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Abstract—Titania-silica (TS(X), X=19, 26, 55, 70, and 79) supports with different titania content (X, wt%) were
prepared by a precipitation method. NiMo/TS(X) catalysts prepared by an incipient wetness method were then applied
to the production of middle distillate through hydrocracking of paraffin wax. Successful formation of NiMo/TS(X)
(X=19, 26, 55, 70, and 79) catalysts was confirmed by ICP-AES and XRD measurements. NH,-TPD experiments were
conducted to measure the acid property of NiMo/TS(X) (X=19, 26, 55, 70, and 79) catalysts. It was revealed that acid-
ity of the catalyst played an important role in determining the catalytic performance in the hydrocracking of paraffin
wax. Conversion of paraffin wax 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/TS(26) retaining mod-
erate acidity showed the highest yield for middle distillate.
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INTRODUCTION

Hydrocracking has been an important industrial process for the
production of gasoline and middle distillate from heavy hydrocar-
bons [1-3]. Crude oil has been conventionally used as a source of
the hydrocracking process for the production of middle distillate
[4]. Fischer-Tropsch (FT) wax has also attracted much attention as
a source of the hydrocracking process, because it can produce high
quality middle distillate compared to crude oil. FT wax is typically
composed of n-paraffins (>90%), alcohols, and olefins. Further-
more, FT wax retains low sulfur and aromatic compounds, result-
ing in clean burning feature in compression-ignition engines [5].

Hydrocracking is generally conducted over a bifunctional (metal/
acid) catalyst [6-11]. Metal sites provide hydrogenation-dehydro-
genation function and acidic sites provide cracking function through
carbocationic mechanism. The most conventional catalysts used
for the production of gasoline or diesel from crude oil are NiMo
and NiW catalysts supported on alumina and silica-alumina [12-
16]. Titania-silica can also be potentially available as a support for
hydrotreating catalyst due to its favorable physicochemical proper-
ties. It is expected that the combination of titania and silica not only
generates strong acid sites but also provides enhanced thermal and
mechanical stability [17-21].

In this work, a series of TiO,-SiO, supports with different com-
position were prepared by a precipitation method, with an aim of
controlling the acid property of TiO,-SiO,. NiMo/TiO,-SiO, cata-
lysts were prepared by an incipient wetness method and then sul-
fided for use in the production of middle distillate through hydro-
cracking of paraffin wax. NH;-TPD experiments were conducted
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to investigate the effect of support composition on the acid prop-
erty of NiMo/TiO,-SiO, catalysts. The acid property of NiMo/TiO,-
SiO, catalysts was then correlated with their catalytic performance
in the hydrocracking of paraffin wax.

EXPERIMENTAL

1. Catalyst Preparation

TiO,-SiO, supports with different TiO, content were prepared by
a precipitation method. A known amount of titanium isopropoxide
(Ti(OCH(CH,),),, Sigma-Aldrich) and tetraethylorthosilicate (Si
(OC,Hy),, Sigma-Aldrich) was separately dissolved in 2-propanol
(C,H,OH, Sigma-Aldrich). An appropriate amount of acetylacetone
(CH,0,, Sigma-Aldrich) was added into the solution containing
titanium precursor. These two precursor solutions were then mixed
with vigorous stirring to form a homogeneous solution. A known
amount of distilled water was added dropwise into the mixed solu-
tion for precipitation. After filtering and washing a solid product
with 2-propanol, the solid product was dried overnight at 100 °C.
The resulting solid was finally calcined at 550 °C for 3 h to yield a
TiO,-SiO, support. The prepared TiO,-SiO, supports were denoted
as TS(X) (X=19, 26, 55, 70, and 79), where X is wt% of TiO, in
TiO,-SiO,.

