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CONTINUOUS PROCESS FOR THE PRODUCTION OF A VALUABLE COMPOUND
FROM LIGNOCELLULOSIC BIOMASS

This invention relates to a process for the production of a valuable compound by acid

hydrolysis of a lignocellulosic biomass.

Lignocellulosic biomass is rich in C5 and C6 sugars which can be converted to valuable
compounds such as levulinic acid, formic acid, furfural, HMF. Production of levulinic acid by
acid hydrolysis of biomass is disclosed e.g. in US4,897,497 and US5,608,105.

After the acid hydrolysis reaction the biomass hydrolysate must be withdrawn from the
reactor in order to isolate the valuable product from the unwanted components and side
products. US2010312006 suggests solvent-extraction to isolate levulinic acid from a biomass
hydrolysate.

When the biomass hydrolysate is withdrawn from the reactor, fresh biomass, acid and
(depending on the water content of the selected biomass) water must be added to replete the

reactor.
An important cost factor in such acid hydrolysis process is the consumption of (mineral) acid.

In order to increase the economics of such process, the inventors have found that recycling
the aqueous phase obtained after a subsequent solvent-extraction step back to the

hydrolysis reaction may advantageously reduce the consumption of mineral acid.

Therefore, the invention provides a continuous process for the production of a valuable

compound from a lignocellulosic biomass, said process comprising:

- subjecting a slurried lignocellulosic biomass to an acid hydrolysis reaction in a reactor
having an inlet and an outlet, in the presence of a mineral acid and under conditions
of temperature, time, and acid concentration to yield a biomass hydrolysate

comprising a valuable compound;
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- subjecting said biomass hydrolysate to a solvent-extraction to yield an organic phase
comprising the valuable compound, and an agueous phase comprising at least part of
the mineral acid and separating said phases resulting in an organic stream and an
aqueous stream,

- optionally concentrating said aqueous stream;

- recycling the optionally concentrated aqueous stream to the acid hydrolysis reaction;
and

- optionally isolating the valuable compound.

In the context of the invention “continuous” is understood to include continuous batch and

semi batch processes.

The valuable compound may be for example levulinic acid, hydroxymethylfurfural, formic

acid, furfural, or a combination thereof. Preferably the valuable compound is levulinic acid.

@, 0

The term “a@” or “an” as used herein is defined as “at least one” unless specified otherwise.
When referring to a noun (e.g. a compound, a cell etc.) in the singular, the plural is
understood to be included. For example, “a reactor having an inlet and an outlet” includes a

reactor having two, three or more outlets and/or two, three, or more inlets.

The reactor may have one inlet for biomass, one for water, one for mineral acid, and one to
feed the recycled aqueous stream. The mineral acid may be fed to the reactor in

concentrated form, or in diluted form, e.g. together with water.

Preferably, at least part of the mineral acid in the acid hydrolysis reaction may be provided by
the recycled aqueous stream. That is, preferably at least part of the mineral acid in the
hydrolysis reaction comes from the recycled aqueous stream. The recycled aqueous stream
preferably provides most, more preferably essentially all of the mineral acid to the acid
hydrolysis reaction. Part of the mineral acid in the acid hydrolysis reaction may be provided
separately from the recycled aqueous stream. That is, part of the mineral acid in the acid
hydrolysis reaction may not be added to the acid hydrolysis reaction through the recycled
aqueous stream, but is added separately, for example as a concentrated mineral acid

stream.

Suitable mineral acids in the acid hydrolysis of biomass include sulphuric acid, hydrochloric
acid, and phosphoric acid. A preferred acid is sulphuric acid, preferably diluted sulphuric

