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CONVERSION OF SOLID BIOMASS INTO A LIQUID HYDROCARBON 

MATERIAL 

Field of the Invention  

The invention relates to a process for converting a 

solid biomass material into a liquid hydrocarbon material 

suitable for use as a fuel or as a blending component in 

	

5 	a fuel. 

Background of the Invention  

With increasing demand for liquid transportation 

fuels, decreasing reserves of 'easy oil' (crude petroleum 

oil that can be accessed and recovered easily) and 

	

10 	increasing constraints on carbon footprints of such 

fuels, it is becoming increasingly important to develop 

routes to produce liquid transportation fuels from 

biomass in an efficient manner. Such liquid 

transportation fuels produced from biomass are sometimes 

	

15 	also referred to as biofuels. Biomass offers a source of 

renewable carbon. Therefore, when using such biofuels, 

it may be possible to achieve more sustainable CO2  

emissions over petroleum-derived fuels. 

An efficient method for processing biomass into high 

	

20 	quality liquid fuels (e.g. diesel fuel and gasoline) is 

described in WO 2010/117437 Al, in the name of Gas 

Technology Institute. 

Solid feedstocks such as feedstocks containing waste 

plastics, feedstocks containing lignocellulose (e.g. 

	

25 	woody biomass, agricultural residues, forestry residues, 

residues from the wood products and pulp & paper 

industries) and municipal solid waste containing 

lignocellulosic material, waste plastics or food waste 

are important feedstocks for biomass to fuel processes 
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due to their availability on a large scale. 

Lignocellulose comprises a mixture of lignin, cellulose 

and hemicelluloses in any proportion and usually also 

contains ash and moisture. 

	

5 	 Certain conventional hydroconversion catalysts for 

biomass conversion, similar to those known for refining 

applications, are used in their sulfided state. In order 

to form sulfided catalysts, a sulfiding step may be 

applied to the catalyst once it has been manufactured. 

	

10 	In a catalytic process employing fluidized bed reactors, 

the catalyst may need to be replenished on a regular 

basis to make up for catalyst losses by attrition. When 

the catalyst used is sulfided, the sulfiding step is 

typically done ex-situ. The sulfided form of the 

	

15 	catalyst may require careful handling during storage and 

transport as it is sensitive to air and moisture. The 

logistics of ex-situ manufacture and transport of 

sulfided catalyst may therefore require careful attention 

and review. Most biomass feedstocks (for example, wood) 

	

20 	have a low sulfur content (<200 ppmw), and therefore a 

sulfided catalyst, when used to process biomass, may end 

up contaminating the hydrocarbon product produced with 

sulfur leached out from the catalyst. 

It would therefore be an advantage to provide a 

	

25 	process utilising simpler, more easily produced 

catalysts. Further, a wider range of catalysts would be 

adaptable to a broader range of biomass feedstocks for 

use in the process. 

Summary of the Invention  

	

30 	 Accordingly, the present invention provides a 

process for producing liquid hydrocarbon products from a 

solid biomass feedstock, said process comprising the 

steps of: 
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a) providing in a first hydropyrolysis reactor vessel a 

first hydropyrolysis catalyst composition, said 

composition comprising one or more active metals selected 

from nickel, molybdenum, cobalt, tungsten, ruthenium, 

	

5 	platinum, palladium, iridium and iron on an oxide 

support, wherein at least a portion of the active metals 

are present in fully reduced metallic form; 

b) contacting the solid biomass feedstock with said 

first hydropyrolysis catalyst composition and molecular 

	

10 	hydrogen in said first hydropyrolysis reactor vessel at a 

temperature in the range of from 350 to 600°C and a 

pressure in the range of from 0.50 to 7.50MPa, to produce 

a product stream comprising partially deoxygenated 

hydropyrolysis product, H2O, H2, CO2, CO, C1 - C3 gases, 

	

15 	char and catalyst fines; 

c) removing said char and catalyst fines from said 

product stream; 

d) hydroconverting said partially deoxygenated 

hydropyrolysis product in a hydroconversion reactor 

	

20 	vessel in the presence of one or more hydroconversion 

catalyst and of the H2O, CO2, CO, H2, and C1 - C3 gas 

generated in step a), to produce a vapour phase product 

comprising substantially fully deoxygenated hydrocarbon 

product, H2O, CO, CO2, and C1 - C3 gases. 

	

25 	Brief Description of the Drawings  

Figure 1 shows a representation of one embodiment of 

the process of the invention. 

Figures 2 and 3 show the results of the Example. 

Detailed Description of the Invention  

	

30 	 The present inventors have found that an efficient 

and high yielding process for the conversion of solid 

biomass to liquid hydrocarbon can be achieved by using, 

in a first step, a supported metal catalyst in which at 
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least a portion of the active metals are present in fully 

reduced metallic form when they are first contacted with 

the biomass feedstock and molecular hydrogen. That is, 

at least a portion of the active metals initially 

	

5 	provided to the reactor are in metallic form and have an 

oxidation state of zero. The terms 'fully reduced' and 

`metallic' are used interchangeably here to represent a 

form of metal in which the metal atom is present in zero 

oxidation state in a cluster of metals on the catalyst 

	

10 	support. Preferably at least 30wt% of the active metals 

are present in fully reduced metallic form. More 

preferably at least 50wt% of the active metals are 

present in fully reduced form. Most preferably, at least 

70wt% of the active metals are present in fully reduced 

	

15 	form. 

