

School of Chemical and Biological Engineering, Institute
of Chemical Processes, Seoul National University,
Shinlim-dong, Kwanak-ku, Seoul 151-744, South Korea
e-mail: inksong @snu.ac.kr

S.-B. Lee
Korea Research Institute of Chemical Technology,
Daejeon 305-600, South Korea

1 Introduction

Hydrocracking is a key process in petroleum refining for the
conversion of heavy hydrocarbons into a variety of high-
value fuels such as gasoline (Cs—C;;) and middle distillate
(C10—Cyp) [1-3]. In particular, hydrocracking process is of
great importance to meet the growing demand for high-
quality middle distillate requiring stringent specifications
[4]. Although crude oil has been traditionally used as a heavy
hydrocarbon source for the production of middle distillate
[5], Fischer-Tropsch (F-T) wax has also attracted much
attention as an alternate feed for the production of middle
distillate [6]. F-T wax is typically composed of n-paraffins
(>90%), alcohols, and olefins. An important feature of F—T
wax is that it is virtually free of sulfur (<5 ppm) and contains
extremely low aromatic compounds (<1%). Furthermore,
middle distillate produced from F-T wax retains high cetane
number (ca. 70), which is significantly higher than the
minimum required value for conventional diesel (ca. 51).
Therefore, production of middle distillate through hydro-
cracking of F-T wax has been recognized as an economical
and environmentally benign process.

Hydrocracking is generally conducted over metal/acid
bifunctional catalysts [7-11]. Alkanes are dehydrogenated
on the metallic sites and then isomerized or cracked on the
acid sites through classical and non-classical carbenium ion
chemistry [12-14]. The most conventional hydrocracking
catalysts used for the production of gasoline or diesel from
crude oil are NiMo and NiW catalysts supported on alu-
mina [15], silica—alumina [16], fluorine-doped alumina
[17], USY zeolite [18], and molecular sieves [19]. Pd or Pt-
loaded solid acid catalysts have also been investigated for
the hydrocracking of heavy hydrocarbons [20]. Although
Ni—Mo/silica—alumina catalyst has been employed for
upgrading crude oil [21], no noticeable progress has been
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made on the production of middle distillate through
hydrocracking of F-T wax (n-paraffin) over NiMo/silica—
alumina catalyst.

In this work, a series of SiO,—Al,O5 supports with dif-
ferent composition were prepared by a precipitation method,
with an aim of controlling the acid property of Si0,—Al,03
supports. NiMo/SiO,—Al,05 catalysts were then prepared
by an impregnation method and sulfided for use in the pro-
duction of middle distillate through hydrocracking of
paraffin wax. NH3;-TPD experiments were conducted to
investigate the effect of support composition on acid prop-
erty of NiMo/SiO,—Al,O5 catalysts. The acid property of
NiMo/SiO,—Al,O5 catalysts was then correlated with their
catalytic performance in the hydrocracking of paraffin wax.

2 Experimental
2.1 Preparation of NiMo/SiO,—Al,03 Catalysts

SiO,—Al,O3 supports with different composition were
prepared by a precipitation method. Known amount of Al
precursor (AlCl3-6H,0, Fluka) was dissolved in 200 mL of
distilled water, and pH of the solution was adjusted at 7.0
using ammonia solution. After maintaining the solution for
1 h at 55 °C, known amount of Si precursor (tetraethyl
orthosilicate, TEOS, Sigma—Aldrich) was added into the
solution containing Al precursor. The resulting solution
was then aged for 40 min at pH = 8.0. After recovering
solid by filtration, the solid was washed with distilled water
several times. The solid was dried in a convection oven at
110 °C for 10 h, and then it was calcined at 550 °C for 3 h
to obtain a SiO,—Al,03 support. The composition of SiO,—
Al,O5 supports was controlled by changing the amounts of
Al and Si precursors. The prepared SiO,—Al,O5 supports
with different composition were denoted as SA(28),
SA(52), SA(68), SA(74), and SA(88). Here, the number in
parenthesis represents the weight percentage of SiO, in the
Si0,—Al,03 support.

