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DESCRIPTION

Technical field

[0001] The invention regards an improved hydrogenation process for catalytic hydrogenation
of low molecular weight oxygenate compounds to its hydroxyl counterparts. The method is
suitable for converting a C4-C3-oxygenate composition obtained from thermolytic fragmentation

of a sugar composition.

Background

[0002] Ethylene glycol can be prepared by a variety of routes including from sugars, e.g.
monosaccharides, disaccharides or syrups, via fermentation and hydrogenolysis processes, or
by hydroformylation of formaldehyde.

[0003] The fermentation route is a five-step process wherein glucose is fermented to ethanol
and carbon dioxide, followed by conversion of ethanol to ethylene, ethylene to ethylene oxide
and ethylene oxide to ethylene glycol. One disadvantage of this method is that per mole of
glucose fermented, two moles of carbon dioxide are produced together with two moles of
ethanol; this has the effect that a theoretical maximum 67% of the carbon present in the
glucose can be transformed to ethanol.

[0004] The hydrogenolysis route is a two-step process wherein glucose is reduced to sorbitol
followed by hydrogenolysis of sorbitol to ethylene glycol, as illustrated by US 6,297,409 B1 and
US 2008/0228014 A1. Significant quantities of propylene glycol, compared to ethylene glycol,
are formed via the hydrogenolysis process. Additionally, the amount of catalyst used is
significant and appears difficult to regenerate in order to reuse. Furthermore, the byproducts
formed, in particular butanediols, are difficult to separate from the desired product. In
particular, the industrially favorable method of distillation for separation (purification) purposes
is extremely difficult to apply as the byproducts have very similar boiling points to the final
product, and the desired product may react further, as illustrated in US2014/0039224 A1 and
US 5,393,542 B1.

[0005] The hydroformylation route is a two-step process wherein glycolaldehyde is prepared
from formaldehyde, carbon monoxide and hydrogen, followed by hydrogenation of the
glycolaldehyde to ethylene glycol, as illustrated in US 4,496,781 B1. There appears to be
several extraction steps present in order to separate formaldehyde from glycolaldehyde and
proceed with the hydrogenation reaction.

[0006] It is known that sugars may be subjected to thermolytic fragmentation to obtain a
fragmentation product composition comprising oxygenate compounds such as glycolaldehyde
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(US 7,094,932 B2); the crude fragmentation product composition comprises C4-C4 oxygenate

compounds, including formaldehyde, glycolaldehyde, glyoxal, pyruvaldehyde and acetol. The
main product of this reaction is glycolaldehyde [US 7,094,932 B2]. Water is the solvent of the
reaction.

[0007] It is also known that pure glycolaldehyde may be hydrogenated to ethylene glycol. US
4,200,765 B1 discloses hydrogenation of glycolaldehyde under severe conditions: at high
pressure [3000 psi (ca. 202 bar)], high temperature [150°C], and with an organic solvent [N-
methyl pyrrolidine] in the presence of a palladium on carbon [Pd/C] catalyst for an extended
period [5 h]. US 4,321,414 B1 and US 4,317,946 B1 disclose the hydrogenation of
glycolaldehyde with a homogenous ruthenium catalyst and US 4,496,781 B1 discloses a
continuous flow hydrogenation at low pressure [500 psi (ca. 35 bar)], high temperature [160°C]
with a ruthenium on carbon catalyst [Ru/C] in ethylene glycol and trace acetonitrile as solvent.

[0008] As illustrated, the two steps, pyrolysis of glucose to obtain, inter alia glycolaldehyde,
and hydrogenation of pure glycolaldehyde in the liquid phase, appear to be independently
feasible. However, in order for the pyrolysis product composition to be hydrogenated, laborious
separation processes are employed to remove formaldehyde from the pyrolysis product
composition to avoid formaldehyde poisoning of the hydrogenation catalysts [US 5,210,337
B1]. US 5,393,542 B1 discloses an exemplary purification process comprising multiple
distillation steps followed by a solvent-induced precipitation to obtain a glycolaldehyde
composition free of formaldehyde.

[0009] With regard to hydrogenation of glycolaldehyde, although there is the provision of
suitable reaction conditions to obtain a high yield in organic solvents, the reaction with water as
a solvent appears to be less successful. US 5,393,542 B1 discloses thermal degradation of
glycolaldehyde (2-hydroxyacetaldehyde) when subjected to temperatures of 90 °C or higher
and where water is the solvent.

[0010] EP 0 002 908 B1 discloses the variation in yield (conversion and selectivity) of the
hydrogenation of glycolaldehyde with the use of various catalysts in an aqueous solution at
110°C: Raney Nickel [100% conversion 49.4% selectivity], 10% Pd/C [62% conversion, 61%
selectivity] and 10% Pt/C [100% conversion, 73% selectivity]. A problem with catalysts used in
liquid water is the strain on the catalyst. However, mild reaction conditions are favorable in
order to ensure longevity of the catalyst on an industrial scale.

[0011] The choice of catalyst may affect the decomposition of glycolaldehyde when in the
presence of the catalyst; US 5,210,337 B1 discloses the problem of glycolaldehyde 'unzipping'
to form formaldehyde and consequently poisoning the hydrogenation catalyst. It is also
possible that glycolaldehyde may self-condense or condense with another C4-C3 oxygenate
compound, also illustrated in US 5,210,337 B1. Accordingly, both the choice of catalyst and the
stability of the glycol product may affect the degree of reduction of the glycolaldehyde. E.g.
some catalysts may reduce the glycolaldehyde to ethanol or ethane, i.e. over reduce the
glycolaldehyde.
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[0012] Additionally, it is known that an increase in temperature, pressure, concentration of
substrate and/or concentration of product as well as the amount and identity of catalyst present
may affect the yield (conversion and selectivity) of hydrogenation reactions of glycolaldehyde.
Handbook of Heterogeneous Catalytic Hydrogenation for Organic Synthesis, Shigeo
Nishimura, ISBN: 978-0-471-39698-7, April 2001.

