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ABSTRACT

Long-chain alkylbenzenes are industrially synthesized precursors to commercial surfactants such
as laundry detergent. The currently used catalysts in the processes of their synthesis are corrosive
and harmful to the environment. These problems can be avoided utilizing heterogeneous highly
acidic catalysts. Solid catalysts do not corrode equipment and are relatively simple to remove
from the post-reaction mixture. Phosphotungstic acid (PTA) supported on silica gel could be a
possible catalyst due to its high acidity with an estimated pKa =~ -13. The catalyst PTA-SiO» was
prepared via the sol-gel method to covalently embed it in a silica support. The catalyst was
granulated with y-alumina for use in a fixed bed flow reactor during the alkylation of benzene
with long chain alkenes. The isomerization of 1-octene, 1-decene, and 1-octadecene as well as
the conversion of 1-decene in the alkylation of benzene were studied under varying conditions.
During these reactions, the catalyst demonstrated good catalytic activity at temperatures above
200 °C with an optimal temperature of 250 °C. Of all three alkenes, 1-octadecene showed the
highest conversion into respective isomers. The alkylation of benzene with 1-decene experiments
showed decreasing of flow rate and increasing the ratio of benzene to 1-decene lead to higher
conversions of 1-decene. Characterization of the catalyst after the reaction showed little changes
in porosity and particle size. No leaching of PTA was observed. However, carbon deposits were

found on the catalyst that requires regeneration before next use in catalysis.
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I. Introduction
1.1 Long-Chain Alkylbenzenes

Long-chain alkylbenzenes, sometimes known as linear alkyl benzenes (LABs), are
secondary Cio-14 substituted benzenes. These compounds are commonly synthesized through the
Friedel Crafts alkylation in which an acid catalyst is used to protonate a long-chain alkene that
will subsequently react and attach onto a benzene ideally at the second carbon in the chain (C2).
The Friedel Crafts method is prone to hydride shifts on the protonated alkene chain resulted in a
mixture of isomers as the product. The mechanism of this alkylation and hydride shift is shown
in Figure 1. The process creates an intermediate compounds that can be further reacted to form
useful products. Namely, LABs are important intermediates in the industrial production of linear
alkylbenzene sulphonates (LAS). These products are utilized in a wide variety of fields including
consumer use as laundry detergent and industrial use in textiles, polymers, pharmaceuticals, oil
recovery, and even the paper industry!.

The LAS have been an essential product in many industries over the previous 45 years with
an estimated two million tons of LAS consumed every year?. Much attention has been drawn to
LAS due to the magnitude of its consumption and the poor effect on the environment. LAS life
cycle includes the formulation production, use, and discharge of the LAS. The first two phases of
the cycle produce very little waste as these phases occur in chemical plants where safe handling
is common policy of waste materials. However, the mass of waste produced significantly
increases during the later phases of the life cycle after they are used. It has been shown that LAS
waste impairs organ functions in marine life and interferes with terrestrial invertebrate growth in

soil’.
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Figure 1. Friedel Crafts alkylation of benzene mechanism

Biodegradability and solubility of LAS greatly depends on the structure of the alkyl chain
and the position of the phenyl group. LAS skeletal isomers have the general formula
C¢H4CrnH2n+1SO3Na where n is 8-16 typically®. Figure 2 displays the general structure of LAS.
There are several possible skeletal isomers of LAS according to the position of attachment
between the phenyl group and the carbon of the alkyl chain. Out of the isomers of LAS, the
sodium 2-phenylalkane sulfonates (Na-2-LAS) has shown the highest biodegradability and the
lowest solubility®. Thus, the ideal LAS surfactant needs a compromise between the

biodegradability and solubility to encourage environmental health and to remain effective.
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H3C — (CHz)x — CH — (CH;)y — CH;

SO3Na

Figure 2. General structure of LAS (CsH4CyH20+1SO3Na)

The manufacture of linear alkyl benzenes (precursors to LAS) is a vast industry where
around 70% of the 29.3 million tons of benzene demand was utilized in the alkylation of
aromatics in the year 1999*. The industrial production of LABs has proceeded through several
methods in the past. First, long-chain alkanes (paraffins) of 10-14 carbons long are isolated from
oil gas fractions through a multitude of techniques and adsorptive separations. This step of the
process may be carried out in a variety of phases. For instance, the Molex technique uses liquid
phase hydrocarbon adsorbent along with a moving bed technology while Exxon Ensorb is a
vapor phase process. Both techniques recover the paraffins at very high purity (around 98%)°.

Once the paraffins are isolated, several different routes could be taken to modify them in
preparation for the alkylation benzene. One common method in the past was to chlorinate the
paraffins and form mono-chlorinated paraffins. During the industrial process, the mono-
chlorinated paraffins were used with aluminum chloride to alkylate benzene. This method for the
alkylation of benzene producing LABs was originally developed for commercial use by ARCO
Technology, Inc.% Another method in the alkylation of benzene is a dehydrochlorination of the
mono-chlorinated paraffins to create alkenes (olefins)’. The subsequent olefins can then be

utilized to alkylate benzene catalyzed by a Lewis acid. Several companies such as Chevron
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Corporation harness ethylene oligomerization to produce these long-chain olefins with the use of
hydrofluoric acid as the acid catalyst in the alkylation process”.

Until the late 1960s, the alkylation method utilizing aluminum chloride as the catalyst was
the predominant pathway of producing LABs until the method involving dehydrochlorination
and the use of hydrofluoric acid was introduced and popularized. After the late 1960s, the route
utilizing hydrofluoric acid and olefins was the most popular technique of catalysis in the LAB
synthesis due to the high quality of LABs produced and the low cost of the kerosene feedstock
commonly used in the dehydrogenation of paraffins precursor step to create olefins®.

