1 PROCESS FOR THE MANUFACTURE OF ACROLEI N AND/ OR ACRYLI C ACI D FROM
GLYCEROL Field of the invention 5The present invention relates to the
manuf act ure of bi oresourced acrol ein and bioresourced acrylic acid from
glycerol as starting material and nore particularly conmes within the scope
of a process for the manufacture of acrolein and acrylic acid according to
whi ch the reaction for the dehydration of glycerol to give acrolein is
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The process for the synthesis of acrylic acid most widely employed industrially
uses a catalytic reaction of propylene using an oxygen-containing mixture. This reaction
is generally carried out in a vapour phase and most often in two stages: the first stage
carries out the substantially quantitative oxidation of the propylene to give an acrolein-

20 rich mixture in which acrylic acid is a minor component and then the second stage
carries out the selective oxidation of the acrolein to gi\?é acrylic acid. The reaction
conditions of these two stages, carried out in two reactors in series or in the two reaction
regions of a single reactor, 4a:re different' and require catalysts suited to each of the
reactions.

25 For some years, manufacturers have been carrying out research and development
studies on processes for the synthesis of acrolein and acrylic acid using bioresourced
starting materials. These studies arise from the concern to avoid the use in the fature of
fossil starting materials, such as propylene, the petroleum origin of which is
contributing to global warming due to the greenhouse effect. Furthermore, its cost can

30  only increase in the future with the decline in-global oil reserves.



Mention may be made, anong these alternative processes starting from
non-fossil starting materials, of the processes using, as starting

mat eri al, 3-hydroxypropionic acid obtained by fernmentation of glucose or
nol asses from bi omass. Mention may al so pe nmade of the processes starting
fromglycerol (also known as 5 glycerin) resulting fromthe methanol ysis
of vegetable oils at the sane tine as the nethyl esters, which are
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which energy is produced from fossil material, will be highly damaging to the initial
20 advantage of producing acrylic acid from this bioresourced starting material. Mention
may be made, in this field, of Application WO 2006/092271, which describes a process
" for the production of polymers from acrylic acid prepared by the enzymatic route, .in
particular from carbohydrate.
Glycerol is recognized today as suitable starting material for envisaging the
25  industrial manufacture of bioresourced acrolein and bioresourced acrylic acid.
The reaction involved in order to obtain acrolein from glycerol is:
CH,OH-CHOH-CH,OH -> CH,=CH-CHO + 2 H,0O
This stage is followed by an oxidation of the acrolein in order to obtain the acrylic acid.
Various processes for the synthesis of acrolein from glycerol are described in the
30 - literature. Mention may be made of the documents FR 695 931, US 2 558 520, WO
99/05085, US 5 387 720, WO 06/087083, WO 06/087084 and WO 09/044081.



3 In Patent Application EP 1 710 227, the reaction product resulting
fromthe reaction for the dehydration of glycerol in the gas phase is

subj ected to a subsequent stage of oxidation in the gas phase in order to
_Obtain acrylic acid. The process is carrj3ed out in two reactors in series,
each conprising a catalyst suited to the reaction being 5 carried out. It
is reconmmended to add 'oxygen to the gas m xture feeding the second
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ri sk that taneacodeidedniriohed phase and an acrolein-depleted phase, the latter phase, which is

' 20 rich in water, being returned upstream of the dehydration reactor in order to dilute the
glycerol and to obtain an agqueous phase comprising less than 10% of glycerol.

In this Application WO 06/136336, which relates essentially to a liquid-phase
dehydration process, the acrolein-depleted and water-rich phase also comprises heavier
compounds formed during the dehydration reaction which have a tendency to form, in

25  the reaction stage, heavy compounds which foul the catalyst and bring about its
deactivation.

International Application WO 2006/092272 describes a process for the preparation
of acrylic acid from glycerol comprising either a stage of dehydration of the glycerol in
the liquid phase or a stage of dehydration in the gas phase. The reaction mixture

30  comprising the acrolein obtained ﬁoﬁl the reaction for the dehydration of the glycerol is

brought into contact with water in a quench unit before being sent to the oxidation

reactor. In the presence of a large stream of water, there is a risk that the oxidation



4 catalyst of acrolein will rapidly lose its effectiveness and its
mechani cal strength, nmaking it difficult to maintain such a process.
According to Figure 5 of this docunent, the reaction mxture resulting
fromthe |iquid-phase dehydration is subjected to a distillation which
separates, on the one hand, the light products with a boiling point 5
| ower than that of the acrolein and, on the other hand, a fraction
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of gl ycr olpossibly present, or to a port for the freatment of wastewater exhibiting, however, the
disadvantage of expensive treatments before discharge into the natural environment of
large amounts of aqueous effluents. Alternatively, this stream can be sent to a thermal
oxidizer where it is incinerated. The use of the gaseous vents from the thermal oxidation
is not described. In another situation, a portion of this aqueous stream may be recycled
25  directly in order to dilute the glycerol to the desired concentration, in which case
impurities may -accumulate in the water loop thus formed and the risk may exist of
coking of the dehydration catalyst. _
Document US 6 348 638 discloses a thermal oxidation carried out on a gas stream
containing by-products of lower boiling point than that of acrylic acid, including
30 acrolein, formed during the preparation of acrylic acid from propylene. This phase does

not contain a substantial proportion of water and heavy by-products having a boiling

point above that of acrolein, such as those arising from the dehydration of glycerol.



5 Moreover, the above docunent does not describe the reinjection (or
reutilization) in the process of the gaseous vents fromthe then al

oxi dation Energy recovery is envisaged via the use of several heat
exchangers between the gaseous vents on 4he one hand and the streans in
t he process on the other. The use of several heat exchangers makes the
5process expensi ve. The present invention proposes to overcone the

di sadvant ages exhi hited by the ahovenenti aned processes for .th )
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- limitation of polluted aqueous discharges;
- reduction in the energy consumption and in the size of the installations;
15 - - limitation of the losses of product while ensuring efficient recovery of the
reaction products; _
- increase in the cycle period of the dehydration and oxidation catalysts.
For this purpose, it is proposed to separate the aqueous stream coming from the
| glycéfol dehydration reaction into an acrolein-rich phase and an aqueous phase depleted
20  in acrolein and rich in water and heavy by-products and to send the said aqueous phase
to an oxidizer before being at least partly recycled to the dehydration stage, thus making
it possible to limit the consumption of water and the accumulation of heavy organic
impurities on the dehydration catalyst, but also to recover the heat generated by the
oxidation of the organic impurities contained in the aqueous phase.
25

Summary of the invention

One subje_ét therefore of the present invention is a process for the manufacture of
acrolein from glycerol comprising at least the following stages:
a) glycerol is subjected to a dehydration reaction in order to obtain an aqueous
30 stream comprising acrolein; _ |
b) the stream resulting from stage a) is separated into an acrolein-rich phase and

an acrolein-depleted aqueous phase; and



One subject therefore of the present invention is a process for the

- manufacture of acrolein fromglycerol conprising at |east the foll ow ng
st ages: a) glycerol is subjected to .a dehydration reaction in
order to obtain an aqueous 30stream conpgi sing acrol ein; b) the
streamresulting fromstage a) is separated into an acrolein-rich phase
and an acrol ei n-depl eted aqueous phase; and 6 c) all or part of

-the acrol ei n-depl.eted aquequs ase, is recycled, to.sta , .Ccharacterized
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oxygen- cont & RicRYiz8@%n 1Y AnOBEItIRE! el BFicBZRREIn BF prdden&Bbfoxygen, an
acrol ei n-depl et ed aqueous phase before being recycled to stage a).
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acrylic acid from.gl ycerol conpri si t |east the follow ng stages:
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order to obiteum @ngis@gmcedeps i Sing acrylic acid; y e) the stream
resulting fromstage d) is subjected to aone or npre purification
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oxygen-contal ni ng ga gen peroxide or ozone, on said
acr ol ei n- depl et eg atlqueath f raseltiefdepetddainepus phaselietcyded toedmpea));

Cner Teslures s, S0uanagse, Bl o Buott Lonuil L Bce ELetl ) epae o
i npl ement at jipnal GXARRbARiShe bAS1EAMANti on, with reference to the appended
figures, which represent:
: ) the stream resulting from stage d) is subjected to one or more purification
15  treatments and purified acrylic acid is recovered,
characterized in that an oxidation stage is carried out, in the presence of oxygen, an
. oxygen-containing gas, hydrogen peroxide or ozone, on said acrolein-depleted aqueous
phase before being recycled to stage a).
" Other features and advantages of the invention will more clearly emerge on reading
20  the detailed description which follows and the nonlimiting implementational examples
of the invention, with reference to the appended figures, which represent:
Figure 1: a block diagram of the process for the manufacture of acrolein according
to the invention; '
Figure 2: a block diagram of the process for the manufacture of acrylic acid
25  according to the invention;
Figure 3: a detailed diagram of a preferred embodiment of the process for the
manufacture of acrolein according -to the invention;
Figure 4: a detailed diagram of stages d) and e) of the process for the manufacture
of acrylic acid according to the invention and
30 Figure 5: a detailed diagram of a preferred embodiment of the process for the

manufacture of acrylic acid according to the invention.



Figure 1. a block diagram of the process for the manufacture of acrolein
according to the invention; Figure 2: a block diagram of the
process for the manufacture of acrylic acid 25 according to the invention;
Figure 3. a detailed diagramof a preferyed enbodi ment of the process for
t he manufacture of acrolein according to the invention; Figure 4: a
detail ed di agram of stages d) and e) of the process for the manufacture of
acrylic acid according to the.invention and 30Figure 5. a detailed diagram
of a preferred XHEYEIPUGA Of e IRYUIALS for the manufacture of acrylic
aci d accordlnglqgngmgmb@ygaﬁkgp 7 Detailed description of the invention
Manuf acture of acrolern Wth reference to Figure 1, for inplenenting
- the process acdiso’lthhm’ger@nﬁ:ett@el‘“ngweﬂmi ifon mpleniestige ri @&ID@GSﬁmeQrdfrxgr ¢ gbeli ng

Compr 1 o1 ng. TROVRysEr ST RS TR WP RNt B SR ER

whi ch can var yydrélh oV A@rehin g §%om%ﬁ§1n§>tﬁéfglﬁetﬁﬁbﬁ@%t& Q4th la wa/Blyderdand
preferably between 07/1 and he stream (5) can al so CO:B)I’I se oxygen,

ni trogen arf@tlQZQZ weTghtsviieh eammvany) with vede dptaghos gsimpleheaverad)- el iangd %
stage of M Bl ® SEVEATEN ol Sl Ml MEshOls A BERRE Hpdhch 11
gen, argon  and

recycl ed wa er can rrse nitro ™ The

stream (1) maﬂgen}‘afmﬁ (E@ﬁﬂmhsestrebﬁl @h uﬂim\&?rmlﬁmlyadtblt@h@ttéMg 4 gh;g@@il’ 1:11h;‘nngt hat
is to say typically caonprising 80-90% of . g ycero 1to 10%of salts, 1to
4% of non- gy ceFirsib (Haiel itrghicsrol andd abIS oo htchdRdrcychiswater gvhigysan

wat er e

obt ai ne:t;lsf rdorﬁr]lp%(rg gﬁﬁ%@ &?Ig?nb g%n%dgﬁsmﬁ%ﬁggg%eﬁo%&gﬁﬁke |n t he
art, such asniberdiakgliytdral {gbycerinyl ehatrie thsaydty picals coreprasing 8@1-§ﬁ%dmfsgly¢elrdtl on
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glycerol . separation using ion-exchange resins, such as described, for example, in Application