[0013] In summary, the efforts to provide an industrial scale process for hydrogenation of the
fragmentation product composition of an industrial scale thermolytic fragmentation of sugars to
produce ethylene glycol have shown to be challenging. Formaldehyde formed in the
thermolytic fragmentation has shown to poison the hydrogenation catalyst, even at low
concentrations. In addition, the reaction conditions have shown to unpredictably affect the
selectivity, conversion rate and hydrogenation catalyst lifetime. Finally, formation of unwanted
side products may complicate the subsequent purification of the hydrogenation product
composition.

[0014] Consequently, there is still a need for improving the process of producing ethylene
glycol from sugars via thermolytic fragmentation of sugars followed by catalytic hydrogenation
of the resulting fragmentation product composition to avoid toxic compositions, obtain higher
yields and higher selectivities and reduce the amount of undesirable side products at low costs
to make it suitable for industrial scale production of ethylene glycol.

Summary of Invention

[0015] The catalytic hydrogenation processes available in the prior art have not been
successful in achieving high selectivities for ethylene glycol and even worse for propylene
glycol. Also the yields have not been satisfying. Thus the existing processes have not provided
methods suitable for industrial scale production of ethylene glycol or propylene glycol. The
inventors have found that having the complex composition containing different oxygenates and
in addition many other components has made it problematic to conduct a catalytic
hydrogenation according to prior art processes.

Process of producing C4-C3 hydroxy compounds from C4-C3 oxygenate compounds

[0016] According to the present invention a process is provided for the preparation of a C4-Cj3

hydroxy compound, comprising the steps of:

1. a) Providing an oxygenate feed composition comprising a C4-C3 oxygenate compound in

a total concentration of at least 20% by weight of oxygenate feed composition; and
2. b) Providing a chemical reactor comprising
1. 1. an inlet zone in fluid communication with
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2. ii. a reaction zone comprising a heterogeneous hydrogenation catalyst material in
fluid communication with
3. iii. an outlet zone;
then
3. ¢) feeding the oxygenate feed composition of step a) to the reactor inlet zone i) of step
b) to obtain an initial total concentration of C4-C3 oxygenate compound of less than 20%

by weight of reactor fluid in the reaction zone ii) of step b); and
4.d) in the reaction zone ii) reacting the C4-C3 oxygenate compound with hydrogen in the

presence of the catalyst material to obtain a C4-C3 hydroxy compound; and then

5. e) Recovering from the outlet zone iii) the hydroxy product composition comprising the
C1-C5 hydroxy compound.

[0017] The inventors found that lowering the concentration of C1-C4 oxygenate compounds in

the reaction zone had surprisingly high impact on the selectivities, in particular for the ethylene
glycol and the propylene glycol. In fact, an advantage of the process according to the invention
is that the selectivity towards ethylene glycol is at least 80% (moles of ethylene glycol formed
per mole C, oxygenate (glycolaldehyde, glyoxal) converted), preferably at least 85, 88, 90, 91,

92, 93, 94, 95, 96 or 97%, and the selectivity towards propylene glycol is at least 60% (moles
of propylene glycol formed per mole C3 oxygenate (pyruvaldehyde, acetol) converted),

preferably at least at least 65, 70, 75, 80%, 85, 88, 90, 91, 92, 93, 94, 95, 96 or 97%. A
selectivity of at least X% implicitly defines a range wherein the upper limit is a selectivity of
100%. Accordingly, a selectivity of ethylene glycol of at least 80% defines a range of from 80-
100%, a selectivity of propylene glycol of at least 60% defines a range of from 60-100% and so
forth.

[0018] Additional advantages include enabling the use of the oxygenate containing product of
thermolytic fragmentation of sugar compositions as feed for the preparation of the
corresponding hydroxy compounds at high selectivity and high yield; utilizing non-toxic solvents
and cheaper catalysts; reducing byproduct production; enabling purification on an industrial
scale; and being successful even in the presence of additional compounds such as
formaldehyde. The ability to separate byproducts from the ethylene glycol product enables the
ethylene glycol to be used in processes such as polymer production. Polymer production
requires substrates to be in a highly pure form. All of these desirable advantages makes the
production of in particular ethylene glycol from biomaterials such as sugar more attractive
industrially and enable processes to become commercially feasible.

[0019] In one aspect, the process according to the present invention has a total concentration
of C4-C3 oxygenate compound in the oxygenate feed composition of at least 25% by weight of

oxygenate feed composition, such as at least 30% or 35% or 40% or 45% or 50% or 55% or
60% or 65% or 70% or 75% by weight of oxygenate feed composition. In an embodiment of the
present invention, the C4-C3 oxygenate compound of the oxygenate feed composition of step
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a) is a C»-C3 oxygenate compound. In another embodiment of the present invention, the
oxygenate feed composition of step a) comprises two or more C4-C3 oxygenate compounds

selected from the group consisting of glycolaldehyde, glyoxal, pyruvaldehyde, acetol and
formaldehyde. Even with several different oxygenate compounds in the C1-C3 oxygenate feed

composition the selectivities obtained are still very high. In a preferred embodiment, the
oxygenate feed composition of step a) comprises at least 20% by weight of glycolaldehyde and
at least 5% by weight of pyruvaldehyde. Even with such high amounts of glycolaldehyde and in
particular of pyruvaldehyde in the C4-C3 oxygenate feed composition the selectivities obtained

are still very high.

