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preparation of 2- hydr dxy afstket hyIF;a sPbut ap gﬁa%edacrd br salts thereof

and 10 hore particularly tio an inmproved proces pi‘eparing an
aqueous product conprising 2-hydroxy-4-nethyjthi obutanorc aci d.

2- hydr oxy- 4- met hyl t hi obut anoi ¢ aci d, commonly referred to as the

hydr oxy anal og of net hi OCONPINUOUS: EYDROSYSTSPROCESS FOR PREPARING

2- hydr oxy- 4- met hy| t 2 <HNRROXYC 4 EETHOLTHIQRUTANOIC ACIROR/SALRS THEREOF
esseptial am no acid met hioni ne Met hi oni ne anal ogs such as HVBA are
effective in 2t Di oni tr|t|onal uses, particularly
as a poultry feed=Sspprem Boima e stiuce 20 f eed suppl enent s
cont ai ni ng HVBA, the rms)laypplicauwnbés a contifruatiiont iy-parip|af a1.8.

HVBA has beengmangfaghe!r &6biieatabhOBerPALCES S8 /477,768, filed June 7,

1995,
Background of the Invention

This invention relates to the preparation of 2-

hydroxy-4-methylthiobutanoic acid or salts thereof and

10 more particularly to an improved process for preparing an
agqueous product comprising 2-hydroxy-4-methylthicbutanoic
acid. .

2-hydroxy-4-methylthiobutanoic acid, commonly

referred to as the hydroxy analog of methionine and also

15 known as 2-hydroxy-4-methylthiobutyric acid or HMBA, is
an analog of the essential amino acid methionine. '
Methionine analogs such as HMBA are effective in
supplying methionine for nutritional uses, particularly
as a poultry feed supplement. To efficiently produce

20 feed supplements containing HMBA, the hydrolysis must be
sufficiently complete.

HMBA has been manufactured by various processes
involving hydrolysis of 2-hydroxy-4-
methylthiobutanenitrile (also known as HMBN or 2-hydroxy-

25 4-methylthiobutyronitrile and hereinafter "HMEBN" or
"nitrile"). HMBA has been produced as a racemic D,L-
mixture by hydrolyzing HMBN with a mineral acid,
precipitating the acid residue by addition of an alkaline
earth hydroxide or carbonate, and recovering a salt of

‘*_ 30 HMBA from the aqueous phase by evaporative
crystallization, as described, for example, in Blake et
= al U.S. Patent No. 2,745,745.

British Patent No. 915,193 describes a process for
the preparation of the calcium salt of HMBA in which HMBN



i_.nvol ving hydrol ysis of 2-hydroxy-4- met hyl t hi obut anenitrile (al so
known as HVBN or 2-hydroxy- 25 4- et hyl t'hi obutyronitrile and hereinafter
"HVBN' or "nitrile"). HVBA has been produced as a racemc D, L-

m xture by hydrolyzing HVBN with a mi neral acid, precipitati ngbt he
acid residue by addition of an al kaline earth hydroxi de_or carbonate,
and recover i ngy”&’%‘ﬁ'i’@”of 30 HMBA fromthe aqueous phase byPEUVHB0832%\ e
crystallization, as described, for exanple, in Bl ake et al U S Patent
No. 2,745, 745. British Patent No. 915,193 descri bes a process for
the preparation of the calciumsalt of HWVBA i2n which HVBN WO
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The presence of sigsiddithbystem, WHE FHREsEBbEN e Bty pataltemipere a
liquid HVBA not achieve complete conversion of HMBN or amide
intermediate to HMBA. The presence of significant
unreacted material is undesirable where a liquid HMBA
product is to be made.
10 Recently, HMBA has been commercially produced by
hydrolyzing HMBN with sulfuric acid to form a high
quality hydrolyzate containing HMBA, extracting HMBA from
the hydrolyzate, and recovering the HMBA from the extract
as described by Ruest et al. U.S. Patent No. 4,524,077.
15 In the process, HMBN is mixed with sulfuric acid having a
strength of between about 50% and about 70% by weight on
an organic-free basis at a temperature of between about
25° C and about 65° C. To control the rate of reaction,
the HMBN is preferably added to the acid over a period of
20 about 30 to about 60 minutes. Under the preferred
conditions, substantial conversion of the nitrile to 2-
hydroxy-4-methylthiobutanamide (also known as 2-hydroxy-
4-methylthiobutyramide and hereinafter "amide") takes
place in a period of between about one-half hour and
25 about one and one-half hours. Thereafter, the amide is
converted to HMBA by further hydrolysis at a temperature
within the range of between about 70° C and 120° C.
Final hydrolysis of the amide to the acid is carried out
in sulfuric acid having an initial strength of between
30 about 30% and about 50% by weight on a organic-free
basis. To provide the preferred acid strength, the acid
phase is diluted by adding water before heating the ¥
reaction mixture. Under conditions of relatively dilute
acid strength and increased temperature, the amide is
35 converted to the acid within a period of approximately
one and one-half to three hours. In carrying out the



product is to be made. 10 Recently, HVBA has been commercially
produced by hydrol yzing HVBN with sulfuric acid to forma high

qual ity hydrol yzate containing HVBA, extracting HVBA from t he

hydrol yzate, and recovering the HVBA fromthe extract as descri bed by
~Ruest et al. U.S Patent No. 4,524,077. 15 In the process, HVBN is nixed
with sul furic WO ng a strength of between about SESH/HEYORBIUL

70% by wei ght on an organic-free basis at a tenperature of between
about 25[err] C and about 65[err] C. To control the rate of reaction,
the HVBN is preferably added to the acid overs a period of 20 about 30 to
about 60 m nutes. Under the preferred condi ti ons, substanti al
conversi on of the hydndlysise approximigeﬂmwmutemftéum:ﬁanadidepénl o)
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carried out ulfurlc aci havj ng ‘an.initi.al stren th of between 30

about 30% and abOLHY §‘SV\E? REiGH 4P eg_ppbgtantia S|t§’. To provi de
the preferred aci ccompletdon. t A€ ac¢entinuoushzeactionli syt liys addiHged\nt er

before heating theruest eteatli QES&iﬁé”tﬁzatU'iﬂeéh&S’I@'ﬁéQié% §' vely
dilute acid st reer‘]'&lI ﬁnd I ncreased t rclr ature e | S
converted to the addwthR &3 ??O?F%ntigg Xx?m:[e?‘i/a °°m’et¥ﬁé°&nd For
one-hal f to tHh0ee example,| gopbinyousy eperatiien could be implemented in a
plug flow tubular reactor or cascaded stirred tank
system. A single back-mixed reactor is described by
Ruest et al. as providing adequate conversion only at
residence times that would generally be considered
15 unacceptable for commercial production.

Hernandez et al. U.S. Patent No. 4,912,257 describes
a process in which HMBA is produced by sulfuric acid
hydrolysis of HMBEN in a single step. HMBN is fed to an
acidification vessel where it is mixed with 98% sulfuric

20 acid at an acid/nitrile molar ratio between 0.5 and 2 to
form a reaction mixture containing 20-50% by weight
sulfuric acid. The mixture is agitated and cooled to 50
°C in a continuous addition loop for 30-60 minutes as the
reaction mixture is produced batchwise. The reaction

25 mixture is then fed to a hydrolysis reactor and heated to
a temperature of between 60 °C and 140 °C for five
minutes to six hours while applying a slight wvacuum to
the reactor. The process described by Hernandez et al.
is said to produce HMBA by hydrolysis of the acidified

30 HMEN solution in a single step unlike the two step
hydrolysis processes known in the art.

In order to provide a high quality hydrolyzate
product containing maximum HMBA and minimal nitrile and
amide components, high conversion of HMBN and 2-hydroxy-

35 4-methylthicbutyramide to HMBA must be obtained. Batch
production of HMBA generally provides high conversion.
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3 hydr ol ysi s, approxi mately one nole of sulfuric acid per nol e of
the HVBN feed is used, with an acid excess of 0 to 10% preferably O
20 5% providing satisfactory results. Ruest et al. describe a batch

process and Sé@iﬁ%ﬁs that a batch process is preferred to e? @ﬁ; t he
hydrol ysis re s carried substantially to conpl etron.

continuous reaction systemis utilized, Ruest et al. descrlbe that it
shoul d be desi gned and operated to assure essentially conplete
conversion. For 10 exanpl e, continuous .opé ation could be inplenmented in

a pl ug fl ow tubul ar reactor or cascaded stirred tank systen1 A
si ngl e back- ni xedHo#wa¥eYer CORVEBELPRPL PakFh Procegaes £9r Hrodusipg MBA ng
adequat e conver snmearaepea:hl drawb&ckslenThet produibbvity Wl agbaeen! |y be

id d 15 He d
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fed to an a%@hﬁeaﬁwmhessbebamrmajctioa coueit ivrsh cadaavyfagi c 20
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reaction mixture contal ni _
mxture is agi tat@%@%&gl"édapé g@a-stea%[yeppfeei ﬁowbm%@eugeaqu on
| oop for 30-60 m'amtmm that must risecideated before  seYsamdiicedhdat chwi se.

The reaction 25 %tl g.eFJa gk %eg%%q._&o QBQ' %é#’z?ﬁ?@ééﬂs iQch&aﬁFd to

a tenperature of t nutes to
si x hours whtPe bt ke A& Ixe %ﬂea‘i‘é}ﬁ,dt%td.ll‘l’ﬁé"’brocess
descri bed by Her rrmdeztoetfca:kn d:l.luted sulfuric acid feed. A heat

exchanger is required to remove the heat of dilution that
is generated within the tank. The tank, heat exchanger,
pump and recirculation loop must be of corrosion

15 resistant construction.

Summary of the Invention
Among the several objects of the present invention
are the provision of an improved process for the
20 preparation of HMBA; the provision of such a process that
can be operated in a continuous mode; the provision of
such a process that can be operated with high
productivity; the provision of such a process that can
gsignificantly reduce capital and maintenance costs as
25 compared to conventional processes; the proviéion of such
a process that affords improved control of reaction
conditions as compared to conventional batch hydrolysis
systems; the pfovision of such a process that reduces the
vapor emissions as compared to conventional batch
- 30 systems; the provision of such a process that eliminates
the need for separate sulfuric acid dilution, in
particular, the provision of such a process that can be
operated using a concentrated sulfuric acid feed stream
without prior dilution; the provision of such a process
35 that effects essentially complete conversion of HMBN to
HMBA; and the provision of such a process that can



.is said to produce HVBA by hydrolysis of the acidified 30 HVBN sol ution

in a single step unlike the two step hydr ol ysi s processes known in the
art. : . In order to provide a high quality hydrolyzate pr oduct
fcontai ning maxi num HVBA and nmininmal nitrile and am de conponents, high
conversion of HVBN and 2-hydroxy- 35 4- et hyl t hi obut yr am HVBA nust
be obtai ned. WB2HMM3®  roduction of HVBA generally providggnh&3W 7
conver si on. WD 96/ 40630

PCT/ US96/ 08527 4 However,
conventional batch processes for produci ng HVBA have several drawbacks.
The productivity of a batch process is limted by batch turnaround
time. Addi t | prdduce HMBA(of | ¢ansistteaBaunlity| fontusecdn gbei ate 5

bet ween bat ches Qﬁg@gﬁgtﬁgﬁcgfqghﬂﬁgrhféégngu memgﬁmsgs each batch is
produced. Filling and ty reac d st eady
state conditions causaﬁgg an tQﬁﬁsﬂHiﬁﬁ§stﬁ§F Aokt ﬂﬁ?xﬁﬁE g Before

rel ease. The mtpnqaserﬂorr etqelpmafmitdmeqﬁr HMBA oY peadsssbereofcost|y.
10 -Sul furic mci dnﬁﬂ‘i':d&?ige'inéi-é'dﬁ&fﬁéi a &li@éxﬁi' Qcﬂd'iﬂﬂ&'& nltrltlé”k to form

diluted sulfuric _acjd.f heat ang uir ve t he
heat of d||ut|cn1q¥éﬁ lys F?aﬁ@ﬁ%ﬁﬂ?ﬂﬁfxﬂ Fﬂ§£$ ngE kE
exchanger, reactor, and introducing 2- hydroxy -4-

methylthiocbutanenitrile into the nitrile hydrolysis
reactor. 2-hydroxy-4-methylthiobutanenitrile is

10 continually hydrolyzed within the nitrile hydrolysis
reactor to produce a nitrile hydrolysis reactor product
stream containing 2-hydroxy-4-methylthicbutanamide. The
nitrile hydrolysis reactor product stream is continuously
introduced into an amide hydroclysis flow reactor. 2-

15  hydroxy-4-methylthiobutanamide is continuously hydrolyzed
within the amide hydrolysis flow reactor to produce a
finished agueous hydrolyzate prdduct containing 2-
hydroxy-4-methylthiobutanoic acid. 2-hydroxy-4-
methylthiocbutanoic acid is recovered from the £inished

20 aqueous hydrolyzate product.

In another embodiment of the invention, 2-hydroxy-4-
methylthiocbutanoic acid or a salt thereof is produced by
a process in which 2-hydroxy-4-methylthiobutanenitrile,
concentrated sulfuric acid having a strength of between

25 about 70% by weight and about 99% by weight, and water
are concurrently introduced into a vessel in which 2-
hydroxy-4-methylthicbutanenitrile is hydrolyzed. 2-
hydroxy-4-methylthiocbutanenitrile is hydrolyzed within
the vessel to produce an agueous hydrolysis mixture

30 containing 2-hydroxy-4-methylthiobutanamide. 2-hydroxy-
4-methylthiobutanamide is hydrolyzed to produce a
finished aqueous hydrolyzate product containing 2-
hydroxy-4-methylthiobutanoic acid. 2-hydroxy-4-
methylthiocbutanoic acid is recovered from the finished

35 aqueous hydrolyzate product.
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punp and recirculation | oop nust be of corrosion 15 resistant
construction. Summary of the Invention Anmong the severa
obj ects of the present invention are the provision of an inproved
process for the 20 preparation of HVBA, the provision of such a process

t hat can be operated in a continuous node; the provisioa%@ﬁ such
a process t hatWeA46/d068 operatéd wi th high productivity; %’f'gﬁ"si on
of such a process that can significantly reduce capital and

mai nt enance costs as 25 conpared to conventional processes; the provision
of such a process that affords inprovedecontrol of reaction

conditions as conpared to conventional batch hydrolysis systens; the
provi sion of such a pr¥etsanother ramheddmenkcof the pyesensnisvenkionrsis
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operat ed using a contdntious egtirkéd tiankacedctor fan tdencontinypedout pri or
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conpl ete conversion qf VBN_t O q. A agd theIProkaloneof such a
process that can presence of a mineral acid to prodice @ aguecus

hydrolysis mixture containing 2-hydroxy-4-

methylthiobutanamide. The apparatus also includes an

: amide hydrolysis flow reactor for the continuous

10 hydrolysis of 2-hydroxy-4-methylthiobutanamide with
sulfuric acid to produce a finished aqueous hydrolyzate
product containing 2-hydroxy-4-methylthiobutanoic acid.

Another embodiment of the invention is directed to a
process for the preparation of 2-hydroxy-4-

15 methylthicbutanoic acid or a salt thereof that includes
introducing 2-hydroxy-4-methylthiobutanenitrile and an
aqueous mineral acid into an aqueous hydrolysis mixture
comprising 2-hydroxy-4-methylthiobutanamide, mineral
acid, and unreacted 2-hydroxy-4-methylthiobutanenitrile.

20 The 2-hydroxy-4-methylthiobutanenitrile in the aqueous
hydrolysis mixture is hydrolyzed in a continuous nitrile
hydrolysis reactor comprising a back-mixed reaction zone
and a circulation zone in £luid flow communication with
the back-mixed reaction zone. The circulation zone

25 comprises a circulating line. The agqueous hydrolysis
mixture is continuously circulated in a circulating
stream that is withdrawn from the back-mixed reaction
zone, passed through the circulation zone and returned to
the back-mixed reaction zone. The circulating stream as

30 withdrawn from the back-mixed reaction zone contains
unreacted 2-hydroxy-4-methylthiocbutanenitrile. A portion
of the aqueous hydrolysis mixture is removed from a
forward flow port in the circulation zone to form a
nitrile hydrolysis reactor product stream. The nitrile

35 hydrolysis reactor product stream is transferred to an
amide hydrolysis flow reactor. The nitrile hydrolysis
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produce HVBA of consistent quality for use in the preparation of ani nal

feed suppl enents. In accordance with a first aspect of the present

i nvention, there is provided a process for the preparation of

2- hydr oxy- 4- et hyl t hi obut anoi ¢ acid or a salt thereof conprising:

I ntroduci ng an aqueous mneral acid into a nitrile hydrolysi

conmprising a %% 4¥6%us stirred tank reactor; I nt roduci ng ﬁbﬂﬁﬁﬁﬁéﬁﬁ

2- hydr oxy-4-nmet hyl t hi obutanenitrile into said nitrile hydrolysis reactor;

conti nuously hydrolyzing 2-hydroxy-4-nethylthiobutanenitrile within said

nitrile hydrolysis reactor to produce a nitri7l e hydrol ysis reactor product

stream cont ai ni ng 2- hydroxy-4- nethylthi obutanam de; continuously

i ntroduci ng wat er reagtozi preduet |stream deyditured odsnh was@rcatsarpednt nt o

an am de hydr ol ySigownkpPesRast Okhe HEkwaaal ENORUSIIE B Frdhidend

2- hydr oxy- 4- net hyl .hl.OgUt ananm de. wi tﬂ%‘” sai dgﬁfr,n?‘wa/ﬁdm' y%Si s fl ow reactor

to produce a fini 8 ﬁﬁ%dﬁ%a?&%ﬁQﬂ §Fg"pr C oA 2- hydr oxy- 4-

met hyl t hi obut anoi enekdydthiocbutanamide cpmtadnedtin at@diﬁﬂis@gpgcrewtiom

present invents on gtrd@mneisShpafyl il andthecafiid® myd¥olysiRarabivofeddtor

2- hydr oxy- 4- met hyl t hi obyt anol cfgcgf%lca;] a salt th{fr of conmprisi ng:

i ntroduci ng an aqSoREORPRE A FHAHS £HUEOHP L Y %éiﬁﬁﬁ(ﬁ?%fo BEkact or

conpri sing a firstconsainingus-bydromtt 4-mekchybtbichutannio@gddag The sum

2- h%/_dr oxy- |4- mﬁt gy|cfﬂ1ltﬁéuké§ﬁdééﬁéé I@ﬁné r&tfﬁ tlhélh éiﬁéﬁiaﬁﬁ@)silrx@hms il.ﬁ_ tgact gr ;

conti nuously hydral,yzi 2-hydroxy-4-me ut anenifrd.l e within sa

nitrile hydrolysi Sc:%é:gggsio?oz ﬁ?%dfﬁsetrfaﬁ%/?%i #lgeh UGt iésl‘)?'egefgra’b‘?oduct

st ream cont ai ¥ ng thenyesidenae wime\of wheppitndlke deydrolysis reactor
product stream downstream of the forward flow port prior

to dilution is sufficient to substantially extinguish
regidual 2-hydroxy-4-methylthiocbutanenitrile prior to the
dilution of the nitrile hydrolysis reactor product

15 stream. :

B £ D iped of - Drawin

FIG. 1 is a schematic flowsheet of the process of
the invention, illustrating continuocus manufacture of
HMEA from HMBN, water and a mineral acid;

20 FIG. 2 is a schematic flowsheet of a preferred
process of the type illustrated in FIG. 1 as modified to
assure that residual HMBN is substantially extinguished;

FIG. 3 is a schematic flowsheet of a process of the
invention in which 2-hydroxy-4-methylthicbutanamide -

25 exiting a nitrile hydrolysis reactor is converted to HMBA

- in a continuous stirred tank reactor and an amide
hydrolysis flow reactor operated in series;
FIG. 4 is a schematic flowsheet of a preferred
process of the type illustrated in FIG. 3 as modified to

30 assure that residual HMBN is substantially extinguished;

FIG. 5 is a schematic illustration of a continuous
stirred tank reactor adapted for conversion of HMBN to 2-
hydroxy-4-methylthiobutanamide while a concentrated
sulfuric acid stream is introduced into the reactor;
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6 continuously introducing said nitrile hydrolysis reactor product stream
exiting said nitrile hydrol ysis reactor and water into a continuous am de
hydrol ysi s reactor conprising a second continuous stirred tank reactor such
that a substantial portion of 2-hydroxy-4-nethylthiobutanam de contained in
said nitrile hydrolysis reactor product streamis hydrolyzed in said second
conti nuous stirveg640§¥k reactor to forma finishing reaction Bk 527
continuously introducing said finishing reaction streaminto an am de
hydrol ysis flow reactor; and continuously hydrolyzing

2- hydr oxy- 4- nethylthlobutanan1de within said gm de hydrolysis flow reactor
to produce a finished aqueous hydrol yzate product containing 2-hydroxy-4-
nmet hyl t hi obut anoi ¢ aci dFIG. 6 is ancuhedabte litustaratiiond ofisaeccontinons

present invention, gl I r of
2- hydr oxy- 4- net hyl tstﬁlﬁggﬁt a%%#%ol\élté zaaBE E e tﬁéﬁweg Q&dw

t t hereof c |, Sl N
i ntroduci ng an aqu&SHYeRERER RS aﬁ??‘%ﬂ'& EI Fhile ext TTE“ hir?g HMBN
net hyl t hi obut aneni rilbe tatditutddn;i | e hydronS|s reactor; continuously

Eygrol yzing 2- "?’droﬁy 4p thy'ié"apfé&éﬂﬁﬁhgrfir&véﬁééﬁ %ftsa' Qeﬂbgfé‘lfaelet

Cont i Wi ng 2- hydr ofPRELIREER, WAL BAPHESS Lo O PYRRORS e ng.

wat er, aqueous mi nmhyathml;:buma@ide extiitihe &\indty secireatavingr oduct

streaminto an am q@actor is converted to HMBA in a second recirculating
reactor and a plug flow reactor operated in series;

10 FIG. 8 is a plot showing amide concentration,
nitrile concentration, and Gardner color for the
hydrolyzate product as a function of acid/nitrile molar
ratio fed to the first reactor and temperature within the
plug £low reactor based on bench stale experiments; and

15 FIG. 9 is a schematic flowsheet of a bench-scale
continuous hydrolysis proceass in which 2-hydroxy-4-
methylthiobutanamide exiting a first reactor is
introduced into a plug flow reactor and hydrolyzed to
produce EHMBA.

20

In accordance with the present invention, a process
for the preparation of HMBA is provided in which HMBN is
continuously hydrolyzed in an aqueous mineral acid to
form 2-hydroxy-4-methylthicbutanamide (hereinafter

25 referred to as "nitrile hydrolysis®"}, and the amide is
continuously hydrolyzed to form HMBA (hereinafter "amide
hydrolysis®). The process is implemented utilizing an
apparatus that comprises a first continuous stirred tank
reactor (hereinafter "CSTR") for nitrile hydrolysis and

30 an amide hydrolysis flow reactor, preferably a plug flow
reactor (hereinafter "PFR"), for subsequent amide
hydrolysis. The nitrile hydrolysis is very exothermic
and is, therefore, most efficiently conducted in a CSTR
back mixed for heat transfer and temperature control.

35 The amide hydrolysis is less exothermic yet must be



hydrol ysis flow reactor; and continuously hydrolyzing

2- hydr oxy-4- et hyl t hi obut anam de wi thin said am de hydrolysis reactor to
produce a finished aqueous ‘hydrolyzate pr oduct cont ai ni ng

2- hydr oxy-4- net hyl t hi obutanoi c aci d. 2- hydr oxy- 4- nethylthiobutanoic
acid is recovered fromthe finished agueous hydrol yzate product

accordance wit WQ%¥EI% h aspect of the present invention, th 9§"W§”EFEQ|ded
a process for the preparation of 2-hydroxy-4- nethylthlobutan0|c acid or a
salt thereof conprising: 7 concurrently
i ntroduci ng 2-hydroxy-4-nethylthiobutanenitrilge, a concentrated sulfuric
acid stream having a strength of between about 70% by wei ght and about 99%
by wei ght, and wat droughfit bo substanﬁmaﬂ comphetiomiixh order topachievey- 4-

met hyl th hi OFUE aneni tde.léi%teas pPY&het Yehesh t taiEi Foérgul farsgR Qﬁusdbaehnﬁmlﬁgﬂed
in sych relative pr rtions so,as r ure conprising sulfuric
acid having a st rerﬁf? ebﬂ?&ieﬂuh‘b%‘atto‘?}g}&?n %8[?? éf’ffa/%}[ﬁ;‘% g itétrf’a‘n

organi c-free basis bel"lyxbndili.gureg Bo hoplrxate #inhohylsmsﬁamaménbackl-miﬂng‘}i n

said vessel to [ I d g
> hydr oxy. 4- metfyum i\og%g%n %&e&dﬂé’ :bé%:.%eB&@ trhe Sfd A RS YahatibA

dr,ol yzi
2- hydr oxy- 4- net hy| t¥f aﬁﬁ%‘ﬁﬁi’?% ??F‘E%?c‘é’e g?%%&’éﬂﬁjeoggrhmjﬁ'at e
product contai ni ng ﬁtIhpdrbega4foundrghadnambdndustria&:abale pipeline

reactor can be operated at a Reynolds number in excess of
about 5000 without excessive pressure drop through the

10 reactor, while producing a hydrolyzate containing less
than about 0.1% amide and less than about 0.1% nitrile on
an HMBA basis.

More particularly, the invention is directed to an
apparatus including a nitrile hydrolysis reactor

is comprising a CSTR for receiving agqueous mineral acid and
HMBN feed streams. For purposes of the present '
invention, an aqueous mineral acid is comprised of water
and up to 99 wt.%¥ mineral acid. The agqueous mineral acid
is generally sulfuric acid or hydrochloric acid.

20 Sulfuric acid is particularly preferred. As the HMBN
reacts with water within the CSTR, an aqueous hydrolysis
mixture containing 2-hydroxy-4-methylthiobutanamide is
formed. The amide typically hydrolyzes to some extent in
the nitrile hydrolysis reactor, resulting in formation of

25 ammonium salts and HMBA in the aqueous hydrolysis
mixture. The aqueous hydrolysis mixture is continuocusly
removed from the CSTR, cooled, and returned to the CSTR.
A portion of the circulating aqueous hydrolysis mixture
is removed from a forward flow port to form a nitrile

30 hydrolysis reactor product stream. This stream is
diluted to form a finishing reaction stream before being
introduced to the flow reactor for completion of amide

hydrolysis. Since the amide hydrolysis proceeds to some

degree during the nitrile hydrolysis, it is generally
35 preferable to dilute the nitrile hydrolysis reactor

product solution as soon as practicable to provide water



In accordance with a fifth aspect of the present invention, there is

provi ded an apparatus for use in a process for the preparation of

2- hydr oxy- 4- met hyl t hi obut anoi ¢ acid, conprising a first continuous stirred
tank reactor for the cont i nuous hydr ol ysi s of 2- hydr oxy- 4-
nethylthlobutanenltrlle in the presence of an aqueous mneral_acid to
produce an aqueWQ96M863® ol ysis m xture containi ng 2- PCT/US96/08527
hydr oxy- 4- met hyl t hi obut anam de, and an am de hydrolysis flow reactor for

t he conti nuous hydrolysis of 2-hydroxy-4- nethylthiobutanam de with said
aqueous mineral acid to produce a finished agqueous hydrol yzate product
cont ai ni ng 2- hydroxy-4-net hyl t hi obut anoi ¢ aci d. In accordance with a
sixth aspect of th&on esdde hydxolysis andhprevent ddignidephascapeparation.or
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10 It has further been discovered that residual nitrile

can be reduced to very low levels by providing a modest
but critical flow regime residence time for substantial
completion of the nitrile hydrolysis reaction before
dilution. More particularly, it has been discovered that

15 residual nitrile is substantially extinguished by
providing a nitrile hydrolysis flow regime residence time
of at least about 20 seconds and, depending upon the
degree of back mixing, preferably between about 30
seconds and about 5 minutes, as constituted, e.g., by the

20 sum of the residence time of the circulating aqueous
hydrolysis solution between the point of withdrawal from
the CSTR and a forward flow port plus the residence time
of the nitrile hydrolysis reactor product stream between
the forward flow port and the poiﬁt of dilution. For

25 purposes of the present invention, residual nitrile is
substantially extinguished when not more than about 0.05%
by weight nitrile remains in the finishing reaction
stream.

It has also been discovered that concentrated

30 sulfuric acid, water, and HMBN can be concurrently and
directly introduced into the first CSTR in order to -
produce within the CSTR a more dilute effective sulfuric
acid strength suitable for hydrolysis of HMBN. HMBN,
water and concentrated sulfuric acid can be

35 simultaneously fed into the first CSTR without hindering
the hydrolysis of HMBN despite the disparate density and



2- hydr oxy-4- et hyl t hi obutanoic acid or a salt thereof conprising:

I ntroduci ng 2-hydr oxy-4-net hyl t hi obutanenitrile and an aqueous m ner al
acid into an aqueous hydrolysis m xture conpri sing

2- hydr oxy- 4- net hyl t hi obut anam de, m neral acid, and unreacted

2- hydr oxy-4- et hyl t hi obutanenitrile; hydrolyzing

2- hydr oxy- 4- reWB 6B but anenitrile in said hydrol ysis ni xEGFPSPHPeE7
continuous nitrile hydrolysis reactor conprising a back-m xed reaction zone
and a circulation zone in fluid flow conmuni cation with said back-m xed
reaction zone, said circulation zone conprisiaag a circulating |ine;
continuously circulating said aqueous hydrolysis m xture in a circulating
stream that is witwiscosity of sulfuphckacidand FHMN andzthe, high hwatt REough
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prior to dilution removed from the nitrile hydroly51s reactor is diluted
with water to form an amide hydrolysis stream that is fed

15 to a second CSTR before being transferred to the amide
hydrolysis flow reactor. Alternatively, the nitrile
hydrolysis reactor product stream and the water stream
can be introduced directly to the second CSTR. A
substantial portion of the amide is converted to HMBA in

20 the second CSTR by further hydrolysis to form the
finishing reaction stream. The finishing reaction stream
is further hydrolyzed in an amide hydrolysis flow reactor
located downstream of the second CSTR to form a finished
aqueocus hydrolyzate product containing HMBA.

25 Alternatively, the second CSTR can be bypassed such that
the finishing reaction stream is continuously fed
directly to the amide hydrolysis flow reactor and
hydrolyzed to form the hydrolyzate product. It has been
discovered that the process of the invention can be

30 operated at high productivity in one or more CSTRs in
series together with a flow finishing reactor. Thus, the ’
capital costs of implementing the process are '
significantly reduced as compared to the batch processes
previously considered necessary in the art to provide

35 adequate conversion at high productivity.



Zb being sufficient to substantially extinguish residual 2-

hydr oxy- 4- met hyl t hi obutanenitrile prior to the dilution of said nitrile
hydrol ysi s reactor product stream In accordance with a ei ghth aspect
of the present invention, there is provided a process for the preparation
of 2-hydroxy-4-nethyl thiobutanoic acid or a salt thereof conprisin

i ntroduci ng 2WAYE -4-met hyl t hi obutanenitrile and an a&ﬁ@ﬁ@? &r al
acid into an aqueous hydrolysis m xture conpri sing

2- hydr oxy- 4- met hyl t hi obut anam de, mneral acid, and unreacted

2- hydr oxy-4- net hyl t hi obutanenitrile; hydrol ygzng _

2- hydroxy-4-nmet hyl t hi obutanenitrile in said hydrolysis mxture in a
continuous nitrile hydIsl hassheanEoundc thpti sucly a doatinuous dhydenlysis zone

and ?_ circul ati on_p&@&d ; sbﬂﬁ%ﬁiﬁﬂ@é&ﬁ?ﬁ%ﬁﬂ}%& 8?: Mﬂeng ftl_rﬁlée'_ﬁrﬁg'
reaction zone, said circgulati

conti nuously circHCaPER ugﬁi%%&ﬁ?iﬁggrg}'é’é@?ﬁgﬁ EF@SPﬁta‘:E‘F"FﬁHH{Q ng
streamthat is w Meayawowf anounts @fbMN_mmédelmdmleone_, passed through
said circul atipn zreyaRfisBitimedde? S&hdobask-te ﬁ%aheaC@Qﬂiéﬁ;?eeéa' d

circulating stream as.w thdrawn fr,om saj ack-m xed reaction z ]
cont ai ni ng_unr eac CERPZEMGREYSPIAHRARY| but2f HFGEEPO r%v:l-rﬂge%!:lm
portion of said cimagubet Ppgratadabs highr produstivitiyute psoducetail e
hydrolysi s react orgipiafdat aghd R MyaReN §2008 VBFSIdtOWokBli siflg SAL theas

Streamto a conti RUGHE 38 e hRr, aFs Leagk, Shottyh MEn} e AL,

hydrol ysi s réett oatpleagtt abeute 20 wti.f water, up to about 0.05 wt.% amide
and up to about 0.05 wt.% nitrile. The HMBA within the
finished aqueous hydrolyzate product includes HMBA
monomer as well as dimers and other oligomers. When the
mineral acid used in the hydrolysis is sulfuric acid, the.

15 finished aqueous hydrolyzate product comprises at least
about 36 wt.% HMBA, at least about 30 wt.$% ammonium salt
such as ammonium bisulfate or: ammonium sulfate, at least
about 25 wt.% water, up to about 0.05 wt.$% amide and up
to about 0.05 wt.% nitrile. When hydrochloric acid is

20 used in the hydrolysis, the finished aqueous hydrolyzate
product comprises at least about 50 wt.%¥ HMBA, at least
about 18 wt.%¥ ammonium chloride, at least about 20 wt.%
water, up to about 0.05 wt.% amide and up to about 0.05
wt.¥ nitrile. In a particularly preferred embodiment of

25 the invention, substantially complete conversion is
achieved during start up with sulfuric acid as well as at
steady state so that the preferred hydrolyzate product
composition may be consistently produced throughout all
process operations.

30 An aqueous hydrolyzate product of lesser purity can
-also be prepared according to the process of the presént
invention by using a lower acid to nitrile ratio for the
hydrolysis. Such an aqueous hydrolyzate product
comprises at least about 30 wt.% 2-hydroxy-4-

35 methylthiobutanocic acid, at least about 20 wt.% ammonium
salt, such as ammonium sulfate or ammonium bisulfate, at



Wwater at a point downstream of said forward flow port to provide an am de
hydrol ysis m xture; feeding either said am de hydrolysis m xture, or said
nitrile hydrolysis reactor product streamand water, to a continuous am de
shydrol ysis reactor in which a substantial portion of 2-

hydr oxy- 4- met hyl t hi obut anam de contained in said am de hydrol ysis m xiure

" is hydrol yzed W@%¥4963% a fini shing reaction stream transfer r]i'%éuw)q
finishing reaction streamto an am de hydrolysis flow reactor;

7c hydrolyzing 2-hydroxy-4-nethylthi obutanam de contained in said finishing
reaction streamin said am de hydrolysis fl@s reactor to produce a finished
aqueous hydrol yzate product containing 2-hydroxy-4-nethylthi obutanoic acid;
the sum of the rededehcaboit@Swts&i watercmmitiongbouteanwkn samife and
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dilution of sa d akbhliyCstd YotdiitionaChe SStABIGEhel!,C2BY examp
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and an been discovered that such composition fluctuations can be
prevented by operating at a higher mineral acid to

10 nitrile molar ratio during start up in order to establish °
steady state conditions very rapidly. Presumably, all of
the mineral acid and HMBN are introduced into the first
CSTR reactor, but the mineral acid stream can be divided
to introduce one portion directly into the amide '

15 hydrolysis flow reactor. Broadly speaking, therefore,
the mineral acid to nitrile molar ratio is based on the
cumulative rates at which mineral acid and nitrile are
introduced into the process as a whole. Operation at a
higher mineral acid to nitrile ratio is achieved by '

20 controlling the rate of mineral acid flowing into the
amide hydrolysis flow reactor so that it is at least
stoichiometrically equivalent to the sum of the nitrile
and amide flowing into that reactor. When sulfuric acid
is used for the hydrolysis, the sulfuric acid to nitrile

25 molar ratio is between about 1.0 and about 2.0 from start
up of the process until steady state is established, '
preferably between about 1.0 and about 1.5, and more
preferably between about 1.15 and about 1.25. After
steady state is reached, the sulfuric acid to nitrile

30 molar ratio is between about 0.6 and about 1.5,
preferably between about 0.9 and about 1.2, and more
preferably between about 0.95 and about 1.05. When
hydrochloric acid is used for the hydrolysis, the steady
state hydrochloric acid to nitrile molar ratio is between

35 about 1.0 and about 1.5, preferably between about 1.05
and about 1.3, and more preferably between about 1.15 and



aqueous mneral acid into an aqueous hydrolysis mxture conprising

2- hydr oxy-4- et hyl t hi obut anam de, m neral acid, and unreacted

2- hydr oxy- 4- et hyl t hi obut anenitril e; hydroly2|ng

2- hydr oxy- 4- net hyl t hi obut anenitrile in said hydrolysis mixture in a
continuous nitgil drol ysis reactor conprising.a back-m xed reaction zone
and a circulaf{‘"ﬁ8 e in fluid flow comunication with sai QE?”WFied
reaction zone, said circulation zone conprising a circulating |ine; _
continuously circulating said aqueous hydrolysis mxture in a circul ating
streamthat is withdrawn from sai d back-mn xexd reaction zone, passed through
said circul ation zone and returned to said back-m xed reaction zone, said

circul ating streaRPR¥twieRdr ST fARaVesdracethed preferredcactd tomitrile
cont ai ni ng unr eactradiashafléodptﬂnamtfbﬂihhiﬁhltﬁhf&mdt&kr':.% EHE&QEFQ "ii'or
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a finished aqueougoRysnolyZ & MULYFha if 10w cost, low productivity
10 production of a finished agueous hydrolyzate product is
desired.