NiMo catalysts supported on SiO,—Al,03 were prepared
by an impregnation method using a mixed aqueous solution
containing ammonium molybdate tetrahydrate ((NHy)e
Mo,0-4H,0, Samchun) and nickel nitrate hexahydrate
(Ni(NO3),-6H,0, Fluka). In all the supported catalysts,
NiO and MoOj; loadings were adjusted at ca. 5 and ca.
20 wt%, respectively. After drying the impregnated cata-
lysts overnight at 110 °C, they were calcined at 500 °C for
3 h. The prepared catalysts were denoted as NiMo/SA(28),
NiMo/SA(52), NiMo/SA(68), NiMo/SA(74), and NiMo/
SA(88). Each NiMo/SiO,-Al,0; catalyst was sulfided in a
tubular fixed-bed reactor by flowing a mixed stream
(34,283 mL/h g) of H,S (10%) and H, (90%) at 360 °C for
3 h under atmosphere pressure, prior to use in NH;-TPD
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(temperature-programmed desorption) measurement and
catalytic reaction.

2.2 Characterization of NiMo/SiO,—Al,O5 Catalysts

Composition of NiO, MoOj3;, SiO,, and Al,Oj3 in the sup-
ported catalyst was determined by ICP-AES measurement
(Shimadz, ICP-1000IV). Sulfur content in the sulfided
catalyst was measured by CHNS elemental analysis (Leco,
CHNS-932). Surface area and pore volume of the catalyst
were measured using a BET apparatus (Micromeritics,
ASAP 2010). Crystalline phase of the catalyst was inves-
tigated by XRD measurement (MAC Science, M18XHF-
SRA) using Cu-Ko radiation (4 = 1.54056 A) operated at
50 kV and 200 mA.

NH;-TPD experiment was conducted to determine the
acid property of sulfided catalyst. A volume of 0.1 g of
NiMo/SiO,—Al,053 catalyst was charged into a quartz
reactor of the TPD apparatus, and then it was pretreated at
200 °C for 1 h with a stream of helium (20 mL/min). After
cooling the catalyst to room temperature, NH; (20 mL)
was pulsed into the reactor every minute under a flow of
helium (5 mL/min) until the acid sites were saturated with
NH;. After evacuating the catalyst sample at 50 °C for 1 h,
the catalyst was further treated with a stream of helium
(15 mL/min) to remove physisorbed NH;. The furnace
temperature was then increased from room temperature to
800 °C at a heating rate of 10 °C/min under a flow of
helium (10 mL/min). The desorbed NH; was detected
using a GC-MSD (Agilent, MSD-6890 N).

2.3 Hydrocracking of Paraffin Wax

Figure 1 shows the schematic diagram of reaction system.
Hydrocracking of paraffin wax to produce middle distillate
was carried out over sulfided NiMo/SiO,—Al,O5 catalyst
in a stainless steel autoclave reactor (75 mL). A volume
of 0.7 g of sulfided catalyst and 18 g of paraffin wax

Gas inlet ® ; Gas outlet

N/ N/
A £ Cooling line
—_— I —
® H® i
Samplin;
N, H, pling

— S

Fig. 1 Schematic diagram for reaction system
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Table 1 Carbon number distribution of paraffin wax

Carbon number 21 22 23 24 25 26 27 28 29 30 31 32 33 34
wt% 0.4 1 2.8 5.5 9.1 11.3 11.8 10.9 9.7 8.7 10.4 10.3 7.8 0.3