[0020] In an aspect of the present invention, the total concentration by weight of C1-C4 hydroxy

compound in the hydroxy product composition is at least 50% by weight of the total
concentration of C1-C3 oxygenate compound in the oxygenate feed composition, such as at

least 55% or 60% or 65% or 70% or 75% or 80% or 85% or 90% by weight of the total
concentration of C4-C3 oxygenate compound in the oxygenate feed composition. Accordingly,

the process according to the present invention allows to have a high concentration of C4-C3
oxygenate compound in the oxygenate feed composition, a low concentration of C4-C3
oxygenate compound in the reaction zone and still a high concentration of C4-C3 hydroxy

compound in the hydroxy product composition. In an embodiment according to the present
invention, the C4-C3 hydroxy compound of the hydroxy product composition of step e) is a Co-

C3 hydroxy compound. In another embodiment according to the present invention, the hydroxy
product composition of step e) comprises one or more C4-C3 hydroxy compounds selected

from the group consisting of methanol, ethylene glycol and propylene glycol.

[0021] In an aspect of the present invention the catalyst material of step b) may comprise a
metal component selected from the group consisting of ruthenium, ruthenium alloy, rhenium,
rhodium, iridium, palladium, platinum, copper and nickel and the support material may be one
or more selected from the group consisting of carbon, silica, alumina, titania, and zirconia.
Preferred catalyst materials comprises ruthenium on carbon or copper on carbon.

[0022] Step d) of the process according to the present invention may be conducted under an
initial hydrogen partial pressure of at least 0.5 bar, such as at least 5 bar or at least 40 bar, or
between 0.5 and 500 bar or between 0.5 and 200 bar, in particular between 0.5 and 5 bar or
between 60 and 140 bar. The reaction of step d) may be conducted under a total pressure of
from 0.8-800 bar, such as from 3-500, in particular between 3 and 10 bar or between 40 and
150 bar. The reaction of step d) may be conducted at a temperature in the range of from 50-
350°C, such as from 50-250°C, 60-120 °C, 200-250 °C or from 150-200°C.

[0023] The process according to the present invention may be conducted under conditions to
provide liquid phase hydrogenation of the oxygenate compound and with a solvent present in
the reaction zone of step d). The inventors have observed challenges in obtaining good
selectivities towards ethylene glycol and propylene glycol in catalytic liquid phase
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hydrogenation of glycolaldehyde and pyruvaldehyde.

[0024] The reaction conditions of the process according to the present invention may be
chosen so that the C4-C3; oxygenate compounds and the C4-C3 hydroxy compounds are

essentially in the liquid phase or in the gas phase during the hydrogenation reaction.

[0025] When the hydrogenation is a liquid phase hydrogenation, the hydrogenation is
preferably conducted at a temperature in the range of from 60-120°C and a hydrogen partial
pressure in the range of from 60-140 bar. When the hydrogenation is a liquid phase
hydrogenation, the partial pressure of hydrogen is the partial pressure in the gas phase above,
or interspersed with, the hydrogenation fluid, which is proportional to the concentration of
hydrogen in the liquid phase.

[0026] When the hydrogenation is a gas phase hydrogenation, the hydrogenation is preferably
conducted at a temperature in the range of from 200-250°C and a hydrogen partial pressure in
the range of from 0.5 and 5 bar.

[0027] According to an embodiment of the present invention, the solvent is selected from the
group consisting of water, methanol, ethanol, ethylene glycol and propylene glycol; or mixtures
thereof.

[0028] The process according to the present invention is even more advantageous when
performed under continuous conditions. Preferably the chemical reactor comprises an inlet and
an outlet to accommodate continuous operation of the process.

[0029] The hydrogenation may be conducted in a plug flow, or primarily plug flow, type reactor
such as a packed bed reactor, a fixed bed reactor, a trickle bed reactor, a fluid bed reactor or a
slurry phase reactor. In such reactors a fraction of the hydroxy product composition recovered
in step e) may advantageously be transferred to the reaction zone ii) of step b). This
recirculation of product to the reactor is a highly advantageous way of lowering the oxygenate
concentration in the reaction zone. Not only is the oxygenate concentration lowered, but the
glycols of the product stream have a further stabilizing effect on the oxygenates. On an
industrial scale it is highly advantageous to use the product as a solvent/diluent in the reaction
zone, since there is no need to remove the solvent after the hydrogenation reaction.

[0030] It may also be conducted in a stirred tank type reactor, such as a CSTR or a Berty
reactor. In this case the back-mixing is so pronounced that upon entering the reaction zone,
the oxygenate feed composition is mixed with high amounts of product thus lowering the
concentration of oxygenates almost instantly.

[0031] As the hydrogenation reaction is highly exothermic, it is desirable to choose reactors
having means to control the temperature rise in the hydrogenation reactors. Some reactors
suitable for heat removal could be, but is not limited to, multitubular reactors, reactors having
cooling between the different catalyst layers (interbed cooling) or recycle reactors.
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[0032] For liquid phase hydrogenation, an industrially promising reactor approach could be a
so called trickle bed reactor, where liquid flows downward over the catalyst bed, and gas is
added in either co-current or counter-current flow. A recycle can be used to control the
temperature increase in the reactor. In addition, the recycle will serve to dilute the reactants.

[0033] Another promising reactor configuration is the slurry-bed reactor (ebullating bed). In this
reactor, hydrogen is fed from the bottom and 'bubbles’' through the substrate liquid containing
the suspended catalyst. A submerged cooling coil in the slurry bed can be used to control the
temperature. Due to in-bed temperature control and higher degree of back-mixing, a smaller
(or no) recycle is required in the slurry-bed compared to the trickle bed reactor.