Unfortunately, the use of homogeneous acid catalysts like hydrofluoric acid has raised
concerns. Primarily, the use of such catalysts results in large amounts of toxic waste which
harms the environment and corrodes the expensive industrial equipment utilized in the catalysis.
In general, the use of homogenous acid catalysts in the alkylation of benzene displays handling,
containment, separation, and regeneration issues’.

Solid catalysts have since been proposed as a possible solution to the multitude of concerns
with homogenous acid catalysts such as hydrofluoric acid. During the 1990s, the first

1™ process. This process was

commercialized process, which utilized solid catalysts was the Deta
created by Honeywell Universal Oil Products (UOP) and is the only modern technology that uses
solid catalysts in the process of benzene alkylation. Another commercial process is under review
and development in India at the moment, which utilizes a zeolite-based catalyst®.

The UOP Detal™ process has two steps. First, normal paraffins must be produced. During
this step of the process, the heavy components and light ends of kerosene feedstock are stripped

by prefractionation in order to produce n-paraffins. In preparation for the Molex, the kerosene is

hydrotreated to remove sulfur, nitrogen, olefins, and other compounds which may adversely
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affect the Molex adsorbent in the following step. The Molex process finally separates the normal
paraffins from the cyclic or branched components. The second section of the process results in
the production of LABs via the Detal ™ process after several precursor steps designed to form

lTM

mono-olefins from the normal paraffins. The Detal " process operates in a fixed bed reactor with

a solid catalyst. The flow scheme of the process can be seen below in Figure 3'°.

Kerosene Benzene
l Light
Prefractionation Ends Heavy
HvdroTatmg ik I AromTatics Alk\?ate
TP I ) Detal or
Purification ——> & °IS° —> PEP -Y>  Detergent —> LAB
l it Alkylate
:::{::I: :ﬁ Recycle Paraffin
Refinery

lTM

Figure 3. Detal™ process flow scheme!®

In summary, homogeneous Brensted and Lewis acids such as H2F», HCI, ZnCl, and AICl3
have been utilized widely the past in many organic reactions requiring an acid catalyst.
Unfortunately, these homogenous acid catalysts create multiple issues in handling, instrument
corrosion, environmental waste, and regeneration in industrial processes. Thus, interest has been
shown in replacing the traditional homogeneous acid catalysts with catalysts that are more

friendly, such as heterogeneous acid catalysts’.
1.2 Heterogenous Catalysts

Heterogenous catalysts’ use in organic reactions has gained recognition due to their
multiple redeeming factors and have previously been used in many protection and deprotection

reactions'!. The heterogenous catalysts offer mild reaction conditions, straightforward product
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isolation, regeneration (and subsequent reuse) of the catalyst, and less toxic waste produced from
the reaction'>!3,

Heterogenous catalysts such as solid acid catalysts and supported acid catalyst complexes
have successfully been utilized in organic reactions such as several types of alkylation and
disproportionation of aromatic compounds with only minor issues. Liquid acids such as those
based on metal fluorides and chlorides, on the other hand, face several problems by catalyzing
unwanted side reactions. These reactions initiated by liquid acids results in isomerization,
polymerization, and alkene degradation. The liquid catalyst also proves difficult to recover from
the mixture and corrodes the vessels where the reaction takes place!*. However, liquid acids are
active in the organic reactions below 100 °C while solid supported and aluminosilicate acid
catalysts require higher pressures and temperatures up to 200 °C >

Activated clays and aluminosilicates have been used in the alkylation of benzene since the
1940s due to their higher activity and thermal stability than ion exchange resins at certain
temperatures. The clay and the synthetic aluminosilicate displayed good catalytic characteristics
between 120 and 140 °C in the alkylation of benzene with Co-C12 olefins'>. Solid supported
transition metal halides such as Tantalum (V) and Niobium (V) were also successfully used to
catalyze the alkylation of benzene with Cs-C1o olefins'S. On top of that, it has been reported that
a silicotungstic acid (HSiW) was used to catalyze the alkylation of benzene with C11-Ci4 olefins
while the catalyst was supported on aluminosilicate or silica gel. The results of the catalysis with
the supported HSiW showed that the activity of the acid catalyst depended on both the surface
area and the molar ratio between the aluminum oxide and the silicon dioxide (Al.03:Si02) in the

support. Despite the lower activation energy of 12-13 kJ/mol, the alkylation catalyzed by the
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HSiW proceeded at a slow rate suffering from slow internal diffusion of reactants through the
catalyst!”.

In a similar study, aluminum-magnesium silicate with clay or zeolite structure was
impregnated with various acid halides and used as an acid catalyst in the alkylation of benzene.
The solid catalyst showed a conversion rate of long-chain olefins to alkylbenzenes of 95% with
85% selectivity. The same catalyzed reaction was studied when the clay form of the catalyst
included cerium nitrate and was air-streamed at 600 °C. The alkylation of benzene with this form
of the catalyst was carried out under pressure of 3.5 MPa at 150 °C. These catalyzed reactions
yielded 99% conversion of the olefins into alkylbenzene with a 95% selectivity!”.

Zeolites are solid alternative catalysts that have been evaluated in the alkylation of benzene
in the past. Zeolites are microporous aluminosilicate minerals known as molecular sieves which
are used in catalysis. Zeolite Y, modified by rare earth elements, was utilized in the alkylation of
benzene with a-olefins Cio-Cis long. An 85-90% conversion of the olefins was recorded in this
instance when a molar ratio of 100:1 benzene to olefin was used along with a space velocity of
0.25 per hour'®. Large pore zeolite Y along with zeolite Beta were further tested in 2001 which
showed high stability but low selectivity in the reaction of benzene alkylation®.