NiMo catalysts supported on TiO,-SiO, were prepared by an in-
cipient wetness method using a mixed aqueous solution containing
ammonium molybdate tetrahydrate (NH,);Mo,0-4H,0, Samchun)
and nickel nitrate hexahydrate (Ni(NO;),6H,0O, Fluka). In all the
supported catalysts, NiO and MoOj; loadings were adjusted at ca. 5
and ca. 21 wt%, respectively. After the impregnated catalysts were
dried overnight at 110 °C, they were calcined at 500 °C for 3 h. The
prepared NiMo/TiO,-SiO, catalysts were denoted as NiMo/TS(X)
(X=19, 26, 55, 70, and 79). All the catalysts were sulfided in a fixed-
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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 catalytic reaction.

2. Characterization

Composition of NiO, MoO,, and TiO, in the prepared catalyst was
determined by ICP-AES measurement (Shimadzu, ICP-1000IV).
Surface area of the catalyst was measured using a BET apparatus
(Micromeritics, ASAP 2010). Crystalline phase of the catalyst was
investigated by XRD measurement (Rigaku, D-MAX2500-PC) us-
ing Cu-K arradiation (4=1.54056 A) operated at 50 kV and 100 mA.
High resolution-transmission electron microscopy (HR-TEM) anal-
ysis (Jeol, JEM-3010) was conducted to examine the morphology
of sulfided catalyst.

NH,-TPD experiment was conducted to determine the acid prop-
erty of sulfided catalyst (BEL Japan, BELCAT-B). For the TPD
measurement, each catalyst was pretreated at 200 °C for 1 h under
a flow of helium (50 ml/min) to remove any physisorbed organic
molecules. NH; (50 ml/min) was then introduced into the reactor
at 50 °C for 30 min, until the acid sites were saturated with NH;.
Physisorbed NH; was removed at 150 °C for 1 h under a flow of
helium (50 ml/min). After the sample was cooled, the furnace tem-
perature was increased from room temperature to 850 °C at a heat-
ing rate of 5 °C/min under a flow of helium (30 ml/min). The de-
sorbed NH; was detected by using a TCD (thermal conductivity
detector).

3. Hydrocrackig of Paraffin Wax

Hydrocracking of paraffin wax to produce middle distillate was
carried out over sulfided NiMo/TS(X) catalysts in a stainless steel
autoclave reactor (75 ml). 0.7 g of sulfided catalyst and 18 g of par-
affin wax (Sigma-Aldrich) were charged into the reactor at room
temperature. After being purged with nitrogen several times, the
reactor was pressurized to 35 bar with hydrogen and then heated to
a reaction temperature of 400 °C. The reaction was conducted for
2 h at hydrogen pressure of 60 bar. The products were analyzed with
gas chromatographs (Younglin 600D and Younglin ACME 6100).
Carbon number distribution of paraffin wax reactant (melting point:
58-62 °C, ASTM D87) was in the range of C,,-C,,, as listed in Table
1. Wax conversion and product selectivity were calculated accord-
ing to the Egs. (1)-(4). Yield for middle distillate was calculated by
multiplying conversion of wax and selectivity for middle distillate.

Wax (C,,,) conversion (%)
_ wt% of C,,. in the feed—wt% of C,,. in the product

wt% of C,,, in the feed X100 )
C,-C, selectivity (%)
wt% of C,-C, in the product x100 (2)

N wt% of C,,. in the feed —wt% of C,,. in the product

Cs-C, selectivity (%)

_ wt% of C;s-C, in the product
wt% of C,,. in the feed —wt% of C,;. in the product

x100 (3)

Table 1. Carbon number distribution of paraffin wax

Table 2. Characterization results of NiMo/TS(X) (X=19, 26, 55,

70, and 79) catalysts
Catalvst NiO MoO, TiO, BET surface
y (Wt%)  (Wi%)"  (Wi%)'  area (m/g)
NiMo/TS(19) 5.0 22.0 19 227
NiMo/TS(26) 4.7 21.2 26 147
NiMo/TS(55) 49 214 55 61
NiMo/TS(70) 4.7 21.0 70 49
NiMo/TS(79) 4.8 20.9 79 27

“Determined by ICP-AES measurement

C,-Cy, (middle distillate) selectivity (%)
_ wt% of C,)-C,, in the product
wt% of C,,. in the feed —wt% of C,,. in the product

x100 (4)