Referring to FIG. 1, 2-hydroxy-4-
methylthiobutanamide is continuously generated by the
‘hydrolysis of HMBN in a CSTR 10. At start up of the

15 process, a mineral acid feed stream is introduced into
the reactor 10 and mixed in a back-mixed reaction zone 12
therein. HMBN is then introduced into the mineral acid
stream where it reacts with water to form the amide
within the aqueous hydrolysis mixture. Continuous

20 nitrile hydrolysis occurs as the HMBN and mineral acid
streams are continuously fed to the aqueous hydrolysis
mixture within the reactor 10.

The mineral acid is preferably sulfuric acid having
a strength of between about 50% by weight and about 70%

25 Dby weight, preferably between about 60% by weight and
about 70% by weight. Sulfuric acid serves as a catalyst
and is not consumed in the nitrile hydrolysis reaction.
However, acid is consumed by the amide hydrolysis
reaction that generally occurs to some extent in the

30 nitrile hydrolysis reactor, resulting in formation of
ammonium bisulfate when sulfuric acid is used in the
nitrile hydrolysis reaction. The reaction is carried out
at a temperature between about 40 °C and about 70 °C,
preferably between about 60 °C and about 65 °C, and at a

35 total pressure of between about 0 and about 15 psig.

The residence time during which the aqueous hydrolysis




.containing 2-hydroxy-4-nethylthi obutanoic acid; the sumof the residence
time of said circulating streamin said circulation zone upstream of said
forward flow port and the residence tinme of said nitrile hydrolysis reactor

-product stream downstream of said forward flow port prior to dilution being
at | east about 20 seconds. I n accordance with a tenth gg:g %Géog{”t he
pr esent i nvenMai ere is provided an aqueous hydrol yzate @% (o]
used in preparing concentrated aqueous sol utions of
2- hydr oxy- 4- et hyl t hi obut-anoic- acid as a nethionine supplenent, said
conposition conprising at | east about 36 w156
2- hydr oxy-4- et hyl t hi obut anoi ¢ acid, at | east about 18 wt. % anmoni um salt,
at |east about 15niutum/véseponta§meﬁminotbs reactemi e ishdeyeen about

0.05 wt.%nitril egbcid SoCARRAEEE | A REYEHUL] 60 ﬁQh@EeQI préfarRia vt Batwedwut
10 on the Gardne

r I Ln ac ord ce-W n_el exenth of the
present inventi oercP'ﬁ: ﬁé F‘HFS%%% 35’0 2R g%ﬁbl % gegg‘%%gg%t I on
used in prepari ngtisensishint theGYER KD S mge fby dividing the
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i nvention, there ¥atfypdsaidephydeelysis renstor cpredicioplyean
~2- hydr oxy- 4- met hyéfa{hs:fé&&aaoaewastﬂe&@rwa Fortgard NELIOW Usog 25.m maeal acid

into a first reactor [ .Sl a.c 0 ed tank C

I ntroduci ng 2- hyoq'aé‘ﬁ? %ﬁ?ﬁﬁf%b@{’aﬂgﬁﬁ g:%lo?pe nto %& ;%é't reactor;
cont i nuous| y1fydresnpeiges2upy tpoRpout A WH.hFNBA: awRnte rabautinilZhwh -$ai d
first reactor whiddindiiRin BHOYSF! ¥t ' Esawt tbdueak #t. i vdtée, tdneagsi s from

aqueous hydrol ye %81 265 & dé&#@ﬁ[ﬁ“&%;&?sﬂsﬁﬁﬁv gy' ¥ o e na R,
t he conversi on of SELiuRiCoRE tm@hl%ﬁaﬁéﬁuﬁrhlf@r@ gis mixture
produced in the CSTR 10 comprises up to about 16 wt.%

15 HMBA, up to about 12 wt.% ammonium salt, such as ammonium
bisulfate or ammonium sulfate, at least about 6 wt.%
water, at least about 35 wt.% amide and up to about 2
wt.% nitrile, preferably between about 5 and about 12
wt.% HMBA, between about 4 and about 9 wt.$% ammonium

20 salt, between about 10 and about 15 wt.¥% water, between
about 35 and about 50 wt.¥% amide and up to about 2 wt.%
nitrile, and more preferably, comprises between about 5
and about 11 wt.% HMBA, between about 4 and about 8 wt.%

. ammonium salt, between about 11 and about 13 wt.¥% water,

25 between about 40 and about 50 wt.% amide and up to about
1 wt.% nitrile.

When hydrochloric acid is selected as the mineral
acid for the nitrile hydrolysis reaction, the acid
preferably has a strength of between about 30% by weight

30 and about 40% by weight, more preferably between about
35% by weight and about 37% by weight. Hydrochloric acid
serves as a catalyst and is not consumed in the nitrile
hydrolysis reaction. However, hydrochloric .acid is
consumed by the amide hydrolysis reaction that generally

35 occurs to some extent in the nitrile hydrolysis reactor,
resulting in formation of ammonium chloride in the




7e met hyl t hi obutanam de in said first reactor being at | east about 90%
continuously introducing water and the internedi ate aqueous hydrol ysis
solution into a flow reactor; and continuously hydrol yzi ng :

2- hydr oxy- 4- met hyl t hi obut anam de within said flow reactor to produce an
aqueous hydrol yzate product sol ution containing

2- hydr oxy- 4- metWQP4#HWb Ut anoi ¢ aci d. | n accordance wit h RCT{USPGA8ERInt h
aspect of the present invention, there is provided a process for the
preparation of 2-hydroxy-4-nethylthiobutanoic acid conprising: introducing
a mneral acid into a first reactor conprising a continuous stirred tank
reactor; introducing 2-hydroxy-4-methylthiobutanenitrile into said first

reactor; continuouslignebudr By§roIesis nixtuosy- Anyreinmoniiimo bhlerids tgolids
wthin said first reacgor d%ﬁ&fv%@%&!‘oﬁééf#ﬂﬁ%@&'%%?%hs f.%&félrﬂ

hydrol ysi s from théreact ure 1n_sal
i nt er nedi at e aquecﬁ!ﬁ’duﬁffdi*-él gtained. t ThR ¥eAfEIon e carried out at a
2- hydr oxy- 4- net hy| tjaimperhansedi Perwddie aboureesi o0 axid about 60 °C,
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mixture is contained within the reactor 10 is between
about 25 minutes and about 60 minutes, preferably between
10 about 40 minutes and about 50 minutes. When hydrochloric
acid is used, the aqueous hydrolysis mixture produced in
the CSTR 10 comprises up to about 10 wt.% HMBA, up to
about 5 wt.% ammonium chloride, at least about 20 wt.%
water, at least about 40 wt.% amide and up to about 2
15 wt.% nitrile, preferably between about 2 and about 10
wt.% HMBA, between about 0.5 and about 5 wt.% ammonium
chloride, between about 20 and about 30 wt.¥ water,
between about 40 and about 60 wt.%¥ amide and up to about
0.5 wt.% nitrile, and more preferably, comprises between
20 about 5 and about 9 wt.%¥ HMBA, between about 0.5 and
about 4 wt.% ammonium chloride, between about 25 and
about 30 wt.¥% water, between about 45 and about 60 wt.¥%
amide and up to about 0.1 wt.¥% nitrile.
In an alternative embodiment of the invention, the
25 mineral acid stream can be divided such that a portion is
fed to the CSTR 10 and the remainder is fed via line 18
upstream of the inlet of the in-line mixer 32 as shown in
FIGS. 1, 2 and 4, or via line 20 into the amide
hydrolysis mixture fed to a continuocus amide hydrolysis
30 reactor, second CSTR 36, as shown in FIG. 3. The acid to
nitrile molar ratio into the CSTR 10 is between about 0.6
and about 1.5 and,'preferably between about 0.8 and about
1.2. The overall molar acid to nitrile ratio is between
about 0.7 and about 1.5, preferably between about 0.9 and
as about 1.2 and, more preferably, between about 0.95 and
: about 1.05. The overall molar acid to nitrile ratio, for



substantial portion of 2-hydroxy-4-nethylthiobutanam de contained in said
I ntermedi ate solution is hydrolyzed in the second continuous stirred tank
reactor to forma finishing reaction solution; continuous introducing the
fi.ni shing reaction solution into a flow reactor; and continuously

hydrol yzin 2- hydr oxy- 4- met hyl t hi obut anami de within said flow r

V\%I | e ?ITB.I n'?al ni W9 %4483 st ant i gl |y single phase reaction mi xtuFEF ’%g%%%”
substantially throughout said flow reactor to produce an aqueous

hydr ol yzat e product sol ution containing 2-hydroxy-4-mnethylthiobutanoic

aci d. . 17 7f Brief Description
of the Draw ngs FIG 1 is a schematic flowsheet of the process of
the invention, il gstnpmisiesyofohhe rprasentainventioen, ois the ENBACEr any HVBN,
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a schematic flowsheet ofLcwepr aciddstwinitinile molavemetios iarepreferred
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nitrile molar ratio into the CSTR 10 under these

conditions is between about 0.5 and about 0.95 and,

preferably between about 0.8 and about 0.95. The overall

10 ° molar acid to nitrile ratio is between about 0.6 and
about 0.95, and preferably between about 0.85 and about
0.95.

- In FIG. 1, the continuous nitrile hydrolysis reactor

also includes a circulation zone in f£luid flow

15 communication with the back-mixed reaction zone 12. The
circulation zone comprises a circulating line 14 through
which the aqueous hydrolysis:mixture withdrawn from the
back-mixed reaction zone 12 is continuously circulated
via a pump 22. An external heat exchanger 24 is

20 preferably included in the circulating line to remove
exothermic heat of reaction by transfer to a coolant.
After passing through the pump 22 and the heat exchanger
24, the agqueous hydrolysis mixture is returned to the
back-mixed reaction zone 12. A portion of the aqueous

25 hydrolysis mixture is removed from a forward flow port 26
in the circulation zome to form a nitrile hydrolysis
reactor product stream which is transferred to an amide
hydrolysis flow reactor 16.

The temperature of the circulating aqueoué

30 hydrolysis mixture is at least 30 °C, preferably between
about 40 °C and about 60 °C throughout the circulation
zone. When sulfuric acid is used, the temperature is at
least about 50 °C, preferably between about 55 °C and
about 60 °C throughout the circulation zone, and when

35 hydrochloric acid is used, the temperature is at least
about 30 °C, preferably between about 40 °C and about 50



hydrolysis flow reactor operated in series; FIG 4 is a schematic
fl owsheet of a preferred process of the type illustrated in FIG 3 as
nodi fied to 15 assure that residual HVBN is substantially extinguished,;
FLG 5 is a schematic illustration of a continuous stirred tank reactor
adapted for conversion of HVBN to 2- hydr oxy- 4- nethylthlobutanan1de
whil e a concent WRx%6#063¢ gy furic acid streamis introduced

reactor; 20 25 30 WD 96/ 40630
PCT/ US96/ 08527
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°C throughout the circulation zone. The reactor 10 can
be jacketed to provide additional cooling capacity, and
also to provide for heating the contents of the reactor
if required during start up.

5 The liquid level within the reactor 10 is maintained
constant by a level controller. Although the liquid
level can also be controlled by gravity overflow from the
reactor, the hydrolysis system is more easily designed if
poeitive level control is utilized. A level controller

10 is also preferred because the agueous hydrolysis mixture
is wviscous. Moreover the availability of a level
controller allows the working volume and residence time
of the reactor be varied at the operator’s selection,
e.g., to adapt to changes in throughput.

15 In a particularly preferred embodiment of the
invention, a flow regime residence time of at least about
20 geconds is provided to effectively complete the
nitrile hydrolysis before dilution of the reaction
golution for carrying out the amide hydrolysis. FIG. 2

20 illustrates such an arrangement. The agqueous hydrolysis
mixture leaving the back-mixed reaction zone 12 is
preferably not removed from the suction side of a pump
22, but is instead transferred through the circulating
line 14 via the pump 22 to a forward flow port 26 located

25 on the circulating line a distance sufficiently
downstream of the pump to provide a flow reaction regime,
preferably a plug flow section in which a portion of
residual nitrile is consumed. Advantageously, the
forward flow port 26 is s0 located to provide a residence

30 time of at least about 3 seconds, generally between about

. 3 seconds to about 15 seconds, and preferably between
about 5 seconds and about 10 seconds in the circulating
line 14 upstream of port 26 to promote reaction of
residual nitrile. Because of the substantial volume of

35 the agqueous hydrolysis mixture that is circulated through
the heat exchanger 24 for removal of the heat of



FIG 6 is a schematic illustration of a continuous stirred tank reactor

adapted for the HVBN to am de conversion as shown in FIG 5 while

ext i ngui shi ng HVBN prior to dilution; 5 FIG 7 is a schematic

fl owsheet of a bench-scale conti nuous hydrolysis process in which

2- hydr oxy- 4- met hyl t hi obut anam de exiting a first recirculatin

reactor is conVeY94¥3®%o HVBA in a second recircul ating PEHUBW8Ed a
plug flow reactor operated in series; 10 FIG 8 is a plot show ng

am de concentrati on, nitrile concentration, and Gardner color for the
hydrol yzate product as a function of acid/nigpile nolar ratio fed to
the first reactor and tenperature wthin the plug fl ow reactor based on

bench scal e experirsagtsiorantheSflow reding i itheacizhwlmtting flimesieet of a
ot hy £t obut anam S i SEAL e £l ht Hufih."de) CHREhe | g
nmet hy i obut anam de exiti | . .

fl ow reactor and %@%&%g ltge c:.rcv.bl[m lipeal4 befyess.thq point of
Description of therithdrawaldd fEabot8TR MO and port 26 nfwmtciodsneesentialle
present inventgon, ad PEAGRS Flow red@otNe preparation of HVBA is provided
in which HVBN | s ont’l n ous;ﬁ] rol yzed i,n an agueous mneral acid to
f or m 2- hydr oxy- 4- met hy [t B9 NS ( gy agqueous hydrodysis 55
"nitrile hydrol ysimidturends remavedicas | nitridenhydnolyEis edictlogzed t o

01T B (ner el nobiacemden sxod et i BB, NGB P ST o
lrjf-'::ac!t glr n?hgpei naf t’g&%aiétﬂ?f’tff g*‘en?{t??‘?]@m §rysprm s back to CSTR

10 10. In order to assure that residual nitrile is most
effectively reduced, a flow regime residence time of at
least about 30 seconds, preferably between about 30
seconds and about 5 minutes, more preferably between
about 30 seconds and about 3 minutes and, more preferably

15 between about 2 minutes and about 3 minutes is provided
for completion of the nitrile hydrolysis reaction in a
flow regime nitrile extinction reaction region )
constituted of the portion of the circulation line
between the exit of the CSTR 10 and the forward flow port

20 26 together with the nitrile hydrolysis reactor product
transfer line 28 upstream of dilution point 30. Since,
as discussed above, a residence time of between about 3
seconds and about 15 seconds is advantageously provided
between the point of withdrawal from the CSTR 10 and the

25 port 26, the transfer line 28 is preferably configured to
provide a residence time of between about 10 seconds and
about 5 minutes, more preferably between about 30 seconds
and about 5 minutes and, most preferably,' between about 1
minute and about 3 minutes. In order to provide the

30 requisite residence time without excessive flow velocity
and pressure drop, transfer line 28 may be configured for
laminar flow but, whatever the flow conditions, at least
one equivalent back-mixed reaction zone is provided in
this transport line. . The transfer line 28 can also be

35 configured for turbulent flow. Preferably, the velocity
is such as to provide the equivalent of at least about




30 an am de hydrolysis flow reactor, preferably a p'I ug flow react or

(hereinafter "PFR'), for subsequent am de hydrol ysis. The nitrile
hydrol ysis is very exothermc and is, therefore, nost efficiently
eonducted in a CSTR back m xed for heat transfer and tenperature
control. 35 The amide hydrolysis is | ess exotherm c yet nust be

WO 96/ 40630 WO 96/40630 g g PCT/ {JS%/ 0 SYFAUSI6/08527
9 brought to substantial conpletion in order to achieve desired
product quality and yield. A PFR has been found to be well suited for
the am de hydrol ysis because it can be cgafigured to operate wthout

substantial . back-m xing, 5 yet provide adequate residence time for the
reaction Wi t hdino regqdivaient desicaiixedpresstien dranes,Fowrexpoeferably it

has been found thajetikenndd&at | ilarkf ARl Bebbffential’ PackOmikad be _
operated at a Reynold ' bout, 5000 wi t hout excessive

pressure drop thr AF .num%grrlesl pjég)c%?{e??% i ngiﬂ?’b’oftﬁ:iilﬁg X APEFLPY zat e
containing | ess reactisn zegien). Mn @pestisulacky preferseduembodiment, il e
on an HVBA\ bagies residual HMEYPIih RMel ndEkaLb YhydRA yis1 ¥ Bbh ook S
directed to an o JRRA 3tHSam Wt e Bodnl bE' aF1MPAE 36548 LS8 Later
than about 0.01 wt.% based on the sum of the HMBA and
amide contained in the nitrile hydrolysis reactor product
stream.

10 The transfer line 28 is preferably configured as a
vertical downcomer so that nitrogen or other gases that
may become entrained in the aqueous hydrolyzate mixture
in the CSTR 10 can be disengaged from the downward
flowing liquid and vented through the top of the

15 downcomer transfer line 28. Although a horizontal
configuration can be used, any gases could disengage from
forward flow in a horizontal line and accumulate,
reducing effective liquid volume in the line.

As the nitrile hydrolysis reactor product stream is

20 transferred downstream of the forward f£low port 26, it is

. mixed with a water stream and any divided portion of the
mineral acid flow in an in-line mixer 32 to form a
finishing reaction stream. The nitrile hydrolysis
reactor product stream is mixed with the water stream and

25 any acid stream to assure that a homogeneous liquid
mixture is introduced to the amide hydrolysis flow
reactor 16. Any water stream also further dilutes
mineral acid within the finishing reaction stream,
provides reaction water to be consumed during amide

30 hydrolysis, and reduces the viscosity of the finishing

-~ reaction stream. When sulfuric acid is used, dilution of
the nitrile hydrolysis reactor product stream may avoid
liquid phase separatlon or precipitation of ammonium
bisulfate within the amide hydrolysis flow reactor 16.

35 Ammonium chloride will typically precipitate when
hydrochloric acid is used for hydrolysis. The water



15 conprising a CSTR for receiving agueous mneral acid and HVBN

feed streans. For purposes of the present I nvention, an aqueous
mneral acid is conprised of water and up to 99 wt.% mineral acid. The
aqueous mneral acid is generally sulfuric acid or hydrochloric acid.
20 Sul furic aC|d is particularly preferred. As the HVBN reacts with
water within t¥22 , an aqueous hydrol ysis m xture cof ﬁn7

2- hydr oxy- 4- et hyl t hi obut anam de is formed. The amide typically _
hydrol yzes to sone extent in the nitrile hydrolysis reactor, resulting
In formation of 25 ammoni um salts and HVBA1in the aqueous hydrolysis

m xture. The aqueous hydrolysis m xture is continuously renmoved from
the CSTR, cool ed, skreamedgr brpicalindntspiuced at/a pate dhasf provides

circul ating aqueoumibydael ¥eid Stxédfth in thbSEiRIENE FFdBrachOk flow

e G et & BERRSP %%‘d”"n%ﬁ?@a@f?% ét%%ﬂ?:‘éé«r%ﬁséfa?man e stream

i ntroduced to the orggRicefreerbasis c ansferabiy obetweete about BHlr bd yabout
Sincé the ani d& hudsobysweighes aRshe iprefeiably ab&ﬂgr@e By wagghbe ntfrile

. e t
E§g;8:§§:: r;;cégfg%u%rgh& Eég?bgéﬁ qi % ageing Qﬁiqéigb £3015FOVIde
wat er woused4owaber addition is not required. The hydrochloric
PCT/ US96/ 08527  acid strength in the finishing rdfction stream is between
about 30% and about 40% by weight on an organic-free
10 Dbasis, preferably between about 35% to about 38% by
weight, more preferably about 36% by weight.

The water stream can be heated before being mixed
with the nitrile hydrolysis reactor product stream to
form the finishing reaction stream, or the finishing

15 reaction stream can be heated before being fed to the
amide hydrolysis flow reactor 16 to provide the desired
reactor operating temperature. Typically, the water
stream is heated to a temperature of between about 60 °C
and about 100 °C, preferably between about 70 °C and

20 about 90 °C, and, more preferably between about 75 °C and
about 80 °C. If the water is not preheated or the
temperature of the finishing reaction stream is too low,
the stream can be brought to the requisite temperature in
a preheater 34. The residence time of the finishing

25 reaction stream between the point of dilution 30 and the
inlet to the amide hydrolysis flow reactor is not
critical. The finishing reaction stream is well mixed
within this region and then enters the amide hydrolysis
flow reactor 186.

30 In the amide hydrolysis flow reactor, some of the

2 residual HMBN is hydrolyzed to form additional amide and
amide is substantially hydrolyzed to form HMBEA.
Preferably, the molar ratio of water to amide fed to the
amide hydrolysis flow reactor is between about 5 and

35 about 10. The flow rate of the finishing reaction stream
is preferably operated to maintain suitable wvelocity



for am de hydrolysis and prevent |iquid phase separation. Dilution
al so prevents precipitation of amoni um bi sul fate when sul furic acid
i s used. However, when the point of dilution is closely coupled to the
point of 5 withdrawal of aqueous hydrolysis solution fromthe CSTR

It has been found that residual nitrile may be introduced | e
finishing react® % eam Since the rate of nitrile hmﬂsg%@
reduced by addition of dilution wat er, residual nitrile nmay be

i ncreased in the product. 10 It has further been discovered that
residual nitrile can be reduced to veryY2ow levels by providing a
nodest but critical flow regine residence tine for substanti al

conpl etion of t hewhFhip| heamidle hydrptysis chlpemeactor togmaintad® Mre

particularly, it basbitenceifedwdindctikeoaxidl Yatdd fiddingi tliéi'éin s
substantial ly extingui igegm?y aftﬁ édlgg %é&.\}é’rﬂ I s%g‘égéy O\‘\_{he
regi me residence tine seconds —an ng upon

t he degree of aBa8R RYSromysis éﬂ@ﬁaﬁ??c'b‘é?v\/e"én h&lﬁoﬁ’ﬁegoﬁuné)é@@&nds and
about 5 m nut &s, aenoepsioi s h@s@bsthuti&ﬂﬂ&ncz@aaeafbdemsiﬁgce

time of the ci I’CUEﬁEI ﬂ@n?ﬁ&f%ﬁjﬁ/ni&rwgr%fﬂ ql “’ihoghg g@fn t he poi nt

of withdrawal from or vvard oW por ‘he residence
time of the FrPerienssdaasg shown, Ehat oin rﬁ%éps’s:ﬂléaﬁ] eqadye gtate t he

forward flow port iandbtatne®i i aouti twdi Mours Furizy staﬂtpﬁpeﬂzéﬁ‘ tihee

present invention S gHPﬁ} hall Vo & hed when
not nore than abouP‘r"gagg#/aé'ﬁ:m}r{)ié!qlka ﬁ?lnl t e ?%tmal hé té}é&ﬁ ni shi ng
reaction 105t r 85AFe condit:.onq it anéscm%e%éwvarwep e'@l’

concentrated 30 subtainedaambsmamdiaﬁdlﬂ\ﬁ&mamebeumaewrent ly and

directly int roducgg ﬁgt?cffefﬂ\cf]%r (;.g{golgsoidfr tﬁ g%e ¥ fn t he

CSTR a nore d||utee ect Ive d'str
hydrol ysi s of HVBRtepgB\state cmwoaﬁde@%tmw ki preductdiar ©fn be
-a high gquality hydrolyzate product that comprises.up to

15 about 0.05 wt.% amide and up to about 0.05 wt.% nitrile
upon leaving the amide hydrolysis flow reactor 16.

The expense of the excess mineral acid, however, may
be prohibitive if an.increased mineral acid/nitrile molar
ratio is maintained during routine operation of the

20 process after steady state conditions are established.
Thus, it is preferable to use a sulfuric acid/nitrile
molar ratio of between about 1.0 and about 1.5,
preferably between about 1.15 and about 1.25, only from
initial start up until steady state conditions are

25 established in the amide hydrolysis flow reactor in order
to avoid preparation of off-specification hydrolyzate
product during start-up. Such a molar ratio is obtained
when the molar excess of sulfuric acid added to the amide
hydrolysis flow reactor 16 is between about 0 and about

30 50%, preferably between about 15 and about 25%, over that
stoichiometrically equivalent to the amide and HMBN
introduced to the amide hydrolysis flow reactor. Aafter
steady state is established, the sulfuric acid/nitrile
molar ratio can then be adjusted to, and maintained at, a

35 more cost effective molar ratio of between about 0.9 and
about 1.2, preferably between about 0.95 and about 1.05.



- 35 sinultaneously fed into the first CSTR wi t hout hindering t he
hydrol ysis of HVBN despite the disparate density and WO 96/ 40630
PCT/ US96/ 08527 11 vi scosity of

- sul furic acid and HBMN and t he hi gh heat of dilution rel eased when
sul furic acid_is uted with water. The dilution of su #H&#&? i d
within the réﬂ??ﬂ&”i elimnates the need for separate aci+ drTu ?%% as
used in 5 a conventional process, reducing cost and mai nt enance of t he
hydrol ysis system Water and acid required for the hydrol ysi s reaction

can be introduced in-any practical conbghati on of concentrated acid,
dilute acid, and water to_achi eve the reqU|red concentration and

proportion of 10 Thei Waker Eeed xahe dntor themiger o33 JWay be increassd, téhe

ﬁ”ﬁ"d: ment of th%vbaaelgiqﬁmdlbhmé rsepadtacion of drdanit admaquéoué e |
rolysis react r . 8

rgact o%/ is dilut %glagég Hﬁé{:ﬁé &?ﬂuﬁzc F c? Mfgﬁjﬁ%%e%ilggr r}%att&lo {yvg;%qﬁ:ats
is fed 15 to aistgpd.csihendrmxoqhdiordct F‘&*ﬂf%‘?r‘éﬁﬁq d‘-"tzhé 8ni de

hydrolysis flepw ngaeodysid), t ehediydidchlorie atidite nitriledmolysi satizact or
product stream a’lﬁr&ﬁ Sp@ ?&gsééé‘t?é“m be g@eﬁﬂeaw%é 09%%‘11&1%58&%'1’ go the

second CSTR. A converted 1o HVBA i
preferably between about 1.05 and about 1.3, and more

preferably between about 1.1 and about 1.2. Such a molar
ratio is obtained when the molar exceas of hydrochloric

10 acid added to the amide hydrolysis flow reactor 16 is
between about 0 and about 50%, preferably between about 5
and about 30%, more preferably between about 10 and about
20%, over that stoichiometrically equivalent to the amide
and HMBN introduced to the amide hydrolysis flow reactor.

15 " It bhas been discovered that operation of the amide
hydrolysis flow reactor at a high mineral acid/nitrile
molar ratio during start up improves conversion of amide
to HMBA within the amide hydrolysis flow reactor 16
without darkening the color of the hydrolyzate product.

20 Despite the increased severity of reaction conditions
provided by a high acid/nitrile ratio, it has
unexpectedly been discovered that acid/nitrile molar
ratio does not significantly affect hydrolyzate color.
Moreover, the high acid to nitrile molar ratio also

25 allows amide hydrolysis flow reactor operation at a lower
temperature during steady state operation, therefore
producing a light colored hydrolyzate product.

The hydrolyzate product leaving the amide hydrolysis

flow reactor 16 has a light color of between about 5 to

30 about 10, preferably between about 5 to about 7, as
measured using a Gardner colorimeter. Color is adversely
affected by excessive amide hydrolysis flow reactor
temperatures and residence time within the amide
hydrolysis flow reactor 16. The amide hydrolysis flow

35 reactor operates at a temperature between about 70 °C and
about 120 °C. When the amide hydrolysis flow reactor is



20 the second CSTR by further hydrolysis to formthe finishing
reaction stream The finishing reaction stream I's further hydrolyzed
in an am de hydrolysis flow reactor | ocat ed .downstream of the second
CSTR to forma finished aqueous hydrol yzate product contai ni ng HVBA
25 Al ternatively, the second CSTR can be bypassed such that

finishing reactW8f64%3%am i s continuously fed directly t%FY%%WQ%?ﬁe
hydrol ysis flow reactor and hydrol yzed to form the hydrol yzate
product. It has been di scovered that the process of the invention can
be 30 operated at high productivity in one 24 nore CSTRs in series
together with a flow finishing reactor. Thus, the capital costs of

i npl enenting the propezatedr adiabaticaidiyf,i thet tempexakuxe sisesnplerd the t he

batch processes  £1d% puitBUaLY RO NBdAIR1RA ?eéaﬁéar%é&we.har halgbdtyi de
35 adequat e conversi on _at hlgg Rroduc LUELY - Dod mofﬂ6/406 0
PCT/ US96/ 08527 eat of reaction, reaching po;ntjgp the ow pa$ ‘Eﬁ;

been found that sucpok)cett whiichsths hesipgrature reaghes & platepno\anit
efficient convegsi QaydnaMBNchoitVBfy drop BRiGRETNICEF cdlidit i6Ma! Ate less
QYﬂ;SLgiifz_prOdLKntﬁa%P%%E Eggly adiéﬁ%ééJ.OW&EQPHgéﬁ égmsigggu%gdin the
amide hydrolysis flow reactor is preferably between about
90°b and about 120°C, more preferably between about 90 °C
and about 105 °C. The residence time of the finishing
10 reaction stream within the amide hydrolysis flow reactor
is between about 30 minutes and about 100 minutes,
preferably between about 50 minutes and about 70 minutes.
When the amide hydrolysis flow reactor is operated at a
temperature above 110 °C, a darker hydrolyzate may be
15 produced. However, an amide hydrolysis flow reactor
temperature below 90 °C may result in incomplete amide
hydrolysis unless a hiéher acid to nitrile molar ratio is
employed. Darkening of the hydrolyzate product can also
occur if the residence time exceeds about 120 minutes. A
20 1light colored hydrolyzate product is produced when an
acid/nitrile molar ratio of between about 1.1 and about
1.5 is used during start up and normal operation when the
amide hydrolysis flow reactor 16 is operated at a
moderate temperature of between about 70 and about 95 °C,
25 preferably between about 80 °C and about 90 °C. The
amide hydrolysis flow reactor temperature can be reduced
when it is operated adiabatically by lowering the
temperature of the water stream entering the mixer 32.
If the finishing reaction stream is introduced into the
30 preheater 34 (FIG. 1) before it is introduced to the
amide hydrolysis flow reactor, the heat applied to the
preheater can be reduced to lower the amide hydrolysis
flow reactor operating temperature. Alternatively,
cooling and/or heating may be provided to control the
35 amide hydrolysis flow reactor temperature when the amide
hydrolysis flow reactor is operated isothermally. When a



.5 methyl thi obutanam de. In order to produce quality feed suppl enent s
contai ning HVBA, the process of the invention may be operated at high
productivity to produce a fini shed aqueous hydrol yzate product

- conprising at |east about 36 wt.% HVBA, at |east about 18 vvt

ammoni um salt, 10 at | east about 20 wt.% water, up to about vvt %
am de anO8$4063p about 0.05 wt. % nnitrile. The HVBA wit hﬁ"‘t’%“s”

fini shed aqueous hydrol yzate product includes HVBA nononer as well as
di mers and ot her oligoners. Wen the m neral acid used in the
hydrolysis is sulfuric acid, the 15 fini g¥gwd aqueous hydrol yzate product
conpri ses at | east about 36 wt.% HVBA, at |east about 30 wt.% anmoni um
sal t such aseeam@nCSTR 136 pYenedesr thﬁmﬂ-@ﬁnmisaﬂwmctor

about 25 wt. %Watler sUBhéﬁna:t&PLFId) @5 Bt adsreenéle W zate 6&1?&0%
w.%nitrile. nhdroc% usedln gp |sa
50 wt /o

S, 20
fi ni shed aqueous e‘{é the [ﬂp&EﬁEf‘ %OW%I?SF‘%FF gag
HVBA, at | east CSTRa58utoQ8him‘h Y% dmidghtneehvxed dydralyzatet pxdinat A w . %

water, up to gbogkoluledWméa a\fﬁéiw Haséﬁi@é@‘&cﬂlﬂﬁtrﬂe Mhrge nitrile.
In a partlcul arl¥ refgrrleixgle t of % ‘g%hie |ner1tr[ 8 substantiall'y
conpl et e conver siFgf* EEFPH CH 118, PR% WERic acid as
wel | as at méaugtet aemmm ofhbepwednr rabahth yiir angdz abeutp rasd (e,
conposi ti on may BeegaRsbey Bliwedt Wiiedshée o dngd g0 oc, Process
oper at i ons. 'FQ ueous dro gézate frgg t of isser pur.,i can
al so be prepar ed acco ?ngﬂ % ’f??é:%‘}r& o?uf pq? on by
usi ng a | owek0 acihydrolysisiproceds ©ff chet heventiommmgsﬂ&ch an
SQEGSUS hygr Ogﬁzﬁﬁcﬁbﬂguéénf%gur@% Sﬁér?tt:ll&@afﬂ @tﬁ%étlg@oew%%/eé of
sal%/ rgﬁgh as anﬁgﬁﬁ'ﬁ%éu#ga#%a%%%!ﬁFﬁﬁ?ﬁ? o a’ 4 at 1Yy
°C. The Peclet number (Pe) is a measure of axial back
mixing within the PFR as defined by the following
15 equation:
Pe = ul/D
where: u=velocity, L=length, and D=axial dispersion
coefficient. The Peclet number of a PFR is inversely
proportional to axial back-mixing. Axial back mixing is
20 effectively minimized when the Peclet number is at least
50, preferably between about 50 and about 200 or more,
and residence time is between about 40 and about 100
minutes, preferably between about 50 and about 60
minutes.
25 The PFR 16 of the present invention may be a
pipeline PFR or a packed column PFR filled with a packing
material. The amide hydrolysis reaction is non-zero
order, but the kinetics of reaction have been found
sufficiently favorable that high conversion may be
30 realized within the relatively modest residence times
noted above, and without substantial pressure drop. More
particularly, it has been found that, where the nitrile
has been substantially converted to amide, and the
nitrile concentration is not greater than about 2% by
35 weight in the stream entering the plug flow reactor, the
residual amide and nitrile concentrations may each be
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13 | east about 25 wt.% water, up to about 5 wt. % am de and up to
about 0.1 w.%nitrile, and has a color of not nore t han about 10 on
t-he Gardner scal e. Odinarily, the hydrolyzate product produced
before 5 steady state conditions are established, for exa

during start upOW4M30 contain nore anmide and nitrile t S’F{UF%"“GQ& red
in a high quality HVBA product. It has been di scovered that such
conposition fluctuations can be prevented by operating at a higher

m neral acid to 10 nitrile nolar ratio durpgg start up in order to
establ i sh steady state conditions very rapidly. Presumably, all of
the mineral acid aredué®N tar @otngreatter cchan @bous 0i2%tby weigbSTRur @act or,

but the mneral aciupgigHam qanabﬁiﬂéuﬁi@%acmrt Qhéﬂtié‘iiﬁ&éﬁ& RAkh an
directly into the amde, 15

t I ki ng,
t her ef or e, t h@ﬁ??e‘?%l“a&ﬁﬂ {-'%g?ﬁ-ff;‘q I%’??{?Fe'ggn?g{‘? ot"f‘g’%%g?? ![ Eg
cunul ati ve rates atangre cregimegr fbr cexampial, @Att @ Reynolds numben ofdated i nto

the process asga mgeé& éz&ftabbea %réferamwa&h%aatr@aalt afggp.to nitrile
ratio is achleved

ntro t ate of ner acl W ng into
t he ani de hyd? "sdfq gﬁ g'f' JtS]Joe ade Fa fdinis%J.ng
st oi chi onetri cal | yreseticl atirean ehteximg dfthe lreactori iae not g:aaad:eanw:&an

flowing into that zgagtoly ﬁ%%i§ﬂ£fiﬁ'£h@%&eam ent8riif tHOPER)E the
hydrolysis, the su;&y&é Iﬁitrgle concentratlons in the reaction product

10 may each be reduced to not greater than about 0.1% by
weight, HMBA basis. For the relatively modest residence
time required to achieve such conversion, a PFR reactor
can be operated at turbulent velocity without excessive
pressure drop. Moreover, it has been found that the

15 desired conversion may be attained at a modest operating
temperature, in the range of between 920°C and about
105°C, which does not require a high pressure reactor,
and which allows the preparation of a product having a
light color.

