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ABSTRACT: Immobilization of active components on support materials is an Support
effective strategy to minimize the negative environmental and health impacts of i T

7

hazardous Lewis acid catalysts. In this study, we synthesized immobilized Al-Ti
bimetallic catalysts supported on MgO—Al,0;—SiO, ternary oxide (Al-Ti/
MAS) with accurately controlled compositions and pore structures. We also
characterized supports and catalysts using various techniques. Further, we
examined their catalytic activity and stability using a fixed-bed reactor.
Compared with y-Al,Os-derived catalyst, the Al—Ti/MAS catalysts feature
more Lewis acid sites and better pore structure accessibility, which lead to much

Activity Stability
higher activity and stability. Among these MAS samples, M-3 (Si/Al molar ratio L v \Tﬁj
= 9.76) presents the highest loading of active species with a chlorine content of §:: g
16.7%, leading to the highest PAO yield of 94.6% and the best stability. In naIEN——
addition, the deactivation of the MAS-derived Al-Ti bimetallic catalysts is o
mainly ascribed to the loss of active species during oligomerization.
1. INTRODUCTION performed. Supports employed include silica, zeolite, and

polymer microsphere. These materials were used under
laboratory conditions in Mannich-type reaction (silica),”’
isopropylation reaction of naphthalene (zeolite),®" and
Friedel—Crafts acylation reaction of polystyrene (polymer
microsphere).”> However, their limited activity and stability
greatly hinder further industrial application of these supported
catalysts. In our recent study,” a series of supported Al—Ti
bimetallic catalysts were synthesized by immobilization of AlCl,
and TiCl, on several porous materials. The 1-decene
oligomerization catalytic tests suggest that y-Al,O;-derived
Al-Ti catalyst (Al-Ti/y-ALO;) is able to deliver high activity
yet poor stability. The deactivation of Al—Ti/y-Al,O5 can be
ascribed to (i) loss of active species and (ii) pore blockage

Compared with petroleum-derived mineral oils, synthetic poly-
a-olefin (PAO) lubricants have great advantages such as
excellent thermal and oxidative stability, high viscosity index,
great low-temperature fluidity, low volatility, low corrosiveness,
and good biodegradability. Therefore, they are extensively
applied when mineral oils fail to meet the requirement.'™
Typically, PAO lubricants are synthesized through catalytic
oligomerization of linear a-olefins (LAO) followed by hydro-
genation, in which 1-decene is the most commonly used a-
olefin monomers.

The properties of PAO base stocks mainly depend on the
degree of polymerization and molecular structures of oligomers,

which are tightly correlated to the properties and quality of , - L .
catalyst used in PAO synthesis.® A great variety of catalysts, caused by oligomers which reduces the accessibility of active

both homogeneous and heterogeneous, including Lewis acid sites. Thus, fur.tlller material. .developmer?t .is necessary to
catalysts,” Ziegler — Natta catalysts,’ metallocene catalysts,”™ " enhance the activity and §tab111ty of Al=Ti bimetallic catalyst
ionic liquid catalysts,'” transition metal complexes,*~"° support‘ed on oxide mat.erlals. .

reduced chromium,'’™"" and other solid acid catalysts,”~* .In this work, we apphed MSO_AIZQ3__SIOZ (MAS) ternary
have been developed and employed for oligomerization of a- oxides as support to 1@mob1hze Al=Ti bimetallic catalysts for
olefins. Considering their highly corrosive and hazardous 1-decene ollgomgnzathn. .These MAS  supports and the
nature, homogeneous acid catalysts are gradually being replaced catalysts they derived with immobilized Al=Ti active species

by environmentally friendly solid acid catalysts.”® One effective
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were characterized thoroughly. We further tested their catalytic
performance by performing oligomerization of 1-decene using a
fixed-bed reactor, in which we observed enhanced catalyst
activity and stability compared with oligomerization using Al—
Ti/y-Al,O5. By accurate manipulation of compositional and
structural factors of MAS, we are able to adjust the surface
Lewis acidity and pore structure for oligomerization of a-olefins
and to correlate the structure—activity—stability relationships.
Such fundamental insight is critical toward understanding of
synthesis, application, and deactivation of these ternary oxide
supported catalysts for oligomerization.

