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Description

TECHNICAL FIELD

[0001] The present invention relates to an industrial
process for the single step preparation of lactide from
lactic acid.

BACKGROUND

[0002] Polylactic acid (PLA), a renewable resource
mainly obtained from corn starch and sugar cane, is one
of the most important bio-based and biodegradable plas-
tics, and may replace petroleum based plastics in a range
of applications. For the production of PLA, lactic acid (LA)
is typically first converted into lactide (LD), its cyclic dim-
er. Subsequently, this lactide is converted via ring open-
ing polymerization into PLA. However, the most costly
step is the conversion of lactic acid into lactide.
[0003] Currently, industrial lactide synthesis occurs
mainly through a two-step process. A first step in the two-
step process is the synthesis of a low quality lactic acid
polymer. A second step is the conversion of this polymer
into lactide via depolymerization, i.e. backbiting. This
two-step process is typically energy consuming, selec-
tivity is low, and significant amounts of meso-lactide, an
undesired lactide, are generated. Alternatively, lactide
may be synthesized in a gas-phase process over packed
solid catalyst beds. Though cheaper than the two-step
process, this industrial process has limited yield and/or
limited volumetric productivity.

SUMMARY OF THE INVENTION

[0004] In view of the above, there is a need in the art
to provide an alternative industrial process for the prep-
aration of lactide from lactic acid. There is a need in the
art to provide an industrial process for the preparation of
lactide from lactic acid that is cheaper. There is a need
in the art to provide an industrial process that is optimized
in energy consumption and respects heat integration.
There is a need in the art to provide an industrial process
for the preparation of lactide from lactic acid that con-
sumes less energy. There is a need in the art to provide
an industrial process for the preparation of lactide from
lactic acid that is flexible. There is a need in the art to
provide an industrial process for the preparation of lactide
from lactic acid that is more selective. There is a need in
the art to provide an industrial process for the preparation
of lactide from lactic acid that has high yield. There is a
need in the art to provide an industrial process for the
preparation of lactide from lactic acid that has high vol-
umetric productivity.
[0005] There is also a need in the art to provide a single
step industrial process for the preparation of lactide from
lactic acid that is flexible or independent with regards to
the composition of the feed. There is also a need in the
art to provide a single step industrial process for the prep-

aration of lactide from lactic acid that is flexible that re-
quires fewer heaters. There is also a need in the art to
provide a single step industrial process for the prepara-
tion of lactide from lactic acid that has a simpler reactor
design. There is also a need in the art to provide a single
step industrial process for the preparation of lactide from
lactic acid that has a simpler reactor design. There is also
a need in the art to provide a single step industrial process
for the preparation of lactide from lactic acid that has a
smaller slurry pump.
[0006] There is also a need in the art to provide a single
step industrial process for the preparation of lactide from
lactic acid that has an improved product yield. There is
also a need in the art to provide a single step industrial
process for the preparation of lactide from lactic acid that
has improved overall conversion. There is also a need
in the art to provide a single step industrial process for
the preparation of lactide from lactic acid that has inde-
pendent control of reactor settings. There is also a need
in the art to provide a single step industrial process for
the preparation of lactide from lactic acid that can still
operate, with catalyst or without catalyst, in case of a
technical malfunction. There is also a need in the art to
provide a single step industrial process for the prepara-
tion of lactide from lactic acid that minimizes solvent.
There is also a need in the art to provide a single step
industrial process for the preparation of lactide from lactic
acid that improves residence time.
[0007] There is also a need in the art to provide a single
step industrial process for the preparation of lactide from
lactic acid that is flexible or independent with regards to
the composition of the feed. There is also a need in the
art to provide a single step industrial process for the prep-
aration of lactide from lactic acid that makes use of re-
sidual oligomers. There is also a need in the art to provide
a single step industrial process for the preparation of lac-
tide from lactic acid that is flexible or independent with
regards to the concentration of oligomers in the feed.
There is also a need in the art to provide a single step
industrial process for the preparation of lactide from lactic
acid that controls the water quantity that enters the reac-
tor(s). There is also a need in the art to provide a single
step industrial process for the preparation of lactide from
lactic acid that controls the water quantity that enters the
reactor(s). There is also a need in the art to provide a
single step industrial process for the preparation of lac-
tide from lactic acid that is flexible or independent with
regards to the concentration of water in the feed. There
is also a need in the art to provide a single step industrial
process for the preparation of lactide from lactic acid that
is flexible or independent with regards to the concentra-
tion of lactic acid in the feed. There is also a need in the
art to provide a single step industrial process for the prep-
aration of lactide from lactic acid that avoids or limits dif-
ficult and/or costly separation steps, for example for sep-
arating a catalyst from the lactic acid, for example by
costly techniques such as filtration and/or centrifugation.
[0008] There is also a need in the art to provide a single
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step industrial process for the preparation of lactide from
lactic acid that is energy efficient. There is also a need
in the art to provide a single step industrial process for
the preparation of lactide from lactic acid that avoids or
limits the addition of water from an external source. There
is also a need in the art to provide a single step industrial
process for the preparation of lactide from lactic acid that
avoids or limits the addition of catalyst from an external
source. There is also a need in the art to provide a single
step industrial process for the preparation of lactide from
lactic acid that reduces the cost of a separate catalyst
regeneration step. There is also a need in the art to pro-
vide a single step industrial process for the preparation
of lactide from lactic acid that can be operational both
with and without catalyst, at little additional effort or cost.
[0009] There is also a need in the art to provide a single
step industrial process for the preparation of lactide from
lactic acid that is energy efficient. There is also a need
in the art to provide a single step industrial process for
the preparation of lactide from lactic acid wherein the
energy input is minimal. There is also a need in the art
to provide a single step industrial process for the prepa-
ration of lactide from lactic acid wherein the energy loss
is minimal.
[0010] There is also a need in the art to provide a single
step industrial process for the preparation of lactide from
lactic acid with fewer steps for separating water. There
is also a need in the art to provide a single step industrial
process for the preparation of lactide from lactic acid
wherein the separation of water is simpler and/or cheap-
er. There is also a need in the art to provide a single step
industrial process for the preparation of lactide from lactic
acid wherein the separation of water requires no or less
additional heating. There is also a need in the art to pro-
vide a single step industrial process for the preparation
of lactide from lactic acid with no or less degradation of
the lactide. There is also a need in the art to provide a
single step industrial process for the preparation of lac-
tide from lactic acid with no or less degradation of the
solvent. There is also a need in the art to provide a single
step industrial process for the preparation of lactide from
lactic acid wherein the separation of water is compatible
with the catalyst used. The invention overcomes one or
more of the above-mentioned needs. Preferred embod-
iments of the invention overcome one or more of the
above-mentioned needs.
[0011] In general, the invention provides a process for
synthesizing lactide, comprising the steps of: providing
one or more components to at least one reactor, the one
or more components comprising lactic acid; converting
at least part of the lactic acid into lactide and water in one
step; and recovering at least part of the lactide.
[0012] According to a first aspect, the invention pro-
vides a process for synthesizing lactide, preferably an
industrial process for synthesizing lactide, comprising the
steps of: adding thermal energy to at least one solvent;
providing one or more components to at least one reactor,
the one or more components comprising lactic acid and

the at least one solvent; converting at least part of the
lactic acid into lactide and water in one step; and recov-
ering at least part of the lactide; wherein the step of adding
thermal energy to the at least one solvent is performed
prior to the step of adding the at least one solvent to the
at least one reactor; and wherein the at least one solvent
is provided in the at least one reactor independently from
the lactic acid by a separate entry into the at least one
reactor.
[0013] According to a second aspect, the invention pro-
vides a process for synthesizing lactide, preferably an
industrial process for synthesizing lactide, comprising the
steps of: providing one or more components to at least
one reactor, the one or more components comprising
lactic acid; converting at least part of the lactic acid into
lactide and water and into lactic acid oligomers in one
step; recovering at least part of the lactide; recovering at
least part of the water and at least part of the lactic acid
oligomers; adding a feed, optionally comprising lactic ac-
id oligomers, and optionally comprising water, to the re-
covered water and the recovered lactic acid oligomers,
and mixing the feed with the recovered water and the
recovered lactic acid oligomers to form a mixture; con-
verting at least part of the lactic acid oligomers in the
mixture into lactic acid and into lactic acid dimer in one
step; and removing at least part of the water from the
mixture; whereby at least part of the remainder of the
mixture is provided as one of the one or more compo-
nents that are provided to the at least one reactor.
[0014] According to a third aspect, the invention pro-
vides a process for synthesizing lactide, preferably an
industrial process for synthesizing lactide, comprising the
steps of: adding thermal energy to at least one of one or
more components; providing the one or more compo-
nents to at least one reactor, the one or more components
comprising lactic acid; converting at least part of the lactic
acid into lactide and water in one step; recovering at least
part of the lactide; recovering at least part of the thermal
energy; and adding the recovered thermal energy to at
least one of the one or more components.
[0015] According to a fourth aspect, the invention pro-
vides a process for synthesizing lactide, preferably an
industrial process for synthesizing lactide, comprising the
steps of: providing one or more components to at least
one reactor, the one or more components comprising
lactic acid; converting at least part of the lactic acid into
lactide and water in one step; recovering at least part of
the lactide; and recovering at least part of the water;
wherein the step of recovering at least part of the water
comprises a decantation step, preferably with the proviso
that the step of recovering at least part of the water does
not comprise an azeotropic distillation step.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016]

FIG. 1, composed of FIG. 1A, FIG. 1B, FIG. 1C, and
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FIG. 1D, represents flow diagram of a process, com-
bining several preferred embodiments of the present
invention.
Following reference numbers are adhered to in FIG.
1: Original feed (100); Pumps (101,102,103,104), for
example vacuum pump (104); Lactic acid, LA (110);
Lactic acid dimer, L2A (120); Lactic acid oligomers,
L3A, L4A, LxA (130); Water (140); Solvent (150);
Catalyst system (160); Lactide (200); Lactide filter
(210); Valve for lactide purification (215); Lactide pu-
rifier (220); Refrigeration cycle for lactide crystalliza-
tion (300); First crystallization reactor (301); Second
crystallization reactor (302); Compressor (310);
Heat exchangers for refrigeration cycle (311, 312);
Valve for refrigeration cycle (315); High quality water
(400); Water separation between reactors (410); De-
cantation step (420); Water separation membrane
(430); Steam generator (500); Optional heat ex-
changer for steam/feed (510); Heated steam for feed
(511); Cooled steam from feed (512); Heat exchang-
er for steam/solvent (520); Heated steam for solvent
(521); Cooled steam from solvent (522); First heat
recovery step (610); Cold stream and hot stream
sides of heat exchanger for first heat recovery step
(611, 612); Second heat recovery step (620); Cold
stream and hot stream sides of heat exchanger for
second heat recovery step (621, 622); Third heat
recovery step (630); Heat exchanger for third heat
recovery step (632); First reactor (710); Second re-
actor (720); Optional recycling reactor or optional re-
generation reactor (730)

FIG. 2 illustrates a semi-batch catalyst injection sys-
tem which may be used in the present invention,
comprising: (1) a regenerated catalyst slurry inlet
from a centrifugal separator; (2) a catalyst slurry out-
let into the reactor; (3) a gas inlet to build up pressure;
and (21,22) valves.

FIG. 3 composed of FIG. 3A, FIG. 3B, and FIG. 3C,
illustrates possible reactor configurations to include
in situ water separation and heat recovery. FIG. 3B
illustrates the use of two condensation steps: the first
vessel operates at a temperature below the boiling
point of the solvent (but higher than the boiling point
of water) to recover mostly the solvent, while the sec-
ond vessel operates at a temperature below the boil-
ing point of water to recover water and remaining
trace of solvent which is sent back into the reactor.
FIG. 3C illustrates an in situ separation of solvent,
which is implanted inside the reactor by adding some
distillation steps to separate solvent and return it
back into the reactor.

FIG. 4 represents a flow diagram of a process, com-
bining several preferred embodiments of the present
invention.

FIG. 5 represents a flow diagram of a process suit-
able to produce lactide, using distillation in the puri-
fication steps.

FIG. 6 shows the regeneration in water of 45°C of a
solid catalyst suitable to be used in the formation of
lactide in some embodiments of the invention.