20 Alternatively, a packed column PFR may be used to
carry out the final hydrolysis reaction. By use of
structured packing, a packed column reactor may be
operated at a significantly lower velocity than a
pipeline reactor without significant back mixing due to

25 wall effects or channeling. The packing promotes
turbulence and radial mixing, and minimizes axial back
mixing, dead spots and channelling of flow so that all
fluid elements travel through the PFR in about the same
residence time. Thus, a packed columm reactor may have a

30 substantially greater diameter and a more compact
configuration than a pipeline reactor. It is
particularly advantageous where reactants or products are
of high viscosity.

However, for the process of the invention, it has
as been found that a pipeline reactor, i.e., an elongate
tubular reactor substantially devoid of intermal packing



-25 nolar ratio is between about 1.0 and about 2.0 from start up of

the process until steady state is established, preferably between
about 1.0 and about 1.5, and nore pref erably between about 1.15 and
-about 1.25. After steady state is reached, the sulfuric acid to

nitrile 30 mol ar ratio is between about 0.6 and about 1.5

preferably be™®¥{%3out 0.9 and about 1.2, and nore p?g?@?%%W§"

bet ween about 0.95 and about 1.05. Wen hydrochl oric acid is used for
t he hydrolysis, the steady state hydrochloric acid to nitrile nolar
ratio is between 35 about 1.0 and about, 123, preferably between about

1.05 and about 1.3, and nore preferably bet ween about 1.15 and
WO 96/ 40630 or other internal flow obstructionpgTigpreferred. While

14.t_ abouz 1.2 s18¥h ﬂ%ﬂ\gﬁ:ﬁi‘t&w tbgte® o aniiad BacH midxing rpelzfunﬂ: :
rati.os are opti | st effective
control, the m ﬁ%’?%&% gé @,ngE%E& 49%«%’ %%‘Iﬁ'ﬁgt r%%‘ég?r'sff?en excess of -
the rate equival elinetsiasp qﬁné’—%#ﬂ-ﬁt‘ﬂ?tm mﬁe hytigelysie rhavs bgencid to
nitrile rati os Ccogidcsized ddalbwonbafiy iR@AnkdEaeive convéwdlicyl wighe

product and reducgl%o%g%cf\aet tng‘,ecsg_%te%e tmesq%%da& np%s;urel&y\c% acid to

nitrile ratios de
described above. Because of low pressure drop incurred

even at high velocity in a reactor suitable for the
process of the invention, a pipeline reactor may be
10 configured, i.e., with a high L/D (length to diameter)
ratio, to operate at a very high Peclet number, typically
in excess of 200, and readily in excess of 2000.
Additionally, a pipeline reactor for the process of the
invention can be constructed of relatively inexpensive
15 materials of construction, e.g., teflon-lined carbon
‘steel pipe. For a packed column reactor, more exotic
materials of construction may be required. A pipeline
reactor also affords greater flexibility since it can be
operated at a much greater turndown ratio than a packed
20 column, in the latter of which conversion declines
sharply below a well defined threshold velocity.
Threshold velocity in a packed column is attained in the
transition between laminar and turbulent flow.
The amide hydrolysis flow reactor 16 is insulated to
- 25 compensate for heat losses to the atmosphere. The heat
of reaction generated during the amide hydrolysis is
sufficient for autothermal operation under adiabatic
conditions. Advantageously, the finishing reaction
stream can enter the amide hydrolysis flow reactor at a
30 temperature below the reaction temperature for the amide
hydrolysis. During autothermal operation, the heat of
reaction generated by amide hydrolysis increases the
temperature within the amide hydrolysis flow reactor,
lessening the likelihood that a hot spot will form
35 therein. The temperature profile in the amide hydrolysis
flow reactor can be measured through several temperature



. herein can be preferred if |ow cost, |ow productivity 10 production of a
fini shed agueous hydrol yzate product is desired. Referring
to FIG 1, 2-hydroxy-4- met hyl t hi obut anam de i s conti nuously generated
- by the hydrolysis of HVBN in a CSTR 10. At start up of the 15
process, a mineral acid feed streamis introduced into the reactor 10
and mi xed i nWP¥40830%j xed reaction zone 12 t herein. HYENUP

i ntroduced into the mneral acid streamwhere it reacts with water to
formthe am de wi thin the aqueous hydrol ysis m xture. Continuous 20
nitrile hydrolysis occurs as the HVBN and mgieral acid streans are
continuously fed to the aqueous hydrol ysis m xture within the reactor
10. Theensoes aT; éEIGB.i s-#) edengl| the Uldngthc ofcthe heedorpr. a

ot of orabl . betwerhoahacts oo Cengiefithe S et e bl lfeeq p bctlely che

Sul furic acid sesﬁgé ﬁé "Qﬁy fﬁ;‘ﬁdirf §%F‘“‘3’8ﬁs %Yﬁﬁs}%g&ﬁ"'t rile
hydrol ysi s react reactor byl-tn{maas;.ngcon decxasing: ¢heyhede supplded¢ool ysi s
reacti on thaig 992%%¥e9%§ stt‘}eiﬂnfyeéﬁé’%ﬂé% Haged? 3dliddadr hydrolysis

reactor, resultin na ate V\/n,en sul furic
acid is used in Fﬁ ers th?n‘?}r’ﬁre%ﬁyﬁ?of??f’% ﬂqligﬁgns P on is

carried out streamt enkdditionalbyi wvehe téperatBiriecpE] Eharﬂmﬂshihg?O
[err]C, pre&e&eéwnbﬁem a&ew ?6&1&%{;}& apd ahoph fAxxddy r] C and at
a 3 total pressure O t ween _abou

The
resi dence time dEPFﬁBg%TJE?I 4% %qaﬁﬁﬁ?ﬁ%r%afoﬁugn%g s¢%ne amial

10 hydrolysis flow reactor operating temperature.

Although residual nitrile hydrolyzes in the inlet
portion of the amide hydrolysis flow reactor, the nitrile
hydrolysis should proceed sufficiently to completion in
the CSTR 10 and in the nitrile extinction reaction region

15 comprising the portion of the circulation zone upstream
of the forward flow port and the zone within which the
nitrile hydrolysis reactor product stream flows between
the forward flow port 26 and the point of dilution 30.
Heat of reaction from hydrolysis of substantial

20 guantities of nitrile in the amide hydrolysis flow
reactor potentially creates hot spots within the reactor.
Although hot spot temperatures of as much as 110 °C to
about 120 °C can be tolerated within the amide hydrolysis
flow reactor, the hydrolyzate product can darken

25 significantly under such conditions. Substantially
extinguishing the nitrile within the nitrile hydrolysis
reactor product stream allows for operation of the amide
hydrolysis flow reactor at a lower temperature to provide
a light colored finished aqueous hydrolyzate product.

30 The amide hydrolysis flow reactor operates at a
total pressure of between about 0 and about 15 psig. A
pressure control valve at the outlet of the amide
hydrolysis flow reactor provides up to 15 psig back
pressure to avoid boiling in the reactor system when the

3s amide hydrolysis flow reactor operates at a temperature
higher than 105 °C.
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15 m xture is contained wthin the reactor 10 i s between about 20
m nut es and about 60 m nutes, preferably between about 25 mnutes and
-about 45 m nutes. The residence time within the CSTR 10 is computed by
dividing the 5 volune of the aqueous hydrolysis mxture in the@ #{)

and in the ci rwQPe#as3¥y | i ne 14 by the volunetric flow ile
hydrol ysi s reactor product stream transferred downstream via forward

fl ow port 26. The aqueous hydrolysis m xture produced in the CSTR 10 10
conprises up to about 16 wt.% HVBA, up to abgut 12 wt. % ammoni um sal t,
at | east about 6 wt.% water, at |east "about 30 Wt A anide and up to
ﬁbgml 2 Wwt.%nitrile. Mﬁntagemdm;r amidei hydmolysds, sampleguuaysbe

ydrol ysi s mxtur dﬂ&%ﬁj evaPe 1 gegyu oaggp*q, 6

W . % 15 HVBA, up to about vﬁﬁgﬂaémmmg?nlga s ghi% B'raﬁrlry‘g {nedl

bi sul fate or anmpiiangas M@a‘%ﬂgqa@é’éﬁ t&baﬁ'fe%njv&e “’393‘?@ Ve =Y
about 35 wt. % am ¢ompoeitpon prdifilie 21long the%dength Iof, t:plee’amn.dbl y bet ween

b 5 d
it 0 a@gltt%gog'xeen e?bout ﬂ#%:?n?é\ea nééoéﬂeaﬂi @Eﬁ@ﬁbn&iﬂoﬁ/ﬁ

anmoni um 20 S out % wat er ,

about 35 and about@xsyeftabiishesd, %\&YGE@XZSBBLR@J\H apn be ﬁ?‘ﬂ’égegr%d
nore preferably, am@amias Wﬁ)@bﬁreactoﬁmmtevbmighﬂm

bet ween about 4 ar}ﬁveﬁ%&“ﬁo@r g}s%{élyigg W hoakedt 11 and

about 13 wt. % wat er out " 50 wt. % am de and up
to about 1 wierRdyct, gpati ‘-"Y' ' V\hen hydrochloric acid is sel ected
as the mneraio aciTef Pinidived i dqudonsh hytdoblyiate qamaduet, extieingi the

amide hydrolysis flow reactor 16 flows through a cooler
40 before being stored in a hydrolyzate product surge
tank 42. The nitrile hydrolysis reactor, the amide
hydrolysis reactors and the hydrolyzate product surge

15 tank utilized in the processes of the present invention
are operated under the same overhead pressure (preferably
about: 10 psig) by employing a common vent header that is
blanketed with nitrogen and controlled by a pressure
controller that relieves pressure by venting gases to an

20 incinerator header when pressure exceeds about 15 psig.
Venting may remove volatile organic sulfur compounds such
as methyl sulfide, methyl disulfide, and methyl
mercaptan, which are by-products of the reaction. The
vapor emissions are less than 0.5 scf per 1000 lbs. HMBA

25 product, usually less than 0.3 scf per 1000 lbs. product.
Emissions of 0.2 scf/1000 lbs. HMBA and even lower are
readily achievable, especially where only a single CSTR
is used.

HMBA, or a salt or derivative thereof, can be

30 recovered from the agqueous hydrolyzate product for use in

' making animal feed supplements. For example, the HMBA in
the hydrolyzate can be recovered for use in a liquid
phase animal feed supplement comprising between about 80%
and about 98% by weight, preferably between about 80% and

35 about 95% by weight, of the total of weight proportions
of HMBA, and between about 2% and about 20% by weight,



-preferably has a strength of between about 30% by wei ght 30 and about

40% by weight, nore preferably between about 35% by wei ght and about
37% by weight. Hydrochloric acid serves as a catalyst and is not
“consuned in the nitrile hydrol ysi s reaction. However, hydrochloric
acid is consuned by the am de hydrolysis reaction that 35
occurs to son¥O8M in the nitrile hydr ol ysi s reactor, Péﬁﬁ%&@++¥ng I n
formati on of amonium chloride in the WD 96/ 40630

PCT/ US96/ 08527 16 aqueous hydrol ysis
m xture. Any anmoni um chl ori de solids c3® be dissolved after the

fini shed agueous hydrol yzate product is obtained. The reaction is

carried out at aPreferahpirbetwestahmitnSipHand sboute2OfcChynwedgltt 60
[err] C, 5 prefer akiberhetnehavdingita 4olloer bE Cnotdnfidatelr thaheabddt sk at a
total pressure Ofmé%%m%ﬁ”ﬁ@g% y%:‘.zd}fézaggﬂﬁe,wa ASiimalli® vischbEPLSCe time

during which the agueous
25 °C as measured by a Cannon-Fenske viscometer of not

5 greater than about 500 centistokes, preferably 90
centistokes, and which, upon subjection to accélerating
rate colorimetry exhibits neither exothermic nor
endothermic thermochemical effects at any temperature
less than about 150 °C.

10 The HMBA can be recovered from the f£inished aqueous
hydrolyzate product by neutralization with ammonium
hydroxide as described by Hernandez et al. U.S. Patent
No. 4,912,257, which is incorporated herein by reference,
or by extraction methods such as that described by Ruest -

15 et al. U.S. Patent No. 4,524,077, which is incorporated
herein by reference.

WO 96/01808, WO 96/01809, and WO 96/05173, which are
incorporated herein by reference, describe methods for
preparation of an ammonium salt of HMBA, for preparation

20 of concentrated HMBA by sulfuric acid hydrolysis of
nitrile, and for recovery of HMBA by thin £ilm
evaporation with solvent recovery, respectively. More
particularly, WO 96/01808 describes preparation of an
ammonium salt by neutralizing the finished aqueous

25 hydrolyzate product and using solvent extraction to form
an organic phase containing HMBA and an ammonium acid
salt agueous phase. The application states that the
organic phase is then treated with ammonia to form a
second aqueous phase containing an ammonium salt of HMBA

30 and an organic solvent phase, and the ammonium salt of
HMBA is recovered from the second agqueous phase. Ammonia
is said to be recovered by treating the ammonium acid
salt solution with sodium hydroxide to form sodium
chloride or sodium sulfate which may be more easily

35 disposed of. WO 96/01809 describes formation of
concentrated HMBA by extracting a finished aqueous



- mxture is contained within the reactor 10 i s between about 25 m nutes
and about 60 m nutes, preferably between 10 about 40 m nutes and about 50
m nutes. \Wen hydrochloric acid is used, the aqueous hydrolysis

- m xture produced in the CSTR 10 conprises up to about 10 wt.%HI\/BA, up
to about 5 wt.% amoni um chl oride, at |east about 20 wt. wat er, at
| east about AYORFM40B%Li de and up to about 2 15 wt.%nitril ePcBP%“F’@F%BI y

bet ween about 2 and about 10 . % HVBA, between about 0.5 and about 5
wt . % anmoni um chl ori de, between about 20 and about 30 wt. % water,

bet ween about 40 and about 60 w.% am de argh up to about 0.5 m.%
nitrile, and nore preferably, conprises between 20 about 5 and about 9 w. %
HVBA, between abeulflricaxid hydxodyzatenwproduchwithnavhbvgante m;tm

about 25 and £d0eH &mBanm&@ \wnemnhagwsegbﬁﬁowéé and aﬁga%u

amde and up to about Y% nitr,l alter

SMbodi aont of  + hBBRRGen iR EVaRAFasEna, he, IR Sqptairdan, Paeh %P%tfed
such that a porticonprevide cdmxentaatied %fmmmhalngni\endethm 4ed via

line 18 #pS%e%méei-he Wt %ls/R5178eabBet v rfeéetre%% R Al

FIGS. 1, 2 and 4, or via the anm de xturefed
to a continuous SYPEOTH ?ﬂ‘%layﬁ?ifg‘ aqeegys W&"Cé?ﬁ%%yaﬁg&
FIG 3. The aci gproduct tonbtaine arpractically ivaten-fce€STRMBB-i s bet Ween

about 0.6 a%@neaeuingl s‘%ﬁt%eara%er 2Rb¥t D&Y e Fakdkhe wﬁtﬁ% about
1.2. The overall molar acid to nitr e ratlo I S between about 0.7 and
about 1.5, prefeCXIPPIEPAUNERt FAL £ ﬁﬂsg%ns’zﬁibutse?afaﬁﬁﬁg e e

pref erably, Iet weedidbofitom.t2te au#pensxoabbutfdnﬂ?a.n AMBAcontalnimgar aci d
tonitrile rati ogohfkion, removing the organic solvent from the HMBA-
containing solution to obtain an HMBA residue, and adding
water to the HMBA residue to form an HMBA solution.
The prior art includes various other methods for

15 recovery of an HMBA or HMBA salt product, including at
least several which have been practiced commercially.
Whatever process may be selected by one skilled in the
art for recovery of HMBA product from a hydrolyzate,
advantages accrue from initial preparation of the aqueocus

20 hydrolyzate product according to the processes of the
present invention. The hydrolyzate produced in
accordance with the invention is highly suited for use in
any 6perative process for recovery of the product acid or
salt.

25 . Salts of HMBA can also be prepared from the finished
agueous hydrolyzate product by methods described by
Cummins et al, U.S. Patent No. 4,310,690, Nufer U.S.
Patent No. 3,272,860, and Blake et al, U.S. Patent Nos.
2,938,053 and 2,745,745, which are incorporated herein by

30 reference. Cummins describes preparation of a calcium
salt of HMBA by:'mixing an aqueocus hydrolyzate containing
HMBA and ammonium chloride with a mixture of sodium
chloride and a calcium salt, reacting the mixture with
sodium hydroxide, reacting the resulting solution with a

35 calcium hydroxide slurry to form the calcium salt of
HMBA, and separating the calcium salt of HMBA. Blake et
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17 pur poses of the present invention, is the sum of any m ner al
acid feed streans divided by the nitrile fed to the nitrile hydrolysis
~reactor. Lower acid to nitrile nolar ratios are preferred 5

when | ow cost, | ow Pr oductivity production of a finished g%éeous
hydrolyzatem' is desired. The acid to nitrile m3CAfUSPESE i nto

t he CSTR 10 under these conditions is between about 0.5 and about 0.95
and, pref erably between about 0.8 and about 0.95. The overall 10

nolar acid to nitrile ratio is between aboui2 0. 6 and about 0.95, and
preferably between about 0.85 and about 0. 95. In FIG 1, the

continuous nitrilad.hjescribe fommation of ammemium Andugaiciunisalimiobn zone
in fluid flow 15 f@ATByNhedt Il 28ngh sulleubde kadix ggh eaaa&ueauéone 12. The

circulation zone.,c |se a cirgulati ine.14 throug ich the
aqueous hydr ol ym@%?@? evﬁ?%é\*ﬂgf P@ﬁ#t?ﬁd BPH 'ae\,%act I on zone-
12 is conti nuouslafdingcepdciem hydroxidea fikpering Amemﬂ.smae te aremove
exchanger 24 gs %.f&lcinheéﬁle&%e/, 'ﬁé&lc%d.aﬁ tRe! £El tiddt@UWathng Lal@id® renove

exot herm ¢ heat eactlon 00l 3 Af t er ng
through the purrpq‘ﬂ'é gﬁ:&dfhgl‘ﬁéﬂf g‘i’ﬁgﬁ 58 €ne t:"lrlghgo ﬁl&%‘ﬂ% %%m S
mxture is returfydfage, hand dryimgeikthei ieatreféetnmr:eggnerla campesition of
the aqueous 25 duntadhYaiySa eadidith 's&li:eaPerQﬁi AamiehY@h dsd1©veport 26

in the circul ati one o f a nitrileh o] actor product
stream which is O#n tt % XP :LU.IX Uifate ang wate

10 Blake et al. also describe preparation of the calcium
salt of HMBA by reacting calcium carbonate with an
agqueous hydrolyzate containing HMBA, sulfuric acid, and
ammonium sulfate to form the ammonium salt of HMBA and
calcium sulfate, separating the calcium sulfate, reacting

15 the remaining liquid with calcium hydroxide to form the
calcium salt of HMBA and ammonium hydroxide, heating the
mixture to decompose ammonium hydroxide and drive off
ammonia, filtering the: resulting mixture to remove
calcium sulfate and calcium hydroxide, and evaporating

20 water from the mixture to form a concentrated slurry of
the calcium salt of HMBA, filtering the slurry and drying
the filter cake to obtain the calcium salt of HMBA. '
Nufer describes formation of a calcium salt of HMBA by
mixing HMBA with a monoalkyl ether of ethylene glycol,

25 reacting the mixture with a calcium oxide-ethylene glycol
ether sglurry, filtering the resulting slurry, and drying
the filter cake to recover the calcium salt of HMBA.
Other methods of forming salts or derivatives of HMBA are
well known, and include methods of preparing salts of

30 HMBA by direct reaction of a metal oxide or other base
with isolated or partially isolated HMBA as described in
U.S. Patent Nos. 4,855,495, 4,579,962, and 4,335,357,
which are incorporated herein by reference.

FIG. 3 illustrates an embodiment of the present

35 invention wherein the amide hydrolysis reaction is

conducted in the amide hydrolysis flow reactor 16 and a




hydrol ysis flow reactor 16. The tenperature of the circul ating
aqueous 30 hydrol ysis mxture is at least 30 [err]C, preferably between

about 40 [err]C and about 60 [err] C t hroughout the circul ation zone.
YWen sulfuric acid is used, the tenperature is at | east about 50
[err]C, preferably between about 55 [err] C and about 60

t hr oughout the‘wgmlon zone, and when 35 _ hydrochloric

the tenperature is at |east about 30 [err]C, preferably between about
40 [err] C and about 50 WO 96/ 40630 .

PCT/ US96/ 08527 33 18 [err] C t hroughout
the circulation zone. The reactor 10 can be jacketed to provide

addi ti onal cool i ngseapadi ¢§TR 3fil upstreams oft the ramiidée hiydrofyaisnflone
TQuLa Tevel w i BT sa Tt e T ey ey B e o T e
i qui vel withi L v
control ler. Al thoudHsEREs %l' u%?xépr pizes, the ﬁé‘"‘%{? %‘P’g gﬁs%,
gravity overfl ow f mimtttive with trllia(didmtitchewayeh‘cdqdm@ysﬂs.mdedspmm

easi ly designeg if of che éi‘é’_\? Ji%&ae stelh @ithn Wd 'sé%ndAcéﬁeAnd
controller 10 is al so re erre ecause tE B&qufeous l&% i m xture
e

i s viscous. Moreov&PRERE %v%ﬁ‘? AAMRERA LT, 0 inis ELO8| | ows t he
wor ki ng vol une and steeanignrestlting in a relatively low viscosity of the '

latter stream as introduced into the amide hydrolysis
flow reactor. The nitrile hydrolysis reaction takes

10 place in CSTR 10 and the nitrile hydrolysis reactor
product stream exiting the CSTR 10, a water feed stream,
and any divided portion of a mineral acid stream via line
20 are introduced into the second CSTR 36 wherein a
substantial portion.of the amide is hydrolyzed to HMBA.

15 For purposes of the present invention, a substantial
portion of the amide is hydrolyzed when more than 50% by
weight, preferably between about 50% and about 80% by
weight, of the amide is hydrolyzed to HMBA. The
residence time Quring which the amide hydrolysis mixture

20 is contained within the second CSTR 36 is between about
30 minutes and about 80 minutes, preferably between about
40 minutes and about 60 minutes. The residence time
within the second CSTR 36 is computed by dividing the
liquid volume of the second CSTR by the volumetric flow

- 25 rate of the finishing reaction stream exiting the second
CSTR. The liquid level in the second@ CSTR can be
controlled by gravity overflow to the amide hydrolysis
flow reactor 16 or preferably by positive level control
as previously described.

30 The amide hydrolysis reaction is initiated in the
second CSTR at a temperature between about 70 °C and
about 120 °C, preferably between about 90 °C and about
105 °C, and at a total pressure of between about 0 and
about 15 psig. Conversion to HMBA is generally improved

35 by operating the second CSTR at an elevated temperature
between about 90 °C and about 110 °C. The second CSTR 36



- of the reactor be varied at the operator's selection, e.g., to adapt

to changes in throughput. 15 In a particularly preferred enbodi nent
of the invention, a flow regine residence tine of at |east about

" 20 seconds is provided to effectively conplete the nitrile hydrolysis
before dilution of the reaction solution for carrying %%b m de
hydr ol ysi s. Ne 0 I1lustrates such an arrangenent. Fhd queous
hydr ol ysi s m xture | eaving the back-m xed reaction zone 12 is
preferably not renoved fromthe suction side of a punp 22, but is
I nstead transferred through the circul ating4 line 14 via the punp 22 to
a forward flow port 26 located 25 _on the circulating |ine a distance

sufficiently 18 FFRISRLANPEFVIIRE JiitD Bosheaihrated Jarkebalin o¥ieregi e,
preferably a pl ugp Madwtadntthe opexduiny zeppetraturenf If theesidual nitrile

I S consuned. Adv% Y, eﬁ&?‘r ' Kd r | ated to
provi de a resi det?l-fe Qu%i?re 0 satT‘I %%%‘m?%oﬁ%%&%g%o‘#s,%é%nZ’?Q‘?§

bet ween about oRYareLysim flom reastekis theh PReratingbl y bet ween
about 5 secopds tmbertiuie 16f Sel®gkcond CSTRCE4S Heallicwered. |ine 14

D e o o o PSP EALEA f Ak, Sbaceion £ didbalifn} , Poroe

circul ated throlRpFried oukeinchlie 88900 EETR, PERAUGAG & fdnishingeat of

WO 96/ 40630 reaction stream that is introduced Amiid T @3dé -
hydrolysis flow reactor 16. The finishing reaction

10 sStream comprigses at least about 30 wt.% HMBA, at least
about 17 wt.% ammonium salt, at least about 15 wt.%
water, up to about 10 wt.% amide and up to about 1 wt.%
nitrile. Preferably, the finishing reaction stream
comprises between about 30 and about 50 wt.% HMBA,

15  between about 17 and about 30 wt.$% ammonium salt, between
about 15 and about 30 wt.% water, between about 1 and
about 6 wt.% amide and: up to.-about 0.1 wt.% nitrile.

When sulfuric acid is used, the finishing reaction stream
comprises at least about 31 wt.%¥ HMBA, at least about 20

20 wt.% ammonium salt, such as ammonium bisulfate or
ammonium sulfate, at least about 20 wt.% water, up to
about 5 wt.%¥ amide and up to about 1 wt.% nitrile, and
preferably between about 32 and about 42 wt.% HMBA,
between about 20 and about 30 wt.%¥ ammonium salt, between

25 about 22 and about 30 wt.% water, between about 2 and
about 4 wt.%¥ amide and up to about 0.1 wt.¥% nitrile.
When hydrochloric acid is used, the finishing reaction
stream comprises at least about 45 wt.$ HMBA, at least
about 17 wt.% ammonium chloride, at least about 15 wt.¥%

30 water, up to about 8 wt.% amide and up to about 1 wt.%

¢ nitrile and, preferably between about 45 and about 50
wt.% HMBA, between about 17 and about 19 wt.$% ammonium
chloride, between about 18 and about 22 wt.% water,
between about 2 and about 6 wt.% amide and up to about

a5 0.1 wt.¥% nitrile. The amide hydrolysis is then completed



- 19 reaction, the flowregine in the circulating line is readily
mai ntained in a turbulent regine, so that the portion of the
circulating line 14 between the point of wi t hdrawal from CSTR 10 and

“port 26 functions essentially 5 as a plug flow reactor. A
portion of the circulating agueous hydrol ysis m xture is renpved as a
nitrile hydr oVPSGM08R 01 of product stream from f or war dPFTYNEE 26,
while the remai nder of the circulating streamflows back to CSTR 10
10. In order to assure that residual nitrile is nost effectively
reduced, a flow reginme residence tinme of at3s | east about 30 seconds,
pref erably between about 30 seconds and about 5 m nutes, nore
preferably betwesithin theoamid® hydroiusisnflowxeactar ast dssentbedor e
preferably 15 Beovecrobprd. 4 M nutes and about 3 minutes is provided

for.conpletion of the_nitrile hydrolysis.reaction in a | ow regi me
nitrile extinction regg i'o#\ f%g%/(?ﬁef rre On??‘h‘ﬁ’(%% BIPCERE 'B%rﬂ’%n of the
circul ation |ineprocesgesheen ithFIfxi 8.of ReALAEERR titneand the Abemile f|ow
ItOOFT f20 |_265t<2)gh§,aeb1ysib t?-@ﬁcr{uzt ’ph:baub_!d?@g%éhsié wghgeéoﬂé‘lgﬁeen g
ransfer |ine stream of. dilutlon po .. Si.nce | Scusse
above, a resi den&g%t %‘}@rg}l’%ﬁ mt&sogphget andsigheom"ﬁﬂdc%ﬁ%u'f" 15
seconds i s advanex§dsguishpresidnad nitribet amciesdrihed abové vegdctiawal

fromthe CSTR 10paed the RBen GHY hiCilbNBydfanpday ﬂéaeeo?.%??i-éd@é@f'er abl'y
configured to 10 seconds and

about 5 m nutes, sﬁﬁgé&'\é#gfﬁﬁéﬁ% %g‘?‘gbgg%kg%o‘%}dﬁ \gg’g’gﬁggg d partiomout 5
m nut es and10mpsefptbecmineral maidecanaanide thydrolysisustrean iéoformed
mnutes. |n ordegnhienPigvi€e tda&nd0secbfAUCSTR S AR RFArbipRig ddtis
excessi ve tlow V?.onghteysecond %RDQ:%S%%ESugéOQ ’fz{r{:'?s Si];zg‘r .rleécr:]gigr? srrtl.51 ean(1a
configured for
to be transferred to the amide hydrolysis flow reactor.
FIGS. 5 and 6 illustrate a preferred embodiment of
is the invention wherein the CSTR 10 can be adapted in the
processes shown in FIGS. 1 through 4 to receive
concentrated sulfuric :acid, HMBN, and water feed streams.
The HMBN ‘and water feed stream are fed directly to the
CSTR. The concentrated sulfuric acid stream is either
20 mixed with the circulating stream in the circulating line
or is fed directly to the CSTR. The concentrated
sulfuric acid stream may be fed directly to CSTR 10 but
is preferably fed via line 44 to the circulating line
downstream of the heat exchanger 24 so that the
25 concentrated acid stream is thoroughly mixed with the
aqueous hydrolysis mixture before it is returned to the
CSTR 10. When all streams are simultaneously fed to the
CSTR, sulfuric acid is diluted in the reactor as the
nitrile hydrolysis reaction occurs. In either case, a
30 separate acid dilution system is not required and
associated installation and maintenance costs are
avoided. The concentrated sulfuric acid introduced into
the aqueous hydrolysis mixture has a strength of between
about 70% by weight and about 99% by weight, preferably
35 between about 90% by weight and about 98% by weight. The
aqueous hydrolysis mixture within the CSTR 10 has a



Lam nar flow but, whatever the flow conditions, at | east one

equi val ent back-m xed reaction zone is provided in this transport

line. The transfer line 28 can al so be 35 configured for turbulent flow
Preferably, the velocity -is such as to provide the equival ent of at

| east about WD 96/ 40630

PCT/ US96/ 0852 WO 96/40630 . 20 BCTGSe4Of5%a1 ent
back-m xed reaction zones; nore preferably bet ween about 3 and about 5
sequenti al back m xed reaction zones in the aforesaid nitrile
extinction reaction region. In a partiggl arly preferred enbodi nent, 5
the residual HVBN in the nitrile hydrol ysis reactor product stream at

the point of dil ustovength icf hetwgenagkout 50% tiyamweigbitamd Gbomt FO&ab¥d on

the sumof the HV3Aighd, prefe2bi¢ BePHwéedYbdut 6O% E}t&é%%@éﬂfd)%hﬁ
<

t duct { 10 The transfer | fer abl
configured as a 79% BETORC G5WAEHARFLS Roihen o, obgrnls- A bagises

t hat may becThe aguecusnbydrolyhds ayistoure Hedcohyinneusix pwmped in

~the CSTR 10 c@n bgngbsendad @aktbir-ai t Héa €l odveiinger 24 & 03V ¥MEH i quid and

vented through the,top ofs the 33", dowacomale \ 3aster dige 2 ol Bguon

circulates the agqueous hydrolysis mixture between CSTR 10
and an external heat exchanger 24, in which exothermic
heat of reaction is removed by transfer to a coolant.

10 The heat exchanger also removes the heat generated by
dilution of sulfuric acid when concentrated sulfuric acid
is fed directly to reactor 10.

The process of the present invention provides an

improved method for preparing ‘HMBA. High productivity
15 can be achieved using such a process because it can be
operated continuocusly to provide greater throughput than
a conventional batch: process.  The process significantly
reduces capital and maintenance. costs associated with
batch processes, for example, by eliminating the need for
20 separate sulfuric acid dilution when concentrated
sulfuric acid is introduced to a reactor without prior
dilution. The process also affords improved control of
reaction conditiong as compared to conventional batch
hydrolysis systems. Such improved control of the
25 hydrolysis reactions enables production of a hydrolyzate
product of consistently high quality. The process vent
emissions are significantly reduced as compared to
conventional batch systems because £illing and emptying
of tanks and operation at non-steady state conditions is
30 eliminated.

The following examples are presented to describe
preferred embodiments and utilities of the present
invention and are not meant to limit the present
invention unless otherwise stated in the claims appended

35 hereto.




:configuration can be used, any gases could di sengage from forward fl ow

in a horizontal |ine and accumul at e, reduci ng effective liquid vol une
in the line. As the nitrile hydrolysis reactor product streamis
-20 transferred downstream of the forward flow port 26, it is m xed
with a water stream and any divided portion of the m neral acid flow
in an in-1ineMA%EI8S (o forma fini shing reaction stP 7
nitrile hydrolysis reactor product streamis nixed with the water
stream and 25 any acid streamto assure that a honogeneous |iquid

m xture is introduced to the am de hydrolyss®s flow reactor 16. Any

wat er stream al so further dilutes mneral acid within the finishing
reaction stream provi des reacti on EXAMPLEOL be consuned during am de 30

hydrol ysis, and reducgendn)qcdis- eyuiymeht (A€ dHownSAnNg1e. 76a&d | Qb otam
When sul furic acid is LS e e nltrllseg¥droly5|s react or
e

d | lution_of t
product stream nSyRRREAtE éLﬂicﬁﬁaanﬁﬁagé“%EﬁQPEFFoRrB ci pi tation of
amoni um bi sul f aNttxdkeni (2 -Hydromyde-ngthyilthdiobuthpenitatie) am@ 35

Anmoni um chl g i dgswi A#uéeﬂg GAllparike ekt défe Wit inuousydpRnPedrdic acid is
used for hydrolysis.

PCT/ US96/ 08527 = rates gf J\.Aia&lerg/min and 1\./!)6'?69//%8.%?,’0§fpectively, into a

well-mixed recirculating reactor 46 having a liquid
volume of 42.1 milliliters. The reaction temperature was
controlled at 65 °C through cooling jackets provided on

10 the recirculating reactor loop, which removed the heat
released from the nitrile hydrolysis reaction. A pump 48
recirculated the aqueous hydrolysis mixture in the
reactor loop. The residence time of the reactor 46 based
on the total feed rate was 25.4 minutes. At the outlet

15 of the reactor, a sample was periodically removed during
steady state conditions. All sampling ports are
designated with an § in FIG. 7. The sample was analyzed
by a gas chromatographic method to. determine the
hydrolyzate product composition leaving the reactor. The

20 gas chromatography result showed that practically all
nitrile feed was hydrolyzed and converted to amide and
approximately 15% of the formed amide was further
hydrolyzed in this reactor to form HMBA, the final
hydrolysis product.