2. EXPERIMENTAL METHODS

2.1. Materials and Reagents. The reagents used include
1-decene (purity >95%, Shanghai Yangyang Industrial Co., Ltd.,
China), anhydrous aluminum trichloride, and hydrated
magnesium nitrate from Sinopharm Chemical Reagent Co.,
Ltd., China (purity >98%), carbon tetrachloride (purity >98%,
Shanghai Titan Scientific Co., Ltd, China), and titanium
tetrachloride, hydrated aluminum nitrate, and nitric acid from
Shanghai LingFeng Chemical Reagent Co., Ltd., China (purity
>98%). Silica sol (Qingdao Mike Silica Gel Desiccant Co., Ltd.,
China) has a SiO, content of 30%, and its colloidal particle
diameter ranges from 10 to 20 nm. y-ALO; (Sinopharm
Chemical Reagent Co. Ltd, China) is used as a reference
support.

2.2. Preparation of MAS Supports. A series of MAS
supports were prepared by a coprecipitation method. First, 39.6
g of Al(NO;);9H,0 and 28.2 g of Mg(NO,),-6H,0 were
dissolved in an acid solution containing 6 g of HNO; and 52.8
g of deionized water. The resultant solution was gradually
dripped into silica sol under stirring at room temperature to
obtain a slurry mixture. Then, the mixture was heated at 50 °C
for 24 h followed by dehydration at 130 °C in an oven to form
the MgO—Al,0,—SiO, (MAS). The chemical composition of
the MAS can be further tuned by variation of the Al/Si ratio.
Eventually, the MAS samples were triturated with a mortar and
sieved to obtain samples with different particle sizes. All MAS
ternary oxide samples were thermally treated using the
following procedure: (i) heating the sample from room
temperature to 300 °C at 3 °C/min and holding at 300 °C
for 3 h and (ii) further increasing temperature to 600 °C at 3
°C/min and retaining for 3 h.

2.3. Preparation of Immobilized AI-Ti Bimetallic
Catalysts and Oligomerization. The catalyst preparation
was achieved by loading the active species, AICl; and TiCl,,
onto various support materials, including y-Al,O; (reference
support) and four MAS with different chemical compositions.
Carbon tetrachloride was used as solvent in all the
immobilization experiments. The detailed immobilization
procedure has been described elsewhere.”> The samples were
labeled as A, M-1, M-2, M-3, and M-4 (see Table S1) for
catalysts supported by y-AL,O; and MAS-1, -2, -3, and -4,
respectively. We used as-made catalyst sample from the same
batch for characterization and catalytic oligomerization of 1-
decene in a fixed-bed reactor (see Figure 1) according to the
procedure described in our previous publication. In this study,
the liquid hourly space velocity (LHSV) for oligomerization of
1-decene was set to be at 1 h™".

The yield of PAO product, Y, can be calculated using the
equation

Y = mp/mp X 100%
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1 - N, cylinder, 2 - dryer, 3 - flowmeter,
4 - temperature controller, 5 - fixed-bed reactor,
6 - product tank, 7 - raw material tank, 8 - pump.

Figure 1. Flowchart for oligomerization.

in which m, and my, represent the mass of the >280 °C fraction
in the oligomerization product and the mass of reactant 1-
decene, respectively. Y} is the yield corresponding to the initial
products obtained within the first 3 h TOS.

2.4. Sample Characterizations. The compositions of
oligomers were analyzed using a GC-14C gas chromatograph
(Shimadzu Co., Japan) equipped with a flame ionization
detector. Kinematic viscosities of the synthetic PAO products
were measured using a SYD-265C viscosity meter (Shanghai
Geological Instrument Factory, China) according to ASTM
D445. The kinematic viscosity of PAO products was tested at
40 and 100 °C, denoted as v,y and vy, respectively. The
viscosity index (VI) was derived from v,y and v,y according to
ASTM D2270, and the freezing point (FP) was measured on a
SYP1022-2 freezing point analyzer (Shanghai Boli Instrument
Co., Ltd., China). The chlorine contents in the synthetic PAO
products were determined using a WK-2D microcoulometric
analyzer (Jiangfen Electroanalytical Instrument Co. Ltd.,
China).

