Alkylation of Alkanes: More Efficient Use of Carbon Feedstocks through Tandem Catalysis

Michael C. Haibach, Jason Hackenberg, Long Dinh, and Alan S. Goldman

Department of Chemistry and Chemical Biology; Rutgers, The State University of New Jersey, Piscataway, NJ 08854

\/: Renewable and Sustainable Fuel
Solutions for the 21st Century

US 0Oil Consumption and Limited Reserves

Introduction: The Transportation Fuel Problem

Fischer-Tropsch Diesel

US.OIL
billion barrel/yr
reserves: 22 billion barrel
import: 60% of consumption: $300B/yr (+ “other” costs)

ENERGY RESERVES (Quads)*

Oil  Gas Coal Shale
US 130 183 5700 6400
world 7400 6100 21000 9200
Biomass: 100(?) Quads/year

But, vast reserves
of non-petroleum
fossil fuels:

*US. TOTAL ENERGY consumption: 100 Quads/year

(Most potential alternatives will produce electricity, not transportation fuel.)

Fischer-Tropsch Chemistry for Energy Security

“Di tion [moving from gasoline to
diesel] will ultimately lead to cleaner air.”
“James 1. Eveshard, U.S. Department of Energy

+ Europe: majority of cars now diesel (vs. 20% in 1992)

Fischer-Tropsch Diesel (FT diesel; clean diesel)

« approx. 30% more efficient (mpg and miles per CO,) than gasoline

« “ultra-clean”: extremely low (0-5 ppm) sulfur, aromatics, and toxics

« could replace 100% of transportation fuel supply
replacing conventional diesel (currently 22%) with FTD will
have the biggest effect on air quality (especially for particulates)

Many FT(gas) plants in operation overseas
and more are currently being built.

South Affica runs primarily on
FT diesel from coal.
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Fischer-Tropsch Feedstocks Beyond Coal

Gas, Coal, Shale,
Tar Sands, Biomass...
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Coal reserves: all US energy needs for 50+ years

Fischer-
Topseh | Hydrocarbon mix,

including:
€9-C19 = FT Diesel

Oil-shale: all US energy needs for 50++ years

Biomass: forever _ quainable supplyof biomass sufcent to displace 30 percent

relatively modest changes in land use ... should not be thought
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Fischer-Tropsch vs Petrochemical Processes
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Municipal waste for

gasification Shale gas

Problem: FT gives a full range of
hydrocarbon chain lengths
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Petrochemical Route to Most Chemicals on the Market

Gasoline, Diesel,
Commadity Chemicals

Alternative FT Route: Feedstock Flexibility and Security

Coal Gasoline, Diesel,
Natural Gas ‘Commodity Chemicals
Biomass

(Rutgers Igert Focus)

Our Research: FT-Upgrade

ot
Fischer-
Tropsch

Problem: FT chemistry (and natural sources + refineries) give stochastic
range of alkanes

Medium-low MW’s unsuitable for fuels (especially diesel) or use as gas
(FT economics would otherwise be significantly more favorable).

Challenge: convert “mediums” => “lights” (gas) + “heavies”(diesel)

Net result: more fuel (FT diesel) = better economics j
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New Process for FT-Upgrade:
Mild Conditions and Stable Co-Catalyst

Current Research: Combining Dehydrogenation and Alkylation for Better FT Product Use

Opti

ization of Zeolites for the FT-Upgrade Reaction
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two C5 chains €10 chain ‘Hydrogen gas
from FT FrDiesel |+
(ot useful) Gasoline

Additive

Dehydrogenation is followed by alkylation with a Zeolite catalyst

Zeolites are microporous AUSIO, materials

Increasingly replacing older alkylation catalysts: HF. H,S0, (kill the Ir catalyst)
Thermally stable, operate at >150°C

In the ZSM-5 Zeolite (L), the specific size
of the pores allows for selective catalytic
reactions

This is a feature common to all Zeolites

Other Applications of Alkane Alkylation:
High-volume Chemicals from Renewable Feedstocks