[0034] Comparing the chemical reactor performance of the trickle bed and slurry reactor, the
first will provide a higher degree of plug flow and the second reactor a higher degree of
isothermal conditions.

[0035] The hydrogenation product composition of d) may be subjected to a purification step,
such as distillation, filtration, adsorption and/or ion exchange to recover the hydroxyl
compounds. Unreacted hydrogen recovered in the purification step, may be recycled to the
reaction zone ii) of step b).

[0036] The oxygenate feed composition of step a) may be derived from a thermolytic
fragmentation of a sugar composition.

Process of producing C4-C3 hydroxy compounds from sugar compositions

[0037] According to the present invention, a process for the preparation of a C4-C3 hydroxy

compound from a sugar compaosition is provided, comprising the steps of:

1.i. Providing a feedstock solution of a sugar composition;
2. ii. Exposing the feedstock of a) to thermolytic fragmentation to produce a fragmentation
product composition comprising a C4-C3 oxygenate compound; and

3. iii. Optionally conditioning the fragmentation product compaosition; and then

4.iv. Subjecting the fragmentation product composition of step i) or iii) to the
hydrogenation process according to the present invention, wherein the fragmentation
product composition is the oxygenate feed composition of step a) of the hydrogenation
process according to the present invention.

[0038] The optional conditioning of step iii) may comprise a distillation, filtration, adsorption
and/or ion exchange to remove impurities prior to the hydrogenation.
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[0039] The sugar composition of the feedstock solution for thermolytic fragmentation may be
selected from one or more of the monosaccharides fructose, xylose, glucose, mannose,
galactose arabinose; the disaccharides sucrose, lactose, maltose or from syrups such as corn
syrup, cane sugar syrup or whey. The feedstock solution of step i) is generally a solution of a
sugar in a solvent comprising from 20-95 wt.%, such as from 50-90 wt% of sugar. The solvent
may comprise one or more of the compounds selected from the group consisting of water,
methanol, ethanol, ethylene glycol and propylene glycol. It is an advantage in the
fragmentation step to use solvents comprising alcohols, since the evaporation energy is lower
than water.

[0040] C4-C5 hydroxy products such as ethylene glycol and propylene glycol obtained from bio

materials, such as sugars, will have a significantly higher content of '4C than the same
products obtained from petrochemical sources.

[0041] Accordingly, a product may be provided, which is obtainable by the process for the
preparation of a C4-C3 hydroxy compound from a sugar composition described above. Such a

product is characteristic by having a '4C content above 0.5 parts per trillion of the total carbon
content. The C4-C3 hydroxy compound may be ethylene glycol and at least 70% of the initial

carbon may be recovered in the form of ethylene glycol or propylene glycol. A product may be
provided which is obtainable by the process according to the present invention, which is

characterized in that the product has a '#C content above 0.5 parts per trillion (weight by
weight) of the total carbon content; and in that at least 70% of the initial carbon is recovered in
the form of ethylene glycol or propylene glycol in the hydrogenation product composition.

[0042] The C4-C3; hydroxy compound prepared according to the process of the present

invention, such as ethylene glycol or propylene glycol, may be used for the preparation of a
polymer, such as polyethylene terephthalate, polyester resins, fibres or films. The polymer will

have a '4C content reflecting the fraction of monomers which have been obtained from
biomaterials.

[0043] The C4-C3 hydroxy compound prepared according to the process of the invention, such

as ethylene glycol or propylene glycol, may also be used as a de-icing agent, coolant, anti-
freeze agent or solvent.

[0044] In an embodiment according to the present invention a system is used for continuously
performing the process disclosed herein, said system comprising a hydrogenation unit, such as
a multi-tubular reactor, having an inlet and an outlet and a hydrogenation catalyst as defined
herein, and a thermolytic fragmentation unit having an inlet and outlet, wherein the outlet of
said thermolytic fragmentation unit is fluidly connected to the inlet of said hydrogenation unit. In
an embodiment, the outlet of said thermolytic fragmentation unit is directly, fluidly connected to
the inlet of said hydrogenation unit.
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[0045] The fragmentation unit comprises a fragmentation reactor comprising a suitable inlet for
the feedstock and an outlet for a fragmentation product composition (stream). The
hydrogenation unit comprises a chemical reactor comprising suitable inlets for the oxygenate
feed composition and hydrogen and outlets for a hydroxy product composition (stream) and
excess hydrogen.

[0046] In an embodiment of the use according to the present invention, the outlet of the
fragmentation unit is directly, fluidly connected with the inlet of the hydrogenation unit by
means of piping equipment suitable for conveying high temperature gases and liquids.
"Directly” is intended to refer to a transfer from the fragmentation unit to the hydrogenation unit
which is not interrupted by significant delays nor by purification. However, it may be condensed
to accommodate liquid hydrogenation. An advantage of the direct transfer of fragmentation
product to hydrogenation unit is that the heat remaining in the fragmentation product may be
retained and if the hydrogenation is a gas phase hydrogenation a step of evaporating the feed
may be dispensed with, since it is already in the gas phase.

[0047] In another embodiment of the use according to the present invention, the system
further has a hydrogen recycle from the outlet of the hydrogenation unit to the inlet or the
hydrogen inlet of the hydrogenation unit. Accordingly, excess hydrogen may be recycled to the
hydrogenation unit thus improving cost efficiency. The recycle may be connected with the
hydrogen inlet or may be recycled directly into the chemical reactor.

Brief description of the drawings

[0048] Figure 1. C4/Cg ratio plotted as a function of initial pyruvaldehyde concentration (40 mg
of Ru/C added as catalyst). C3 comprises acetol and propylene glycol and Cg comprises all Cg

byproducts formed by aldol condensation of pyruvaldehyde.