The hydropyrolysis catalyst compositions used in the 

process of the present invention comprise one or more 

active metals selected from nickel, molybdenum, cobalt, 

tungsten, ruthenium, platinum, palladium, iridium and 

	

20 	iron. Preferably, the one or more active metals are 

selected from nickel, molybdenum, cobalt, and tungsten. 

The metals present in the hydropyrolysis catalyst 

compositions used in the process of the present invention 

are supported, preferably on a metal oxide support. 

	

25 	Metal oxides useful as supports for the hydropyrolysis 

catalyst composition include alumina, silica, titania, 

ceria, zirconia, as well as binary oxides such as silica-

alumina, silica-titania and ceria-zirconia. Preferred 

supports include alumina, silica and mixed oxides of 

	

30 	aluminium and silicon. 

Total metal loadings on the hydropyrolysis catalyst 

compositions are preferably in the range of from 0.05 wt% 

to 2 wt% for noble metals (e.g. ruthenium, platinum, 



WO 2016/001134 	 PCT/EP2015/064691 

5 

palladium and iridium) and from 1 wt% to 75 wt% for base 

metals (e.g. cobalt, molybdenum, nickel, tungsten and 

iron) (weight percentages are expressed as a weight 

percentage of total of all active metals on the calcined 

	

5 	catalyst in their reduced (metallic) form). 

Additional elements such as one or more of 

phosphorous, boron and nickel may be incorporated into 

the catalyst to improve the dispersion of the active 

metal. 

	

10 	 The hydropyrolysis catalyst compositions used in the 

process of the present invention may be prepared by any 

suitable method known in the art. Suitable methods 

include, but are not limited to co-precipitation of the 

active metals and the support from a solution; 

	

15 	homogeneous deposition precipitation of the active metals 

on the support; pore volume impregnation of the support 

with a solution of the active metals; sequential and 

multiple pore volume impregnations of the support by a 

solution of the active metals, with a drying or 

	

20 	calcination step carried out between successive pore 

volume impregnations; co-mulling of the support with a 

solution or a powder containing the active metals. 

Further, a combination of two or more of these methods 

may also be used. 

	

25 	 Of these methods, preferable methods for obtaining 

higher (greater than or equal to 40wt%) metal loadings on 

the support include co-precipitation of the active metals 

and the support from a solution; sequential and multiple 

pore volume impregnations of the support by a solution of 

	

30 	the active metals, with a drying or calcination step 

carried out between successive pore volume impregnations; 

co-mulling of the support with a solution or a powder 

containing the active metals; and combinations of two or 
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more of these methods. 

After preparation by one of these or another method, 

the compositions thus-formed are suitably subjected to a 

reduction step in order to convert at least a portion of 

	

5 	the active metals into their fully reduced state. This 

can be carried out by subjecting the catalyst to a 

reducing gas (for example, gas containing hydrogen) at 

elevated temperatures and elevated pressures. The 

temperatures of the reduction step can vary from 120°C to 

	

10 	450°C and pressures can vary from 0.5 megapascal to 5 

megapascal. 

It will be readily apparent that, although the 

hydropyrolysis catalyst composition provided in the first 

hydropyrolysis reactor will initially comprise metals in 

	

15 	their reduced state, the chemical form of the catalyst 

composition will undergo a change under the operating 

environment of the process, resulting in a change in the 

chemical form of the active metals on the catalyst and of 

the support as well. This change will involve phenomena 

	

20 	resulting from the interaction of the catalyst with the 

reactant gas (hydrogen), products (hydrocarbons) and 

byproducts (water, carbon monoxide, carbon dioxide, 

ammonia, hydrogen sulfide et cetera) under the 

temperature and pressure conditions of the process. 

	

25 	 It is postulated, without wishing to be bound by 

theory, that the initial chemical composition will be 

transformed under the conditions of the process of the 

invention into a composition where a portion of the 

active metals may be in reduced form (with an oxidation 

	

30 	number of zero), another portion of the active metals may 

be in a higher oxidation state in sulfided form (forming 

a chemical bond with sulphur atoms present in the biomass 

feedstock) and yet another portion of the active metals 
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may be in a higher oxidation state in oxidic form (with 

oxygen atoms available from the biomass feedstock or from 

the catalyst itself). 

Further catalyst may be added to the process as it 

	

5 	progresses in order to replace catalyst lost through 

attrition. Such catalyst will also be initially provided 

to the reactor with at least a portion of the active 

metals present in their fully reduced state. 

Catalyst particles sizes, for use in a commercial 

	

10 	reactor in the hydropyrolysis step, are preferably in the 

range of from 0.3 mm to 4.0 mm, more preferably in the 

range of from 0.6 mm to 3.0 mm, and most preferably in 

the range of from 1 mm to 2.4 mm. 

In the inventive process, solid biomass feedstock 

	

15 	and molecular hydrogen are introduced into the 

hydropyrolysis reactor vessel containing the 

hydropyrolysis catalyst composition, in which vessel the 

biomass undergoes hydropyrolysis, producing an output 

comprising char, partially deoxygenated products of 

	

20 	biomass hydropyrolysis liquid product, light gases (C1 - 

03 gases, H20, CO, CO2, and H2) and catalyst fines. 