The chlorine contents of all catalysts were determined using
a ZWC-2001 salt content analyzer (Jiangsu Jierui Instrument
and Equipment Co., Ltd., China). One gram of catalyst was
immersed in 100 mL of 0.5 mol/L nitric acid solution for 12 h
and washed at least for three times with deionized water. For
each catalyst, the treating solution was collected and diluted to
1000 mL with deionized water. The mass fraction of chlorine in
each catalyst, X, was simply calculated by the equation X =
1000C,/M,, in which C, is the chlorine content in treating
nitric acid solution (g mL™'). M, is the mass of fresh or
deactivated catalyst sample (g).

The chemical compositions of supports and catalysts were
determined via element map scanning carried out at a Falcon
energy-dispersive spectrometer (EDS) (EDAX Inc., USA). Five
to eight points were measured at different positions to obtain
an average elemental composition.

The specific surface area and pore diameter distribution of
supports and immobilized catalysts were characterized by a 3H-
2000SP4 microstructure analyzer (Best Technology Co., Ltd,,
China). All samples were degassed at 300 °C for S h under
vacuum and tested in the pressure range of 0.4—101.8 kPa.
Thermogravimetry (TGA) analyses were conducted on a SDT
Q600 system (TA Instruments, USA). Sample pellets were
placed in a platinum crucible and heated from room
temperature to 800 °C at 10 °C/min under the oxygen flow
(100 mL/min).
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XPS spectra of all samples were obtained using a Thermo
Scientific ESCALAB 250Xi spectrometer (Thermo Fisher
Scientific, USA) equipped with a Mg anode (14 kV, 250 W).
Adsorbed pyridine infrared (Py-IR) analyses were performed
on a V70 Fourier transform infrared spectroscopy (Bruker,
Germany). The powder samples were pressed into a 13 mm
translucent pellets, degassed in vacuum at 300 °C for 2 h, and
then cooled down to 100 °C under dynamic vacuum. Pyridine
adsorption experiments were conducted, and then the pyridine-
equilibrated samples were desorbed successively at 150 and 400
°C through a temperature-programmed route.

Morphologies of support and catalyst samples were
determined by using a transmission electron microscope
(TEM) (JEM-2100, JEOL). Samples were made by ultra-
sonication in ethanol for 15 min followed by dropping the
suspension onto carbon coated 400 mesh copper grids. Images
were collected using a slow scanning CCD camera.

3. RESULTS AND DISCUSSION

3.1. Support—Activity Relations. Support material plays a
crucial role in determination of the active species immobiliza-
tion and the catalytic performance of catalyst by providing
specific binding sites and pore structures.”* Both alumina
(ALO;) and silica (SiO,) exhibit strong binding affinity for the
Al-Ti active species.”>*® Such binding affinity is critical to
enable effective support for heterogeneous Lewis acid catalyti-
cally active species for olefin polymerization.”” Similarly,
magnesium oxide (MgO) is also a good support material for
immobilization of Lewis acid catalysts.”** MgO surface is
hydroxyl-rich, which can coordinate aluminum chloride and
titanium tetrachloride forming a variety of active sites."”*" The
interactions between Mg and active species are considered to
greatly enhance (active species) loading and catalytic activity."”
In our study, we prepared the MgO—Al,O;—SiO, ternary oxide
materials via coprecipitation and employed them as supports
for the impregnated Al—Ti bimetallic active components. The
chemical compositions of all samples synthesized are listed in
Table S2 (on ALOj; basis). Specifically, the Si/Al molar ratio
increases from 4.86 for sample M-1 to 12.30 for M-4, while the
Mg/Al molar ratio ranges from 0.904 for M-2 to 1.061 for M-3.
The measured molar ratios for both Si/Al and Mg/Al are in
good agreement with the corresponding stoichiometry of the
initial reactant mixtures. Interestingly, significant impact of
chemical composition on the pore structure of support was
observed (see Table 1). We also include the data for y-Al,O,
support used in our earlier study as reference. Compared with
7-Al,O5 support, all MAS supports present smaller specific
surface area (Spgr) and larger average pore size (d,) (see Figure
2). In addition, as Si/Al molar ratio increases, the MAS