RESULTS AND DISCUSSION

1. Physicochemical Properties of NiMo/TS(X) Catalysts

Chemical composition and BET surface area of NiMo/TS(X)
(X=19, 26, 55, 70, and 79) catalysts are summarized in Table 2.
Chemical composition of NiO and MoO, determined by ICP-AES
analyses was in good agreement with the designed value, indicating
that all the supported catalysts were successfully prepared. TiO, con-
tent in the NiMo/TS(X) (X=19, 26, 55, 70, and 79) catalysts was
controlled to be distributed within the wide range of 19-79 wt%, in
order to investigate the effect of support composition on the acid
property and catalytic performance of NiMo/TS(X) (X=19, 26, 55,
70, and 79) catalysts. BET surface area of the catalysts decreased
with increasing TiO, content. This result was well consistent with
the previous work [22] reporting that the increase of Ti content favors
the formation of pure titania, leading to the decrease of BET surface
area.
2. Crystalline Phase and Morphology of NiMo/TS(X) Cat-
alysts

Fig. 1 shows the XRD patterns of TS(X) (X=19, 26, 55, 70, and
79) supports calcined at 550 °C. Each crystalline phase was inden-
tified by JCPDS. A weak and broad peak was observed at around
26=25°, when titania content was less than 79 wt%. This result in-
dicates that titania was mixed with silica on an atomic scale, which
prevented the separation and crystallization of titania even for the
sample with high titania content. When titania content reached 79
wt%, characteristic diffraction peaks appeared at 26=25.2°, 37.9°,
48.0°, 55.0°, and 62.9°, indicative of anatase TiO,. Fig. 2 shows the
XRD patterns of NiMo/TS(X) (X=19, 26, 55, 70, and 79) catalysts
sulfided at 360 °C. MoS, phase, which serves as an active site in
the hydrocracking of paraffin wax, was observed in all the sulfided
catalysts. However, Ni-Mo-S phase, which also serves as an active
site in the hydrocracking of paraffin wax, was not detected in all
the catalysts. This result indicates that Ni-Mo-S particles were finely
dispersed on the supports by forming small Ni-Mo-S particles that

Carbon number 21 22 23 24 25 26

27 28 29 30 31 32 33 34

wt% 0.4 1.0 28 5.5 9.1 11.3

11.8 10.9 9.7 87 10.4 10.3 78 03
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Fig. 1. XRD patterns of TS(X) (X=19, 26, 55, 70, and 79) supports
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Fig. 2. XRD patterns of NiMo/TS(X) (X=19, 26, 55, 70, and 79)
catalysts sulfided at 360 °C.

Fig. 3. HR-TEM images of NiMo/T'S(26) catalyst sulfided at 360 °C.

were under detection limit of XRD measurement.

To investigate the morphologies of NiMo/TS(X) (X=19, 26, 55,
70, and 79) catalysts, HR-TEM analyses were conducted. Fig. 3
shows the HR-TEM images of NiMo/TS(26) catalyst sulfided at
360 °C. The images clearly show the layered structure of MoS, phase.
It is known that the degree of slab length and stacked layers are af-
fected by the sulfidation and dispersion of Ni and Mo species. It is
also known that MoS, phase has a slab-like morphology and Ni

atoms are located on the edge of MoS, sheet in the typical sup-
ported NiMo catalyst [23-25]. Therefore, it is inferred that the edges
of these stacked layers serve as active sites in the hydrocracking of
paraffin wax.
3. Acidity of NiMo/TS(X) Catalysts

To determine the acid property of NiMo/TS(X) (X=19, 26, 55,
70, and 79) catalysts, NH,-TPD experiments were conducted over
sulfided catalysts. Fig.4 shows the NH;-TPD profiles of NiMo/
TS(X) (X=19, 26, and 55) catalysts sulfided at 360 °C. The acidity
of sulfided NiMo/TS(X) (X=19, 26, 55, 70, and 79) catalysts is sum-
marized in Table 3. The acidity of the catalysts showed a volcano-
shaped trend with respect to TiO, content. Among the catalysts
tested, NiMo/TS(55) exhibited the largest acidity.
4. Effect of Acid Property on Catalytic Performance