Another type of zeolite, a lanthanide promoted zeolite, was used to catalyze the alkylation
of benzene at 180 °C. The reaction resulted in a 94% yield of undodecylbenzene. When a high
silica pentasil zeolite with an increased molar ratio of silica to alumina was used in the alkylation
of benzene by dodecene at 220 °C, the conversion rate of the reaction jumped from 30 to 69%'%.

Overall, various zeolites offer substantial benefits, such as high relative acidity and activity
in the alkylation of benzene reaction. However, application of these solid catalysts is limited by

some major drawbacks. For instance, Mobil Oil Corporation studied the zeolites ZSM-5 and
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ZSM-12 in 1981. ZSM-5 showed low selectivity which ZSM-12 improved upon, but ZSM-12
displayed low yield of alkylbenzenes in the reaction!®. A similar circumstance took place with
the zeolites ERB-1 and L where both showed high activity and selectivity in the reaction but
were unstable*. Zeolites were shown to be irreversibly deactivated in the process which
complicates the regeneration and reuse of the catalysts failing to solve some of the problems seen

in homogenous catalysts. Thus, the search for more efficient solid catalysts has been promoted.
1.3 Heteropolyacids

Heteropolyacids (HPAs) is a class of superacids that have recently been recognized due to
their excellent catalytic potential. HPAs are classified as superacids, which are acidic compounds
with a pK. of at least 100% greater than sulfuric acid. Not only are HPAs highly acidic, but they
are also known for their redox properties which can be altered by changing the composition of
the heteropolyanion. Previously, both homogenous and heterogenous HPAs have been studied
which has shown the multitude of reactions they may be applied in. HPAs have been shown to
catalyze reactions such as alkylation, dehydration, cyclization, and even oxidation of amines
leading to applications in many fields like the food and pharmaceutical industries?°. The Wells-
Dawson and Preyssler structured HPAs have been evaluated as well, but the most used HPAs
possess the Keggin anion structure due to its high stability and catalytic activity?'.

HPAs with the Keggin anion structure are polynuclear complexes that consist of polyatoms
(M) such as tungsten, molybdenum, or vanadium, and consist of a central heteroatom such as
phosphorous, germanium, or silicon??. The central portion of the Keggin anion is made of a
tetrahedral hetero atom oxide as a XO4 which is surrounded by twelve octahedral polyatom
oxides MOs. Thus, the Keggin anion as seen in Figure 4> has a general molecular formula of

[XM12040]>" ?¥. The other two types of HPAs, the Wells-Dawson and the Preyssler have varying
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combinations of these atoms as compared to the Keggin anion structure. For the Wells-Dawson
structure, the heteropoly anion has a formula of [X2""M;3064]™ where the hetero atom (X) is a
central sulfur, arsenic, or phosphorus atom surrounded by 18 polyatoms (M) such as tungsten or
molybdenum paired with oxygen in an octahedral block. The structure is called an alpha isomer
which consists of two central atoms that each are a “half unit” of the complex which are
surrounded by the octahedral blocks®®. Developed from the Keggin anion, the Preyssler structure
is a cyclic complex consisting of five PW 12022 subunits where two groups of 3 corner WOg

octahedra®®.

Figure 4. Keggin structure H,XM 12040 consisting of phosphorous (pink) as X, tungsten (blue)

as M, oxygen (red) and hydrogen (white).?’

As compared to zeolites, such as zeolite Y, HPAs offer several improvements as evidenced
in an evaluation of catalytic properties of phosphotungstic acid H3PW 12040 (PTA), and zeolite Y.

PTA demonstrated increased stability, catalytic activity, and selectivity when compared to
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zeolites in the same reaction of benzene alkylation with 1-dodecene. The reaction was carried out
at 80 °C and a conversion of 90% of the olefin with a near 100% selectivity for LABs*’.

Despite the results of the comparison to zeolites, the use of pure HPAs also still poses
many complications. Like the homogenous catalysts many are working to replace, the pure HPA
is difficult to separate from the product mixture at the end of the reaction, which hinders its
recyclability and increases waste production. Furthermore, HPAs are highly soluble in polar

solvents and possess a low surface area which affects the catalytic efficiency.
1.4 Supported Heteropolyacids

Impregnating acids on solid supports is a technique that has gained attention due to the
multiple improvements it provides. HPAs demonstrate high catalytic activity and stability but
suffer from a low surface area. However, the development of solid supported HPAs opens new
routes for the use of efficient catalysts. Silicate supported acids, such as perchloric acid, have
been utilized more and more in the catalysis of organic reactions, which demonstrate the
advantages of supported super acids. As a result of the larger surface area provided by the silica
support, the supported acids have shown an increased catalytic efficiency. In addition, the silica
supported acids showed a higher thermal stability, selectivity, and recyclability as well as
reduced toxicity to individuals during handling?®. Polymer based supports have also been used in
catalysis but had limitations when compared to the silica supports.

Preparation of the mesoporous silica supported catalysts may be carried out through several
methods such as ion exchange, impregnation, covalent grafting, electrostatic forces, and the sol-
gel technique?’. For the immobilization of HPAs, however, two main processes have been

utilized for the immobilization on silica support: impregnation and the sol-gel technique™.
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Impregnation on the support, which involves a much weaker interaction, has been the most
widely used method prior to this research.

During impregnation of HPAs on a pre-assembled silica support, the structure is altered
which causes less homogeneity. Impregnation also leaves the HPAs vulnerable to leaching since
the catalyst is not embedded in the support. Rather, the HPA is loaded onto the surface of the
silica which also decreases the stability and activity of the catalyst>!.