DETAILED DESCRIPTION OF THE INVENTION

[0017] Before the present processes according to the
present invention are described, it is to be understood
that this invention is not limited to particular processes
described, since such processes may, of course, vary. It
is also to be understood that the terminology used herein
is not intended to be limiting, since the scope of the
present invention will be limited only by the appended
claims.
[0018] When describing the invention, the terms used
are to be construed in accordance with the following def-
initions, unless the context dictates otherwise.
[0019] As used herein, the singular forms "a", "an", and
"the" include both singular and plural referents unless
the context clearly dictates otherwise. By way of exam-
ple, "a resin" means one resin or more than one resin.
Reference throughout this specification to "one embod-
iment" or "an embodiment" means that a particular fea-
ture, structure or characteristic described in connection
with the embodiment is included in at least one embod-
iment of the present invention. Thus, appearances of the
phrases "in one embodiment" or "in an embodiment" in
various places throughout this specification are not nec-
essarily all referring to the same embodiment, but may.
Furthermore, the particular features, structures or char-
acteristics may be combined in any suitable manner, as
would be apparent to a person skilled in the art from this
disclosure, in one or more embodiments. Furthermore,
while some embodiments described herein include some
but not other features included in other embodiments,
combinations of features of different embodiments are
meant to be within the scope of the invention, and form
different embodiments, as would be understood by those
in the art. For example, in the following claims, any of the
claimed embodiments can be used in any combination.
The terms "comprising", "comprises" and "comprised of"
as used herein are synonymous with "including", "in-
cludes" or "containing", "contains", and are inclusive or
open-ended and do not exclude additional, non-recited
members, elements or method steps. It will be appreci-
ated that the terms "comprising", "comprises" and "com-
prised of" as used herein comprise the terms "consisting
of", "consists" and "consists of". The recitation of numer-
ical ranges by endpoints includes all integer numbers
and, where appropriate, fractions subsumed within that
range (e.g. 1 to 5 can include 1, 2, 3, 4 when referring
to, for example, a number of elements, and can also in-
clude 1.5, 2, 2.75 and 3.80, when referring to, for exam-
ple, measurements). The recitation of end points also
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includes the end point values themselves (e.g. from 1.0
to 5.0 includes both 1.0 and 5.0). Any numerical range
recited herein is intended to include all sub-ranges sub-
sumed therein.
[0020] In what follows, the invention will be discussed
in more detail. Explicitly exemplified and/or preferred em-
bodiments of one aspect discussed below, should also
be considered as explicitly exemplified and/or preferred
embodiments for the other aspects discussed below.
[0021] The present invention relates to a process for
synthesizing lactide, preferably an industrial process for
synthesizing lactide. The process comprises the steps
of: providing one or more components to at least one
reactor, the one or more components comprising lactic
acid; converting at least part of the lactic acid into lactide
and water in one step; and recovering at least part of the
lactide. More in particular, the present invention involves
a process for synthesizing lactide, comprising the steps
of:

- providing one or more components to at least one
reactor, the one or more components comprising lac-
tic acid and a solvent;

- converting at least part of the lactic acid into lactide
and water;

- recovering at least part of the lactide; and
- recovering at least part of the water;

wherein the step of converting at least part of the lactic
acid into lactide and water is performed in one step;
and wherein the step of recovering at least part of the
water comprises a decantation step, with the proviso that
the step of recovering at least part of the water does not
comprise an azeotropic distillation step.
[0022] The one or more components comprise at least
one solvent. In some embodiments, the one or more com-
ponents comprise at least one catalyst system. In some
embodiments, the one or more components comprise at
least one solvent and at least one catalyst system.
[0023] In some embodiments, the process comprises
the step of: recovering at least part of the water, optionally
wherein the recovered water comprises at least part of
the at least one catalyst system. In some embodiments,
the process comprises the step of: recovering at least
part of the at least one catalyst system, optionally wherein
the recovered catalyst system is comprised in at least
part of the water. In some embodiments, the process
comprises the step of: recovering at least part of the water
and at least part of the at least one catalyst system,
wherein the recovered water comprises at least part of
the at least one catalyst system.
[0024] In some embodiments, the process comprises
the step of: recovering at least part of the at least one
solvent.
[0025] In some embodiments, the process comprises
the steps of: converting at least part of the lactic acid into
lactide and water and into lactic acid oligomers in one
step; and recovering at least part of the lactic acid oli-

gomers.
[0026] In some embodiments, the process comprises
the step of: adding thermal energy to at least one of the
one or more components. In some embodiments, the
step of adding thermal energy to at least one of the one
or more components is performed prior to the step of
adding the one or more components to the at least one
reactor. In some embodiments, the process comprises
the step of: recovering thermal energy from at least one
of the one or more recovered components.
[0027] In some embodiments, the process comprises
the step of: providing the one or more components to at
least two reactors, preferably to at least two reactors con-
nected in series.
[0028] In some particularly preferred embodiments,
the invention provides a process for synthesizing lactide,
comprising the steps of: adding thermal energy to at least
one solvent; providing one or more components to at
least one reactor, the one or more components compris-
ing lactic acid and the at least one solvent; converting at
least part of the lactic acid into lactide and water in one
step; and recovering at least part of the lactide. The step
of adding thermal energy to the at least one solvent is
performed prior to the step of adding the at least one
solvent to the at least one reactor.
[0029] Such a process has the advantage that heat is
added to the solvent, which solvent is then used to (par-
tially) heat the reactor(s). The amount of solvent and the
temperature of the solvent can be modified to suit the
lactic acid feed. This provides a more flexible process.
Such a process also has the advantage that the reactor(s)
requires less, or even no, heating elements. This allows
for a cheaper and simpler reactor design. In addition, the
heat exchanger on the feed and catalyst line can be re-
moved and add all of the required thermal energy to the
solvent flow. This reduces process CAPEX and improves
the reliability regarding the fact that feed stream contains
solid catalyst and it is better to reduce the unit operations
on this line.
[0030] Another advantage is that such a process is
more productive compared to a process that requires
heat elements in the reactor, for example heat exchanger
tubes. The process that occurs in a reactor without heat-
ing elements allows a better mixing because there are
less or no obstacles in the reactor. Obstacles in the re-
actor, such as heating elements, disturb the movement
of fluid or slurry in the reactor, creating zones in the re-
actor where the fluid is stationary or where the fluid is
moving more slowly than normally in the reactor. In these
zones, reagents may not be fed fast enough into the zone,
reaction product is being built up in said zone, solid cat-
alyst - if present - precipitates, and/or heat is not trans-
ferred in the same way as in other places in the reactor.
All these events have an effect on the kinetics and the
thermodynamics of the reaction, resulting in negative ef-
fects on the yield and the productivity of the reaction.
[0031] When using heating elements, the temperature
in the direct zone around the heating element is often
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higher than the temperature in the rest of the reactor, and
often higher than the optimal temperature for the reaction
to occur. In this hot zone, side reactions can occur. An
elevated temperature also promotes the formation of lac-
tic acid oligomers, which lowers the overall yield of the
lactide formation reaction. Especially combined with the
mixing deficiencies as described before, the heating el-
ements can cause zones where the heat is not trans-
ferred properly, resulting in significant amounts of lactic
acid oligomers.
[0032] Yet another advantage of such a process is that
mixing requires less energy, because the preheated sol-
vent causes a convective flow in the reactor.
[0033] Another advantage is noticeable when solids
are present in the reaction mixture, for example an op-
tional catalyst on a solid support. Said solids will collide
with objects, such as heating elements, in the reactor.
These collisions will erode the objects in the reactor,
shortening their lifespan. When the solids are catalyst
particles, these particles will also undergo damage from
the collision with the objects, reducing the lifespan of the
catalyst. Avoiding the need for such objects in the reactor
takes away these disadvantages and prolongs the
lifespan of an optional catalyst. Furthermore, this may
also prevent erosion of equipment that is placed in the
reactor.
[0034] Use of two reactors in series may permit an in-
crease of the overall process conversion, particularly in
the case of adding an additional intermediate water sep-
aration step between the two reactors.
[0035] Separate entry of solvent and feed may permit
to use the solvent flow for reactor heating and may avoid
high heating of the feed. The heat exchanger on the feed
entry may be totally eliminated. Instead, the solvent may
be heated to higher temperatures to compensate this im-
pact. This may reduce process CAPEX and may de-
crease process liability as less unit operations may be
employed on the feed line which typically contains dis-
persed catalysts in slurry phase.
[0036] A solvent may be either injected only into the
first reactor, or it may be divided into separate entries for
each reactor. In this case, each reactor may be heated
independently by adjusting the inlet flow rate of solvent
in each reactor. This brings about the advantage of proc-
ess flexibility in terms of temperature. In addition, the
overall solvent volume in the first reactor may be less
compared to the single entry case. Therefore, the avail-
able reactor volume for the feed may increase while the
reactor volume is fixed. Therefore, the residence time of
the reactants may increase and the overall conversion
may be improved. Preferably, the solvent quantity re-
mains above a minimum required solvent amount to dis-
solve all of the produced lactide.
[0037] In case of single entry for feed and solvent, a
big slurry pump is typically used for whole fluids. By sep-
arating two fluids, a smaller slurry pump may be used for
feed and catalyst inlet and another conventional pump
may be used for the solvent inlet. In addition, regarding

the fact that the feed line may have a lower pressure
compared to the solvent line, less compression may be
required for the solvent compared to the single pump
condition. This results in OPEX saving.
[0038] The at least one solvent is provided in the at
least one reactor independently from the lactic acid by a
separate entry into the at least one reactor. Such a proc-
ess also has the advantage that the heated solvent is
independently added to the reactor(s) from the lactic acid
feed. Such a process has the advantage that a smaller,
slurry pump will be used, instead of a larger slurry pump.
This allows for a cheaper, simpler and more reliable pump
design.
[0039] In some preferred embodiments, prior to the
step of adding the at least one solvent to the at least one
reactor, the solvent has a temperature of at least 140°C
and at most 300°C; preferably of at least 150°C and at
most 250°C; preferably of at least 160°C and at most
210°C. The solvent may be used to heat up the reactor(s).
The solvent may be used to heat up the other compo-
nents provided to the reactor(s).
[0040] In some preferred embodiments, prior to the
step of adding the at least one solvent to the at least one
reactor, the solvent has a temperature of at least 5°C
greater than the temperature of the lactic acid, preferably
of at least 10°C greater than the temperature of the lactic
acid, preferably of at least 20°C greater than the temper-
ature of the lactic acid, preferably of at least 30°C greater
than the temperature of the lactic acid, preferably of at
least 40°C greater than the temperature of the lactic acid,
preferably of at least 50°C greater than the temperature
of the lactic acid, preferably of at least 60°C greater than
the temperature of the lactic acid, preferably of at least
70°C greater than the temperature of the lactic acid, pref-
erably of at least 80°C greater than the temperature of
the lactic acid. The solvent may be used to heat up the
lactic acid.
[0041] In some preferred embodiments, prior to the
step of adding the at least one solvent to the at least one
reactor, the solvent has a temperature of at least 5°C and
at most 100°C greater than the temperature of the lactic
acid, preferably of at least 10°C and at most 80°C greater,
and preferably of at least 15°C and at most 50°C greater.
[0042] In some preferred embodiments, the one or
more components are provided to at least two reactors,
preferably to at least two reactors connected in series.
Such processes have the advantage that one of the re-
actors may be by-passed in case of a malfunction. More-
over, the overall reaction conversion increases thanks to
use of reactors in series.
[0043] In some preferred embodiments, the process
comprises the step of recovering at least part of the water,
wherein the at least part of the water is recovered be-
tween the at least two reactors. Such processes permit
water separation and increase the conversion in the sec-
ond reactor. Such processes also reduce the risk of lac-
tide hydrolysis into lactic acid. In some preferred embod-
iments, at least 50% of the water is recovered between
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the at least two reactors, based on the total amount of
water exiting the first reactor of the at least two reactors,
preferably by distillation, decantation, and/or filtration.
[0044] In some preferred embodiments, the at least
one solvent is divided into at least two solvent fractions,
wherein each solvent fraction is separately provided to
each reactor of the at least two reactors. In some pre-
ferred embodiments, the at least two solvent fractions
comprise a first solvent fraction and a second solvent
fraction, wherein at least part of the thermal energy is
added to the first solvent fraction. In some preferred em-
bodiments, the at least two solvent fractions comprise a
first solvent fraction and a second solvent fraction, where-
in at least part of the thermal energy is added to the sec-
ond solvent fraction. Such processes allow for a better
control of the amount of solvent added to each reactor,
and a better control of the amount of heat added to each
solvent. This allows for an independent control of the
reactor settings of each reactor. It also reduces the sol-
vent content in the first reactor and hence increases the
reactor volume available to the reactant. Therefore, the
reactant residence time increases and consequently re-
action conversion will improve.
[0045] Preferably, more solvent is added to the first
reactor and less solvent is added to the second reactor.
Such processes improve product yield and overall con-
version. Such processes also improve the residence time
of the components in the first reactor for identical reactor
volume. Such processes also improve the overall con-
version. In some preferred embodiments, the process
comprises the steps of; providing a first solvent fraction
comprising at least 50% and at most 100% of the at least
one solvent, preferably at least 60% and at most 85% of
the at least one solvent, to the first reactor of the at least
two reactors; and providing a second solvent fraction
comprising at least 0% and at most 50% of the at least
one solvent, preferably at least 15% and at most 40% of
the at least one solvent, to the second reactor of the at
least two reactors; with % based on the total sum weight
of the first solvent fraction and the second solvent frac-
tion. Typically, the percentages add up to 100%. The
amount of solvent added may depend on the solubility
of lactide in the solvent. It is preferably at most 20 times
the lactic acid content of feed, preferably at most 15
times, preferably at most 10 times, preferably at most 8
times, compared by weight. In some preferred embodi-
ments, the thermal energy added to the at least one sol-
vent is at least partly recovered thermal energy, prefer-
ably wherein the partly recovered thermal energy was
recovered from recovered solvent and/or recovered wa-
ter. This allows for energetic optimization as also dis-
cussed elsewhere in the present description.
[0046] In some particularly preferred embodiments,
the invention provides a process for synthesizing lactide
comprising the steps of: providing one or more compo-
nents to at least one reactor, the one or more components
comprising lactic acid; converting at least part of the lactic
acid into lactide and water and into lactic acid oligomers

in one step; recovering at least part of the lactide; recov-
ering at least part of the water and at least part of the
lactic acid oligomers; adding a feed, optionally compris-
ing lactic acid oligomers, and optionally comprising wa-
ter, to the recovered water and the recovered lactic acid
oligomers, and mixing the feed with the recovered water
and the recovered lactic acid oligomers to form a mixture;
converting at least part of the lactic acid oligomers in the
mixture into lactic acid and into lactic acid dimer in one
step; and removing at least part of the water from the
mixture; whereby at least part of the remainder of the
mixture is provided as one of the one or more compo-
nents that are provided to the at least one reactor. Lactic
acid dimer may also be known as L2A, lactyl lactate, or
lactoyl lactate, shown in formula (I).