Definitions

[0049] The term "oxygenate feed composition” is meant to refer to the oxygenate containing
fluid passing through the inlet of the reactor used for conducting the hydrogenation. When the
oxygenate composition is obtained from a thermolytic fragmentation of a sugar composition, it
may in addition to the C4-C43 oxygenate compounds, contain other compounds e.g. organic

acids such as acetic acid, formic acid, glycolic acid and/or lactic acid; furans such as furfural
and/or 5-(hydroxymethyl)furfural; and solvents such as water.

[0050] In the present context, the term "C4-C5 oxygenate compound” is meant to refer to an

organic compound containing between 1 and 3 carbon atoms and at least one carbonyl bond
(ketone or aldehyde).
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[0051] The term "oxygenate feed composition comprising a C4-C3 oxygenate compound"” is
meant to refer to an oxygenate feed composition comprising one or more C4-C3 oxygenate

compounds. It may also comprise minor amounts of other organic compounds.

[0052] In the present context, a "gas phase hydrogenation” is meant to refer to a
hydrogenation wherein the substrate (here the C¢-C3 oxygenate compound) is essentially in a

gaseous form in the reaction zone of the catalytic material. For example, at least 80 wt.%, such
as at least 90, 92, 94 or 96 wt.%, is in the gaseous form. Accordingly, this means that 80-100
wt.%, such as 90-100, 92-100, 94-100 or 96-100 wt%, is in the gaseous form.

[0053] In the present context, a "liquid phase hydrogenation" is meant to refer to a
hydrogenation wherein the substrate (here the C1-C5; oxygenate compound) is essentially in

liquid solution in the reaction zone of the catalytic material. For example, at least 80 wt.%, such
as at least 90, 92, 94 or 96 wt.%, is in the liquid form. Accordingly, this means that 80-100
wt.%, such as 90-100, 92-100, 94-100 or 96-100 wt.%, is in the liquid form.

[0054] In the present context, a "reaction zone" is meant to refer to the area around the
catalyst wherein the oxygenate feed composition is brought into contact with the hydrogenation
catalyst. In certain embodiments the reaction zone may be defined by the walls of the chemical
reactor. In a continuous reactor, the reaction zone may be defined by the reactor walls and the
inlet and the outlet. In liquid hydrogenation the reaction zone is the liquid reactor fluid. In
gaseous hydrogenation the reaction zone is defined by the reactor walls and if inlet and outlet
is present, by the end of the inlet and the beginning of the outlet.

[0055] The term "hydrogenation product composition” is meant to refer to the hydroxy
containing fluid resulting from the hydrogenation reaction. When the hydrogenation product
composition is obtained from hydrogenating the fragmentation product of a thermolytic
fragmentation of a sugar composition, it may in addition to the C4-C4 hydroxy compounds,

contain other compounds e.g. organic acids such as acetic acid, formic acid, glycolic acid
and/or lactic acid; furans such as furfural and/or 5-(hydroxymethylfurfural, and solvents such
as water.

[0056] Concentrations given in percentages are to be understood as weight% (i.e. weight of x
per total weight), where nothing else is stated.

[0057] In the present context, the term "C4-C3 hydroxy compound" is meant to refer to an

organic compound which contains between 1 and 3 carbon atoms and at least one hydroxyl
group (alcohol) and which may be produced by hydrogenation of a C4-C3 oxygenate

compound.

[0058] The term "hydrogenation product composition comprising a C¢-C3 hydroxy compound"
is meant to refer a hydrogenation product composition comprising one or more C41-C3 hydroxy

compounds.
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[0059] The term "catalytic material" is to be understood as any material which is catalytically
active. This is also the meaning of the term "catalyst". All terms may be used interchangeably.

[0060] The terms "Cu on carbon" and "Cu/C" are meant to refer to a catalytically active
material having a support of carbon (such as activated carbon/carbon
nanotubes/graphene/fullerenes) with copper particles deposited on the support. As the skilled
person will know, it is mainly the surface of the Cu particles which provide the catalytic activity.
Accordingly, a large Cu particle surface area is desirable.

[0061] The term "Recovering" is meant to refer either to collecting the hydrogenation product
composition or to directing the hydrogenation product composition to a subsequent step, such
as to a purification unit.

[0062] The term "yield" is in the present context meant to refer to the molar fraction of C1-Cs
oxygenate compound which is converted into its corresponding C¢-Cs hydroxy compound (i.e.
C1to Cq; Coto Cy; and Ca to Cy).

[0063] The term "conversion” is in the present context meant to refer to the molar fraction of
C4-C3 oxygenate compound which has reacted during the hydrogenation process to form

either the desired C4-C3 hydroxy compound or other products.

[0064] The term "selectivity" is meant to refer to the molar fraction of desired product formed
per substrate converted. In the present context the substrate for a C4 hydroxy compound is
only considered to be the C4 oxygenate compounds present in the oxygenate feed
composition; for a C, hydroxy compound the substrate is only considered to be the Cs
oxygenate compounds present in the oxygenate feed composition; and for a C3 hydroxy
compound the substrate is only considered to be the C3 oxygenate compounds present in the

oxygenate feed composition. The selectivity may be calculated as yield divided by conversion.

[0065] The term "initial" (hydrogen partial pressure/oxygenate molar fraction/oxygenate
concentration etc.) is meant to refer to the partial pressure or molar fraction at the time when it
first meets the catalytic material.