25 The amide rich hydrolyzate leaving the recirculating
reactor 46 was fed continuously into the second
recirculating reactor 50 which is similar to the first
recirculating reactor 46 but has a liquid volume of 119.3
milliliters. A water feed at 0.57 g/min was also

30 introduced into the second well-mixed reactor that
provided a residence time of 52.6 minutes. The
temperature of this reactor loop was maintalned at 102 °C
via a heating fluid jacket provided on the recirculating
reactor loop. A pump 52 recirculated the hydrolyzate in

35 the reactor loop. An outlet sample from the reactor 50
was obtained and analyzed by gas chromatography which



-streamis typically introduced at a rate that provides sul furic acid

strength in the finishing reaction stream of between about 30% and
about 50% by wei ght on an organi c-free basis, preferably between about

" 35%to about 5 45% by wei ght, nore preferably about 43% by weight. If
about 30%to about 38% by wei ght hydrochloric acid is used. water
addition is %14%i red. The hydrochloric aci d st rendGUSHFI8RT
finishing reaction streamis between about 30% and about 40% by wei ght
on an organic-free 10 basis, preferably between about 35%to about 38% by
wei ght, nore preferably about 36% by wei ghBs The water stream can
be heat ed before being m xed with the nitrile hydrolysis reactor
product stream tvevealed dihat BPPrrRimatiely P4asfti 0f the cfegd @midrewasni shing
15 reaction strrpdrenred® decamgl. before being fed to the- am de

hydrol ysis flow react | d | . tor ragin
tgrrpergt :.II’ e. 'I'.\;/vpi cal | ,e@é:tl\%hdtog%% &é gercg’g% %ggﬁgg?]é%éf%cé%?gggergﬁhrg of -
bet ween about 60cPrifuously emtgredothe Mimale fiptshpngfreaghior shatewasabout

70 [ eE r] Cdand 20coﬁ§lwﬁ8%t%h o &) Gerﬁed,ofrrf{o&rpbe&egabhyoberemga ab?ﬁt 75
err an Ir. . e or e
{ e ABhe o, i Bieblad edHR) e Bihelq MlinA

tenperature of t shing 1Tea reamis t Phe stream

can be brought teonskant fismperatusapeyen it for prevenptipgheateioggesThe

' _elsi ?_ence?j) i Wedoéotflﬁefénﬁféﬂt?g t8bs mal:&ﬁ_ﬁﬁirﬁmgzhr canperatRRn deheopor ot oft
ilution an . r | agtgr is no

critical. The fi %ﬁq’g%‘f%%m% i Ekfgsﬁﬁﬁa%ﬂl?m% %%éd?s‘_“’?ﬂvﬁh?%ﬁt hi s
regi on and &fen BAYERS 3 HORH ddamidrvoiumes of 91 midli}ikeypRandsa 30

I n the am de hydestyespordding Mlamtinttes argsidencectime wis dalignedVBd! i S

ydr ol yzed to 1 oPIPEECobibeBE B8 BE ansge WeRE1VELS!LF B Lhps, 1 g
fed to the Bhe daydxehimigsiof pmyde Bk campletpdt akckhasiklel afd
: the third coil 58. The hydrolyzate product taken from
15 the outlet of the PFR was analyzed and contained 35%
HMBA, with the remaining material being water and by-
product ammonium bisulfate. The color of the hydrolyzate
product was 6-7 on the Gardner color scale.

EXAMPLES 2-9

20 The same continuous bench scale equipment as used in
Example 1 was also used to determine the effect of
reslidence time and reaction temperature on conversion.
The acid to nitrile feed ratio of each example was
maintained at approximately a 1.0 molar stoichiometric

25 ratio. At the outlet of each recirculating reactor and
the end of each coil of the PFR, a sample (indicated as
RECIRC and S, respectively, in Tables 1-8 below) was
removed during steady state conditions and was analyzed
by a gas chromatographic method to determine the

30 hydrolysis mixture composition leaving the reactor or
coil. The hydrolysis mixture composition and the
temperature and residence time in each reactor or coil
are shown in Tables 1-8 below. The remainder of the
product included water and ammonium bisulfate. The

35 results, based on various feed rates (1.01-2.33



35 about 10. The flowrate of the finishing reaction stream IS
preferably operated to maintain suitable velocity WO 96/ 40630
PCT/ US96/ 08527 22 within the am de
hydrol ysis flow reactor to maintain turbul ence and m ni m ze axial back
m Xi ng thereln “As indicated above, at a given reﬁkﬂﬁgﬁ | I n
t he anmi d& Q%N%W&S|s flow reactor, it has been found th c%%%gfsion
may be substantially increased by |ncreasing the mneral acid/nitrile
nolar ratio in the feed. Experi ence has shown that in sone instances
steady state I s obtained in about tmp BBurs during start up when the
sulfuric acid/nitrile nolar ratio is éet steady 10 state conditions,

and conpl ete coraxaus/sin.nnjteile feeth gepparaturefe$0265 JCwWAeE t he
sul furic aci g viiild hyarelpsis aind 901202 °CRapE Cartided MyidriongBis pf

steady state con t| n S I of h quality
hydr ol yzate pro q%%t% gﬁ%ﬁ %rg%%épssjt%n%gglag % %ﬂﬁsa\'ﬁd %eg‘%gae 2and up
to about 0.05 wtempanatures impxpins |the qegvernsieni o hordy Sygrpiysisw
redctor 16. 5 reactioh®R CHBREGEr Ofirddieadie@s Seitbéfditireaciadsohovever, may

be prohibitive |£ &ﬁé{é’&:ri%aggd éa% J?ﬁg%ahEE' L&&@I ar ratio is

mai nt ai ned durlng routiné opera 'on

EXAMPLE 2
Nitrile at 1.01 g/min was fed to the first
recirculating reactor, along with 1.15 g/min 64.7%

10 sulfuric acid, giving a 0.99 acid/nitrile molar ratio. 2
water feed at 0.55 g/min was also introduced into the
second recirculating reactor. The hydrolysis mixture
composition and the temperature and residence time in
each reactor or coil are shown in Table 1 below.

15 TABLE 1
_RECIRC-I RECIRC-II  S1 82 83
Temperature
{°C) 64 103 104 104 104
Residence Time
20 (min) 25 53 11 11 11
Hydrolysgis Mixture Composition (wt.%)
Nitrile 0.11 trace trace trace trace
25 HMBA 8.3 34 a3 35 33

Amide 38 2.7 0.70 0.12 0.03

30 Hydrolyzate Product Color: 6-7 on Gardner scale

. EXAMPLE 3
Nitrile at 1.01 g/min was fed to the first
recirculating reactor, along with 1.16 g/min 64.7%
35 sulfuric acid, giving a 0.99 acid/nitrile molar ratio. A
water feed at 0.54 g/min was also introduced into the
second recirculating reactor. The hydrolysis mixture



20 process after steady state conditions are established. Thus, it is
preferable to use a sulfuric acid/nitrile nol ar ratio of between about
1.0 and about 1.5, preferably between about 1.15 and about 1.25, only
from initial start up until steady state conditions are 25 established

in the am de hydralysis flow reactor in order to avoid ratjion of
of f - speci fi cat &?Qﬁ% ol yzate product during start-up. ﬁ‘ﬁ@'?ﬁ%s{gﬂ%'{ ar
ratio i s obtained when the nol ar excess of sulfuric acid added to the
am de hydrolysis flow reactor 16 is between about 0 and about 30 50%
preferably between about 15 and about 25% aeer that :
stoichionetrically equivalent to the am de and HVBN i ntroduced to the
am de hydrol ysi s facomosétienrand\ithe temperature|yangd yesidenget time dmed, the

su!furic aci d/ ni t rdalch reactd®! & dgilll areagm&henhquaﬂkuatBél&@; and
mai ntai ned at, a 35 nore cost effective nolar ratio of between about 0.9

and about 1.2, preferably between about 0.95 and about 1.05.

WD 96/ 40630 PCT/ US96/ 08527

23 The water feed rate into the mxer 32 may be increased to avoi d
| i quid phase separation of organic and aqueous phases when a sulfuric
acid/nitrile nolar ratio below 1.0 is used. Wien hydrochloric acid is

used for the



5 hydrolysis, the hydrochloric acid to nitrile nolar ratio during

steady state is between about 1.0 and about 1.5, preferably between
_about 1.05 and about 1.3, and nore pref erably between about 1.1 and
about 1.2. Such a nol ar ratio i s obtained when the nolar excess of

hydrochloric 10 acid added to the am de hydrolysis flow reactor 16 is

bet ween aboutW@%M%ahout 50% preferably between about 5 FETUFEO85 LUt
30% nore preferably between about 10 and about 20% over that
stoichionetrically equivalent to the am de and HVBN i ntroduced to the
am de hydrolysis flow reactor. 15 .l #ihas been di scovered that
operation of the am de hydrol ysis fl ow reactor at a high m neral
acid/nitrile mol ar ratio during starTABEE idproves conversion of am de
to HVBA within the am de hydrol getgréldwW § 736 g1 W t houlg darg_gni ng

t he- col or of theremypbratyasi e product. 20 Despite the mcreaﬁ Severity
of reaction condi®@)ons provi dé2 by a hi g@saci d/ ni102l e rao2o0, Lb2has
unexpect edl ySbecReshdansee Tithet hat _acid/nitrile nol ar rati o does not
significantly aff®dl) hydrolyzate 28| or B8reover  3bhe higitlacidilo
nitrile nolar ratdoe—also 25 allows_am de hydrol ysis flow reactor
operation at a | ower idrolvals, Mixt s ShedON o AW eBbr at i ON,

t herefore ing a light ,cglored hydralyzate product. The
hydr ol yzat elgr o%ﬁﬂdﬁ%&eegvi ng the gh'g e hydr oggg S g)g‘?%w &0P°§§5has a
li ght color of bghiden about 5 tgg30 aboulg 0, prefgrgpl yp 4@t weeg-gout 5
to about 7, as neasured using a Gardner col orineter. 80I or is
adversely affected by excessive am de hydrolysis tlow reactor

t enper at ur ed5andHydsotyrrte tRradugitt Bohorhe 5+ dm Gardneydscalsi s fl ow
reactor 16. The am de hydrolysrs fTow 35 reactor operates at a i

t enper at ure between about 70 [err]C and about 120 [err]C. Wen the

am de hydrolysis flow reactor is

Ptebooy- S halh B T3 s SNP4I 10 g by
o _

_ EXAMPLE 4 .
Nitrile at 1.43 g/min was fed to the first
20 recirculating reactor, along with 1.65 g/min 64.7%
sulfuric acid, giving:.a 0.99 acid/nitrile molar ratio. A
water feed at 0.76 g/min was also introduced into the
second recirculating reactor. The hydrolysis mixture
composition and the temperature and residence time in
25 each reactor or coil are shown in Table 3 below.



VWO 96/ 40630 PCT/ US96/ 08527

24 operated adi abatically, the tenperature rises along the flow
path as the reaction product absorbs the adiabatic heat of reaction,
feaching a point on the fl ow path (hot spot) at which the tenperature
reaches a plate 5 beyond which it may drop slightly | itions
are | ess H’ ?ectly adi abatic. The peak tenperature kﬁnﬁﬁ%%&n7 ’
am de hydrol ysis flom/reactor is preferably between about 90[err] C and
about 120[err]C, nore preferably between about 90 [err]C and about 105
[err]C. The residence tine of the finishing 49 reaction streamw thin the
am de hydrolysis flow reactor is between about 30 m nutes and about
100 ni nut es, preferably between abouﬁmgﬁﬁh?nutes and about 70 m nutes.
When t he anlde hydrolysis flow r RECIR CIRE : -
above 110 [err]C, Tempmriagnraydrol yzate may be 15 produced Fbmever an
ami de hydrol ysis f{°84 react or t é&Pper at ur eX®®| ow 9@0Ber r 1G5 may 15Ul t
in inconplete Ani :sidencgygy@ey5|s u.Iess a hi gher aC|d to nitrile Q?Iar
ratio is - : . ' L8

occur if the re5|deﬁee—%rne. ¢ ) » : Ilght col ored
hydrol yzate product is prodoeEtwhen <t A imumanE #%r ratio of
bet ween aboutyd. 1 ang-43Rout 1°5§53 usedodygl ng st bsuptgggengf
operation when themea anide hydr@.ysis flowgreactor %@ I's oper at at a
noder at e tenper at ixmmddaf bet ween abagt 70 andaabout 95 [pemp] Co.28 trace

15 Hydrolyzate Product Color: 6-7 on Gardner scale

| EXAMPLE 5
Nitrile at 1.45 g/min was fed to the first

20 recirculating reactor, along with 1.69 g/min 64.7%
sulfuric acid, giving a-1.0 acid/nitrile molar ratio. A
water feed at 0.78 g/min was also introduced into the
second recirculating reactor. The hydrolysis mixture
composition and the temperature and residence time in

25 each reactor or coil are shown in Table 4 below.



25 preferably between about 80 [err]C and about 90 [err]C.  The am de
hydrol ysis fl ow reactor tenperature can be reduced when it is operated
adi abatically by lowering the tenperature of the water streamentering
-the m xer 32. If the finishing reaction streamis introduced into the
30 preheater 34 (FIG 1) before it is introduced to the am de

hydrol ysis fl oWOP48br, the heat applied to the pr ehe Y SVURSIESIE
reduced to | ower the am de hydrolysis fl ow reactor operating
tenperature. Alternatively, cooling and/or heating nmay be provided to
control the 35 amde hydrolysis flow reactas tenperature when the am de
hydrol ysis flow reactor is operated isothernally. Wen a WO

96/ 40630 TABLP @[/ US96/ 08527

25 second CSTR 36 pr eced%&mm f 1 ovag eact 46 as
shown in FIG 3, @ darkened hydrol yzate product may e produced 1T the
operating tenper aramperdtidee second CSTR is too high. Alight colored
hydrol yzate produ§®C}s 5 produce65vvhen t 0 above 8@scri b®® acisl nit B0l e
nmol ar rat o i BesidencehTimee second CSTR is operated at a noder at e
temperature of b .7 L/ en
about 80 [err] C and—about 90 ' The fI(iw reacto S best suited
for use in the am de Bydrolysis Mixtuxre

10 Nitrile 0.37 trace trace trace trace trace
HMBA 6.1 32 36 37 36 37
Amide 40 5.8 2.1 0.99 0.60 0.40

15 Hydrolyzate Product Color: 4 on Gardner scale

EXAMPLE 6
Nitrile at 2.0 g/min was fed to the first

20 recirculating reactor, along with 2.33 g/min 65% sulfuric
acid, giving a 1.01 acid/nitrile molar ratio. A water
feed at 1.09 ‘g/min was also introduced into the second
recirculating reactor. The hydrolysis mixture
composition and the temperature and residence time in

25 each reactor or coll are shown in Table 5 below.



10 hydrolysis process of the invention are plug flow reactors
configured for operation at a Peclet nunber of at least 50 at a PFR
operating tenperature of at |east 90 [err]C. The Peclet nunber (Pe) is
a nmeasure of axial back m xing within the PFR as defined by the

following 15 equation: Pe = uL/D wher e:
u=vel ocity, L- I"&W"and D=axi al di spersion coef fi ci ent PCRHEPOBRRT o

nunber of a PFR is inversely proportional to axial back-m xing. Axial
back mixing is 20 effectively mnimzed when the Peclet nunber is at |east
50, preferably between about 50 and about 20f@4o0r nore, and resi dence
tinme i s between about 40 and about 100 m nutes, preferably between
about 50 and about 60 m nutes. 25 TABLEhS PFR 16 of the present
invention may be a pi pel i nQpFER REeaRlecgTCol illgg w t €
packi ng material. The am de hydrolysis reacti Ong_g;_rg non- zero—S er,
but the kinetics Ofempeatuae have been found sufficiently favorabl e
that high conversi 6%)may be 30 r€3lized2R5t hin the5rel ati0bel y1RBdest05
residence tineB Resifemgeafdye, and wit hout substantial pressure drop.
Nbr e parti cul MMMWM&
been substanti al | y—eerwerted to am I ri |l e concentration is
not greater than about 2% by*3% St . Efr-er Y-t he pl ug
flow reactor, ;phe girritleesi dual oaggde ar}p dgl tril grgggcentd d Q_Q.acgayoe@sch

be HMBA 5.3 . 34 36 36 36 37
amide 40 3.3 0.84 0.28 0.12 0.07

15 Hydrolyzate Product Color: 6-7 on Gardner scale

EXAMPLE 7
Nitrile at 1.42 g/min was fed to the first

20 recirculating reactor, along with 1.65 g/min 65% sulfuric
acid, giving a 1.01 acid/nitrile molar ratio. A water
feed at 0.795 g/min was also introduced into the second -
recirculating reactor. The hydrolysis mixture
composition and the temperature and residence time in

25 each reactor or coil are shown in Table 6 below.
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26 reduced to not greater than about 0.2% by wei ght on an HVBA
basis in a pipeline reactor that is operated with a vel ocity of the
“reacting streamin the turbulent flow range reginme, for exarrple at a
Reynol ds nu | east about 3000, preferably at | t out 5000.
Provi ded thgw ’ngj“??%m | e/am de ratio of the finishing P%?é" %ﬁsﬁ? stream
entering the reactor is not greater than about 1% by weight in the
streamentering the PFR, the am de and nitrile concentrations in the
reaction product 10 may each be reduced, t#5not greater than about 0.1% by
wei ght, HVBA basis. For the relatively nodest resi dence time required
to achi eve such conversion, a PFR react #BLE 6 can be operated at turbul ent
vel ocity w t hout_excessive REQIRCSQr e drRecyddveopver g1it hes beengd ound
that the 15 deSemperatoversi on may be attained at a nodest operating
tenperature, in {°8 range of betwed® 90[ err]B2@nd aboutl20 1205 ex2g C,

whi ch does ot ddencs Wﬁ-@ﬁ pressure reactor and which allows the
pr eparati on of 18 Light é\l or 207.5 7.5 7.5
Alternatively, a—paekes cQly y out the final
hydrol ysi s reaction. e O e S e e T P O re—e=spacked col um1
react or maysde erated at gni f i canity I oVer,. I ocC an

pi peline rejédgt o%tl %ut signif .gﬁ back ggélg ng due LE‘X‘I’%h‘ zects or
channeling. Thamideki ng pronot e3p turpusence an a@@l a{:rg&élg&c@nd

m nimzes axi aI back m xing, dead spots and channelling of flow so
that all fluid elenments travel through the PFR in about the sane

resi dence t¥he. MMPFﬁdﬁﬁhﬁﬁlqmactlﬂr oppGardner scale

EXAMPLE 8
Nitrile at 1.43 g/min was fed to the first

20 recirculating reactor, along with 1.66 g/min 65% sulfuric
acid, giving a 1.0 acid/nitrile molar ratio. A water
feed at 0.78 g/min was: also introduced into the second
recirculating reactor. The hydrolysis mixture
composition and the temperature and residence time in

25 each reactor or coll are shown in Table 7 below.

TABLE 7
RECIRC-T RECIRC-IT 81 82 84
Temperature
{°C) 65 100 100 100 100
30 Residence Time
{min) 18 36 7.6 7.6 7.3
Hydrolysig Mixture Composition (wt.%)
35 Nitrile 0.26 0.20 NA NA trace
HMBA 7.0 34 NA NA 37
Amide 36 3.7 Na NA 0.05

40 . Hydrolyzate Product Color: 6 on Gardner scale

EXAMPLE 9



30 substantially greater dianeter and a nore conpact configuration
than a pipeline reactor. It is particul arly advant ageous where
reactants or products are of high viscosity. However, for
the process of the invention, it has 35 been found that a pipeline
reactor, i.e., an elongate t ubul ar reactor substantialéy devoi d of

i nternal pacWO9§40630 WO 96/ 40630 PCT/US56/08527

PCT/ US96/ 08527 27 or other internal
fl ow obstructions, is preferred. Wile a slightly greater degree of
axi al back m xing per unit | ength may 48 incurred in a pipeline
reactor, the kinetics of the nitrile and am de hydrol ysis have been 5
di scovered to al | ow Nétrile qatark.0dagi/méncwasy cfesi dio whehfirstt he nodest

resi dencedtl mes z@eérbgmaewg%&wzopalong m&tprl hedgy h&ﬁetssﬁeéiﬁ%?ﬁ%l%f :COW
pressure drop i Lre | in a actor suitable for
t he process aﬁ;’{dt hgiﬂﬁ%rﬁ‘ |‘g‘r?aé 5‘:532@1‘(?5& é’}o/&;"ﬁf ﬁﬁg B8t i gur ed,
i.e., with a hi feed/ at(0ehytd/min tasnslee)introduned into bpersaagnﬂ: a very
hi gh Pecl et @um&u&wa&ﬁﬁéyreaccdﬂ e'fﬁem %Paq,s gAskeeadi |y in excess
of 2000. Addi ti on? %% %mg &eel ne reactor t he roces;meof t he

i nvention can b&°MBRELFHLR APY¢ [CRTPEERLY 7?1 Fesden

each reactor or coil are shown in Table 8 below.

TABLE 8
RECIRC-I RECIRC-JI S1 S2 53 84

10 Temperature

{°C) 65 100 100 100 100 100

Residence Time

(min) 25 52 11 11 11 11
15 : '

) is ion .

Nitrile 0.36 0.08 0.05 0.05 0.04 trace

HMBA 8.7 35 37 36 35 34

Amide 38 3.6 0.89 0.37 0.17 0.05
20

Hydrolyzate Product Color: 6 on Gardner scale
25 EXAMPLES 10-20

The effect of acid/nitrile feed molar ratio on the
reaction conversion, as well as the coupling effect of
this ratio with reaction temperature was determined. In
these examples, the nitrile feed rate was essentially

30 constant and the water feed rate was adjusted for various
65% sulfuric acid feeds to assure the same water content
of the final hydrolyzate from each run. At the ocutlet of
each reactor and the end of each coil of the PFR, a
sample was removed during steady state conditions and was

35 analyzed by a gas chromatographic method to determine the
hydrolyzate product composition leaving the reactor or
coil. The hydrolysis mixture composition and the
temperature and residence time in each reactor or coil



15 materials of construction, e.g., teflon-lined carbon steel pipe.
For a packed columm reactor, nore exotic materials of construction may
be required. A pipeline reactor also affords greater flexibility since
i t* can be operated at a nuch greater turndown ratio than a packed 20
colum, in the latter of which conversion declines sharply bel ow a
wel | defined t hr¥QR#¥AE38,c| ocity. Threshol d velocity in a m um
is attained in the transition between | am nar and turbulent flow.

The am de hydrolysis flowreactor 16 is insulated to 25 conpensate for
heat | osses to the atnosphere. The heat 49f reaction generated during
the am de hydrolysis is sufficient for autothernal operation under

adi abatic condate csiown\dedowagcTos | yemainder @fs khaghydrekyzate

stream can enter the,@idies Rede Kﬁasaﬁuh&’ﬁﬁr@%itdﬂlf&%ea Based VW YHY Ur €

belowihereactlonterrgp rth_tureforgg am de @%‘éﬁ- %IS Duri ng

aut ot her mal oper at | 57P9% es thak wsrey 3¢ i de

hydrol ysi s i ncr easeacidvén:.tra.la mﬁaeraralt:éovin'du rO-thé-Oamaeam;/camﬂ@asl s flow

reactor, | gss vifid itehipepRethr-é hedom g1l12906k, Wan | optinlird Fange

therein. The terrper ure rofil e |n he, ar&de hs)ﬁdrolg\blg ﬁow reactor
efetiye 7 20%

-can be neasur ed thrS
PCT/ US96/ 08527 fixed residence (or nitrile feed 28te) tested. Within

the range of 90-101 °C and 1.0-1.2 acid/nitrile ratio,
any combination of temperature and acid/nitrile molar

10 ratio will result in a satisfactory proéuct containing up
to 0.05% by weight amide, up to 0.05% by weight nitrile
and having a color of between 5 and 7 on a Gardner scale.

EXAMPLE 10 .
Nitrile at 1.02 g/min was fed to the first

15 recirculating reactor, along with 1.03 g/min 64.75%
sulfuric acid, giving a 0.88 acid/nitrile molar ratio. A
water feed at 0.53 g/min was also introduced into the
second recirculating reactor. The hydrolysis mixture
composition and the temperature and residence time in

20 each reactor or coil are shown in Table 9 below.



-sensors T[err] (FIGS. 1-4) along the length of the reactor. The wat er
feed tenperature can be adjusted to achi eve the desired tenperature
~profile in the am de hydrolysis flow react or by increasing or
“decreasing the heat supplied to 5 the water feed stream by the water heater
38 before it enters the mxer 32 to formthe finishing reaction
stream Addi tYQM4%3? the tenperature of the finishing CTASRN883T st ream
exiting the m xer 32 can be raised t hrough the use of preheater 34 to
increase the am de 10 hydrolysis flow reactor operating tenperature.

Al t hough residual nitrile hydrolyzes in thaginlet portion of the am de
hydrol ysis fl ow reactor, the nitrile hydr ol ysi s shoul d proceed

suffici ently to conpl etlon in the CHEBBIR)9and in the nitrile extinction
reaction reglon 15  conpri fketpé S ETRe % OF
upstream ‘of _the Torward ow port and the zone w tr
nitrile hydrol ysTempexatiiere product stream fl ows between the forward
flow port 265and(?®e, point of @ utiorkas0. 105 Heat afos eacti on16som
hydrol ysi s of substantlal 20 quantities of nitrile in the am de

hydrol ysis flow Residencg Time pogentiall cr eat €3 hot spots within the
reactor. 10 Jm}nh haot anf em'\nra %‘QQ of Jaq mmhlr«k 110 ferH-C {o
about 120 [err]G—ea-n—b-et sis fl ow
reactor, the hydrol yzate p*oatce y under such

condi ti ons. Subgs tleally osoextlr}ggshlng ége nltd’l|e W|th|n E)g
of the
a

nitrile hydrol ySyssa reacg0f prodys streg all owslg‘ or operati
am de bsdrqtm:ﬁjes flow rggactor at3.a | owey yenperqf yge to provi
| i ght col ored finished aqueous hydrol yzate product. 30 The am de

hydrol ysis flowreactar operates at 2a total pressure of between about
0 and about 15 p-,);g_A_ pressure control valve at the outlet of the
am de 29 dr oFYIrl¥3ake P€&9PSF EPIR% de £-TpoRoCardner Fapdek

pressure to avoid.boiling in the reactor system when the

EXAMPLE 11
Nitrile at 0.99 g/min was fed to the first

recirculating reactor, along with 0.70 g/min 65% sulfuric
25 acid, giving a 0.62-acid/nitrile molar ratioc. A water

feed at 0.94 g/min was also introduced into the second

recirculating reactor. The hydrolysis mixture

composition and the temperature and residence time in

each reactor or coil are shown in Table 10 below.



35 am de hydrolysis flow reactor operates at a tenperature hi gher
than 105 [err] C WO 96/ 40630

PCT/ US96/ 08527 29

Advant ageously, am de hydrol ysis sanpl es nay be wi t hdrawn from sanpl e
valves S (FIGS. 1-4) and anal yzed via gas chromat ography to _determ ne
t he ami de hydr oMW@9640630 conposition profile along the |engt h FGR/USPOSSET; e
5 hydrolysis flowreactor. Once steady state conditions are
established, a hydrolyzate sanple can be renoved from t he am de
hydrolysis flow reactor outlet every eight taag =~ twelve hours and
quantitatively analyzed to nonitor product quality. 10 The

fini shed aqueous hydrol yzate product eX|t|mgthmio am de hydrolysis flow
reactor 16 flows through a cool gsers 4 Qb |y 2 : a4
hydrol.yzat e productrexpe#@ture ] ydro y5|s reac or, the
am de hydr ol ysfeg)r eact ors and ashe hydr ebyzat e ooductsosur gegl5 sd ank
utilized in thespr ReesidescefTithe present invention ~are operated under

- the same overhead pmd®dure (preferad3@y 5

- common vent header that is bl anketed with nitrogen and controlled by a
pressure ' Bydrolysis Mixture Compogition (wt.%)

10 Nitrile 5
HMBA 7
Amide 4

15 Hydrolyzate Product Color: 5 on Gardner scale

EXAMPLE 12
Nitrile at 1.01 g/min was fed to the first

20 recirculating reactor, along with 1.37 g/min 64.75%

| sulfuric acid, giving a 1.19. acid/nitrile molar ratio. A
water feed at 0.53 g/min was also:-introduced into the
second recirculating reactor. The hydrolysis mixture
composgition and the temperature and residence time in

25 each reactor or coil are shown in Table 11 below.



- controller that

relieves pressure by venting gases to an 20 i nci ner at

header when pressure exceeds about 15 psig. Venting nay renove
vol atil e organi c sul fur conpounds such as net hyl sulfide, nethyl
" disulfide, and nethyl mer capt an, which are by- products of the

reacti on. The

vapor em ssions are less than 0.5 scf 18969 Igs

25  product WR26(#8630y | ess than 0.3 scf per 1000 | bs. prod

Em ssions of 0.2 scf/1000 | bs. HVBA and even | ower are readlly
achi evabl e, especially where only a single CSTR i s used.

or derivative thereof, canspe 30 recovered fromthe aqueous
hydr ol yzate product for use in maki ng ani mal feed suppl enents. For

HVBA, or a salt

exanple, the HVBA in

l'iquid phase ani nal feed suppl ement conprising between about 80%

and about 98% by_wei ght, preRRCIRG-I bREGIRC-BDOUt3BO% aggd 35 gpout 9o

wei ght, of the total of weight proportions of HWVBA, and between about

2% and about 20
PCT/ US96/ 08527

bet ween abou? 5ok NS ' : and aV|n90a co] or

not greater tha
vi scosity at

10

15

20

25

%ebgpmtgixe WD 96/ 40630

65 20 980 90 preflrabigp

Nitrile trace trace trace trace trace trace
HMBA 7.7 31 35 34 35 35
Amide 33 2.8 0.72 0.17 0.03 trace

Hydrolyzate Product Color: 5 on Gardner scale

EXAMPLE 13

Nitrile at 1.01 g/miﬁ was fed to the first
recirculating reactor, along with 0.70 g/min 65% sulfuric
acid, giving a 0.60 acid/nitrile molar ratio. A water
feed at 0.90 g/min was alsc introduced into the second
recirculating reactor. The hydrolysis mixture
composition and the temperature and residence time in
each reactor or coil are shown in Table 12 below.

t he hydrol yzaf8BBBnlbe recovered for use in a

or

HVBA

by

of
tic



-25 [err] C as neasured by a Cannon- Fenske visconmeter of not 5 greater than
about 500 centistokes, preferably 90 centi stokes, and which, upon
subj ection to accelerating rate colorinetry exhibits neither

-exot herm ¢ nor endot herm ¢ thernochem cal effects at any tenperature
-l ess than about 150 [err]C. 10 The HMBA can be recovered fromthe
fini shed aqueW@g6M0630 hydrol yzate product by neutralizati on®SWPHOA¥ DN um
hydr oxi de as descri bed by Hernandez et al. U S. Patent No. 4,912, 257,
whi ch is incorporated herein by reference, or by extraction nethods
such as that described by Ruest 15 et al.siU. S. Patent No. 4,524,077,

whi ch is incorporated herein by reference. WO 96/ 01808, WD
96/ 01809, and WD 96/ 05173, which are Tm@-ﬂporat ed herein by reference,
descri be nethods for Pr QR pEcfe A oNiggm sal gaof HA fea
preparation 20 of COncCent rat ed py sulfuric acid hydrolysis of
nitrile, and for Tempevattyreof HVBA by thin film evaporation with

sol vent recovery,(°Ckspectively. 6bre 12Qarti cdH28rly, 12® 96120080820
deseri bes pr &par Repidense Fime ammoni um salt by neutralizing the finished
aqueous 25  hydd®iBYate oroduct 320d usind2colvendloytrddtigptdy ¢ 30y

an organi ¢ phase—eefAtahi ng 3 d i G| d sal t aqueous
phase. The appl i cation st AESERRERLR e ' frse—1+2~t hen treated

wi t h anmoni ’i\ﬁf: second aqugogs pha§e7cont ai gi g an aymprj ym
2‘ {I% an org

salt of HWVB ani-£ g50l veh§ phase,3zand t heaggnmoni urggajyt of
HVBA i s recoveremggm the secaud aquegys phase, pAMmDni &.4 i s1 ildat o be
recovered by treating the ammoni um acid salt solution with sodium
hydroxi de to formsodium chloride or sodiumsulfate which may be nore

easily 35 1§ spdiwsirodyzatg(Poeduag(plaersc fican {Gardnen scale
concentrated HVBA_hy extracting a finished agueous

EXAMPLE 14
Nitrile at 1.0 g/min was fed to the first
20 recirculating reactor, along with 1.37 g/min 6€4.75%
sulfuric acid, giving a 1.19 acid/nitrile molar ratio. A
water feed at 0.513 g/min was also introduced into the
second recirculating reactor. The hydrolysis mixture
" composition and the temperature and residence time in
25 each reactor or coil are shown in Table 13 below.



WO 96/ 40630 PCT/ US96/ 08527

31 sul furic acid hydrol yzate product with an organi c sol vent to
form an HVBA- cont ai ni ng organi ¢ phase and an aqueous phase, and
evaporating the HVBA-contai ning organi ¢ phase . to provi de concentrated
98% HMBA containing less than 4 5 w.%water. WO 96/ 05173 descri bes
recovery of H “W@ﬁm evaporating a finished agueous sul fRGE{USISN853Y

hydr ol yzat e product to obtain a practically water-free, HVBA-
containing salt residue, treating the residue with an or gani ¢ sol vent
to forma suspension, separating the .10 sgkids fromthe suspension to
form an HVBA- cont ai ni ng solution, renoving the organic solvent from

t he HVBA- contai ning solution to obﬂaﬁﬁﬂah3HNBA resi due, and addlng
wat er to.the HVBA residue to RetRe AR TRO , s

i ncl udes vari ous Démperamideods for 15 recovery of an AVBA sarl t
product, includi ng°@ | east 68veral MO ch hak20beeri20 acttikoed 120
comercially. 5 Resjdgnca Tifeocess nay be sel ected by one skilled in the
art for recovery 10 Oaccrue
frominitial prepa-#a-t—i—en—oft e agyeou e roduct accordi ng
to the processes of the = ST T — H-ory=8t e produced in

accor dance wpph L{Wention lt g@%ghl Yerdldel fed Egécgse thce traddtrace

operative pr ocess recoveryso he pjpoduct agjy 35 a5 34
Amide 0.44 trace trace trace trace

15 Hydrolyzate Product Color: 12+ on Gardner scale

_ EXAMPLE 15 .
Nitrile at 1.0 g/min was fed to the first
20 recirculating reactor, along with 1.05 g/min 64.75%
sulfuric acid, giving a 0.91 acid/nitrile molar ratio. A
water feed at 0.67 g/min was also introduced into the -
second recirculating reactor. The hydrolysis mixture
composition and the temperature and residence time in
25 each reactor or coil are shown in Table 14 below.



-salt. 25 Salts of HVBA can al so be prepared fromthe finished

aqueous hydrol yzate product by nethods descri bed by Cummns et al, .

U S. Patent No. 4,310,690, Nufer U. S Patent No. 3,272,860, and Bl ake
et al, U S Patent Nos. 2,938,053 and 2, 745, 745, which are

i ncorporated herein by 30 reference. Cumm ns describes pr ration of a

cal ci um WO M40 LVBA by ni xi ng an aqueous hydrol yzate EE’R’?@%‘%@}

HVBA and anmmoni um chloride with a m xture of sodium chloride and a

calciumsalt, reacting the m xture with sodi um hydr oxi de, reacting the

resulting solution wwth a 35 cal cium hydrexide slurry to formthe cal cium

salt of HVBA, and separating the calciumsalt of HVBA Bl ake et

WD 96/ 40630 TABLE 14 PCT/ US96/ 08527

32 al . describe formtipecaic-amuscecant cadri um galts g _s4IVBA

by neutralizing sulfuric acid in an aqueous hydr ol yzat e cont ai ni ng

HVBA and ammoni urfenwsratarey addi ng cal ci um hydroxide, filtering the

m xture to removel®® cal cium sul fefie, red®5ing tht0Fi|tA®5e wlPh a E@Fcium

hydr oxi de sl Uf ry Regidepce
drying the filtrata
of HMBA, an ammonri-t-Str-t

'7xt ur e t% renove cal ci um sul fate, and

1 oslition o
10 Nitrile 0.39 0.11 0.11 0.112 0.10 0.09
HMBA 8.9 34 . 34 37 38 38
Amide . 37 4.0 1.5 0.71 0.32 0.20

15 Hydrolyzate Product Color: 6 on Gardner scale

_ EXAMPLE 16
Nitrile at 1.02 g/min was fed to the first
20 recirculating reactor, along with 0.71 g/min 6€4.75%
sulfuric acid, giving a 0.6 acid/nitrile molar ratio. A
water feed at 0.93 g/min was also introduced into the
- second recirculating reactor. The hydrolysis mixture
composition and the temperature and residence time in
25 each reactor or coil are shown in Table 15 below.



-HVBA, and smal| anmounts of cal ciumsul fate and water. 10 Bl ake et al.
al so describe preparation of the cal cium salt of HMBA by reacting
cal cium carbonate with an aqueous hydrol yzate cont ai ni ng HVBA,

*sul furic acid, and amoni um sul fate to formthe amoni um salt of HVBA
and calciumsul fate, separating the calciumsulfate, reacting 15 t he
renmai ni ng | i qWQPSHPPH cal ci um hydroxide to formthe caFEFER 6’3?5’? of
HVBA and ammoni um hydr oxi‘de, heating the m xture to deconpose anmoni um
hydr oxi de and drive off ammonia, filtering the resulting mxture to
renove cal cium sul fate and cal ci um hyd4xi de, and evaporating 20
water fromthe mxture to forma concentrated slurry of the cal ci um
salt of HVBA filtering the slurry and dFABIFy 15 the filter cake to
obtain the calciumsalt of HviEprre-1 Retepcdescrigies fopgatiorgpf a
cal ciumsalt of HVBA by m xi ng HVBA wi th a nonoal kyl ether of ethyl ene
gl ycol, 25 r ca@empgrahvrel xture with a cal ci um oxi de- et hyl ene gl ycol
ether slurry, fi I(t’éft)l ng the resul&i ng sl &?‘Py, and’-z& yi nd20  12he 20t er
cake to recov®r ? 'Fr’?-‘&%t f forni ng
salts or derivat i=s > : A i m{—hé@s—ef
preparing salts e—36—HVvBAD i i Lde or other
base with isol ated or 2¥&F crred in
U.S. Patent {\ps. Mt332e495, 4 §7-p 962, zagd 4 3%3;857 2.6 Wpch areg

i ncor por at ed her gmpaby referengss 29 FI @33 illusharatessan 35
enbodi nent of themidesent 35 4§ nventi én2wherei4.3 he ankzdeé hyziiml ysi.$

reaction is conducted in the am de hydrolysis flow reactor 16 and a

15 Hydrolyzate Product Color: 6 on Gardner scale

EXAMPLE 17
Nitrile at 1.02 g/min was fed to the first

20 recirculating reactor, along with 0.69 g/min 65% sulfuric
acid, giving a 0.59 acid/nitrile molar ratio. A water
feed at 0.90 g/min was also introduced into the second
recirculating reactor. The hydrolysis mixture
composition and the temperature and residence time in

25 each reactor or coll are shown in Table 16 below.