[0047] The process may add the water that is obtained
after the reaction to the original lactic acid feed. Subse-
quently, a quantity of water is preferably removed, to pro-
vide a fixed amount of water in the feed that enters the
reactor(s). Such a process has the advantage that the
water content of the feed actually added to the reactor(s),
is independent of the water content of the original feed,
since the water quantity that enters reactor is separately
controlled. Typically, the original feed will have a wide
range of possible concentrations for lactic acid, which
may range from 1% to 100% by weight of the total original
feed, typically from 5% to 95%, typically from 15% to
90%. Such a process leads to an increased flexibility of
the process, depending on the original feed, for identical
or similar production capacity. Such a process also has
the advantage that no distillation for the separation lactic
acid, and an optional catalyst, from water is required. For
example, separation by membrane may be sufficient.
Such a process also has the advantage that the water is
typically under pressure, and the separation is therefore
efficient. In addition, water is hot in this case and this
enhances the hydrolysis of the feed oligomers to lactic
acid and lactic acid dimer to produce the reactants of
Lactide production reaction. There is furthermore no
need to add water from an external source. Furthermore,
the high temperature of water is advantageous for cata-
lyst regeneration with this water.
[0048] Mixing the feed with a water line after a decan-
tation step, permits to increase the temperature of the
feed and its water concentration to ease the hydrolysis
of the oligomers. This ease in hydrolysis may avoid a
separate cracking step for the oligomers to convert them
into starting material. Hence a separation step may be
avoided, no separate equipment may need to be fore-
seen for the cracking step, no reagents may need to be
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supplied to the separate cracking step, and/or no energy
may need to be used for the separate cracking step, Mix-
ing feed and the water containing line from a decantation
step permits to recover the heat content of this stream
by heating. Therefore, feed may be heated without use
of an additional heat exchanger. In addition, the temper-
ature of the flow into the water separation step may be
reduced. This may results in easier water separation and
less heat loss via separated water. The process allows
using a single water separation step, and preferably one
single water separator, to at least partially dewater the
feed and to at least partially dewater the recovered water
that comprises at least part of the lactic acid oligomers.
[0049] In some preferred embodiments, the one or
more components provided to the at least one reactor
comprises at least 1% by weight of lactic acid and at most
100% by weight of lactic acid, with % by weight based
on the total weight of the one or more components, pref-
erably at least 5% by weight and at most 95% by weight,
preferably at least 15% by weight and at most 90% by
weight. Because the quantity of water is controlled prior
to entering the reactor(s), the quantity of lactic acid in the
original feed may fluctuate.
[0050] In some preferred embodiments, the step of
converting at least part of the lactic acid oligomers in the
mixture into lactic acid and into lactic acid dimer is per-
formed through hydrolysis by the recovered water and/or
through hydrolysis by water present in the feed. During
the reaction, oligomers be formed, herein referred to as
L3A, L4A, etc. Such oligomers are typically not converted
to lactide, in the presence of lactic acid. Such oligomers
may also clog the pores of a zeolite catalyst. Using the
water as a carrier solvent, accumulated oligomers could
be removed. In addition, with the same water, they may
be hydrolyzed back to lactic acid, herein referred to as
LA, or to the dimer of lactic acid, herein referred to as
L2A. By using such a regeneration strategy, all carbon
coming from the reaction compounds can be reintro-
duced into the system, without any losses. The inventors
have found that relatively short reaction times may be
required to remove and convert all carbon originating
from the feedstock: oligomers were typically removed af-
ter 15 min of extraction. This allows for efficient process,
without the need of separating the oligomers and hydro-
lyzing the oligomers separately or forming lactide from
the oligomers separately. The oligomers may be hydro-
lyzed back to LA and L2A on-the-fly.
[0051] In some preferred embodiments, the one or
more components comprise at least one catalyst system,
and wherein the process comprises the steps of: provid-
ing at least one catalyst system to the at least one reactor;
recovering at least part of the at least one catalyst system;
and regenerating at least part of the recovered catalyst
system.
[0052] In some preferred embodiments, the step of re-
generating at least part of the recovered catalyst system
is performed through hydrolysis by the recovered water
and/or through hydrolysis by water present in the feed.

For example, when a zeolite catalyst is used, the zeolite
may be regenerated by the water. The zeolite typically
retrieves its initial activity after such processes. Such
processes have the advantage that the water is typically
hot (and possibly under pressure), and the reaction is
therefore efficient. There is furthermore no need to add
water from an external source.
[0053] In some preferred embodiments, the at least
one catalyst system is regenerated in-line with the at least
one reactor. This allows for efficient process, without the
need of separating the catalyst and regenerating the cat-
alyst separately. The catalyst may be regenerated on-
the-fly. Such processes have the advantage that the cat-
alyst cycle is closed. It is therefore possible to work with-
out external catalyst source, or even without a catalyst.
In some preferred embodiments, the at least one catalyst
system comprises an acidic zeolite, preferably H-BEA.
Acidic zeolites, and H-BEA in particular, are well-suited
for regeneration through hydrolysis, particularly with the
present water at elevated temperatures.
[0054] In some preferred embodiments, the step of re-
moving at least part of the water from the mixture is per-
formed with a membrane.
[0055] In some preferred embodiments, the feed com-
prises lactic acid oligomers (LxA, wherein x is equal to
or greater than 3). Such processes have the advantage
that the lactic acid oligomers in the feed are converted
into lactic acid and lactic acid dimer by the water at ele-
vated temperature, prior to being fed to the reactor. Fur-
thermore, the zeolite catalyst may also catalyze the hy-
drolysis of oligomers in the zeolite itself, providing auto-
catalyzed regeneration. In some preferred embodiments,
the feed comprises at most 50% by weight lactic acid
oligomers; preferably most 15% by weight lactic acid ol-
igomers; preferably about 10% by weight lactic acid oli-
gomers; with % by weight compared to the total weight
of lactic acid, lactic acid dimer, and lactic acid oligomers
combined. Concentration of oligomers can rise up to 55%
(including L2, L3, Lx...) in case of a solution with initial
100% LA. The optimum case is where 30% is water, 60%
LA, 9% L2A, and 1.0% LxA.
[0056] In some preferred embodiments, the step of
converting at least part of the lactic acid oligomers in the
mixture into lactic acid and into lactic acid dimer, and
optionally the step of regenerating at least part of the
recovered catalyst system, is performed in one or more
recycling pipes. Such processes have the advantage that
no separate regeneration reactor is required. Additional
heating may be provided to the recycling pipes.
[0057] Mixing the feed with the water line after the de-
cantation step permits to increase the temperature of the
feed and its water concentration to ease the hydrolysis
of the oligomers. Mixing feed and the water containing
line from the decantation step permits to recover the heat
content of this stream by heating. Therefore, feed is heat-
ed without use of an additional heat exchanger. In addi-
tion, the temperature of the flow into the water separation
step will be reduced. This may result in easier water sep-
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aration and less heat loss via separated water.
[0058] In some particularly preferred embodiments,
the invention provides a process for synthesizing lactide,
comprising the steps of: adding thermal energy to at least
one of one or more components; providing the one or
more components to at least one reactor, the one or more
components comprising lactic acid; converting at least
part of the lactic acid into lactide and water in one step;
recovering at least part of the lactide; recovering at least
part of the thermal energy; and adding the recovered
thermal energy to at least one of the one or more com-
ponents. Such a process has the advantage that it is not
too energy consuming.
[0059] The term "one step reaction" refers to a reaction
wherein reagents are transformed in the desired reaction
products by passing through one or more transition
states, without the formation of intermediates that are be
isolated and separated from the rest of the reaction mix-
ture. Typically, a one step reaction is performed in one
reactor with a single set of reaction conditions.
[0060] The term "two step reaction" refers to a reaction
wherein reagents are transformed in the desired reaction
products by passing through at least one first transition
state to form an intermediate, followed by passing
through at least one second transition state, before yield-
ing the desired product. Different reaction conditions can
be used to reach the at least first transition state than the
reaction condition to reach the at least one second tran-
sition state. Said intermediate can be isolated and sep-
arated from the rest of the reaction mixture. Typically, a
two step reaction is performed in two or more (sequential)
reactors, each with an independent set of reaction con-
ditions.
[0061] In some preferred embodiments, the process
comprises the step of: recovering at least part of the wa-
ter; wherein at least part of the recovered thermal energy
is recovered from the recovered water.
[0062] In some preferred embodiments, the one or
more components comprise at least one solvent, and the
process comprises the step of: recovering at least part
of the at least one solvent; wherein at least part of the
recovered thermal energy is recovered from the recov-
ered solvent.
[0063] Direct heat recovery from the solvent may be
limited to a minimum temperature in range of 80°C to
130°C depending on the solvent nature and solubility of
for example decane in the solvent. Cooling the solvent
below this temperature limit may result in crystallization
of the lactide inside the heat exchangers. Preferably, the
heat from the crystallization step is recovered to heat the
inlet fluids into the reactor. Crystallization may be carried
out in more than one step to ease heat recovery.
[0064] The energy in the water containing line sepa-
rated in the decantation step may be recovered to mini-
mize the heat loss via the water outlet from the water
separation unit. This energy may be recovered by heating
the feed thanks to mixing the feed and the water contain-
ing line from decantation. This energy recovery may be

done by use of a heat exchanger on this line as well. In
this case CAPEX may increase as an additional heat
exchanger is required.
[0065] In some preferred embodiments, at least part
of the recovered thermal energy is recovered from the
recovered lactide. In some preferred embodiments, the
step of recovering at least part of the lactide comprises
a first crystallization step and a second crystallization
step. In some preferred embodiments, the first crystalli-
zation step and the second crystallization step are each
independently cooled. In some preferred embodiments,
the step of recovering at least part of the thermal energy
is performed during the first crystallization step. In some
preferred embodiments, the step of recovering at least
part of the thermal energy is performed during the second
crystallization step. Such processes have the advantage
that the heat extraction necessary for crystallizing the
lactide is used to heat up components that are provided
to the reactor(s). In some preferred embodiments, at
least part of the recovered thermal energy is added to
the lactic acid. In some preferred embodiments, the one
or more components comprise at least one solvent, and
at least part of the recovered thermal energy is added to
the solvent.
[0066] In some preferred embodiments, at least part
of the recovered thermal energy is recovered from the
recovered water, and at least part of the recovered ther-
mal energy is added to the lactic acid. This is preferably
performed by direct mixing of the feed and the separated
water from decantation. Therefore no heat exchanger is
required, which reduces CAPEX.
[0067] In some preferred embodiments, at least part
of the recovered thermal energy is recovered from the
recovered water, and at least part of the recovered ther-
mal energy is added to the solvent. In some preferred
embodiments, at least part of the recovered thermal en-
ergy is recovered from the recovered solvent, and at least
part of the recovered thermal energy is added to the lactic
acid. In some preferred embodiments, at least part of the
recovered thermal energy is recovered from the recov-
ered solvent, and at least part of the recovered thermal
energy is added to the solvent. In some preferred em-
bodiments, at least part of the recovered thermal energy
is recovered from the recovered lactide, and at least part
of the recovered thermal energy is added to the lactic
acid. In some preferred embodiments, at least part of the
recovered thermal energy is recovered from the recov-
ered lactide, and at least part of the recovered thermal
energy is added to the solvent.
[0068] In some preferred embodiments, at least part
of the recovered thermal energy is recovered from the
recovered water, at least part of the recovered thermal
energy is recovered from the recovered solvent, at least
part of the recovered thermal energy is recovered from
the recovered lactide, and at least part of the recovered
thermal energy is added to the solvent. Heat recovery to
the solvent provides a heated solvent. Advantages of a
heated solvent are described above.
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[0069] Such processes, individually and/or combined,
have the advantage that the individual processes are en-
ergetically optimized, and/or that the overall process is
energetically optimized.
[0070] Preferably, at least 40% of the thermal energy
is recovered from the flows leaving the reactor, preferably
at least 50%, preferably at least 60%, preferably at least
70%. Heat exchangers may be used. The type of heat
exchanger may differ, but is preferably selected from the
group comprising tube and shell heat exchanger, plate
heat exchanger, plate and shell heat exchanger, adia-
batic wheel heat exchanger, plate fin heat exchanger,
fluid heat exchangers, waste heat recovery units, dynam-
ic scraped surface heat exchanger, phase-change heat
exchangers, direct contact heat exchangers or micro-
channel heat exchangers; more preferably a counter cur-
rent heat exchanger; most preferably a tube and shell
counter current heat exchanger or a plate heat exchang-
er.
[0071] In some particularly preferred embodiments,
the invention provides a process for synthesizing lactide,
comprising the steps of: providing one or more compo-
nents to at least one reactor, the one or more components
comprising lactic acid; converting at least part of the lactic
acid into lactide and water in one step; recovering at least
part of the lactide; and recovering at least part of the
water; wherein the step of recovering at least part of the
water comprises a decantation step, with the proviso that
the step of recovering at least part of the water does not
comprise an azeotropic distillation step.
[0072] Such a process has the advantage that a multi-
step recovery of water may not be required. Such a proc-
ess has the advantage that no heating is needed. Such
a process has the advantage that it does not degrade
the lactide thermally. Such a process has the advantage
that it does not degrade the solvent, which may be re-
used. Decantation of the separated catalyst in addition
to the water separation may be performed thanks to the
usually hydrophilic nature of catalyst. In addition catalyst
regeneration may start in this section thanks to high tem-
perature and the fact that the catalyst will be in a water
phase. Preferably, both water and catalyst are separated
from the solvent stream. Integrated water and catalyst
separation may reduce the energy consumption and
process costs. Oligomers and unreached reactants may
be separated from the solvent to a large extent by the
water stream.
[0073] The contact between the water and separated
catalyst inside the decanter permits to hydrolyze the ol-
igomers inside the catalyst and to start catalyst regener-
ation inside a decanter. This is especially interesting re-
garding the high water temperature in this unit which en-
hances oligomer hydrolysis.
[0074] In some preferred embodiments, the one or
more components comprise at least one catalyst system
and process comprises the step of: recovering at least
part of the water, wherein the recovered water comprises
at least part of at least one catalyst system. In some pre-