acid, for example at a concentration between 1.5 — 10%. The temperature in the acid
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hydrolysis may depend on the source of carbohydrates, and typically ranges between 120-
250°C, preferably between 120-200°C. Said process may comprise one, two, or more
stages. The pressure may also depend on the source of the biomass carbohydrates, as well
as on the temperature, and may be anywhere between 1 and 50 bar, preferably between 5
and 40 bar, even more preferably between 10 and 30 bar. Suitable reactors include plugflow
reactors, backmix reactors, and CSTR reactors. Different reactors for different stages may be
used. The skilled person will understand that the reaction time for acid hydrolysis of biomass
depends on the reaction temperature, the pressure, as well as the source of biomass, the
target valuable compound, and the concentration of the acid. At higher reaction temperatures
the reaction time may be shorter, whereas at lower reaction temperatures the reaction time
may be longer. Likewise, at lower pressure, the reaction time may be longer whereas at
higher pressure the reaction time may be shorter. The skilled person may therefore, without
undue burden, establish suitable conditions with respect to temperature, reaction time, and
pressure in order to obtain the target valuable compound. The reaction time may vary

between one second and one day, preferably between 10 seconds and one hour.

In the context of the invention, “extraction”, “solvent extraction”, and “solvent-solvent
extraction” are understood to be the same. Extraction takes advantage of differences in the
chemical properties of the feed components, such as differences in polarity and
hydrophobic/hydrophilic character to separate them (T.C. Frank, L.Dahuron, B.S. Holden,
W.D. Prince, A.F. Seibert, L.C. Wilson, Liquid-liquid extraction and other liquid-liquid
operations and equipment in Perry’s Chemical Engineering Handbook, 8th Edition, Section
15). Extraction yields an aqueous phase and an organic phase. The organic phase
preferably comprises levulinic acid and formic acid. A preferred organic solvent is
methyltetrahydrofuran (MTHF).

The biomass hydrolysate comprising the valuable compound is subjected to a solvent-
extraction to yield an organic phase and an aqueous phase. The extraction can be carried
out such that a solvent is added to the biomass hydrolysis in suitable amount such, resulting
in a biphasic system. The resulting phases are separated, e.g. by decantation, resulting in an
organic stream and an aqueous stream. The skilled person knows how to separate the two

layers.

The process may include additional steps between the acid hydrolysis and the solvent-
extraction step, such as one or more solid/liquid separation steps, whereby the liquid fraction

(of the biomass hydrolysate) can be recovered and be subjected to the solvent-extraction.
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Thus, the invention provides a process for the production of a valuable compound from a

lignocellulosic biomass, said process comprising:

- subjecting a slurried lignocellulosic biomass to an acid hydrolysis reaction in a reactor
having an inlet and an outlet, in the presence of a mineral acid and under conditions
of temperature, time, and acid concentration to yield a biomass hydrolysate
comprising a valuable compound;

- subjecting said biomass hydrolysate to a solid/liquid separation and recovering the
liquid fraction;

- subjecting said liquid fraction to a solvent-extraction to yield an organic phase
comprising the valuable compound, and an aqueous phase comprising at least part of
the mineral acid and separating said phases resulting in an organic stream and an
aqueous stream,

- optionally concentrating said aqueous stream;

- recycling the optionally concentrated agueous stream to the acid hydrolysis reaction;
and

- optionally isolating the valuable compound

The aqueous phase (in this invention also referred to as “aqueous stream”) comprises at
least part of the mineral acid, preferably most mineral acid, more preferably essentially all

mineral acid relative to the amount of mineral acid in the feed before extraction.

The organic phase (also referred to as “organic stream”) preferably comprises most of the
valuable compound, more preferably essentially all of the valuable compound relative to the

amount of valuable compound in the feed before extraction.

In the art, the aqueous phase after solvent-extraction is discarded, but the inventors have
surprisingly found that this stream can be recycled to the acid hydrolysis reaction,
advantageously reducing consumption of mineral acid. Recycling the aqueous stream to the
reactor may reduce, or even avoid the (separate) addition of mineral acid. Preferably all
mineral acid in the outlet of the reactor (i.e. in the biomass hydrolysate) ends up in the
aqueous stream, and via the recycle step this mineral acid is recycled fully to the reactor; in
this case no additional mineral acid needs to be added to the reactor. If not all mineral acid in
the outlet of the reactor ends up in the agueous phase, it may be necessary to feed

additional mineral acid to the reactor.
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Before recycling the aqueous stream to the reactor it is optionally concentrated, e.g. by
flashing. This results in a reduced aqueous stream and thus a reduced recycled aqueous
stream. However, the amount of acid and salts which is recycled to the acid hydrolysis
reactor typically remains unchanged after a concentration step as mostly only the water is

removed.