The silica supported HPAs present numerous advantages as evidenced by their use
previously in organic reactions. The impregnated PTA-Si0> was used in various reactions such
as the 3,4-dihydropyrimidones from aldehyde, urea, and keto-ester in acetonitrile®?. In
comparison to other classical methods like the Biginelli method, catalysis with supported HPAs
is more convenient to work with and show high yields, functional group tolerance, and mild
conditions in the reactions which they catalyze. For instance, the gas-phase alkylation of phenol
with tert-butanol catalyzed by phosphotungstic (tungstophoshoric) acid (PTA), which is an HPA,

showed a high selectivity for the desired para-tert-butylphenol product?

. Furthermore, silicated
HPA supported on an MCM-41 support was studied in the catalysis of the liquid-phase
alkylation of toluene with 1-octene. The HPAs studied were PTA, tungstosilicic acid (HSiW),
and molybdophosphoric acid (HPMo) supported on the MCM-41, and bulk HPA. Compared to
just the bulk HPA, the MCM-41 supported HPAs showed higher activity with a near 100%
conversion and high selectivity of only monoalkylated products. The study demonstrated the
importance of the surface area of the catalyst as the higher surface area MCM-41 supported

HPAs outperformed the bulk HPA in efficiency of catalysis. The supported catalysts were also

found to be reusable®?.
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The sol-gel method, also applicable in preparation of supported HPAs, involves a co-
condensation synthesis where a sol is formed, cross-linked, and a gel results. The silica
precursors and HPA are condensed and hydrolyzed in a polar solvent as seen in Figure 5. After
polymerization, a highly cross-linked 3-D network is created. The process is sped up greatly
upon addition of an acid or base in the system, but an acid is preferred in the case of HPAs as

they are unstable in the presence of a base’!.

H3PW 2040-+xSi(OC>Hs ), +2xH,0 —
[H3PW12040]/ [SiOz]X+4XC3H50H

SURFACTANT

Si(C,H,0), @A H,PW,.0,

X i "‘

Figure 5. Sol-gel synthesis of PTA-SiO> catalyst

HPAs are integrated into the silica via co-condensation of HPA clusters with silicon oxide
precursor. This creates strong Si-O-W covalent bonds which embed the HPA in the silica
support. Surfactants are also introduced to create a highly mesoporous catalyst which is vital for
creating a large surface area where active sites are evenly distributed. The highly mesoporous

catalyst has in increased stability and greater performance in the catalysis®>. The sol-gel
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technique is preferred over impregnation due to the decreased leaching as a result of covalent
bonding between the HPA and silica.

Previously, this method of catalyst immobilization was completed and utilized successfully
in the liquid phase alkylation of benzene. In comparison to pure liquid phase PTA, the covalently
embedded PTA-SiO, showed a much higher yield of the phenyl alkane target products. In
addition, it was noted that the conversion percent of various alkenes in the process depended on
chain length with 1-octene showing the highest conversion compared to 1-decene and 1-
octadecene™.

Similarly, the covalently embedded PTA was used in the catalysis alkylating 1,3,5-
trimethylbenzene with 1-decene. The PTA-SiO» showed high catalytic activity in the reaction
exceeding the activity of the HY zeolite. The results of this work also demonstrated that the
covalently bound PTA in the support successfully prevented leaching. The prevention of

leeching shows promise for the recyclability of the catalyst in the process®’.
1.5 Research Objectives

During previous work in this project, the liquid phase alkylation of benzene by olefins with
the supported phosphotungstic acid was evaluated utilizing a powder form of the PTA-SiO»
catalyst in a pressurized batch reactor. The objectives of this research are to synthesize and
evaluate the catalytic performance of a granulated form of the silica supported PTA in the gas
phase alkylation of benzene with olefins and generation of alkene isomers in a fixed bed flow

reactor.
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II. Experimental

2.1 Reagents and Materials

The chemicals utilized during the work on this project are listed below in Table 1.

Table 1. Chemicals utilized

Reagent Molecular Formula Supplier Application
Phosphotungstic . Acros Organics Catalyst
acid hydrate (PTA) Hs[PW12040]-xH20 (Morris Planes, NJ) precursor
1-Decene CH;3(CH2),CH=CH Acros Organics Reactant

el : (Morris Planes, NJ)
1-Octene CH3(CHa)sCH=CH Acros Organics Reactant
(Morris Planes, NJ)
. Alfa Aesar
1-Octadecene CH3(CH2)15CH=CH: (Tewksbury, MA) Reactant
EMD Millipore Corp
Benzene CsHs (Darmstadt, Germany) Reactant
J.T. Baker
Hexane CesH14 (Phillipsburg, NJ) Solvent
. Fisher Chemical
0
Hydrochloric acid HCI (35%) (Pittsburgh, PA) Catalyst
) HO(CH2CH20)20(CH2CH Sigma-Aldrich (St.
Pluronic P123 (CH3)0)70CH2CH:0)20H Louis, MO) Surfactant
Tetraethyl .
iy hemonmer Clat
(TEOS) ’ P
L VWR BDH Chemicals
0o
Hydrofluoric acid H>F> (50%) (Radnor, PA) Reactant
Ammonium 0 Acros Organics
hydroxide NH,OH (25%) (Morris Planes, NJ) Reactant
y-Alumina AlO3 Strem Chemicals Inc. Binding agent

(Newburyport, MA)
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2.2 Catalyst Preparation
Sol-Gel Synthesis