ferred embodiments, the at least one catalyst system
comprises at least one acidic zeolite, preferably H-BEA.
Preferred zeolites are as described further below. The
decantation step is particularly efficient with a hydrophilic
catalyst such as a zeolite.
[0075] As an alternative to decantation, a distillation
option may be provided directly into the reactor for in situ
water separation. Various kinds of reactive distillation re-
actors may be used in this case. FIG. 3 shows some
possible configurations. Depending on the nature of the
solvent, other kind of designs may be used. Some ad-
vanced distillation systems such as divided wall column
may be used to produce a concentrated lactide outlet
stream inside the reactor to ease the downstream sep-
aration steps. The energy consumption may be reduced
by use of heat integration, to recover the evaporation
energy which is inherent to the distillation.
[0076] In some preferred embodiments, the process
comprises the step of: providing one or more components
to at least two reactors, preferably to at least two reactors
connected in series. In some preferred embodiments,
the at least part of the water is recovered between the at
least two reactors.
[0077] In some preferred embodiments, the step of re-
covering at least part of the lactide is performed by crys-
tallization, preferably wherein the step of recovering at
least part of the lactide comprises a first crystallization
step and a second crystallization step. The second crys-
tallizer may be cooled partially or completely with cold
water depending on the availability of cooling water.
[0078] In some embodiments, the crystallizer design
results in formation of solids in form of solid crystals with
a specific adjustable particle size (the technology used
for sugar grain production). This design may require a
solid separation step, which could be filtration or centrif-
ugal separation, among others. In some embodiments,
the filtration technology will be relatively challenging re-
garding the fact that the separated particles may need
to be continuously separated and recovered. This may
be solved by an automated filtration system or centrifugal
separation. Centrifugal separation has the advantage of
operating in continuous mode. The difficulty would be
agglomeration of LD particles and formation of a cohe-
sive cake. This can be resolved by controlling the outlet
pressure and temperature of the centrifugation unit to
fluidize the separated solid LD on the walls of the unit.
[0079] In some preferred embodiments the process is
performed with the proviso that the step of recovering at
least part of the water does not comprise a liquid/liquid
extraction step.
[0080] In some embodiments, the process comprises
the step of: purifying the recovered lactide. The step of
purifying the recovered lactide is performed after the step
of recovering the lactide. In some embodiments, the step
of purifying the recovered lactide comprises a combina-
tion of vacuum and heating. In some embodiments, the
step of purifying the recovered lactide is performed at a
pressure of at most 200 mbar, for example of at most
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100 mbar, for example of at least 20 mbar and at most
40 mbar, preferably of about 30 mbar. In some embodi-
ments, the step of purifying the recovered lactide is per-
formed at a temperature of at most the melting point of
lactide, preferably of at most 90°C, for example of at least
25°C and at most 90°C. Such processes have the ad-
vantage that less solvent is lost. Such processes also
have the advantage that they provide energetic optimi-
zation. Such processes have the advantage that no sol-
vent flaring may be required. Preferably, purification hap-
pens after separation of Lactide by filtration from decane.
The separate Lactide cake contains some solvent which
should be separated to produce high purity Lactide. In
an alternative case, crystallization can be carried out in
an static crystallizer which separates the Lactide at the
end without a filtration step.
[0081] In some embodiments, the step of purifying the
recovered lactide comprises a purifying crystallization
step. Lactide separation and purification may also be car-
ried out in a single static or dynamic crystallizer without
filtration. Preferably, the final lactide purity is at least
98.0%, preferably at least 99.0%, preferably at least
99.5%, preferably at least 99.9%.
[0082] In some preferred embodiments, the one or
more components comprise a solvent that is non-misci-
ble with water, preferably wherein the solvent is isobutyl-
benzene. Such processes have the advantage of easier
solvent - water separation.
[0083] Preferably, the step of converting at least part
of the lactic acid into lactide and water is performed in
one step. The one step process for converting lactic acid
into lactide differs from the two-step synthesis in the art,
in that water removal takes place during the ring-closing
reaction and lactide is thus synthesized directly from
aqueous lactic acid via condensation, rather than via
transesterification. In some preferred embodiments, the
step of converting at least part of the lactic acid into lactide
and water comprises a ring-closing reaction. Preferably
the conversion of lactic acid into lactide is performed in
a single reactor. When multiple reactors are used, for
example at least two reactors connected in series, each
reactor individually performs the one step conversion of
lactic acid into lactide.
[0084] The one step conversion of lactic acid into lac-
tide has the advantage that less side products are
formed, for example LxA oligomers, such as L3A and
L4A oligomers. As used herein, the term "LxA" refers to
oligomer comprising x basic lactic acid units. In general,
the term LxA may be used to describe the ensemble of
all oligomers, wherein x is equal to or greater than 3. LxA
oligomers are typically undesired in the present process-
es, since they are not directly converted into lactide. The
one step conversion of lactic acid into lactide also has
the advantage that there is less hydrolysis of lactide back
into lactic acid. Preferably, the process is an industrial
process for synthesizing lactide. Preferably, the process
has an output of at least 10 000 ton lactide per year,
preferably at least 30 000 ton lactide per year, preferably

at least 40 000 ton lactide per year, preferably at least
50 000 ton lactide per year, preferably at least 60 000
ton lactide per year, preferably at least 70 000 ton lactide
per year, preferably at least 80 000 ton lactide per year.
[0085] The reactor(s) may operate in a temperature of
at least 120°C, preferably at least 130°C, preferably at
least 140°C, preferably at least 150°C, preferably at least
160°C, preferably at least 170°C.
[0086] In some embodiments, the at least one reactor
is a mixed reactor, preferably wherein the at least one
reactor is mixed mechanically and/or with internal or ex-
ternal fluid flow. In some preferred embodiments, the at
least two reactors are mixed reactors, preferably wherein
the at least two reactors are mixed mechanically and/or
with internal or external fluid flow.
[0087] In some embodiments, the step of adding ther-
mal energy to at least one of the one or more components
is performed after the step of adding the at least one of
the one or more components to the at least one reactor,
for example by an internal exchanger or a jacketed wall.
In some embodiments, the step of adding thermal energy
to at least one of the one or more components is per-
formed after the step of adding the at least one of the
one or more components to the at least two reactors, for
example by an internal exchanger or a jacketed wall. In-
ternal heat exchangers may be used. The reactor may
be heated by heating up the solvent entering into the
reactor. A heat exchanger may be installed between two
reactors.
[0088] In some embodiments, the step of recovering
thermal energy is performed after the last reactor of the
at least one reactor or after the last reactor of the at least
two reactors. In some embodiments, the step of recov-
ering thermal energy is performed between reactors of
the at least one reactor or after the last reactor of the at
least two reactors. In some embodiments, the step of
recovering thermal energy is performed with a heat ex-
changer. Heat exchangers are preferably used to transfer
the heat from the hot outlet streams to the cool inlet flows
before entering into the reactor.
[0089] In some embodiments, the lactic acid is con-
verted into lactide in a single reactor. In some embodi-
ments, the lactic acid is independently converted into lac-
tide in each reactor of the at least two reactors.
[0090] The one or more components comprise at least
one solvent. Use of a solvent may have the advantage
that the lactide will be dissolved in the solvent, thereby
reducing lactide hydrolysis back into lactic acid by the
water. For example, in aromatic solvents, the lactide will
prefer the organic phase. In some embodiments, the
process comprises the step of recovering the at least one
solvent, preferably the process comprises the step of re-
cycling the at least one solvent.
[0091] An appropriate solvent may be one in which the
reaction products described herein are soluble and which
has an appropriate boiling point. More particularly, the
boiling point preferably is sufficiently high so that at the
boiling point temperature an acceptable reaction rate is
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achieved, but sufficiently low such that the formation of
degradation products can be avoided or minimized. In
some embodiments, the solvent forms a non-azeotropic
mixture with water, thereby allowing the removal of water
via distillation. Non-azeotropic solvents can include wa-
ter immiscible aromatic solvents, water immiscible
aliphatic or cyclic hydrocarbon solvents, water soluble
solvents, or mixtures thereof. Water immiscible non-aze-
otropic solvents are preferred because, after distillation,
they can be readily separated with the solvent being re-
cycled and the water being taken out of the system. More-
over, potential byproducts obtained during the reaction
process (such as water soluble short oligomers of the
hydroxycarboxylic acid and/or aminocarboxylic acid) will
typically dissolve in the water phase, while the cyclic es-
ters and/or cyclic amides of interest typically remain in
the organic solvent phase. This may facilitate the sepa-
ration of the byproducts from the products of interest via
extraction, and subsequent re-entry of the water soluble
products (after hydrolysis) in the reaction process.
[0092] Solvents which are not preferred because of be-
ing potentially reactive with cyclic esters include alcohols,
organic acids, esters and ethers containing alcohol, per-
oxide and/or acid impurities, ketones and aldehydes with
a stable enol form, and amines.
[0093] Suitable solvents may include aromatic hydro-
carbon solvents such as benzene, toluene, xylene, ethyl-
benzene, trimethylbenzene (e.g. 1,3,5-trimethylben-
zene), methylethylbenzene, n-propylbenzene, isopropyl-
benzene, diethylbenzene, isobutylbenzene, triethylben-
zene, diisopropylbenzene, n-amylnaphthalene, and tri-
methylbenzene; ether solvents such as ethyl ether, iso-
propyl ether, n-butyl ether, n-hexyl ether, 2-ethylhexyl
ether, ethylene oxide, 1,2-propylene oxide, dioxolane, 4-
methyldioxolane, 1,4-dioxane, dimethyldioxane, ethyl-
ene glycol diethyl ether, ethylene glycol dibutyl ether, di-
ethylene glycol diethyl ether, diethylene glycol di-n-butyl
ether, tetrahydrofuran, and 2-methyltetrahydrofuran;
aliphatic hydrocarbon solvents such as n-pentane, iso-
pentane, n-hexane, isohexane, n-heptane, isoheptane,
2,2,4-trimethylpentane, n-octane, isooctane, cyclohex-
ane, and methylcyclohexane; and ketone solvents such
as acetone, methyl ethyl ketone, methyl n-propyl ketone,
methyl n-butyl ketone, diethyl ketone, methyl isobutyl ke-
tone, methyl n-pentyl ketone, ethyl n-butyl ketone, methyl
n-hexyl ketone, diisobutyl ketone, trimethylnonanone,
cyclohexanone, 2-hexanone, methylcyclohexanone,
2,4-pentanedione, acetonylacetone, acetophenone, and
fenchone.
[0094] In some embodiments, the at least one solvent
is a C5-C24 alkane or a mixture of C5-C24 alkanes. In
some embodiments, the at least one solvent is decane.
Alkanes, and decane in particular, have the advantage
that they can easily be separated from water, for example
in a phase settler. Furthermore, they have a relatively
high boiling point. Furthermore, they pose less HSE risk.
Furthermore, they are stable in boiling point operating
conditions. Furthermore, they are relatively cheap.

[0095] In some embodiments, the at least one solvent
is benzene, preferably substituted with one or more linear
or branched C1-C4 alkyl groups, or a mixture thereof. For
example, the at least one solvent may be selected from
the group comprising: isobutylbenzene, toluene, ortho-
xylene, meta-xylene, para-xylene, ethylbenzene, propyl-
benzene, trimethylbenzene, and mixtures thereof. In
some embodiments, the at least one solvent is isobutyl-
benzene, cumene, o-xylene or toluene, preferably iso-
butylbenzene. Substituted benzenes, and isobutylben-
zene in particular, have the advantage that they for a
better emulsion with water, and less agitation is required
in the reactor(s). Furthermore, they have a relatively high
boiling point. Furthermore, they provide a high yield of
lactide. Furthermore, they provide a high solubility for
lactide.
[0096] In some embodiments, the solvent has a stand-
ard boiling point of at least 50°C to at most 250°C, pref-
erably of at least 100°C to at most 200°C, more preferably
of at least 160°C to at most 180°C. Isobutylbenzene and
decane have a boiling point of about 175°C. Patent pend-
ing™
[0097] In some embodiments, the at least one catalyst
system is dispersed in the at least one reactor in form of
a slurry. In some embodiments, one or more of the one
or more reactors comprise a separate catalyst entry, for
example wherein the separate entry comprises of at least
50 wt% catalyst, preferably 70 wt% catalyst, preferably
80 wt% catalyst.
[0098] The inlet stream of the water separation unit
typically contains a large content of catalysts (up to 30
wt%). This high catalyst content may be harmful for the
membrane or filters used in the water separation section.
In some embodiments, a catalyst separation unit may be
installed upstream of this unit to protect filters/mem-
branes. In this case a hydro-cyclone or a centrifugal sep-
arator may be used to separate catalyst and re-inject it
into the reactor inlet stream or probably re-inject directly
into the reactor. Direct catalyst injection into the reactor
has the advantage of being able to use normal pumps
on the reactor inlet stream. Preferably, a semi-batch cat-
alyst injection systems similar to the configuration pro-
posed in FIG. 2 is used. Two or three catalyst injection
system can be installed for each reactor depending on
the process configuration.
[0099] In some embodiments, the process comprises
the step of recovering the at least one catalyst system,
preferably recycling the at least one catalyst system. In
some embodiments, the at least one catalyst system is
regenerated by the solvent. In some preferred embodi-
ments, the at least one catalyst system is regenerated
by water. In some preferred embodiments, the at least
one catalyst system is regenerated through calcination.
[0100] Preferably, the catalyst system comprises a ze-
olite catalyst. Zeolite catalysts described herein may be
regenerated and reused in the process. Accordingly, par-
ticular embodiments of the process described herein may
comprise a step of regenerating the zeolite catalyst. Re-
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generation of the zeolite catalysts can be performed via
washing or calcination. Preferably, regeneration of the
zeolite catalysts is done via calcination, for example at a
temperature of at least 150°C. In particular embodiments,
the calcination temperature is at least 200°C, for example
at least 300°C, for example at least 400°C, for example
about 450°C. In some embodiments, the at least one
catalyst system comprises at least one acidic zeolite. The
term "zeolite" as used herein refers to both natural and
synthetic microporous crystalline aluminosilicate materi-
als having a definite crystalline structure as determined
by X-ray diffraction. A zeolite comprises a system of
channels which may be interconnected with other chan-
nel systems or cavities such as side-pockets or cages.
The channel systems may be three-dimensional, two-
dimensional or one-dimensional. A zeolite comprises
SiO4 and XO4 tetrahedra, wherein X is Al (aluminium) or
B (boron). A zeolite may comprise a combination of AlO4
and BO4 tetrahedra. In a preferred embodiment, X is Al,
and the zeolite comprises no BO4 tetrahedra. The SiO4
and XO4 tetrahedra are linked at their corners via a com-
mon oxygen atom. The Atlas of Zeolite Framework Types
(C Baerlocher, LB McCusker, DH Olson, 6th ed. Elsevier,
Amsterdam, 2007) in conjunction with the web-based
version (http://www.iza-structure.org/databases/") is a
compendium of topological and structural details about
zeolite frameworks, including the types of ring structures
present in the zeolite and the dimensions of the channels
defined by each ring type. Proven recipes and good lab-
oratory practice for the synthesis of zeolites can be found
in the "Verified synthesis of zeolitic materials" 2nd Edi-
tion 2001. Various proven recipes for the synthesis com-
prising BO4 tetrahedra are available. For example, the
synthesis and characterization of boron-based zeolites
having a MFI topology has been described by Cichocki
and Parasiewicz-Kaczmarska (Zeolites 1990, 10,
577-582).
[0101] In some embodiments, the at least one catalyst
system comprises at least one acidic zeolite comprising:
two or three interconnected and non-parallel channel
systems, wherein at least one of said channel systems
comprises 10-or more-membered ring channels; and a
framework Si/X2 ratio of at least 24 as measured by NMR;
or three interconnected and non-parallel channel sys-
tems, wherein at least two of said channel systems com-
prise 10-or more-membered ring channels; and a frame-
work Si/X2 ratio of at least 6 as measured by NMR; where-
in each X is Al or B.
[0102] As used herein, the term "channel system" re-
fers to a system of parallel and crystallographically equiv-
alent channels, wherein the channels are 8-membered
ring channels or larger, for example wherein the channels
are 10-membered ring channels or 12-membered ring
channels. Accordingly, as used herein, the term "chan-
nel" refers to an 8-or more membered ring channel which
is part of a system of parallel and crystallographically
equivalent channels.
[0103] Preferred zeolites for use in the present process