The optionally concentrated aqueous stream can be recycled to the acid hydrolysis reactor
directly, or for example via a preceding storage tank. This is not essential, as long as the
agueous stream and its mineral acid are eventually mixed with the biomass, and participates

in the acid hydrolysis reaction.

In the context of the invention, “a lignocellulosic biomass” is understood to be a biomass
comprising lignocellulosic biomass. It may be purely lignocellulosic biomass, or a mixture of
lignocellulosic biomass and non-lignocellulosic biomass. Lignocellulosic biomass typically
has a fibrous nature and comprises a bran fraction that contains the majority of
lignocellulosic (bran) fibers. As an example, corn fiber is a heterogeneous complex of
carbohydrate polymers and lignin. It is primarily composed of the outer kernel covering or
seed pericarp, along with 10-25% adherent starch. Carbohydrate analyses of corn fiber vary
considerably according to the source of the material. Lignocellulosic biomass is usually rich
in salts, particularly cations such as sodium. The lignocellulosic biomass may comprise
hemicellulose. A preferred biomass is paper pulp. Paper pulp, or simply pulp, is a
lignocellulosic fibrous material prepared by chemically or mechanically separating cellulose
from wood, fibre crops or waste paper. Pulp is rich in cellulose and other carbohydrates.
Paper sludge, or simply sludge, is a lignocellulosic fibrous containing cellulose fibres too
short for usage in the paper industry. Lignocellulosic biomass is typically rich is cations such
as Ca, K, Na, and Mg, and, to a lesser extent B, Al, Mn, Fe, Zn, Pb, and Ni.

The inventors have found that the aqueous stream, in addition of the mineral acid, may also
comprise salts, particularly cations, particularly soluble cations such as K and Na, which are
believed to come from the biomass. When the agueous phase is recycled to the acid

hydrolysis reactor, the inventors found that such salts may accumulate in the reactor.

The inventors also found that by recycling the aqueous phase to the reactor, the effective
(free) acid concentration in the reactor may decrease over time, and may eventually even

become nil. This of course negatively affects the hydrolysis reaction.
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The inventors have solved this problem by recycling only part of the agqueous phase to the

hydrolysis reaction.

Therefore, in an embodiment, prior to recycling the aqueous stream to the acid hydrolysis

reaction, the process comprises:

- purging part of the recycled agueous stream, resulting in a reduced aqueous stream,

whereby said reduced aqueous stream is recycled to the acid hydrolysis reaction.

With “purging” is meant that a part of the aqueous stream, before it is fed to the reactor, is
removed from the main stream, resulting in a reduced stream (volume / time) and
concomitant reduced amount of mineral acid and/or salts and cations which are recycled to
the acid hydrolysis reaction. In other words, not all, but only part of the aqueous stream is

recycled to the acid hydrolysis reaction.

The inventors have surprisingly found that if only part of the aqueous stream is recycled to
the acid hydrolysis reaction, the consumption of mineral acid is advantageously low, whilst
the acid hydrolysis reaction is efficient and stable (robust), and the effective (free) acid

concentration in the reactor may be stable.
The extent of the purge need not be constant over time.

In an embodiment, the extent of the purge, i.e. the amount of agueous stream which is
removed from the aqueous stream, is such that the amount of cations in the outlet of the
reactor substantially equals the amount of cations which is fed to the reactor. The inventors
have surprisingly found that this may keep the consumption of mineral acid advantageously
low, whilst the acid hydrolysis reaction is efficient and stable (robust), and the effective (free)
acid concentration in the reactor may be stable. The skilled person knows how to measure
the amount of cations in the reactor or in the outlet of the reactor or in the feed of the reactor,
e.g. by atomic absorption. It may also be possible to measure the most abundant cation, e.g.
sodium as a marker cation to control the recycle stream such that the amount of cations in
the outlet of the reactor substantially equals the amount of cations which is fed to the reactor.
For example, the skilled person may determine the amount of cations at t = 0, and again at
30 minutes or 60 minutes. Thus, there is plenty of time to adjust the recycle stream.
“Substantially equal” may be within 20%, 10%, preferably within 5%, more preferably within 2
%. For example, if a measurement indicates that the amount of cations in the reactor or in