As described, the sol-gel synthesis method was used to prepare the supported PTA-SiO»
catalyst. Two solutions were made, one contained 50 g of the Pluronic P123 surfactant dissolved
in 150 mL of ethanol. A PTA and TEOS solutions was also prepared by dissolving 72 g of TEOS
and 18 g of PTA in 50 mL of ethanol. The PTA and TEOS solution along with a 150 mL 20%
HCI solutions were dropwise added into the surfactant solution while being stirred. A gel was
formed after refluxing the solution for 24 h, which was subsequently first washed with deionized
water to remove the leftover acid and washed again with acetone. After drying overnight, the

washed gel product was calcined at 500 °C for 4 h to remove the surfactant’®,
Catalyst Pre-Treatment

Prior to use in alkylation, the supported catalyst required granulation for use in a flow
reactor. The hard catalyst powder needed to be combined with a softer, inert powder as a binding
agent. Aluminum oxide was utilized as the binding agent and combined with the PTA/SiO; in a
1:1 mass ratio. The mixture was packed into tablets in a Carver 13 mm pellet die placed in a
bench top manual pellet press model 4350.L (Carver, Inc., Wabash, IN) (Figure 6) under a
pressure of 10,000 psi. The powder was pressed between two cylinders in a sleeve under a press
for 10 minutes. The tablets were then granulated to a diameter of 0.5 — 1.0 mm in diameter in a

sieve. Afterwards, the granules were calcined at 400 °C for two hours to remove any moisture.
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Figure 6. Carver 13 mm pellet die used to form tablets.
2.3 Instrumental Characterization
Elemental Analysis

Flame atomic absorption spectroscopy (AAS) with a tungsten lamp was utilized to measure
the contents of tungsten in the samples. The goal of this characterization was to quantify how
much PTA had been leached from the silica support. A Shimadzu AA-6300 atomic absorption
spectrometer (Kioto, Japan) was utilized to analyze the samples. These samples were first
dissolved in hydrofluoric acid and then neutralized to a pH of 7 with 25% aqueous ammonia
solution. This process resulted in the formation of a tungstate ion WO4*" as well as soluble
ammonium silicate. The AAS was used to analyze the concentration of tungstate ion in each
solution.

The elemental analysis of organic carbon was provided by the Robertson Microlit

Laboratories (Ledgewood, New Jersey).
Fourier-Transform Infrared Spectroscopy
KBr pellets were made and used to record FT-IR spectra of the materials on a Mattson

Genesis II spectrometer (Madison, WI). The solid material was grinded with a mortar and pestle
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along with the KBr into a fine powder. The powder was then pressed into a tablet and placed in

the instrument for recording.

Scanning Electron Microscopy

The Zeiss DSM 940 scanning electron microscope (Oberkochen, Germany) was utilized to
generate SEM images of the catalyst at 20 kV. Prior to SEM imaging, the catalyst was coated in

gold.

BET Surface Area

The porous characteristics of the catalyst were measured using a Quantachrome Nova
2200e porosimeter with NovaWin v.11.02 software (Boynton Beach, FL). Before the
measurement, each sample was degassed under a vacuum for two hours at 400 °C. Nitrogen gas

was used in the determination of the surface area at -196 °C.

Particle Size Distribution

Particle sizes were measured by dynamic light scattering (DLC) using a Zetasizer Nano
7590 (Malvern, UK) instrument. Prior to each measurement, the samples were placed in de-

ionized water and dispersed under sonication for 5 min.

Analysis of Reaction Mixtures

A Shimadzu GCMS-QP20210 Plus gas chromatograph (Kioto, Japan) was utilized to
separate the alkene isomers and to quantify the peak areas. Each sample was diluted by hexane
and then placed in the GC-MS loader. Injections of 1 uLL were made into the Rtx-5SMS capillary
column where helium was used as a carrier gas with a flow rate of 21.9 mL/min. The alkene

mixtures were analyzed with an oven temperature of 40 °C and injector temperature of 280 °C.
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A Thermo Scientific Trace 1300 Gas Chromatograph with flame ionization detector (FID)
was used in the analysis of the product mixture resulting from the catalytic alkylation of benzene
by 1-decene. The GC-FID instrument contained a 7 m by 0.32 mm ID Thermo TRS column with
a 0.25 mm film thickness used in the analysis of the product mixtures. The samples were diluted
by hexane similarly to the GC-MS analysis and 1 pL injections were made with a 280 °C injector
temperature and a 50 °C oven temperature. The vaporized product mixture was flowed through
the column with a 16.2-minute run time and gas flow rate of 5 mL/min. Helium was utilized in

the column as a carrier gas with a flow rate of 40 mL/min.
2.4 Catalytic Properties
Isomerization of Alkenes

Prior to the catalytic reaction, the granulated PTA-Si02/Al>O3 was calcined at 400 °C for
2 h to remove moisture. Two grams of the catalyst were then combined with equal amount of
granulated glass. The mixture was loaded into a fixed bed in the flow reactor and then covered
with a thin layer of more granulated glass. Before the reaction, nitrogen was cycled through the
reaction column to remove any oxygen present preventing unwanted oxidation. An alkene
(20 mL) with identities of either 1-decene, 1-octene, or 1-octadecene in a syringe was injected
into the 200 °C heated reactor for 1 h creating a flow rate of 10 mL/(g'h™"). The vaporized
alkene recondensed into a collection flask once it flowed through a water-cooled condenser at the

bottom of the apparatus (Figure 7).
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Figure 7. Fixed bed flow reactor used in the isomerization of alkenes and alkylation of benzene

reactions.
Alkylation of Benzene

The catalytic alkylation of benzene reaction was carried out similarly to the isomerization
reactions in a fixed bed flow reactor (Figure 7). During catalyst pre-treatment, 1-4 g (depending
on target flow rate) of the PTA-SiO2/Al203 were calcined at 400 °C for 2 h, combined with
granulated glass, and placed in the column in the same fashion as the isomerization experiments.
The column was also flushed with nitrogen to remove any oxygen present. The reaction was
carried out with 20 mL of 2-8:1 molar ratio benzene to 1-decene. This mixture was injected into
the column which was heated to 200-250 °C. The mixture was vaporized, flowed over the bed of

catalyst, condensed in the water-condenser, and collected in a flask (Figure 7).
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II1. Results and Discussion
3.1 Physical Characteristics and Chemical Composition
Immobilized PTA-SiO;