comprise 10-or more-membered ring channels, such as
10-membered ring channels (10MR), 12-membered ring
channels (12MR), or larger. The ring size for each known
zeolite framework type is provided in the Atlas of Zeolite
Framework Types (C Baerlocher, LB McCusker, DH Ol-
son, 6th ed. Elsevier, Amsterdam, 2007).
[0104] As used herein the terms "8-membered ring
channels" or "8MR" refer to a channel comprising unob-
structed 8-membered rings, wherein the 8-membered
rings define the smallest diameter of the channel. An 8-
membered ring comprises 8 T atoms, and 8 alternating
oxygen atoms (forming the ring), wherein each T is Si,
Al or B. As used herein the terms "10-membered ring
channels" or "10MR" refers to a channel comprising un-
obstructed 10-membered rings, wherein the 10-mem-
bered rings define the smallest diameter of the channel.
A 10-membered ring comprises 10 T atoms, and 10 al-
ternating oxygen atoms (forming the ring), wherein each
T is Si, Al or B. As used herein the terms "12-membered
ring channels" or "12MR" refers to a channel comprising
unobstructed 12-membered rings, wherein the 12-mem-
bered rings define the smallest diameter of the channel.
A 12-membered ring comprises 12 T atoms, and 12 al-
ternating oxygen atoms (forming the ring), wherein each
T is Si, Al or B. As used herein, the term "10-or-more-
membered ring channel" refers to a 10-membered ring
channel or larger, and therefore comprises for example
both 10-membered ring channels and 12-membered ring
channels.
[0105] The framework Si/X2 ratio may be determined
via Nuclear Magnetic Resonance (NMR) measurements,
more particularly 29Si and 27AI NMR. In some embodi-
ments, X is Al. In a preferred embodiment, there is no
framework B, and the Si/X2 ratio is equal to the Si/Al2
ratio. The determination of the Si/Al2 ratio by NMR may
be performed as described by Klinowski (Ann. Rev.
Mater. Sci. 1988, 18, 189-218); or as described by G.
Engelhardt and D. Michel (High-Resolution Solid-State
NMR of Silicates and Zeolites. John Wiley & Sons, Chich-
ester 1987. xiv, 485 pp). The determination of the Si/B2
ratio by NMR may be performed as discussed by D. Trong
On et al. (Studies in Surface Science and Catalysis 1995,
97, 535-541; Journal of Catalysis, November 1995, Vol-
ume 157, Issue 1, Pages 235-243).
[0106] The preferred zeolites used in the process de-
scribed herein may comprise AlO4 tetrahedra, BO4 tet-
rahedra, or both. Accordingly, in some embodiments, X2
is (Al2 + B2). Thus, for a given zeolite, the Si/X2 framework
ratio remains the same upon substitution of framework
Al by B, or vice versa. However, it is envisaged that in
particular embodiments, the zeolites may not comprise
BO4 tetrahedra, or an insignificant amount thereof (e.g.
an Al/B ratio of 100 or more). Thus, in particular embod-
iments, X2 may be Al2. The Si/X2 ratios referred to herein
are molar ratios as determined via NMR, unless specified
otherwise. It will be understood by the skilled person that
the Si/X2 ratio referred to herein is equal to the SiO2/X2O3
molar ratio, wherein X2O3 is (Al2O3 and/or B2O3). More-
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over, the skilled person will understand that by dividing
the Si/X2 ratio by two, the Si/X molar ratio is obtained,
wherein X is (Al and/or B). Accordingly, in some embod-
iments, the zeolite(s) for use in the process described
herein may comprise a framework Si/X2 ratio of at least
24, for example a framework Si/Al2 ratio of at least 24,
wherein the zeolite further comprises at least two inter-
connected and non-parallel channel systems wherein at
least one of the interconnected and non-parallel channel
systems comprises 10-or more-membered ring chan-
nels, i.e. at least one of the channel systems comprises
10-or more-membered ring channels, and at least one
other channel system comprises 8-or more-membered
ring channels. Examples of such zeolites are zeolites
comprising a topology selected from the group compris-
ing FER, MFI, and MWW
[0107] In some embodiments, both of the at least two
channel systems comprise 10-or more-membered ring
channels. In some embodiments, at least one of the chan-
nel systems comprises 12-or more-membered ring chan-
nels.
[0108] In some embodiments, the zeolite for use in the
process described herein may comprise a framework
Si/X2 ratio of at least 6, for example a framework Si/Al2
ratio of at least 6; wherein the zeolite further comprises
three interconnected and non-parallel channel systems
wherein at least two of the interconnected and non-par-
allel channel systems comprise 10-or more-membered
ring channels, i.e. at least two of the channel systems
comprise 10-or more-membered ring channels, and the
other channel system comprises 8-or more-membered
ring channels. Examples of such zeolites include, but are
not limited to zeolites comprising a topology selected
from the group comprising BEA, FAU, and MEL.
[0109] In some embodiments, the three channel sys-
tems all comprise 10-or more-membered ring channels.
In particular embodiments, at least one of the channel
systems comprises 12-or more-membered channels. In
some embodiments, at least two of the channel systems
comprise 12-or more-membered ring channels. Exam-
ples of such zeolites include, but are not limited to zeolites
comprising a topology selected from the group compris-
ing BEA and FAU.
[0110] Preferably, the channels defined by the zeolite
topology are large enough to be accessible for the lactic
acid monomers, but small enough to prevent significant
formation and/or diffusion of trimers or higher order oli-
gomers. Accordingly, in some embodiments, the zeolite
only comprises channels with a ring size of at most 18,
preferably of at most 14, for example of at most 12.
[0111] In some embodiments, the zeolite for use in the
process described herein comprises a topology selected
from the group comprising: BEA, MFI, FAU, MEL, FER,
and MWW. These zeolites provide a particularly high se-
lectivity towards lactide. In certain embodiments, the ze-
olite(s) comprise a topology selected from the group con-
sisting of BEA, MFI, FAU, and MWW. In specific embod-
iments, the zeolite(s) comprise a zeolite with a BEA to-

pology. In some embodiments, the acidic zeolite com-
prises a topology selected from the group comprising
BEA, MFI, FAU, MEL, FER, and MWW, preferably BEA.
In some embodiments, the at least one catalyst system
comprises an acidic zeolite, preferably wherein the at
least one catalyst system comprises an H-BEA zeolite.
Exemplary commercially available zeolites suitable for
use in the processes described herein include, but are
not limited to, Beta polymorph A (BEA topology), ZSM-
5 (Mobil; MFI topology), Y zeolite (FAU topology), and
MCM-22 (Mobil; MWW topology).
[0112] In some embodiments, the zeolite comprises
channels having an average (equivalent) diameter of at
least 4.5Å. More particularly, the zeolite may comprise
two or more non-parallel channels having an average
diameter of at least 4.5Å. The channel diameter may be
determined theoretically via knowledge of the zeolite
framework type, or via x-ray diffraction (XRD) measure-
ments, as will be known by the skilled person. Preferably,
the zeolite comprises two or more non-parallel and inter-
connected channels having an average (equivalent) di-
ameter between 4.5 and 13.0 Å, more preferably be-
tween 4.5 and 8.5 Å. Preferably, the diameter for the
appropriate topology is obtained from international
standard literature: the Atlas of Zeolite structures or the
corresponding online database, found at http://www.iza-
structure.org/databases/, as referenced above. The
(equivalent) diameter of the channels may also be deter-
mined experimentally via N2 adsorption, for example as
discussed by Groen et al. (Microporous and Mesoporous
Materials 2003, 60, 1-17), Storck et al. (Applied Catalysis
A: General 1998, 174, 137-146) and Rouquerol et al.
(Rouquerol F, Rouquerol J and Sing K, Adsorption by
powders and porous solids: principles, methodology and
applications, Academic Press, London, 1999).
[0113] In some embodiments, the zeolite may further
comprise mesopores. The presence of mesopores may
increase the accessibility of the lactic acid to the micro-
pores, and may therefore further increase the reaction
speed. However, it is also envisaged that the zeolite may
not comprise mesopores. As used herein the term "mes-
opores" refers to pores in the zeolite crystal having av-
erage diameters of 2.0 nm to 50 nm. For pore shapes
deviating from the cylinder, the above ranges of diameter
of mesopores refer to equivalent cylindrical pores. The
mesopore average diameter may be determined by gas
sorption techniques such as N2 adsorption.
[0114] The zeolite(s) may be used as such, for exam-
ple as a powder. In certain embodiments, the zeolite(s)
may be formulated into a catalyst by combining with other
materials that provide additional hardness or catalytic ac-
tivity to the finished catalyst product. Materials which can
be blended with the zeolite may be various inert or cat-
alytically active materials, or various binder materials.
These materials include compositions such as kaolin and
other clays, phosphates, alumina or alumina sol, titania,
metal oxide such as zirconia, quartz, silica or silica sol,
metal silicates, and mixtures thereof. These components
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are effective in densifying the catalyst and increasing the
strength of the formulated catalyst. Various forms of rare
earth metals can also be added to the catalyst formula-
tion. The catalyst may be formulated into pellets,
spheres, extruded into other shapes, or formed into
spray-dried particles. The amount of zeolite which is con-
tained in the final catalyst product may range from 0.5 to
99.9 weight%, preferably from 2.5 to 99.5 weight % of
the total catalyst, preferably from 2.5 to 95 weight %,
preferably from 2.5 to 90 weight % of the total catalyst,
most preferably from 2.5 to 80 weight %; for example
from 20 to 95 weight %, preferably from 20 to 90 weight
%, most preferably from 20 to 80 weight %, with weight
% based on the total weight of catalyst product.
[0115] In some embodiments, the zeolite(s) for use in
the processes described herein can be exposed to a
(post-synthesis) treatment to increase the Si/X2 frame-
work ratio. Methods to increase the Si/Al2 ratio of zeolites
are known in the art, and include dealumination of the
framework via (hydro)thermal treatment, extraction of
framework aluminum with acid, and replacement of
framework aluminum with silicon by reaction with silicon
halides or hexafluorosilicates. An exemplary method of
dealumination is described by Remy et al. (J. Phys.
Chem. 1996, 100, 12440-12447).
[0116] The zeolites for use in the process described
herein preferably are Brønsted acidic zeolites, i.e. having
proton donating sites in the micropores. In some embod-
iments, the zeolite has a Brønsted acid density between
0.05 and 6.5 mmol/g dry weight. When all Al T-sites are
counterbalanced with an acidic proton (as opposed to a
cation), the Brønsted acid density can be directly derived
from the Si/Al2 ratio, for example as discussed in the
Handbook of Heterogeneous Catalysis, second edition,
edited by G. Ertl, H. Knözinger, F. Schüth and J.
Weitkamp, Wiley 2008.
[0117] The zeolites for use in the processes described
herein can be obtained in acidic form (acidic H-form ze-
olite) or (partly) exchanged with a cation other than H+.
In some embodiments, the acidic H-form zeolites can be
used as such. In some other embodiments, the zeolites
for use in the processes described herein can be exposed
to a (post-synthesis) treatment to increase the Brønsted
acid density. Brønsted acid sites in zeolites can be readily
generated by aqueous ion exchange with an ammonium
salt, followed by thermal decomposition of the ammoni-
um ions inside the zeolite. Alternatively, the acid sites
may be generated by aqueous ion exchange with the salt
of a multivalent metal cation (such as Mg2+, Ca2+, La3+,
or mixed rare-earth cations), followed by thermal dehy-
dration (J. Weitkamp, Solid State Ionics 2000, 131,
175-188). In some embodiments, the acidic zeolite has
a Brønsted acid density between 0.05 and 6.5 mmol/g
dry weight.
[0118] In some embodiments, the process is per-
formed in the absence of any catalyst system. Such proc-
esses may have up to 25-40% lower conversion and low-
er yield. However, such processes have the advantage