- WO 96/ 40630 PCT/ US96/ 08527
33 second CSTR 36 upstream of the am de hydrolysis flow reactor.
The second CSTR enabl es easy handling of the vi scous am de, thoroughly
" m xes the am de hydrolysis m xture with the dilution water and any
di vided portion 5 of the mneral acid streamw thin the %ﬁﬁ%ﬁga&ég and
controls the‘f’@ﬁ%@ﬂfture of the finishing reaction strea resul ting
inarelatively low viscosity of the | atter stream as introduced into
t he am de hydrol ysis flow reactor. The nitrile hydrolysis reaction
takes 10 place in CSTR 10 and the nitril Bshydrol ysis reactor pr oduct
streamexiting the CSTR 10, a water feed stream -and any divi ded
portion of a mineral acid streamvia |i#8BLE 1620 are introduced into the
second CSTR 36 wherein a REGIRGt pniREOIRGentri ongpf t hegzani degds g4
hydr ol yzed to HVBA. 15 For purposes of the present invention, a
subst anti al Tempenadungf t he am de i s hydrol yzed when nore than 50% by
wei ght, preferabf® 80 weiPght, 8P the
anmide is hydPol yBR5 ! ng \ggilch tgg ani de
hydrol ysi s m xt i en
about 30 mi-putes—and 2 nyeh cslveen about
40 minutes and about 60 ni¥ e T esr uern e thin the second
CSTR 36 is ggnpugfc-#)e di vidiggothe 3 4 liquig yolune pfatheg gecogdy CSTR
by the vol unetrigvydd ow 25 rgtg of thes finishgpg reactagn stageam gyl ting
t he second Afdldeé The |iquad | evelizn the geoond CSifs cars.lse 5.7
controlled by gravity overflowto the anide hydrolysis flow reactaor 16

or preferabl b.ifasLLLve | evel contro
P 1¥ .y ydrolyzate Product Color: 5 on Gardner scale

. EXAMPLE 18
Nitrile at 1.02 g/min was fed to the first

20 recirculating reactor, along with 1.38 g/min 65% sulfuric
acid, giving a 1.18 acid/nitrile molar ratio. A water
feed at 0.54 g/min was also introduced into the second
recirculating reactor. The hydrolysis mixture
composition and the temperature and residence time in

25 each reactor.or coll are shown in Table 17 below.



as previously described. 30 The am de hydrolysis reaction is

initiated in the second CSTR at a tenperature between about 70 [err]C
and about 120 [err]C, preferably between about 90 [err] C and about
105 [err]C, and at a total pressure of between about 0 and about 15
psig. Conversion to HVBA is generally inproved 35 by operating the second
CSTR at an el eV29%4%3%nper at ur e bet ween about 90 [err] CPGHESIM¥RT 110
[err]C. The second CSTR 36 WO 96/ 40630
PCT/ US96/ 08527 34 is typically
provided with a steam heated jacket in ordersg to maintain the operating
tenperature. If the tenperature sensors T[err] (FIG 3) detect a hot
spot within t he am de hydrolysis fl OPABERDr, the operating 5
tenperature of the second CSTR can be | owered. The am de
hydrol ysis reacti ga—t-s—sthstantreticrl BECIRC by R4 | nBRo——sclbnd- @SR
produci ng a fini sh[',, eraturecact | Oft St reaanhat i's d'dn rodgsed i%; o] tg
am de hydg ol ysie d[,_hgg/ geqstor "16. The™Tinishidg reacfion 10U str

t 30 wt.

conprises at | east{gghpgu % HYBA, at kgast 10 aboulpl7 We % anggoni um
salt, at |east aboUT IS5 W . % Warer, up to_apout 10 m.mm?liup

to about 1 wt.% nitril g iriac chinBb8 Dt {éh ' GRCRHON St ream

10 Nitrile trace trace trace trace trace trace
HMBA 7.2 31 35 a5 35 36
Amide ' 34 2.9 0.75 0.24 trace trace

15 Hydrolyzate Product Color: 5 on Gardner scale

EXAMPLE 19
Nitrile at 1.03 g/min was fed to the first

20 recirculating reactor, along with 1.39 g/min 65% sulfuric
acid, giving a 1.17 acid/nitrile molar ratio. A water
feed at 0.52 g/min was also introduced into the 'second'
recirculating reactor. The hydrolysis mixture
composition and the temperature and residence time in

25 each reactor or coil are shown in Table 18 below.



- conprises between about 30 and about 50 wt.% HVBA, 15 between about 17 and
about 30 wt. % ammoni um salt, between about 15 and about 30 w. % water,
bet ween about 1 and about 6 wt.% anmi de and up to about 0.1 wt.%
nitrile. When sul furic acid is used, the finishing reacti on stream
conprises at | east about 31 wt.% HVBA, at |east about 20 20Q % anmoni um
salt, such a¥OI#Pum bisul fate or amoni um sul f at e, Pﬂ’qsgﬁé@?”about
20 wt. % water, up to about 5 wt.% am de and up to about 1 wt.%
nitrile, and pref erably between about 32 and about 42 w . % HVBA,
bet ween about 20 and about 30 wt.% ammonj ugvsalt, between 25  about 22 and
about 30 w. % water, between about 2 and about 4 wt.% am de and up to
about 0.1 wt.%nitrile. When hydr oBABBE| X8 acid i s-used, the finishing

reaction stream compri sgécpicdpaNecaRoUETAS oY % HEGA a3l cashy
about 17 wt. % anpemped@caieori de, at [east about 15 wt.% 30 water, up to
about 8 wt. % am ¢pe)and up to abds 1 wt 12D nl20i | e120d, pReferadoy

bet ween aboli 4RemideniceuTise w . % HVBA, between about 17 and about 19
Wt % ammoni um  {mimh) orjide  bhetZpen ahoB®P 18 andt®hoyt 182 w10 pat 28

bet ween about 2 -and—about 6 wt, % am de and up toabout 35

0.1 wt.%

nitrile. The am de hydr olSFEse 3 96/ 40630
PCT/ US96/ 08{’37 Nitrile trace trace trace trace trace trace
' HMRA 7.1 33 a3 34 34 48

Amide 35 0.39 trace trace trace trace

15 Hydrolyzate Product Color: >18 on Gardner scale

EXAMPLE 20

_ Nitrile at 1.02 g/min was fed to the first

20 recirculating reactor, along with 1.05 g/min 65% sulfuric
acid, giving a 0.90 acid/nitrile molar ratio. A water
feed at 0.63 g/min was also introduced into the second
recirculating reactor. The hydrolysis mixture
composition and the temperature and residence time in

25 each reactor or coil are shown in Table 19 below.



35 Wi thin the am de hydrolysis flow reactor as described above
for FIG 1. FIG 4 is a preferred, nodified process of the
process shown in FIG 3. Residence tinme of the nitrile 5 hydrolysis
teactor product streamis prol onged between t he hydrol ysis reactor
outl et and the second CSTR to extinguish residual nitrile as described
above regardi i§09%MIBE G 2 \hen the nitrile hydrolysis re ﬂgﬁg ct
streamis diluted with water and/or any divided portion 10 of the m neral

acid, an am de hydrolysis streamis forned which is fed to the second
CSTR. Ami de hydrol ysis occurs in the segond CSTR to produce a
finishing reaction stream to be transferred to the amide hydrolysis

fl ow reactor. FIGS. 5 and 6 il MAPEL8 a preferred enbodi nent of
15 the invention wherei n t haec¥RR-10 weoydHee radappged in ghhe g3  prggesses
shown in FIGS. 1 tafmperdculrd 0 receive concentrated sulfuric acid,
"HVBN, and water fé®@) streans. 65The HNVBM and waD8r fex@b st 198m aresf ed

directly to the ReSi@RRE Tlilmﬁconcentrated sul furic acid streamis elther
20 nmixed with t 11

fed directly to the—CSTR- The_conc; ted sulf ric acid stream may be
fed directly to CSTR 10 but=& olys . : F . < to the

circulating |12 dm'i rifé)wnst req)m3(gf the0 Qf\é;\t ex%hagger 24 &0 d. rbgt th 25

ntr

concentr at ed €amis thg gughly g xed w t 31 adugous,

hydrol ysis m xtur ore it |s;oreturneji g0 theo 97 CSTR 30.0.aeo. gbl
streans are sinultaneously fed to the CSTR_sulfuric acid is diluted
in the reactor as_the __ nitrile hydrolysis reaction occurs. In either
case, a 30 1SeparBydreiyaatd Pyepugt sGekays | I 0ot Crrduer csraled

associ ated installation and maintenance costs are avoi ded. The
concentrated sulfuric acid introduced into t he aqueous hydrol ysis

m xture has a strength of between

EXAMPLE 21
The bench scale equipment used in the preceding

20 examples was modified by replacing the second
recirculating reactor 30 .with a small mixing loop 60 with
negligible volume used for mixing the water feed and the
hydrolysis mixture leaving the first loop reactor 46.
The finishing reaction stream was recirculated through

25 the mixing loop by a pump 62. The mixer loop 60 was
heated in a hot water bath 64 in order to heat the
finishing reaction stream before it entered the PFR in
which the amide hydrolysis reaction occurred. The
modified bench scale equipment is shown in FIG. 9.

30 Nitrile at 0.73 g/min was fed to the first
recirculating reactor, along with 0.83 g/min 65% sulfuric
acid, giving a 0.99 acid/nitrile molar ratioc. The
temperature in the reactor loop was 60 °C and the
residence time was estimated as 36.8 minutes. Analysis

35 of the reactor outlet sample revealed that nitrile was
essentially hydrolyzed to amide with less than 0.1%
unreacted nitrile remaining in the outlet stream. The
temperature of the hydrolysis mixture at the outlet of
the mixer loop was 75 °C and the residence time in the

LO mixer loop was 1.5 minutes. The PFR coils were



+about 70% by wei ght and about 99% by wei ght, preferably 35 between about

-90% by wei ght and about 98% by weight. The aqueous hydrolysis m xture
‘within the CSTR 10 has a WD 96/ 40630 -

"PCT/ US96/ 08527 36 strength of

bet ween about 50% by wei ght and about 70% by wei ght, preferably between
about 60% by m@‘m d about 70% by wei ght of sul furi cpﬁﬁm%
organi c-free basis. The aqueous hydrolysis m xture is continuously
punped 5 t hrough an external heat exchanger 24 at a high circulation
rate to renove heat of reaction. A punp 22 59 circul ates the aqueous
hydr ol ysis m xture between CSTR 10 and an external heat exchanger 24,

in which exot her maintainedeat 300rt2ckQloPd.s Fhgovegidgnee sigecdnt gagh
coolant. 10 The deathe €kt ehraé SCoI1e NS 16Naihatés A thhedi8Y the

dilution of sulfuwig aci.d when,concentrated L furic.acjd is fed
directly to rea.c;%ﬁgﬁcfoj'q' wa 1g‘£‘llﬁ’§%e§c‘essi%5'flgt hédf)‘?ie‘éséﬁt ¥PRventi on
provi des an complated dx sbe last FERMAgidg HVBA.  High productivity 15
can be achi eved using such a process because it can be oper at ed
continuously to provide greater through%&%nzz a conventional batch

process. The Process significantly
: The equipment used in the continuous hydrolysis

process as shown in FIG. 3 consists of two CSTRs and one
packed column type PFR. The first CSTR was devoted for
the nitrile hydrolysis while the second CSTR and PFR were

10 for the amide hydrolysis. The PFR is an 8 inch diameter
teflon lined carbon steel pipe packed with Koch SMVP
Teflon packing. The PFR was manufactured by Koch
Engineering. The threshold velocity for the SMVP packing
is 0.95 mm/sec.

15 105 lbs/hr of nitrile and 121 lbs/hr of 65% sulfuric
acid were continuously fed to the first 20 gallon CSTR in
which 13 gallons of liquid were maintained by a level
‘controller controlling the reactor outlet flow. The
reactor was maintained at 65 °C by an external cooler in

20 a product recirculating loop. The residence time based
on the total feed rate and the reactor liquid volume was
38 minutes. The outlet hydrolyzate sample, based on a
gas chromatographic analysis, was found to contain less
than 0.1% nitrile, 34.9% amide, and 11.2% HMBA. The

25 outlet stream was introduced to the second 30 gallon CSTR
having a liquid volume of 27.7 gallons. An 80 °C hot
water stream was also fed to the second CSTR at a rate of
60.5 lbs/hr. The reactor temperature was 105 °C and the
residence time was 91 minutes. The hydrolyzate from the

. 30 reactor contained 1.9% amide, indicating that more than
90% of incoming amide was converted to HMBA in this
vessel. The second CSTR outlet stream then entered the
packed colunn reactor containing structure packing and
having a total liquid volume of 25 gallons. From the

35 various samples obtained along the length of the column



» reduces capital and mai ntenance costs associated with bat ch processes,
-for exanple, by elimnating the need for 20 separate sulfuric acid

*dilution when concentrated . sulfuric acid is introduced to a reactor

“w thout prior dilution. The process also affords inproved control of
reaction conditions as conpared to conventional batch hydr ol ysi
systens. SuchwWopiessed control of the 25 hydrol ysi s react?%#@§ fes
production of a hydrol yzate product of consistently high quality. The
process vent em ssions are significantly reduced as conpared to
conventional batch systenms because filling end enptying of tanks and
operation at non-steady state conditions is 30 el i m nat ed. The

fol | owi ng exanpl esasterpreise @mide hydeotysbe reactipnewasr Sdurdikrlihave s and

utilities of the sehed com;slraarbw ae 0¥ afecnmeageat oEOtﬂxémt t he
pr esent I nve |on unl ess ‘ot herw _se statg{il L OB, appe dled 35
her et o. BRACSEF 4063 temperature pro a

PCT/ US96/ 08527 reactor ranged from 100 to 102 °C ang7the residence puimeh
ggﬁ't eneqw pg%;t ah %wm Ndd G2.5 WaBu¥esd (Phe £inalepRBahEE! Contifined
' nuous nydrolySlsS tBaa 6 s nitrile, less than 0.1% amide, and 48%

HMBA. The major by-product of the hydrolysis process,
ammonium bisulfate, can be separated from the product by
conventional means.

10 EXAMPLE 23
The equipment as used in Example 22 was used for the
following hydrolysis process except that the second CSTIR
was bypassed such that the packed column reactor was the
sole reactor for the amide hydrolysis reaction.

15 The feed rates to the first CSTR were as described
in Example 22. However, the temperature in the first
CSTR was 60 °C. BAnalysis of the outlet sample revealed
that the intermediate hydrolysis mixture contained 0.2%
nitrile, 39.4% amide, and 9.5% HMBA. The lower CSTR

20 operating temperature resulted in a slightly higher
nitrile concentration but a lower HMBA concentration.
The intermediate hydrolysis mixture was mixed with a hot
water stream (60.5 1lbs/hr) in an in-line static mixer.
The finishing reaction stream entered the PFR that

25 maintained a steady state temperature profile from 80 °C
at the inlet, reaching a peak temperature of 105 °C at
the middle and dropping to 102 °C at the outlet of the
packed column. Although the column walls were heat
traced and insulated, some heat losses were encountered.

30 The residence time in the columm reactor was 52.9 "
minutes. The final hydrolyzate at the outlet of the
column reactor contained less than 0.1% nitrile, 0.1%
amide and 40.8% HMBA, the balance being by-product
ammonium bisulfate and water.



Nitrile (2-hydroxy-4-nethylthiobutanenitrile) and 5 65% aqueous sul furic
~ acid were continuously punped at rates of 1.01 g/mn and 1.167 g/ mn,
Frespectively, into a wel | -m xed recirculating reactor 46 having a

l'i qui d volume of 42.1 mlliliters. The reaction tenperature was

“controlled at 65 [err] C through cooling jackets provided o

recirculati nY¥¥48; " | oop, which removed the heat re?’gig‘gwp%m t he
nitrile hydrolysis reaction. A punp 48 recircul ated t he aqueous
hydrolysis m xture in the | reactor |oop. The residence tine of the
reactor 46 based on the total feed raée was 25.4 mnutes. At the

outlet 15 of the reactor, a sanple was periodically renoved during
steady state conditions. Al sanpling B ra4 designated with an S

in FIG 7. The sanpl eneagqaihertcds utilb¥ed msaﬁmpaaahsgﬁaahﬁsedremod to

determ ne the | yzat.e nr I §4.Qn avi reactor. The
20 gas chr omatt(g’&r %é’rdkézgr %%qu%?%g}st %%&%?a%#%cﬁoﬁfegﬁgaggg nitrile -
feed was hydr ol prdfuxig aechdrasFad diregElynte the LiFSro%BHRt EFIGC158) of

the formed am desiwhoutUptrBedilutiontd €6%z8dlfuridliavidewsth whes OF NA HVBA,

| Gaving the recPiraPErEmE vad Blag 2ea, ko, bhd Mofilte, | hfller) Both Y o
second reciheatl oFfi Adlueion of thenacdd andsihe heat: oft hpdrolysis

recircul ati ng reaxeOhredviat viratr lextterdayobif@ulitihiOcdoler. NMhéiliters.
A water feed at 0.57 gé’:@rﬁ nas al so 3% I ntroduced into the second _
wel | - i xed r eactB5icPfa %l’%(/ip&?g g‘resi dence tine of 52.6 m nutes.

The t éifber at ur eNdtrihe s (72 ddmfhn)oof6hasulbinriciacdd 4561821be/hi)C
via a heating flanad giaekebn pesvdxedeam Lbe/heyi werld HimddtanecusBpcEad | oop.

VoD SZ et S b0 el OOl B il midEnAY Shel BB AL
chr omat ogr aphy \Wecipperating liquid volume was 10 galloms, which
provided 42.5 minutes of residence time based on the
15 total sum of the three feed rates. The reaction
temperature was controlled at 55 °C. The gas
chromatographic analysis of the aqueous hydrolysis
mixture showed that it contained 0.5% nitrile, 40.6%
amide, and 5.7% HMBA. The agqueous hydrolysis mixture was
20 mixed with 41.3 lbs/hr hot water in the in-line static
mixer. The finishing reaction stream entered the packed
column reactor in the same fashion as described in
Example 23, except that the adiabatic reaction
temperatures in the columm reactor were slightly higher,
25 probably due to additional heat release from the higher
unreacted nitrile content leaving the CSTR that was
operated at a lower temperature. From the samples
withdrawn from the column reactor, the amide hydrolysis
was determined to have been completed at 70% of the
30 column height from the bottom inlet.



WD 96/ 40630 PCT/ US96/ 08527

38 reveal ed that approxinmately 94.5% of the feed am de was

hydrol yzed to HVBA. The outlet fromthe second recirculating
r-eact or 50 continuously entered the final finishing reactor that was 5
constructed of a series of four coils 54 of Teflon t ubi n? ’ﬁg’gﬂ?

fini shing reac™R9(#88%p| aced i nside a const ant t enper at uF&" 8322 for
preventing heat | osses to the anbient, thus naintaining a tenperature
of 102 [err]C t hroughout the reactor coils 54. This isothermal PFR 10
having a total liquid volune of 91 mllilite8% and a correspondi ng 43
m nutes residence tinme was designed to assure conpl etion of the am de
hydrolysis. In this case, t he hydr BESUPLES{23n#8le was conpl eted at the

out:et o; ) the thi rﬁyﬁﬁbiyﬁfs nigmuﬁdbahgzﬁ?w@mantakeﬁhér@mﬂ& t he
?gtraﬁ]i. gg Em'? efrzéqﬁféf"%g’a%ﬁf tg{r%d }%@n t'i'gllggp|‘%g)tj£::tthae f\%aﬁ%gufé@t'e. The
col or of the hydr @ng atefour sampling BRFtE- alendtthe dgngthrofothe BRR e.
EXAMPLES 2-9 29 (82 thR6u§h'Ss) @y ighidams iReptd. sTal erheqBhippess weraised in
Bxampl e 1 uas ol sqyasdal uI8lediGy BRabl! 86hatlions ob8°WEE0GadifEed
by a gas chromatographic method to determine the
hydrolysis mixture composition when leaving the CSTRs .and
when flowing through the PFR. The hydrolysis mixture:
10 composition and the temperature and residence time in
each CSTR and within each section of the PFR are shown
below. The remainder of the hydrolysis mixture included
water and ammonium bisulfate. Examples that do not
indicate CSTR-II data involved equipment wherein the
is second CSTR was bypassed such that a diluted aqueous
hydrolysis mixture flowed from the in-line mixer directly
to the PFR. :
The data demonstrate that conversion is affected by
temperature, acid/nitrile ratio and the degree of axial
20 Dback mixing in the plug flow reactor. Back mixing is in
turn a function of the velocity at which the reacting
mixture flows through the reactor. In the instances in
which back mixing affected conversion, the reactor was
operated at less than its threshold velocity of 1.0
25 mm/sec., resulting in a lower average driving force,
i.e., amide concentration integrated along the length of
the reactor, for this non-zero order reaction. In some
instances, it was possible to compensate for operation
below threshold velocity using relatively higher
30 temperature and/or acid/mitrile ratio. Further
discussion of the relationship of wvelocity to axial back
mixing and the resultant effect on conversion is set
forth at the end of Example 38.



The acid to nitrile feed ratio of each exanple was mai nt ai ned at
approximately a 1.0 nolar stoichionetric 25 ratio. At the outlet of each

recircul ating reactor and the end of each coil of the PFR, a sanple
(#ndicated as RECI RC and S, respectively, in Tables 1-8 bel ow) was
renoved during aﬁg&% state conditions and was anal yzed by a gas
chr omat ogr aphi ¢ ¥ to deternine the 30 hydrol ysis mxturh'é%ﬂﬂng?i on
| eavi ng the reactor or coil. The hydrolysis m xture conposition and
t he tenperature and residence tine i each reactor or coil are
shown in Tables 1-8 bel ow. The renai nder of the product included water
and ammoni um, bi sul f ate. Th@ 35 results, based on various feed rates
(1.01-2.33 WO %6/-40630 -
PCT/ US96/ 08527 g 5: 39 gr ans/ ni n.
nitri-cle feed) and teripesataires (60-65 [err] d|for nit;l‘ile hydr ol ysi s
and 90-120 [err]C for®aff hydr ol ysi s) i1l usfragelthat increasing
residence time and redc ' tenggrat @ e i nprfye® ghe conversion of
both *hydrolysis 5 ‘peact®ons. HowSer, - ndr easi Hg* Pefperat ures al so
resulted in an increadeg rf product collor.
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EXAMPLE 2 Nitrile.at 1.01 g/mn was fed to the first
tecirculating reactor, along with 1.15 g/mn 64. 7% 10 sul furic acid,

giving a 0.99 acid/nitrile nolar ratio. A water feed at 0.55 g/ mn
was al so introduced into the second recircul ating reactor. The
‘hydrol ysis m xture conposition and the tenperature and_residence tine
in each MOMMYBO,r coil are shown in Table 1 bel ow. 15 $96/08527
TABLE 1 RECI RC-| OfRECI RC-1 | S1 S2 S3
Tenper at ure ([err] O 64 103 104 104 104
Resi dence Tine 20 (mn) : 25 53 11 11
11 Hydrol ysis M xture Conposition (w.% Nitrile
0.11 trace taaﬂg trace trace 25 HVBA . 8.3
34 33 35 § B3 Ami de 38 2.7
0.70 0.12 0.03 230, drolyzatg ProdJ¢t Color: ¢-¥ on Gardner scale
EXAMPLE 3 “Ni{rirde at 1.0%g/ ngn [fas feq tg fhe first
recirculating reactd, Raltbng with 116 g/rfin 64.9%<5 sul furic acid,
giving a 0.99 acid/ fgtHilee nolar rafio. A owo
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conposition and the
are shown

40
or coil
" 41
S1

RgE! RC-1 1

each reactor

RECI RC- |

The hydrolysis m xture
WD 96/ 40630

water feed at 0.54 g/mn was also introduced into the

tenperature and residence tine in

recircul ating reactor.

PCT/ US96/ 08527
PCT/ US96/ 0852 7WO 96/40630

Tabl e 2 bel ow.
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Tenper ature ([err] O 62 98 102 102 102

-5 Resi dence Tine (mn) 25 53 11 11
11 Hydrol ysis M xture Conposition (mt.% 10 Nitrile
0.22 0. 05 0.05 trace 0.035 HVBA 7.8
"33 38 38 39 Am de 35 ﬁ 5
0.81 0.18 WOH63015 ydrolyzate Product Color: 5-6 oRCEHPRER scale
EXAMPLE 4 Nitrile at 1.43 g/ mnggwas fed to the first 20
recirculating reactor, along with 1.65 g/mn 64. 7% sul furic acid,
giving a 0.99 acid/nitrile nolar ratio. A water feed at 0.76 g/ mn was
al so introduced into the second recirculating reactor. The hydrolysis
m xture conposition and the tenperature and residence tinme in 25
each reactor or coibe aggeushown in Table 3 bel ow. WD 96/ 40630
PCT/ US96/ 08527 8 &8
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42 TABLE 3 RECI RC- |

-BECI RC- I | Sl S2 S3 ‘Tenperature ([err] @) 65
105 105 105 105 5 Residence Tine (mn) 18
36 7.7 7.7 7.7 Hydrol ysi s Mxture Conposi tion
(w.% 10 Nitrile 0. 36 0. 06 005

HVBA WO 96/4963p 34 36 37 iﬁfi’gé&&?,%

39 3.1 0.79 0.28 trace 6715 Hydrol yzat e Product Col or:
6-7 on Gardner scale EXAMPLE 5

Nitrile at 1.45 g/mn was fed to the flrst 20  recircul ating reactor,
along with 1.69 g/mn 64. 7% sul furic acid, g|V|nga10aC|d/n|tr|Ie
mol ar ratio. A water feed at 0.78 g/mn was al so introduced into the
second recirculatingsrgagtor. The hydrolysis mxture conposition and

the tenperature and @e& i @&nce tinme in 25 each reactor or coil are shown
in Tabl e 4 bel ow.
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trace
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Tenperature

TABLE 4
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or

105
5.4

S4
105

S3
105

5. ACT/USIG8527

- A

each reactor
10 Nitrile

WD 96/ 40630
44
RECI RC- I | S1 S2
105 105
13 26

RECI RC- |
65

(m n)
Hydrol ysis M xture Conposition (w

err] Q)

From s

conposition and the tenperature and residence tinme in 25
are shown in Table 5 bel ow.
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EXAMPLE 7 Nitrile at 1.42 g/mn was fed to the first 20

‘recirculating reactor, along with 1.65 g/mn 65% sulfuric acid, .
giving a 1.01 acid/nitrile nolar ratio. A water feed at 0.795 g/ mn
,was also introduced into the second recircul ating reactor. The
hydrol ysis m xtur conposition and the tenperature and residence tine
in 25 each WQ&’E’?@P"M coil are shown in Table 6 bel ow.  FPCI/USSGO8seY
96/ 40630 70 PCT/ US96/ 08527
45 TABLE 6 RECI RC- |
RECI RC- I | S1 S2 S3 Tenperature ([err] O 60
120 120 120 1200 5 Residence Tine (mn) 18
36 7.5 7.5 75 Hydrol ysis M xture Conposition
(W.%9 10 Nitrile - g %‘ 0. 23 0. 05 trace trace trace
HVBA 521y 4w o 36 35 36 36 Am de
39 1.5 Y &age trace ﬁlaceg 8 . _
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15 Hydrol yzate Product Color: 17 on Gardner scale

"EXAMPLE 8 Nitrile at 1.43 g/mn was fed to the first 20
recirculating reactor, along with 1.66 g/mn 65% sul furic acid, giving
,a 1.0 acid/nitrile nolar ratio. A water feed at 0.78 g/mn was al so
I ntroduced into the second recircul ating reactor. The h'\édrol Si s
m xture &V&rﬂﬁﬂw{'i on and the tenperature and residence
each reactor or coil are shown in Tabl ezy bel ow.
TABLE 7 RECI RC- | RECI RC- | | S1 S2 S4
Tenper ature ([err] O 65 ) 100 - 100 100 100
30 Residence Tine (mn) 18 36 7.6 7.6
7.3 Hydrol ysis M xture Conposition (mt.% 35 Ntrile
0. 26 0.10 o 1 HNA NA trace HVBA 7.0
34 - NA, @ & 8A 37 Ani de 36 3.7
NA NA 0.05 A@® gHydrolyzate Product Color: 6 on Gardner scale
EXAMPLE 9 &£~ 0 > @
' EEE g e
“ 404 et
e g. oo
4] <
. u N
N o O
@ O o 2 in n
§848 9 s g_g
o 44 W H et .
& L] oNO
- .
m o -H L]
<JEY] v ™
O d w @ o
JE4E 4 L8 g
g >y g o o E L oo |y
g - I - e |0
. « MO N [+] oONO
BS% & 8 2 :
- awS g & °l @ &
2B 2 LA s oals
m 4y B D ot e © v |©
| — 9] - 3 - ono |¥
@ 0o +» O o 3]
5 S B N o~ ol Px] 0o o n
x| o a - 3 8
*xE H o .
0O+ -4 U NI ™ >
DA E wm a> 8 ¥ ]
M o o - |g o m |9
T a8 - 26 |3
g4 8 ¥ [ onn |8
a5 T m
g A g 0 3]
= 8 b g i < [+) o 'g
0
o &8 @ ® g Sern |8
s S onm |P
m o Q@
A d B 3
] o
o e D N
o G
. g oo o © 3
~ > 0 g il © ~ o
"3t B 0. |3
o g g 0 oaw [
- )
“gg& 9
ll) ard F o] -
9843 s A
S99k =&
Z NN~ ®n ﬁ .2
3« gw -
O < = H et T
38t 2 §9 e
= 0 S T =1

5
10
15
20



WO 96/ 40630 PCT/ US96/ 08527

46 Nitrile at 1.04 g/mn was fed to the first recirculatingﬂ
reactor, along with 1.15 g/mn 65% sul furic acid, giving a 0.96
acid/nitrile nolar ratio. A water feed at 0.57 g/mn was al so

m xture co h and the tenperature and residence ti RET/YB96/0852%ach

I nt roduced int %ég%qs&gcond 5 recirculating reactor. The hydrol ysis
reactor or coil are shown in Table 8 bel o

TABLE 8 RECI RC-| RECIRC- 1| S1 S2 S3 $4 10
Tenper ature ([err] O 65 . 100 100 100 100
100 Resi dence Ti ne (mn) 25 52 11 11
11 11 15 o Hydrol ysis M xture Conposition (Wm.%
Nitrile 0. 36 3@.88 0. 05 0.05 0.04 trace HVBA
8.7 35 37&4.3'”36 35 34
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Am de 39 3.6 0. 89 0.37 0.17 0.05 20
* Hydrolyzate Product Color: 6 on Gardner scale 25

EXAMPLES 10- 20 The effect of acid/nitrile feed nolar ratio on the
~reaction conversion, as well as the coupling effect of - this ratio with
reaction tenperature was determned. In t hese exanples, the nitrile
feed rate wasWOSHMSB® al [y 30 constant and the water feed PGI/ESaKM8S27
adj usted for various 65% sul furic gagid feeds to assure the same water
content of the final hydrolyzate fromeach run. At the outlet of
each reactor and the end of each coil of the PFR a sanpl e was renoved
during steady state conditions and was 35 analyzed by a gas
chromat ographi ¢ nethod to determ ne the hydr ol yzat e- product conposition
| eaving the reactorgford  coil. The hydrolysis nixture conposition and the
tenperature and resPUQpQg time in each reactor or coil WO 96/ 40630
PCT/ US96/ 08527 = 47
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are shown bel ow. The renmainder of the hydrol yzate I ncl uded wat er and

-anmoni um bi sul fate. Based on the range of the variables that were
anal yzed, i.e., acid/nitrile nolar ratio fromO0.6 to 1.2 and anide 5
“hydrolysis tenperature from90-120 [err]C, an optinmum range of
conditions were derived as shown in FIG 8 for the fixed residence (or
nitrile feed WO®6M063%st ed. Wt hin the range of 90- 101 FH/YSe085F
1.0-1.2 acid/nitrile ratio, any cegbination of tenperature and
acid/nitrile nolar 10 ratio wll result in a satisfactory product
cont ai ni ng up to 0.05% by wei ght amde, up to 0.05% by weight nitrile
and having a color of between 5 and 7 on a Gardner scale.
EXAMPLE 10 Nitrile at 1.02 g/mn was fed to the first 15
recirculating reactr H al,ong with 1.03 g/nmn 64.75% sul furic acid,
giving a 0.88 acid/®ityiQe nolar ratio. A water feed at 0.53 g/mn
was al so introducedHi ¥ o4t he second recirculating reactor. The
hydrol ysis m xture ? ° _gogposmlo and;hﬁat)enperapt%e nd residence tine
in 20 each reactog o 30|ol are s i |l e 9&& WO
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48 TABLE 9 RECI RC- |

-RECIRC- Il S1 S2 S3/4 Tenperature 5 ([err] O 65

+ 105 105 105 105 Resi dence Tinme 10 (mn)

27 53 11 11 11 Hydrol ysis M xture

" Conposi tion (Wt'os/? Nitrile 0. 80 0.31 0.35 0. 40
NA HVBA WO 96/40630 3 . 35 41 49 PEIUS0852A i de
41 3.7 1.7 0. 96 .75 NA 20 Hydr ol yzat e Product
Color: 6-7 on Gardner scale EXAMPLE 11
Nitrile at 0.99 g/mn was fed to the first recircul ating reactor,
along with 0.70 g/mn 65% sul furic 25 acid, giving a 0.62 acid/nitrile
nolar ratio. A water feed at 0.94 g/m n was al so i ntroduced into the
second ~recircuffatj ng reactor. The hydrolysis mxture conposition
and. t he tenperat ure®ady Pesidence tine in each reactor or coil are

shown in Table 10 b_gl g/v.,‘:=
~
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49 TABLE 10 RECI RC- |
RECI RC- I | 1 2 S3 S4 Tenper at ure ([err] O 65
90 90 90 90 90 5 Residence Tine (mn) 32
53 11 11 Hydrol ysis M xtur C‘zorgg sition
(w.% 10 NWY??W‘@“” 5.2 2.2 2.4 2.5 2F§T ’% 3 HVBA
7.9 25 27 29 30 30 Am de 45 9.5
7.4 5,9 5.2 4.6 15 Hydr ol yzgtse Product Color: 5 on Gardner
scal e EXAMPLE 12 Nitrile at 1.01
g/mn was fed to the first 20 recirculating reactor, along with 1.37 g/mn
64. 75% . sulfuric acid, giving a 1.19 acid/nitrile nolar ratio. A
water feed at 0.53 g/ mn al so introduced into the second
recircul ating reactog. The ﬁlydrol ysis m xture conposition and the
tenperature and resigeRce tEI'me in 25 each reactor or coil are shown in
Tabl e 11 bel ow. 2s =& v |«
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WO 96/ 40630 PCT/ US96/ 08527

- 50 TABLE 11 RECI RC- |
RECIRC-I1 S1 S2 "S3 S4 Tenper at ure ([err] O
65 90 90 90 90 90 5 Resi dence Ti ne I (mn)

" 23 50 10 10 10 10 Hydr ol ysi s mi xture
Conposi tion (WR2UPE010 Nitrile trace trace t rEIAISP648527: o
trace trace HVBA 7.7 31 35 34 35 35
Am de 33 2.8 0.72 0.17 0.03 trace 15
Hydrol yzate Product Color: 5 on Gardner sgale
EXAMPLE 13 Nitrile at 1.01 g/mn was fed to the first

As noted above, certain of the conversions cbtained
in a packed column PFR were not sufficient to meet target
residual amide concentrations in the product hydrolyzate.
These lower conversions were attributable to lower

5 reaction temperature or acid/nitrile ratio, excessive
axial back mixing, or some combination of these factors.
Based on studies conducted on reactors operated at
velocity adeguate to provide a Peclet number greater than
about 50, it was determined that residual amide

10 concentration in the hydrolyzate could be consistently
reduced to less than about 0.03% at reaction temperatures
and acid/nitrile ratios in the preferred ranges discussed
above for steady state operations. But where the Peclet
‘number was significantly below 50; lower .conversions were

15 generally found unless -temperature and/or acid/nitrile
ratio were increased to compensate.