EP 1978 009. It is also possible to start from salt-free glycerin obtained by processesr '
for the transesterification of oils catalysed by heterogeneous catalysts. It is also possible
o use refined glycerin with a purity of greater than 98%, 99% or 99.5%. It is also
20 possible to use an aqueous solution comprising from 20 to 99% by weight, preferably
from 30 to 80% by weight, of glycerol.
. The-dehydration reaction, stage a), which is favoured by a high temperature level,
is generally carried out in the gas phase in the reactor (B) in the presence of a catalyst at
a temperature ranging from 150°C to 500°C, preferably between 250°C and 350°C, and
25  at a pressure of between 10° and 5 x 10° Pa (1 and 5 bar). It can also be carried out in
the liquid phase; in this case, the temperaturé is between 150°C and 350°C under a
pressure rénging from 5 x 10° to 100 x 10° Pa. Préferably, this first stage is carried out
in the gas phase. |
It is also possible to carry it out in the presence of oxygen or of a gas comprising
30 6xygen, as described in Applications WO 06/087083 and WO 06/114506. In this case,
the amount of oxygen is chosen so as to be outside the flammability range at any point

of the plant. The molar ratio of molecular oxygen to glycerol is generally of the order of



. The dehydration reaction, stage a), which is favoured by a high
tenperature level, is generally carried out in the gas phase in the
reactor (B) in the presence of a catalyst at a tenperature ranging from
150C to 500C, preferably between 250C angl 350C, and 25 at a pressure of

- between 105 and 5 x 105 Pa (1 and 5 bar). It can also be carried out in
the liquid phase; in this case, the tenperature is between 150C and 350C

under a pressur angi fro X to 100 x 105 Pa. Preferably, this
11t ot hgedfdo g Praemiduira D oHE 1R nRadeen 0y SogfsopBubiars ey By ry
it out int LESSRSIS! NAER, @F s@éan@(gas conprising 30 oxygen, as
descri bed impl icati S%'fssu% 06/ 087883 agg_V\D 06/ 114506. In this case, the
“amount of  oxygehhe dehgdregemragetieiscanalypeberigragddat itha reacHamBERIlvn ornpgRe at

any point of th | ant . . The.nol io of. ol ecul ar_.oxygen t lyvcerol is
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by the stream (3). ~ The dehydration reaction _can al so be carried out
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- reaction betarjyaarTieechtaduts eihidhedre isnitdbie agasnpizaseusrorinmltipleast isgbstabephase.
The reaction for the dehydration of glycerol | eneral |y carried out over
sol i d acid Whichpjsingolubipdn Efgtrawgw?%ﬂ% And il iy b f‘ét‘?'?bql%ﬁ’ggﬁ%% or
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have a Hamrett acidity, denoted 10 flo, of less than +2. As indic
Pat ent US 5K3Bahab@: aivin ¢Btudes en Sutfeca Bacpapad Uapalisis'Tadld , e08%tchap. 1

"Studies in Surface. Sciepce. and. alysis', Vol. .51 1989 .chap. 1 and 2,
t he Hammret t c#d&‘f’&liﬂgmaféta& n’éccf/%{t) doby amine; it Bsing, ‘?‘Hﬁeﬁ%rﬁt%?@y or
by adsor ptigRoffioR oPaB&eli thdas PAssePhase. These catal ysts can be chosen

. <

fromnatural orf synthetic siliceous substances or o
These catalysts can be chosen from natural or synthetic siliceous substances or

15 acidic zeolites; inorganic supports, such as oxides, covered with mono-, di-, tri- or

- polyacidic inorganic acids; oxides or mixed oxides or heteropolyacids or héteropolyacid
salts.

These catalysts can in particular be composed of a heteropolyacid salt in which

the protons of said heteropolyacid are exchanged with at least one cation chosef; from

20  elements belonging to Groups I to XVI of the Periodic Table of the Elements, these
heteropolyacid salts comprising at least one element chosen from the group consisting
of W, Mo and V. 7

~ Mention may particularly be made, among mixed oxides, of those based on iron
and on phosphorus and of those based on caesium, phosphorus and tungsten.

25 The catalysts are chosen in particular from zeolites, Nafion® composites (based
on sulphonic acid of fluoropolymers), chlorh;ated aluminas, phosphotungstic and/or
silicotungstic acids and écid salts, and various solids of the type comprising metall
oxides, éuch as tantalum oxide T5205, niobium oxide NbyOs, alumina Al,Oj3, titanium
oxide TiQ,, zirconia ZrQ;, tin oxjdé Sn(0,, silica Si0, or silicoaluminate Si0./AlOs3,

30 iﬁpregnated with acid functional groups, such as borate BOs, sulphate SOy, tungstate
WQ;, phosphate POy, silicate SiO; or molybdate MoQ3 functional groups, or a mixture

of these compounds.



15 acidic zeolites; inorganic supports, such as oxides, covered with
nmono-, di-, tri- or polyacidic inorganic acids; oxides or m xed oxi des or
het er opol yaci ds or heteropol yacid salts. These catal ysts can in
particul ar be conposed of a heteropolyacd salt in which the protons of
sai d heteropolyacid are exchanged with at | east one cation chosen from 20
el ements belonging to Goups | to XVI of the Periodic Table of the
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parti cul ar | gy, lpe, RREE, RAMAICE Wede, D4, dasMpoFe, IQBE obasatndillonfton and on
phosphorus and of those based on caesi um phosphorus and tungsten. 25 The
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propionic acid, acetic acid, formic acid, acetone, phenol, addition products of acrolein
with glycerol, polycondensation preducts of glycerol or cyclic glycerol ethers, and also
light compounds, such as nitrogen, oxygen, cafbon monoxide, cariaon dioxide and
argon, is obtained. Some of these products are rheavy compounds and others are

25  condensable light compounds. Others are light compounds which cannot be condeﬁsed
under the temperature and pressure conditions normally employed.

The stream (6) has a high water content due to the composition of the stream (5)
entering the reactor (glycerol charge) and to the reaction itself (dehydration). Stage b) in
the process according to the invention consists in separating this stream (6) into a phase

30 (9) enriched in acrolein and a phase (10) rich in water and depleted in acrolein. This
stége b), such as the partial condensation of the water described, for example, in Patent

Application WO 08/087315 on behalf of the Applicant Company or such as the



On conpletion of stage a), an aqueous stream (6), which can be liquid or
gaseous and whi ch conprises the desired acrolein, water, unreacted

gl ycerol and by-products, 20 such as hydroxypropanone, propanal dehyde,
acet al dehyde, formaldehyde, acrylic acid) propionic acid, acetic acid,
form c acid, acetone, phenol, addition products of acrolein wth glycerol,
pol ycondensati on products of glycerol or cyclic glycerol ethers, and al so

[ gt compounds  SHCRLAS i A08R, RXYSG G100 HANGK deeccarban,hexi de

cpdar
and argon, T8 BN ese products’are heavy coipou and
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known to a (10). The gas stream (9) generally comprises more than 80% and preferably more than
o 90% of the acrolein initially- present in the stream (6). This result is obtained by
20 lowerihg the temperature to a temperature of 60 to 120°C.
In the case where stage a) was carried out in thé liquid phase under pressure, stage
b) can bé carried out by a reduction in pressure to a pressure of 1 to 4 bar, optionally
coupled to a heat exchanger and a gas-liquid separation plant which can be a flash
drum, a distillation column or any other device known to a person skilled in the art. A
25  liquid stream (10) is recovered which comprises from 20 to 95%, preferably from 40 to
" 90%, of the water present in the stream (6) and a gas stream (9) Which'comprisés more
than 80% and preferably more than 90% of the acrolein inifially present in the stream
©.
The condensed phase (10) thus generated generally comprises from 90 to 99% of

30  water, the remainder representing acrolein and impurities, such as acrylic acid, glycerol,

_acetic acid, hydroxypropanone, propionic acid and other heavy organic compounds.



15 person skilled in the art which nakes it possible to carry out a
partial condensation of an aqueous stream It is carried out under
‘conditions such that from20 to 95% preferably from40 to 90% of the
wat er present in-the stream (6) is renojed in the liquid stream (10). The
gas stream (9) generally conprises nore than 80% and preferably nore than
90% of the acrolein initially present in the stream(6). This result is

~ obtained by 20 | owerin he temperature a tenperature .of 60 to.120C.
In the case V\her(gn%?fa@g 9 e%%{%ﬁrpf?cgﬁs %Itu@e e f%at(ffu(?b ﬁa‘gf’gefa‘?fé‘e?ndc
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case, the transfer of energy of the stream g%) to the glycerol (1) takes
pl ace when arpbeipgsixed adibersfare BassRpt Resdemy st RR¥EEbBr ¢ does not need any
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30  stream (10) to the CO; and H,O state, may be carried out in various ways:
According to a first embodiment of the invention, a thermal oxidation is carried

out in the gas phase in the presence of oxygen at a temperature above 700°C in a



30 stream (10) to the CO2 and H20 state, may be carried out in various
ways: According to a first enbodi nent of the invention, a thernal
oxidation is carried out in the gas phase in the presence of oxygen at a
~tenperature above 700C in a 12 thermal joxi dati on system (or oxidizer),
usual |y consisting of a conmbustion chanber provided with a burner and with
~a primary heat exchanger for preheating the effluent to be treated, using

the energy contained in the flue gases output by the conbustion chanber.
The str eam MM PRANIER BYHATO(YE HETEErH SN CORSTBE: Ol SPBPLHE Bture
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the inpurities to be oxidized, generally above 0C, preferably above
750C, opti obalestedyi tdnpatheacatirgy enntineflusl the Slichgzss matpnt &y gasconpruspame  or

l'i ght, nediym or avy fuel.oil, sa as to sustain, the conbustion if the
concent r at | SRS g iret Eootierd 8 T SuhREPR DA Socv DRy D SRBRREE 1 or
the reacti of fhainBineY hdf rdYerMUFLaRXY FRNautEXN GRS RfPceRRd Fithe Bhpditles td.0
Since the oxygen and the streamto be treated have to forma mxture that
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presence of oxygen at a tenperature ranging from200C to 500C in the
presence of oxygempeddpd for the renetiomis Mﬁ“éﬁfg BY patesoxypen. axyggibpighed girgg@irsol i d
catal ysf{;s cQpsl $id Q%y o A% Ae! ét}’e%{f P@‘B‘ee&ea‘i‘e%p{?ﬂet &d 1 %”m'iﬁ&fegﬁl'a{ Sﬁ]aé or
exanpl e al um na or £ ca, support or on a netal-ceram c support. e
active spechamsogeherubas gdssitsiepit &€ prefisablet@bdd thel atypen opstipai eftthe wxidatiodi um
or a conbination_of these netals) or else on netal oxides, 20 ,b;llfed on
chrom um %80T FBE Vs ime i he gaves Ahihgdrdied teppepture sdgpiselopronnd kel |
it being po§_§it(pigecfoﬁ ;. these to be doped with precious nmetals. The

catal ysts may take the form of beads, pellets, granules, extrudates,

bri cks or nonollhtahscondoembydispacet thelioedntiorsar( gsidafidrow caatie] ouit al the tgas

volume ratiqgs) of the order.of 10 000 to 50 000 .111 wi Il .l 1ypi JLy. b
Fespoct . PERORHERGTEEHET SO WP A SO PORDE ot 0ISE SBLCTBIEe ¢ o
add a fuel,prdRncSWEh dstaRat UAR ox3@sioAr catd19d, - it B tiypiPaPlo NRA V61 USalPéts . SO
as to sustain the conbustion if the concentration of organic conpounds is
i nsuf fi ci entonsisibeeidinragtive specidsideposatat odiangmirgafic, ttheeranmvde aluonna er sikkda,
oxi dation (subcriti cgl gﬂijlc%ati.or% or ay3uper.cr iet.i g%e o>§i&laltli onioiug Ce%éi ed
out at at _e%@?%f”_ﬁ% RSGRISCAYE SURRP™ 1B SR Pedige s Bophen PG R
oxi dati on i@ldiaiunl pdlaBliin, dhodiBMRE habibastibe bR hef(s) or else on metal oxides
20  based on chromium, iron, molybdenum, tungsten, manganese, cobalt, copper or nickel,
it being possible for these to be doped with precious metals. The catalysts may take the
form of beads, pelieté, granules, extrudates, bricks or monoliths. Hourly space velocities
(gas flow rate/catalyst volume ratios) of the order of 10 000 to 50 000 h™! will typically
be respected. According to this method of oxidation, it is also possible to add a fuel,
25  such as natural gas or light, medium or heavy fuel oil, so as to sustain the combustion if
the concentration of organic compounds is insufficient.
According to a third embodiment of the invention, a wet oxidation (subcritical
oxidation) or a supercritical oxidation is carried out at a temperature above 150°C and a
pressure above 5 bar. The wet oxidation is carried out at temperatures between 150°C
30 and 330°C and pressures of 5 to 150 bar, The residence time in the reactor is typically

from 30 minutes to 3 hours. It will be advantageous to use a heterogeneous catalyst

based on metal oxides or mixed oxides having a specific surface area ranging from 10 to



