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(57) Abréegée/Abstract:

Conversion of renewable hydrocarbons to transportation fuels is required to reduce carbon emission, limit the use of fossil fuels,
and develop renewable energy sources. Sorbitol, xylitol and trehelose are polyalcohols generated from the liquefaction of various
sugars and carbohydrates In biomass from algae, corn, sugarcane, switchgrasses, and biological wastes. Mixtures of agueous
polyols and fuel feedstocks are catalyzed over metal catalysts to produce hexanes, pentanes, and lighter hydrocarbons. By
managing the catalyst, reaction conditions and sulfur content, the octane value of the product fuel is dramatically increased.
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(57) Abstract: Conversion of renewable hydrocarbons to transportation
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fuels 1s required to reduce carbon emission, limit the use of fossil fuels,

and develop renewable energy sources. Sorbitol, xylitol and trehelose are
polyalcohols generated tfrom the liquetaction of various sugars and carbo-
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hydrates 1n biomass from algae, corn, sugarcane, switchgrasses, and bio-
logical wastes. Mixtures of aqueous polyols and fuel feedstocks are cat-
alyzed over metal catalysts to produce hexanes, pentanes, and lighter hy-
drocarbons. By managing the catalyst, reaction conditions and sulfur con-
tent, the octane value of the product tuel 1s dramatically increased.
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HYDROTREATING CARBOHYDRATES TO FUEL PRODUCTS

FIELD OF THE DISCLOSURE

[0001]  The present disclosure generally relates to methods and apparatus for the processing
of polyol and fuel feedstocks to fuel products. Aqueous polyols from biomass liquefaction
including sorbitol, xylitol, trehalose, sucrose, oils, lipids, and other byproducts of liquefaction are
hydrotreated with fuel feedstocks including diesels, kerosene, fuel oil, and the like to generate
high octanc gasolinc fucl products. By co-processing polyol fecdstocks with dicsel fucls, less
expensive commercial grade catalysts may be used on a commercial scale at mcreased

temperatures and pressures while remaining active and without fouling.

BACKGROUND OF THE DISCLOSURE

[0002)  Processes to convert renewable resources into transportation fuels usually involve
several steps. For example, one approach is to use acids to convert carbohydrates, starches,
lignins, and other biomass into sugars such as glucose, lactose, fructose, sucrose, dextrose. The
catalytic hydrogenation of the carbonyl groups of a sugar like glucose (Ce¢H;20s) can then
produce a polyalcohol including sorbitol (CsH120s).

[0003] There has been a significant cffort to producc lower polyols through catalytic
hydrotreating of aqueous sorbitol. Various Group VIII metal hydrotreating catalysts have been
discussed including nickel (US4338472), ruthenium (US4496780, US6291725), and rhenium
(US6479713, US6841085). Alditols including 15-40 wi% sorbitol solution i water are
catalytically hydrocracked between 400° to 500° F and hydrogen partial pressure from 1200 to
2000 psig in a fixed bed catalytic reactor using nickel catalyst to produce at least 30 wt %
conversion to glycerol and glycol products (US4338472). An alkali promoter such as calcium
hydroxide or sodium hydroxide was added to the feedstream solution to control pH, prevent
nickel leaching and enhance conversion. Sorbitol was hydrocracked over a supported Group
VIII noble metal catalyst with an alkaline earth metal oxide; such ruthenium on a titantum

alumina support with barium oxide between 300° to 480°F at 500 to 5000 psig to produce lower
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polyols such as glycerol, ethylene glycol, 1,2-propanediol (US4496780). High molecular weight
polyols including sugar alcohols such as sorbitol or xylitol in water with a base promoter
underwent hydrogenolysis over a metal catalyst of ruthenium deposited on an alumina, titania, or
carbon support between 350° to 480°F at 500 to 2000 psig hydrogen to produce low molecular
weight polyols including glycerol, propylene glycol, and ethylene glycol (US6291725). Five
carbon sugars and sugar alcohols including 15-40 wt% sorbitol, and lactic acid were
hydrocracked with hydrogen over a rhentum catalyst in water to achieve at least 30 wt %
conversion to glycerol and glycol products between 400° and 500° F, between 1200 and 2000
psig hydrogen, and a liquid hourly space velocity of 1.5 to 3.0 (US6479713). Battelle (2005)
reacts an aqueous solution of sorbitol with hydrogen over a multi-metallic rhentum catalyst,
including Re and Ni, at 250° - 375° F to produce propylene glycol through hydrogenolysis of C-
O and C-C bonds (US6841085). These methods are limited by size, temperature, products, and
conversion rates. Unfortunately at higher temperatures and higher catalytic activity, these
reactions become quickly fouled. The catalyst must be removed and replaced before sufficient
volumes of fuel are processed. Thus, these reactions must be improved to meet a commercial

production scale and cost effectiveness.

10004] Some advances have been made toward the catalytic conversion of sorbitol to
alkanes. Huber, ¢t al., (2004) used Palladium, Silica, and Alumina catalysts to convert sorbitol
to a stream of alkanes including butane, pentane, and hexane. Incorporating hydrogenation of
reaction mtermediates with produced hydrogen increased yield. David, et al. (2004) assayed
conditions for the production of hydrogen and/or alkanes from renewable feeds including
aqueous solutions of sorbitol. In a review, Metzger (20060) notes alkane production from
aqueous phase sorbitol reforming 1s improved with a bi-functional catalyst including a metal (Pt,
Pd, or the like) and acid including silica alumina with the co-production of H, and CO,.
Although the yield of alkanes could be increased up to 98% when hydrogen was co-fed with the
aqueous sorbitol stream they were able to reduce CO, production, increasing H,O production and

pathway efficiency.