Although any type of reactor suitable for hydropyrolysis 

may be employed, the preferred type of reactor is a 

bubbling fluidized bed reactor. The fluidization 

	

25 	velocity, catalyst size and bulk density and biomass size 

and bulk density are chosen such that the catalyst 

remains in the bubbling fluidized bed, while the char 

produced gets entrained out of the reactor. The 

hydropyrolysis step employs a rapid heat up of the 

	

30 	biomass feed such that the residence time of the 

pyrolysis vapours in the reactor vessel is preferably 

less than about 1 minute, more preferably less than 30 

seconds and most preferably less than 10 seconds. 
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The solid biomass feedstock used in the inventive 

process contains any combination of solid feedstocks 

containing waste plastics, feedstocks containing 

lignocellulose and municipal solid waste containing 

	

5 	lignocellulosic material, waste plastics or food waste. 

Lignocellulosic material comprises a mixture of lignin, 

cellulose and hemicelluloses in any proportion and 

usually also contains ash and moisture. 

Suitable lignocellulose-containing biomass includes 

	

10 	woody biomass and agricultural and forestry products and 

residues (whole harvest energy crops, round wood, forest 

slash, bamboo, sawdust, bagasse, sugarcane tops and 

trash, cotton stalks, corn stover, corn cobs, castor 

stalks, Jatropha whole harvest, Jatropha trimmings, de- 

	

15 	oiled cakes of palm, castor and Jatropha, coconut shells, 

residues derived from edible nut production and mixtures 

thereof), and municipal solid wastes containing 

lignocellulosic material. The municipal solid waste may 

comprise any combination of lignocellulosic material 

	

20 	(yard trimmings, pressure-treated wood such as fence 

posts, plywood), discarded paper and cardboard, food 

waste, textile waste and waste plastics, along with 

refractories such as glass, metal. Prior to use in the 

process of this invention, municipal solid waste may be 

	

25 	optionally converted, after removal of at least a portion of 

any refractories, such as glass or metal, into pellet or 

briquette form. Such pellets or briquettes are commonly 

referred to as Refuse Derived Fuel in the industry. Co-

processing of MSW with lignocellulosic waste is also 

	

30 	envisaged. Certain food waste may be combined with 

sawdust or other material and, optionally, pellitised 

prior to use in the process of the invention. Certain 

feedstocks (such as algae and lemna) may also contain 

protein and lipids in addition to lignocellulose In a 
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preferred embodiment of the invention, woody biomass, 

preferably wood, is used as the source of the biomass 

feedstock. 

The biomass feed utilized in the process of this 

	

5 	invention may be in the form of loose biomass particles 

having a majority of particles preferably less than about 

3.5 mm in size or in the form of a biomass/liquid slurry. 

However, it will be appreciated by those skilled in the 

art that the biomass feed may be pre-treated or otherwise 

	

10 	processed in a manner such that larger particle sizes may 

be accommodated. Suitable means for introducing the 

biomass feed into the hydropyrolysis reactor vessel 

include, but are not limited to, an auger, fast-moving 

(greater than about 5m/sec) stream of carrier gas (such 

	

15 	as inert gases and H2), and constant-displacement pumps, 

impellers, or turbine pumps. In the most preferred 

embodiment of the invention, a double-screw system 

comprising of a slow screw for metering the biomass 

followed by a fast screw to push the biomass into the 

	

20 	reactor without causing torrefaction in the screw housing 

is used for biomass dosing. An inert gas or hydrogen 

flow is maintained over the fast screw to further reduce 

the residence time of the biomass in the fast screw 

housing. 

	

25 	 The hydropyrolysis is carried out in the 

hydropyrolysis reactor vessel at a temperature in the 

range of from 350°C to 600°C and a pressure in the range 

of from 0.50MPa to 7.50MPa. The heating rate of the 

biomass is preferably greater than about 100W/m2. The 

	

30 	weight hourly space velocity (WHSV) in 

g(biomass)/g(catalyst)/hr for this step is suitably in 

the range of from 0.2 1-1 2  to 10 h 2, preferably in the 
1 range of from 0.3h 1  to 3h . 
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The hydropyrolysis step of this invention operates 

at a temperature hotter than is typical of a conventional 

hydroprocessing processes familiar to those skilled in 

the state-of-the-art of hydrotreating and hydrocracking 

	

5 
	

of petroleum-derived fractions, as a result of which the 

biomass is rapidly devolatilized. Thus, the step may 

include use of an active catalyst to stabilize the 

hydropyrolysis vapours, but not so active that it rapidly 

cokes. 

	

10 	 The hydropyrolysis step of the inventive process 

produces a partially deoxygenated hydropyrolysis product. 

The term 'partially deoxygenated' is used herein to 

describe material in which at least 30wt%, preferably at 

least 50wt%, more preferably at least 70wt% of the oxygen 

	

15 	present in the original lignocelluloses-containing 

biomass has been removed. The extent of oxygen removal 

here refers to the percentage of the oxygen in the 

biomass feedstock, excluding that contained in the free 

moisture in the feedstock. This oxygen is removed in the 

	

20 	form of H20, CO and CO2  in the hydropyrolysis step. 