the outlet is less than 10% more relative to the amount of cations in the feed of the reactor,
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the purge can be increased, effectively reducing the recycled aqueous stream. If the purge is
increased, i.e. the aqueous stream recycle is reduced, it may be necessary to increase the
(separate) addition of mineral acid to the reaction, and possible also water, depending on the
type of biomass. The skilled person knows how to do this: he can simply determine the
mineral acid content in the aqueous recycle stream and compare this to the desired mineral
acid concentration of the acid hydrolysis. If the reduction of the aqueous recycle stream
would be such that the mineral acid concentration would be too low, he can simply add
mineral acid separately, or increase the separate addition of mineral acid. In a subsequent
measurement, e.g. after another 30 minutes, he can again measure the amount of cations. If
then the amount of cations in the outlet of the reactor substantially equals the amount of
cations which is fed to the reactor, the aqueous recycle stream is correct and does not need
to be decreased further. If, however, the amount of cations in the outlet of the reactor is still
more than the amount of cations which is fed to the reactor, he can further increase the
purge, and do this as often as necessary until the amount of cations in the outlet of the
reactor substantially equals the amount of cations which is fed to the reactor. Typically, at the
onset of the process, when the extent of the purge still needs to be set, the amount of cations
in the reactor or outlet will be equal or less than the amount of cations in the feed or the

reactor; an increase is not to be expected at this stage.

In another embodiment, the extent of the purge is such that the free mineral acid
concentration in the reactor is substantially constant. The inventors have surprisingly found
that this may keep the consumption of mineral acid advantageously low, whilst the acid
hydrolysis reaction is efficient and stable (robust). With a “substantially constant free mineral
acid concentration ” is understood substantially constant over time. For example, the mineral
acid concentration may be substantially constant within a period of 10 minutes, or 20
minutes, 30 minutes, or 60 minutes. The skilled person knows how to determine whether the
free mineral acid concentration in the reactor is substantially constant. For example, he can
measure the free mineral acid content in the reactor, e.g. by titration. He may determine the
concentration of free mineral acid in the reactor at t = 0, and again at 30 minutes, or 60
minutes etcetera’s. Thus there is plenty of time to adjust the recycle stream. “Substantially
constant” may be within 10%, preferably within 5%, more preferably within 2%, even more
preferably within 1%, 0.5% relative to an earlier measurement. For example, if a second
measurement indicates that the concentration of free mineral acid in the reactor has
decreased by 10% or more relative to an earlier measurement, the purge can be increased,

thereby effectively reducing the recycled aqueous stream. The skilled person appreciates
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that the allowed deviation in free acid concentration may depend on the measuring
frequency: if the intermittent measuring points are closer to each other he will probably
decide to increase the purge already if the change in free mineral concentration is small.
Likewise, if the intermittent measuring points are further apart, he may decide to increase the

purge only at larger changes in free mineral acid concentration.

In another embodiment, the extent of the purge is such that the amount of cations in the
outlet of the reactor substantially equals the sum of the amount of cations in the
lignocellulosic biomass which is fed to the reactor, the amount of cations in the (reduced)
recycled aqueous stream which is fed to the reactor, and optionally the amount of any
cations present in another stream to the reactor. That is, the skilled person can determine, on
the one hand, the amount of cations in the outlet of the reactor, and compare this to, on the
other hand:

- the amount of cations in the lignocellulosic biomass which is fed to the reactor; plus
- the amount of cations in the (reduced) recycled aqueous stream which is fed to the
reactor; plus

- optionally any cations present in another stream to the reactor.

Concerning “any cations present in a separate stream to the reactor”: such cations may for
example be added to the reactor together with a separate stream, such as a mineral acid or

water stream.