[0005] Many of the processes above do not remove oxygen, require expensive catalysts, are

subject to fouling, and are not scalable to production levels required. Additionally, processing

(-
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biomass as a common feedstock 1s hindered by short catalyst lifetime, increased pressures and
temperatures, mcreased production of coke byproducts, and increased corrosiveness. These
undesirable side-effects hinder mass production of renewable fuels from biomass. Although
noble metals have been used for hydrotreating at lower temperatures, these expensive catalysts
do not alleviate the problem of fouling and the reactions are difficult to perform on a commercial
scale. A method of converting large quantities of biomass 1s required that does not damage

catalysts and equipment during the refining process.

BRIEF DESCRIPTION OF THE DISCLOSURE

[0006]  Hydrotreating a mixture of sorbitol and diesel over a commercial hydrotreating
catalyst produces lighter alkanes and hexanes desirable for gasoline fuels. Additionally, these
methods can be modified to increase production of high octane methyl-cyclopentane (MCP)
instead of n-hexane (HEX). Production of MCP dramatically increases the octane value of the
product, thus commercial quantities of sorbitol are converted to hydrocarbons that can be

blended directly 1nto a valuable gasoline stream.

[0007]  “Catalysts” as described herem are commercial grade hydrotreating catalysts used by
petroleum 1ndustries 1n refining processes. Most metals catalyze hydrotreating including
transition metals such as cobalt, molybdenum, nickel, titanium, tungsten, zin¢, antimony,
bismuth, cerium, vanadium, niobium, tantalum, chromium, manganese, rhenium, 1ron, cobalt,
and the noble metals including platinum, 1ridium, palladium, osmium, rhodium and ruthenium
(Chianelli, 2002) along with other metal compounds. Binary combinations of cobalt and
molybdenum, nickel and molybdenum, and nickel and tungsten are also highly active.
Commercial grade catalysts include Cobalt-Molybdenum (Co/Mo), Nickel-Molybdenum
(N1/Mo), Titantum-Molybdenum (T1/Mo), Nickel-Tungsten (Ni/W), Cobalt (Co), Molybdenum
(Mo), Copper (Cu), Iron (Fe), combinations thercof and other commercially available
hydrotreating catalysts. Noble metal catalysts, including Platinum (Pt), Palladium (Pd), and
Ruthenium (Ru) catalysts may also be used. One of ordinary skill in the art may select a catalyst
based on composition, structure and charge to achieve specific activity from the catalyst.

Although selection of a catalyst and activity 1s highly predictable because the reaction 1s based
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on the surface structure of the catalyst, the rate of reaction and overall productivity may vary

dependent upon the reactants, reaction conditions, and flow rate.

[0008] Commercial refining catalysts are readily available from a variety of sources
including ALBEMARLE, ADVANCED REFINING TECHNOLOGIES (ART), PGM CATALYSTS &

CHEMICALS, AMERICAN ELEMENTS, EURECAT, FISCHER, HALDOR TOPSOE, HEADWATER, SIGMA,

and other chemical suppliers. Catalysts are supported on an alumina, silica, titania, zeolite,
carbon or other support materials. Catalysts may be microsized, nanosized, fluidized or other
catalyst forms dependent upon the reactor size, shape and conditions under which the reaction 18
run. The catalysts may also be a highly active catalyst including unsupported Co/Mo, Co/W,
Ni/Mo, Nv/W, Ti/Mo, Ti/W, Co/Mo/W, Ni/Mo/W, Ti/Mo/W and the like are used for
hydrotreating polyols to yield increased hexanes, pentanes, cyclopentanes and other higher
octane products. In one embodiment a Co/Mo catalyst on alumina support 15 used 1n mixed bed
reactors. In another embodiment, a Ni/Mo catalyst on a solid alumina support 1s used for
continuous flow through reactions. Additionally, a Co/Mo catalyst on a zeolite support may be
used. Highly active, unsupported Ni/Mo, Co/Mo, or combinations of Ni/Mo and Co/Mo

catalysts may also be used 1n a commercial refinery to process mixed polyols.

[0009] Fuel o1l feedstocks include a variety of fuels including fuels 1 the diesel boiling
range. Additionally other fuel feedstocks may be used for processing including jet fuel,
kerosene, diesel fuel, heating o1l, and fuel oils. Diesel fuels include petro-diesel, bio-diesel,
synthetic diesel, blended diesel, and the like. Market price and availability are used to determine
the fuel feedstock of choice. Typically the fuel with the lowest overall cost including direct cost,

transportation, process modification, processing and any other costs that may be associated with

the fuel o1l feedstock.

[0010] Sugar feedstocks consist of one or more polyols 1n an aqueous solution. Polyols
include glycerol, sorbitol, xylitol, and the like. Liquefaction of biomass typically produces
monoglyceride feedstocks containing sorbitol and xylitol. Feedstocks may contain from about
50 to about 98% v/v polyol. In onec embodiment a polyol feedstock contains approximately 30%,
35%, 40%, 45%, 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%, up to 98% sorbitol,

xylitol and mixtures of sorbitol and xylitol. Although sorbitol feedstock comprises sorbitol and
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aqueous solution, additional polyols, oils, and sugars are present after liquefaction. Many
1somers, polymers, and soluble sugars are present in the aqueous liquefaction fraction.

Hydrotreating will convert many of these to valuable fuel products (Table 1).

TABLE 1: Polyols and their products.
Polyol Carbons Oxygens Product

Glycol 2 2 Ethane

Glycerol 3 3 Propane
Erythritol 4 4 Butane

Threitol 4 4 Butane

Arabitol 5 5 Pentane
Ribitol 5 5 Pentane
Xylitol S J Pentane
Allitol 6 6 Hexane
Dulcitol 6 6 Hexane
(yalactitol 6 6 Hexane
[ditol 6 6 Hexane
Mannitol 6 6 Hexane
Sorbitol 6 6 Hexane
[somalt 12 11 Hexane
Lactitol 12 | Hexane
Maltitol 12 | Hexane
Trehalose 12 | Hexane

[0011] Light gasses include methane, cthane, butane, 1sobutane, propane, pentane and
mixtures thereof. Light gases produced during hydrotreating may be processed into mdividual or
mixed products such as methane, ethane, propane, butane, compressed natural gas (CNG),
natural gas liquids (NGL), liquefied petroleum gas (LPG), liquefied natural gas (LNG), or

transferred to reforming for hydrogen generation with biomass solids (FIG. 1).