Table 1. BET Specific Surface Area, Pore Volume, and
Average Pore Diameter of Various Supports

support Sger” (m*/g) Vpb (em®/g) d, (nm)
A 281.38 0.44 6.25
M-1 192.38 0.36 7.40
M-2 167.59 0.40 9.46
M-3 154.47 0.40 10.41
M-4 148.62 0.40 10.81

“Specific surface area. “Pore volume. “Average pore diameter (1.7—

300 nm).

6666

supports exhibit monotonically decreasing specific surface area
and increasing average pore dimension.
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Figure 2. Pore size distribution for different supports.

Well-defined chemical composition and narrow pore size
distribution are two critical factors governing the surface
homogeneity of Al-Ti/MAS, and catalytic selectivity of 1-
decene oligomerization. Chemical composition analyses (see
Table S2) coupled with chlorine content measurements (see
Figure 3) suggest immobilization of AICl; and TiCl,. All Al—
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Figure 3. Chlorine content (X(;) and PAO yield (Y) of catalysts with
different supports.

Ti/MAS catalysts have higher chlorine contents than that of
Al-Ti/y-ALO; sample. Our present findings and previous
results® confirm that there is no strong dependence of active
specie loading on the specific surface area of catalyst. More
specifically, the chlorine contents of catalysts rank in the
following sequence: M-3 > M-2 > M-1 (M-4) > A. Meanwhile,
the PAO yields present the same order, with M-3 showing the
highest yield. Such linear dependence of Y, on X with a
positive slope is in excellent agreement with what we observed
in an earlier study. Among these MAS samples, M-3 (Si/Al
molar ratio = 9.76) presents the highest loading of active
species with a chlorine content of 16.7% leading to the highest
PAO yield of 94.6%.

In addition, XPS analyses reveal the distribution of Al and Ti
species on support surfaces (Figure 4). Similar to catalyst A
(using y-AL,O; as support), all four MAS supported samples,
M-1, M-2, M-3, and M-4, show Al 2p,,, Ti 2p,,, and Ti 2p;,
doublet, corresponding to the oxygenated states of Al and Ti,
respectively. The binding energy of Ti 2p;,, increases from
458.7 to 459.0 eV for A and M1 to 459.5—459.9 eV for M2,
M3, and M4. The Ti species are found to exist in two
forms,™** Ti—O—Al for A and M1 catalysts and Ti—O-Si for
M2, M3, and M4 samples, indicating distinctly different binding
states for Ti species loaded on MAS supports as Si/Al molar
ratio varies. Our previous” Al MAS NMR studies on 7-ALOj; or
SiO,-derived catalyst suggest that the AICI; species may be
coordinated by the surface oxygen of supports. According to
the XPS analysis and chloride content measurement, the

DOI: 10.1021/acs.iecr.8b00791
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Figure 4. Al/Ti XPS spectra for different catalysts.
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relative Al/Ti ratios for the bimetallic active species
immobilized on different supports can be estimated (see Figure
Sa). Specifically, the Al/Ti ratio is up to 12 for M-3, and is as
low as 2.5 for A. These values are very close to those obtained
from EDS analyses. However, they drivative from the initial Al/
Ti molar ratio (Al/Ti = 5) we used during the AICl; and TiCl,
immobilization process. The Al/Ti molar ratios mimic the
trends of chlorine contents and PAO yields for samples with
different support materials. We conclude that the catalytic
activity is determined by the loading of Al species. The weak
affinity of y-Al,O; for Al species results in low Al
immobilization, which leads to a low PAO vyield (88.4% for
the first 3 h TOS).