that they can work at lower capacity and lower cost. Such
processes have the advantage that they can work with
higher recirculation. Such processes have the advantage
that separation is easier.
[0119] In some embodiments, the process is some-
times performed in the presence of at least one catalyst
system and sometimes performed in the absence of any
catalyst system. The choice may be made depending on
a variety of factors, including the composition of the feed.
This demonstrates the high versatility of such a process.
[0120] In some embodiments, at least part of the cat-
alyst system is recovered, preferably together with at
least part of the water, preferably through a decantation
step. Alternatively, the catalyst system may be recovered
through filtration, centrifugal separation or with a hydro-
cyclone.
[0121] In some embodiment, at least part of the cata-
lyst system is present in the recovered solvent. The cat-
alyst system may be separated from the solvent by the
methods described above.
[0122] In some embodiments, the process comprises
the step of recovering at least part of the water, optionally
wherein the water comprises at least part of the at least
one catalyst system.
[0123] In some embodiments, the step of recovering
at least part of the water comprises a filtration step pref-
erably membrane filtration, for example through reverse
osmosis. In some embodiments, the step of recovering
at least part of the water comprises a distillation step. In
some embodiments, the step of recovering at least part
of the water comprises reactive distillation. In some em-
bodiments, the step of recovering at least part of the water
comprises reactive distillation. In some embodiments,
the step of recovering at least part of the water comprises
divided wall column distillation. Distillation plates may be
provided on top of the reactor(s). Fluid heating may be
provided by a reboiler, preferably placed at the bottom
of the reactor(s).
[0124] In some embodiments, the step of recovering
thermal energy is performed after the step of recovering
at least part of the water.
[0125] The lactic acid may be produced industrially via
bacterial fermentation of glucose or sucrose. Microbial
fermentation generally results in L-lactic acid, which re-
stricts the potential of PLA, as superior stereocomplexes
PLLA/PDLA require a source of D-lactic acid. In some
embodiments, the lactic acid is obtained by bacterial fer-
mentation of glucose or sucrose.
[0126] Alternatively, chemocatalytic transformation of
trioses, hexoses, cellulose, or glycerol, may result in lac-
tic acid obtained as a racemic mixture. In some preferred
embodiments, the lactic acid is obtained by chemocata-
lytic transformation of trioses, hexoses, cellulose, or glyc-
erol.
[0127] In some embodiments, the lactic acid compris-
es L-lactic acid. In some preferred embodiments, the lac-
tic acid comprises D-lactic acid. In some embodiments,
the lactic acid comprises at least 90% by weight, for ex-
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ample at least 95% by weight, for example at least 98%
by weight, for example at least 99% by weight L-lactic
acid.
[0128] In some embodiments, the one or more com-
ponents provided to the at least one reactor comprises
at least 3% by weight of water and at most 95% by weight
of water, with % by weight based on the total weight of
the one or more components, preferably at least 5% by
weight and at most 50% by weight, with % by weight
based on the total weight of the one or more components
provided to the at least one reactor, preferably at least
10% by weight and at most 30% by weight, with % by
weight based on the total weight of the one or more com-
ponents provided to the at least one reactor.
[0129] In some embodiments, the one or more com-
ponents provided to the at least one reactor at least 90%
by weight of solvent, with % by weight based on the total
weight of the one or more components, preferably at least
95% by weight, preferably at least 99.5% by weight.
[0130] In some embodiments, the mass flow rate of
total quantity of solvent provided to all reactors is at least
4 times to at most 30 times the mass of lactic acid pro-
vided to all reactors, preferably at least 6 times to at most
25 times, preferably at least 9 to at most 20 times.
[0131] In some embodiments, the one or more com-
ponents provided to the at least one reactor comprises
at least 1% by weight of catalyst system and at most 25%
by weight of catalyst system, with % by weight based on
the total weight of the one or more components, prefer-
ably at least 3% by weight and at most 10% by weight,
with % by weight based on the total weight of the one or
more components provided to the at least one reactor.
[0132] In some embodiments, the one or more com-
ponents provided to the at least one reactor comprises
at most 1.00% by weight of organic acids other than lactic
acid, preferably at most 0.10% by weight, preferably at
most 0.01% by weight, with % by weight based on the
total weight of the one or more components provided to
the at least one reactor.
[0133] Lactide has two asymmetric carbon atoms so it
may be obtained in three stereoisomeric forms: L-L-lac-
tide in which both asymmetric carbon atoms possess the
L (or S) configuration; D-D-lactide in which both asym-
metric carbon atoms possess the D (or R) configuration;
and meso-lactide (D-L-lactide) in which one asymmetric
carbon atom has the L-configuration and the other has
the D-configuration.
[0134] In some embodiments of the processes de-
scribed herein, the hydroxycarboxylic acid is L-lactic acid
(with an enantiomeric excess of at least 90%, preferably
at least 95%, more preferably at least 98%) and the cor-
responding cyclic ester is L-L-lactide.
[0135] In some embodiments of the processes de-
scribed herein, the hydroxycarboxylic acid is D-lactic acid
(with an enantiomeric excess of at least 90%, preferably
of at least 95%, more preferably of at least 98%) and the
corresponding cyclic ester is D-D-lactide.
[0136] In some embodiments, the step of recovering

at least part of the thermal energy is performed prior to
the step of purifying the recovered lactide. In some em-
bodiments, the step of recovering at least part of the ther-
mal energy is performed prior to the purifying crystalliza-
tion step.
[0137] In some embodiments, the step of recovering
at least part of the thermal energy is performed during
the step of purifying the recovered lactide. In some em-
bodiments, the step of recovering at least part of the ther-
mal energy is performed during the purifying crystalliza-
tion step.
[0138] In some embodiments, the step of purifying the
recovered lactide comprises a solvent-solvent extraction
step. In some embodiments, the step of purifying the re-
covered lactide comprises a filtration step, preferably
through a membrane. Such processes have the advan-
tage that high quality water is produced. The filtration is
preferably for separation of solid Lactide from the crys-
tallization step. This filtration may be replaced by a crys-
tallization system that separates the solids without a filter
such as a static crystallizer in which lactide crystallizes
over the walls of the crystallizer. The purification step
occurs typically after the filtration step (or after the crys-
tallization if filtration is not used). The purpose is to re-
move the trace of solvent present in the separated lactide
to produce high purity Lactide, for example of at least
above 99%, preferably of at least 99.9%, preferably of at
least 99.99%. In this step a solvent/solvent extraction
may be used but not preferred. Instead a vacuum flash
can be used to evaporate the solvent in low pressure and
temperatures just below the melting point of Lactide as
written in the previous sections.
[0139] In some embodiments, the process has a lac-
tide yield of at least 60%, preferably at least 65%, pref-
erably at least 70%, preferably at least 75%, preferably
at least 80%, preferably at least 85%.
[0140] In some preferred embodiments, the process
further comprises the step of: converting at least part of
the recovered lactide into polylactic acid (PLA), prefera-
bly PLLA.
[0141] The advantages of the present invention are il-
lustrated by the following examples.

EXAMPLES

Example 1

[0142] This example illustrates a process for synthe-
sizing lactide from lactic acid according to a combination
of embodiments of the present invention. Reference is
made to FIG. 1, composed of FIG. 1A, FIG. 1B, FIG. 1C,
and FIG. 1D, which represents a flow diagram of the proc-
ess of Example 1.
[0143] An original feed (100) is provided, wherein the
original feed (100) comprises lactic acid (110). When the
lactic acid has been obtained from a bio-based feedstock,
the original feed (100) usually also comprises lactic acid
dimer (120), lactic acid oligomers (130), and water (140).
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Flow circulation of the components may be performed
by one or more pumps (101, 102, 103, 104).
[0144] A solvent make-up (150) is provided separately.
A catalyst system (160) is present in a closed cycle. A
catalyst makeup may be provided to replace the deacti-
vated catalyst. This catalyst makeup may be added di-
rectly to first reactor or be injected into the feed line or
be injected with fresh feed.
[0145] The components of the feed (110, 120, 130,
140), and optionally the catalyst system (160), are pro-
vided to a first reactor (710) suitable for one-step lactide
formation. The solvent (150) is provided separately to
the first reactor (710). The mixture exiting the first reactor
is provided to a second reactor (720) suitable for one-
step lactide formation.
[0146] The components of the feed (110, 120, 130,
140) are optionally heated by a steam generator (500),
which generates heated steam (511) that passes heat
onto the components of the feed (110, 120, 130, 140)
through a heat exchanger (510). The resulting cooled
steam or condensed water (512) may then be heated
again by the steam generator (500)
[0147] The solvent is heated, for example by the steam
generator (500), which generates heated steam (521)
that passes heat onto the components of the solvent
(150) through a heat exchanger (520). The resulting
cooled steam or condensed water (522) may then be
heated again by the steam generator (500).
[0148] The original feed (100) may be combined with
water (140), and optionally with lactic acid oligomers
(130) and/or the catalyst system (160), that was recov-
ered from the mixtures exiting the first reactor (710) and
the second reactor (720), to obtain a mixture. This water
(140), together with water (140) from the original feed
(100), may be used to hydrolyze the lactic acid oligomers
(130) (obtained from either reactor (710, 720) or already
present in the original feed (100)) into lactic acid (100)
and lactic acid dimer (120) in the recycling pipes. This
water (140), together with water (140) from the original
feed (100), may also be used to regenerate the catalyst
system (160) (present in a closed cycle) in the recycling
pipes. Optionally a separate recycling reactor (730) is
provided.
[0149] Water (140) separation, optionally wherein the
water (140) comprises lactic acid oligomers (130) and/or
the catalyst system (160), can occur between reactors
(410), as a decantation step (420) after the second re-
actor (720). The mixture then is sent to a water separation
membrane (430) after mixing with the original feed (100).
These steps result in high quality water (400) and a mix-
ture with adjusted water concentration to be sent to the
reactor. The outlet stream from the decantation step con-
taining water may have some LA and L2A due to possible
hydrolysis of the oligomers inside the decanter.
[0150] From the mixture exiting the second reactor
(720), the water (140), optionally comprising lactic acid
oligomers (130) and/or the catalyst system (160), is sep-
arated from the lactide (200) and the solvent (150) in a

decantation step (420).
[0151] The lactide (200) and solvent (150) are further
separated using an optional refrigeration cycle for lactide
crystallization (300). The cooling may be carried out by
refrigeration as in this example, or simply by cooling wa-
ter. The refrigeration cycle for lactide crystallization (300)
preferably comprises a compressor (310), heat exchang-
ers for the refrigeration cycle (311, 312), and a valve for
refrigeration cycle (315). Preferably, the lactide crystal-
lization occurs in two steps: lactide (200) crystallization
in a first crystallization reactor (301) (optionally with heat
recovery) and lactide (200) crystallization in a second
crystallization reactor (302) to finish the crystallization.
[0152] The lactide (200) is subsequently separated
from the solvent (150) using a lactide filter (210). Further
purification of the lactide (200) may be performed with a
valve for lactide purification (215) and a lactide purifier
(220).
[0153] Energy optimization is provided with multiple
heat recovery steps (selected temperatures are shown
in FIG.1). A first heat recovery step (610) recovers ther-
mal energy from the lactide (200) and the solvent (150)
exiting the second reactor through a heat exchanger
(611), and provides the thermal energy to the solvent
(150) through a heat exchanger (612). A second heat
recovery step (620) recovers thermal energy from the
water (140), and optionally the lactic acid oligomers (130)
and/or catalyst system (160), exiting the first and/or sec-
ond reactor through a heat exchanger (621), and pro-
vides the thermal energy to the solvent (150) through a
heat exchanger (622). A third heat recovery step (630)
recovers thermal energy from the lactide (200) and the
solvent (150) during a crystallization step (301), and pro-
vides the thermal energy to the solvent (150) through a
heat exchanger (632).
[0154] This example permits to produce 7.29 ton/h of
lactide and 2.84 ton/h of water with an inlet feed flow rate
of 10.12 ton/h.
[0155] The inlet flow comprises 90% by weight of lactic
acid equivalents and apparent 10% by weight of water.
The lactic acid equivalents itself, comprises approxi-
mately 70% by weight of lactic acid, 23% by weight of
lactic acid dimers and 7% by weight of lactic acid trimers,
the % by weight based on the total weight of the lactic
acid equivalents. Where relevant, the amounts of heat
that are to be added to the process or are liberated during
the process are mentioned in FIG. 1 (as Q=...), the unit
used for these amounts of heat is kJ/sec. During the two
crystallization steps, 2200 kWh can be recovered, which
corresponds to about 20% of the total recovered energy
during the process. This also requires 50% less cooling
capacity in the refrigeration cycle.

Example 2

[0156] FIG. 2 illustrates a semi-batch catalyst injection
system which may be used in the present invention.
[0157] The inlet stream of the water separation unit
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typically contains a large content of catalysts (up to 30
wt%). This high catalyst content may be harmful for the
membrane or filters used in the water separation section.
In this case, a catalyst separation unit may be installed
upstream of this unit to protect filters/membranes. In this
case, a hydro-cyclone or a centrifugal separator may be
used to separate catalyst and re-inject it into the reactor
inlet stream or probably re-inject directly into the reactor.
Direct catalyst injection into the reactor has the advan-
tage of being able to use normal pumps on the reactor
inlet stream.
[0158] The catalyst injection into the reactor may re-
quire a dedicated system particularly in the case of a
pressurized reactor. A possible method is use of semi-
batch catalyst injection systems similar to the configura-
tion proposed in FIG. 2 This system operates in three
phases: Storage: during which valve (22) is closed and
the system receives catalysts from stream (1) from the
centrifugal separator - Pressurization: in this phase the
catalyst inlet is stopped by closing valve (21) and the
system is put under pressure via gas inlet line (3) - Dis-
charge: catalysts are discharged into the reactor during
this phase by partially opening the valve (22).
[0159] Two or three catalyst injection system can be
installed for each reactor depending on the process con-
figuration.