MATERIALS AND METHODS

[0012]  Sorbitol feedstock was processed in the presence of diesel feedstock at between 400-
1000 °F and between about 150 to about 3000 psi. Sorbitol feedstock contains approximately 70
% v/v sorbitol mm aqueous solution. Sorbitol feedstock may range from about 50 to about 100%
v/v sorbitol. A typical sorbitol solution often contains between 30 and 80 % v/v sorbitol and
many sorbitol solution are approximately 30% v/v, 35% v/v, 40% v/v, 45% v/v, 50% v/v, 55%
viv, 60% v/v, 65% v/v, 70% v/iv, 75% v/iv, 80% v/v, 85% v/iv, 90% v/v, or 95% v/v sorbitol.
Pure sorbitol may also be processed, but because of the hygroscopic nature 1t 1s usually found at
less than 98% v/v sorbitol unless dried. Because the sorbitol feedstock 1s the product of a variety

of reactions often derived from biomass the final sorbitol concentrations are quite variable.
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[0013]  Diesecl feedstock 1s commonly a mixture of diesel range hydrocarbon products from a
hydrotreater. Diesel may also be supplied through a variety of sources, either within or delivered
to the refinery. In one aspect, diesel products remaining after biodiesel processing are recycled
to the gasoline fuel production. Sulfur present in some diesel feeds i1s used as a rencwable
catalyst donor for diesel feeds with moderate to high sulfur content. Diesel feedstocks
commonly contain between approximately 15 and 1500 ppm sulfur compounds. Sulfur content
may get as high as 1% w/v for high sulfur diesels. For low sulfur diesels, the diesel feed 1s
spiked with a very small amount of mercaptan or other renewable donor. In one embodiment the
diesel feed 1s spiked with about 0.1 to about 1.0% w/v sulfur containing compound. In another
embodiment the diesel feed 1s spiked with about 0.25 to about 0.5% w/v sulfur containing

compound. In one embodiment the sulfur content 1s raised to above 1000 ppm.

[0014] A varicty of sulfur compositions may be used to increase sulfur content of the diesel
feedstock. Examples of sulfur compounds include, but are not limited to, hydrogen sulfide,
carbonyl sulfide (COS), carbon disulfide (CS2), mercaptans (RSH), organic sulfides (R--S--R),
organic disulfides (R--S--S--R), thiophene, substituted thiophenes, organic trisulfides, organic
tetrasulfides, organic polysulfides, benzothiophene, alkyl thiophenes, dibenzothiophene, alkyl
benzothiophenes, alkyl dibenzothiophenes, and the like, and mixtures thereof as well as heavier
molecular weights of the same, wheremn ecach R can be an alkyl, cycloalkyl, or aryl group
containing 1 to about 10 carbon atoms. These include mercaptan, dimethyl sulfide, hydrogen
sulfide, dimethyl polysulfides, mercaptoethanol, mercaptobutanol, 2-mercaptocthyl sulfide,
mercaptopropanol,  3-mercapto-2  methyl  propanol, mercaptopentanol, thioglycerine,
dithiothreitol, and other sulfur compositions may be used. Typically a sulfur composition 1s
selected based on cost, quantity, availability, and chemical propertics. In most cases a more
soluble sulfur compound 1s selected that makes sulfur available for catalytic activity. In some
cases a less soluble compound 18 used to maintain active sulfur compounds over a longer period

of time, for greater volumes, or under varying reaction conditions.

[0015]  Biological polyol hydrotreating 1s described where
a) a polyol feedstock 1s mixed with a fuel o1l feedstock to form a reaction mixture,

b) the reaction mixture (a) reacts in the presence of a hydrotreating catalyst, and
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¢) produces a mixture of light gasses, gasolines, carbon monoxide, and carbon

dioxide.

[0016]  Biomass 1s converted to gasoline by:
a) liquefying biomass to generate a polyol feedstock,
b) mixing the polyol feedstock with a fuel oil feedstock to form a reaction mixture,
¢) the reaction mixture (a) reacts in the presence of a hydrotreating catalyst, and
d) produces a mixture of light gasses, gasolines, carbon monoxide, and carbon

dioxide.

[0017]  Biomass may also be converted to gasoline by:
a) hiquefying biomass to generate a polyol feedstock and biomass solids
b) mixing the polyol feedstock with a fuel o1l feedstock to form a reaction mixture,
¢) hydrotreating the reaction mixture (b) in the presence of a hydrotreating catalyst,
d) produces a mixture of light gasses, gasolines, carbon monoxide, and carbon
dioxide, and
e) reforming biomass solids (a) and light gasses (d) to generate H, and COx.
The H, generated by reforming biomass and light gasses provides a hydrogen feed

for the hydrotreating reaction.

[0018]  Polyol feedstocks for the hydrotreating reactions are aqueous solutions containing a
variecty of biological compounds including Glycol, Glycerol, Erythritol, Threitol, Arabitol,
Ribitol, Xylitol, Allitol, Dulcitol, Galactitol, Iditol, Mannitol, Sorbitol, Isomalt, Lactitol,

Maltitol, Trehalose, and combinations thereof.