We also characterized the acidity of all catalysts by Py-IR (see
Figure Sb). All samples show a strong absorption peak at about

6667

1445 cm™, corresponding to pyridine adsorption on Lewis acid
sites.*** Compared with y-Al,O;-derived catalyst (A), all MAS
supported catalysts (M-1, M-2, M-3, and M-4) feature more
Lewis acid sites exhibiting one much more significant
absorption event at 1445 cm™'. Additionally, a weak signal at
1543 cm™" assigned to pyridinium ions adsorbed at Brensted
acid sites* is observed for all MAS supported catalysts.
Interestingly, this peak can be hardly seen for catalyst A. All
these results point out that higher Lewis acid site concentration
leads to the enhanced catalytic activity. Moreover, all samples
present a peak with moderate intensity at 1490 cm™, which can
be attributed to coexistence and coupling of Bronsted and
Lewis acid sites."”

To further elucidate the binding of active species on each
support, TG analyses were conducted in oxygen atmosphere

DOI: 10.1021/acs.iecr.8b00791
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Figure S. (a) Relative Al/Ti molar ratios on sample surfaces. (b) Py-IR spectra. (c) TG-DTG curves for A, M-1, M-2, M-3, and M-4 catalysts. (d)
TEM images for M-3 support (d-1), fresh (d-2), and used (d-3) M-3 catalysts.

(see Figure Sc). Sample A shows a continuous weight decrease
upon heating from room temperature (RT) with merely one
broad peak spanning from 150 to 200 °C on the DTG curve. In
contrast, the DTG curves of all MAS supported catalysts feature
two weight loss regions: the low temperature weight loss events
(region I), spanning from RT to 300 °C, and the high
temperature events (region II), ranging from 420 to 670 °C.
Specifically, in region I, the DTG peak of M-1 is very similar as
that of A. Nevertheless, all other MAS supported catalysts with
Si/Al > 6.6 present two peaks. Specifically, a sharp peak (peak
I) was observed at 124, 122, and 119 °C for M-2, M-3, and M-
4, respectively, while a much broader peak (peak II) centered at
186, 179, and 174 °C was found for M-2, M-3, and M-4,
respectively. Considering the low sublimation temperature of
AICl; and low boiling point of TiCl,, both below 200 °C, we
conclude that the low temperature weight loss corresponds to
the release of free active species from the catalysts under
thermal treatment. Furthermore, since all MAS supports were
subjected to thermal treatment at temperature up to 600 °C
prior to immobilization experiments, the weight loss is
attributed to the desorption of immobilized active species. In
other words, this group of active species interact with the
strong binding sites of supports supported by higher desorption
temperature observed in region I Interestingly, broad DTG
peaks were observed in region II spanning from 500 to 580 °C,
an indication of active species—support binding on a spectrum
of sites with different energetic states. In comparison with
support A, all MAS supports feature stronger binding sites
resulting from the specific chemical composition of ternary
oxide. Specifically, Mg species can coordinate Al—Ti active
species to enhance the immobilization.

To gain further insights into the immobilization and
migration of active species on the MAS supports, TEM images
were taken for the M-3 support, fresh, and deactivated M-3
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derived catalysts (see Figure 5d). The M-3 support is found to
be well-dispersed nanoparticles with relatively uniform particle
size (10—20 nm). The M-3 supported catalyst shows a
spongelike morphology, indicating well-distributed active
species on the nanoparticle supports. Accordingly, when the
spent M-3 supported catalyst undergone 28 h of time-on-
stream (TOS), the spongelike active species disappeared due to
active specie loss. Instead, MAS particle aggregation and growth
was observed.