Although it is possible that 100wt% of the oxygen present 

in the original biomass is removed, typically at most 

98wt%, suitably at most 95wt% will be removed in the 

hydropyrolysis step. 

	

25 	 In between the hydropyrolysis and hydroconversion 

steps, char and catalyst fines are removed from the 

partially deoxygenated hydropyrolysis product. Any ash 

present will also be removed at this stage. The most 

preferred method of char and catalyst fines removal from 

	

30 	the vapour stream is by cyclone separation. 

Char may also be removed in accordance with the 

process of this invention by filtration from the vapour 

stream, or by way of filtering from a wash step - 
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char from filters, as long as the hydrogen used in the 

process of this invention sufficiently reduces the 

reactivity of the pyrolysis vapours and renders the char 

	

5 	produced free-flowing. Electrostatic precipitation, 

inertial separation, magnetic separation, or a 

combination of these technologies may also be used to 

remove char and catalyst fines from the hot vapour stream 

before further hydrofinishing, cooling and condensation 

	

10 	of the liquid product. 

In accordance with one embodiment of this invention, 

cyclone separation followed by hot gas filtration to 

remove fines not removed in the cyclones may be used to 

remove the char. In this case, because the hydrogen has 

	

15 	stabilized the free radicals and saturated the olefins, 

the dust cake caught on the filters is more easily 

cleaned than char removed in the hot filtration of the 

aerosols produced in conventional fast pyrolysis. In 

accordance with another embodiment of this invention, the 

	

20 	char and catalyst fines are removed by bubbling first 

stage product gas through a re-circulating liquid. The 

re-circulated liquid used is the high boiling point 

portion of the finished oil from this process and is thus 

a fully saturated (hydrogenated), stabilized oil having a 

	

25 	boiling point typically above 370°C. Char or catalyst 

fines from the first reaction stage are captured in this 

liquid. A portion of the liquid may be filtered to 

remove the fines and a portion may be re-circulated back 

to the first stage hydropyrolysis reactor. One advantage 

	

30 	of using a re-circulating liquid is that it provides a 

way to lower the temperature of the char-laden process 

vapours from the first reaction stage to the temperature 

desired for the second reaction stage hydroconversion 
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step while removing fine particulates of char and 

catalyst. Another advantage of employing liquid 

filtration is that the use of hot gas filtration with its 

attendant, well-documented problems of filter cleaning is 

	

5 	completely avoided. 

In accordance with one embodiment of this invention, 

cyclone separation followed by trapping the char and 

catalyst fines in a high-porosity solid adsorbent bed is 

used to remove the char and catalyst fines from the 

	

10 	vapour stream. Examples of high-porosity solid 

adsorbents suitable for trapping char and catalyst fines 

include CatTrap(R)  materials available from Crystaphase. 

Inert graded bed materials may also be used to 

remove the char and catalyst fines from the vapour 

	

15 	stream. 

In accordance with another embodiment of this 

invention, large-size NiMo or CoMo catalysts, deployed in 

an ebullated bed, are used for char removal to provide 

further deoxygenation simultaneous with the removal of 

	

20 	fine particulates. Particles of this catalyst should be 

large, preferably in the range of from 15 to 30mm in 

size, thereby rendering them easily separable from the 

fine char carried over from the first reaction stage, 

which is typically less than 200 mesh (smaller than 70 

	

25 	micrometers). 

Any ash and catalyst fines present may also be 

removed in the char removal step. 

After removal of the char, the partially 

deoxygenated hydropyrolysis product together with the He r  

	

30 	CO, CO2, H20, and C1  - 03 gases from the hydropyrolysis 

step are introduced into a hydroconversion reactor vessel 

and subjected to a hydroconversion step. The 

hydroconversion is suitably carried out at a temperature 
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in the range of from 300°C to 600°C and a pressure in the 

range of from 0.50MPa tO 7.50MPa. The weight hourly 

space velocity (WHSV) for this step is in the range of 

about 0.1h 1  to about 2h 1. 

	

5 	 The hydroconversion catalyst used in this step is 

protected from Na, K, Ca, P, and other metals present in 

the biomass which may otherwise poison the catalyst, 

since these metals are predominantly removed from the 

biomass into char and ash in the first hydropyrolysis 

	

10 	stage. This catalyst is protected from olefins and free 

radicals by the upgrading achieved in the first reaction 

stage step. 

Any hydroconversion catalyst suitable for use in the 

temperature range of this process may be employed in the 

	

15 	hydroconversion step. 

In one preferred embodiment of the invention, the 

hydroconversion catalyst is selected from sulfided 

catalysts comprising one or more metals from the group 

consisting of nickel, cobalt, molybdenum or tungsten 

	

20 	supported on a metal oxide. Suitable metal combinations 

include sulfided NiMo, sulfided CoMo, sulfided NiW, 

sulfided CoW and sulfided ternary metal systems 

comprising any three metals from the family consisting of 

Ni, Co, Mo and W. Catalysts such as sulfided Mo, 

	

25 	sulfided Ni and sulfided W are suitable for use as well. 