[0019] Fuel o1l feedstocks mclude gasoline, jet fuel, kerosene, heating oil, fuel oils, diesel
fuel, petro-diesel, bio-diesel, synthetic diesel, blended diesel, and combinations thereof.
Hydrotreating catalyst mclude cobalt (Co), molybdenum (Mo), nickel (N1), titanium (T1),
tungsten (W), zinc (Zn), antimony (Sb), bismuth (B1), cerium (Ce), vanadium (V), niobium (NDb),
tantalum (Ta), chromium (Cr), manganese (Mn), rhenium (Re), 1ron (Fe), platinum (Pt), iridium
(Ir), palladium (Pd), osmium (Os), rhodium (Rh), ruthentum (Ru), bimetallic catalysts (Co/Mo,
N1/Mo, NVYW, Ti/Mo, T1/W) and mixtures of the above catalysts.



CA 02747531 2011-06-15
WO 2011/025632 PCT/US2010/044267

[0020]  The hydrotreating process can be conducted at an approximate temperature of about
400°F, 425°F, 450°F, 475°F, 500°F, 525°F, 550°F, 575°F, 600°F, 625°F, 650°F, 675°F, 700°F,
725°F, 750°F, 775°F, 800°F, 825°F, 850° F, 875°F, or 900°F. Temperature across the reaction
vessel may vary by 10 to 50°F. Fahrenheit temperatures (°F) may be converted to Celsius (°C)
through a simple conversion (T¢ = 0.56 (Tr - 32) = 5/9 (Tr - 32)) thus 400°F 15 approximately 200°C,
and 1000°F 1s approxmmately 540°C. The hydrotreating process may be conducted at an
approximate temperature of about 200°C, 225°C, 250°C, 275°C, 300°C, 325°C, 350°C, 375°C,
400°C, 425°C, 450°C, 475°C, and 500°C. Temperature across the vessel may vary by about 5 to
25°C dependent upon the volume or size of the reaction vessel, thermal conductance of the

vessel material, heat capacity of the reaction and other reaction conditions.

10021] The reaction occurs at an approximate pressure of 500, 550, 600, 650, 700, 750, 800,
850, 900, 950, 1000, 1050, 1100, 1150, 1200, 1250, 1500, 1750, 2000, 2250, 2500, 2750, and
3000 psig. The reaction pressure may be expressed in terms of 1 atm = 1.01325 bar = 101.3 kPa
= 14.696 ps1 (Ibt/m2)= 760 mmHg =10.33 mH20 = 760 torr = 29.92 mHg = 1013 mbar = 1.0332
ket/cm2 = 33.90 1tH20. Thus a gauge pressure (g) of 500 psig 1s equivalent to approximately 235
atm. Pressures during hydrotreating may vary dependent upon the viscosity, flow rates, catalyst
density, temperature, air pressure, and other factors. The pressure may vary from 10-30 psig at
lower pressures or 50-250 psig at higher pressures. Thus a reaction at 500 psig may be at
approximately 500°psig, but pressures may vary between 450 psig and 550 psig. A reaction at
about 3000 psig may vary between 2750 psig and 3250 psig during the course of the reaction.
Temporary spikes or drops m pressure will not dramatically reduce overall activity of the

hydrotreating process.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022]  FIG. 1: Self Contained Process for Hydrotreating of Carbohydrates to Fuel

[0023]  FIG. 2: Hydrotreating reactants and products.
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DETAILED DESCRIPTION OF EMBODIMENTS OF THE INVENTION

[0024])  Conversion of renewable hydrocarbons to transportation fuels is required to reduce
carbon emission, limit the use of fossil fuels, and develop renewable energy sources. Sorbitol,
CeH140¢, is a polyalcohol prepared by the catalytic hydrogenation of the carbonyl groups of

glucose (CsH1206) when biomass carbohydrates undergo liquefaction.

[0025]  Previously, we have used a ZSM-5 zeolite catalyst to convert 4
sorbitol/water/isopentane mixture to gasoline hydrocarbons (US2007142633 ),

from 400°F to 1100°F with approximately 1 to 100 psig. Typical yield

was about 28 wt % C5-C; olefins, 16 wt % COx, 51 wt % Cs+ and 5 wt % C,-C4 paratfing. About
83% of the liquid product was aromatic, mainly C; or Cg. Increasing pressure mcreased sorbitol
conversion to C;-Cs paraffins and Cs+ while decreasing Cp-Cs olefins, coke, and COx
production. In addition, increased pressure removed oxygen from sorbitol as water with

isopentane acting as the hydrogen donor.

10026]  Additionally, ConocoPhillips has developed a split injection sugar alcohol conversion
process, USSN 61/250,633, filed October 12, 2009 that describes coinjection of diesel and sugar

alcohols to reduce coking,

[0027]  Catalysts include Cobalt- Molybdenum on alumina catalyst. Other catalyst such as
Nickel-Molybdenum on alumina or noble metals such as Pt, Pd, and Ru make hexane from
sorbitol. Catalysts including the KETIiN® Co/Mo catalyst were obtained from ALBEMARLE (1030
BE Amstcrdam, The Netherlands) unless otherwise specificd. A varicty of catalysts may be
obtained from ALBERMARLE™ including highly active catalysts, supported catalyst, and custom

catalysts with a varicty of activitics and propertics.

[0028] Reactions were conducted by mixing the polyol and fuel oil feedstock prior to
contacting the catalysts. Polyol feedstocks contained a variety of sorbitol and xylitol concentrations

in aqueous solution. Unless otherwise stated, a 70% sorbitol solution in water was used as a polyol

feedstock. The fuel oil feedstock was a hydrocarbon mixture in the diesel boiling range obtained
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from the hydrotreater as available during processing. The diesel feed was spiked with a very small

amount of dimethyl sulfide.

[0029] Hydrotreating various polyol feedstocks, like sorbitol, xylose and trehalose, with a fuel
o1l feedstock allows the co-production of gasoline from biomass and fuel oils simultancously. In
on¢ embodiment, biomass 1s treated with acids to produce sugars, sugar alcohols, and other carbon
compounds 1ncluding sorbitol, xylitol and trechalose. By hydrotreating these oxygenated carbon
compounds excellent transportation fuels are generated using standard refinery equipment with

minor adjustments to ensure quality products and equipment longevity.