3.2. Support—Stability Relations. The catalytic stability
of all catalysts was evaluated using a continuously operated
fixed-bed reactor. The PAO yield is plotted as a function of
TOS in Figure 6a. Despite similar initial PAO yields (Figure 3),
all samples show decreasing yields with different slopes as TOS
increases, suggesting catalytic deactivation at various rates.
Specifically, the PAO vyield decreases to 73.3% at 25 h for M-3,
47.5% at 25 h for M-4, and 38.1% at 24 h for A. Generally,
catalysts supported by MAS materials demonstrate better
stability compared with catalyst supported by y-Al,O;. Such
differences in stability were determined by the strength of
binding between (i) support material and immobilized active
components and (ii) the structural evolution of catalysts during
1-decene oligomerization. On one hand, impregnation of AlCl,
leads to reactions between AICl; and the surface hydroxyls of
support materials accompanied by HCI release.”>**** AlCI,
exists on the support surface in the form of (-M—0),—AICI,.
In our case, M represents Al, Si, or Mg, with x + y = 3. When x
= 0, (-M—0),—AICl; represents free AlCl;,*>***" Similarly,
immobilized TiCl, also exhibits in bonded and free TiCl,
forms.*>** Typically, strongly bonded (—-M—0),—AICL, (x =
1) species are considered to be the main contributor providing
the catalytic activity.”">* In contrast, the free AICI; active
species merely have weak interactions with the support without
defined bonding. Consequently, as reaction proceeds, the

DOI: 10.1021/acs.iecr.8b00791
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Figure 6. PAO yield (Y) of catalysts prepared with (a) different
supports (LHSV is 1 h™" for catalysts M-1, M-2, M-3, and M-4 and 0.5
h™! for catalyst A**), (b) M-3 supports with a series of particle sizes,
(c) different starting AICl; dosages, and (d) different starting Al/Ti
ratios for immobilization.

continuous loss of free AICl; species leads to significant
decrease in catalytic activity. According to our characterizations,
MAS supports feature stronger affinity to surface adsorbed Al
and Ti species compared with y-Al,O; support. On the other
hand, the MAS-derived catalysts have larger pore size resulting
in less pore blockage caused by oligomers and less surface site
deactivation compared with y-Al,O; supported catalyst. The
enhanced stability observed for the MAS-derived catalysts is
owing to both surface and structural factors, including the
hydroxyl group concentration and pore structure accessibility.

3.3. Support Particle Size Effects. To evaluate the impact
of particle size on the activity and stability of all catalysts, three
MAS samples with particle sizes of 10—20 mesh (M-3), 20—40
mesh (M-3-3), and 40—60 mesh (M-3-4) were prepared and
tested for immobilization of Al—Ti active species (see Figure
6b). As the particle size of support decreases, the corresponding
catalysts exhibit slightly increasing chlorine contents and initial
yields. M-3, M-3-3, and M-3-4 show (X, Y,) of (16.7%,
94.6%), (16.8%, 94.9%), and (18.3%, 95.3%), respectively.
However, interestingly, their stability decrease exhibits
distinctly different trends. Specifically, the M-3 sample with
the largest particle size demonstrates the highest stability with a
yield, Y, of 92.8% at 12 h and 65.0% at 28 h. The sample with
the smallest particle size, M-3-4, shows the steepest decaying
activity trend with a Y of 71.2% at 12 h and 41.5% at 28 h. The
loss of active species has been confirmed to be one of the most
critical reasons for deactivation of immobilized catalysts.”® In
this study, it is very likely that the significant impact of particle
size on catalyst stability is governed by the rate of active species
loss from the support materials, in which particles with smaller
sizes (higher surface areas) may lead to faster loss of active
species during the oligomerization process.

3.4. Impact of Immobilization Temperature. The
catalytic performances for catalysts prepared at different
immobilization temperatures are presented in Table 2. As the
immobilization temperature increases from 60 to 80 °C, X
increases from 13.1 to 16.7%, while the initial product yield Y,
remains constant. This suggests substantial active specie loading
on the supports at all temperatures. Considering the low boiling
point of solvent, CCl, (76.8 °C) we used, all immobilization
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Table 2. Effect of Immobilization Temperature on Chlorine
Content of Supported Catalyst and Oligomerization

(;Ti Xy Yo V4g szo OFP
catalyst  (°C) (%) (%)  (mm®/s) (mm?/s) VI (°C)
M-3-1 60 13.1 93.8 72.5 11.3 148 =72
M-3-2 70 13.7 93.9 77.0 12.1 154 —=71
M-3 80 16.7 94.6 85.1 13.2 156 —68