[0066] The term "continuous conditions” is meant to refer to truly continuous conditions (such
as in a fluid bed reactor or packed bed reactor, optionally with recycle of the hydrogenation
product composition to the feed stream or to the reactor inlet) but it is also meant to refer to
semi-continuous conditions such as repeatedly feeding small portions of the oxygenate feed
composition to the reactor fluid and repeatedly collecting small portions of the hydroxy product
composition from the reactor outlet.

[0067] The "reactor fluid" is meant to refer to the fluid present in the reaction zone, including
both unreacted oxygenate compounds, the hydroxy compounds formed and any solvent or
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diluent present.

Example

Example 1: Effect of initial C4-C3 oxygenate concentration

[0068] The experiment was performed in an autoclave. 3.1 g C4-C3 oxygenate feed
composition was fed to the autoclave. The concentration of C4-C3 oxygenates in the C4-C3
oxygenate feed composition varied according to Table 1 below. The C4 oxygenates present in
the C4-C5 oxygenate feed composition were mainly formaldehyde (FA). The C, oxygenates
present in the C4-C3 oxygenate feed composition were mainly glycolaldehyde (GA) and
glyoxal. The C3 oxygenates present in the C1-C3 oxygenate feed composition were mainly

pyruvaldehyde (PA) and acetol. Accordingly the initial glycolaldehyde (GA) concentration
ranged from 16 g/l to 264 g/l. The C4-C3 oxygenate feed composition was hydrogenated for 16

hours at 80 °C and 90 bar H, with 0.040 g of 5% Ru/C catalyst. The catalyst amount was kept

constant in all experiments meaning that the relative amount of catalyst compared to substrate
increased with decreasing oxygenate concentration. After hydrogenation, the hydrogenation
product composition was recovered and the content of ethylene glycol (EG) and propylene
glycol (PG) was determined using standard methods. The yield of EG was calculated as moles
of EG formed per mole of glycolaldehyde and glyoxal in the feed composition. The yield of PG
was calculated as moles of PG formed per mole of pyruvaldehyde and acetol in the feed
composition. Table 1 presents an overview of the results. Full conversion of GA was obtained
at GA concentrations up to 129 g/l (entry 1-4). From these experiments it can be seen that the
yield of ethylene glycol (EG) decreased with increasing oxygenate concentration. The higher
GA concentrations of 196 g/l and 264 g/l did not reach full conversion after 16 hours (entry 5
and 6), the drop in EG selectivity was seen to continue to 82% and 74%, respectively. The
trend observed with respect to EG yield was similar for the PG yield.

Table 1. Hydrogenation of C4-Cs; oxygenate feed compositions of different oxygenate

concentrations
Entry {Cjzin Cyin Cqin C, EG EG PG
feed feed feed conversion {yield selectivity {yield
1 249/l {16 g/l 1.4 9/l {100% 96% 96% 71%
2 47 g/l {31 g/l 27 g/l {100% 95% 95% 68%
3 94l 62 gl 54g/l {100% 93% 93% 61%
4 20 g/l 129 g/l {11 g/l 100% 85% 85% 50%
5 29 g/l 196 g/l {17 g/l 96% 78% 82% 45%
6 40 g/l 264 g/l {23 g/l 44% 33% 74% n.a.
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Example 2: continuous process

[0069] A continuously stirred tank reactor (CSTR) setup was used to perform the
hydrogenation of an oxygenate mixture. The CSTR consisted of a 500 ml autoclave, with the
possibility of feeding liquid and gas to the reactor, as well as withdrawing reaction liquid and
gas from the reactor. The hydrogenation was performed by loading 20 g of a 5 wt.% Ru/C
catalyst in a Robinson-Mahoney catalyst basket, which was mounted in the autoclave. The
autoclave was then filled with 300 ml of water, sealed, and flushed with nitrogen. The reactor
was pressurized to 80 bar, using hydrogen, and the temperature increased to 90°C. Hydrogen
was supplied to the reactor at a rate of 80 Nml/min, while gas was withdrawn from the reactor
at a rate sufficient to keep the pressure constant. An oxygenate feed with the composition
given in Table 2was fed to the reactor at a rate of 0.1 g/min, while liquid product was withdrawn
at the same rate to give a constant amount of reaction liquid in the reactor. Due to the vigorous
stirring of the reactor, the feed being supplied to the reactor was almost immediately
completely mixed with the liquid in the reactor upon entering the reactor, essentially diluting the
feed with the product composition. As the reactor, under these conditions, operate at high
conversion (i.e. >95%), this means that the substrate concentration in the reaction zone is
constantly low. When steady state had been achieved, the content of ethylene glycol (EG) and
propylene glycol (PG) in the recovered hydrogenation product composition was determined
using standard methods. A yield of EG of 85% was achieved. A yield of PG of 70% was
achieved.

Table 2: Concentration of oxygenates in feed.

Compound Concentration [g/L]
Glycolaldehyde 244

Formaldehyde 38

Pyruvaldehyde 22

Glyoxal 16

Acetol 14
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Patentkrav

1.

Fremgangsmade til fremstilling af en C4-Cs-hydroxyforbindelse, hvilken

fremgangsmade omfatter falgende trin:

a) tilvejebringelse af en oxygenatfedesammensaetning, der omfatter en C+-
Cs-oxygenatforbindelse i en samlet koncentration pa mindst 20 veegtpro-
cent af oxygenatfgdesammensaetningen, og

b) tilvejebringelse af en kemisk reaktor, der omfatter

i. en indlgbszone i fluidforbindelse med
ii. en reaktionszone, der omfatter et heterogent hydrogeneringska-
talysatormateriale i fluidforbindelse med
iii. en udlgbszone,

derefter

c) tilforsel af oxygenatfadesammensaetningen ifalge trin a) til reaktorind-
lobszonen i) ifalge trin b) med henblik pa at opna en indledende samlet
koncentration af C1-Cs-oxygenatforbindelse pa mindre end 20 vaegtpro-
cent af reaktorfluid i reaktionszonen ii) ifglge trin b), og

d) reaktion, i reaktionszonen ii), af C1-Cs-oxygenatforbindelsen med hydro-
gen i neerveerelse af katalysatormaterialet til opnaelse af en C1-Cs-hy-
droxyforbindelse, og

e) udvinding fra udlgbszonen iii) af hydroxyproduktsammensaestningen, der
omfatter C+-Cs-hydroxyforbindelsen.