[0030] The present invention will be better understood with reference to the following non-

[imiting examples.

EXAMPLE 1: HYDROTREATING SORBITOL TO HEXANES/ALKANES

[0031]  Experiments indicate that hydrotreating a mixture of an aqueous solution of sorbitol
and diesel over a commercial hydrotreating catalyst produces hexanes and lighter hydrocarbons.
Tests were run over a commercially available Co/Mo catalyst on an alumina support with a feed
consisting of 70% sorbitol 1 water mixed with diesel spiked with a small concentration of
dimethyl sulfide. One run had temperature at 700° F. and pressure at 900 psig; another had
temperature at 600° F. and pressure at 1200 psig.

TABLE 2: Hydrotreating Sorbitol

Temperature (°F) 700
Pressure (psig) 900
Sorbitol conversion% 99.9
Products (C mol%)
Ci-Cy 28.1
Cst 67/.1
CO+CO, 4.8

Reaction conditions: 20 ml/hr Diesel + 10ml/hr sorbitol solution
(70% sorbitol/30%water), 700°F, 900psig, 300 ml/min H,, 25 ¢
Co/Mo catalyst.

[0032] Bench scale tests were run over a commercial Co/Mo on alumina catalyst with a
polyol feedstock consisting of 70% sorbitol in water solution and a fuel o1l feed comprising

diesel range hydrocarbons. The diesel feed was spiked with a small concentration of dimethyl
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sulfide to keep the catalyst sulfided, a requirement for maintaining its activity. Polyol and fuel
oll feedstocks were mixed in a 2:1 ratio. Dimethyl sulfide addition can be elimimated when
sultur-containing diesel 1s used. Sorbitol was converted to hydrocarbons and COx, (mixed CO
and CO;). When the temperature was 700° F (~370°C) and the pressure was 900 psig (), the

sorbitol conversion was essentially 100% with products consisting of 28.1 C mole % C1-C4,

67.1 C mole % C5+, and 4.8 C mole % COx.

TABLE 3: Pressure effects

Pressure (psig) 1200 800 600
Conversion % 999 99.9 99.8
Products (C mol%)
C-Cs 204 20.6 24.0
Cst 78.0 717.3 713.7
CO+CO, 1.5 2.1 2.3

Catalyst: 25 g Co/Mo catalyst; Feed: 20 ml/hr Diesel feedstock + 10ml/hr
sorbitol solution.

[0033]  Reactions were tried at a variety of temperatures to ensure maximum conversion and to
confirm that catalyst failure did not occur. By comparing 600, 800, and 1200 psig, it was
demonstrated that the diesel/sorbitol feeds could operate above 1000 psig. There was minimal
ctfect on product distribution when reaction pressure was greater than 800 psig. The reaction was
active across all pressure ranges with increased C5+ selectivity above 800 psig. At 1200 psig more

C5+ gasoline products and less COx was produced. There was no fouling or reduced activity

between 600 and 1200 psig.

TABLE 4: Catalyst selection

Conversion Selectivity Temp
(%) (% to C5+) (°F)
Highly Active Catalyst 1 99.8 32 522
Commercial Catalyst 2 (Co/Mo)  99.7 72 558
Commercial Catalyst 3 (Co/Mo)  99.8 61 554
Commercial Catalyst 4 (Co/Mo)  99.8 71 600

Reaction conditions: 2:1 Diesel to 70% Sorbitol feedstock, 1200 psig,
300 mI/mm H,, total catalyst.

[0034] A variety of catalyst formats were tried to determine 1f catalyst activity was affected by
support type or catalyst source. These catalysts were analyzed for gasoline generation using 2:1
fuel o1l to polyol feedstock at 1200 psig with 300 ml/min H,. Although a variety of Co/Mo
catalyst types were tried, including commercially available highly active catalysts (1) as well as
solid alumina supported catalysts, activity remained high and a large portion of the sorbitol was

converted to C5+ hydrocarbons. The source of Co/Mo catalyst did not aftect overall activity with
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over 99% conversion for each catalyst. The highly active catalyst produced the greatest amount of

C5+ products, greater than 80%.

TABLE 5: Catalyst stability
Days 4 5 45 47

Conversion (%) 99.8 99.9 99.8 99.7
Products (C

mol%)
Ci-Cy4 17.7 20.0 19.4 19.1
Cs 31.3 78.8 79.0 0.1
CO+CO, 1.0 1.2 1.6 0.8

Reaction conditions: 2:1 Diesel to Sorbitol feedstock,

560°F, 1200 psig, 300 ml/min H,, Albemarle catalyst.
[0035]  To ensure the catalysts were stable, the ALBEMARLE catalyst was run with continuous

feed for several months to ensure stability. Using an highly active catalyst, no deactivation
occurred for over ~45 days operation at approximately S60°F with about 1200 psig. The diesel to
sorbitol feedstock ratio was 2:1 and greater than 99% of sorbitol in the reaction was converted to
products. Consistently, nearly 100% of the sorbitol feedstock was converted to about 80%
gasoline fuels (Cst), about 20% hight gases (C;-C4), and about 1-2% carbon monoxide/carbon

dioxide.

EXAMPLE 2: HY DROGEN PRODUCTION

[0036] A steady supply of hydrogen 1s required for the hydrotreating process of sugar
alcohols to gasoline hydrocarbons. Although hydrogen may be available from other sources, 1t 18
frequently expensive and energy intensive. To improve the efficiency and decrease the cost of
hydrotreating biomass polyols, H; 1s produced 1n a separate reactor by steam reforming the light

gases produced from hydrotreating sorbitol and diesel.