30 and 330C and pressures of 5 to 150 bar. The residence tinme in the
reactor is typically from30 mnutes to 3 hours. It will be advantageous
to use a heterogeneous catal yst based on netal oxides or m xed oxides
having a specific surface area ranging fjsom 10 to 13 1000 nR/g
containing a dispersed active conpound such as Pt, Pd, Rh, Ru, Cu, M or
Co. The hourly space velocity (the flowrate of the gas to be treated

divided by the catal yst.volynme) is typicall et ween 0O, nd. 10 h-1.
Oxygen, oxyb@&-r@ ¢ cetfaaing 7 diperss aqté@gﬂﬁfr@e@_ﬁsqc}qeﬁé Ptth%ds LT CugMn or
upstream of cf, hepd E&gﬁ Epacd REIEHP§E Adw ¢4t oP’&ledga%'tBng'rt%ea%dC@iRz{deSde!%ﬂe at a

t enper at ure above 3 Clénd at a pressure abo%e 1 According to
a fourth entmaystentunc) it typichly bettvicom 0.5tdnd 10X d Qv gam, bsygeareniielbdorit on air t he

‘liquid phase .in the presence of hydrogen. peroxide_or ozone, or L
conbi nat 1 onSPeEtdaal 1 TSR, SnbSToah B T SR B° g TR AL R PAH R 5 1 or
exanmpl e,5 bycdh&] saet QlentPérdtadi BbVOR7LC 4 af @?reb'sﬁ@e goveababysts such as
diron(ll) salts. 10ln all” the enbodi ments of the invention, a stream (3) is

obt ai ned t hat riscontng i atpohsinbadenerd o thetisygntion, thapxidatignyisrceuied| i it o

t he gl ycero} dehydration. stage a), M t-hout the.risk of inpuritjes.

e u il oot e JEN R 00 156 BRSerRb or Mo URREh phftfidel b 5Pk RRjon of
possi bl e i nthpay twocithétints, Owhidh Wedctdnemaiberactaitdde Mér &fandphte by the use of UV

gl ycerol -contai ning stream (5) that will feed the dehydration reactor (B).

151 n al | cagdigtion pebxHersy ocetlusthawhias op€Dselieam | eavi ng the oxidizer is
advant ageously Iﬂsﬁfm@%m‘lﬁa‘i%{ n?s%}“'tﬂ iﬁ\%ﬂ?ﬁrghz?%{reérﬁeﬁztig It W he
y d'o préﬁ st f en

oxidizer. It may al so be use eat reamns nmateri a ring

the first rebetthgvuslyageongilgblyas phhillglryeledlo theallgerdrdhydiatidn gages, | n
hdvant aceousthd S HeokimpirfishAcaTBlaias oAl JBF RS 61RO

oot at ur AaHE Boeible i SRtk o WIS o dshet Cortbn bMBE Kol conaining |
£ St st i o,
enbodi nent .t halgAl- P ehenEhsay sty BE s gving the oxidizer- is

advantageously used, at least partly, to preheat the stream entering the oxidizer. It may
also be used to preheat the streams‘ of material entering the first reaction stage, such as
the glycerol, water and inert gases.
In the case of a gas-phase reaction and a gas-phase oxidizer, it is advantageous to
20  use the high level of heat of the stream (3) to vaporize the glyceroi stream (1), which
ends up at a very high temperature. Moreover, the water needed for the reaction in the
stream (5) is supplied directly in the gaseous state with a high thermal level, this being
| very advantageous in terms of energy. '
According to a preferred embodiment, the gas-phase thermal or catalytic oxidizer
25  (J) will be operated at a pressure 0.1 to 5 bar, preferably 0.2 to 2 bar, above that of the
reactor (B). According to another preferred embodiment, the thermal or catalytic
oxidizer will be operated at a pressure close to atmospheric pressure and the gas stream
(3) 1s compressed before being injected into the reactor (B). '
According to one embodiment of the process according to the invention (not
30  represented in Figure 1), the acrolein-enriched phase (9), which is freed from the heavy
by-products and from a large part of the water, originating from stage b) for separation

of the stream resulting from the dehydration stage a), is subjected to a purification



25 (J) will be operated at a pressure 0.1 to 5 bar, preferably 0.2 to 2
bar, above that of the reactor (B). According to another preferred

enbodi ment, the thermal or catalytic oxidizer will be operated at a
pressure close to atnospheric pressure gnd the gas stream (3) is
conpressed before being injected into the reactor (B). According to one
enbodi nent of the process according to the invention (not 30 represented

in Figure 1 t he acrol.ei n-enriche ase ( h |s freed fromt
oavy by. pr GRS SHOST e PGS BRURTGE SASmabd o ofogs AT o
stage b) f Oéxaﬁl%lﬁ»ﬁrf@zt h8RcRfeih REesth HBNCEE DY 6x'1d}ﬁo£ o? @r&ﬂ%@en@%ﬂi’é abdupiknst age

a), is subjected to a purification 14 treatment conprising

absor pt i on/ Bichnighésadd 10mgétiaye $raits deh Praxcddrd$echdanies phte Enpmece lagapbeon f or
't he acrolel stre gkfgﬁppﬁed by oxi dation of propylene in the docunent
Techni ques &8‘???3 Traite des Procedes [Techni ques of the Engi neer,

Treatise on ProgRgwesitatioh o BOGrehnf(9)2bpriviagithd sabieh) aﬁér dd&ﬁn%by ?a8of 9)

conprising the acrolein, after cooling by one or nore heat exchangers,
general |y cBeshicaieaxchangatss g?f}@ralldrpomrwa& &y abgprpaion éie peles dr areEdad a@uenoeam t 0

a1 ow the naRaGARIARRANL RaPLORALAL BLBRYS, Mot NPubOR AR RefBEONSE 2

the botto € a ueous SO acrol’er n. sorp

carried outmﬁmnﬁaﬁﬂ&kedu@mmabﬁmenGﬁ£Mﬂhu1preferably 10 countercurrently.
Advantageously, t he. non- condensabl e |i ght. conpounds, such as ni trogen,
oxygen, car bon THénaRsodetiosn gar: B¢ besried %t de, 2 Frekedepb vl golume RlsTaHEY t he

colum.qq . u S &§d
dlstllIatlonug{-"llggcrlﬁajfta‘P:@'Sp %ﬁ%@ﬁﬂ%ﬁhﬁg ﬁ%ﬁgbgﬁx%§%§§ﬁ§n %A%Faﬁﬁflg%loﬁpy
col ums, asiglesenr bowxdn, u‘:arboremnpmdga and cithoRaliende, ds BndB8d84the op of the ngl e

colum, as dgscribed, for exanple, in docunents EP 1 300 384 or EP 1 474
374. This d | ati on makes it possible to recover, on the one hand, a

stream predom Nty fRMRRIEH sBfutivRti §rsubs@81§énﬂ9fse¥:ﬁhﬁﬁ Hysd&ﬂﬁ%ﬁ" t& this,
recycled to the absorption stage, and, on the" ot hand, a gas or [1quid

st r eam conpise siaygbeamedn v € atsegyenae iof) Histiftatiere colluming, aﬁfdeg'uéwtle fortdxampRO% and

W th 1 aspedie e HaEPChRY st g Bhdn oSl Tor YambRlen difere

conpri sing @:I 9b@B 84 62RP 2l459 308, DK Hfslnﬁﬂtu&i iRkt iPPosdibid 1ol feddvieRdnvhé bRyt
“prior absorptlon in water. This alternative is advantageously "enpl oyed

when the stheedm §wntm¢é¢m§7@gﬂy cempesed pitwiernanpsb el whishds senanabibteeydedes.
l{]ggle!squo? " thIBFEMH AL, Ghl 5 1EAEeL RLRL 1 aOf KNG HELQLoRlpS o
content by weight of acrolein of greater than 80% and preferably > 94% and a content
20 by weight of water of less than 15%, with respect to the acrolein, and preferably < 5%.
The stfeam (9) comprising acrolein can also be purified simply by distillation
without prior absorption in water. This alternative is adv’antagedusly employed when
the stream (9) comprises little in the way of non-condensable gases.
The liquid or gaseous acrolein stream, obtained on conclusion of the stages for
25  purification of the stream (9), can then be wused = to prepare
methylmercaptopropionaldehyde (MMP) by reaction with methyl mercaptan in the
presence of a catalyst. The reaction of MMP, optionally purified, with hydrocyailic acid
or sodium cyanide, carried out according to the Biicherer or Strecker synthesis well
known to a person skilled in the art, then results either in methionine or in the hydroxy
30  analogue of methionine, after conversion of the reaction product, as described in the

document Techniques de I’Ingénieur, Traité Génie des procédés, J 6 410-1 to 9.



25 purification of the stream (9), can then be used to prepare

nmet hyl mer capt opr opi onal dehyde (MW) by reaction with nethyl nercaptad in
the presence of a catalyst. The reaction of MW, optionally purified, with
hydrocyani ¢ acid or sodium cyani de, carrnged out according to the Bticherer
or Strecker synthesis well known to a person skilled in the art, then
results either in nethionine or in the hydroxy 30 analogue of et hi oni ne,
after conver5|gp of .t reac {q_ gduct KQIT an Sl ﬁt%pguoel
Techni ques de B gél Fm §4e” ggm%es p oced%s (% Eﬁb 4 g5
Figure 3 Shﬂﬂﬁuﬁctd@ﬁga!pl'cﬁéssd hagrdan ef e el ekk gl?@@l@l eRdr@dont fction
acrol ein manuf acturing process according to the invention, the glycerol
dehydr at i onbeiegearTiethowen iy $&PPREd out in the gas phase. The gas stream

5) feedi th
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carried out in_the oxidizer (J), possi bly fromthe recycling
of a gas stlfeem«nsr@a:a%thaﬁﬂpweoﬂ%? A ﬁrg ae}ﬁnn cAMEHh %%efgwwrtéhe (J)

The gl ycero
tenperature&%?&éfgzh I%%p g%&ﬁﬁ?%ﬁgﬂgﬁgp%nbgauEggﬁé%gqﬂggg%nﬁgyfb

i nj ect ed i ntomtdiding C&Dgamrbmmg\/ﬁrdmm caduer @t Ther glgcwolt sreonr (1¢m liga! fokmoyy,

via spray or at nozzles fo ng fine.droplefs in.contact with the
ecyol ed” st TR ebeiig e Rapeabdhot arp MrErs SR ehitiicpte thip
possi bl ni 1gpeQeHha tb@llﬁjeatea QRES chimbd} GRS & QUGuricf B AfunBicihft henowl

oxi dati on treatnen? in'the gas phase, or after an evaporation phase in the

case of a th@mp@ﬂyl omaﬁozmzatlon fiogzles é@mdng)rﬁasedr()piens 1!15C0§fﬂ@tm\)lth thgeresynled,

nozzl es enabl e Uld C ream spe sed n the fo
fine ar ot cricam et e Shichiay WAl th ebf (&) 980 JFRipd m et g
shape of t hﬁre aEécﬁﬁ&%mﬁ hay thauenaalcbmmﬁweeheﬂmﬂetgawa@g‘el en

- nozzl es also i ncl e injection of a gas into the nozzles, as for

exanpl e th r@a@ﬁamatwanﬁm@eeﬁeﬂlaﬂ rasereike thermgh exidatien diy ligurh shase depl et
si zes syl '&mbvﬁag pPaﬁ/%ogerg%}eﬁb[%ﬁ’e éﬂf‘eﬁl{a@%% r&%ﬁ%&ﬁ% bd AR ? &s&P Saéék

make it "possi S sna size than pre rany
smal | er t hamffﬁﬁmrwtbts'ﬁpenefkmgememaﬁlcdlrammsahem @8, vaiying tl‘l&rs&eraaﬁlsﬂaﬁehﬁ thkd r eam
(1) is evaporated. | n anaqt her enbiglnent the intimte mxing of

the liquid zglepiaficess fleunTat yang HjretsHe?) ¢ AlUPZe e ARTAles) al.se iBekdomed in