(Sigma—Aldrich) were placed in the autoclave reactor at
room temperature. After purging the reactor with N,
several times, the reactor was pressurized to 35 bar with
H,. The reactor was then heated to reaction temperature
(400 °C). The catalytic reaction was carried out for 2 h at
H, pressure of 60 bar. After the reaction, the reactor was
cooled to room temperature and the products were col-
lected for analysis. The products were analyzed with gas
chromatographs (Younglin 600D and Younglin ACME
6100). For comparison and reference, the reaction was also
conducted in the absence of catalyst. Carbon number dis-
tribution of paraffin wax (melting point: 58-62 °C, ASTM
D87) was in the range of C,;—Cj34 (Table 1). Wax con-
version and product selectivity were calculated according
to the Egs. (1)—(4). Yield for middle distillate (C;o—Cy0)
was calculated by multiplying conversion of wax and
selectivity for middle distillate.

wt% of Cyy, in the feed — wt% of Cyy, in the product "

3 Results and Discussion

3.1 Characterization Results of NiMo/SiO,—Al,03
Catalysts

Chemical composition, BET surface area, and pore volume
of NiMo/SiO,—Al,0j5 catalysts are summarized in Table 2.
NiO and MoOj; compositions in the supported catalysts
were in the range of 4.6-5.0 and 18.8-21.6 wt%, respec-
tively. These values were in good agreement with the
designed values, indicating that all the supported catalysts
were successfully prepared as attempted in this work. SiO,
content in the NiMo/SiO,—Al,O5 catalysts was intention-
ally controlled to be distributed within the wide range of
28-88 wt%, in order to investigate the effect of support
composition on acid property and catalytic performance of
NiMo/SiO,—Al,053 catalysts. BET surface area of the

Wax (C,;,) conversion (% ) =

wt% of C;—C4 in the product

C;—Cy selectivity (%) =

wt% of Cs—Cy in the product

X
wt% of Cy1, in the feed — wt% of C,y4 in the product

Cs5—Cy selectivity (% ) =

X
wt% of Cy1, in the feed — wt% of C,y, in the product
wt% of Cjo—Cy in the product

1

wt% of C,y, in the feed 100 (1)
100 (2)

100 (3)

C10—Cy (middle distillate) selectivity (% ) =

X
wt% of Cp1, in the feed — wt% of Cy14 in the product

100 (4)

Table 2 Characterization results of NiMo/SiO,—Al,Oj3 catalysts

Catalyst NiO MoO; SiO, BET surface Pore volume Sulfur

(Wt%)? (Wt%)* (Wt%)? area (m?/g) (cm®/g)® content (wt%)°
NiMo/SA(28) 4.7 20 28 262 0.53 10.2
NiMo/SA(52) 4.6 20 52 204 0.69 9.3
NiMo/SA(68) 4.6 20 68 202 0.77 9.1
NiMo/SA(74) 5.0 18.8 74 200 0.82 9.1
NiMo/SA(88) 4.8 21.6 88 85 0.28 9.0

4 Determined by ICP-AES measurement
° Calculated by BJH model
¢ Measured by CHNS elemental analysis after sulfidation
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catalysts decreased with increasing SiO, content. Pore
volume of the catalysts showed a volcano-shaped curve
with respect to SiO, content. Among the catalysts, NiMo/
SA(74) exhibited the largest pore volume. Sulfur content of
the catalysts measured after sulfidation showed no great
difference with respect to SiO, content.

3.2 Crystalline Phases of NiMo/SiO,—Al,O3 Catalysts

Figure 2 shows the XRD patterns of NiMo/SiO,—Al,O3
catalysts calcined at 500 °C. Each crystalline phase was
identified using JCPDS. All the calcined catalysts were
composed of three major mixed phases of MoO;, «-Ni-
MoOy,, and -NiMoO,. However, XRD peaks for NiO were
not observed in all the catalysts. This means that NiO
particles were finely dispersed on the SiO,—Al,O3 supports,
resulting in the formation of small NiO particles that were
under detection limit of XRD measurement. It is noticeable
that XRD peak intensities for MoO3; and NiMoQ, increased
with increasing SiO, content. This is because SiO, retains
weaker metal-support interaction than Al,O5 [22].