10037] Although hydrotreating requires excess H2 for an efficient reaction, there was a

minimal effect found as long as the mole ratio of Hy/sorbitol was greater than about 12mol H, per

mol sorbitol in the feed (Table 6).
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TABLE 6: Hydrogen/Sorbitol Determination.

H2/Sorbitol mole ratio 25 12.5 6.2
Conversion % 99.7 99.9 98.8
Selectivity (C mol%
C,-C, 18.6 20.5 12.9
Cqt 81.0 78.0 79.6
CO+CO, 0.4 1.5 7.5

Reaction conditions: Catalyst: 25 g Co/Mo catalyst;
Feed: 20 ml/hr Diesel feedstock + 10ml/hr sorbitol
solution.

[0038]  The fuel o1l and sugar alcohol feedstocks were mixed prior to contacting the catalysts.
The sugar alcohol feedstock was a 70% sorbitol 1n water solution. The fuel o1l feedstock was
mixture of hydrocarbons 1n the diesel boiling range. The diesel feed was spiked with a very small
amount of dimethyl sulfide. The hydrotreating was done at conditions normally used for petroleum
diesel hydrotreating, 25 g Co/Mo catalyst; Feed: 20 ml/hr Diesel feedstock + 10ml/hr sorbitol
solution. Approximately 99% of the sorbitol was converted to carbon products when H2 was
supplied at greater than 6 mol H, per mol sorbitol. With greater than 99.5 percent of the sorbitol
converted to carbon products with greater than 12mol H, per mol sorbitol. Thus gasoline products

were produced under all reaction conditions with 6 mol or greater H, per mol sorbitol.

[0039] An economical source for Hj 1s available from the light gas stream and biomass solids.
Lighter alkanes are steam reformed to produce hydrogen required for hydrogenation of the
carbohydrates during the refining process. By generating the hydrogen m situ from refinery
byproducts, the process 1s independent of outside sources of hydrogen. The stcam reforming 1S
accomplished 1n a separate reactor from the hydrogenation. Carbohydrates, biomass, and other
feedstocks may be steam reformed 1 this process to increase hydrogen production or utilize excess
feedstocks. Different parameters can be controlled like temperature, pressure, feed rates, stcam to

carbon ratios, and the like.

C,HOx + (20 — K)H,0 — nCO, + (2n + m/2) — k)H,

[0040]  Thus, by utilizing the biomass solids and light gasses for hydrogen generation, the
majority of the starting material may be converted to gasoline fuel products, H,O and COx.
Biomass solids remain after biomass 1s treated with acids to generate a polyol feedstock. Light
gases produced from hydrotreating provide a fuel and carbon source for steam reforming. Steam

reforming produces heat, H,, and COx for use 1n the fuel production process.
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EXAMPLE 3: INCREASING OCTANE

[0041]  Octane rating or Research Octane Number (RON) 1s dependent upon the type of fuels
produced and quantity of each 1n the final mixture. A fuel of pure HEX has a research octane

rating of approximately 25 while pure MCP has a rescarch octane rating of approximately 90.

Mixtures of HEX and MCP can have octane ratings between 25 and 90 RON.

[0042]  Polyol and diesel feedstocks were mixed before contacting with a Co/Mo catalyst on
alumina support. Polyol feedstock contaming approximately 70% sorbitol was mixed with a fuel
feedstock mixture from a diesel hydrotreater. The low sulfur diesel feedstock mixture was spiked

with a very small amount of dimethyl sulfide.

[0043]  The ratio of MCP to HEX increases from 0.12 to 0.60 for run at 600° F and 1200 psig
compared to run at 700° F and 900 psig. Raising the temperature to 700° F and above produces
methyl cyclopentane in place of normal hexane. This dramatically increases the octane value of the
product. The process requires temperatures near 700° F and pressures between 200 and 2000 psi.
Sorbitol and diesel were co-fed to Co/Mo catalyst and results below showed that more

methylcyclopentane (MCP) was produced at higher temperature (700°F)

TABLE 7: Sorbitol hydrotreating

Sorbitol Diesel Dimethyl Catalyst. | °F PSIG HEX MCP RON
sulfide
0.07% CoMo | 600 | 1200 | 89% 11% ~32
0.07% CoMo | 700 | 900 62% 38% ~50
-

Reaction conditions: Catalyst: 25 ¢ Co/Mo catalyst; Feed: 20 ml/hr Diesel feedstock + 10ml/hr

sorbitol solution.
[0044]  An atomic emission detection of oxygen (AED-O) measured oxygen content at less
than ~20 ppm for final products of the above reactions. This indicates that nearly all of the
oxygen was removed from the polyol reactants. Additionally, no catalyst Ieaching was detected
in any of the above reactions. Inductively Coupled Plasma (ICP) spectrometer readings indicate
that metal levels for catalyst components, including Ni, Mo, or Co, were very low 1n the aqueous
phase product. Levels for Co were less than 0.123 ppm, N1 were less than 0.216 ppm, and Mo

were less than 0.024 ppm 1n final aqueous phase. This indicates that under high octane reaction
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conditions producing greater than 35% MCP, less than 20 ppm remained 1n polyols and less than
1 ppm of the catalyst was leached. Or, 1n other words, the reaction converted most of the

reactants to products without damaging the catalyst.

EXAMPLE 4. COMMERCIAL SCALE PRODUCTION

[0045]  Raw feedstocks provided from biomass liquefaction (uncharacterized polyol feedstock)
and a fuel o1l feedstock (uncharacterized from a diesel hydrotreater or one of numerous
commercial fuel o1l feedstocks) are supplied to a continuous feed reactor contaiming a fixed bed
highly active Ni/Mo, Co/Mo or mixture of Ni/Mo and Co/Mo catalyst. The coproduction of
polyols with fuel oil feedstocks requires that mixed reactants are used as starting feedstocks.

Reactions with catalysts were tested using mixed feedstocks (Table 8).