Fremgangsmaden ifalge krav 1, hvor den samlede koncentration af C1-Cs-

oxygenatforbindelse i oxygenatfadesammensastningen er pa mindst

25 vaegtprocent af oxygenatfedesammensaetningen, sdsom mindst 30 eller

35 eller 40 eller 45 eller 50 eller 55 eller 60 eller 65 eller 70 eller 75 vaegt-

procent af oxygenatfgdesammensastningen.

Fremgangsmaden ifglge et hvilket som helst af kravene 1 eller 2, hvor oxy-

genatfedesammensastningen ifglge trin a) omfatter to eller flere C4-Cs-oxy-

genatforbindelser, der er valgt fra gruppen bestaende af glycolaldehyd, gly-
oxal, pyruvaldehyd, acetol og formaldehyd.

Fremgangsmaden ifglge et hvilket som helst af de foregaende krav, hvor

oxygenatfgdesammensastningen ifalge trin a) omfatter mindst 20 vaegtpro-

cent glycolaldehyd og mindst 5 vaegtprocent pyruvaldehyd.
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Fremgangsmaden ifglge et hvilket som helst af de foregaende krav, hvor
den samlede vaegtkoncentration af C+-Cs-hydroxyforbindelse i hydroxypro-
duktsammenseaetningen er mindst 50 vasgtprocent af den samlede koncen-
tration af C+-Cs-oxygenatforbindelse i oxygenatfedesammensaetningen, sa-
som mindst 55 eller 60 eller 65 eller 70 eller 75 eller 80 eller 85 eller

90 veegtprocent af den samlede koncentration af C+-Cs-oxygenatforbindelse
i oxygenatfgdesammensaestningen.

Fremgangsmaden ifglge et hvilket som helst af de foregaende krav, hvor
selektiviteten af ethylenglycol (mol/mol Cz) er pa mindst 80 %, sdsom
mindst 85, 88, 90, 91, 92, 93, 94, 95, 96 eller 97 %.

Fremgangsmaden ifglge et hvilket som helst af de foregaende krav, hvor
selektiviteten af propylenglycol (mol/mol C3) er pa mindst 60 %, sdsom
mindst 65, 70, 75, 80 %.

Fremgangsmaden ifglge et hvilket som helst af de foregaende krav, hvor
hydroxyproduktsammensaetningen ifalge trin ) omfatter en eller flere C+-Cs-
hydroxyforbindelser valgt fra gruppen bestdende af methanol, ethylenglycol
0g propylenglycol.

Fremgangsmaden ifglge et hvilket som helst af de foregaende krav, hvor
C1-Cs-oxygenatforbindelsen er en C»-Cs-oxygenatforbindelse.
Fremgangsmaden ifglge et hvilket som helst af de foregaende krav, hvor
C1-Cs-hydroxyforbindelsen er en C»-Cs-hydroxyforbindelse.
Fremgangsmaden ifglge et hvilket som helst af de foregaende krav, hvor
katalysatormaterialet ifalge trin b) omfatter en metalkomponent valgt fra
gruppen bestaende af ruthenium, rutheniumlegering, rhenium, rhodium, iri-
dium, palladium, platin, kobber og nikkel.

Fremgangsmaden ifglge et hvilket som helst af de foregaende krav, hvor
katalysatormaterialet ifalge trin b) omfatter et beerermateriale, sdsom et eller
flere valgt fra gruppen bestaende af carbon, silica, aluminiumoxid, titandio-
xid og zirconiumoxid.

Fremgangsmaden ifglge et hvilket som helst af de foregaende krav, hvor
katalysatormaterialet ifalge trin b) omfatter ruthenium pa carbon eller kobber
pa carbon.
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Fremgangsmaden ifglge et hvilket som helst af de foregaende krav, hvor
katalysatorreaktionen ifglge trin d) udferes under et indledende hydrogen-
partialtryk pa mindst 0,5 bar, sdsom mindst 5 bar eller mindst 40 bar, eller
mellem 0,5 og 500 bar eller mellem 0,5 og 200 bar, isaer mellem 0,5 og

5 bar eller mellem 60 og 140 bar.

Fremgangsmaden ifglge et hvilket som helst af de foregadende krav, hvor re-
aktionen ifalge trin d) udfgres ved en temperatur i omradet pa fra 50-350 °C,
sasom fra 50-250 °C, fra 60-120 °C, 200-250 °C eller fra 150-200 °C.
Fremgangsmaden ifglge et hvilket som helst af de foregadende krav, hvor re-
aktionen ifalge trin d) udfgres ved en temperatur i omradet pa fra 200-

250 °C og ved et hydrogenpartialtryk i omradet pa fra 0,5 til 5 bar.
Fremgangsmaden ifalge et hvilket som helst af kravene 1-15, hvor reaktio-
nen ifalge trin d) udfares ved en temperatur i omradet pa fra 60-120 °C og
ved et hydrogenpartialtryk i omradet pa fra 60 til 140 bar.