Production of linear alkylbenzenes (LABS): 106 TON/year
LABS: biodegradable surfactants, diesel fuel additive, other uses
Current routes are energy intensive and often hazardous:

parrafin
l W = Highly Toxic and Corrosive

sHop HE or AICl
NN N — =
) ~ or Zealite
(state o the art)
LB
Tandem alkane alkylation route:
(PCP)Ir
—— O LN
Zeolte Syngas, fuel cells

From FT or biomass

Better use of chemical resources. Detergents, Diesel Additive

The Rutgers-Chevron Naphthalene Synthesis:
Displacing Petrochemical Demand for Plastic Feedstocks

©\A/\ H*-S725 (25 Wt %)
—_— e

2.0 mM (PPCP)ItH,
250°C, 80

O

1000 mh
30% yield

Ar purge (-Hp)

From FT or biomass Converted to naphthalenes

Patent application filed

Products can be converted to polyethylene naphthalate (PEN)

PEN has superior properties to PET for a variety of advanced uses:

p < o nOuHa alybiphenyls +  Catl (| Etnylene (C;Hy wil bs widely abundant rom shale gas racking. |
P— . . . Efficient use!
Fundamental Contribution by Our Group: FT-Upgrade via Alkane Metathesis * G This process uses one ethylena per Gy alkylbenzena
Arpurge (He) tional h uses 12 ethylene per C.
Drawback for the Two-Catalyst System: J
Two-Catalyst System Each catalyst prefers a different reaction temperature Trainee Publications and Presentations from Our Group
(1) Dehydrogenation/Hydrogenation catalysts -y .
essloned at Rutgerd UNC and clseut f Oipp o o Haibach, Kundu, Brookhart, Goldman. Alkane Metathesis by Tandem Alkane-Dehydrogenation—Olefin-Metathesis Catalysis and Related
(developed at Rutger: and elsewhere) \ehy HOF0RCO | Inhalable anesthetic in a Pasteurization applications for Chemistry. Acc. Chem. Res., manuscript accepte
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Previous work used flow reactors and gas-phase olefins:

Product distribution from unoptimized catalyst
the reactants are forced through the Zeolite at high pressures and

Our requirement: solution phase, atmospheric pressure, T between 150°C and 250°C —— ] —_—
- Undesired Products i
‘The best catalyst from the naphthalene process was not effective: an |
t-undecene OS2 RSN Gy products G products = |
(Cy1Hz2) 250°C o
- Desired Product Region

After evaluating several Zeolites (MCM-41, US-Y, ZSM-5) Selective dimerization of 1-octene with optimal catalyst

used previously in flow reactors:
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1-octone HE-Y (25 woe) 952 converson . |
(10 wt% in -CioHzg) sealed tube 47% octene isomers s
1% eracki
140°C, 4h " s Octene Isomers
e i Desired Product Region
H*-Y s effective even at low olefin concentration (good for (PCP)Ir catalyst) e )
Cracking is much less prominent i i
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Optimization of Zeolites for the Linear Alkylbenzene Synthesis

LAB synthesis (see at left) requires an intermolecular reaction, which requires more energy
Again, the naphthalene process catalyst is ineffective in a model reaction:

LY+ ransns

H"S225 25 wt %) cracking and no

Selective alkylation of 1-octene with optimal catalyst
250°C

= |
tem Excess Benzene

The H*-Y Zeolite is highly effective at preventing cracking and promoting alkylation s
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on Desired Product Region
e 100% conversion - Octene Isomers |
1-octene (10wtoE)  + @ AV @, 30% octene isomers = |
Ciatas 0% octylbenzenes - {
(20 wi%) sealed tube (3isomers, stastical distribution) i
140°C, 4h o
A
Current Challenge

Evaluate performance of catalysts in tandem for FT-upgrade and LAB synthesis

Develop a solid-supported (PCP)Ir

nCuikay - Copalkanes  + Hy catalyst for industrial use, recyclability

1.0 mM (PPPCP)IrH, .
reflux i
Arpurge (Hy) ~u e,

Me o /
#rr,

H-Y (@5 wt%)
@—@ +  nCyHay - alkylbiphenyls  +  Hy

1.0 mM (PPCP)IrH, Following Huang, Brookhart, Goldman,
reflux Kundu, Ray, Scott, Vicente. Adv. Syn
Ar purge (+Hy) Catal. 2009, 351, 188.

Develop a process using ethylene as a hydrogen acceptor