TABLE 8: Feed components

Polyol Sorbitol Xylhitol  Xylitol +
Sorbitol
Conversion (%) 99.86 99.85 99.54
Products (C mol%)
C-C4 20.0 22.8 19.0
Cst 78.8 76.1 79.3
CO+CO, 1.2 1.2 1.7

Reaction conditions: 2:1 Diesel to Sorbitol feedstock, S60°F, 1200 psig, 300 ml/min H,,
total catalyst; Catalyst: Commercial hydrotreating catalyst

[0046]  Reactors were tested with C5 or C6 polyols and a mixture of C5/C6 polyols. The

hydrogenation of polyols with individual and mixed polyols converted over 99.5 % of the nitial
polyol feedstock to fuel products. Greater than 75% of the polyol was converted to C5+ gasoline
fuel products. After demonstrating that polyol carbon length did not affect reaction rates or

productivity, dehydrated polyols were mvestigated to determine the effect of rings and/or branched

polyols (Isosorbide) on the reaction (Table 9).
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TABLE 9: Feed components
Polyol Sorbitol  Isosorbide
— () s Y o
Products (C mol%)
T C-Cy 200 2.8
Cst 78.8 76.1
CO+C0O, 1.2 1.2

Reaction conditions: 2:1 Diesel 1o Sorbito! feedstock, 610°F, 1200 psig, 300 ml/min Hy,
total catalyst; Catalyst: Commercial Co/Mo

[0047]  Sorbitol and isosorbide were nearly identical under the reaction conditions used.
Greater than 99.5% of the starting polyols were converted to fuel products. Thus nerther polyol
length, branching or ring structure decreased the hydrotreating process.

(00481  Hydrotreating sugar alcohols to hydrocarbons allows production of standard fuel
products from biomass feeds, specifically mixed polyol feedstocks. Feed contaminants are
removed, including non-soluble sugars, acids, other organics, metals, and water as required.
Volumes and reaction sizes are directly scalable up to commercial grade tefinery reactions
conducted at rates exceeding 5,000, 12,000, 15,000, 50,000 BPSD or more. Because standard
Co/Mo, Ni/Mo, or N/W catalysts are used, reactor volume and amount of catalyst required will
not be prohibitive. Mixed feeds, including biomass liquefaction feedstock and diesel range

hydrotreater feedstocks are used to generate gasoline through hydrotreating.

[(0049] By using the biomass solids and light gas to generate hydrogen, a majority of the
biomass is converted directly to useable fuel products. The production of gasoline from a mixture
of diesel and biomass sugars creates transportation fuels inexpensively while incorporating
renewable fucls into current markets. Although the systems and processes described herein have
been described in detail, it should be understood that various changes, substitutions, and alterations

can be made .
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The embodiments of the present invention for which an exclusive property or privilege is

claimed are defined as follows:

1. A hydrotreating process comprising:

a) mixing a polyol feedstock with a fuel o1l feedstock to form a reaction mixture,

b) reacting the reaction mixture (a) in the presence of a hydrotreating catalyst, and

C) obtaining one or more light gasses, gasolines, carbon monoxide, carbon dioxide, and

mixtures thereof,

wherein said reaction occurs between about 400 and 1000 °F, about 150 and 3000
psig, in the presence of hydrogen and the hydrotreating catalyst; and

further wherein said polyol feedstock comprises at least one of Arabitol, Ribitol,

Xylitol, Allitol, Dulcitol, Galactitol, Iditol, Mannitol, Sorbitol, Isomalt, Lactitol, Maltitol,

Trehalose, and combinations thereof.

2. The hydrotreating process of claim 1, wherein said fuel oil feedstock 1s selected from
the group consisting of gasoline, jet fuel, kerosene, heating oil, fuel oils, diesel fuel, petro-

diesel, bio-diesel, synthetic diesel, blended diesel, and combinations thereof.

3. The hydrotreating process of claim 1 or 2, wherein said hydrotreating catalyst i1s
selected from the group consisting of cobalt (Co), molybdenum (Mo), nickel (Ni), titanium
(T1), tungsten (W), zinc (Zn), antimony (Sb), bismuth (B1), cerium (Ce), vanadium (V),
niobium (Nb), tantalum (Ta), chromium (Cr), manganese (Mn), rhenium (Re), 1iron (Fe),
platinum (Pt), iridium (Ir), palladium (Pd), osmium (Os), rthodium (Rh), ruthenium (Ru), and

combinations thereof.

4 The hydrotreating process of claim 1 or 2, wherein said hydrotreating catalyst 1s a
bimetallic catalyst selected from the group consisting of Co/Mo, Co/W, Ni/Mo, NI/W, Ti/Mo,

T1/W and combinations thereof.

5. The hydrotreating process of any one of claims 1 to 4, wherein said reaction occurs at
an approximate temperature of 400°F, 425°F, 450°F, 475°F, 500°F, 525°F, 550°F, 575°F,
600°F, 625°F, 650°F, 675°F, 700°F, 725°F, 750°F, 775°F, 800°F, 825°F, 850° F, 875°F, or
900°F.
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6. The hydrotreating process of any one of claims 1 to 5, wherein said reaction occurs at
an approximate pressure of 500, 550, 600, 650, 700, 750, 800, 850, 900, 950, 1000, 1050,
1100, 1150, 1200, 1250, 1500, 1750, 2000, 2250, 2500, 2750, and 3000 psig.

7. The hydrotreating process of claim 1 or 2, wherein said hydrotreating catalyst is an

highly active catalyst selected from the group consisting of Co/Mo, Co/W, Ni/Mo, Ni/W,
Ti/Mo, Ti/W, Co/Mo/W, Ni/Mo/W, Ti/Mo/W and combinations thereof.