“Initial PAO vyield.

experiments are carried out at temperatures below 80 °C.
Indeed, immobilization is a complicated process, which is
governed by integrated effects of temperature, treatment length
(time), and the property of the solvent.”> The immobilization
temperature determines the diffusion rate of active species in
liquid solvent and on support material surfaces once the solvent
and time of immobilization are defined. Higher immobilization
temperature can boost the reflux of CCl, solvent, accelerating
the diffusion of active species into porous structures of
supports, which directly leads to higher chlorine loading for
better catalytic performance of 1-decene oligomerization. In our
study, the PAO product synthesized using M-3 catalyst with the
highest chlorine content of 16.7% shows higher kinetic
viscosities (85.1 mm?/s for v, and 13.2 mm?*/s for v,y),
viscosity index, and freezing point (—68 °C), suggesting a
higher degree of oligomerization and lower branch ratio—the
ratio of methyl to methylene groups in the oligomer. M-3-1
having chlorine content of 13.1% exhibits lower kinetic
viscosities, viscosity index, and freezing point.

3.5. Role of Active Component Loading. The impact of
active component loading on immobilization and oligomeriza-
tion was examined at a fixed Al/Ti ratio as AlCl;/support mass
ratio varies. Our results suggest that the sample chlorine
content has a strong dependence on the AICl;/support mass
ratio, m(AlCl;)/m(support). Specifically, the chlorine content
increases from 10.7% for M-3-5 to 19.5% for M-3-6 as
m(AICly)/m(support) increases from 0.35 to 0.45 (see Table
3). Accordingly, Y, increases from 91.3% (M-3-S) to 95.9% (M-
3-6). Higher loading enables more active sites promoting PAO
chain growth and leading to increased kinetic viscosities for the
PAO products. Further, we also plotted the PAO yields at
different TOS in Figure 6c. Among all three catalyst samples,
M-3 and M-3-6 have nearly the same activity and deactivation
trend, while M-3-5, the sample with the least active component
loading, shows the quickest deactivation with PAO yield of 46%
at 22 h. In contrast, 85.5% yield was achieved for M-3-6 at the
same TOS. Therefore, we conclude that the loss of active
species is one of the most critical factors leading to deactivation
of the catalysts studied. Because of its lower loading of active
species, M-3-5 shows much quicker activity decay than M-3 and
M-3-6 as TOS increases.

3.6. Al/Ti Molar Ratio: The Synergistic Catalyst and
Cocatalyst. The impact of starting Al/Ti molar ratio on
impregnation of active species and catalytic oligomerization of
1-decene was evaluated. We fixed the total dosage of AICl; and
TiCl, as constant and vary the Al/Ti molar ratio (see Figure 6d
and Table 4). We found that all three catalysts exhibit similar
initial PAO yield, Y,; however, they show distinct deactivation
rate as reaction proceeds. Interestingly, as Al/Ti molar ratio
varies, both X and Y; increase followed by a decreasing trend.
Additionally, the properties of PAO products show consistent
trend for all products. It is found that M-3 (Al/Ti = S) has the
highest stability exhibiting the lowest rate of deactivation. The
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Table 3. Effect of AICI; Dosage on Chlorine Content of Supported Catalyst and Oligomerization

catalyst m(AICl,)/m(support) Xg (%) Y, (%)
M-3-5 0.35 10.7 91.3
M-3 0.4 16.7 94.6
M-3-6 0.45 19.5 95.9

vjo (mm?/s) vig (mm?/s) VI EP (°C)
79.1 12.3 153 —69
85.1 132 156 —68
90.6 13.5 151 —67