To investigate the.effect of velocity on back-mixing
in a packed column PFR, residence time distribution tests
were conducted at varying velocities using a pulse of

20 salt as a tracer injected at the bottom of a colummn in
which tap water was caused to flow upwardly. At the top
outlet of the reactor a conductivity probe was inserted
for measuring the conductivity of the outlet flow, from
which tracer response data, in terms of salt (NaCl)

25 concentration vs. time, were obtained. Following
conventional methods, calculations based on the response
data were made to determine the mean residence time (the
first moment of distribution), the variance (the second
moment of distribution), the Peclet number, and the

30 equivalent number of stirred tanks in series. For the
reactor tested, the flow rate (gpm), mean residence time
(8), dimensionless variance (¢?), Peclet number (Pe), and
number of equivalent stirred tank reactors (j), are set
forth in Table 34.



20 recirculating reactor, along with 0.70 g/min 65% sul furic aci d,

giving a 0.60 acid/nitrile nolar ratio. A water feed at 0.90 g/m n was
al so introduced into the second recircul ating reactor. The hydrolysis
m xture conposition and the tenperature and residence tinme in 25
each reactor or coil are shown in Table 12 bel ow : MD 96/ 40630
PCT/ US96/ 08527 WO 96/40630 51 CT/US96/08527
TABLE 12 RECI RC- | RECI RC-1 | S1 S2 S3 &4
Tenper at ure ([err]]0O 65 120 120 120 120
120 5 Residence Tine (mn) 33 52 11 11
11 10 Hydrol ysis M xture Conposition (w.% 10 Nitrile
géo 2.29 2.7 2.2 2.7 2. 3ABLE QNBA : 7.7 27
34 31 Am de 44 5.4 4. :
1.8 1.4 gpm [ z Pe i° e
0.95 29.5 0.0393 50.9 25.5
0.47 66.3 0.0681 239.4 14.7
5 0.90 25.1 0.0749 26.7 13.4°

* Based on injection of tracer at a port spaced
above the bottom of the reactor. Adjusted for this
factor, j = 20.5 and Pe = 41.

These data demonstrate a critical velocity threshold
10 in the range of 0.5 gpm for the packed column that was
used in these tests.

Based on kinetic calculations on the amide
hydrolysis reaction, the relationship between the number
of equivalent stirred tank reactors and the residual

15 amide concentration was calculated. Computations were
also made of the correlation between the number of
equivalent stirred tank reactors and: (a) the ratio of
(requisite reactor length for a given degree of
conversion) to (requisite length for the same degree of

20 conversion under perfect plug flow conditions) (L/L,); and
(b) the ratio between (residual amide concentration for a
given length of reactor) vs. (residual amide
concentration for the same length reactor under perfect
plug flow conditions) (C/C,}. These calculations are set

25 forth in Table 35.

TABLE 35
i L/L, c/c, C(%amide
out}

15 1.236 2.66 0.0581%

30 20 1.177 2.25 0.0491
25 1.141 2.00 0.0436
30 1.178 1.83 0.0399
40 1.088 1.62 0.0353

(] 1.000 1.00 0.0218



15 Hydrol yzate Product Color: 10 on Gardner scale

-EXAMPLE 14

recirculating reactor, along with 1.37 g/mn 64. 75% sul furic acid,
giving a 1.19 acid/nitrile nolar ratio. A water feed at 0.513 g/mn

Nitrile at 1.0 g/mn was fed to the first 20

"was al so introduced into the second recircul ating reactor. The _
conposition and the tenperature andPFEUSHOBRE tine

hydr ol ysis m

in 25 each reactor or coil_are shown in Table 13 bel ow.

96/ 40630

52

RECI RC- I | S1
120 120
50 10

10

15

20

25

30

35

PCT/ US96/ 08527

TABLE 13 79 RECI RC- |
S2 S3 sS4 Tenperature ([err]1QO
120 120 120 5 FEXAMRLESc39r588 .(min)

10 Hf3rolydls mixture samples were removed during

steady state conditions and were amalyzed by a gas
chromatographic method to determine the hydrolysis
mixture composition when leaving the CSTR, entering the
PFR and leaving the PFR as shown in FIG. 2 for Examples
39-48 and as shown in FIG. 1 for Examples 49-55.

The data demonstrate that conversion of HMBN to
amide is improved by an additional residence time of -
about 3 minutes within the zone between the ocutlet of the
CSTR and the point of dilution before transfer of the
stream to the PFR. Examples 44 and 51 are directly
comparable, as are Examples 45, 46 and 53 because they

‘were run at the same flow rate and exhibited the same

peak temperature in the PFR. Examples 39-48 demonstrate
the hydrolyzate color improvement as flow reactor peak
temperature was reduced ‘from 105 or 106 °C to 101 or
102°C.

EXAMPLE 39

Nitrile, 96% sulfuric acid and water were fed to a
CSTR as shown in FIG. 2 giving a 1.0 acid/nitrile molar:
ratio to form an agqueous hydrolysis mixture. After a
residence time of 37 minutes in the CSTR at 60 °C, the
hydrolysis mixture contained 0.03% nitrile and 39% amide
by weight. The residence time of the aqueous hydrolysis
mixture in the circulation zone upstream of the forward
flow port and in the forward flow reaction zone between
the forward flow port and the point of dilution was 4
seconds and 3 minutes, respectively. After dilution, the
finishing reaction stream was fed to the PFR which
operated adiabatically at 81-106 °C and a residence time
of 70 minutes. The finished aqueous hydrolyzate product
contained 0.01% amide and less than 0.01% nitrile. The
finished aqueous hydrolyzate product color was 8.5 on a
Gardner scale.

WO

65
23



Hydrol ysis M xture Conposition (mt.% 10 N trile trace trace

trace trace trace trace HVBA 8.5 34 34

35 34 Am de 31 0.44 trace trace trace trace
Hydrol yzate Product Color: 12+ on Gardner scale

EXAMPLE 15 Nitrile at 1.0 g/mn was fed to the fir

recircul ati ng rWao##63® g ong with 1. 85 g/mn 64. 75% sul ﬁﬁ'ﬁ‘%’%{%ﬁ%’
giving a 0.91 acid/nitrile nolar ratio. A water feed at 0.67 g/ mn
was al so introduced into the second recircul ating reactor. The
hydrol ysis m xture .conposition and the tggnperature and residence ti
in 25 each reactor or coil are shown in Table 14 bel ow. WO
92/40630 EXAMPEEC0USO6/ 08527

5

10

15

20

25

30

Nitrile, 96% sulfuric acid and water were fed to a
CSTR as shown in FIG. 2 giving a 1.0 acid/nitrile molar
ratio to form an agqueous hydrolysis mixture. After a
residence time of 37 minutes in the CSTR at 60 °C, the
hydrolysis mixture contained 0.01% nitrile and 38% amide
by weight. The residence time of the agueous hydrolysis
mixture in the circulation zone upstream of the forward
flow port and in the forward flow reaction zone between
the forward flow port and the point of dilution was 4
seconds and 3 minutes, respectively. After dilution, the
finishing reaction stream was fed to the PFR which
operated adiabatically at 81-105 °C and a residence time
of 70 minutes. ' The finished agueous hydrolyzate product
contained 0.01% amide and less than 0.01% nitrile. The
finished aqueous hydrolyzate product color was 8.5 on a
Gardner scale.

EXAMPLE 41

Nitrile, 96% sulfuric acid and water were fed to a
CSTR as shown in FIG. 2 giving a 1.0 acid/nitrile molar
ratio to form an aqueous hydrolysis mixture. After a
residence time of 37 minutes in the CSTR at 60 °C, the
hydrolysis mixture contained 0.08% nitrile and 38% amide
by weight. The residence time of the agueous hydrolysis
mixture in the circulation zone upstream of the forward
flow port and in the forward flow reaction zone between
the forward flow port and the point of dilution was 4
seconds and 3 minutes, respectively. .After dilution, the
finishing reaction stream was fed to the PFR which
operated adiabatically at 80-105 °C and a residence time
of 70 minutes. The finished agueous hydrolyzate product
contained less than 0.01% amide and nitrile. The
finished aqueous hydrolyzate product color was 8.5 on a
Gardner scale.

35
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TABLE 14 RECIRC-| RECIRC- 11} Sl s2  s3 s4

-Tenper at ur e ([err] O 65 105 105 105 105
105 5 Resi dence Tine (mn) .27 53 11 11
11 11 Hydrol ysis M xture Composition (wm.% 10
‘Nitrile 0. 39 0.11 0.11 0.11 D.10 0.09 HVBA

8.9 34  WO96/40430 37 38 38 | Amide PCIASP68S27 4
1.5 0.71 0.32 0.20 15 Hydr ol yzat e Pr@duct\CbIor: 6 on Gardner
scal e EXAMPLE 16 Nitrile at 1.02
g/mn was fed to the first 20 recircul atigg reactor, along with 0.71
g/mn 64.75% sul furic acid, giving a 0.6 acid/nitrile nolar ratio. A
water feed at 0.93 g/mn was al so introduﬂm!mlrn%)the * second
recirculating react of y;f8ga 0y do ek Vil rdiit deta ana FABOSIrO Rl ol d1e
temperature and residence tinme, 1n_25 %g own in

e%. reactor or %pul re s
Tabl e 15 bel ow. CSTR as shown in FIG. 2 giving a 1.0 acid/nitrile molar

ratio to form an agqueocus hydrolysis mixture. After a

5 residence time of 37 minutes in~the CSTR at 60 °C, the
hydrolysis mixture contained 0.08% nitrile and 38% amide
by weight. The residence time of the agueous hydrolysis
mixture in the circulation zone upstream of the forward

- flow port and in the forward flow reaction zone between

10 the forward flow port and the point of dilution was 4
seconds and 3 minutes, respectively. After dilution, the
finishing reaction stream was fed to the PFR which
operated adiabatically at 80-105 °C and a residence time
of 70 -minutes. ' The finished agueous hydrolyzate product

15 contained less than 0.01% amide and nitrile. The
finished aqueous hydrolyzate product color was 7.5 on a
Gardner scale.

EXAMPLE 43
Nitrile, 96% sulfuric acid and water were fed to a
20 CSTR as shown in FIG. 2 giving a 1.0 acid/nitrile molar
ratio to form an agueous hydrolysis mixture. After a
residence time of 37 minutes in the CSTR at 60 °C, the
hydrolysis mixture was not analyzed. The residence time
of the agueocus hydrolysis mixture in the circulation zone
25 upstream of the forward flow port and in the forward flow
reaction zone between the forward flow port and the point
of dilution was 4 seconds and 3 minutes, respectively.
After dilution, the finishing reaction stream was fed to
the PFR which operated adiabatlcally at 79-104 °C and a
30 residence time of 70 minutes. The finished aqueous
hydrolyzate product contained 0.01% amide and less than
0.01% nitrile. The finished aqueous hydrolyzate product
color was 8.5 on a Gardner scale.
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54 "TABLE 15 RECI RC- |

RECI RC- I | S1 82 S3 S4 Tenper at uge ([err]Q 65
120 120 120 120 120 5 Residence Tine (mn) . 32
52 11 11 11 10 Hydrol ysis M xture nBosition
(W.% 10 Ni MO9s40630 5.7 2.5 2.7 . 2.6 BCHUSIHIRT
HVBA 8.5 29 33 34 35 '35 Am de 45
6.2 4.3 2.6 2.0 1.5 15 Hydrol yzate Product Color: 6 on
Gardner scal e sEXAVPLE 17 Nitrile at
1.02 g/mn was fed to the first 20 recircul ating reactor, along with 0.69
g/mn 65% sul furic acid, giving a O. BEAMBLE|/44 tri | e molar ratio. A

wat er feed at O. 90N&kEHEeMBésiﬂéﬂifh&&bogéﬁédaﬁé“ﬁhdé@ewéféOﬁgd to a

eCirou ating Leock il mb SRR LS TS o 1 PRI e |
Tabl e 16 bel ow. ratio to form.an aqueous hydrolysis mixture. After a
5 residence time of 37 minutes in the CSTR at 60 °C, the
hydrolysis mixture was not analyzed. The residence time
of the agqueous hydrolysis mixture in the circulation zone
upstream of the forward flow port and in the forward flow
reaction zone between the forward flow port and the point
10 of dilution was 4 seconds and 3 minutes, respectively.
After dilution, the finishing reaction stream was fed to
the PFR which operated adiabatically at 79-104 °C and a
residence time of 70 minutes. The finished aqueous
hydrolyzate product contained less than 0.01% amide and
15 nitrile. The finished agqueous hydrolyzate product color
was 8.5 on a Gardner scale.

EXAMPLE 45
Nitrile, 96% sulfuric acid and water were fed to a.
CSTR as shown in FIG. 2 giving a 1.0 acid/anitrile molar
20 ratio to form an aqueous hydrolysis mixture. After a
residence time of 27 minutes in the CSTR at 60 °C, the
hydrolysis mixture contained 0.04% nitrile and 40% amide
by weight. The residence time of the aqueous hydrolysis
mixture in the circulation zone upstream of the forward
25 flow port and in the forward flow reaction zone between
the forward flow port and the point of dilution was 4
seconds and 3 minutes, respectively. After dilution, the
finishing reaction stream was fed to the PFR which
operated adiabatically at 77-102 °C and a residence time
30 of 70 minutes. The finished agueous hydrolyzate product
contained 0.01% amide and less than 0.01% nitrile. The
finigshed aqueous hydrolyzate product color was 8.5 on a
Gardner scale.
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TABLE 16 RECI RC- |
RECIRC-I1 S1 S2 S3 S4 Tenper at ure ([err] O 65
90 90 90 90 90 5 Residence Tine (mn) 32
11 11 10 Fwdroly5|s

Corrp05| tion m"%’”"lo Nitrile 6.0 Mpé‘rr)ffs&msgﬂz 3.3

HVBA 8.2 25 27 28 29 30 Am de
44 12 8.0 7.5 6.6 5.7 15 Hydr ol yzat e Product Col or:
5 on Gardner scale . 83 EXAMPLE 18
Nitrile at 1.02 g/mn was fed to the first 20 recirculating reactor, along

with 1.38 g/mn 65% sul furic
ratio.

.

A wat er

10

15

20

25

30

aci d, EXAMRLR 46 1. 18 acid/nitrile nolar

fReerote 0.9%4¢ shIFArv8Sadis aridiwagduCaérs NEdd e Second

CSTR as shown in FIG. 2 giving a 1.0 acid/nitrile molar
ratio to form an aqueous hydrolysis mixture. After a
residence time of 37 minutes in the CSTR at 60 °C, the
hydrolysis mixture contained 0.03% nitrile and 40% amide
by weight. The residence time of the aqueous hydrolysis
mixture in the circulation zone upstream of the forward
flow port and in the forward flow reaction zone between
the forward flow port and the point of dilution was 4
seconds and 3 minutes, respectively. After dilution, the
finishing reaction stream was fed to the PFR which
operated adiabatically at 77-102 °C and a residence time
of 70 minutes. The finished aqueous hydrolyzate product

contained 0.01% amide and less than 0.01% nitrile. The

finished aqueous hydrolyzate product color was 7.5 on a
Gardner scale.

EXAMPLE 47

Nitrile, 96% sulfuric acid and water were fed to a
CSTR as shown in FIG. 2 giving a 1.0 acid/nitrile molar
ratio to form an agueous hydrolysis mixture. After a
residence time of 37 minutes in the CSTR at 60 °C, the
hydrolysis mixture contained 0.06% nitrile and 37% amide
by weight. The residence time of the agquecus hydrolysis
mixture in the circulation zone upstream of the forward
flow port and in the forward flow reaction zone between
the forward flow port and the point of dilution was 4
seconds and 3 minutes, respectively. After dilution, the
finishing reaction stream was fed to the PFR which
operated adiabatically at 75-101 °C and a residence time
of 70 minutes. The finished aqueous hydrolyzate product
contained 0.01% amide and less than 0.01% nitrile. The
finished aqueous hydrolyzate product color was 6.5 on a
Gardner scale.



recircul ating reactor. The hydrolysis m xture conposi tion and the
ténperature and residence tine in 25 each reactor or coil are shown in
Tabl e 17 bel ow. WD 96/ 40630

PCT/ US96/ 08527 56

TABLE 17 RECIRC-1 RECIRC- 11 Sl S2 S3 A
Tenperature  WQ$6440630C) 65 90 90 90 PCT/USPS/085279) 5
Resi dence Ti e (mn) 23 50 10 10 10

10 Hydrol ysis M xture Conposition (mt.% 10 N trile

trace trace trace trace trace trace g4 HVBA 7.2 31
35 35 35 36 Am de 34 2.9 0.75 0.24

trace trace 15 Hydrol yzate Product CBE8MPLE>4®n Gar dner scal e
Nitrile, 96% sulfuric acid and water were fed to a

CSTR as shown in FIG. 2 giving a 1.0 acid/nitrile molar
ratio to form an agueous hydrolysis mixture. After a

5 residence time of 37 minutes in the CSTR at 60 °C, the
hydrolysis mixture contained 41% amide by weight and less
than 0.09% nitrile. The residence time of the aqueous
hydrolysis mixture in the circulation zone upstream of
the forward flow port and in the forward flow reaction

10 zone between the forward flow port and the point of
dilution was 4 seconds and 3 minutes, respectively.
After dilution, the finishing reaction stream was fed to
the PFR which operated adiabatically at 75-101 °C and a
residence time of 70 minutes. The finished aqueous

15 hydrolyzate product contained 0.01% amide and less than
0.01% nitrile. The finished aqueous hydrolyzate product
color was 6.5 on a Gardner scale.

EXAMPLE 49
Nitrile, 96% sulfuric acid and water were fed to a

20 CSTR as shown in FIG. 1 giving a 1.0 acid/nitrile molar
ratio to form an agqueous hydrolysis mixture. After a
residence time of 46 minutes in the CSTR at 62 °C, the
hydrolysis mixture contained 43% amide and 0.02% nitrile.
The residence time of the aqueous hydrolysis mixture in

25 the circulation zone upstream of the forward flow port
and in the forward flow reaction zone between the forward
flow port and the point of dilution was less than one
second and less than one minute, respectively. After
dilution, the finishing reaction stream was fed to the

30 PFR which operated adiabatically at 80-104 °C and a
residence time of 88 minutes. The finished aqueous
hydrolyzate product contained 0.02% nitrile and less than
0.01% amide. The finished aqueous hydrolyzate product
color was 8 on a Gardner scale.



EXAVPLE

19

Nitrile at 1.03 g/mn was fed to the first 20

“recirculating reactor, along with 1.39 g/mn 65% sul furic ~acid, giving
a 1.17 acid/nitrile nmolar ratio. A water feed at 0.52 g/mn was al so

_introduced into the second recirculating reactor. The hydrolysis
conposition and the tenperature and residence tine in 25
reactor or coVP#3%hown in Table 18 bel ow WO 96PGHHRG/ss27
PCT/ US96/ 08527

m xt ure

TABLE 18
Tenper at
120 5
10 10
Nitrile
7.1
trace

ure

57
RECIRC-1 RECIRG-I1 Sl s2 3 sS4
([err] Q) 65 g5 120 120 120 12

Resi dence Ti ne (mn) 23 50 10

tr
33
trace tr

5

10

15

20

25

30

Hydrol ysi s M BAAMPLBoAPosition (w.% 10
ace NitrideS 9kt bafPurid 'A8RA LhaCRatéRCGlere fed M a
g%ﬁéﬁsd(ls own4in F%é 1 glln‘?ving a ':?.‘nb gcid/nitrile molar
ratio to form an aqueous hydrolysis mixture. After a
residence time of 49 minutes in the CSTR at 62 °C, the
hydrolysis mixture contained 40% amide and 0.04% nitrile.
The residence time of the agueous hydrolysis mixture in
the circulation zone upstream of the forward flow port
and in the forward flow reaction zone between the forward
flow port and the point of dilution was less than one
second and less than one minute, respectively. After
dilution, the finishing reaction stream was fed to the
PFR which operated adiabatically at 82-104 °C and a
residence time of 92 minutes. The finished aqueous
hydrolyzate product contained 0.03% nitrile and 0.01%
amide. The finished agueous hydrolyzate product color
was 8.5 on a Gardner: scale.
EXAMPLE 51

. Nitrile, 96% sulfuric acid and water were fed to a
CSTR as shown in FIG. 1 giving a 1.0 acid/nitrile molar
ratio to form an aqueous hydrolysis mixture. After a
regidence time of 37 minutes in the CSTR at 62 °C, the:
hydrolysis mixture contained 35% amide and 0.03% nitrile.
The residence time of the aqueous hydrolysis mixture in
the circulation zone upstream of the forward flow port
and in the forward flow reaction zone between the forward
flow port and the point of dilution was less than one
second and less than one minute, respectively. After
dilution, the finishing reaction stream was fed to the
PFR which operated adiabatically at 82-106 °C and a
residence time of 70 minutes. The finished aqueous
hydrolyzate product contained 0.02% nitrile and less than
0.01% amide. The finished aqueous hydrolyzate product
color was 8 on a Gardner scale.

each

0
10

0.39



15 Hydrol yzate Product Color: >18 on Gardner scale

EXAMPLE 20 Nitrile at 1.02 g/mn was fed to the first 20
recirculating reactor, along with 1.05 g/mn 65% sul furic acid, giving
a 0.90 acid/nitrile nolar ratio. A water feed at 0.63 g/mn was al so
introduced into the second recircul ating reactor. The hydrol ysis

m xture WRIHUH on and the tenperature and residence t qaréuqs%/(osggr

each reactor or coil are shown in Table 19 bel ow. WD 96/ 40630

PCT/ US96/ 08527 58

TABLE 19 RECI RC-| RECI RC- Igs Sl S2 S3 4
Tenperature ([err] O 65 105 105 105 105 105 5
Resi dence Ti ne (mn) 27 EXAMPLE;§2 11 11 11 11

Hydrol ysis M xture Conppstiliedn o#t ¢ Furic acid and water were fed to a

10

5

20

25

30

CSTR as shown in FIG. 1 giving a 1.0 acid/nitrile molar
ratio to form an agqueous hydrolysis mixture. After a
residence time of 37 minutes in the CSTR at 61 °C, the
hydrolysis mixture contained 43% amide and 0.05% nitrile.
The residence time of the aqueous hydrolysis mixture in
the circulation zone upstream of the forward flow port
and in the forward flow reaction zone between the forward
flow port and the point of dilution was less than one
second and less than one minute, respectively. After
dilution, the finishing reaction stream was fed to the
PFR which operated adiabatically at 78-103 °C and a
residence time of 70 minutes.  The finished agueous
hydrolyzate product contained 0.02% amide and the nitrile
was not measured. The finished aqueous hydrolyzate
product color was 5 on a Gardner scale.

EXAMPLE 53 .

Nitrile, 96% sulfuric acid and water were fed to a
CSTR as shown in FIG. 1 giving a 1.0 acid/nitrile molar
ratio to form an aqueous hydrolysis mixture. AaAfter a
residence time of 37 minutes in the CSTR at 61 °C, the
hydrolysis mixture contained 40% amide and 0.02% nitrile.
The residence time of the agueous hydrolysis mixture in
the circulation zone upstream of the forward flow port
and in the forward flow reaction zone between the forward
flow port and the point of dilution was less than one
second and less than one minute, respectively. After
dilution, the finishing reaction stream was fed to the
PFR which operated adiabatically at 77-102 °C and a
residence time of 70 minutes. The finished agqueocus
hydrolyzate product contained 0.01% amide and 0.05%
nitrile. The finished aqueous hydrolyzate product color
was 6 on a Gardner scale.



10 Nitrile. 0.38 0. 06 0. 09 0.06 0.09 0.09 HVBA

-8.9 28 39 31 41 38 Am de 40 2.5

0. 97 0.31 0.18 0.10 15 Hydrol yzate Product Color: 7 on Gardner

scal e ' EXAMPLE 21 o The bench scal e
“equi pnent used in the preceding 20 exanpl es was nodi fied by replacing the
second r PP i ng reactor 30 with a snall m xing |ooéCQ@&wmmnv_
negligi bl e volume used for mxing the water feed and the hydrol ysis

m xture leaving the first loop reactor 46. The finishing reaction
stream was recircul ated through 25 the mgying | oop by a punp 62. The

m xer | oop 60 was heated in a hot water bath 64 in order to heat the
finishing reaction stream before it entRRAMPLEh®4 PFR in - whi ch the am de
hydr ol ySISIrGeagtlon aEHNe]. thesulfuri@@cﬁhrengﬂa\;e\g 2 f‘e%ﬁ' plgfg s
shown in F

recircul ating régg%bfs aPt# HP% 35@69u??%ﬁ nitrile melar giving

a 0.99 acid/nit rl‘dltimttlcalfom RO. ammous hYdreitysiatmixture.t hafrexcaor | oop
was 60 [err]g anﬂeéi&nce tlﬁﬂsbﬂeﬁl‘ﬁ%ﬁt{&é"@ﬁ Eﬁé'ﬁ@hﬁda@ 436‘-18 ghout es.

Anal ysi s 35 of, the .reactor. outl et eal at nitrile was
egge%f:ally hy driYFPAY SRS gﬁ ﬁn????égiéa:ﬁi and Qnf2S 2dEaiteirile
remai ni ng i n t héThattesidenceanimdhef the szahwmmsié“lmﬂzﬁd&-el B8i s
mxture at the owHd @lir@lilationt an@aﬁgtfwomggfséﬁ%&%gg @f& er e

residence time in éW*e : Xer ° fg reactlon zone between the forward

the Lorw

10 flow port and the point of dilution was less than one
second and less than one minute, respectively. After
dilution, the finishing reaction stream was fed to the
PFR which operated adiabatically at 79-103 °C and a
residence time of 70 minutes. The finished aqueous

15 hydrolyzate product contained 0.01% amide and 0.03%
nitrile. The finished aqueous hydrolyzate product color
was not measured..

EXAMPLE 55

20 Nitrile, 96% sulfuric acid and water were fed to a
CSTR as shown in FIC. 1 giving a 1.0 acid/nitrile molar
ratio to form an aqueous hydrolysis mixture. After a
residence time of 37 minutes in the CSTR at 64 °C, the
hydrolysis mixture contained 40% amide and 0.01% nitrile.

25 The residence time of the aqueous hydrolysis mixture in
the circulation zone upstream of the forward flow port
and in the forward flow reaction zone between the forward
flow port and the point of dilution was less than one
second and less than one minute, respectively. After

30 dilution, the finishing reaction stream was fed to the
PFR which operated adiabatically at 79-103 °C and a
residence time of 70 minutes. The finished agueocus
hydrolyzate product contained 0.01% amide and 0.04%
nitrile. The finished aqueous hydrolyzate product color

35 was 9 on a Gardner scale.



WO 96/ 40630 PCT/ US96/ 08527

59 mai ntai ned at 100 to 101 [err]C. The residence tinme in each of
the first three coils was 16 m nutes and that in the | ast coil was 15.2
mnutes. Am de hydrolysis was conpleted in the last PFR coil. 5
EXAMPLE 22 The equi pnment used in the continuous hxgég}égigg
process as sh&WRmVW&pIG_ 3 consists of two CSTRs and one ol umm
type PFR. The first CSTR was devoted for the nitrile hydrolysis while

t he second CSTR and PFR were 10 for the am de hydrolysis. The PFR is an
8 inch dianeter teflon lined carbon st@eél pipe packed with Koch SWP
Tef | on packi ng. The PFR was manuf act ur ed bx Koch Engi neering. The
threshold velocity for the SWP packi ng Es59. 95 mm'sec. 15 105

I'bs/hr of nitrile and de¥eorhanbe 6f &S5doiilfuduisChydrolysisl R van
contyruously T Lanbli bl 8e8°badiy SR, diporatold Rllch LIRS
outlet flow The data. gl sydrashherie Al and sitrike |arefegh ext ernal
cooler in 20 5 a goMElRiousAy E6UAALSTR ¢DAihg aThels eselie/ e Aillee mbaged
on the total Teed [ ¢ G N ahCaGhQ5us 'HPdrd1y8iy Wideire. after a
residence time of 60 minutes in the CSTR at 50 °C, the
hydrolysis mixture contains 46% amide and 0.1% nitrile.
The nitrile hydrolysis reactor product stream exiting the
10 CSTR is transferred to an amide hydrolysis cascade tower
type reactor that is agitated to enmhance fluid mixing and
suspend ammonium chloride solids in each of the cascaded
compartments. A reactor temperature of 80 °C is provided
by jackets surrounding the reactor shell or by passing
15 the stream through an external feed preheater. The
residence time of the stream in the amide hydrolysis
reactor is 4 hours.  The finished agqueous hydrolyzate
product contains 0.04% amide and 0.04% nitrile. '

EXAMPLE 57

20 Performance of a continuous hydrolysis system was
computer simulated based upon laboratory batch hydrolysis
data. 36% hydrochloric acid and nitrile are fed
continuously to a CSTR giving a 1.15 acid/nitrile molar
ratio to form an aqueous hydrolysis mixture. After a

25 residence time of 60 minutes in the CSTR at 50 °C, the
hydrolysis mixture contains 46% amide and 0.1% nitrile.
The nitrile hydrolysis reactor product stream exiting the
CSTR is transferred to a second CSTR for completion of
80-90% of the amide hydrolysis. After a residence time

30 of 4 hours in the second CSTR, the amide hydrolysis
slurry containing ammonium chloride is cooled to 50 °C
and the ammonium chloride is removed by centrifuge. The
mother liquor from the centrifuge is transferred to a
plug flow reactor operated at 80 °C by use of jacketing

35 or an external preheater. The PFR is not agitated



38 mnutes. The outl et hydrolyzate sanple, based on a gas

chromat ographi ¢ analysis, was found to contain |ess than 0.1%nitrile,
34.9% am de, and 11.2% HVBA. The 25 outl et streamwas i'ntroduced to the
second 30 gal |l on CSTR having a liquid volunme of 27.7 gallons. An 80
[[err] C hot wat er streamwas also fed to the second-CSTR_ at _a rate of

60.5 | bs/hr. TMWOMBY or tenperature was 105 [err] C and the FPCTUSY6QER240 e
time was 91 mnutes. The hydrolyzate fromthe 30 react or contained 1.9%
am de, indicating that nore than 90% of incom ng am de was converted
to HWBA in this vessel . The second CSTRggoutl et streamthen entered the
packed colum reactor containing structure packing and havi ng a total
liquid volume of Pecgaséouke Fmwmimre cBioride iimislismgived sbttheed al ong
the length of the tefpdfftures and cARceat4Q68hs existing within the PFR.

PCT/ US96/ 08527 reactor, the

ani de hydrol ysis PEEBFi BnrSRidensmfire RV hoursdﬁm FhenBEFRe oM et i on at
70% of the |engt hfdinshed aqueas thydroljfeate pooditatr comtafinkel oi4% lagide

adi abatic col yym ﬁg{;q& itaged from 100 to 102 [err]C and t he
resi dence tine 5 |n { I%wa,s 52.9 m'g ut es. i nal duct
cont ai ned | ess th'gﬂ:"bel"'9 i dent-1iopi8 ?‘T‘%HFQF edﬁ'lodg PR 48%

HVBA. The maj or byodifilcatichs tdel Rlderhative piamess specific embodiments
thereof have been shown by way of example in the drawings
and have been described herein in detail. It should be

10 = understood, however, that it is not intended to limit the
invention to the particular form disclosed, but on the
contrary, the intention is to cover all modifications,
equivalents and alternatives falling within the spirit
and scope of the invention as defined by the appended

15 -.claims.



Lﬁen;rggi. um lﬂ)sul'f ate, can be separated E;(zwp}_réezgroduct by Thulm mnm"ﬂm”m
S

used in Exanple 22 was used for the foll owi ng hydrol ysi s*procéss™
except that the second CSTR was bypassed such that the packed col um
‘reactor was the sole reactor for the am de hydrolysis reaction. 15
The feed rat S¥OPHHMe first CSTR were as descri bed i n REY
However, the tenperature in the first CSTR was 60 [err]C. Anal yS|s of
the outlet sanple reveal ed that the internmedi ate hydrolysis mxture
contai ned 0.2% nitrile, 39.4% am de, gpd 9.5% HVBA. The | ower CSTR 20
operating tenperature resulted in a sli ghtly hi gher nitrile
concentration buWECLAEM3r HVBA concentration. The -i nt ernedi at e

hydrolysis m xture wag, mﬁ(ﬁﬁo&éﬁg f”o:pq_the pre %ﬂoﬁt&f%ﬁgnal ps/hr) in

an in-line static action strea red the PFR

that 25 nmaint ﬂ?&%@?&&?@}%t@ﬁesﬂfenﬁfﬁiﬁ Hhersate COMBLBANGE 1] C

at the inlet, reaching a peak tenperature of 105 [err]C at the m ddl e
and dropping to jrddidikg ah 4 &&ﬁ'natnéifaltaeid Aped ¥ drgoLu

Al t hough the colu Vﬁ@l .S were ?@e traceg t-Tns Fﬁte sorre heat

| osses were enco@% is;3feackpy ‘me i sFéﬁE?‘Br was
52.9 5. mi nut esank hreadtoeal; hydrol yzate at the outIet of the col um
reactor contained less than 0.1%nitrile, 0.1% am de and 40. 8% HVBA,

the balance belr@h QB&Hé%%%CE hydraf@ Jgééhygkﬁggéégéiéﬂl QQ%geEhto said

nitrile hydrolysis reactor;

continuously hydrolyzing 2-hydroxy-4-

methylthiobutanenitrile within said nitrile hydrolysis
10 reactor to produce a nitrile hydrolysis reactor product

8tream containing 2-hydroxy-4-methylthicbutanamide;

continuously introducing water and said nitrile
hydrolysis reactor product stream into an amide
hydrolysis flow reactor; and

15 continuously hydrolyzing 2-hydroxy-4-methylthiobutanamide
within said amide hydrolysis flow reactor to produce a
finished aqueous hydrolyzate product containing 2-
hydroxy-4-methylthiobutanoic acid.

2. The process as set forth in claim 1 wherein said
water and said nitrile hydrolysis reactor product stream
are mixed to form a finishing reaction stream such that
the hydrolysis of 2-hydroxy-4-methylthicbutanamide is

5 substantially completed-as said finishing reaction stream
flows through said amide hydrolysis flow reactor.

3. The process as set forth in claim 2 wherein said
nitrile hydrolysis reactor product stream is diluted with
said water before said nitrile hydrolysis reactor product

This Sheet Has Been Replaced

jlE ||




o oawple 24 The 333?34Hllll AR T R

utilized in Exanple 23 was used in the foll owi ng hydrol ysi s* eXcept

t hat concentrated sulfuric acid was fed directly to the first CSTR
(FIG 5) 5 wthout pre-dilution to 65%sulfuric acid with water. A
wat er stream wadV@Pe486¥ed to the reactor. Thus, both the RCIAIS96N8527
dilution of the acid and the heat of hydrolysis were renmoved via the
external circulating cooler. The second CSTR was by-passed. 10
Nitrile (72 Ibs/hr), 96%sulfuric acid (56.2 éps/hr) and dilution
wat er (26.7 Ibs/hr) were sinultaneously fed to the first CSTR where
nitrile hydrol ysi s stamamctsr ihtigoduced ifite spidaamitde |hyfrolysdsufitowas 10
gal I ons, which rddlicfded 42.5 mnutes of residence tine based on the 15
total .sumof the three feed rates. The reaction tenperature was
~controlled at 55 [err]C. The gas chromat ogr aphi ¢ anal ysis of the
aqueous hydrol ysis 4ni xTheepsboessl ash@eti fortmt in nelhin 2wheereih egaid

40. 6% ami de, ?ﬁﬂ:é‘ a¥eEbiAL g T}'il@a HeEDraYHE fj;iétﬂdﬂdéﬁeiﬁ@ééo

mxed with 41.3 IDb i C m xer

er I n
finishing reaction ’%‘t’ﬁegacﬁ)f’é'mgi}'@ﬁi’ﬁesaﬂécl?é& ife® QHHEIEH FEBGEFN t he
sane fashion as degmrddoet sbream witlanpiter23p Esxmpsaidaflinishiagi zeattion

ti t | tly high 25
br obabl y “ad |t|ona?nﬁeg£ r %idemﬁé it R e

probably due to ad el ease” from the higher unr eact ed
.nitrile content |eaving the CSTR that was operated at a | ower
"tenperature. Fromthe s&npl Asprocess for the preparation of 2-hydroxy-4-

methylthiobutanoic acid or a salt thereof comprising:

introducing an aqueous mineral acid into a nitrile
-hydrolysis reactor comprising a first continuous stirred
5 tank reactor;

introducing 2-hydroxy-4-methylthicbutanenitrile into said
nitrile hydrolysis reactor;

continuously hydrolyzing 2-hydroxy-4-

methylthiobutanenitrile within said nitrile hydrolysis
10 " reactor to produce a nitrile hydrolysis reactor product

stream containing 2-hydroxy-4-methylthiobutanamide;

continuously introducing said nitrile hydrolysis reactor
product stream exiting said nitrile hydrolysis reactor
and water into a coantinuous amide hydrolysis reactor

15 comprising a second continuous stirred tank reactor such
that a substantial portion of 2-hydroxy-4-
methylthiobutanamide contained in said nitrile hydrolysis
reactor product stream is hydrolyzed in said second:
continuous stirred tank reactor to form a finishing

20 reaction stream;

continuously introducing said finishing reaction stream
into an amide hydrolysis flow reactor; and
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at four sanpling ports along the length of-the PFR 5 (S2 through S5) as
shown in FIG 3. The sanples were " renoved during steady state
conditions and were anal yzed by a gas_chponmat ographic nethod to
determ ne the hydr ol ysis m xture conposition when | eaving the CSTRs
and  when flovémrinuauslly hiydr&FFeinthe -lrydirokysé smethylkhdobgtanamide
conposi tion and theyd eéaﬁ.t&"aﬁtia@dyéfﬁl%i%e ftlbﬁeréﬂctor t&@fiﬁd@&ERaand
wi thin each section, o] the PFR are I nder of the
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t hat do not | npdoakye- C8ERNYL thickutanadlos@g¢idqui pnent wherein the 15

second CfSTR was bypassed such that a diluted aqueous hydr ol ysis
e O I " BckRh, & o b o' Q1408 T8 5
wherein sulfuric acid is introduced into said nitrile
hydrolysis reactor in an acid stream having a strength of
between about 50% by weight and about 70% by weight
5 sulfuric acid.