Fremgangsmaden ifglge et hvilket som helst af de foregaende krav, hvor
trin d) udfaeres under forhold til tilvejebringelse af veeskefasehydrogenering
af oxygenatforbindelsen, og der er et oplasningsmiddel til stede i reaktions-
zonen ifglge trin d).

Fremgangsmaden ifglge krav 18, hvor oplasningsmidlet omfatter en eller
flere af forbindelserne valgt fra gruppen bestaende af vand, methanol,
ethanol, ethylenglycol og propylenglycol.

Fremgangsmaden ifglge et hvilket som helst af de foregaende krav, hvor
fremgangsmaden udfares under kontinuerlige forhold.

Fremgangsmaden ifglge et hvilket som helst af de foregadende krav, hvor re-
aktoren ifglge trin ¢) er en stempelstramningsreaktor, sdsom en fastlejere-
aktor, en fastleje reaktor (packed bed, fixed bed eller trickle bed), en fluidi-
seringsreaktor eller en opsleemningsreaktor.

Fremgangsmaden ifglge et hvilket som helst af de foregaende krav, hvor en
fraktion af hydroxyproduktsammensaetningen, der udvindes ifalge trin e),
overfares til reaktionszonen ii) ifalge trin b).

Fremgangsmaden ifalge et hvilket som helst af kravene 1 til 20, hvor reakto-
ren ifalge trin ¢) er en velomrgrt tank reaktor , sdsom en CSTR eller en
Berty reaktor.
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Fremgangsmaden ifglge et hvilket som helst af de foregaende krav, hvor
hydrogeneringsproduktsammensaetningen ifglge trin €) underkastes et op-
rensningstrin, sdsom destillation, filtreringsadsorption og/eller ionbytning
med henblik pa at udvinde C1-Cs-hydroxyforbindelsen.
Fremgangsmaden ifalge krav 24, hvor uomsat hydrogen, der genvindes i
oprensningstrinnet, recirkuleres til reaktionszonen ii) ifalge trin b).
Fremgangsmade til fremstilling af en C4-Cs-hydroxyforbindelse, hvilken
fremgangsmade omfatter falgende trin:

tilvejebringelse af en ramaterialeoplesning af en sukkersammensaet-

ning,

eksponering af ramaterialet ifalge a) for termolytisk fragmentering med

henblik pa at frembringe en fragmenteringsproduktsammensaetning, der

omfatter en C4-Cs-oxygenatforbindelse, og

eventuelt konditionering af fragmenteringsproduktsammensaetningen,

og derefter

underkastelse af fragmenteringsproduktsammensaetningen ifglge trin ii)

eller iii) for fremgangsmaden ifglge et hvilket som helst af kravene 1

til 25, hvor fragmenteringsproduktsammensaetningen er oxygenatfgde-

sammensaetningen ifalge krav 1, trin a).
Fremgangsmaden ifalge krav 26, hvor sukkersammensaetningen veelges
blandt en eller flere af monosacchariderne fruktose, xylose, glukose, man-
nose, galaktose, arabinose og/eller disacchariderne saccharose, laktose,
maltose.
Fremgangsmaden ifalge et hvilket som helst af kravene 26 eller 27, hvor ra-
vareoplgsningen ifglge trin i) er en oplesning af sukker i et oplgsningsmid-
del, der omfatter fra 20-95, sdsom fra 50-90 veegtprocent sukker.
Fremgangsmade ifalge et hvilket som helst af kravene 26 til 28, hvor oplos-
ningsmidlet omfatter en eller flere af forbindelserne valgt fra gruppen besta-
ende af vand, methanol, ethanol, ethylenglycol og propylenglycol.
Anvendelse af et system til kontinuerlig udfarelse af fremgangsmaden ifalge
et hvilket som helst af kravene 1-29, idet naevnte system omfatter en hydro-
generingsenhed, sdsom en flerrarsreaktor, der har et indleb og et udleb og
en katalysator som defineret ifalge et hvilket som helst af ovenstdende krav,
og en termolytisk fragmenteringsenhed, der har et indlgb og et udleb, hvor
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naevnte termolytiske fragmenteringsenheds udleb er fluidt forbundet med
naevnte hydrogeneringsenheds indlgb.

Anvendelsen ifglge krav 30, hvori naevnte termolytiske fragmenteringsen-
heds udlgb er direkte fluidt forbundet med neevnte hydrogeneringsenheds
indlgb.

Anvendelsen ifalge et hvilket som helst af kravene 30 eller 31, der endvi-
dere har en hydrogenrecirkulering fra hydrogeneringsenhedens udlab til hy-

drogeneringsenhedens indlgb.
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DRAWINGS

Fig. 1

Hydrogenation of PA

@

0 10 Z0 30 40 50 60 70 80 90 100 110 120 130 140
Initial PA ¢oncentration (g/)

C,/C ratio
< 2 na W =Y W o ey 0
(




	Page 1 - ABSTRACT/BIBLIOGRAPHY
	Page 2 - ABSTRACT/BIBLIOGRAPHY
	Page 3 - DESCRIPTION
	Page 4 - DESCRIPTION
	Page 5 - DESCRIPTION
	Page 6 - DESCRIPTION
	Page 7 - DESCRIPTION
	Page 8 - DESCRIPTION
	Page 9 - DESCRIPTION
	Page 10 - DESCRIPTION
	Page 11 - DESCRIPTION
	Page 12 - DESCRIPTION
	Page 13 - DESCRIPTION
	Page 14 - DESCRIPTION
	Page 15 - DESCRIPTION
	Page 16 - DESCRIPTION
	Page 17 - CLAIMS
	Page 18 - CLAIMS
	Page 19 - CLAIMS
	Page 20 - CLAIMS
	Page 21 - CLAIMS
	Page 22 - DRAWINGS