In another preferred embodiment of the invention, 

the hydroconversion catalyst comprises one or more active 

metals selected from cobalt, molybdenum, nickel, 

tungsten, ruthenium, palladium, platinum, iridium and 

	

30 	iron on an oxide support, wherein at least a portion of 

the active metals are present in their fully reduced 

metallic state. In this embodiment, as with the 

hydropyrolysis catalyst compositions, preferably at least 
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30wt% of the active metals are present in fully reduced 

form. More preferably at least 50wt% of the active 

metals are present in fully reduced form. Most 

preferably, at least 70wt% of the active metals are 

	

5 	present in fully reduced form. 

The hydropyrolysis catalyst composition and the 

hydroconversion catalyst may be the same or different 

species. 

Metal oxides useful as supports for the 

	

10 	hydroconversion catalyst include alumina, silica, 

titania, ceria, zirconia, as well as binary oxides such 

as silica-alumina, silica-titania and ceria-zirconia. 

Preferred supports include alumina, silica and mixed 

oxides of aluminium and silicon. 

	

15 	 Total metal loadings on the catalyst are preferably 

in the range of from 1 wt% to 35 wt% (expressed as a 

weight percentage of active metals in their fully reduced 

metallic form on a catalyst composition comprising active 

metals and support). Additional elements such as 

	

20 	phosphorous may be incorporated into the catalyst to 

improve the dispersion of the metal. Metals can be 

introduced on the support by impregnation or co-mulling 

or a combination of both techniques. 

Total metal loadings on the hydroconversion catalyst 

	

25 	are preferably in the range of from 0.05 wt% to 2 wt% for 

noble metals (e.g. ruthenium, platinum, palladium and 

iridium) and from 1 wt% to 75 wt% for base metals (e.g. 

cobalt, molybdenum, nickel, tungsten and iron) (weight 

percentages are expressed as a weight percentage of total 

	

30 	of all active metals on the calcined catalyst in their 

reduced (metallic) form). 

Catalyst particles sizes, for use in a commercial 

reactor in the hydroconversion step, are preferably in 
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the range of from 0.3 mm to 4.0 mm, more preferably in 

the range of from 0.6 mm to 3.0 mm. Preferably, the 

hydroconversion catalyst is used in an extruded form, for 

example cylindrical or as trilobes. 

	

5 	 After the hydroconversion step, the vapour phase 

product of step c) is preferably condensed to provide a 

liquid phase product comprising substantially fully 

deoxygenated C4+ hydrocarbon liquid and aqueous material. 

The remaining vapour phase comprises mainly Her  CO, CO2 

	

10 	and light hydrocarbon gases (typically C1  to Car  but this 

stream may also contain some C4  and C5  hydrocarbons) and 

is separated. 

This remaining vapour phase may be sent to a gas 

clean-up system to remove H2S, ammonia and trace amounts 

	

15 	of organic sulfur-containing compounds, if present as by- 

products of the process. The stream containing CO, 002, 

H2  and light hydrocarbons may then be sent to a 

separation, reforming and water-gas shift section of the 

process, wherein hydrogen is produced from the light 

	

20 	gases and may be re-used in the process. Preferably, 

this process provides enough hydrogen for use in the 

entire process of the invention. Renewable CO2  is 

discharged as a by-product of the process. 

The liquid phase product may then be separated in 

	

25 	order to remove the aqueous material, suitably by phase 

separation, and to provide the substantially fully 

deoxygenated C4+ hydrocarbon liquid. 

The term 'substantially fully deoxygenated' is used 

herein to describe material in which at least 90wt%, 

	

30 	preferably at least 95wt%, more preferably at least 99wt% 

of the oxygen present in the original lignocellulose 

containing biomass has been removed. The resulting 

hydrocarbon liquid contains less than 2 wt%, preferably 
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less than 1 wt%, and most preferably less than 0.1 wt% 

oxygen. 

Suitably, the substantially fully deoxygenated C4+ 

hydrocarbon liquid is then subjected to further 

	

5 	separation and purification steps in order to provide 

desirable products. 

In one embodiment of the invention, the 

substantially fully deoxygenated C4+ hydrocarbon liquid 

is subjected to distillation in order to separate the 

	

10 	substantially fully deoxygenated C4+ hydrocarbon liquid 

into fractions according to ranges of the boiling points 

of the liquid products contained therein. The 

hydrogenation step may then be applied to all or some of 

these fractions. 

	

15 	 The substantially fully deoxygenated C4+ hydrocarbon 

liquid comprises naphtha range hydrocarbons, middle 

distillate range hydrocarbons and vacuum gasoil (VGO) 

range hydrocarbons, which can be separated by 

distillation. For the purpose of clarity, middle 

	

20 	distillates here are defined as hydrocarbons or 

oxygenated hydrocarbons recovered by distillation between 

an atmospheric-equivalent initial boiling point (IBP) and 

a final boiling point (FBP) measured according to 

standard ASTM distillation methods. ASTM D86 initial 

	

25 	boiling point of middle distillates may vary from 150°C 

to 220°C. Final boiling point of middle distillates, 

according to ASTM D86 distillation, may vary from 350°C 

to 380°C. Naphtha is defined as hydrocarbons or 

oxygenated hydrocarbons having four or more carbon atoms 

	

30 	and having an atmospheric-equivalent final boiling point 

that is greater than 90°C but less than 200°C. A small 

amount of hydrocarbons produced in the process (typically 

less than 10 wt% of total C4+ hydrocarbons, preferably 
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less than 3 wt% of total C4+ hydrocarbons and most 

preferably less than 1 wt% of total C4+ hydrocarbons) 

boil at temperatures higher than those for the middle 

distillates as defined above, i.e. they are hydrocarbons 

	

5 	with boiling range similar to vacuum-gas oil produced by 

distillation of petroleum. 