Once sol-gel synthesis was performed to immobilize the PTA in a silica matrix, a hard,
light yellow powder resulted. This powder’s chemical structure consisted of the silica gel and
PTA covalently embedded into the silica support with an oxygen bridges between Si and W
atoms. The powder was very hard leading to an incompressibility of the pure PTA-SiOo.

The catalyst was characterized via FT-IR to identify structural characteristics of the catalyst
as seen in Figure 8. According to literature, the silica is characterized by IR peaks at 805, 1088,
and 1654 cm™'. As seen in the IR spectrum obtained from the pure PTA-SiO; in Figure 8 (1), the
sample displayed an intense broad peak at 1088 cm™!, a peak at 808 cm™!, and another distinct
peak at 1654 cm™. These three characteristic peaks confirm the presence of the silica matrix in
the powder sample. Furthermore, literature states that O-W-O stretch of the phosphotungtsic acid
is visible as a broad peak at 963 cm™'. Figure 8 (1) also displays a clear peak occurring at
962 cm’! indicating that the PTA was embedded in the silica matrix successfully™”.

Atomic absorption analysis (AAS) was utilized to determine PTA contents in the catalyst.
Based on the absorbance signal, the concentration of tungsten corresponded to a PTA content of
0.051 mmol/g as shown in Table 2.

The porosity of the PTA-S10, powder catalyst was also surveyed with BET surface area
measurement. This parameter is vital for catalytic activity in the reaction. The average surface

area of PTA-SiO> was measured to be 476.9 cm?/g (Table 2).
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Figure 8. FT-IR of the catalysts: PTA-Si02 (1), y-Al203 (2), PTA-S102/A1:03 (3), and

post-reaction PTA-Si02/A1,03 (4).

Table 2. Catalyst characteristics

Carbon
Contents of  BET surface Mean particle
Sample . PDI  contents,
PTA, mmol/g  area, cm’/g size, nm
wt.%
PTA-SiO; 0.051 476.9 676 0.845 -
v-Al203 - 61.8 819 0.949 -
PTA-SiO2/AlLO3 (fresh) 0.027 168.3 856 0.935 -
PTA-SiO2/AlLO3 (spent) 0.026 176.4 787 0.843 13.04

SEM and DLS were utilized to determine the particle size of the PTA-SiO2 and the
polydispersity index (PDI). A SEM image of PTA-SiO> (Figure 9) showed large agglomerates of
spherical particles of up to 5 pm and many smaller particles of silica with diameters between 300

and 600 nm*®. The average particle diameter was measured by DLC to be 676 nm with a PDI of
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0.845 (Table 2). The PDI indicates the dispersity of samples where a value closer to 1 indicates a
disperse mixture while a value of zero shows a more homogenous powder. In the case of the

PTA-Si0,, the PDI was 0.845 indicating a fairly disperse powder.

Figure 9. SEM image of PTA-Si0,%*

40 -

—&—ALO,

—o—PTA

—A— Fresh PTA/ALO,
30 A
—¥— Spent PTA/ALO,

Intensity, %
N
o
1

10 +

0 500 1000 1500 2000
Size, nm

Figure 10. Particle size distribution (nm) for PTA-SiO2, y-ALO3, fresh PTA-Si02/Al,03, and

spent (post-reaction) PTA-Si02/Al>0s.
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y-Alumina Characteristics

The white-powder y-Al,O3 was utilized as a binding agent for PTA-Si0O> since the powder
is much softer than the PTA-S10> powder making it more easily compressed into tablets. Thus,
the compound was analyzed via the same methods to account for any effects in the
characterization of the catalyst. The literature FT-IR of y- Al>O3 has characteristic peaks at 1649,
997, 667, and 556 cm™ *°. As indicated by the experimental FT-IR of y-Al,O3 in Figure 8 (2),
these characteristic peaks are present.

The BET surface area of y-alumina is 61.8 cm?/g, giving it a much lower surface area than
the PTA-SiO> catalyst itself (Table 2). The average particle size and PDI of y-Al.O3 were
measured to be 819 nm in diameter and 0.949, respectively. The average particle size of y-Al>O3
is similar but slightly larger than the PTA-SiO> and the PDI shows the powder has broad

dispersion of particle sizes.
Granulated PTA-SiO:/Al>03

The PTA-Si0; was combined with y-Al,O3 and granulated into 0.5-1 mm diameter pale
yellow granules. This catalyst-alumina combination allowed for the PTA-SiO to be compressed
and used in the flow column during catalysis. The FT-IR spectrum of the PTA-S102/Al,03, as
shown in Figure 8 (3), displayed characteristic peaks of both compounds. Since the compounds
share similar peaks such as the characteristic peak near 1000 cm™' and the one near 1650 cm™,
these peaks show little change compared to the other two spectra of each compound.