Figure 3 shows the XRD patterns of NiMo/SiO,—Al,03
catalysts sulfided at 360 °C. MoS, phase was gradually
developed and became strong with increasing SiO, content.
However, Ni-Mo-S phase was not detected in all the cat-
alysts. This result also means that Ni-Mo-S particles were
finely dispersed on the SiO,—Al,O5 supports by forming
small Ni-Mo-S particles that were under detection limit of
XRD measurement [23], as observed for NiO particles
(Fig. 2). It was also reveled that NisS,, NiS, and Ni3S,
phases were not detected in all the sulfided NiMo/SiO,—
Al,O5 catalysts.

@=Mo0,, A=a-NiMoO,, B=B-NiMoO,

NiMo/SA(88)
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Fig. 2 XRD patterns of NiMo/SiO,—Al,O; catalysts calcined at
500 °C
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Fig. 3 XRD patterns of NiMo/SiO,—Al,O; catalysts sulfided at 360 °C

3.3 Acidity of NiMo/SiO,—Al,0O5 Catalysts

Figure 4 shows the NH;—TPD profiles of selected NiMo/
Si0,-Al,05 catalysts sulfided at 360 °C. NiMo/SiO,—
Al,Oj3 catalysts showed a major desorption peak at around
200 °C with no great difference and an additional minor
desorption peak (shoulder) at around 400 °C. Acidities of
sulfided NiMo/SiO,—Al,O3 catalysts are summarized in
Table 3. Acidity of the catalysts showed a volcano-shaped
curve with respect to SiO, content. Among the catalysts
tested, NiMo/SA(52) exhibited the largest acidity.

3.4 Hydrocracking of Paraffin Wax over
NiMo/Si0,—Al,05 Catalysts

Performance of NiMo/SiO,—~Al,O3 catalysts for hydro-
cracking of paraffin wax performed at 400 °C and 60 bar
for 2 h is listed in Table 4. In the absence of catalyst,

NiMo/SA(88)

NH; desorbed (A.U.)

NiMo/SA(52)

NiMo/SA(28)

0 100 200 300 400 500 600 700 800
Temperature (°C)

Fig. 4 NH5;-TPD profiles of selected NiMo/SiO,—Al,05 catalysts
sulfided at 360 °C
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Table 3 Acidity of sulfided NiMo/SiO,—Al,O5 catalysts

Catalyst Acidity
(mmol-NHj3/g-catalyst)

NiMo/SA(28) 0.135

NiMo/SA(52) 0.164

NiMo/SA(68) 0.148

NiMo/SA(74) 0.147

NiMo/SA(88) 0.129

conversion of wax was very low although selectivity for
middle distillate was high, resulting in low yield for middle
distillate. This result indicates that mild hydrocracking of
paraffin wax occurred in the absence of catalyst. All
the NiMo/SiO,—Al,O5 catalysts showed an enhanced con-
version of wax and comparable selectivity for middle
distillate compared to the case of no catalyst. As a conse-
quence, yield for middle distillate (target product) in the
presence of NiMo/SiO,—Al,O; catalysts was much higher
than that in the absence of catalyst. In other words, NiMo/

Si0,—-Al,0;5 catalysts were very efficient for the production
of middle distillate through hydrocracking of paraffin wax.
Among the catalysts tested, NiMo/SA(68) showed the
highest yield for middle distillate.

Figure 5 shows the carbon number distributions of
paraffin wax (reactant) and product over NiMo/SA(52)
catalyst. The result clearly shows that much portion of
paraffin wax was hydrocracked to light hydrocarbons
including middle distillate. This result also supports that
NiMo/Si0,—Al,03 catalysts were suitable for hydrocrack-
ing of paraffin wax to middle distillate.