Gasoline is an automotive fuel comprising 

predominantly of naphtha-range hydrocarbons, used in 

spark-ignition internal combustion engines. In the 

	

10 	United States, ASTM D4814 standard establishes the 

requirements of gasoline for ground vehicles with spark-

ignition internal combustion engines. 

Diesel is an automotive fuel comprising 

predominantly of middle-distillate range hydrocarbons, 

	

15 	used in compression-ignition internal combustion engines. 

In the United States, ASTM D975 standard covers the 

requirements of several grades of diesel fuel suitable 

for various types of diesel engines. 

An advantage of the present invention is that under 

	

20 	suitable operating conditions, the substantially fully 

deoxygenated C4+ hydrocarbon liquid produced from 

lignocellulose-containing biomass is substantially fully 

free from oxygen, sulfur and nitrogen. Preferably, the 

oxygen content of this product is less than 1.50 wt% and 

	

25 	more preferably less than 0.50 wt%, and most preferably 

less than 0.10 wt%. The sulfur content is preferably 

less than 100 ppmw, more preferably less than 10 ppmw, 

and most preferably less than 5 ppmw. The nitrogen 

content is preferably less than 1000 ppmw, more 

	

30 	preferably to less than 100 ppmw and most preferably to 

less than 10 ppmw. 

Detailed Description of the Drawings  

Figure 1 shows an exemplary, but non-limiting, 
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embodiment of the present invention. 

Solid biomass feedstock 1 is contacted with a 

hydrogen-containing gaseous stream 2 in the presence of a 

hydropyrolysis catalyst composition in hydropyrolysis 

	

5 	reactor vessel 3. The product 4 of this reactor is a 

mixed solid and vapour phase product containing hydrogen, 

light gases (C1-C3  hydrocarbons, CO, 002, H2S, ammonia, 

water vapour), vapours of C4+ hydrocarbons and oxygenated 

hydrocarbons. Char, ash and catalyst fines are entrained 

	

10 	with the vapour phase product. A solid separator 5 

separates char, ash and catalyst fines 6 from the vapour 

phase product 7. The vapour phase product 7 then enters 

the catalytic hydroconversion reactor 8. This reactor is 

a fixed bed reactor. The product 9 of this reactor 

	

15 	contains light gaseous hydrocarbons (methane, ethane, 

ethylene, propane, and propylene), naphtha range 

hydrocarbons, middle-distillate range hydrocarbons, 

hydrocarbons boiling above 370°C (based on ASTM D86), 

hydrogen and by-products of the upgrading reaction such 

	

20 	as H20, H2S, NH3, CO and CO2. The vapours are condensed 

in one or more condensers followed by gas-liquid 

separators 10 downstream of the catalytic hydroconversion 

reactor 8 and a liquid product 19 is recovered. 

The non-condensable gases 11 are sent to a gas 

	

25 	clean-up system 12, comprising one or more process units, 

to remove a H2S stream 13 and ammonia stream 14 as by-

products of the process. Organic sulfur containing 

compounds may be removed in the gas clean-up system as 

well. The stream containing light hydrocarbons 15 is 

	

30 	sent to a separation, reforming and water-gas shift 

section 16 of the process, where hydrogen 17 is produced 

from the light gases and renewable CO2  is discharged as a 

by-product of the process 18. A fuel gas stream may be 
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recovered as a by-product from this section as well. 

The liquid product 19 recovered from the 

condensation and gas-liquid separation system 10 are sent 

to a product recovery section 20, where the aqueous 

	

5 	product 21 is separated from the hydrocarbon liquid 

product 22. The hydrocarbon liquid product is then sent 

for distillation 23 to recover gasoline product 24 and a 

middle-distillate product 25. If desired, kerosene/jet 

fuel and diesel may be recovered as separate streams from 

	

10 	the distillation tower. 

The following non-limiting Examples serve to 

illustrate the invention. The Example is carried out in 

apparatus according to Figure 1. 

Example 1  

	

15 	 S-4261 catalyst (a cobalt/molybdenum catalyst 

commercially available from CRI Catalyst Co) was ground 

and sieved to a particle size range of 300 pm to 500 pm. 

About 200 g of this catalyst was used as the 1st  

upgrading catalyst in a bubbling fluidized bed reactor 3. 

	

20 	S-4232 catalyst (a cobalt/molybdenum catalyst 

commercially available from CRI Catalyst Co), was dried 

and used as the 2nd  upgrading catalyst in the second, 

fixed bed reactor 8 in the form of extrudates of 1.3 mm 

diameter and approximately 3 mm to 6 mm length. About 

	

25 	750 g of S-4232 catalyst was charged in the fixed bed 

reactor 8. 