The average BET surface area of PTA-Si02/Al,03 was measured as 168.3 cm?/g which
decreased from the original surface area of PTA-SiO> due to being packed in granules with the
much lower surface area y-alumina particles. The average particle size of the PTA-SiO2/AlLO3

was 856 nm in diameter which is also increased compared to that of the PTA-SiO,. The particle
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size distribution (Figure 10) of PTA-S102/Al,03 shows a broader peak compared to the alumina
and original PTA-SiO,. The polydispersity index, on the other hand, was measured to be 0.935

indicating a broad dispersion of particle sizes. (Table 2).
3.2 Catalytic Activity
Isomerization of Alkenes

After isomerization reactions were carried out in the fixed-bed flow reactor, the GC-MS
analysis was completed to quantify the conversion rates of 1-alkenes to varying isomers. Figure
11 displays the GC-MS chromatograms of the isomerization products of 1-octene (1), 1-decene
(2), and 1-octadecene (3). The red arrows indicate the starting 1-alkene while the other signals in

the chromatogram belong to isomers such as 2, 3, or 4-alkene.
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Figure 11. GC-MS chromatograms of 1-octene (1), 1-decene (2), and 1-octadecene (3).
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High conversions of each alkene into their respective isomers were achieved during the
reaction. The 1-octene showed 55% (1) conversion into the various isomers. The 1-decene had a
52% (2) conversion into isomers, the lowest conversion rate of the 1-alkenes. The 1-octadecene,
on the other hand, had the highest conversion percent with 57% (3). These results are displayed
in Figure 12. The 1-octadecene showed the highest conversion percent due to the nature of the
reaction. The reaction was carried out at 200 °C which is a temperature well above the boiling
points of both 1-octene and 1-decene. However, 1-octadecene has a boiling point of 315 °C.
Therefore, the 1-octadecene underwent catalysis while in the liquid phase rather than the gas-
phase like the other two alkene reactants. While the polymerized alkene created by side reactions
usually deposits on the surface of the catalyst causing deactivation during gas-phase catalysis,
the polymerized alkene is soluble in octadecene that was in the liquid phase. Thus, the polymer
dissolved in the liquid 1-octadecene preventing the deactivation of the catalyst and allowing

higher conversion into isomers.
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Figure 12. Conversions of 1-octene (1), 1-decene (2), and 1-octadecene (3) into isomers.
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Alkylation of Benzene by 1-Decene

The catalyzed alkylation of benzene with 1-decene was carried out in a fixed bed flow
reactor. Figure 1 displays the general mechanism of the Friedel Crafts alkylation of benzene

while Figure 13 shows the complexity of the isomerization of the reactants and products.

NG

Figure 13. Alkylation of benzene with 1-decene and isomers formed

As seen in Figure 13, the protonated alkene undergoes a hydride shift causing the formation
of multiple isomeric forms of the product phenyldecane. Depending on the isomer of decene that
attaches to benzene, a benzene may be substituted on the carbon 2, 3, 4, or 5 position. Only trace
amount of 1-substituted alkene was formed due to low stability of primary carbocations. GC-FID
was used in the analysis of these alkylation mixtures with example chromatograms shown in
Figures 14 and 15. Figure 14 displays the reactant mixture of benzene and 1-decene before the
catalytic alkylation while Figure 15 shows the product mixture after catalysis.

As displayed in the reactant mixture chromatogram, two distinct peaks are visible, one at a
retention time of 5.5 minutes and another at 5.7 minutes. The peak with more magnitude of a
signal represents benzene while the other shorter peak represents the 1-decene. It is clear that
before the reaction only one isomer of decene is present in the mixture, the starting material 1-

decene.
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Figure 14. Reactant mixture of benzene (highest signal, 5.5 min.) and 1-decene (5.7 min.).
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Figure 15. Product mixture of benzene (5.5 min.), decene isomers (5.6-6.0 min.), and

phenyldecane isomers (11.2-12.0 min.).

After the catalytic reaction, several new signals may be seen in the chromatogram (Figure

15). The benzene signal at 5.5 min. remains relatively unchanged while the decene signal is split
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into several different peaks representing isomers formed in the reaction. The products, isomeric

phenyldecanes, show signals near the end of the GC run time between 11.2 and 12.0 min. with 4
distinct isomer signals. From longest retention time to shortest retention time, the products were
2-phenyldecane, 3-phenyldecane, 4-phenyldecane, and 5-phenyldecane. Only a small amount of
I-phenyldecane was detected.

The conversion percent for each phenyldecane isomer was also investigated with a series of
experiments performed at a flow rate of 10 mL/g (2 g catalyst), a molar ratio of benzene to
1-decene of 4:1, and a temperature of 250 C. The results obtained from these experiments are
displayed in Figure 16. The target product of the reaction, 2-phenyldecane was the predominant
product among all isomers. The other isomers experienced lower yields with the order from
highest yield to lowest being 3-phenyldecane, 4-phenyldecane, 5-phenyldecane, and

I-phenyldecane, respectively.

Figure 16. Phenyldecane isomers distribution

The catalytic activity of the PTA-SiO2/Al>O3 in the alkylation of benzene with 1-decene

was evaluated under varying reaction conditions. Several factors during the reaction were varied
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including the flow rate of mixture in mL/g, the molar ratio of benzene to decene, and the
temperature of the reaction. The flow rate was varied by utilizing different masses of the catalyst
in the reaction where experiments proceeded with flow rates of 5, 10, and 20 mL/g. The molar
ratio of benzene to 1-decene was varied as 8:1, 4:1, and 2:1. Figure 17 displays the effects of
these two parameters. While one parameter was varied, the rest were held constant in the
reaction. During the experiments where flow rate was changed, the temperature of the reaction
was 250 °C and the ratio of benzene to 1-decene was kept at 4:1. During the experiments where
molar ratio was changed, the temperature was also kept at 250 °C and the flow rate was held at

10 mL/g (Figure 17)
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Figure 17. Effects of flow rate (left) and molar ratio (right) on the conversion of 1-decene.