Catalytic performance of NiMo/TS(X) (X=19, 26, 55, 70, and
79) catalysts for hydrocracking of paraffin wax performed at 400 °C
and 60 bar for 2 h is listed in Table 4. Fig. 5 shows the correlation
between acidity and conversion of paraffin wax over NiMo/TS(X)
(X=19, 26, 55, 70, and 79) catalysts. The correlation clearly shows
that conversion of paraffin wax is closely related to the acid prop-
erty of the catalyst. Conversion of paraffin wax increased with in-
creasing acidity of the catalyst. This can be understood by the fact
that hydrocracking ability of the catalyst increased with increasing
acidity of the catalyst. This result indicates that the acidity of the
catalyst served as a crucial factor determining the catalytic perfor-
mance in the hydrocracking of paraffin wax. Although the surface
area of the catalysts showed great difference (Table 2), the surface
area exhibited no reliable correlation with the catalytic performance.

Korean J. Chem. Eng.(Vol. 27, No. 6)
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Table 4. Catalytic performance of NiMo/TS(X) (X=19, 26, 55, 70,
and 79) catalysts

(O Product selectivity (%)  C,,-C,,

Catalyst . .
Y conversion C,-C, C,-C, C,-C,, Vield (%)

NiMo/TS(19) 26.1 97 255 648 16.9
NiMo/TS(26) 31.5 102 272  62.6 19.7
NiMo/TS(55) 34.1 27.1 28.6 443 15.1
NiMo/TS(70) 19.1 92 246 662 12.7
NiMo/TS(79) 16.8 75 254 671 11.3
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Fig. 5. A correlation between acidity and conversion of paraffin
wax over NiMo/TS(X) (X=19, 26, 55, 70, and 79) catalysts.
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Fig. 6. A correlation between acidity and yield for middle distil-
late over NiMo/TS(X) (X=19, 26, 55, 70, and 79) catalysts.

Fig. 6 shows the correlation between acidity and yield for mid-
dle distillate over NiMo/TS(X) (X=19, 26, 55, 70, and 79) cata-
lysts. Yield for middle distillate showed a volcano-shaped curve
with respect to acidity. It has been reported that large acidity causes
deep hydrocracking of paraffin wax and produces undesired light
hydrocarbons (<C,,) [26]. For this reason, optimal acidity of NiMo/
TS(X) catalyst was required for maximum production of middle

November, 2010

distillate through hydrocracking of paraffin wax. Among the cata-
lysts tested, NiMo/TS(26) catalyst with moderate acidity showed
the highest yield for middle distillate.

CONCLUSIONS

Titania-silica (TS(X)) supports with different titania content (X,
wt%) were prepared by a precipitation method with an aim of con-
trolling the acid property. NiMo catalysts supported on TS(X) (X=19,
26, 55, 70, and 79) were then prepared by incipient wetness method,
and they were applied to the production of middle distillate through
hydrocracking of paraffin wax. Successful formation of NiMo/TS(X)
(X=19, 26, 55, 70, and 79) catalysts was well confirmed by ICP-
AES and XRD measurements. NH;-TPD experiments were con-
ducted to measure the acidity of NiMo/TS(X) (X=19, 26, 55, 70,
and 79) catalysts. Conversion of paraffin wax increased with increas-
ing acidity of the catalyst, while yield for middle distillate showed
a volcano-shaped curve with respect to acidity of the catalyst. Thus,
the acidity of the catalyst served as a crucial factor determining the
catalytic performance in the hydrocracking of paraffin wax. Among
the catalysts tested, NiMo/TS(26) exhibited the highest yield for
middle distillate. It is concluded that optimal acidity was required
for maximum production of middle distillate through hydrocrack-
ing of paraffin wax.
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