3.5 Correlation Between Acidity and Catalytic
Performance of NiMo/SiO,—Al,03 Catalysts

Figure 6 shows the correlation between acidity and
conversion of wax over NiMo/SiO,—Al,0O5 catalysts. Con-
version of paraffin wax was monotonically increased with
increasing acidity of the catalyst. This can be understood by
the fact that hydrocracking ability of the catalyst increased

Table 4 Performance of NiMo/SiO,—Al,05 catalysts for hydrocracking of paraffin wax

Wax Product selectivity (%) Ci0-Cao
conversion (%) yield (%)
C,—C4 Cs5—Co Cio—Cao
No catalyst 11.0 21.1 30.5 48.4 53
NiMo/SA(28) 33.9 19.7 30.8 49.5 16.8
NiMo/SA (52) 75.4 19.0 50.9 30.1 22.7
NiMo/SA(68) 64.6 16.8 44.8 38.4 24.8
NiMo/SA(74) 62.9 19.7 45.3 35.0 22.0
NiMo/SA(88) 333 20.2 41.0 38.8 12.9
Fig. 5 Carbon number
distributions of paraffin wax 14 - v Product
(reactant) and product over :| Reactant
NiMo/SA(52) catalyst A
12 - _
P —
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Fig. 6 Correlation between acidity and conversion of wax over
NiMo/SiO,—Al,05 catalysts. Acidity and conversion of wax were
taken from Tables 3 and 4, respectively
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Fig. 7 Correlation between acidity and yield for middle distillate
over NiMo/SiO,—Al,O5 catalysts. Acidity and yield for middle
distillate were taken from Tables 3 and 4, respectively

with increasing acid property of the catalyst [24]. An attempt
has been made to correlate acid strength with conversion of
wax. However, no reliable correlation between acid strength
and conversion of wax was observed. The above result
indicates that acidity rather than acid strength played a cru-
cial role in determining the catalytic performance of NiMo/
Si0,—Al, 03 catalysts in the hydrocracking of paraffin wax.

Figure 7 shows the correlation between acidity and yield
for middle distillate over NiMo/SiO,—Al,O5 catalysts. It
should be noted that yield for middle distillate showed a
volcano-shaped curve with respect to acidity of the cata-
lyst. Among the catalysts tested, NiMo/SA(68) retaining
moderate acidity showed the highest yield for middle dis-
tillate. This result indicates that optimal acidity of NiMo/
SiO,—Al,O3 catalysts was required for the maximum
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production of middle distillate through hydrocracking of
paraffin wax. In other words, a NiMo/SiO,—Al,05 catalyst
with small acidity yields low conversion of wax, while a
NiMo/SiO,—Al,O5 catalyst with large acidity causes deep
hydrocracking of paraffin wax to undesired light hydro-
carbon product.

4 Conclusions

A series of SiO,—Al,0O5 supports with different composi-
tion were prepared by a precipitation method, with an aim
of controlling the acid property of SiO,—Al,O5 supports.
NiMo/SiO,—Al, O3 catalysts prepared by an impregnation
method were then sulfided for use in the production of
middle distillate through hydrocracking of paraffin wax.
NH;-TPD experiments were conducted to measure the acid
property of NiMo/SiO,—Al,0j3 catalysts. BET surface area
and pore volume of NiMo/SiO,-Al,05 catalysts strongly
depended on the SiO, content. MoS, phase was dominantly
formed in the sulfided NiMo/SiO,—Al,O; catalysts, while
Ni—-Mo-S phase was not detected in the catalysts due to its
fine dispersion. Acidity of NiMo/SiO,—Al,O5 catalysts
showed a volcano-shaped curve with respect to SiO, con-
tent. It was revealed that acidity of the catalysts served as a
crucial factor determining the catalytic performance of
NiMo/SiO,—Al,O5 catalysts in the hydrocracking of par-
affin wax. Conversion of paraffin wax was increased with
increasing acidity of the catalyst, while yield for middle
distillate showed a volcano-shaped curve with respect to
acidity of the catalyst. Among the catalysts tested, NiMo/
SA(68) retaining moderate acidity showed the highest yield
for middle distillate. It is concluded that optimal acidity of
NiMo/Si0,—Al,0j5 catalysts was required for the maximum
production of middle distillate through hydrocracking of
paraffin wax.
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