7. The process as set forth in claims 1 or 5
wherein sulfuric acid is introduced into said nitrile
hydrolysis reactor in an acid stream having a strength of
between about 70% by weight and about 99% by weight

5 sulfuric acid, and said acid stream is continuously
' introduced to said nitrile hydrolysis reactor
concurrently with a water stream to form sulfuric acid
having a strength of between about 50% by weight and
about 70% by weight on an organic-free basis within said
10 nitrile hydrolysis reactor.

8. The process as set forth in claims 1 or 5
wherein at least about 90% of 2-hydroxy-4-
methylthiobutanenitrile is converted to 2-hydroxy-4-
methylthiobutanamide within said nitrile hydrolysis
reactor.

8. The process as set forth in claims 1 or 5
wherein said aqueous mineral acid is sulfuric acid and
. the molar ratio of sulfuric acid to 2-hydroxy-4-
methylthicbutanenitrile introduced into said nitrile
hydrolysis reactor is between about 0.6 and about 1.5.

10. The process as set forth in claims 1 or §
wherein said agueous mineral acid is sulfuric acid and
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’ 11. The process as set forth in claims 1 or 5
wherein the molar ratio of sulfuric acid to 2-hydroxy-4-
methylthiobutanenitrile introduced into said nitrile
hydrolysis reactor is between about 1.0 and about 2.0

5 during the period between start up of the process until
steady state conditions are established in said amide
hydrolysis flow reactor, and thereafter said molar ratio
of sulfuric acid to 2-hydroxy-4-methylthiobutanenitrile
is between about 0.6 and about 1.5.

12. The process as set forth in claims 1 or 5
wherein the molar ratio of sulfuric acid to 2-hydroxy-4-
methylthiocbutanenitrile introduced into said nitrile
hydrolysis reactor is between about 1.0 and about 1.5

5 during the periocd between start up of the process until
steady state conditions are established in said amide
hydrolysis flow reactor, and thereafter said molar ratio
of sulfuric acid to 2-hydroxy-4-methylthiobutanenitrile
is between about 0.9 and about 1.2.

13. The process as set forth in claims 1 or 5
wherein the ratio of the rate of mineral acid flow into
said amide hydrolysis flow reactor to the rates of 2-
hydroxy-4-methylthicbutanamide and 2-hydroxy-4-

5 methylthiobutanenitrile flow into said amide hydrolysis
flow reactor is controlled to provide an excess of at
least -5% molar excess mineral acid than is
stoichiometrically equivalent to 2-hydroxy-4-
methylthiobutanamide and 2-hydroxy-4-

10 methylthiobutanenitrile introduced into said amide
hydrolysis flow reactor.
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14. The process as set forth in claim 13 wherein
mineral acid and 2-hydroxy-4-methylthicbutanenitrile are
introduced into said nitrile hydrolysis reactor at
relative rates effective to provide said excess in said

5 amide hydrolysis flow reactor.

15. The process as set forth in claims 1 or 5
wherein said finished aqueous hydrolyzate product
produced under steady state conditions at the exit of"
said amide hydrolysis flow reactor comprises at least

5 about 36 wt.% 2-hydroxy-4-methylthiobutanoic acid, at
least about 18 wt.% ammonium salt, at least about 20 wt.%
water, up to about 0.05 wt.% amide and up to about 0.05
wt.% nitrile.

16. The process as set forth in claim 15 wherein
said finished aqueous hydrolyzate product produced upon
atart up of the process comprises up to about 0.05 wt.%
amide and up to about 0.05 wt.% nitrile.

17. The process as set forth in claims 1 or 5
wherein said nitrile hydrolysis reactor product comprises
up to about 16 wt.% 2-hydroxy-4-methylthiobutanoic acid,
up to about 12 wt.%¥ ammonium salt, at least about 6 wt.%

5 water, at least about 30 wt.% amide and up to about 2
wt.% nitrile.

18. The process as set forth in claim 9 wherein
said amide hydrolysis flow reactor is a plug flow
reactor; and the flow of said finishing reaction stream
through said plug flow reactor is turbulent.

19. The process as set forth in claim 5 wherein
said nitrile hydrolysis reactor product stream is diluted
with said water before said nitrile hydrolysis reactor
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product stream is introduced into said continuous amide
hydrolysis reactor.

20. The process as set forth in claims 2 or 5
wherein said amide hydrolysis flow reactor comprises a
packed column reactor and said finishing reaction stream
flows through said packed column reactor at or above the
5 threshold velocity of said packed column reactor.

21. The process as set forth in claims 2 or 5
wherein said amide hydrolysis flow reactor comprises a
pipeline reactor and said finishing reaction stream moves
through said pipeline reactor in turbulent flow.

22. The process as set forth in claim 21 wherein
said amide hydrolysis flow reactor is operated at a
Reynolds number greater than about 3,000.

23. The process as set forth in claim 21 wherein
said amide hydrolysis flow reactor is operated at a
Reynolds number greater than about 5,000.

24. The process as set forth in claims 1 or 5
wherein said amide hydrolysis flow reactor is a plug flow
reactor operated at a Peclet number of at least 50, a
peak temperature of about 90 to about 120 °C and a
5 residence time between about 30 and about 90 minutes.

25. The process as set forth in claims 1 or 5
wherein said amide hydrolysis flow reactor operates
substantially adiabatically. '

26. The process as set forth in claims 1 or 5
wherein said amide hydrolysis flow reactor operates
substantially isothermally.
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27. The process as set forth in ciaims lors
wherein said amide hydrolysis flow reactor operates
adiabatically and autothermally.

28. The process as set forth in claims 1 or 5
wherein 2-hydroxy-4-methylthiobutancic acid is recovered
by neutralizing said finished agueous hydrolyzate product
to form an organic phase containing 2-hydroxy-4-
methylthiocbutanoic acid and an agqueous phase, and
gseparating said organic phase and said aquecus phase to
recover 2-hydroxy-4-methylthiobutanoic acid.

29. The'process as set forth in claims 1 or 5
wherein vapor emissions from the process are not greater
than about 0.5 scf per 1000 lbs. product 2-hydroxy-4-
methylthicbutanoic acid.

30. The process as set forth in claim 29 wherein
vapor emissions from the process are not greater than
about 0.3 scf per 1000 lbs. 2-hydroxy-4- |
methylthiobutanoic acid.

31. The process as set forth in claim 5 wherein at
least about 80% of 2-hydroxy-4-methylthicbutanamide
formed in said nitrile hydrolysis reactor is converted to
2-hydroxy-4-methylthiobutanoic acid within said
continuous amide hydrolysis reactor.

32. The process as set forth in claim 9 wherein
said continuous amide hydrolysis reactor is operated at a
temperature ranging from about 70 °C to about 120 °C.

33. The process as set forth in claim 5 wherein
said aqueous mineral acid, said water stream and said
nitrile hydrolysis reaction product stream are mixed to
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form an amide hydrolysis mixture that is introduced into
the continuous amide hydrolysis reactor.

34. A process for the preparation of 2-hydroxy-4-
methylthicbutanoic acid or a salt thereof comprising:

introducing an aqueous mineral acid and 2-hydroxy-4-
methylthiobutanenitrile into a nitrile hydrolysis
reactor; : .

continuously hydrolyzing 2-hydroxy-4-
methylthiobutanenitrile within said nitrile hydrolysis
reactor to produce a nitrile hydrolysis reactor product

.Stream containing 2-hydroxy-4-methylthiobutanamide;

continuously introducing water, agueous mineral acid, and
said nitrile hydrolysis reactor product stream into an
amide hydrolysis reactor; and

continuously hydrolyzing 2-hydroxy-4-methylthiocbutanamide
within said amide hydrolysis reactor to produce a
finished aqueous hydrolyzate product containing 2-
hydroxy-4-methylthicbutancic acid.

35. A process as set forth in claim 34 wherein the
molar ratio of mineral acid to 2-hydroxy-4-
methylthiobutanenitrile added to said nitrile hydrolysis
reactor is between about 0.5 and about 0.95, and the
overall molar ratio of mineral acid to 2-hydroxy-4-
methylthiobutanenitrile is between about 0.6 and about
0.95. )

36. A process as set forth in claim 35 wherein the
molar ratio of mineral acid to 2-hydroxy-4-
methylthiobutanenitrile added to said nitrile hydrolysis
reactor is between about 0.8 and about 0.95, and the
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overall molar ratio of mineral acid to 2-hydroxy-4-
methylthiobutanenitrile is between about 0.85 and about
0.95.

37. The process as set forth in claim 34 wherein
said nitrile hydrolysis reactor comprises a first
continuous stirred tank reactor, 2-hydroxy-4-
methylthiobutanenitrile is continuously hydrolyzed within
said nitrile hydrolysis reactor, said nitrile hydrolysis
product stream is introduced into said amide hydrolysis
reactor which comprises an amide hydrolysis flow reactor, .
and 2-hydroxy-4-methylthiobutanamide is continuocusly
hydrolyzed within said amide hydrolysis flow reactor.

38. The process as set forth in claim 34 wherein
said nitrile hydrolysis reactor comprises a first
continuous stirred tamk reactor, 2-hydroxy-4-
methylthicbutanenitrile is continuously hydrolyzed within
said nitrile hydrolysis reactor, said nitrile hydrolysis
reactor product stream is introduced into a continuous
amide hydrolysis reactor comprising a second continuous
stirred tank reactor, 2-hydroxy-4-methylthiobutanamide is
continuously hydrolyzed within said second continuous
stirred tank reactor to form a finishing reaction stream,
said finishing reaction stream is introduced into said
amide hydrolysis reactor which comprises an amide
hydrolysis flow reactor, and said hydrolysis of 2-
hydroxy-4-methylthiobutanamide is substantially completed
as said finishing reaction stream flows through said
amide hydrolysis flow reactor.

39. A process for the preparation of 2-hydroxy-4-
methylthiobutanocic acid or a salt thereof comprising:

concurrently introducing 2-hydroxy-4-
methylthiobutanenitrile, concentrated sulfuric acid
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5 stream having a strength of between about 70% by weight

and about 99% by weight, and water into a vessel in which
2-hydroxy-4-methylthiobutanenitrile is hydrolyzed;

hydrolyzing 2-hydroxy-4-methylthiobutanenitrile within
said vessel to produce a nitrile hydrolysis product
10 stream containing 2-hydroxy-4-methylthiobutanamide; and

- hydrolyzing 2-hydroxy-4-methylthicbutanamide to produce a
finished aqueous hydrolyzate product containing 2-
hydroxy-4-methylthiobutanoic acid.

40. The process as set forth in claim 39 wherein

said vessel is a nitrile hydrolysis reactor comprising a
first continuous stirred tank reactor, 2-hydroxy-4-
methylthicbutanenitrile is continuously hydrolyzed within

5 said nitrile hydrolysis reactor, said nitrile hydrolysis
product stream is introduced into an amide hydrolysis
flow reactor, and 2-hydroxy-4-methylthiocbutanamide is
continuously hydrolyzed& within said amide hydrolysis flow
reactor.

41. The process as set forth in claim 39 wherein

said vessel is a nitrile hydrolysis reactor comprising a
first continuous stirred tank reactor, 2-hydroxy-4-
methylthicbutanenitrile is continuously hydrolyzed within

5 said nitrile hydrolysis reactor, said nitrile hydrolysis
reactor product stream is introduced into a continuous
amide hydrolysis reactor comprising a second continuous
stirred tank reactor, 2-hydroxy-4-methylthiocbutanamide is
continuously hydrolyzed within said second continuous

10 stirred tank reactor to form a finishing reaction stream,
said finishing reaction stream is introduced into an
amide hydrolysis flow reactor, and said hydrolysis of 2-
hydroxy-4-methylthiobutanamide is substantially completed
as said finishing reaction stream f£lows through said

15 amide hydrolysis flow reactor.
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42. The process as set forth in claims 1, 5 or 39
further including recovering 2-hydroxy-4-
methylthiobutanoic acid or a salt or derivative thereof
from said finished aqueous hydrolyzate product.

43. The process as set forth in claims 1, 5 or 39
wherein 2-hydroxy-4-methylthiobutanoic acid is recovered
by extracting 2-hydroxy-4-methylthiobutanocic acid from
said finished aqueous hydrolyzate product.

44, The process as set forth in claim 39 wherein
vapor emissions from the process are not greater than
about 0.5 scf per 1000 lbs. product 2-hydroxy-4-
methylthiobutanoic acid.

45. An apparatus for use in a process for the
preparation of 2-hydroxy-4-methylthiobutanoic acid,
comprising a first continuous stirred tank reactor for

. the continuous hydrolysis of 2-hydroxy-4-

5 methylthicbutanenitrile in the presence of an agqueous
mineral acid to produce an agqueous hydrolysis mixture
containing 2-hydroxy-4-methylthiocbutanamide, and an amide
hydrolysis flow reactor for the continuous hydrolysis of
2-hydroxy-4-methylthiobutanamide with said aqueous

10 mineral acid to produce a finished aqueous hydrolyzate
product containing 2-hydroxy-4-methylthiobutanoic acid.

46. The apparatus as set forth in claim 45 further

including a second continuous stirred tank reactor for
. receiving water and said aqueous hydrolysis mixture
exiting said first continuous stirred tank reactor, such
5 that a substantial portion of 2-hydroxy-4-

methylthiobutanamide contained in said aqueous hydrolysis
mixture is hydrolyzed in said second continuous stirred
tank reactor to form a finishing reaction stream, and the
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hydrolysis solution from an exit of said first continuous
stirred tank reactor through said circulating line and

5 - back to said first continuous stirred tank reactor, a
forward flow port in said circulating line for removing a
portion of said aqueous hydrolysis mixture to form a
nitrile hydrolysis reactor product stream, and a transfer
line for transporting said nitrile hydrolysis reactor

10 product stream to a point of dilution, said circulating
line and said transfer line providing additional
residence time for substantially extinguishing residual
2-hydroxy-4-methylthicbutanenitrile prior to dilution of
said nitrile hydrolysis reactor product stream.

48. The apparatus as set forth in claim 45 further
including a mixer for mixing a water stream and said
nitrile hydrolysis reactor product stream exiting said
first continuous stirred tank reactor to form a £inishing

5 reaction stream, and discharging sald finishing reaction
stream to said amide hydrolysis flow reactor such that
the hydrolysis of 2-hydroxy-4-methylthiobutanamide is
substantially completed as said finishing reaction stream
flows through said amide hydrolysis flow reactor.

49. The apparatus as set forth in claim 45 wherein
said nitrile hydrolysis reactor comprises an inlet for 2-
hydroxy-4-methylthiobutanenitrile, an inlet for
concentrated mineral acid, an inlet for water, and means
5 within said reactor for mixing 2-hydroxy-4-
methylthiocbutanenitrile, concentrated mineral acid and
water in proportions suited for hydrolysis of 2-hydroxy-
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Fol | owi ng conventional nethods, cal cul ati ons based on the response
data were nade to determ ne the nean residence tine (the first nonent
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series. For the reactor tested, the flow rate (gpn), nean residence
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nunber of equivalent stirred tank reactors (j), are set forth in Table
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13. 4ferr] preparation of 2-hydroxy-4-methylthiobutanoic acid,
comprising a first back-mixed reactor for the continuous
hydrolysis of 2-hydroxy-4-methylthicbutanenitrile in the

5 presence of an agueous mineral acid to produce an agqueous
hydrolysis mixture containing 2-hydroxy-4-

" methylthicbutanamide, and an amide hydrolysis flow
reactor for the continuous hydrolysis of 2-hydroxy-4-
methylthiobutanamide with said agueous mineral acid to

10 produce a finished aqueous hydrolyzate product containing
2-hydroxy-4-methylthiobutanoic acid. '

51. The apparatus as set forth in claim 50 further
including a second back-mixed reactor for receiving water
and said aqueocus hydrolysis mixture exiting said first
back-mixed reactor, such that a substantial portion of 2-

5 hydroxy-4-methylthiobutanamide contained in said aqueous
hydrolysis mixture is hydrolyzed in said second back-
mixed reactor to form a finishing reaction stream, and
the hydrolysis of 2-hydroxy-4-methylthiobutanamide is
substantially completed as said finishing reaction stream

10 flows through said amide hydrolysis flow reactor.

52. The apparatus as set forth in claim 50
including a circulating line for circulating said agueous
hydrolysis solution from an exit of said first back-mixed
reactor through said circulating line and back to said

5 first back-mixed reactor, a forward flow port in said
circulating line for removing a portion of said agueous
hydrolysis mixture to form a nitrile hydrolysis reactor
product stream, and a transfer line for transporting said
nitrile hydrolysis reactor product stream to a point of

10 dilution, said circulating line and said transfer line
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TABLE 35 L/L[err] C(%am de
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0. 0436 including a qgixer forimixgng a mater streampapndosaid
40 1.088 nit@2le hydrolyrdiibTeactor product stream exiting safld 000
1.00 0.0218§ rg¢ back-mixed reactor to form a finishing reaction

5 stream, and discharging said finishing reaction stream to

gaid amide hydrolysis flow reactor such that the
hydrolysis of 2-hydroxy-4-methylthiobutanamide is
substantially completed as said finishing reaction stream
.flows through said amide hydroiysis- flow reactor.

54. The apparatus as set forth in claims 45 or 50
including a mixer for mixing said aqueous mineral acid,
said water stream and said nitrile hydrolysis reaction
product stream to form the finishing reaction stream that

5 is introduced into the amide hydrolysis flow reactor.

55. The apparatus as set forth in claims 45 or 50
wherein said amide hydrolysis flow reactor is insulated
for adiabatic operation.

56. The apparatus as set forth in claim 50 wherein
said first back-mixed reactor comprises an inlet for 2-
hydroxy-4-methylthiocbutanenitrile, an inlet for
concentrated mineral acid, an inlet for water, and means

5 within said reactor for mixing 2-hydroxy-4- '

methylthicbutanenitrile, concentrated mineral acid and
water in proportions suited for hydrolysis of 2-hydroxy-
4-methylthiobutanenitrile to 2-hydroxy-4-
methylthicbutanamide.
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2-hydroxy-4-methylthiobutanenitrile, concentrated mineral
acid and water in proportions suited for hydrolysis of 2-
hydroxy-4-methylthiobutanenitrile to 2-hydroxy-4-
methylthiobutanamide.

58. The apparatus as set forth in claims 49 or 56
further including means for removing heat generated by
dilution of mineral acid and reaction of 2-hydroxy-4-
methylthiobutanenitrile and water in order to maintain a

5 reaction temperature for hydrolysis of 2-hydroxy-4-
methylthiobutanenitrile.

59. A process for the preparation of 2-hydroxy-4-
methylthiobutanoic acid or a salt thereof comprising:

introducing 2-hydroxy-4-methylthiobutanenitrile and an

aqueous mineral acid into an agqueous hydrolysis mixture
5 comprising 2-hydroxy-4-methylthiobutanamide, mineral

acid, and unreacted 2-hydroxy-4-methylthiocbutanenitrile;

hydrolyzing 2-hydroxy-4-methylthiobutanenitrile in said
hydrolysis mixture in a continuous nitrile hydrolysis
reactor comprising a back-mixed reaction zone and a

10 circulation . zone in fluid flow communication with said
back-mixed reaction zone, sald circulation zone
comprising-a circulating line;

continuously circulating said aqueous hydrolysis mixture
in a circulating stream that is withdrawn from said back-

15 mixed reaction zone, passed through said circulation zone
and returned to said back-mixed reaction zone, said
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CSTR as shown in FIG 2 giving a 1.0 acid/nitrile nolar

an aqueous hydrolysis mxture. After a resi dence tinme of Imllmnlﬂtlm I““I“I
the CSTR at 60 [err]C, the hydrol ysis m xture contai ned 0.03% nittril es =
and 39% am de 25 by wei ght. The residence tine of the aqueous hydrol ysi s

m xture in the circul ati on zone upstream of the forward fl ow port and

in the forward wOeeosadacti on zone bet ween the forward f|REAFRISP8SEHd

the point of dilution was 4 seconds and 3 minutes, respectively. After
dilution, the 30 finishing reaction streamwas fed to the PFR which
operated adiabatically at 81-106 [err]C and gggesidence tine of 70

m nutes. The fini shed agueous hydrol yzate product contained 0.01%

am de and | ess thagifc@ldting rdtdreamlBe withdfdwn Fresh sgiaobacikumibeidyzat e

grc'?'? ldgtg 6/C 8:32 r2 7was §e§c9 foit g’ol_he c%%rtg.g.ﬁﬁ.né Ctﬂzeeactego 2- hydm-@‘ 40630

EXAMPLE 40 methylthiobwpmenitrddet acid and water were fed to a
CSTR as shown in FIG 2 giving a 1.0 acid/nitrile nolar ratio to form
an aqueo hydr ol y u r e qﬁﬁ ] i_n
t he CSTR Lh:ﬂ 60 [erff@luﬁ% gepo j(?% P%s%ién ure%?'o# ﬁe%aggdg}goln!:l S’Ej‘lse
and 38% ani de mixture as a n trile hydroly81s reactor product stream

from a forward f£flow port in said circulation zone and
transferring said nitrile hydrolysis reactor product
‘stream to an amide hydrolysis flow reactor;

25 diluting said nitrile hydrolysis reactor product stream
with water at a point downstream of said forward flow
port to provide a finishing reaction stream;

hydrolyzing 2-hydroxy-4-methylthicbutanamide contained in

said finishing reaction stream in said amide hydrolysis
30 flow reactor to produce a finished aqueous hydrolyzate

product containing 2-hydroxy-4-methylthicbutanoic acid;

the sum of the residence time of said circulating stream -
in said circulation zone upstream of said forward f£low
port and the residence time of said nitrile hydrolysis

35 reactor product stream downstream of said forward flow
port prior to dilution being sufficient to substantially
extinguish residual 2-hydroxy-4-methylthiobutanenitrile
prior to the dilution of said nitrile hydrolysis reactor
product stream.

60. A process as set forth in claims 1 or 59
wherein sald aqueous mineral acid, said water stream and
said nitrile hydrolysis reaction product stream are mixed
to form the finishing reaction stream that is introduced

5 into the amide hydrolysis flow reactor. '

61. A process for the preparation of 2-hydroxy-4-
methylthiobutanoic acid or a salt thereof comprising:
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by wei ght. The residence tine of the aqueous hydrolysis
circulation zone upstream of the forward flow port and i nI mnm’ ﬂlll "I"I
flow reaction zone between 10 the forward flow port and the ‘pornt ¢ CI T

dilution was 4 seconds and 3 minutes, respectively. After dilution, the
finishing reaction streamwas fed to the PPR which oper at ed

adi abatically 3NO®M0805 [err]C and a residence tine of 7BCHURYEBE2? The
fini shed aqueous hydrol yzate product 15 contained 0.01% am de and | ess
than 0.01%nnitrile. The finished aqueous hydr ol yzat e product col or was
8.5 o0n a Gar dner scal e. EXAMPLE 41

06 _
Nitrile, 96% sul furic acid and water were Ted to a 20 CSTR as shown in
FIG 2 giving a 1. :{htaﬁddih{dihgrzl-mmif&:qr- -methy&thbolbuafnmit&ﬂl&qaﬁOUSn

hydrol ysis m xtur dﬁ&(;:e [ TR
a%/ 60 %/err] C, the%ql@&lﬁg 3&8 y5| s m xture c%n?gug&ééél%&h&? Jt{étl'(F?\I('.Jlé:gB%
anmide 10 by wei gFAMP nﬂegrm‘ﬁ‘hﬁ“ yi-fBiabtenamitedr 9§F§125

m xture in the ciraeidt iand aapeacsd radpdroxyhe-hethylithiobutahkadtporé; and
in the forward fl ow reacti on zone between the forward flow port and

the point of dilution was 4 seconds and 3 mnutes, respectively. After

dilution, the hydralyming 2 ohydyem d-meshyishiokutanenitripprin said 30
oper at ed adi abati dadzolatsidOmiRbuferid @ avhtintuens deitnd lle Mydrolysdé 70

m nutes. The finis %W%@H@rﬂgﬁ#’lgﬁ -HG.S’:QHCI:ea%ti nc%hgl g Less t han

0.01% am de and ni ueous zate roduct
col or wad58.5 on Lirculation,zpnscip Lluid flow commnlcatlon with said

back-mixed reaction zone, said circulation zone
comprising a circulating line;

continuously circulating said agueous hydrolysis mixture
in a circulating stream that is withdrawn from said back-

20 mixed reaction zone, passed through said circulation zone
and returned to said back-mixed reaction zone, said
circulating stream as withdrawn from said back-mixed
reaction zone containing unreacted 2-hydroxy-4-
methylthiobutanenitrile;

25 removing a portion of said circulating aqueous hydrolysis
mixture as a nitrile hydrolysis reactor product stream
from a forward flow port in said circulation zone and
transferring said nitrile hydrolysis reactor product
stream to a continuous amide hydrolysis reactor;

30 diluting said nitrile hydrolysis reactor product stream
with water at a point downstream of gaid forward flow
port to provide an amide hydrolysis mixture;

feeding either said amide hydrolysis mixture, or said
nitrile hydrolysis reactor product stream and water, to a

35 . continuous amide hydrolysis reactor in which a
substantial portion of 2-hydroxy-4-methylthiobutanamide
contained in said amide hydrolysis mixture is hydrolyzed
to form a finishing reaction stream;
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acid and water were fed to a CSTR as shown in FIG 2 givihg @&
acid/nitrile nolar ratio to forman aqueous hydrolysis nlxture After
4 5 residence tine of 37 mnutes in the CSTR at 60 [err]C, the

hydrol ysi s m XV@P€493ht ai ned 0.08% nitrile and 38% ani de PET/USOBT . The
residence tinme of the agueous hydrol ysis m xture in the circul ation
zone upstream of the forward flow port and in the forward flow reaction
zone between 10 the forward flow port andipbhe point of dilution was 4
seconds and 3 mnutes, respectively. After dilution, the finishing
reaction stream wasateferning @a@BREMighing reapidica etirean abatan anident

80- 105 [y r] C andy ?dggfygfgugadﬁ Mactor;0f 70 m nutes. The finished aqueous
hydr ol yzat e produc contained less than 0.01% anm de and nitrile. The

fini shed agqueous hydrol yzate product color was 7.5 on a Gardner scal e.
EXAMPLE 43 hydrblyzimga24h&ﬂrouyfﬁrmethuithinhmtaaamideﬁcanﬁaihed)in.20
CSTR'as shown in Eh@a ?.iﬂiynﬁﬂ,- %eacelaﬁl ééféérﬁli:f- gaahaamde # form

an aqueous hydrol nce tlne nutes I n

The GSTR at 50 [efipts Tepeter o peiyBe o ritiahadt agneong, J;Ae?eaaﬂe The
residence tine  progactheontpiadng Bylydroxystmetthylehicbutanagic adiati on
zone
45 the sum of the residence time of said circulating stream
in said circulation zone upstream of said forward flow
port and the residence time of said nitrile hydrolysis
reactor product stream downstream of said forward flow
point prior to dilution being sufficient to substantially
50 extinguish residual 2-hydroxy-4-methylthicbutanenitrile
prior to the dilution of said nitrile hydrolysis reactor
product stream.

62. A process as set forth in claim 61 wherein said
nitrile hydrolysis reactor product stream is diluted with
water in said continuous amide hydrolysis reactor.

63. A process as set forth in claims 59 or 61
wherein the residual 2-hydroxy-4-methylthiobutanenitrile
in said nitrile hydrolysis reactor product stream at said
point of dilution is not greater than about 0.01 wt%

5 based on the sum of the 2-hydroxy-4-methylthiocbutanamide
and 2-hydroxy-4-methylthiocbutanoic acid contained in said
product stream.

64. A process as set forth in claims 59 or 61
wherein the residual 2-hydroxy-4-methylthiobutanenitrile
in said aqueous hydrolysis mixture exiting said nitrile
hydrolysis reactor is at least about 0.05 wt® based on

5 the sum of the 2-hydroxy-4-methylthiobutanamide and 2-
hydroxy-4-methylthiobutanoic acid contained in said
aqueous hydrolysis mixture.
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was 4 seconds and 3 m nutes, respectively. After di Iutlon
finishing reaction streamwas fed to t he PFR whi ch operat ed

adi abatically at 79-104 [err]C and a 30 residence tinme of 70 m nutes.
The fini shed aWQR6{49630 hydrol yzat e product contai ned 0. 018HHPO8%Hd
| ess than 0.01%nitrile. The finished aqueous hydrol yzate product
color was 8.5 on a Gardner scale. WD 96/ 40630

PCT/ US96/ 08527 108 82 '
EXAMPLE 44 Nitrile, 96% sulfuric acid and water were fed to a

CSTR as shown in FIG XS vilnpracds® ascis@tnifortheinotlaims 59 put 63 to form

an aqueous hydr ol Yﬁéré‘iri(tt'ﬂeefléfrtfégﬁle Einr aalideassohidE el 1§Z.err1gut es in

the CSTR at 60 [err t he r.ol m xture s not, anal.yzed. The
resi dence time "]“B‘Tt eﬁﬁgb 3@\‘2 tﬂ“?? ure, 9582348 cul ati on

zone upstr eam‘:nt‘culai:ifmr w&rean | qu@rlieaandabnut h&0 4 whrdughout
reaction gone bet V\E’ﬂhté‘f‘réﬂ%\ﬁibﬂ S I%Id thadrbheadtditiMd ofOkagil ution

was 4 seconds and ut r ect) v er dilution, the
fini shing reaction® %’F?‘g'aﬁﬁ%xﬁs ngg Sata circuthtfén Yot upstream of

gaid forward flow port is at least about 3 seconds.

66. A process as set forth in claims 59 or 61
wherein between said forward flow port and said point of
dilution the temperature of said nitrile hydrolysis
reactor product stream is at least about 50 °C and the

5 residence time is at least about 30 seconds.

67. A process as set forth in claim 66 wherein the
‘flow regime in said zone between an inlet of said amide
hydrolysis flow reactor and said point of dilution is
turbulent.

68. A process as set forth in claim 61 wherein the

flow regimes and residence times are such as to provide
“the equivalent of at least one sequential back-mixed
reaction zone in a nitrile extinction reaction region

5 comprising the portion of said circulation zone upstream
of sald forward flow port and a forward flow reaction
zone within which said nitrile reactor product stream
flows between said forward flow port and said point of
dilution or said continuous amide hydrolysis reactor.

69. A process as set forth in claim 61 wherein the
flow regimé in a: forward flow reaction zone within which
said nitrile reactor product stream flows between said
forward flow port and said point of dilution or said

5 continuous amide hydrolysis reactor is laminar, and the
' flow regime and residence time are such as to provide the

N
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t he PFR which operated adi abatically at 79-104 [err]C and a “ﬂ
time of 70 mnutes. The finished agueous hydr ol yzat e promll“]mm "lmul“l )
| ess than 0.01% ami de and 15 nitrile. The finished aqueous hydfollyzdtes *

product col or was 8.5 on a Gardner scale.

EXAMPLE 45 Nitrile, 96% sulfuric acid and water were fed to a
CSTR as shown iWOPH/@63® giving a 1.0 acid/nitrile nolar 20 PEVUP6N852F or m
an aqueous hydrolysis mxture. After a residence tinme of 37 mnutes
in the CSTR at 60 [err]C, the hydrol ysis m xture contai ned 0.04%
nitrile and 40% am de by wei ght. The regpgence tinme of the aqueous
hydr ol ysi s m xture in the circul ati on zone upstreamof the forward 25

flow port and in tlequivavent of ey leasti onezsegudmiiscback-mikée fenowvich
flow port and the p ggti fsguétgéfygfga§ 4w reactfiPYHeand 3 mnutes,
Il u e }lnisﬁlng reacti

respectively. After on streamwas fed to
t he PFR whi ch operated adi abatically at 77-102 [err]C and a residence

time 30 of 70 m nut es70. The grovesscasagacotsrity dirnicladine ppodricér

contai ned 0.01% angg r%guc{-_ﬁg}é@%'}& W%‘ﬂtﬁih'é‘auf %gnige hy&%‘irggfﬁ' £low

aqueous hydrol yzate pro sca
WO 96/ 40630 reactor is controlled to malntaiqxgﬂmgsggpéggg¢ aqueous

hydrolyzate product at a color of less than about 10 on
the Gardner scale.

71; A process for the preparation of 2-hydroxy-4-
methylthiobutanoic acid or a salt thereof comprising:

introducing 2-hydroxy-4-methylthiobutanenitrile and an

-aqueous mineral acid into an aqueous hydrolysis mixture
5 comprising 2-hydroxy-4-methylthiobutanamide, mineral

acid, and unreacted 2-hydroxy-4-methylthiobutanenitrile;

hydrolyzing 2-hydroxy-4-methylthiobutanenitrile in said
hydrolysis mixture in a continuous nitrile hydrolysis
reactor comprising a back-mixed reaction zone and a

10 circulation zone in fluid flow communication with said
back-mixed reaction zone, said circulation zone
comprising a circulating line;

continmuously circulating said aqueous hydrolysis mixture
in a circulating stream that is withdrawn from said back-

15 mixed reaction zone, passed through said circulation zone
and returned to said back-mixed reaction zone, said
circulating stream as withdrawn from said back-mixed
reaction zone containing unreacted 2-hydroxy-4-
methylthiobutanenitrile;

20 removing a portion of said circulating aqueous hydrolysis
mixture as a nitrile hydrolysis reactor product stream
from a forward flow port in said circulation zone and

. This Sheet Has Been Relp
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83 EXAMPLE 46 Nitrilé,. [
acid and water were fed to a CSTR as shown in FIG 2 givi- ﬂﬂ“lﬂ"““""ﬁ””“l
er s x

acid/nitrile nolar ratio to form an aqueous hydrol ysis m xture

ab residence time of 37 mnutes in the CSTR at 60 [err]C, the

hydr ol ysis mxture contained 0.03%nitrile and 40% am de by wei ght .
The residence t MAP6H4P639 he aqueous hydrol ysis mxture in P ﬁé" 7
circulation zone upstream of the forward flow port and in the forward
fl ow reaction zone between 10 the forward flow port and the point of
dilution was 4 seconds and 3 mnutes, raqypectively. After dilution,

t he finishing reaction stream was fed 'to the PFR which oper at ed

adi abatical ly at 77tmsfﬁatrd.i:§ amtﬂaaitasiwehyéralms reaatior/Product es. The
finished agueous hyg{fga*,zg €aR l'g?%rol anﬂy&d ,_Q_.ﬁtélam de and | ess
f I ni she

than 0.01%nitrile. aquéous hydr ol yzat e 'product col or
was 7.5 on a Gardner scal e. EXAMPLE 47
Nitrile, 28% sulfurdidukdng saidvalerilehydrellysis arectorCpradact shorean n

FIG 2 giving a 1. %ﬁ‘.ffl-{ Walbk' é{:ea@éﬁit downs'i:i‘éé:ﬁ 69 Jﬂd”f%%wﬁﬂﬁe

hydrol ysis m xture er a ence tine of, mnutes 1nt CSTR
at 60 [err]C, the Port I"??d?b'?\/’é#% ?n "Egnf?a?‘?l%’d“b HeRMitril e and 37%
am de by wei ght. The residence tine of the aqueous hydrolysis 25
mxture in the circyadigaiagns- ;sﬁ-ra-atethpftﬁpéﬂw ide fcbmeamé& 3{10'
in the forward flow'rg 1 Q nzon et vieen _efo,r fl n
the point of dilut i S finishing reackipn gtyeamin g‘ﬂig@iws Snfter:
di l ution, 3Phe fiow gieacgoretot produte @atfﬁ.néshétk(hquemise hyaRolpzate 30

operated adi abati cahlymade éontlinify rd hydiéxy-iombcPthildianocic acid;

the sum of the residence time of said circulating stream
in said circulation. zone upstream of said forward flow
port and the residence time of said nitrile hydrolysis
35 reactor product stream downstream of said forward flow
port prior to dilution being at least about 20 seconds.