~a venturi- %Bfe%ﬁ&rhﬁi X§hs agr @Je%o@ﬁbé"gﬁ IR th@geea%ﬁ %haldr §, a6 nlBh-it

I'n the di agram shown i n Figure 3, e energy neede pre he stream
(5) enteri ngpssihle toeabicer dioplgpsres stealldyyhanhtbosuphtaiheshivetl spltayemmslei Jfheand

(2). A ernatlvel a. heat., exchange i ght be Iace bet ween

it © (AT eSS il gRople OA0BT oSl B S5ttt} B and Prefetably™?
oxygen- cont gidMeP gh 42300 ﬁﬂa ChhePEAOME SArbiiet 3Reeiednatd efpid FRC QM (1P is
supplied at (4). e gaseous reaction strean1(6) out put by the

reactor~nayﬁbyﬂa®dled in a heat exchanger (CD down to a tenperature
il L an(in %80 oo dbfpcfn%]:aref\tr %%l 1%‘[1 {e rmxmg of the liquid glycerol stream (1) and

the recycled stream (3) is performed in a venturi-effect mixer before being injected into
25  the reactor (B).
In the diagram shown in Figure 3, the energy needed to preheat the stream (5)
entering the reactor is provided by the superheated streams (3) and (2). Alternatively, a |
heat exchanger might be placed between the mixing unit (A) and the reactor (B).
A supply of oxygen, air or an oxygen-containing gas, which promotes the
30  dehydration reaction, is supplied at (4).
The gaseous reaction stream (6) outpuf by the reactor may be cooled in a heat

exchanger (C) down to a temperature between 70°C and 200°C and preferably between



16 110C and 180C before it enters a condensation colum (D), fitted with a
condenser (E), enabling a |liquid phase (8) conprising predom nantly water
and acrol ein, which phase is recycled to the colum (D), to be separated
fromthe gas stream (9) conprising the geérolein produced. Generally, this
stream (9) contains water in an acrolein/water 5 weight ratio ranging
from1/0.02 to 1/3 and preferably from1/0.5 to 1/2, but also the |ight

- by-products,, .such t al deh L d d i |1
o By e o8 eRe TS LB G P BARhArN R PITERAR AR PRARPEL X
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from the oxthasezigreqygled te phe gabpman §P). o be sehamptoshiem the 2eitisgmi(8) Qmpipinge
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“absorption c an aqueous stream (11) possibly containfng
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t he oxi di zetregm)or stEhm stiegmi dr ather irecycled sireas jofi the, insiplilationi §lieronvehy. tha ed
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L S T e S
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matter, generally ranging from 200C to 500C in the case of 25 a catalytic

oxi dat i on ig8s livanyasdgserales abgiet fr om 600C to 1200C in the case of a

t her mal, .oxi dat ien.. A - Al r I J:
necessary for t ghtqﬁle(férge?jh%g(@gé%}é% |g%8g%i0§3ﬁ%g%%§§%(1%§wﬁgt é‘g E(l)nop,
it is possidguenisostteago por positdy gatasding atlydetd) aeb micahamoh gomigarfiom the
inmpurities, thus nmaking it possible to.incinerate seous effl yents com ng
for exanpl @urifigrHanf the plyreio] aténalgpsmtﬁal@ld%lwt&waﬁﬁ addcdotmiepprzsthiBihechsat 30
acrolein el X&ha S : r ver

t he ener ggeéggﬁn@%ﬂgf(gg%m%%f uee%_g%é?? 150)% out gﬁ?ﬁéﬁoﬁﬂ? é;%?%?tzl{é?yloﬁggr der
t 0 ‘preheat  pmtist 0€#iis adudovatstredre is mhpirizedl —tihe paxti ahnpersingAnostlhyewatat hmt  of
t he oxidi zer, the gas, stream (16) is.at 17 l.eas artly.recycled .to.the
denydr 201 onelit SERPRGH e B e s o a0t 1L PTAEEhng Ui o
sonme of t heyabjGiskidn Wadi@le, (Wkh Vi doRceifated 9% HRANGE brdalides aRsth Waky Clsesthes t her
in the formof a gas stream (7) at the bottom of the absorption colum (D)

or in the fioeaedin bawd forst intathe(X)diegr (Dhve 13 iheevedfromibe pfokessg phase (A),
as descri bed a \éeinleitt tegl%%ira P3P s[h(? | oexiéi(zjerc "ilPYe 3nd8R RY raﬁgwa(gon(e%p )

combustion of the organic matter, generally ranging from 200°C to 500°C in the case of

25 a'catalytic oxidation in the gas phase, and from 600°C to 1200°C in the case of a

thermal oxidation. A supply of oxygen or air or oxygen-enriched air necessary for the

thermal oxidation is carried out at (13). In the loop, it is possible to incorporate a gas

stream (12) containing organic—impurities, thus making it possible to incinerate gaseous

effluents coming for example from the acrylic acid purification unit downstream of the

30  acrolein manufacturing process. The heat exchanger (H) is used to recover the energy

coming froni the flue gases (15) output by the oxidizer in order to preheat the stream

(14) at the inlet of the oxidizer. At the outlet of the oxidizer, the gas stream (16) is at



Manuf acture of acrylic acid Wth reference to Figure 2, for the

i npl ementation of the process according to the invention, the phase (9)

enriched in acrolein and freed fromthe heavy by-products and 10 from a
| arge part of the water, originating frgmstage b) for separation of the
streamresulting fromthe dehydration stage a), is subjected to a

catal ytic oxidation reaction d) in a reactor (M in order to obtain a

stream (22), conprjsing . the desireq acrylic acid. This streamis
subsequent| oS dBtbereedkied fp Sestegdraloh S st GHrke Femairmeatiesn (17
treatnments (), Fg@%& 9 sbrhe RO RiGd &G QY ¢fa PHE: [k BGhnBEr M) %d%bﬁl%@?)s-

15The reaction the oxidation of the acrolein to give acrylic aci

carri ed outeither irhthe goms ehe gapbtram €0uk e mttpgesf tbe absorption stlume (Bdwpin si ng
nol ecul ar o en t a tenperature.rangi. f.r.om 200 o 350C referably
rom 250C + Be350to bl AR ChehbEUErE BEmiking . sraoth Spithe
presences of hg SR o RBrr¢ 3hied Yitpurdds# (2. made, as an oxidation catal yst,
of all types@lg%ﬁecgat al ysmll %n(%)vvn to(a@person skilled in the art 20 for
this reaction. Use is generally nmade of solids conprising at |east one

el ement chosen ,fra he List..-M...V, W Re, C, M, Fe, Co, N, Cu, Zn, Sn,
Te, Sb, Bi, Pt ,M_r J?%Céxwegifu%crﬂluwcdgesent inthe metallic formor in the

oxi de, sul phat evah r@gbesehat Befei2ntoribeinslemadaiomofae bioeuisadec@iiirighe the
formul ati ons conprising M and/or V and/or Wand/or Cu and/or Shb and/or Fe
as main condventiganths phassTiR cepiched dn asroleihardireqdiromdhe Bpraw dtvepraducts fipded
bed, as f4uidi ' at i i el : [

possi bi 5 t ol BRES B oflner B, Whighil Al il ipkl ) SR Etop of it Bl

cat al yst, swmslitias frdasibe idbledirationt stezeddcis sehecedER 985aKAE oxkdatidn 1béti&0d) or
US 2005/ 0020851. o The gas mi xture_(22) resulting fromthe .

oxi dati on ri@atiesiT (¥ B eplEda ,O%E‘Hél"‘tmg@nf(?é))rﬁ‘%n%“% {pei desiged B 26 i ous

conpounds, Beh@sin isl&bsédrugmy GORRQUNdS mit&%el Sé;)r G0N 6PAGESARRatisIer

the tenperature and pressure condi'tions norna enpl oyed: N2,” unconverted
02, CO and w@@Berito(@p dakimgdt posaible tareontr yiftedaciydisacxRelat i on or goi ng

around, by recygling, in_th rocess condensabl.e |ight conpounds: .in
par b1 clar 1 ho s egon e B SRR oanf AR Mgt G SR Y BEATRd By 4 he
dehydr at i onghk @R&EARNLOfoREGREBiyaE offi dfeRixturd oA RIMbadoRENIS! Siyken) At
al dehydes, such as fornal dehyde and acet al dehyde, form c acid, ‘acetic acid

and - pr opi onfewpereiuds rangingsrein A00He tv IS Enprstieldy fioom2307E tor308QAi ang wdaye:
furfural dehyde, benzal dehyd | eic i l-ej nhydr i .de enzoi ¢, aci d,
Chenal Cor o EEsaRERERRRFNET 10 SBUShTE Bllendtegh ErARNE MGGy, DSIRM&RC!
to a certaids dnessdtiealcatglyad of all types of catalyst well known to a person skilled in the art

20  for this reaction. Use is generally made of solids comprising at least one element chosen
from the list Mo, V, W, Re, Cr, Mn, Fe, Co, Ni, Cu, Zn, Sn, Te, Sh, Bi, Pt, Pd, Ru and
Rh, present in the metallic form or in the oxide, sulphate or phosphate form. Use is
made in particular of the formulations comprising Mo and/or V and/or W and/or Cu
and/or Sb and/or Fe as main constituents.

25 The oxidation reactor (M) can operate as a fixed bed, as a fluidized bed or as a
circulating fluidized bed. It is also possible to use a plate exchanger with a modular
arrangement of the catalyst, such as described in the documents EP 995491, EP
1147 807 or US 2005/002085 1.

The gas mixture (22) resulting from the oxidation reaction is composed, apart

30  from the acrylic acid, of various compounds, such as:



necessary to subject this mxture (22) to a purification sequence
represented in part, for exanple, in Figure 4: The first stage of
this purification phase consists of an extraction of acrylic acid by
countercurrentw se absorption. For this,jgthe gas mxture (22), optionally
after 15 cooling in a heat exchanger (N), is introduced at the bottom of
an absorptlon colum (P), where it encounters, countercurrentw se, a

-solvent (23) .introduced at .the colu B‘PF%? generally water. The |ight
apib]
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source externa to the process but can be conposed, in all or part, o

wat er resullighhgldehpdasy sehicas fgmeldelyreaapdeasatalqshzde ‘fommig wgldzacqmccﬁsslssnd for
exanpl e the_ wat er s%parat ed in the separating unit (D) or the water
recover ed 8 P&t op stream of an azeotropic drying col um optionally
present in Iagdpdiriehif @bmPOusRAUGACHe phedingistgel QraRaldbliydeNBénzydeliydleM
water is not added in the absorption columm. The operating conditions of
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introd d at t d
2506 e vat or g PR RRR i LETRBLANL R Foftin EREL pdddri 3
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reaction m xture are such that the water/acrylic acid ratio by weight is
bet ween 1/ 1exam@ler iutigyeet-operation is carried out at atnospheric pressure.
The absorption ¢ il ion
of the very Ilghl?l (L:%?rtp%g) ds, Sts)&é ?@(%nieeiag‘gf 0 Sgs?gn%c%}%{/agﬁ}g%mcﬁﬂc i ! or
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the a ous agrylic . acid soluti rec t.he bo om of the
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fromthe botfom of the precéding absorption col um and makes it possible
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bei ng reconpressed in a conpressor (S) and optionally conveyed to the
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25  process, for example the Water separated in the separating unit (D) or the water

recovered from the top stream of an azeotropic drying column optionally present in the

purification sequence. According to an alternative form, water is not added in the
absorption column. The operating conditions of this absorption stage are as follows:

The gaseous reaction mixture is introduced at the column bottom at a temperature

30  of between 130°C and 250°C. The water is introduced at the column top at a

temperature of between 10°C and 60°C. The respective amounts of water and of



20 dehydration stage can be carried out by azeotropic distillation of the
sol vent, water and acrylic acid m xture, which makes it possible to take
out the solvent/water azeotrope at the distillation top. The acrylic acid
recovered at the bottomis subsequentlyjgsubjected to a distillation of the
| i ght conmpounds (topping) and separation of the heavy conpounds (tailing).
A grade of acrylic acid referred to as "technical"” is then obtained, which
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- which is carried out in the presence of a water-immiscible solvent for acrylic acid. This
20  dehydration stage can be carried out by azeotropic distillation of the solvent, water and
acrylic acid mixture, which makes it possible to take out the solvent/water azeotrope at
the distillation top. The acrylic acid recovered at the bottom is subsequently subjected to
a distillation of the light compounds (topping) and separation of the heavy compounds
(tailing). A grade of acrylic acid referred to as "technical” is then obtained, which grade
25  can subsequently be subjected to a subsequent purification, for example by fractional

crystallization, to give a glacial grade.