Prior to the introduction of the biomass feedstock 

into the reactor, the catalysts were subjected to a 

reduction step. A hydrogen flow was established through 

	

30 	the system to fluidize the catalyst with a superficial 

fluidization velocity (under the operating conditions) of 

0.62 ft/sec. At steady state target temperature of about 

450°C and pressure of about 22.4 barg, the hydrogen flow 
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required was about 90 standard litres per minute. After 

achieving the target temperature, the flow of hydrogen 

was maintained for at least 3 hours to reduce the metals 

on the catalyst from an oxide form to a reduced form. At 

	

5 	the end of the pre-reduction step, the unit was 

depressurized and the water produced in catalyst 

reduction process was removed from the unit. Care was 

taken to avoid the exposure of the pre-reduced catalyst 

to air by maintaining a continuous purge of an inert gas 

	

10 	through the reactors between the pre-reduction step and 

the biomass processing step. 

The reaction feedstock used was pine sawdust ground 

and sieved to a particle size range of 250 pm to 500 pm. 

The catalyst in the 1st  bubbling fluidized reactor 3 was 

	

15 	fluidized with a stream of hydrogen pre-heated to a 

temperature of approximately 435°C. After the 1st  stage 

catalyst had been fluidized, the biomass was introduced 

into the reactor and processed in a continuous manner. 

The rate of processing of biomass was gradually ramped up 

	

20 	to the target rate of 5.6 g/min, corresponding to a 

weight hourly space velocity of the biomass feedstock to 

the 1st  stage reactor of approximately 1.52 kg biomass 

per kg catalyst per hour on a moisture and ash-free 

basis. The weighted average temperature of the fluidized 

	

25 	bed of catalyst was 452°C over the duration of biomass 

processing. The biomass feedstock was converted to a 

mixture of char, ash and vapours in the 1st  stage. The 

fluidization velocity was adjusted in such a way that the 

solid products (char, ash) and the vapour phase products 

	

30 	were carried out of the reactor, while the catalyst 

remained in the reactor. Some catalyst was attrited into 

fines, and the fines were carried out of the bed as well. 

The solid product was separated from the vapour 
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phase product in a filter and the vapours were sent to 

the 2nd  stage, fixed bed reactor 8. The average 

temperature of the 2nd  stage catalyst was maintained at 

406.7°C. The biomass feedstock processing rate was 

	

5 	gradually ramped up to the final WHSV to the 2nd  stage of 

0.41 kg biomass per kg catalyst per hour on a moisture 

and ash-free basis. Operating pressure for both 1st  and 

2nd  stage was 22.4 barg. 

The vapour phase product of 2nd  stage reactor was 

	

10 	cooled in stages to -28°C and a two-layer liquid product 

containing a hydrocarbon layer floating on an aqueous 

layer was recovered. The hydrocarbon liquid was 

separated from the aqueous liquid, and was analysed. The 

off gas from the process was sent to an online GC, and 

	

15 	composition of the gas was analysed throughout the run. 

The mass balance and carbon balance of the process was 

calculated from the mass and analysis of the liquid 

products and compositional information of the gas 

product, based on which the yield profile was calculated. 

	

20 	 It was found that the hydrocarbon liquid product had 

a very low oxygen content (below 0.01 wt%), and the 

aqueous product produced contained only 0.03 wt% carbon. 

Thus, complete hydrodeoxygenation of the biomass was 

achieved producing an oxygen-free hydrocarbon product, 

	

25 	and a carbon-free aqueous phase. The total acid number 

of the hydrocarbon product was found to be very low, 

<0.01 mg KOH/g. 

The total weight of feedstock processed was 921.8g 

over 175 minutes. 

	

30 	 The hydrocarbon and aqueous phases were subjected to 

further analysis. The detailed hydrocarbon analysis 

(DHA) of the hydrocarbon product (Figure 2) showed this 

product to be comprised of isoparaffins, naphthenes and 
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aromatics. 6-carbon molecules were the most abundant 

molecules in the liquid product. SIMDIS of the 

hydrocarbon product (Figure 3) showed the product to be 

boiling predominantly in the gasoline and diesel range, 

	

5 	with essentially no heavy hydrocarbons (boiling above 

370°C) produced. The yield of C4+ hydrocarbons 

(hydrocarbons in the product having 4 or more carbon 

atoms) in this Example was found to be 25.1 wt% of the 

feedstock weight on a moisture and ash-free basis. The 

	

10 	yield structure of the other products is mentioned in 

(Table 1). 

Table 1 - summary of experimental data  

Feedstock Analysis Condensed Hydrocarbon Liquid Analysis 

Moisture, wt%2  9.32 Oxygen Content (wt%) 0.01 

Ash, wt% (dry basis)3  0.22 Carbon Content (wt%) 88.71 

Elemental Analysis 

(MAF Basis)4  

Hydrogen Content 

(wt%) 

11.30 

Carbon, wt% 47.18 Sulfur Content (ppmw) 73.0 

Hydrogen, wt% 
6.53 Nitrogen Content 

(ppmw) 