Example 3

[0160] The role of solvent is to avoid direct contact be-
tween water and produced lactide. However, water pres-
ence may have positive impact via hydrolysis of oligom-
ers. In case the solvent has a good solubility for lactide
and little solubility for water, it should be less harmful for
lactide in the reactor. However, water presence may
cause lactide hydrolysis if solvent does not dissolve well
produced lactide. This depends on the overall reaction
and dissolution mechanism.
[0161] Some alternative designs are proposed in this
example to add a distillation option directly into the reac-
tor for in situ water separation. Various kinds of reactive
distillation reactors may be used in this case. FIG. 3
shows some possible configurations. Depending on the
nature of the solvent, other kind of designs may be used.
Some advanced distillation systems such as divided wall
column may be used to produce a concentrated lactide
outlet stream inside the reactor to ease the downstream
separation steps. The energy consumption may be re-
duced by use of heat integration to recover at least a part
of the evaporation energy which is inherent to the distil-
lation.

Example 4

[0162] This example illustrates a process for synthe-
sizing lactide from lactic acid according to a combination
of embodiments of the present invention. Reference is
made to FIG. 4, which represents a flow diagram of the

process of Example 4. All the thermal energy is added
via the solvent stream, further reducing the CAPEX com-
pared to Example 1.
[0163] An original feed (100) is provided, wherein the
original feed (100) comprises lactic acid (110). When the
lactic acid has been obtained from a bio-based feedstock,
the original feed (100) usually also comprises lactic acid
dimer (120), lactic acid oligomers (130), and water (140).
Flow circulation of the components may be performed
by one or more pumps (101, 102, 103, 104).
[0164] A solvent make-up (150) is provided separately.
A catalyst system (160) is present in a closed cycle. A
catalyst makeup may be provided to replace the deacti-
vated catalyst. This catalyst makeup may be added di-
rectly to first reactor or be injected into the feed line or
be injected with fresh feed.
[0165] The components of the feed (110, 120, 130,
140), and optionally the catalyst system (160), are pro-
vided to a first reactor (710) suitable for one-step lactide
formation. The solvent (150) is provided separately to
the first reactor (710). The mixture exiting the first reactor
is provided to a second reactor (720) suitable for one-
step lactide formation.
[0166] The solvent is heated, for example by the steam
generator (500), which generates heated steam (521)
that passes heat onto the components of the solvent
(150) through a heat exchanger (520). The resulting
cooled steam or condensed water (522) may then be
heated again by the steam generator (500).
[0167] The original feed (100) may be combined with
water (140), and optionally with lactic acid oligomers
(130) and/or the catalyst system (160), that was recov-
ered from the mixtures exiting the second reactor (720),
to obtain a mixture. This water (140), together with water
(140) from the original feed (100), may be used to hydro-
lyze the lactic acid oligomers (130) (obtained from either
reactor (710, 720) or already present in the original feed
(100)) into lactic acid (100) and lactic acid dimer (120) in
the recycling pipes. This water (140), together with water
(140) from the original feed (100), may also be used to
regenerate the catalyst system (160) (present in a closed
cycle) in the recycling pipes. Optionally a separate recy-
cling reactor (730) is provided.
[0168] Water (140) separation, optionally wherein the
water (140) comprises lactic acid oligomers (130) and/or
the catalyst system (160), may be performed as a de-
cantation step (420) after the second reactor (720). The
mixture then is sent to a water separation membrane
(430) after mixing with the original feed (100) and option-
ally passing through the recycling reactor (730). These
steps result in high quality water (400) and a mixture with
adjusted water concentration to be sent to the reactor.
The outlet stream from the decantation step containing
water may have some LA and L2A due to possible hy-
drolysis of the oligomers inside the decanter.
[0169] From the mixture exiting the second reactor
(720), the water (140), optionally comprising lactic acid
oligomers (130) and/or the catalyst system (160), is sep-
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arated from the lactide (200) and the solvent (150) in a
decantation step (420).
[0170] The lactide (200) and solvent (150) are further
separated using an optional refrigeration cycle for lactide
crystallization (300). The cooling may be carried out by
refrigeration as in this example, or simply by cooling wa-
ter. The refrigeration cycle for lactide crystallization (300)
preferably comprises a compressor (310), heat exchang-
ers for the refrigeration cycle (311, 312), and a valve for
refrigeration cycle (315). Preferably, the lactide crystal-
lization occurs in two steps: lactide (200) crystallization
in a first crystallization reactor (301) (optionally with heat
recovery) and lactide (200) crystallization in a second
crystallization reactor (302) to finish the crystallization.
[0171] The lactide (200) is subsequently separated
from the solvent (150) using a lactide filter (210). Further
purification of the lactide (200) may be performed with a
valve for lactide purification (215) and a lactide purifier
(220).
[0172] Energy optimization is provided with multiple
heat recovery steps (selected temperatures are shown
in FIG.4). A first heat recovery step (610) recovers ther-
mal energy from the lactide (200) and the solvent (150)
exiting the second reactor through a heat exchanger
(611), and provides the thermal energy to the solvent
(150) through a heat exchanger (612). A second heat
recovery step (620) recovers thermal energy from the
water (140), and optionally the lactic acid oligomers (130)
and/or catalyst system (160), exiting the first and/or sec-
ond reactor through a heat exchanger (621), and pro-
vides the thermal energy to the solvent (150) through a
heat exchanger (622).
[0173] Compared to Example 5, the above feed (100)
is injected into the separated water stream from the de-
cantation step (420). Accordingly, the feed (100) is heat-
ed up to 96 °C due to direct mixing without use of heat
exchanger. This causes the lactic acid oligomers that are
present in the feed to hydrolyze to LA and L2A. Also, the
feed has to pass through water separation membrane
(430) reducing the water content that is fed into the re-
actor. Therefore, the recirculation rate is reduced by
about 20%. The heating rate is considerably reduced due
to substitution of the energy intensive distillation unit. Due
to heat integration and substitution of the distillation unit,
the total heat required in this example is about 25% of
the requirement in the Example 5. In addition, the max-
imum temperature of the streams containing lactide (200)
in this example is limited to 168 °C which permits avoiding
thermal degradation of LD. Reference Example 5
[0174] This example illustrates a process for synthe-
sizing lactide from lactic acid. Reference is made to FIG.
5, which represents a flow diagram of the process of Ex-
ample 5.
[0175] An original feed (1100) is provided, wherein the
original feed (1100) comprises about 10% by weight of
water (1140) and about 90 % by weight lactic acid equiv-
alent, itself comprising lactic acid (1110), lactic acid dimer
(1120), lactic acid oligomers (1130). Flow circulation of

the components is be performed by one or more pumps
(1101, 1102, 1103, 1104). A catalyst system (1160) is
present in a closed cycle.
[0176] The components of the feed (1110, 1120, 1130,
1140), the catalyst system (1160), an d the solvent (1150)
are mixed and heated up in a first heat exchanger (1691)
before these components enter the reactor (1740) suit-
able for one-step lactide formation. After a residence time
of 1 hour in the reactor (1740), the reaction products leave
the reactor (1740) and the solids (comprising the catalyst
(1160) are separated from the rest of the reaction mixture
by centrifuge (1440). Said solids are sent to a recycling
reactor (1730). The liquid fraction is fed into a distillation
column (1450), wherein the heavy fraction is separated
from the light fraction. The light fraction comprises sol-
vent (1150), (decane in this case) that form an azeotrope
with water (1140). This light fraction is send through a
heat exchanger (1693) to be cooled down and water
(1400) is separated from light fraction. The heavy fraction
does comprise lactide (1200), lactic acid dimer (1120)
and lactic acid oligomer (1130).
[0177] The heavy fraction is passed through a heat ex-
changer (1692) to cool it down, before it is crystallized in
crystallization reactor (1303) and filtered by filter (1210).
The filtrate is reused as solvent (1150) and carries the
lactic acid dimers (1120) and lactic acid oligomers (1130)
back into the reactor. The solid fraction is further purified
in lactide purifier (1220) to yield the desired lactide
(1200). An optional regeneration step may be added into
the solvent and feed stream to regenerate lactic acid ol-
igomers (1130) and lactic acid dimers (1120) by hydrol-
ysis with water before mixing with catalyst stream.
[0178] This example permits to produce 7.18 ton/h of
lactide and 2.83 ton/h of water with an inlet feed flow rate
of 10.12 ton/h. Where relevant, the amounts of heat that
are to be added to the process or are liberated during
the process are mentioned in Figure 5 (as Q=...), wherein
QC stands for the "cooling heat rate" and QR stands for
the reboiler heat rate. The unit used for these amounts
of heat is kJ/sec.
[0179] The distillation column in this example requires
large amounts of energy, namely 30 MJ/s. Not all the
lactic acid oligomers are being removed from the heavy
fraction. This requires extra efforts during the purification
of the lactide and it makes the recirculation system of the
light fraction less effective to turn the oligomers into useful
starting materials for the lactide formation. Further, there
is a reboiler needed that warms up the heavy fraction
comprising the lactide (1200) to about 288°C. This caus-
es partial degradation of the formed lactide (1200), neg-
atively influencing the yield of the overall process. All this
can lead to about 20% higher energy consumption than
in the process of Example 1.
[0180] Another disadvantage of this set up is that the
feed is added just before the reactor, whereas the feed
in Example 1 and Example 4 is added in the water recy-
cling loop. The feed in example 1 and 4 has to pass
through recycling reactor (730) before it enters the reac-
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tor (710). This has the advantage that even before the
feed enters the reaction, the oligomers that are present
in the feed are getting broken down to LA or L2A, and
enter the reactor (710) as useful starting material. If the
feed is added directly to the reactor, the oligomers cannot
take part in the reaction and are only be able to be proc-
essed after they passed through a cracking step. Overall
this lowers the efficiency of the overall lactide formation.

Example 6

[0181] The catalyst leaves the reactor with a certain
amount of lactic acid oligomers adhering on the surface
of the catalyst. Figure 6 shows thermogravimetric anal-
ysis (TGA) of used catalyst particles after no regenera-
tion, after 15 minutes of regeneration and after 30 min-
utes of regeneration in water at 45°C. The first graph (0
h) of the figure shows the TGA results carry out on a non-
generated catalyst comprising oligomers on the surface.
Three peaks can be distinguished in this case, the first
peak (around 100°C) corresponds the removal of water,
the second peak (between 200°C and 300°C corre-
sponds to the removal of solvent, and the third peak (be-
tween 300°C and 370°C corresponds to the removal of
oligomers from the catalyst surface. The second graph
(15 min) shows the TGA results for the same catalyst
comprising oligomers on the surface after 15 min contact
with water of 45 °C to hydrolyze oligomers and regener-
ate catalyst. In this case, the third peak related to the
oligomer does not appear, showing that the contact with
water has completely removed oligomers and regener-
ated the catalyst. The third graph show the TGA results
for the same catalyst comprising oligomers on the sur-
face after contact with water of 45°C for 30 min. The TGA
results are approximately identical to the TGA results af-
ter 15 min water exposure. These results show that cat-
alyst can be effectively regenerated by water in a contact
time below 15 min.
[0182] Contact time may be reduced if the water tem-
perature is higher than 45 °C as shown in examples 1
and 4 where the separated water and catalyst stream
has a temperature of 170 °C in the decanter with high
water content available.
[0183] A technique that is often used in the art to re-
generate the catalyst is combustion of the oligomers
stuck to the catalyst surface (coked catalyst), where the
accumulated oligomer is burned from the catalyst sur-
face. However this technique requires extra energy for
the combustion and shortens the catalyst lifespan.

Claims

1. Process for synthesizing lactide, comprising the
steps of:

- providing one or more components to at least
one reactor, the one or more components com-

prising lactic acid and a solvent;
- converting at least part of the lactic acid into
lactide and water;
- recovering at least part of the lactide; and
- recovering at least part of the water;
wherein the step of converting at least part of
the lactic acid into lactide and water is performed
in one step;
and wherein the step of recovering at least part
of the water comprises a decantation step, with
the proviso that the step of recovering at least
part of the water does not comprise an azeo-
tropic distillation step.

2. Process according to claim 1, wherein the process
is an industrial process for synthesizing lactide.

3. Process according to any one of claims 1 or 2, with
the proviso that the step of recovering at least part
of the water does not comprise a liquid/liquid extrac-
tion step.

4. Process according to any one of claims 1 to 3, where-
in the one or more components comprise at least
one catalyst system and process comprises the step
of:

- recovering at least part of the water, wherein
the recovered water comprises at least part of
at least one catalyst system.

5. Process according to claim 4, wherein the at least
one catalyst system comprises at least one acidic
zeolite, preferably H-BEA.

6. Process according to any one of claims 1 to 5, com-
prising the step of:

- providing one or more components to at least
two reactors, preferably to at least two reactors
connected in series.

7. Process according to claim 6, wherein the at least
part of the water is recovered between the at least
two reactors.

8. Process according to any one of claims 1 to 7, where-
in the step of recovering at least part of the lactide
is performed by crystallization, preferably wherein
the step of recovering at least part of the lactide com-
prises a first crystallization step and a second crys-
tallization step.

9. Process according to any one of claims 1 to 8, com-
prising the step of:

- purifying the recovered lactide.
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10. Process according to claim 9, wherein the step of
purifying the recovered lactide comprises a combi-
nation of vacuum and heating.

11. Process according to claim 9 or 10, wherein the step
of purifying the recovered lactide comprises a puri-
fying crystallization step.

12. Process according to any one of claims 1 to 11,
wherein the one or more components comprise a
solvent that is non-miscible with water, preferably
wherein the solvent is isobutylbenzene.