Energy optimization of the process according to the invention

Gas streams which have to be cooled and condensed and liquid streams which
30  have to be vaporized arc present in the process according to the invention. The use of
compression systems, especially heat pumps, makes it possible to minimize the heat lost

by making it possible to transfer heat from the coolest medium to the hottest medium. A



20 stream (6) exits fromthe reactor in the formof a gas m xture at a
tenperature ranging from 150C to 550C and preferably between 250C and
400C. This streamis cooled by virtue of a first heat exchanger in order
to bring it to a tenperature ranging fraog 150C to 200C. Generally, this
heat exchanger mekes it possible to recover energy by producing | ow
pressure steam A second heat exchanger makes it possible to cool this 25
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carried out he gas
25 strcam down to a temperature ranging from 70°C to 120°C and preferably from 90°C to

110°C, so as to feed the absorption column (D), from where the liquid phase depleted in
acrolein (10}, separated from the gas phase enriched in acrolein (9), exits at the bottom.
This liquid stream (10) is vaporized at a pressure 0.1 to 3 bar higher than the inlet
pressure of the dehydration reactor by virtue of a third heat exchanger at a temperature
30  ranging from 110°C to 200°C and preferably frcm 130°C to 160°C, in order to obtain a
gas phase that can be mixed with oxygen and then raised to a higher temperature in

order to be injected into the thermal oxidizer.



phase and in which the gas stream (6) |eaving the dehydration reactor is
cool ed by one or nore heat exchangers (C), then reconpressed by a
conpressor (not shown in 30 Figure 3) before being injected into the
condensation colum (D). The colum (D) 2and the heat exchanger(s) (E)
operate at a pressure at least 1 bar and preferably at |east 2 bar above
that of the reactor (B). The liquid stream (10) recovered fromthe bottom

is then 22 vapgrized via the heat xch t hat t t
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be used 10 produce sl SaM A AaulLkem hsonel Lovsh Aprcilihem to
i nventi on t {¥4sCGENBOUlRSIsttRed 8BS GiréddS! into the condensation column (D). The
thermal equilibrium of the column (D), enabling the liquid acrolein-depleted phase (10)
15  to leave from the bottom and the acrolein-enriched gas phase (9) to leave from the top,
is provided by the cooling heat exchanger (E) that operates at a temperature ranging
from 50°C to 100°C and preferably 60°C to 90°C. The liquid stream (10) is vaporized at
a pressure 0.1 to 3 bar higher than the inlet pressure of the dehydration reactor by virtue
of the heat exchanger (G) at a temperature ranging from 120°C 1o 200°C and preferably
20 from 130°C to 160°C, in order to obtain a gas phase that can be mixed with oxygen, and
| then raised to a higher temperature before being injected into the thermal oxidizer. The
heat pump may be installed on the heat exchangers (E) and (G), the heat exchanger (E)
being used to vaporize the refrigerant, said refrigerant then being compressed, then
condensed in the heat exchanger (G) before being expanded and then sent to the heat
25  exchanger (E).

Compression systems may also be used in a configuration exemplified in Figure 3
in which the dehydration reaction and the oxidation stage are carried out in the gés
phase and in which the gas stream (6) leaving the dehydration reactor is cooled by one
or more heat exchangers (C), then recompressed by a compressor (not shown in

30  Figure 3) before being injected into the condensation column (D). The column (D) and
the heat exchanger(s) (E) operate at a pressure at least 1 bar and preferably at least 2 bar

above that of the reactor (B). The liquid stream (10) recovered from the bottom is then



consunption and the CO2 discharge into the atnosphere. The

bi oresourced acrylic acid obtained according to the process of the

i nvention can be used for the manufacture of honopol yners and copol yners
produced by pol ynerization of acrylic agpd and optionally of other

unsat urated nononers, for 25 exanple the manufacture of superabsorbent
pol yners obtai ned by polynerization of said partially neutralized acid or
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process. : '

The heat pump(s) emplbyed in the process according to the invention can also be
used to produce steam at a sufficient thermal level for ii(them) to have a use in or
outside the process.

20 The process according to the invention thus contributes to reducing fuel
consumption and the CO;, discharge into the atmosphere.

" The bioresourced acrylic acid obtained according to the process of the invention
can be used for the manufacture of homopolymers and copolymers produced by
polymerization of acrylic acid and optionally of other unsaturated monomers, for

25  example the manufacture of superabsorbent polymers obtained by polymerization of
said partially neutralized acid or by polymerization of said acid, followed by partial
neutralization of the polyacrylic acid obtained. |

The bioresourced acrylic acid obtained according to the process of the invention
can also be used for the manufacture of polymers or popolymers by polymerization of

30 the derivatives of said acid in the ester or amide form.



20 having a condenser (E) at the top. Leaving this condenser (E) are a
liquid phase (8) (40.1 t/h, 70C), which is sent to the colum (D), and an
acrol ein-enriched gas stream (9) (64.3 t/h), which | eaves at 70C under a
pressure of 1.6 bar and conprises 67.9%&2, 13.1% acrolein, 9.3%water,
6.2% 02 and 1. 1% acet al dehyde. The acrol ein-depleted Iiquid stream (10)
| eaving the bottom of the colum (D) 25 (37.8 t/h, 77C, 97.9% wat er,

0. 005% acr ol ei 0E 9 I_}( rol,..0.4% acetic acid, 0.3%acrylic acid, 0.4%
"acetol, 0.5% ot conmpounds) is mxed with an agueous

stream ( 11) A (ImdiafiddasiROA SPEMAD Bvarcdlw@dhRR t N ARRIrate %e%gﬁ)&!syﬁﬁoﬂiﬁ% et hen
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| eavi ng t heProdaee aerojein apddbergnal/exidatman thegap phaseen thy, Kgsyded agyeoys, cop,
2.5% 02) ar a(‘Sgol ed down to 491C via the heat exchanger (H). The resulting
stream5 (1 I's divided into a stream (3), already described, and a

stream (17) A BRedol lighid shedf(1 Zp8hddadd to 200€C $17.88M 48140, diveefOl. 8% Wawh to
83C by nmeans "of the heat. exchangers (K). The liquid phase (18) conprising
99. 9% wat erandsa gesretveath (2Jh@.1geb, phia€e 7(haw) 85.83CC02. T 4bmwategst.3% CLRare9. 4%

water, 4.5%02) .is divided iin a, strea 7 alre descrjhed, stream
(50) willcn Pkt darangor S ORiTt H Tk s R G RE AR o Bt the
stream (2),4p49.eqdkr, deB56% 0ed; 2B¥AEY EnkelWith anebecen el @) garet/t).:
Production of acrylic acid The gas stream (9) of Exanple 1(64.3 t/h, 70C,
1.6 bar; 675moyiagthe glgetokas dinedeanicts enablesibtode, vaporigd@per 4 shpot distance.

t al dehyd is heated to 16QC b h L h i nj ected
o 8 Senobhe Fowbne BetIsTRAR (IR TeaBlbs L Pt b G SR ok Rt | on
t al yst I i t ‘ db
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the reaction to renoved e gas stream 4% CO2,15. 8%
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oct) leaving L B SSchor | s,eqeled dounha. 160 DY L, ot sechanger
I nj ected i ng,Qothen §RPacRilcihNB8.65PLWIN TSs Sréhnt 'ishcopled down to 160°C in a heat
exchanger (C) and sent to an absorption column (D) at the bottom of which is injected
a gas stream (7) (9.0 t/h, 83°C; 85.3% CO,, 9.4% water, 4.5% Oy), the said column
20  having a condenser (E) at the top. Leaﬁng this condenser (E) are a liquid phase (8)
(40.1 t/h, 70°C), which is sent to the column (D), and an acrolein-enriched gas stream
(9) (64.3 t/h), which leaves at 70°C under a pressure of 1.6 bar and comprises 67.9%
CO», 13.1% acrolein, 9.3% water, 6.2% O, and 1.1% acetaldehyde.

The acrolein-depleted liquid siream (10) leaving the bottom of the column (D)
25 (37.8 th, 77°C; 97.9% water, 0.005% acrolein, 0.5% glycerol, 0.4% acetic acid, 0.3%
acrylic acid, 0.4% acetol, 0.5% other hé‘avy organic compounds) is mixed with an
aqueous stream (11) (1.1 t/h; 96.8% water, 1.9% methanol, 1.3% glycerol) and then
pumped with a pump (F), then mixed with a gas stream (12) (57.7 t/h, 190°C, 2.9 bar;
76.2% CO,, 18.8% water, 1.7% O, 1.3% CO) and with oxygen (13) (4.3 t/h) and
30 heated to 186°C via the heat exchangers (G). The resulting stream (14) (100.9 t/h, 2.8
bar; 48.4% water, 43.6% CO,, 5.3% O,, 1.5% organics, 0.7% CO) is preheated to



20 stream (23) of water at 25C. Recovered fromthe bottomof this colum
is aliquid phase (24) (16.6 t/h, 80C, 62.0%acrylic acid, 30.9% water,

4. 0% acetic acid, 2.4%formc acid). This liquid phase is sent to a colum
(Q operating under vacuum enabling anjacrylic acid stream (25) (15.6
t/h; 65%acrylic acid, 27.8% water, 42%acetic acid, 2.6%formc acid) to
be recovered. The gas stream (26) (0.9 t/h, 69C, 25 0.3 bar) is sent from
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droplets enables jt to be_vaporjzed over a_ short djstance. The resyltin
| gaspst r eam fesyripegh arstregmy ,(2%@@,01128. Epyed ang .aaS%e@w@ﬁ)r ‘BHI,CEBSLFWW o 593%

Oxygen11021-§)%1%@%]tréaﬁ1%§%§reﬁ &éféliri]%%d- bed nulti-tube reactor (B)

containing a et erogeneous ration catal yst and coupled to a
nolten salt bath. Leaving this reactor is a gas stream (6) (59.8% water,
4. 2% oxygenEXMMBIE (witheraferedte 4l igapy) )aPraheton od aguylic agidoar . Thi s
.streamis cooled down to 160C in a heat exchan er”df()Clc) fromwhich a snall
stream of | Tefugas sreamy 9 pelddnsene | 664-3 Vb87&§h ﬂl)&?@ﬁ' B9%G4OpAadén agrelein,

recover ed, i,ch e, s, €00l i t h r
(G2 hi's ST VREARARIRT 11D ARSI rhBed ROECM REB BEIANOTT
gas phase (&) tHeAZinjMtadais ,a 3&ohdo fXH-bed dAtDRIDbe 1kadtdh oI otchpiisidy Ao
acet al dehyde,, 1, 1% CO which is sent to an _absorption colum (D). A_gas
str eam 1_(57).tfe>s ff}t@tnt%W}maryt?oup@déogac@&enmh?%ﬁ%?@g ﬁémbmod%@%m@? .( 2
al so injec 0

gener at Jes a‘%??%d& tg b%ﬁ%@g@%s;’f’ﬁ?§(596ﬁ?aﬁﬁ@2§£%?ifﬁ7 %g%) @%ﬁ%ﬂﬁ%ﬁ@ﬂ&é}%ﬁ{,
returned to9.6%ewatruind% Dkygeand.ldh cadronl wmionexade, i cOkdagts ssid)damif®)hi§69. 5

t/h, 74C, 1.7 bar) c isin 5-9% , 12..1% acrol.ein, 10.8%water, 6.0%
02, 2! 49 0SB BUAHEH IS0 GRE R LR S D100 st i e DR by
heat exchang@forf bt tghsbi}eiBn i BIEG! €8, Qe s TR byl br@ds fAEmAYS Lio bybe
reactor (M, conprising an oxidation catalyst and coupled

20 stream (23) of water at 25°C. Recovered from the bottom of this column is a liquid
phase (24) (16.6 t/h, 80°C; 62.0% acrylic acid, 3_0.9% water, 4.0% acetic acid, 2.4%
formic acid). This liquid phase is sent to a column (Q) operating under vacuum,
enabling an acrylic acid stream (25) (15.6 t/h; 65% acrylic acid, 27.8% water, 4.2%
acetic acid, 2.6% formic acid) to be recovered. The gas stream (26) (0.9 t/h, 69°C,

25 0.3 bar) is sent from the top of the column (Q) to a condenser, making it possible to
obtain a liquid phase (27), which is returned to the column (P), and a gas phase (28)
which feeds a vacuum set (R). The vent from this vacuum set is combined with the gas
phase (29) from the column (P) (57.7 t/h, 74°C; 76.2% CO,, 18.8% water, 1.7% O,

1.3% CO). This stream is recompressed by the compressor (S) and forms the stream -

30 (12) described in Example 1.