3.0 

Oxygen, wt% 
46.23 Density (g/mL, at 

15°C) 
0.8394 

Sulfur, wt% 
0.03 Gasoline5  in C4+ 

Hydrocarbon (%) 
75 

Nitrogen, wt% 
0.03 Diesel6  in C4+ 

Hydrocarbon (%) 
25 

Feedstock H:C Atomic 

Ratio 

1.65 Total Acid Number 

(TAN) 
<0.01 

Yield Details 
H/C Atomic Ratio 1.52 

Mass Balance Closure 

(%wof) 
96.7 

C1-C3 Gas Composition 

Carbon balance closure 

(%wof) 
95.2 Methane wt% 

42.0 

C4+ Hydrocarbon Yield 

(wt%, MAF) 
25.1 Ethane wt% 

35.8 

C1-C3 Hydrocarbon 

Yield (wt%, MAF) 
19.4 Propane wt% 

22.2 

CO Yield (wt%, MAF) 0.7 
Water Analysis 

CO2  Yield (wt%, MAF) 0.4 pH 7.7 

Char & Ash Yield (wt%, 

MAF) 
10.0 

Density (g/mL, at 

15°C) 

0.9993 

Water Yield (wt%, MAF) 40.7 
Nitrogen Content 

(ppmw) 

2844 
 

Hydrogen added (wt%, 5.85 Sulfur (ppmw} 8 
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MAF) 

Carbon Content (wt%) 
	

0.03 

Notes 

1. The feedstock used was ground and sieved to a sieve fraction mentioned in the 

details of the example. 

2. Moisture content is estimated from weight loss of the sample after drying at 103±2°C 

3. Ash content is estimate from the weight loss of the sample after combustion at 

575±25°C and expressed on the basis of the dry weight of the sample 

4. MAF = moisture and ash free basis 

5. Gasoline is defined here as containing hydrocarbons having between 4 and 10 carbon 

atoms 

6. Diesel is defined here as containing hydrocarbons with 11 or more carbon atoms 
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CLAIMS  

1. A process for producing liquid hydrocarbon products 
from a solid lignocellulose containing 

biomass feedstock, said process comprising the 

steps of: 

a) providing in a first hydropyrolysis reactor vessel a 

first hydropyrolysis catalyst composition, said 

composition comprising one or more active metals selected 

from cobalt, molybdenum, nickel, tungsten, 

and iron on an oxide support, 

wherein at least a portion of the active metals are present 

in fully reduced metallic form, wherein the term 'fully 

reduced metallic form' represents a form of metal in which 

the metal atom is present in zero oxidation state in a 

cluster of metals on the catalyst support and at least 

30wt% of the active metals are present in fully reduced 

metallic form; 

b) contacting the solid biomass feedstock with said 

first hydropyrolysis catalyst composition and molecular 

hydrogen in said first hydropyrolysis reactor vessel at a 

temperature in the range of from 350 to 600°C and a 

pressure in the range of from 0.50 to 7.50MPa, to produce a 

product stream comprising partially deoxygenated 

hydropyrolysis product, H2O, H2, CO2, CO, Ci - C3 gases, char 

and catalyst fines; 

c) removing said char and catalyst fines from said 

product stream; 

d) hydroconverting said partially deoxygenated 

hydropyrolysis product in a hydroconversion reactor vessel 

in the presence of one or more hydroconversion catalyst and 

of the H2O, CO2, CO, H2, and Ci - C3 gas generated in step 

a), to produce a vapour phase product comprising 

substantially fully deoxygenated hydrocarbon product, H2O, 
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CO, CO2, hydrogen and Ci - C3 gases, wherein the term 
`substantially fully deoxygenated' is used to describe 

materials in which at least 90wt% of oxygen present in the 

original lignocellulose containing biomass has been 

removed. 

2 	. 	A process according to claim 1, 	wherein the 

hydroconversion catalyst is selected from sulfided 

catalysts comprising one or more metals from the group 

consisting of nickel, cobalt, molybdenum or tungsten 

supported on a metal oxide. 

3 	. 	A process according to claim 1, 	wherein the 

hydroconversion catalyst comprises one or more active 

metals selected from cobalt, molybdenum, nickel, tungsten, 

ruthenium, palladium, platinum, iridium and iron on an 

oxide support, wherein at least a portion of the active 

metals are present in fully reduced metallic form. 

4 	A process according to any one of claims 1 to 3, 

wherein the solid biomass feedstock contains any 

combination of solid feedstocks containing waste 

plastics, feedstocks containing lignocellulose and 

municipal solid waste containing lignocellulosic 

material, waste plastics or food waste. 

5 	. 	A process according to claim 4, 	wherein the solid 

biomass feedstock comprises material selected from one or 

more of woody biomass and agricultural and forestry 

products and residues and municipal solid wastes 
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containing lignocellulosic material. 

6 . 	A process according to any one of claims 1 to 5, 

further comprising condensing the vapour phase product of 

step d) to provide a liquid phase product comprising 

substantially fully deoxygenated C4+ hydrocarbon liquid and 

aqueous material and separating said liquid phase product 

from a gas phase product comprising H2, CO, CO2, and Ca.- C3 

gases. 

7 . 	A process according to claim 6, 

wherein the gas phase 

product comprising H2, CO, CO2, and Ca - C3 gases are 

subjected to a reforming and water-gas shift process in 

order to produce hydrogen. 

8 . 	A process according to claim 7, 

wherein the gas phase 

product is first purified to remove any H2S, organic sulfur 

compounds and NH3 present before being subjected to the 

reforming and water-gas shift process. 

9 . A process according to claim 7 or claim 8, 
wherein the 

hydrogen produced in the reforming and water-gas shift 

process is used as at least a portion of the molecular 

hydrogen in at least one of steps a) and c). 