In another embodiment, the extent of the purge is such that the pH in the reactor is
substantially constant. The skilled person knows how to measure the pH in the reactor. A
“substantially constant” pH value means preferably within 0.2 pH units, more preferably
within 0.1 pH unit, even more preferably within 0.05 pH units. The skilled person may select
suitable time periods within which the pH is substantially constant. For example, the pH value
may be substantially constant within a period of 10 minutes, or 20 minutes, 30 minutes, or 60
minutes. The skilled person may measure the pH in the reactor at t = 0, and again at 30

minutes, or 60 minutes, etcetera’s. Thus, there is plenty of time to adjust the recycle stream.
LEGEND TO THE FIGURE

The figure shows a schematic representation of how the claimed process can be carried out.
In this case, levulinic acid is produced. Paper pulp (“biomass”) is fed to the reactor. Water

can be added separately, depending on the desired biomass content in the reaction and the
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source of biomass. If the biomass is relatively dry, water may have to be added separately in
order to achieve a slurried biomass of the desired concentration. With paper pulp, less or no
water needs to be added separately. In this case, the dry matter content is approximately 10
wt%). Mineral acid such as sulfuric acid can also be added to the reactor separately,
depending on the amount of mineral acid in the agueous recycle stream. In this case the
mineral acid content in the reaction is approximately 5%. The temperature is approximately
175°C, and the reaction time is 75 minutes. As the biomass hydrolysate leaves the reactor,
the pressure is optionally released, any vapor is optionally flashed, and the solids are
optionally removed. The resulting liquid can be optionally concentrated, and subsequently an
organic solvent (e.g. MTHF) is added. The organic phase can be further purified, and the
agqueous phase (or aqueous stream) is recycled to the reactor. Before the aqueous phase is
recycled to the reactor, part of the aqueous stream is purged. Depending on (i) the pH or the
free mineral acid concentration in the reactor, (ii) the balance of cations in the outlet of the
reactor versus the cations which are fed to the reactor, and/or (iii) the balance of cations in
the outlet of the reactor versus the sum of cations in the lignocellulosic biomass which is fed
to the reactor, cations in the (reduced) recycled aqueous stream which is fed to the reactor,
and any cations present in another stream to the reactor, the purge may be decreased or

increased.
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1.

10

CLAIMS

A continuous process for the production of a valuable compound from a

lignocellulosic biomass, said process comprising:

- subjecting a slurried lignocellulosic biomass to an acid hydrolysis reaction in a
reactor having an inlet and an outlet, in the presence of a mineral acid and under
conditions of temperature, time, and acid concentration to yield a biomass
hydrolysate comprising a valuable compound;

- subjecting said biomass hydrolysate to a solvent-extraction to yield an organic
phase comprising the valuable compound, and an aqueous phase comprising at
least part of the mineral acid and separating said phases resulting in an organic
stream and an aqueous stream,

- optionally concentrating said agueous stream;

- recycling the optionally concentrated aqueous stream to the acid hydrolysis
reaction; and

- optionally isolating the valuable compound.

Process according to claim 1 wherein the valuable compound is levulinic acid.

Process according to 1 or 2 whereby at least part of the mineral acid in the acid

hydrolysis reaction is provided by the recycled aqueous stream.

Process according to any one of claim 1-3 whereby part of the mineral acid in the

acid hydrolysis reaction is provided separately from the recycled aqueous stream.

Process according to any one of claim 1-4 further comprising, prior to recycling the

agueous stream to the acid hydrolysis reaction:

- purging part of the recycled aqueous stream, resulting in a reduced agueous
stream, whereby said reduced aqueous stream is recycled to the acid hydrolysis
reaction.

Process according to claim 5 whereby the extent of the purge is such that the amount

of cations in the outlet of the reactor substantially equals the amount of cations which

is fed to the reactor.

Process according to claim 5 or 6, whereby extent of the purge is such that the free

mineral acid concentration in the reactor is substantially constant.

Process according to any one of claim 5-7 whereby the extent of purge is such that

the amount of cations in the outlet of the reactor substantially equals the sum of the

amount of cations in the lignocellulosic biomass which is fed to the reactor, the
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amount of cations in the (reduced) recycled aqueous stream which is fed to the
reactor, and optionally the amount of any cations present in another stream to the

reactor.

9. Process according to any one of claim 5-8 whereby the extent of purge is such that
the pH in the reactor is substantially constant.
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