13. Process according to any one claims 1 to 12, com-
prising the steps of:

- adding thermal energy to at least one solvent;
- providing one or more components to at least
one reactor, the one or more components com-
prising lactic acid and the at least one solvent;
- converting at least part of the lactic acid into
lactide and water; and
- recovering at least part of the lactide;
wherein the step of adding thermal energy to the
at least one solvent is performed prior to the step
of adding the at least one solvent to the at least
one reactor; and
wherein the at least one solvent is provided in
the at least one reactor independently from the
lactic acid by a separate entry into the at least
one reactor.

14. Process according to any one of claims 1 to 13, com-
prising the steps of:

- providing one or more components to at least
one reactor, the one or more components com-
prising lactic acid;
- converting at least part of the lactic acid into
lactide and water and into lactic acid oligomers;
- recovering at least part of the lactide;
- recovering at least part of the water and at least
part of the lactic acid oligomers;
- adding a feed, optionally comprising lactic acid
oligomers, and optionally comprising water, to
the recovered water and the recovered lactic ac-
id oligomers, and mixing the feed with the re-
covered water and the recovered lactic acid ol-
igomers to form a mixture;
- converting at least part of the lactic acid oli-
gomers in the mixture into lactic acid and into
lactic acid dimer; and
- removing at least part of the water from the
mixture;
whereby at feast part of the remainder of the
mixture is provided as one of the one or more
components that are provided to the at least one
reactor.

15. Process according to any one of claims 1 to 14, com-
prising the steps of:

- adding thermal energy to at least one of one
or more components;
- providing the one or more components to at
least one reactor, the one or more components
comprising lactic acid;
- converting at least part of the lactic acid into
lactide and water;
- recovering at least part of the lactide;
- recovering at least part of the thermal energy;
and
- adding the recovered thermal energy to at least
one of the one or more components.

Patentansprüche

1. Verfahren zum Synthetisieren von Lactid, umfas-
send die Schritte:

- Bereitstellen einer oder mehrerer Komponen-
ten in mindestens einem Reaktor, wobei die eine
oder mehreren Komponenten Milchsäure und
ein Lösungsmittel umfassen;
- Umwandeln von mindestens einem Teil der
Milchsäure in Lactid und Wasser;
- Rückgewinnen von mindestens einem Teil des
Lactids; und
- Rückgewinnen von mindestens einem Teil des
Wassers;
wobei der Schritt des Umwandelns von mindes-
tens einem Teil der Milchsäure in Lactid und
Wasser in einem Schritt durchgeführt wird;
und wobei der Schritt des Rückgewinnens von
mindestens einem Teil des Wassers einen De-
kantierungsschritt umfasst, mit der Maßgabe,
dass der Schritt des Rückgewinnens von min-
destens einem Teil des Wassers keinen Azeo-
tropdestillationsschritt umfasst.

2. Verfahren nach Anspruch 1, wobei das Verfahren
ein industrielles Verfahren zur Synthese von Lactid
ist.

3. Verfahren nach einem der Ansprüche 1 oder 2, mit
der Maßgabe, dass der Schritt des Rückgewinnens
von mindestens einem Teil des Wassers keinen
Flüssig-Flüssig-Extraktionsschritt umfasst.

4. Verfahren nach einem der Ansprüche 1 bis 3, wobei
die eine oder mehreren Komponenten mindestens
ein Katalysatorsystem umfassen und das Verfahren
den folgenden Schritt umfasst:

- Rückgewinnen von mindestens einem Teil des
Wassers, wobei das rückgewonnene Wasser
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mindestens einen Teil von mindestens einem
Katalysatorsystem umfasst.

5. Verfahren nach Anspruch 4, wobei das mindestens
eine Katalysatorsystem mindestens einen sauren
Zeolithen, vorzugsweise H-BEA, umfasst.

6. Verfahren nach einem der Ansprüche 1 bis 5, um-
fassend den Schritt:

- Bereitstellen einer oder mehrerer Komponen-
ten in mindestens zwei Reaktoren, vorzugswei-
se in mindestens zwei in Reihe geschalteten Re-
aktoren.

7. Verfahren nach Anspruch 6, wobei der mindestens
eine Teil des Wassers zwischen den mindestens
zwei Reaktoren rückgewonnen wird.

8. Verfahren nach einem der Ansprüche 1 bis 7, wobei
der Schritt des Rückgewinnens von mindestens ei-
nem Teil des Lactids durch Kristallisation durchge-
führt wird, wobei vorzugsweise der Schritt des Rück-
gewinnens von mindestens einem Teil des Lactids
einen ersten Kristallisationsschritt und einen zweiten
Kristallisationsschritt umfasst.

9. Verfahren nach einem der Ansprüche 1 bis 8, um-
fassend den Schritt:

- Reinigen des rückgewonnenen Lactids.

10. Verfahren nach Anspruch 9, wobei der Schritt des
Reinigens des rückgewonnenen Lactids eine Kom-
bination von Vakuum und Erhitzen umfasst.

11. Verfahren nach Anspruch 9 oder 10, wobei der
Schritt des Reinigens des rückgewonnenen Lactids
einen Reinigungskristallisationsschritt umfasst.

12. Verfahren nach einem der Ansprüche 1 bis 11, wobei
die eine oder mehreren Komponenten ein Lösungs-
mittel umfassen, das mit Wasser nicht mischbar ist,
wobei das Lösungsmittel vorzugsweise Isobutylben-
zol ist.

13. Verfahren nach einem der Ansprüche 1 bis 12, um-
fassend die Schritte:

- Hinzufügen von Wärmeenergie zu mindestens
einem Lösungsmittel;
- Bereitstellen einer oder mehrerer Komponen-
ten in mindestens einem Reaktor, wobei die eine
oder mehreren Komponenten Milchsäure und
das mindestens eine Lösungsmittel umfassen;
- Umwandeln von mindestens einem Teil der
Milchsäure in Lactid und Wasser; und
- Rückgewinnen von mindestens einem Teil des

Lactids;
wobei der Schritt des Hinzufügens von Wärme-
energie zu dem mindestens einen Lösungsmit-
tel vor dem Schritt des Hinzufügens des min-
destens einen Lösungsmittels in den mindes-
tens einen Reaktor durchgeführt wird; und
wobei das mindestens eine Lösungsmittel in
dem mindestens einen Reaktor unabhängig von
der Milchsäure durch einen getrennten Einlass
in den mindestens einen Reaktor bereitgestellt
wird.

14. Verfahren nach einem der Ansprüche 1 bis 13, um-
fassend die Schritte:

- Bereitstellen einer oder mehrerer Komponen-
ten in mindestens einem Reaktor, wobei die eine
oder mehreren Komponenten Milchsäure um-
fassen;
- Umwandeln von mindestens einem Teil der
Milchsäure in Lactid und Wasser und in Milch-
säureoligomere;
- Rückgewinnen von mindestens einem Teil des
Lactids;
- Rückgewinnen von mindestens einem Teil des
Wassers und mindestens einem Teil der Milch-
säureoligomere;
- Hinzufügen eines Beschickungsmaterials, ge-
gebenenfalls umfassend Milchsäureoligomere
und gegebenenfalls umfassend Wasser, zu
dem rückgewonnenen Wasser und den rückge-
wonnenen Milchsäureoligomeren und Mischen
des Beschickungsmaterials mit dem rückge-
wonnenen Wasser und den rückgewonnenen
Milchsäureoligomeren, um eine Mischung zu
bilden;
- Umwandeln von mindestens einem Teil der
Milchsäureoligomere in der Mischung in Milch-
säure und in Milchsäuredimer; und
- Entfernen von mindestens einem Teil des Was-
sers aus der Mischung;
wobei mindestens ein Teil des Restes der Mi-
schung als eine der einen oder mehreren Kom-
ponenten bereitgestellt wird, die in dem mindes-
tens einen Reaktor bereitgestellt werden.

15. Verfahren nach einem der Ansprüche 1 bis 14, um-
fassend die Schritte:

- Hinzufügen von Wärmeenergie zu mindestens
einer der einen oder mehreren Komponenten;
- Bereitstellen der einen oder mehreren Kompo-
nenten in mindestens einem Reaktor, wobei die
eine oder mehreren Komponenten Milchsäure
umfassen;
- Umwandeln von mindestens einem Teil der
Milchsäure in Lactid und Wasser;
- Rückgewinnen von mindestens einem Teil des
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Lactids;
- Rückgewinnen von mindestens einem Teil der
Wärmeenergie; und
- Hinzufügen der rückgewonnenen Wärmeen-
ergie zu mindestens einer der einen oder meh-
reren Komponenten.

Revendications

1. Procédé de synthèse de lactide, comprenant les
étapes :

- de fourniture d’un ou de plusieurs composants
à au moins un réacteur, les un ou plusieurs com-
posants comprenant de l’acide lactique et un
solvant ;
- de conversion d’au moins une partie de l’acide
lactique en lactide et en eau ;
- de récupération d’au moins une partie du
lactide ; et
- de récupération d’au moins une partie de l’eau ;
dans lequel l’étape de conversion d’au moins
une partie de l’acide lactique en lactide et en
eau est effectuée en une étape ;
et dans lequel l’étape de récupération d’au
moins une partie de l’eau comprend une étape
de décantation, à condition que l’étape de récu-
pération d’au moins une partie de l’eau ne com-
prenne pas d’étape de distillation azéotropique.

2. Procédé selon la revendication 1, dans lequel le pro-
cédé est un procédé industriel de synthèse de lacti-
de.

3. Procédé selon l’une quelconque des revendications
1 ou 2, à condition que l’étape de récupération d’au
moins une partie de l’eau ne comprenne pas d’étape
d’extraction liquide/liquide.

4. Procédé selon l’une quelconque des revendications
1 à 3, dans lequel les un ou plusieurs composants
comprennent au moins un système catalytique et le
procédé comprend l’étape :

- de récupération d’au moins une partie de l’eau,
dans lequel l’eau récupérée comprend au moins
une partie d’au moins un système catalytique.

5. Procédé selon la revendication 4, dans lequel l’au
moins un système catalytique comprend au moins
une zéolite acide, de préférence H-BEA.

6. Procédé selon l’une quelconque des revendications
1 à 5, comprenant l’étape :

- de fourniture d’un ou de plusieurs composants
à au moins deux réacteurs, de préférence à au

moins deux réacteurs connectés en série.

7. Procédé selon la revendication 6, dans lequel l’au
moins une partie de l’eau est récupérée entre les au
moins deux réacteurs.

8. Procédé selon l’une quelconque des revendications
1 à 7, dans lequel l’étape de récupération d’au moins
une partie du lactide est réalisée par cristallisation,
de préférence dans lequel l’étape de récupération
d’au moins une partie du lactide comprend une pre-
mière étape de cristallisation et une deuxième étape
de cristallisation.

9. Procédé selon l’une quelconque des revendications
1 à 8, comprenant l’étape :

- de purification du lactide récupéré.

10. Procédé selon la revendication 9, dans lequel l’étape
de purification du lactide récupéré comprend une
combinaison de vide et de chauffage.

11. Procédé selon la revendication 9 ou 10, dans lequel
l’étape de purification du lactide récupéré comprend
une étape de cristallisation de purification.

12. Procédé selon l’une quelconque des revendications
1 à 11, dans lequel les un ou plusieurs composants
comprennent un solvant non miscible à l’eau, de pré-
férence dans lequel le solvant est l’isobutylbenzène.

13. Procédé selon l’une quelconque des revendications
1 à 12, comprenant en outre les étapes :

- d’ajout d’énergie thermique à au moins un
solvant ;
- de fourniture d’un ou de plusieurs composants
à au moins un réacteur, les un ou plusieurs com-
posants comprenant de l’acide lactique et l’au
moins un solvant ;
- de conversion d’au moins une partie de l’acide
lactique en lactide et en eau ; et
- de récupération d’au moins une partie du
lactide ;
dans lequel l’étape d’ajout d’énergie thermique
au au moins un solvant est effectuée avant l’éta-
pe d’ajout du au moins un solvant au au moins
un réacteur ; et
dans lequel l’au moins un solvant est fourni dans
l’au moins un réacteur indépendamment de
l’acide lactique par une entrée séparée dans l’au
moins un réacteur.

14. Procédé selon l’une quelconque des revendications
1 à 13, comprenant en outre les étapes ;

- de fourniture d’un ou de plusieurs composants
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à au moins un réacteur, les un ou plusieurs com-
posants comprenant de l’acide lactique ;
- de conversion d’au moins une partie de l’acide
lactique en lactide et eau et en oligomères d’aci-
de lactique ;
- de récupération d’au moins une partie du
lactide ;
- de récupération d’au moins une partie de l’eau
et d’au moins une partie des oligomères d’acide
lactique ;
- d’ajout d’une alimentation, comprenant éven-
tuellement des oligomères d’acide lactique, et
comprenant éventuellement de l’eau, à l’eau ré-
cupérée et aux oligomères d’acide lactique ré-
cupérés, et de mélange de la charge avec l’eau
récupérée et les oligomères d’acide lactique ré-
cupérés pour former un mélange ;
- de conversion d’au moins une partie des oli-
gomères d’acide lactique dans le mélange en
acide lactique et en dimère d’acide lactique ; et
- d’élimination d’au moins une partie de l’eau du
mélange ;
moyennant quoi au moins une partie du reste
du mélange est fournie comme l’un des un ou
plusieurs composants qui sont fournis à l’au
moins un réacteur.

15. Procédé selon l’une quelconque des revendications
1 à 14, comprenant les étapes :

- d’ajout d’énergie thermique à au moins un d’un
ou de plusieurs composants ;
- de fourniture des ou plusieurs composants à
au moins un réacteur, les un ou plusieurs com-
posants comprenant de l’acide lactique ;
- de conversion d’au moins une partie de l’acide
lactique en lactide et en eau ;
- de récupération d’au moins une partie du
lactide ;
- de récupération d’au moins une partie de
l’énergie thermique ; et
- d’ajout de l’énergie thermique récupérée à au
moins un des un ou plusieurs composants.
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