25 to a nolten salt bath, enabling the heat produced by the reaction to be
renoved. The gas stream (22) (69.5 t/h; 66.4% CO2, 14.6% acrylic acid,

11. 0% wat er, 2.6% carbon nonoxi de, 1.7% oxygen, 1.1% acetic acid) | eaving
this "reactor is cooled down to 160C by 2she heat exchanger (N) and then
injected into the absorption colum (P). A 6.5 t/h stream (23) of water at
25Cis injected into the top of this colum Recovered 30 fromthe bottom

of the colu i | i, qui. se (24)-which is sent tg a cpl .
operating URSAMELE, 3Pt SRRt 30 mERe D' G it ufrpDusratba iny,
64. 9% acr y| prdedrGb Prodifee A NS Wwhich i3 WxARld © ReVIEh ackd ANE itRerMiAl oRfdatibnt 0 be
recovered. The gas 26 stream (26) (1.6 t/h, 72C, 0.3 bar) is sent from

the top of imikegas phase(om) thiepeey cledosneens phasgmadirighabgaipume col um (P).

The gas phase (29) (60,5 t/h, 72C 1.1 bar; 76. 3% ,,16. 5% water, 1.9%
02, 3. 0% ( 98&)Stysesh gy %‘%ﬂﬂmﬂ)m%eﬁ@dﬁaaiéﬁ Z@c‘gﬁ%%cg%&?mﬂ%%1511¥11P015=ér by
the conpyesggr, s&)ﬁi Mlef(g\")qﬁtot%cfélicﬁgﬁg {ehmdB8S 662 D e, 45°aD9 ey, ke Bt her

part is conpressed to 2.9 'bar via the“conpressor (T) in order to give the
st r eam ( 30) wafEh& 8% €l(®i A-H8ePh pareldmiveduiith it oxg@en (&im (PA2D H)hSpBHog
98. 9% water, 0,03%acrolein) |leaving the bottomof the colum (D) is m xed
Wi the st PEEHTCELR Rt AR ellen db Ot e PR DRBGHTER | t ho heat

h _ d (@), d ' o310 t 48 3
IS SRk bk ROItRR A O PGS BT P AR B 8, o
Wi th the st§eanviea), 2080 ONECK ednidior € €ikkdbed hmlti-hbet rogutera(B) Qohdideg a( J) .

The streams (14a) and (30) are mixed with an oxygen stream (32) (4.6 t/h)
in ordel t ohdigypasngout fi@m#qt@@cqawt&@di coupledited Molten salt hath: Legving er s

and (K L7 Q] i her i dbz g, '
osul ting SFEagnikeses Yokt 5, GRsSEh G 29 dfer JF AT 22 8 O
© 02) | eavi ng32(K€ dndeat el barx Ftisztreamss dbvliedddwinnd d 66°G ir ehmt(ck8agngérl@C18 t/ h)
which is cogled via the heat exghanger (H do Q 9C and t hen renoved,
and a strea Imlwhaﬁme%Sﬁ%al%aﬁﬁ@agsbeﬂH@Cﬂ@\é?@é%é%gﬁ/&?n kg2 ¥§ 485C
to formth r : i ARk 1o tyi ' i .St eam
DN L *ﬁ%ha?*e‘i‘?ﬁ%ﬁgf’??“( ) ?ﬁqddi(@%?”%aﬁdﬁ‘?ﬁiﬁ?%%@%ﬁ t he
dot t ed 15i nessuly ihiadujuitl paese (otot(Redrih; 93%0 yaler)2and algas RbBE (b (F2pYr wated i n

Conpr casor TG0 STl A8 7R Hhd PR StHATHG Bt FSang PASY IS B d8nsed

in the heatypy o cdl@dh ., (INef0egs bedae (expanded, anthccond B9 ¢, gierest he
stream (33). 25 MPLE 4 (according to the invention): A dehydration acid

cat al yst i swplenpad%dCBy 1 PipPehmaalbngiedied pae shiy splwmn WPk Kbarie dpueddwan

- phosphot ungst.i ¢ aci,d _solt i on . 9.0 of 0 sti,e~ackq_i\n_5. of
P ery on S0t 6 aRmishBOitct tel & ity piRRE HONRR MR aee SR b shicho 200
Em' Theocat @hirsdd toshdlEdletn (D), and an aewln-enrieied LaOSranrd(9M (65 ohl zicagd 7f or 3

ours at 500C. A : ‘
bar) comprising 65.9% CO,, 12.1% acrolein, 10.8% water, 6.0% O,, 2.4% CO, 1.3%

acetaldehyde.

The gas stream (9) is heated to 240°C by a heat exchanger (L) and then injected into a
second fixed-bed multi-tube reactor (M), comprising an oxidation catalyst and coupled
25  to a molten salt bath, enabling the heat produced by the reaction to be removed. The
gas stream (22) (69.5 t/h; 66.4% CO,, 14.6% acrylic acid, 11.0% water, 2.6% carbon
monoxidé, 1.7%- oxygen, 1.1% acetic acid) leaving this reactor is cooled down to
160°C by the heat exchanger (N) and then injected into the absorption column (P). A
6.5 t/h stream (23) of water at 25°C is injected into the top of this column. Recovered
30 from the bottom of the column is a liquid phase (24) which is sent to a column (Q)
operating under vacuum, enabling an acrylic acid strearh (25) (15.5 t/h; 64.9% acrylic

7 acid, 26.7% water, 4.9% acetic acid, 3.0% formic acid) to be recovered. The gas



30volunme of 7 m of the dehydration catalyst is introduced into a 316 1
stainless steel reactor of 13 mmdi aneter placed vertically in an oven
heated to 280C. 27 A 15 g/h flowrate of a solution conprising 50 wt %
pure glycerol and 50% water is . mxed wiph a fl ow of oxygen and with a flow
of nitrogen of 1.2 and 18 N /h respectively and then sent to a vapori zer
whi ch heats the m xture to 280C and is connected to the reactor. 5The

gaseous effl uent eavl reactor. are r.sent. to two traps in

der 5" i ¢ PR TR a7 Eol ERe o S e ofe ik BF deneotie (B7BE Bso as
to conpl et ebyhdehRP ahd eheAGHR) BE @o]uﬁer{PgeThé BasCstabey (29?)%6@5 Rt ?2"@'1 p@Lﬂance
or sent to a tank cooled to OC so as tfo trap nost of the wat er ‘and 't Re

heavy produéé-8ptétudéd’bywate lr%%cl(]zori U%h@()brfefssuﬂle thmna(&’ﬁossparti&
reactor is nmeasured.thro ut, the experine A er.i al

carr1 ed out MrEHTHd Wpdrt Pl PUBELHTTSL prd BT ahT T (RS RsArs <o
t = 3 hour sa@ReMidbEsr gt fsRenmpResdiaad. Rb4t id e donfReskorT 13 1n BRISF S ERet =
22 hours 30 mnutes, the glycerol and acrolein content in the traps being

measur ed bythgageamfifrat ogr aphy. The glycerol converS|on and acrolein yield
are calc | at ed acc Q the foll |.a gl ycer gl conver5|on
(% ((ﬁm e%qm]@iﬂygf@ﬂ‘g?& Hpjid grean { Wﬁ%&ﬁr SEE S 9%1}?’?%@0@%%6 ¥aPlshbe) -
(mol es of OleYGRE Ghe bEERN TEGHe b1 (ﬁ)wg hix@RShl {HE0kREmOfs q)bglafﬁsfea'%v Py =

injected into the reactor during the ‘balance) x 100; acr ol €i 1 el
(ol es of apurop € rendgbov eapedizedint the hewbemha;gsys/(ﬁh)laed (GR) ml yrdertol givepect ed

expor i Mt - BPC TSRO NI B KRG ol bl Baver Shbgtt ol ERLGEL(4Bla 1 he

. heavy pr Oduﬁhﬁh%ﬁﬁ(e@%ﬂﬁﬂfe%ﬂeﬂuﬁ (sa%aalghct@@amg ihio"Be thermd &Q&EEe jj time
t = 2 hours, and al so between tine hours 30 m nutes and tlrre t"= 21

hours. Thi sThepsteems (b41) and ¢30)veas mixesnwith emogrEencirean {3 ¢.6 Whtherdatiar y
S, Il R e M A
sinul ate stgépn ﬁ@cted into the thermal OXIdIZCI' The resulting stream (15) (79.3 t/h, 1199°C
‘ 15  68.1% water, 28.7% COs, 2.9% O,) leaving the thermal oxidizer is d1v1ded into a
stream (18a) (16.8 t/h) which is cooled via the heat exchanger (H) down to 189°C and
then removed, and a streém (17), which is cooled via the heat exchanger (K) down to
485°C to form the stream (3) already described.
A heat pump operating with steam is installed on the heat exchangers (C2) and (G1)
20 and is shown by the dotted lines. A liquid water stream (33) (26.2 t/h, 25°C) is
vaporized in the heat exchanger (C2) (100°C, 1 bar) and then compressed by the
compressor (R) to 3.5 bar at 270°C. The resulting stream (35) is condensed in the heat
exchanger ((G1), before being expanded and cooled to give the stream (33).

25  EXAMPLE 4 (according to the invention):

A dehydration acid cateﬂyst is prepared by impregnating the pore volume with an
aqueous phosphotungstic acid solution (3.9 g of phosphotungstic acid in 5.7 g of
water) on a titaniuvm oxide (15.4 g) reduced to a particle size of 300-500 pm. The
catalyst is dried in a vented oven at 110°C and then calcined for 3 hours at 500°C. A
30 {félume of 7ml of the dehydration catalyst is introduced into a 3161 stainless steel

reactor of 13 mm diameter placed vertically in an oven heated to 280°C.



shown in figure 1. To sinulate steps (J), (A and (B) of figure 1, a
second reactor, containing 1.5 m of a Hal dor Topsoe CK307 oxi dation
catal yst, was coupled to the reactor containing the dehydration catal yst.
A 5.5 g/h stream of the aqueous solution7recovered is mxed with 30 an
oxygen streamand with a nitrogen streamof 2.4 and 18 NI/ h respectively
and then sent to a vaporizer which heats the mxture to 300C and is

connected tq t react or .28 containing.t ox) datign. cataly .4 g/h
stream of a‘% %gho@%}a@d"’e{)%% 05%8@\%8}1 oL n%i ngé)lo _|I?JU‘]‘Feec§J g‘éﬁrgle%]\ﬁeidﬁ%t‘ﬁég i

oxi dation r@aeHowiBNg fdhe ofedygeatdnanwiagtw oThearoxindalilon anears Nvhi s
mai ntained in a 300C zone and the dehydration reactor in a 280C zone. The
mat eri al batespeeBeelsraadcthen isert toud VaROTHED W WnBcaih Brer miiLe o 480G iapdrisi n

Table 1. E I}@Sg c?to(tﬁ(?%@{o?‘tive): In the same way as in Exanple 4, the
gl ycerol dehy FAtl on Feaction was carried out with a sol ution conpri sing

50 wt % pur WC%&@&%' e 2 RERANBURL reaBdf af0SthePfent ﬂ?tvacptréiﬁtiﬁrseﬁ&%ftﬁﬁﬁheavy

product s, were subjected for 2 hours in the rotary evaporator heated-
to 30C and ¢antanipari?i0adndvél grams sfowater chilled 4pdiat eo tahdo aomplatéln, trapaihe

X _ ! i o _
o ety el S P M oA ERRe, 3P PR LER UG A U e

trap most of the water and the heavy products prodiced by the reaction. The pressure

drop across the reacfor is measured throughout the experiment.