Table 4. Effect of Al/Ti Molar Ratio on Chlorine Content of
Supported Catalyst and Oligomerization

n(Al)/ X Y, Vag Voo FP
catalyst  n(Ti) (%) (%) (mm?®/s) (mm?/s) VI (°C)
M-3-7 3 20.7 96.3 91.1 13.7 153 —66
M-3 S 16.7 94.6 85.1 132 156 —68
M-3-8 7 22.0 97.2 96.4 14.5 156 —65

great catalytic activity observed here for the Al-Ti bimetallic
catalysts is owing to the coupling effects between the catalyst
(Al contents) and cocatalyst (Ti species). Compared with M-3-
S, the M-3-7 sample with higher Ti loading shows higher PAO
yield (75.4%) at 12 h of TOS. This indicates that Ti species
play critical role triggering the oligomerization. Previous studies
suggest that when the ratio of catalyst to cocatalyst is
optimized, bimetallic catalyst achieve the best catalytic
activity.”>” Such conclusion is in excellent agreement with
our study.

3.7. Deactivation Mechanism for MAS Supported Al—
Ti Bimetallic Catalysts. As we previously described, all MAS-
derived Al-Ti bimetallic catalysts undergo activity loss during
catalytic oligomerization of 1-decene. To reveal the underlying
deactivation mechanism, we started with the determination of
chlorine contents of fresh and spent M-3 catalysts. It is found
that the chlorine contents of fresh and used catalysts are 16.7%
and 8.1%, respectively, indicating the loss of active species from
the support. Additionally, the chlorine contents in PAO
products collected at different TOS were also measured. The
results for catalysts M-3 and A are presented in Figure 7. The
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Figure 7. Chlorine contents for PAO products using A and M-3
catalysts.

transfer of active species from support to PAO products can be
clearly observed for both catalysts. Specifically, PAO products
synthesized using M-3 as catalyst has much lower chlorine
content than what the PAO produced using catalyst A. Such
phenomenon suggests that, compared with A, M-3 lost less
active species. The results strongly support our previous
conclusion that MAS support has stronger affinity to the active
species compared with that of y-Al,O;. On the other hand, the
surface area and pore structure of catalysts are considered to be
another two crucial factors for catalyst deactivation in
oligomerization. The surface area and pore size analyses of
fresh and used M-3 catalyst are listed in Table 5. Upon active
species loading the specific surface area and pore volume
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Table S. BET Specific Surface Area, Pore Volume, and
Average Pore Diameter of Fresh and Used M-3 Catalysts

sample Sger (m* g7') V, (em® g™") d, (nm)
fresh M-3 91.82 0.28 11.00
used M-3 102.35 0.24 10.03

decreases, whereas the average pore size increases (see Table
1). This indicates that the active species introduced tends to fill
smaller pores first. In contrast, after catalytic deactivation, the
M-3 catalyst shows increased specific surface area, from 91.82
to 102.35 m?/ g, and decreased average pore size from 11.00 to
10.03 nm. Clearly, this is due to the loss of micropore-confined
active species on M-3 catalyst, resulting in increase of accessible
surface and decrease of average pore size. Therefore, we
conclude that the deactivation of the MAS-derived Al-Ti
bimetallic catalysts is mainly ascribed to the loss of active
species during oligomerization. Compared with y-Al,O;-derived
catalyst, the catalysts prepared by using MAS as supports
exhibit smaller changes in pore structure and, thus, feature

much higher activity and stability.

4. CONCLUSIONS

A series of MgO—AlLO;—SiO, (MAS) were synthesized and
employed as catalytic supports for AI-Ti active species.
Oligomerization of 1-decene on these MAS-supported Al-Ti
catalysts was studied using a fixed-bed reactor. As Si/Al molar
ratio increases, the MAS support presents decreasing specific
surface area and increasing average pore size. These supports
with well-defined compositions enable controllable pore
structure and predictable tunability in both catalyst immobiliza-
tion and catalysis. The M-3 catalysts (Si/Al = 9.76) present
higher loading of active species with better catalytic activity and
stability. Such enhancement is owing to increased surface
hydroxyl concentration and pore accessibility, leading to
stronger affinity to active species (more catalytic compounds)
and less hindrance to oligomers (less pore blockage). Finally,
the loss of active species is concluded to be the most critical
factor resulting in deactivation of MAS-derived Al-Ti
bimetallic catalysts.
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