The results of the flow rate variation showed a clear trend where slower flow rates resulted

in higher conversions of 1-decene. The highest conversion of 1-decene was observed at the
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slowest flow rate of 5 mL/g (Figure 17). On the other hand, the lowest conversion of 1-decene
resulted from the fastest flow rate of 20 mL/g. The slower flow rate allowed for more time for
interaction between the catalyst and reactants leading to a higher conversion overall.

The varying molar ratio experiments also showed a clear trend where a higher ratio of
benzene to 1-decene resulted in a higher conversion. The reaction mixture containing a molar
ratio of 8:1 benzene to 1-decene showed the greatest conversion into phenylalkanes while the
lowest ratio 2:1 benzene to 1-decene showed a much lower conversion comparatively (Figure
17). This is attributed to the kinetics of the reaction involving an excess of benzene in the
mixture allowing for more conversion of the limited reactant 1-decene. Of course, a higher
conversion of 1-decene was caused by an equilibrium shift towards the phenylalkane product as
the benzene concentration increased.

While temperature of the reaction was varied, the flow rate was held constant at 10 mL/g
and the molar ratio was also held constant at 4:1 benzene to 1-decene. The results from the
experiments where temperature was varied between 200, 225, and 250 °C are displayed in Figure
18. The results conveyed that a 250 °C (the highest temperature) column temperature produced
the highest conversion of 1-decene while the 200 °C column produced the lowest yield. This
trend showed that as the temperature increased, the conversion of 1-decene also increased. As
such, another set of experiments were completed to examine if the trend held by increasing the
temperature to 275 °C. Unfortunately, no phenyldecane product resulted from these experiments
due to fast polymerization of decene at such a high temperature. The decene polymerized before
alkylation could occur. Thus, 250 °C was determined to be the optimal temperature for the

alkylation of benzene with 1-decene (Figure 18).
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Figure 18. Conversion of 1-decene at various reaction temperatures

3.3 Deactivated Catalyst

Chemical Composition

After catalysis, the PTA-Si02/Al203 catalyst darkened in color to black. Chemical analysis
of the post reaction catalyst revealed carbon deposition on the surface. Carbon deposition occurs
as a result of side reactions at high temperatures involving alkene polymerization and subsequent
deposition onto the surface of the catalyst. Carbon deposition may reduce activity of the catalyst.
Considerable carbon contents on the PTA-Si02/Al,0;3 catalyst was measured with 13.04% by
weight.

The FT-IR spectrum of the deactivated catalyst, as shown in Figure 8 (4), displays peaks at
2927 and 2854 cm™'. These signals are characteristic of carbon-hydrogen bonds confirming there
was deposition on the surface of the catalyst from polymerization of the alkene. Furthermore, the
signal around 962 cm™! characteristic of the tungsten-oxygen bonds remains unchanged

indicating the post reaction catalyst still contained the PTA.
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AAS analysis was completed with a tungsten lamp measuring concentration of the
tungstate ions to determine PTA content. Fresh catalyst contained 0.027 mmol/g of PTA while
the post reaction catalyst had a PTA content of 0.026 mmol/g indicating negligible change in
PTA content. Thus, the catalyst experienced no leeching from the support demonstrating that the

covalent bonds between the PTA and silica were stable.
Physical Characteristics

The BET surface area of the post reaction PTA-S102/A1,03; was measured to have an
average value of 176.4 cm?/g compared to the fresh catalyst’s surface area of 168.3 cm?®/g
(Table 2). The slight increase in surface area is negligible but could show a slight change in
physical structure of the catalyst particles. There was also a slight decrease in the average
particle size of the spent catalyst with a mean particle size of 787 nm compared to the mean
particle size of 856 nm of the fresh catalyst. The slight decrease in average particle size can be
accounted to the carbon deposition which causes deagglomeration of particles in the sample. The
large agglomerates of the PTA-S10,/Al>O3 catalyst broke into smaller particles since the carbon
deposition disrupted the structure.

The PDI also decreased slightly to 0.849 compared to the fresh catalyst PDI of 0.935. The
post reaction catalyst was comprised of more similar sized molecules due to the deagglomeration
into smaller particles.

Overall, the various analyses display that the PTA-Si02/A1>03 catalyst’s chemical and
physical structures were altered due to the carbon deposition that took place during the catalytic
reactions. Thus, the deposition will need to be addressed to find the optimal method for

regenerating the catalyst for further use in reactions.
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CONCLUSIONS

The overall results of this research displayed that the covalently supported phosphotungstic
acid granulated with y-alumina (PTA-Si102/Al,03) had high catalytic activity in the reactions of
alkene isomerization and benzene alkylation with 1-decene. Thus, the PTA-SiO; shows promise
as a useful alternative to harmful homogenous catalysts in industrial alkylation. However, the gas
phase alkylation allowed for carbon deposition of polymerized alkene on the surface of the
catalyst causing blocking of active sites followed by deactivation. Future work in this area will
need to evaluate regeneration methods or test the effectiveness of increasing pressure in the
system. Under increased pressure, the reaction may proceed at high temperatures in the liquid
phase allowing for optimal alkylation while preventing carbon deposition. On top of this, the
liquid phase alkylation in previous projects showed higher activity. Therefore, a focus of future
research is to utilize liquid phase alkylation in the flow reactor mechanism since flow reactors

are more applicable in industrial processes.
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