8. A process for converting biomass to gasoline comprising:

a) liquifying biomass to generate a polyol feedstock,

b) mixing the polyol feedstock with a fuel oil feedstock to form a reaction mixture,
C) reacting the reaction mixture (b) in the presence of a hydrotreating catalyst, and
d) obtaining one or more light gasses, gasolines, carbon monoxide, carbon dioxide, and

mixtures thereof

wherein said reaction occurs between about 400 and 1000 °F, about 150 and 3000
psig, in the presence of hydrogen and the hydrotreating catalyst; and

further wherein said polyol feedstock comprises at least one of Arabitol, Ribitol,

Xylitol, Allitol, Dulcitol, Galactitol, Iditol, Mannitol, Sorbitol, Isomalt, Lactitol, Maltitol,

Trehalose, and combinations thereof.

0. The process of claim 8, wherein said fuel oil feedstock is selected from the group
consisting of gasoline, jet fuel, kerosene, heating oil, fuel oils, diesel fuel, petro-diesel, bio-

diesel, synthetic diesel, blended diesel, and combinations thereof.

10.  The process of claam 8 or 9, wherein said hydrotreating catalyst 1s selected from the
group consisting of cobalt (Co), molybdenum (Mo), nickel (N1), titanium (T1), tungsten (W),
zinc (Zn), antimony (Sb), bismuth (B1), cerium (Ce), vanadium (V), niobium (Nb), tantalum
(Ta), chromium (Cr), manganese (Mn), rhenium (Re), iron (Fe), platinum (Pt), iridium (Ir),

palladium (Pd), osmium (Os), rhodium (Rh), ruthenium (Ru), and combinations thereof.

11.  The process of claim 8 or 9, wherein said hydrotreating catalyst 1s a bimetallic
catalyst selected from the group consisting of Co/Mo, Co/W, Ni/Mo, Ni/W, Ti/Mo, Ti/W and

combinations thereof.

12. The process of any one of claims 8 to 11, wherein said reaction occurs at an

approximate temperature of 400°F, 425°F, 450°F, 475°F, 500°F, 525°F, 550°F, 575°F,

19



CA 02747531 2014-01-29

600°F, 625°F, 650°F, 675°F, 700°F, 725°F, 750°F, 775°F, 800°F, 825°F, 850° F, 875°F, or
900°F.

13. The process of any one of claims 8 to 12, wherein said reaction occurs at an
approximate pressure of 500, 550, 600, 650, 700, 750, 800, 850, 900, 950, 1000, 1050, 1100,
1150, 1200, 1250, 1500, 1750, 2000, 2250, 2500, 2750, and 3000 psig.

14.  The process of claim 8 or 9, wherein said hydrotreating catalyst 1s an highly active
catalyst selected from the group consisting of Co/Mo, Co/W, Ni/Mo, NI/W, Ti/Mo, TI/W,
Co/Mo/W, Ni/Mo/W, Ti/Mo/W and combinations thereof.

15. A process for converting biomass to gasoline comprising;

a) liquifying biomass to generate a polyol feedstock and biomass solids

b) mixing the polyol feedstock with a fuel o1l feedstock to form a reaction mixture,

c) hydrotreating the reaction mixture (b) in the presence of a hydrotreating catalyst,

wherein said reaction occurs between about 400 and 1000 °F, and between about 500
and 3000 psig, in the presence of hydrogen and the hydrotreating catalyst

d) obtaining one or more light gasses, gasolines, carbon monoxide, carbon dioxide, and

mixtures thereof, and
c) reforming biomass solids from (a) and light gasses (d) to generate H2 and COX,
wherein said H, generated by reforming (e) is part of the hydrogen consumed during
hydrotreating (c) ; and
further wherein said polyol feedstock comprises at least one of Arabitol, Ribitol,
Xvylitol, Allitol, Dulcitol, Galactitol, Iditol, Mannitol, Sorbitol, Isomalt, Lactitol, Maltitol,

Trehalose, and combinations thereof.

16.  The process of claim 15, wherein said fuel oil feedstock is selected from the group
consisting of gasoline, jet fuel, kerosene, heating oil, fuel oils, diesel fuel, petro-diesel, bio-

diesel, synthetic diesel, blended diesel, and combinations thereof.

17.  The process of claim 15 or 16, wherein said hydrotreating catalyst is selected from the
group consisting of cobalt (Co), molybdenum (Mo), nickel (Ni), titanium (T1), tungsten (W),
zine (Zn), antimony (Sb), bismuth (Bi), cerium (Ce), vanadium (V), niobtum (Nb), tantalum
(Ta), chromium (Cr), manganese (Mn), rhenium (Re), iron (Fe), platinum (Pt), irtdium (Ir),

palladium (Pd), osmium (Os), rhodium (Rh), ruthenium (Ru), and combinations thereof.
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18.  The process of claim 15 or 16, wherein said hydrotreating catalyst is a bimetallic

catalyst selected from the group consisting of Co/Mo, Co/W, Ni/Mo, Ni/W, Ti/Mo, Ti/W and

combinations thereof

19.  The process of any one of claims 15 to 18, wherein said reaction occurs at an
approximate temperature of 400°F, 425°F, 450°F, 475°F, 500°F, 525°F, 550°F, 575°F,
600°F, 625°F, 650°F, 675°F, 700°F, 725°F, 750°F, 775°F, 800°F, 825°F, 850° F, 875°F, or
900°F.

20.  The process of any one of claims 15 to 19, wherein said reaction occurs at an
approximate pressure of 500, 550, 600, 650, 700, 750, 800, 850, 900, 950, 1000, 1050, 1100,
1150, 1200, 1250, 1500, 1750, 2000, 2250, 2500, 2750, and 3000 psig.

21.  The process of claim 15 or 16, wherein said hydrotreating catalyst is an highly active
catalyst selected from the group consisting of Co/Mo, Co/W, Ni/Mo, N/W, Ti/Mo, Ti/W,
Co/Mo/W, Ni/Mo/W, Ti/Mo/W and combinations thereof.
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