10 A material balance is carried out with the water-filled traps in series from time
t=2 hours to t=3 hours 30 minutes on the one hand and from time t= 21 hours to

" t=22 hours 30 minutes, the glycerol and acrolein content in the traps being measured

by gas chromatography. The glycerol conversion and acrolein yield are calculated

* according to the following formulae:

15 glycerol conversion (%) = ((moles of glycerol injected into the reactor during the

balance) - (moles of glycerol recovered in the two traps))/(molés of glycerol injected

into the reactor during the balance} x 100;

acrolein yield (%) = (moles of acrolein recovered in the two traps)/(moles of glycerol

injected into the reactor during the balance) x 100.
20  The results of the experiment are given in Table 1 below.

Moreover, most of the water and the .heavy products were collected in the tank
between time t=1hour and time t=2hours, and also between time t= 3 hours
30 minutes and time t = 21 hours. This aqueous solution was then treated for 2 hours in
the rotary evaporator heated to 30°C and in a partial vacuum, so as to evaporate the
25  acrolein. The co]lectidn in the tank and the evaporation serve to simulate step (D))

shown in figure 1.

To simulate steps (J), (A) and (B) of figure 1, a second reactor, containing 1.5 ml of a
Haldor Topsoe CK307 oxidation catalyst, was coupled to the reactor containing the
dehydration catalyst. A 3.5 g/h stream of the aqueous solution recovered is mixed with
30 an oxygen stream and with a nitrogen stream of 2.4 and 18 Nl/h respectively and then

sent to a vaporizer which heats the mixture to 300°C and is connected to the reactor



products was then mxed directly with pure glycerol in order to prepare a:
50% gl ycerol 15 solution, and the glycerol dehydration experinent was
repeated. For 3 hours 30 mnutes, a pressure drop of 0.1 bar across the
reactor was observed, the pressure then2Reing progressively increased in
~order to reach 0.3 bar after 5 hours and exceed 1 bar after 7 hours. The
experiment could not be continued further because of the exponenti al

increase in the pressure rop OTh re ts are givep.4n Table 1. Wen
‘recycl ed m?@a‘@g‘ﬁtéff n‘?xr]l%a iﬁsfiog’tjcgtlgg)lh SR | of g(?{? PRHPY rg}%cgmlln
pressure af {afidd RCkjdat lﬁ’é@wée@laﬂﬁe%xﬂﬁﬁmoﬂé&@ér\/ ﬁdi the2&hladkien keaddry qgeol

conversion after 2 h; h (% Acrolein yield after 2 h/21 h
: oxidation reactor is mamtained in a 300°C zone and the dehydration reactor in a 280°C

Z0ne.

5 The material balances are carried out as above and the results are given in Table 1.

EXAMPLE 5¢( comparatlve)

In the same Way as in Example 4, the glyceroi dehydration reaction was carried out
with a solution comprising 50 wt% pure glycerol and 50% water, and most of the
- 10  water and the heavy products, which were subjected for 2hours in the rotary
eﬁzaporator heated to 30°C and in a partial vacuum, so as to evaporate the acrolein, was

collected in a tank.

The recovered aqueous solution containing a mixture of water and heavy recycled
products was then mixed directly with pure glycerol in order to pfepare a 50% glycerol
15  solution, and the glycerél dehydration experiment was repeated. For 3 hours
30 minutes, a pressure drop of 0.1 bar across the reactor was observed, the pressure
then being progressively increased in order to reach 0.3 bar after 5 hours and exceed
1 bar after 7 hours. The experiment could not be continued further because of the

exponential increase in the pressure drop.
20 The results are given in Table 1.

When recycled water containing heavy products is used, a very rapid rise in pressure

after blocking the reactor was observed.



(0/0) Pressure drop after 2 h/5 h/21 h (bar) Exanple 4: glycerol/water >
99% 80% 70% 48% 0. 1/ 0.1/ 0.1 Exanple 4: glycerol/recycled water condensate

w th oxidation reactor > 99% 79% 70% 46%
29
Table 1
Glycerol Acrolein Pressure
conversion after yield after drop after
2h21h 2h/21h 2h/5h/21h
(%) (Vo) (bar)
Example 4: ,
> 99%/80% 70%/48% 0.1/0.1/0.1
glycerol/water
Example 4:
- glycerol/recycled water > 99%/79% T70%/46% 0.1/0.1/0.1
condensate with oxidation reactor
Example 5 (comparative example):
glycerol/water and heavy products > 99%/- 70%/- 0.1/0.3/>1 ~
recycled with no oxidation step

EXAMPLE 6: Dehydration of glycerol in the gas phase in order to produce
5  acrolein, which is oxidized to acrylic acid, and thermal oxidation in the gas phase

at atmospheric pressure on the recycled aqueous phasé

A liquid glycerol stream (1) (17.4 t/h; 99.0% glycerol) prebeated to 275°C is injected
via a venturi mixer info a recycled gas stream (3) (50.6 t/h, 442°C, 3.0 bar; 59.1%
nitrogen, 25.3% water, 12.1% CO,, 2.5% 05, 1.0% argon), mixed with a stream of air
10 (4) 20.6t/h, 172°C, 3.0 bar) and with steam (4.3 t/h, 134°C, 3.0 bar). The venturi-

effect mixer serves to vaporize the glycerol over a short distance.

“The resulting gas stream (5) (92.8 t/h, 240°C, 2.8 bar; 18.5% glycerol, 18.5% water,
6.4% oxygen, 6.6% CQO,, 49.0% nitrogen) is sent to a fixed-bed multi-tube reactor (B)
containing a heterogeneous dehydration catalyst and coupled to a molten salt bath.
15  Leaving this reactor is a gas stream (6) (49.0% nitrogen, 25.7% water, 5.4% oxygen,
9.0% acrolein, 7.2% CO,) at 320°C and at 1.8 bar. This stream is cooled to 193°C in a
heat exchanger (C1) and then to 120°C in a heat exchanger (C2), from which a small
stream of liquid heavy products (6b) (0.2 t/h) and a gas phase (6¢) (92.6 t/h, 120°C,



. With steam

0.1/0.1/0.1 Exanple 5 (conparative exanple): glycerol/water and heavy
products recycled with no oxidation step > 99% - 70% - 0.1/0.3/> 1

EXAVMPLE 6: Dehydration of glycerol in the gas phase in order to produce
Sacrolein, which is oxidized to acrylicszgcid, and thermal oxidation in the
gas phase at atnospheric pressure on the recycl ed aqueous phase A liquid
glycerol stream (1) (17.4 t/h; 99.0% gl ycerol) preheated to 275C is

4420, 3.0 DL PsGHY Honpioggen S 35, Foidharers GO 100008 5 by 630l U
50 T B AR B £y AL Ay (B 1918 by 09,

vapori ze t helghy B0k condmmse §hagenedicstatiqeid phase (8) (14.3 th, 74°C, 1.7 bar)

which is returned to the column (D) and an acrolein-enriched gas stream (9) (79.4 tfil,

5 74°C, 1.7 bar) which contains 8.4% CO», 10.5% acrolein, 14.2% Watér, 6.3% O, and

| 57.3% nitrogen. The gas stream (9) is heated to 240°C by the heat exchanger (C1)

already described, and then injected into a second fixed-bed multi-tube reactor (M)

comprising an oxidation catalyst and coupled to a molten salt bath, enabling the heat

produced by the reaction to be removed. The gas stream (22) (79.4 t/h; 8.8% CO,,

10 12.7% acrylic aci‘d_, 14.4% water, 57.3% nitrogen, 2.6% oxygen) leaving this reactor is

cooled down to 160°C by the heat exchanger (N) and then injected into the absorption

“column (P). A 10.4 t/h stream (23) of water at 25°C is injected into the top of this

column. Recovered from the bottom of the column is a liquid phase (24) which is sent

to a column (Q) operating under vacuum, enabling an acrylic acid stream (25)

15 (18.2 t/h; 55.1% acrylic acid, 38.6% water, 3.7% acetic acid, 2.2% formic acid) to be

' removed from the bottom of the column (Q). The gas stream (26) is sent from the top

of the column (Q) into a condenser and then into the column (P). The gas phase (29)

(71.6 t/h, 70°C, 1.1 bar) from the column (P) is composed of 9.8% CO,, 20.6% water,

2.9% O, 1.0% argon, 1.0% CO and 63.5% nitrogen.

20 The acrolein-depleted liquid stream (10) (13;.2 t/h, 89°C; 95.4% water, 1.0% hydroxy-
prbpanone) leaving the bottom of the column (D) is mixed with the stream (6b) and
with a stream resulting from the purification of the acrylic acid stream (25) (1.2 t'h;
100% organic compounds) and with another stream (1.2 t/h) of recycled water. The
mixture is véporized via the heat exchanger ((G) in order to give a gas stream (14a)

25 (154 t/h, 133°C, 1.9 bar; 88.4% water, 1.3% acrylic acid, 5.1% acetic acid, 2.7%
formic acid) and a liquid stream (14b) (0.4 t/h) which is directly injected into the
thermal oxidizer (J). The streams (14a) and (29) are mixed with a stream (32) of air
(40.5 t/h, 1.2 bar) and of natural gas (1.0 t/h) in order to form a stream (14c¢) which is
heated via the heat exchanger (H) to 450°C and then injected into the thermal oxidizer,

30  which operates at atmospheric pressure. The resulting siream (15) (1289 t/h,
atmospheric pressure, 1026°C; 25.3% water, 12.1% CO», 2.5% O, 59.1% nitrogen,
1.0% argon) leaving the thermal oxidizer is cooled down to 702°C by the heat



The resulting gas stream (5) (92.8 t/h, 240C, 2.8 bar; 18.5% gl ycerol,

18. 5% wat er, 6.4% oxygen, 6.6% CO2, 49.0%nitrogen) is sent to a fixed-bed
mul ti-tube reactor (B) containing a heterogeneous dehydration catal yst and
coupled to a nolten salt bath 15 Leavingjthis reactor is a gas stream (6)
(49.0% nitrogen, 25.7% water, 5.4% oxygen, 9.0% acrolein, 7.2%CCO2) at
320C and at 1.8 bar. This streamis cooled to 193C in a heat exchanger
(d) and then to 120C. i n_a _heat exchange C2),, fro ich a .sppll .stream
of 1iquid hewngst dalateady eﬁ‘»*fﬂ%%ff S {Poeled Tpaet TRl P 7L reipn,
120C, 30 lpdndafvidediGinds QrtdRIE8h) (728.484D WRkiBH is dodd &5¥n 16 1804(0%ia Be 1%

acrolein) are Tecovered, which gas phase' is sent to an absorption colum
(D). At thehdabpxdiangtre ) wand (IE9), ard dendenweed (VB agdusér aiides HrepingUi/d

phase (8) (]14. / 74C, bar i.ch i.s returned t he .cal ) and
an acrol ei né@rﬁti/'bhihe éﬁ@%héa}%(’{)él)eg%ﬁﬂf QCFL?X%%&,&E F*?WBat?ﬁ%g@éﬁg)
contai ng 8. 4% Edprdled% aTHOLidnd I32°2Y%aM@ts@perhéatdlot®2442rd Bid. % heat
nitrogen. The gas stream (9) is heated to 240C by the heat exchanger (C)
al ready deseichieasr (Ahdlehdndgsaibed iacprdatte famstae sirpnt (O abicady dleparibed- t ube
reactor (M conprising an oxidation catalyst and coupled to a nolten salt
bath, enabling the heat produced by the reaction to be renoved. The gas
stream (22) (79.4 t/h; 8.8% CO2, 10 12.7% acrylic acid, 14.4% water, 57.3%
nitrogen, 2.6% oxygen) leaving this reactor is cooled down to 160C by the
heat exchanger (N) and then injected into the absorption colum (P). A
10.4 t/h stream (23) of water at 25C is injected into the top of this
colum. Recovered fromthe bottomof the colum is a |liquid phase (24)
which is sent to a colum (Q operating under vacuum enabling an acrylic
acid stream (25) 15 (18.2 t/h; 55.1% acrylic acid, 38.6%water, 3.7%
acetic acid, 2.2%formc acid) to be renoved fromthe bottom of the colum
(Q. The gas stream (26) is sent fromthe top of the.-colum (Q into a
condenser and then into the colum (P). The gas phase (29) (71.6 t/h, 70C
1.1 bar) fromthe colum (P) is conposed of 9.8% CO2, 20.6% water, 2.9%
02, 1.0%argon, 1.0% CO and 63.5% nitrogen. 20The acrol ein-depleted liquid
stream (10) (13.2 t/h, 89C, 95.4% water, 1.0% hydroxy- propanone) | eaving
the bottomof the colum (D) is mxed with the stream (6b) and with a
streamresulting fromthe purification of the acrylic acid stream (25)
(1.2 t/h; 100% organi c conpounds) and with another stream (1.2 t/h) of
recycled water. The m xture is vaporized via the heat exchanger (G in
order to give a gas stream (14a) 25 (15.4 Ph, 133C, 1.9 bar; 88.4%water, -
1.3% acrylic acid, 5.1%acetic acid, 2. 7% formc acid) and a liquid stream
(14b) (0.4 t/h) which is directly injected into the thermal oxidizer (J).
The streans (14a) and (29) are mxed with a stream (32) of air (40.5 t/h,
1.2 bar) and of natural gas (1.0 t/h) in order to forma stream (14c)
which is heated via the heat exchanger (H) to 450C and then injected into
the thernmal oxidizer, 30 which operates at atnospheric pressure. The
resulting stream (15) (128.9 t/h, atnospheric pressure, 1026C, 25.3%
water, 12.1% CO2, 2.5% 02, 59.1%nitrogen, 1.0% argon) |eaving the therm
oxi dizer is cooled down to 702C by the heat 31 exchanger (H) already
descri bed and by the heat exchanger (Hl) down to 670C before being divided
into a stream (18a) (78.4 t/h), which is cooled down to 170C via the heat
exchangers (112) and (H3) and then renoved via a duct, and a stream (17)
(50.6 t/h). The stream (17) is cooled via the heat exchanger (K) down to
160C and :



5t hen conpressed to 3.0 bar and 352C and superheated to 442C vi a the heat
exchanger (Hl) already described in order to formthe stream (3) already

described. 32 CLAI M 1. Process for the manufacture of acrolein from
gl ycerol conprising at |east the foll ow3hg stages: a) glycerol is
subjected to a dehydration reaction in order to obtain an aqueous stream
conpri sing acrol ein; b) the streamresulting fromstage a) is
separated into an acrol ein-rich phas waﬁf acrol ei n-depl et ed aqueous
phase; and c) all or part of thé acrol ein-depl eted aqueous phase is

recycled to stage a), 10 characterized in that an oxidation stage is
carried out, in _the presence of oxygen, an oxygen-containing gas, hydrogen
peroxi de or o2ordocesh [ayathe maPEIENR -FeisTalea d o dureo prragaishier ¥rlgash dhsg
recycled t . 2. Process according to Claim1l, additionally
conpri si ngofgﬁ%)‘g‘r%gfs%gsfi on treatnent 15o0f said acrolein-rich phase by

absor pt ison/ di st id)lghice@his subfectddrtocedehyfiction heactramid actente obfairamr ydueousaci d
fromglycerol conprising 'a} .least the follow ng stages: a)

gl ycerol i SUSHBCOEPEEE 8CQ'dehydration reaction in order to obtain an

aqueous 20 stre i Si . e - " ) D e rom
%t e%q UinSk GRS EohSliibe a) is separdledinf A 4SRN EGbHa

stage a) is sep into an acrolein-rich phase and an acrol ei n-depl et ed
aqueous phamecrolein-depleted ejjuedus pbasepand of the acrol ei n-depl et ed aqueous

phase is recycleg 0 st a); ?%th rolein-rich phase,js.subjected to
a catal ytic oxid ?ﬁSEP?Egﬁ@F@ﬁm n'&eﬁgéglagueous phast s FedclSa o ),
10 characterized in that an oxidation stage is carried out, in the presence of oxygen, an
oxygen-containing gas, hydrogen peroxide or ozone, on said acrolein-depleted agqueous

phase before being recycled to stage a).

2. Process according to Claim 1, additionally comprising a purification treatment

15  of said acrolein-rich phase by absorption/distillation.

3. Process for the manufacture of acrylic acid from glycerol comprising at least the
following stages:
- a) glvcerol is subjected to a dehydration reaction in order to obtain an aqueous
20  stream comprising acrolein;
b) the stream resulting from stage a) is separated into an acrolein-rich phase and
an acrolein-depleted aqueous phase;
¢) all or part of the acrolein-depleted aqueous phase 1s recycled to stage a);
d) the acrolein-rich phase is subjected to a catalytic oxidation reaction in order to
25  obtain a stream comprising acrylic acid; |
e) the stream resulting from stage d) 1s rsubjected {0 one Vor more purification
treatments and purified acrylic acid is recovered,
characterized in that an oxidation stage is carried out, in the presence of oxygen, an
oxygen-containing gas, hydrogen peroxide or ozone, on said acrolein-depleted aqueous

30  phase before being recycled to stage a).



25 obtain a stream conprising acrylic acid, e) the streamresulting
fromstage d) is subjected to one or nore purification treatnents and
purified acrylic acid is recovered, characterized in that an oxidation
stage is carried out, in the presence of33oxygen, an oxygen-containi ng gas,
hydr ogen peroxi de or ozone, on said acrol ei mdepl eted agueous 30 phase
before being recycled to stage a). 33 4. Process according to one of

Clainse 1 to 3, characterized in th t.ne .oxi gdati on, st age carr,j ed .qut on
Che acr of oi n- HebrereuSqULHLL BRBSE S 1 For P P aat hifot s Re o
phase in thg,preseureuidin Qfé}’&?dleiﬁldegle rﬁgﬁé(ﬂisbﬂhﬁseaﬁch}/&eﬁﬂeggxidaﬁonﬁn the
Process according to one of d ains to 3, characterized in that the

oxi dat i on sgaagbassdn theeptesnte ohoxyen alay tompriatigeghed@04queous phase is a
catal ytic oxidation in the gas phase in the presence of oxygen at a
tenperature ranging from200C to 500C in the presence of an oxidation

cat al ysts. 1065, Apa6&Ss hicas@®itingetdd ©agnof 1B ablmaclerizod 3n tehaliaotidatiiced in
that the oxidation stage carried out on the acrol ei n-depl eted aqueous
phase .is a Sige wxicthoutom BF asiphin-depleted AHuHNP FRASCOR agatatyticemdatgn dp éhapove

Process acclP iRy Doloareared e e RRRe i AT 8 O H

~oxi dati on sthagrseklof afl oridatiemcdtdlgstacr ol ei n- depl et ed aqueous phase is an
oxidation in the liquid phase in the presence of hydrogen peroxi de or
ozone, or a conbination of these two reactants, optionally activated by

the usef Wer aglhald oRcQlind o Gk Al ShinSHED 3fi§1|1a!ra{c@é}lescﬁ Jin 913 te ogiggtion 8.

Process according to any on€ of the preceding claims, characterized in
that the ensaggy carvied adutedn i the t dveolsinrdepletdde aqiavgs tiheses tinge wWebroxaditidnz bng

t he acrol ei n-depl.et ed. agueous phase is, used_to preheat the stream.entering
Lhis ot age, Spusip geiBloRgEs s iy SLC ARGt Dot g e e
charact eri zgd.hB. bf@lyeth6r #gueous phase recycled to the dehydration stage.
a) in the formof thé gas stream (3) is used to vaporize the glycero
streamin a mxing stage (A) before conveying the reactive gas streamto

the de hly.idr ati v lgf%ggsts %Eccgr@ﬁg to one of Claims 1 to 3, characterized in that the oxidation
stage carried out on the acrolein-depleted aqueous phasé is an oxidation in the liquid
phase in the presence of hydrogen peroxide or ozone, or a combinatiﬁn of these two
reactants, optionally activated by the use of UV radiation or of catalysts such as iron(II)
salts. -7
20 _ _
8. Process according to any one of the preceding claims, characterized in that the
energy contained in the stream leaving the stage for oxidizing the acrolein-depleted

aqueous phase is used to preheat the stream entering this stage.

25 9. Process according to any one of the preceding claims, characterized in that the
aqueous phase recycled to the dehydration stage a) in the form of the gas stream (3) is
used to vaporize the glycerol stream in a mixing stage (A) before conveying the reactive

gas stream to the dehydration reactor (B).

30 10. Process according to Claim 9, characterized in that the glycerol stream is
injected into the mixing chamber (A) via spray or atomization nozzles optionally

including, in the case of atomization nozzles, the injection of a gas stream containing



3010. Process according to Caim9, characterized in that the glycerol
streamis injected into the m xing chanber (A) via spray or atom zation
nozzl es optionally including, in the case of atom zation nozzles, the
injection of a gas stream contai ning 384predom nantly CO2 com ng fromthe
stage for oxidizing the acrol ei n-depl eted aqueous phase. 11. Process
according to any one of the preceding clains, characterized in that stage
5.8 I cargled byl 8ob 6n9%s BRARE 800 & B6dYBUAP biSIHE el aananse

t he gaseous reactio Stream om ng from stage ag{and to vaporize the
acrol ei n- deplast.ed aqueous phase separated fromthe acrol ei n-em ched phase
during stage b). 12. Process according to any one of Clains 1 to 5 and 8
to 11, characterized in that 10 stage a) and the stage for oxidizing the
acr ol ei n- depl g esloaGUEQUIIRNAS EnyPbiR SBRE bRAeAME clalind RBardAS i RIAR Shat @:gge a
heat punp is used to condenSe the acrol el n-depl et ed phase during stage b)
and to apm)iizeagziddowdndheigas gpbpiceansida dgetepunsp phassd oncdndanserthe shseges b) .

1513. Process accordi ng t.o one of Clains |t.o and 8.t _

char act or | SRR THAT SEHGE T AECCHeY: BoupHre B ol igtemed squeous

acr ol ei n- degHa6d @faRedaRIS tHNRSGeRLPrieRsd hiRde Buting Madelty. gas phase, and the
acrol ei n-depl et ed aqueous phase comng from stage b) is vaporized at | east

partly by a heat exchanger (or exchangers), providing cooling on |eaving

stage a) and il@. ﬁr%ﬁe%? a?&%gl)rdir% to an %rAf : of gpaﬁgf 7 t@%%ﬁ&%‘ tBQIt &a%c?in@egt%n at
characterized'in tha e coolimng o e streairs on lTeaving s?age a) and
in stag® b)stige Hped dieetagtfod oRidEABUTR atoltigakple@dnduasusgshesdire fcafrrblont at
| east 1.5 bar_ above_that for the vaporization of the acrol.ein-depleted
aqueous pha8ehe @ Mhaser gRdl st Bgpd myyap is used to condense the acrolein-depleted phase

during stage b) and to vaporize said acrolein-depleted aqueous phase on leaving stage

b).

15 13. Process according to any one of Claims 1 to 5 and 8 to 11, characterized in that
stage a) and the stage for oxidizing the acrolein-depleted aqueous phase are carried out
in the gas phase, and the acrolein-.depleted aqueous phase coming from stage b) is
vaporized at least partly by a heat exchanger (or exchangers), providing cooling on
leaving stage a} and in stage b). |

20

14. Process according to Claim 13, characterized in that the cooling of the streams
on leaving stage a) and in stage b) is operated at a pressure at least 0.5 bar and
preferably at least 1.5 bar above that for the vaporization of the acrolein-depleted

aqueous phase coming from stage b).