72. A process as set forth in claim 71 wherein the
sum of the reasidence times is between about 30 seconds
and about 5 minutes.

73. A process as set forth in claim 71 wherein the
flow regime in said circulating line is substantially
turbulent, and the residence time of said circulating
stream in said circulation zone upstream of said forward

5 flow port is at least about 3 seconds.

74. A process as set forth in claim 71 wherein
between said forward flow port and said point of dilution
the residence time is at least about 30 seconds.

75. A process as set forth in claims 59 or 71
wherein the flow regimes and residence times are such as
to provide the equivalent of at least one seguential
back-mixed reaction zone in a nitrile extinction reaction
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0. 01% am de. and |ess Uhan 0. 01%nitrile. The - © finished aqSZH!ﬂlcﬂﬂﬂLl|||J||||ls||||!|

hydrol yzate product color was 6.5 on a Gar dner scal e.

90 VE CLAI M . 1. A process for the preparation of 2-3ydroxy-4-
met hyl t hi obut anoi ¢ acid or a salt thereof conprising: I ntroduci ng an
aquegus mi ner aWOL3P nt o a nitrile hydrolysis react or cBRHVSW0837,
continuous stirred tank reactor; 5 introduci ng _

2- hydr oxy-4- et hyl t hi obutanenitrile into said nitrile hydrolysis
reactor; continuously hydrolyzing 2- hudioxy-4-met hyl t hi obutanenitrile
within said nitrile hydrolysis reactor to produce a nitrile hydr ol ysi s

reactor product stegidencosmprising the  porgion- of csaivkicdiycubathon anome de;

conti nuously intr Qgeehratm\et csa ) Eoradd ELbk! Softy G %S Edrwardl 886Gk OF
product stream | ntr%a%@.i%{'ln ggneh yvgft(i'lli%s Iwiifc!l'logvaig a:‘f:{toxrf;e reactor product
stream flows between said forward flow port and said

point of dilution.

76. A process as set forth in claims 59, 61 or 71
wherein an external heat exchanger is positioned in said
circulating line. . '

77. A process as set forth in claim 76 wherein said
forward flow port is positioned in said circulating line
upstream of said external heat exchanger.

78. A process as set forth in claim 76 wherein said
aqueous mineral acid is introduced into said aqgueous
hydrolysis mixture at a port positioned in said
circulating line downstream of said external heat
exchanger.

79. A process as set forth in claims 59, 61 or 71
wherein said nitrile hydrolysis reactor product stream is
transferred to said point of dilution via a vertical
downcomer line.

80. A process as set forth in claims 61 or 71
wherein said agqueous mineral acid, said water stream and
said nitrile hydrolysis reaction product stream are mixed
to form the finishing reaction stream that is introduced

5 into the amide hydrolysis flow reactor. |

81. A process as set forth in claims 34, 59 or 80
wherein the molar ratio of mineral acid to 2-hydroxy-4-
methylthicbutanenitrile added to said nitrile hydrolysis
reactor being between about 0.6 and about 1.5, and the

5 overall molar ratio of mineral acid to 2-hydroxy-4-

T




W thin said am de hydrol ysi s lowreactor 1o producs a i1} ﬂlllﬂﬂllﬁﬂlﬂl{lllll i

hydr ol yzat e product containi ng 2-hydroxy-4- nmet hyl t |obutan0|e aei gt

2. The process as set forth in claim1 wherein said wat er and said
‘nitrile hydrolysis reactor product stream are m xed to forma finishing
reaction strd¥ ﬂﬁw that the hydrol ysi s of PCT/Ubaslosszt

2- hydr oxy-4-nmet hyl t hi obut anam de is 5 substantially conpleted as said
finishing reaction stream fl ows through said am de hydrol ysis fl ow
react or. 3. The process as set to2th in claim2 wherein said
nitrile hydrolysis reactor product streamis diluted with said wat er

before sai d nitrmeshulthighutanendseide bebem detwersaabput 0.7 iand adpgutd

into said am de Rygrolysis flow reactor.

91 4. The process as set forth in claim2 wherein said wat er g
streamis heated before being introduced into a m xer for di luting said-
nitrile hydrolysis reB2tor® RuRRess 38r 8ak forthyiph chader 81 ovtenedns she

finishing reacti glatr AUt Ri®4eAl acid to 2-hydroxy-4-
methylthiobutanenitrile added to said nitrile hydrolysis
reactor is between about 0.8 and about 1.2, and the
5 overall molar ratio of mineral acid to 2-hydroxy-4-
methylthicbutanenitrile is between about 0.9 and about
1.2,

83. A process as set forth in claims 59 or 71
wherein the flow regime in a forward flow reaction zone
within which said nitrile reactor product stream flows
between said forward flow port and said pcint of dilution

5 is laminar, and the flow regime and residence time are
such as to provide the eguivalent of at least one
sequential back-mixed reaction zone in said forward flow
reaction zone. .

84. A process as get forth in claims 69 or 83
wherein the flow regime and residence time are such as to
provide the equivalent of between about 2 and about 3
sequential back-mixed reaction zones in said forward flow
5 reaction zone.

85. A process as set forth in claims 59, 61 or 71
wherein the flow regime in a forward flow reaction zone
within which said nitrile reactor product stream flows
between said forward flow port and said point of dilution

5 is turbulent, and the flow regime and residence time are
such as to provide the equivalent of at least one
sequential back-mixed reaction zone in said forward flow
reaction zone.
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5 | i qui d phase separati on. 5. A process for the
2- hydr oxy- 4- net hyl t hi obutanoic acid or a salt thereof -c mmm.E Eu I IIII

i ntroduci ng an aqueous mneral acid into a nitrile hydrol yS|

conprising a first continuous stirred tank reactor; 5 I'nt roduci ng

2- hydr oxy-4-net hyl t hi obutanenitrile into said nitrile hydr ol ysi s .

react or; WOR64P630ous| y hydrol yzi ng 2- hydroxy-4- net hyl t hPEBDUSMER7 ri | e

within said nitrite hydrolysis reactor to produce a nitrile hydr ol ysi s

reactor product stream cont ai ni ng 2-hydroxy-4- 10 nethylthiobutanam de;
continuously introducing said nitrile hydrolyysi s reactor product stream

exiting said nitrile hydrolysis reactor and wat er into a continuous

am de hydrol ysi s react @6.CORpproteds as setscomali Dondlidineusost sLred ank

reactor such that t a h 1
2- hydr oxy- 4- net hyl t hi ogét gﬁ%?n gé&%g%%u #&% gdrdo yzate lprmfmcﬁydr ol ysis,
reactor product s esShpR, BP\aRart # oe%%‘l%ﬂd contl nuous stirred

tank reactor to forma finishing reactlon stream conti nuously
introducing said finising hegehbdi Sl 820 EBEEn 26 A ANI8ohYEE 0Ly sy 1 ow
reactor; and wherein the flow regime and residence time are such as to
provide the equivalent of at least two sequential back-
mixed reaction zones in said amide hydrolysis flow
5 reactor.

88. A process as set forth in claims 59, 61 or 71
wherein the flow regime and residence time are such as to
provide the equivalent of at least 35 sequential back-
mixed reaction zones in said amide hydrolysis flow

5 reactor.

89. An aqueous hydrolyzate composition used in
preparing concentrated aqueous. solutions of 2-hydroxy-4-
methylthiobutanoic acid as a methionine supplement, said
composition comprising at least about 36 wt.% 2-hydroxy-

5 4-methylthiobutanoic acid, at least about 18 wt.%
ammonium salt, at least about 15 wt.% water, up to about
0.05 wt.%¥ amide and up to about 0.05 wt.% nitrile, said
composition having a color of not more than about 10 on
the Gardner scale.

90. A composition as set forth in claim 89
including at least about 30 wt.% ammonium salt and at
least about 25 wt.% water.

91. A composition as set forth in claim 89 wherein
. the color of said composition is between about 5 and
about 10 on the Gardner scale.

92. An aqueous hydrolyzate composition used in
preparing concentrated aqueous solutions of 2-hydroxy-4-
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continuously hydrolyzing 2-hydroxy-4-methylthiobutanan de :

am de hydrolysis flow reactor to produce a. finished aq Il'ml "Il “Iﬂﬂlli" IIII
hydrol yzate product containing 2-hydroxy-4- met hyl t hi obutxanei cLacs

6. The process as set forthin clainms 1 or 5 whereln sulfuric acid is
introduced intg said nitrile hydrolysis reactor in an acid stream

havi ng a strendt®¥0¥et ween about 50% by wei ght and abo®CT/PS9¢/18§27

wei ght sul furic acid. 7. The process as set forth in clainms 1 or

5 wherein sulfuric acid is introduced into said nitrile hydr ol ysi s
reactor in an acid streamhaving a strength gfg bet ween about 70% by

wei ght and about 99% by wei ght sulfuric acid, and said 5 acid streamis

conti nuously i ntr e thiobutdnoic radisl as Iaytieohjteﬁfné afpplemeAt s Usd £at | Y

with a vater streaffdnedHyarol ubtelddniudiBavhagsdy U [EAGLNOST et veen
n Pasi s

about 50% by wei g 70% wel g t on an organi c-f

within sai d t’é‘?ﬁe %ggygflstl? ép%‘&ner scale. 8. The process as set
forth in clains 1 or 5 wherein at 1 east about 90% of

2- hydr oxy-4- et hyl t hi obutanenitrile is converted to

2- hydr oxy- 4- et hyl t hi obut anam de within said nitrile hydrolysis
reactor.
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9. The process as set forth in clains 1 or 5 wherein sai d aqueous
mrneral acid is sulfuric acid and the nolar ratio of sulfuric acid to
2- hydr oxy- 4- net hyl t hi obut anenitrile introduced into said nitrile

hydrol ysis reactor is between 5 about 0.6 and about 1.5. 10.
The process as set forth in clains 1 or 5 wherein sai d aqueous m neral
acid is sul furi VO3S nd the nolar ratio of sulfuric acf&F@@ﬂ”mﬂﬂ7

2- hydr oxy- 4- net hyl t hi obut anenitrile introduced into said nitrile

hydrol ysis reactor is between 5 about 0.9 and about 1.2. 11
The process as set forth in clainms 1 or 5 wherein the nolar ratio of
sulfuric acid to 2-hydroxy- 4- met hylx Wi®but anenitrile introduced into
said nitrile hydrol ysis reactor is between about 1.0 and about 2.0
during ' .93 5 t he period between
start~up of the process until steady state conditions a&® establishe

in said am de hydrolysis flow reactor, and thereafter sa\d nolar ratifo
of sulfuric acid to 2-hydroxy-4-net hvl t hi obutanenitrile

about 0.6 and§  about 1.5.

2 < .
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12. The process as set forth in clains 1 or 5 wherein the nolar ratio

of-sul furic acid to 2-hydroxy- 4- nmet hyl t hi obut anenitrile introduced
into said nitrile hydrol ysis reactor is between about 1.0 and about 1.5
during 5 the period between start up of the process until steady state
conditions are established in said am de hydrolysis flow reactor, and
thereafter sai d WBP##3ti o of sulfuric acid to PCT/US96/08527

2- hydr oxy- 4- net hyl t hi obut anenitrile is between about 0.9 and about 1. 2.
13. The process as set forth in clains 1 or 5 wherein the ratio of the
rate of mneral acid flowinto said amde _ hydrolysis flow reactor to
the rates of 2-hydroxy-4- met hyl t hi ob@ A@ni de and

2- hydr oxy-4- et hyl t hi obut anenitrile 5 flowinto said am-de hydrol ysis
flow reactor is controlled to provi de an excess of at |east 5% nol ar
excess mneral acid than is stoichionmetrically equivalent to

2- hydr oxy- 4- nmet hyl t hi obut anam de and ot

2- hydr oxy- 4- net gyl t hi obut anenitrile i ntroduced into sai @ am de
hydrol'ysis fl owreactor. 14. The process as set TOg

13 wherein m nefa acT o ' Ty T et f
i nt roduced nto said nitr
effective to prpvide said excess in | | ow reactor. .
15. The processjas set forth in clai s said finished
aqueous hydrol y}ate product producedjurffet? @ # condisi ons at
the exit of saifl am de hydrol ysis i east about
36 wt. % 2- hydr oky=4-
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5 net hyl t hi obut anoi-c acid, at |east about 18 wt.% amoni um sal t,

94 at | east about 20 wt.% water, up to about 0.05 wt.% am de and

up to about 0.05 wm.%nitrile. 16. The process as set forth in
claim 15 wherein said fini shed aqueous hydrol yzate product produced
upon start up of t he process conprises up to about 0.05 wt.% am de and
up to abouVoB/#83%t oo nitrile. 17. The procesBCHESYMS2T o t 1
inclains 1 or 5 wherein said nitrile hydrolysis reactor product .
conprises up to about 16 wt. % 2- hydr oxy- 4- net hyl t hi obut anoi ¢ acid, up
to about 12 W . % amonium salt, at |east about 6 w.%water, at |east 5
about 30 wt.% anm de and up to about 2 wg %gitrile. 18. The
process as set forth in claim5 wherein said am de hydrolysis flow
reactor is a plug flow reactor, and the flow of said finishing reaction
stream t hrough said plug flow reactor is turbulent. 19. The

process as set forth in claim5 wherein said Q
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nitrile hydrolysis reactor product streamis diluted wth said wat er
before said nitrile hydrolysis reactor product streamis I ntroduced
into said continuous am de hydrol ysis reactor. 20. The process
as set forth in clains 2 or 5 wherein said am de hydrolysis flow
Teactor conprises a packed colum reactor and said finishigg rgggtion
stream fl ows tWO eA§6s0sai d packed columm reactor at or a L)
threshold velocity of 5 said packed col unm reactor. 21. The
process as set forth in clains 2 or 5 wherein said am de hydrolysis
flow reactor conprises a pipeline re%??r and said finishing reaction
stream noves through said pi pel i ne reactor in turbulent flow.

95 22. The process as set forth in claim?21 wherein said .

am de hydrol ysis fINQ or_is operated at_a Reynalds nuoher greatgar
t han about 3, e procesy as set forth ip claim?21

wherein sai d ACID € drojy < ctor is operated al a Reynol dp
nunber grm[E-t-th bpu
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24. The process as set forth in clains 1 or 5 wherein said am de

_hydrolysis flow reactor is a plug fl ow reactor operated at a Pecl et
nunber of at |east 50, a peak tenperature of about 90 to about 120
[err]C and a residence tinme between about 5 30 and about 90 m nutes.

«25. The process as set forth in clains 1 or 5 wherein said am de

hydrol ysis f| qud6R@edor operates substantially adi abat i c BFT/Soenssz7

26. The process as set forth in clains 1 or 5 wherein sai d am de

hydrol ysis fl ow reactor operates substantially i sot hermal | y.

27. The process as set forth in clainms 1 or 5 wherein said am de

hydrol ysis flow reactor operates adi abgtyqpl |y and autot hermal | y.

28. The process as set forth in clains 1 or 5 wherein 2-

hydr oxy- 4- met hyl t hi obut anoic acid is recovered by neutralizing. sai d

fini shed aqueous hydrol yzate product to forman organic phase cont ai ni ng
2- hydr oxy-4- et hyl t hi obut anoi ¢ acid and an 5 aqueous phase, and separating °
sai d organi c phase and said aqueous phase to recover

2- hydr oxy- 4- et hyl t hi obut anoi ¢ aci d. 29. The process as set forth
inclains 1 or 5 wherein vapor em ssion omthe process are not
greater than about 0.5 scf per 1000 ] : oduct

2- hydr oxy- 4- met hyl t hi obut anoi id.
ydr oxy- 4- met hyl t hi obu an0|c:: aci o
i . R
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96 30. The process as set forth in claim29 wherein vapor

em ssions fromthe process are not greater than about 0.3 scf per 1000
| bs. 2-hydroxy-4-nmnethylthi obutanoi c aci d. - 31. The process as
set forth in claim5 wherein at |east about 80% of
2- hydr oxy- 4- met hyl t hi obut anam de fornmed in said nitrile hydrolysis
reactor is conwerdemanesdo 2- hydroxy-4- met hyl t hi obut anoi cPEHPSP6ARZRI n
said continuous amde 5 hydrolysis reactor. 32. The process as
set forth in claim9 wherein said continuous am de hydrol ysis reactor
is operated at a t enper at ure rangi ng ér{og about 70 [err]C to about 120
[err] C. 33. The process as set fofth in claim5 wherein said
aqueous m neral acid, sai ter stream and saLg nitrile- hydr ol ysi s
reacti on product stream areém xed to forman amjde hydrolysis m xture
that is introduced into the continuous 5 am de drolysis reactor.
WATER i
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34. A process for the preparation of 2-hydroxy-4- met hyl t hi obut anoi c

acid or a salt thereof conprising: I ntroduci ng an aqueous m ner al
acid and 2- hydroxy-4- met hyl t hi obutanenitrile into a nitrile hydrol ysis
reactor; 5 continuously hydrol yzi ng 2-hydroxy-4-nethylthi obutanenitrile
Within said nitrile hydrolysis reactor to produce a nitrile hydr ol ysi s
react or producwosss4e6smn cont ai ni ng 2- hydr oxy- 4- nmet hyl t hi BOTUSIsHAs2de;
continuously introducing water, aqueous mneral acid, and said 10 nitrile
hydrol ysi s reactor product streaminto an am de hydrol ysis fl ow
reactor; and 97

conti nuously hydrolyzing 2-hydroxy-4-nenyj)!ﬁiobutananide within said
am de hydrolysis reactor to produce a finished aqueous hydrol yzate
product contai ni ng 2-hydroxy-4- 15 nethylthi obutanoic acid.

35. A process as set forth in claim34 wherein the nol ar rati o of

m neral acid to 2-hydroxy-4-nethylthiobutanenitrile
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added to said nitrile hydrolysis reactor is between about 0.5 and
about 0.95, and the overall nolar ratio of mneral acid to 5

2- hydr oxy-4-nmet hyl t hi obutanenitrile i s between about 0.6 and about
0. 95. 36. A process as set forth in claim35 wherein the nol ar
ratio of mneral acid to 2-hydroxy-4-nethylthiobutanenitrile added to
said nitrile hwrwHM9e8ds reactor i s between about 0.8 anBCHUS6108827 95,
and the overall nolar ratio of mneral acid to 5
2- hydr oxy-4- et hyl t hi obutanenitrile is between about 0.85 and about
0. 95. 37. The process as set forth in claim34 wherein said
nitrile hydrolysis reactor conprises a 8i /@ continuous stirred tank
reactor, 2-hydroxy-4-nethylthiobutanenitrile is conti nuously
hydrol yzed within said nitrile hydrolysis 5 reactor, said nitrile
hydr @l ysis product streamis introduced into said am de hydrolysis
reactor which conprises an am de ghydrol ysi s | owg eact or, -arsy
2- hydr oxy- 4- net hyl t hi obut anani de i s continugusly fhydrol yzed ™ t hi n
sai d*anmi de hydrolysis flow req&tqr. cess as set
forth in claim 34 wherein said ni reactor konprises a
first continuous stirred tank\ged
2- hydr oxy-4-net hyl t hi obutanenitril & S zed within
said nitrile hydrolysis 5 reacto@ﬁ S ctor
product streamis i ntroduced idtg ysi s
‘react or conprising a second coftijnuous , 2-
hydr oxy- 4- met hyl t hi obut anam de i s Qgpqinuousl i
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98 Wi thin said second continuous stirred tank reactor to forma 10
ftnishing reaction stream said finishing reaction streamis

introduced into said am de hydrol ysis reactor which conprises: an am de
hydrolysis flow reactor, and said hydrolysis of 2-
hydr oxy- 4- met hyl t hi obut anam de is substantially conpleted as sai d
fini shing reactWep4P630cam f| ows t hrough sai d ami de 15 hydr ol yedTRUsbé/ense7
reactor. 39. A process for the preparation of 2-hydroxy-4-
met hyl t hi obut anoic acid or a salt thereof conprising: concurrently
i ntroduci ng 2- hydr oxy-4-net hyl thi obutanenitrile, a concentrated
sul furic acid stream having a strengt @of @ 5 bet ween about 70% by wei ght
and about 99% by wei ght, and wat er into a vessel in which
2- hydr oxy-4- et hyl t hi obutanenitrile is hydrol yzed, water and sulfuric
aci d ~bei ng added in such relative proportions so as to provide a
m xture conpri sing sul furic acid having a strength between about 50%
and apout 10 70% by wei ght on an organic-free basis; hydr ol yzi ng
2- hydr oxy- 4- et hyl t hi obut anenitrile within said vessel t¥ produce a
nitrile hydrolysis product stream cont ai ni ng
2- hydr oxy- 4- met hyl t hi obut anam de; and *&
'l
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hydr ol yzi ng 2-hydroxy-4-nethy|thiobUtananide to produce a 15 finished
aqueous hydr ol yzat e product containi ng 2-hydroxy- 4- nmet hyl t hi obut anoi c
acrd. 40. The process as set forth in claim39 wherein said

vessel is a nitrile hydrolysis reactor conprising a first

conti nuous

stirred tank reactor, 2-hydroxy-4- met hyl t hi obutanenitrile is
continuously hydrolyzed within said 5 nitrile hydrolysis reactor, said
nitrile hydrolysis product streamis introduced into an am de
hydrol ysi s ProduceadBh of congigtemyduehity- ferhyse Himlieapxepdratdon

continuousl ¢ anifudr ebraedubliBindntal.d am de hydrol ysis flow reactor.
99 41. The process as set forth.,in claim 39 wherein said

vessel is a nitriPe RGEPERPRFE rEhieh o2 céipetsi AGPacki ref the -pressBSus
stirred tanknveaetioh, ZhéydrdX\prbvided Eephytbbboboi ajlanigrdpagdtion of

' I I d within,said 5 nitrile hydrolysi i.d
i rile hydtoryerexyacrar nEnBhiikRpodh) AR (4 r dHucBdLFn BIgTEOF

conti nuous epmgeisinghydrol ysis reactor conprising a second continuous

stirred tangnt

hydrol yzed wthin said sec continuous stirre

rodhBIREOLn ZaSIO IR MXl bhi gbytanaT.da J syaoasiaygusl y

tank reactor

fini shing reeecten seMPEAEing @ CORtinvAysr skétred tanksreaghrrs introduced

into said

into an am darhydueling S2 ihpd-&624Ch Ohethylthiobutanenitrile

nitrile hydrolysis reactor;

continuously hydrolyzing 2-hydroxy-4-methylthiobutanenitrile
within said nitrile hydrolysis reactor to produce a nitrile
hydrolysis reactor product stream containing 2-hydroxy-4-
methylthiobutanamide;

continuously introducing water and said nitrile hydrolysis
reactor product stream into an amide hydrolysis flow reactor;
and .

continuously hydrolyzing 2-hydroxy-4-methylthiocbutanamide
within said amide hydroiysis flow reactor to produce a
finished aqueous hydrolyzate product containing 2-hydroxy-4-
methylthiobutanoic acid.

In accordance with a second aspect of the present
invention, there is provided a process for the preparation of
2-hydroxy-4-methylthiobutanoic acid or a salt thereof
comprising:
introducing an aqueous mineral acid into a nitrile hydrdlysis
reactor cbmprising a first continuous stirred tank reactor;
introducing 2-hydroxy-4-methylthiobutanenitrile into said
nitrile hydrolysis reactor;
continuouslyhydroleing2-hydroxy—4—methylthiobutanenitrile
within said nitrile hydrolysis reactor to produce a nitrile
hydrolysis reactor product stream containing 2-hydroxy-4-
methylthiobutanamide;
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and sai d hydrol ysi s of 2-hydroxy-4-nethylthi obutanam de is

substantially conpleted as said finishing reaction stream fl ows through
sard am de hydrol ysis flow reactor. 42. The process as set forth
inclains 1, 5 or 39 further including recovering
2-hydroxy-4-nethy|thiobutanoic acid 6r a salt or derivative thereof
fromsaid finished aqueous hydrol yzate product. 43. The
process as set forth in clainms 1, 5 or 39 wherein

2- hydr oxy- 4C@BFHWPH|SéUuthﬂ6¥@d‘a@?-@Igl Sk onéEtdlpy hydrekysiet rggctor

2- hydr oxy- 4 preaiwh! Rirdisd ot ; dséi&”hﬁ@fﬂle hy8+81958d 28HEEHS and
hydr ol yzat e produ cess as set forth in cl.ai,m 39

wher ei n vap¥pter 1QFPS§189§tFPHﬁWFh€mB§GCé§§IQ ISRt TGPELOCET CORRF1848% 0.5
scf peraloaacbha pondiiatiodshyst Dxyed- neaﬁwltfaaﬂnﬁfuusubﬁunuhat a

45. An apparat se [ocgss f0n r

2- hydr oxy- 4SHE % Ftﬁlgbu§§%8%%BEC|§% con&?d& % -a-Rie E%V ?%ﬁ %H%FPﬁW%S?
stirred tanhonQaan@d fior selidl @omﬂud@ohwdrolyhy@r@Eystgroproduct stream
2-hydr oxy- 44 Eehﬁ})ﬂ.ﬁbgfﬁglit i‘ﬂegéia'égcéﬂdti&ntﬁ'ru&se%ﬂl%ég tEhAPLG D

mineral acid to prodlce an_ aqueous ysi's m xture contai ni ng
2- hydr oxy- 4to form,gy }Pﬂﬁh&@&t&ﬁ&ﬁFé@n &ﬁaeéﬁlanlde hydrol ysis fl ow

react or fOfcontlnhbﬁsQ &h&%@dﬁcﬂh§r§é1§lﬁlﬁishlng reaction stream into -
2- hydroxy- 4. ne%gg hhp i@%@% %1ow reactor; and
continuously hydrolyzing 2-hydroxy-4-methylthiobutanamide
within said amide hydrolysis flow reactor to produce a
finished aqueous hydrolyzate product containing 2-hydroxy-4-
methylthiobutanoic acid. _

In accordance with a third aspect of the present
inventioh, there is provided a process for the preparation of
2-hydroxy-4-methylthiobutanoic acid or a salt thereof
comprising:
introducing an aqueous mineral acid and 2-hydroxy-4-
methylthiobutanenitrile into a nitrile hydrolysis reactor;
continuously hydrolyzing 2-hydroxy-4-methylthiobutanenitrile
within said nitrile hydrolysis reactor to produce a nitrile
hydrolysis reactor product stream containing 2-hydroxy-4-
methylthiobutanamide; '
continuously introducing water, aqueous mineral acid, and
said nitrile hydrolysis reactor product stream into an amide
hydrolysis flow reactor; and '
continuously hydrolyzing 2-hydroxy-4-methylthiobutanamide
within said amide hydrolysis reactor to produce a finished
aqueous hydrolyzate product containing 2-hydroxy-4-
methylthiobutanoic acid.

2-hydroxy-4-methylthiobutanocic acid is recovered from
the finished aqueous hydrolyzate product.

In accordance with a fourth aspect of the present
invention, there is provided a process for the preparation of
2-hydroxy-4-methylthiobutanoic acid or a salt thereof
comprising:



100 wi th said aqueous mneral acid to produce a finished agqueous 10

hydr ol yzat e product containi ng 2-hydroxy-4-net hyl t hi obut anoi c aci d.
46. The apparatus as set forth in claim45 further i ncluding a second
continuous stirred tank reactor for receiving water and sai d agueous
hydrol ysis m xture exiting - said fitst continuous stirred tank reactor,
such that gorRegthksitanrt hﬁtr@&ﬁ&iﬁ’@ zaftly&xaycs}thméhwm%wt&@é&ff@m&e
contained in said agueo ysSi s xture is g/drol sal d
cocond corft | FUBGSIEERERGY TR RE1; SLFER AV ing | A SERRIEaceF on

stream ansetiweehydbolysi7TdsofbR- hyllghky ahd abouﬁatimy%tbyomdatl@wn tend s
substanti all.y conpl, e]i__ed as_said % ﬁ_l ni S.hl ng I achl on st_rr%ahm hrough

e in
sai d am dé'h cFonS|s %1 ow' reac S as

set forth metlwlalhndi@ltfmemietrlle nﬁclh}dimg.%zaﬂ,r cuaaerngtrﬂdl rfwlfurlc
circul ating, 4 Qe&ﬂk_&eoéc'&ded 1'?13’0'&191:}{5'1%1%@1% OgrE?rcuﬁi‘BnSX'é oL gsalg first

cont i nuous stirred tank reactor throu% sai at | ng i ne and back
to 5 sai d B49&kde Ghinixiotke Soamprdding,ruldngisr acads Bavard ¢ | ¥wrengthort in

sai d circuleiwdih ldbvut oy Y ishdud POkt beNweighei 8n an GEHAOUS- fysk ol ysi s
m xture tqqforma nitrile hydrolysis react or product stream and a

transfer $or transporting said nitrile hydrolysis reactor product
streamto hqumznig 1@ - hyndrotxiycd - ma.ih@l«:hliobhaahagilth:déeawﬂthﬁhdsa:tdinsf er

g TSRS o IREE) | 7oty ALY ocrean
contalnlng 2 -hydroxy- 4 -methy thlobutanamlde, and
hydrolyzing 2-hydroxy-4-methylthiobutanamide to produce a
finished aqueous hydrolyzate product containing 2-hydroxy-4-
methylthiobutanoic acid.

In accordance with a £fifth aspect of the present
invention, there is provided an apparatus for use in a
process for the preparation of 2-hydroxy-4-methylthiobutanoic
acid, comprising a first continuous stirred tank reactor for
the continuous hydrolysis of 2-hydroxy-4-
methylthiobutanenitrile in the presence of an aqueous mineral
acid to produce an aqueous hydrolysis mixture containing 2-
hydroxy-4-methylthiobutanamide, and an amide hydrolysis flow
reactor for the continuous hydrolysis of 2-hydroxy-4-
methylthiobutanamide with said aqueous mineral acid to
produce a finished aqueous hydrolyzate product containing 2-
hydroxy-4-methylthiobutanoic acid.

In accordance with a sixth aspect of the present
invention, there is provided an apparatus for use in a
process for the preparation of 2-hydroxy-4-methylthiobutanoic
acid, comprising a first back-mixed reactor for the
continuous hydrolysis of 2-hydroxy-4-methylthiobutanenitrile
in the presence of an agqueous mineral acid to produce an
agqueous hydrolysis mixture containing 2-hydroxy-4-
methylthiobutanamide, and an amide hydrolysis flow reactor
for the continuous hydrolysis of 2-hydroxy-4-
methylthiobutanamide with said agqueous mineral acid to



prior to dilution of said nitrile hydrolysis reactor product stream

48.. The apparatus as set forth in claim45 further I ncl udi ng a m xer
for mxing a water streamand said nitrile hydr ol ysi s reactor product
streamexiting said first continuous stirred tank reactor to forma

finishing reaction 5 stream and di schargeng said finishing reaction stream

101" %y R KRR oL RRCh OBt e S R Y i g 2

said fini shlh@WQMﬁtﬁtymﬁbmqwa@kﬁ sai d am de hydrol ysis flow
reactor. In éacoIaaneep%ﬁwsaasséﬁénéwr5B3éetclﬁ ”\:ﬂé wWhet £dfy said
nitrile hydrolysis reactor conprises_an inlet

roxy- 4-
met hyl t hi obdt BI04 &hexie LA EFOT’bﬁie@o?ﬁéﬁ?ﬂqeﬁ%éoﬁi Ebﬁaprepar%van 2h

inlet for wa-eiydrsiypanschwltiivisidhdractacidorob & Xisadt thereof
2- hydr oxy- 4- net hyl t.hi obutanenitril e, concentrated m neral acid and
water in pro LIf]tﬁfsn%mted for hydrolysis of

2- hydr oxy- 4-ingttpdudiimgput 2rdryidpoxlye 4-ae2hiyfdhdoputanenitrile and an

met hyl t hi Ob"é{cﬁﬂ?dﬂéiemineral acid into an aqueous hydrolysis mixture
comprising 2-hydroxy-4-methylthiobutanamide, mineral acid,

and unreacted 2-hydroxy-4-methylthiobutanenitrile;
hydrolyzing 2-hydroxy-4-methylthiobutanenitrile in said
hydrolysis mixture in a continuous nitrile hydrolysis reactor
comprising a back-mixed reaction zone and a circulation zone
in fluid flow communication with said back-mixed reaction
zone, said circulation zone comprising a circulating line;
continuousgly circulating said aqueous hydrolysis mixture in
a circulating stream that is withdrawn from said back-mixed
reaction =zone, passéd through said circulation zone and
returned to said back-mixed reaction zone, said circulating
stream as withdrawn from said back-mixed reaction zomne
containing unreacted 2-hydroxy-4-methylthiobutanenitrile;
removing a portion of said circulating aqueous hydrolysis
mixture as a nitrile hydrolysis reactor product stream from
a forward flow port in said circulation zone and transferring
said nitrile hydrolysis reactor product stream to an amide
hydrolysis flow reactor;

diluting said nitrile hydrolysis reactor product stream with
water at a point downstream of said forward flow port to
provide a finishing reaction stream; '
hydrolyzing 2-hydroxy-4-methylthiobutanamide contained in
said finishing reaction stream in said amide hydrolysis flow
reactor to produce a finished aqueous hydrolyzate product
containing 2-hydroxy-4-methylthiobutanoic acid;

the sum of the residence time of said circulating stream in
said circulation zone upstream of said forward flow port and
the residence time of said nitrile hydrolysis reactor product
stream downstream of said forward flow port prior to dilution



50. An apparatus for use in a process for the preparation of

2z hydr oxy- 4- net hyl t hi obut anoi ¢ acid, conprising a first back-m xed
réactor for the continuous hydrolysis of 2- _

hydr oxy- 4-met hyl t hi obutanenitrile in the presence of an 5 aqueous m neral
acid to produce an aqueous hydrolysis n¥kture contalnlng

2- hydr oxy- ‘ﬁ:e&%bhylsﬁﬁfQQEéﬁBa@odesuBQQaﬁé‘hé‘glg oxpidBll veLs, flow react of

for the contindous hydrolysis of 2- h|o ARanidde with
sai d aqueot¥ ORI 4-Medihyl thighwtanemidaid eflnﬁlsm”edt@qtlb©u§lﬂydnohyz:aie

product cogbdidninigrile AyiRtdnuhi=treRidhrdt Eix%‘thfc%n%'t(ie%?d d. 51
The appar at us a set foréh in clai.m50 furtt i ncl udi ng a second
back- m xed reac 6’r FOFOFeRBrTi Mkt & ShePth ashsFtagREoudiay @rssests

m xture exﬁnwngts@md theze baqkrwnidﬁﬂ a prb&é@bOforSthél%f&ﬁaﬁhﬂi%ﬁ§kﬁﬂt'a'
nt ai ne eous
oL o 2L e Ay TEMAL BRI TS 0 S SneD S0

hydr ol ysi s yzed T h sai d’seco r to
forma flnF§WPﬁ@Sﬂéabt|on stream and the hydrolysis of 2-

hydr oxy- 4- Aak sk elut aga d?ok? &Uﬁééﬁpitﬁiéﬂﬁ&ﬁ@ﬁf&ﬁ 8S  anq Saig

finishing reaction sire hr ough sald am de ronS|s fl"ow
react or. ? aglieous ml%%rnif HhatBbas 3% 3gHePBRt MYdrelvs s Soixtaredi ng a

C|rculat|ngompm¢sﬁmg(24hydfﬂxywnéMﬂﬂhﬁﬂhh%bbhﬂ&ﬁHﬁldéﬂSmlneral acid,

102 and unreacted 2-hydroxy-4-methylthiobutanenitrile;
hydrolyzing 2-hydroxy-4-methylthiobutanenitrile in said
hydrolysis mixture in a continuous nitrile hydrolysis reéctor
comprising a back-mixed reaction zone and a éirculation zone
in fluid flow communication with said back-mixed reaction
zone, said circulation zone comprising a circulating line;
continuously circulating said aqueous hydrolysis mixture in
a circulating stream that is withdrawn from said back-mixed
reaction =zone, passed through said circulation zone and
returned to said back-mixed reaction zone, said circulating
stream as withdrawn from said back-mixed reaction zone
containing unreacted 2-hydroxy-4-methylthiobutanenitrile;
removing a portion of said circulating aqueous hydrolysis
mixture as a nitrile hydrolysis reactor product stream from
a forward flow port in said circulation zone and transferring
said nitrile hydrolysis reactor product stream to a
continuous amide hydrolysis reactor;
diluting said nitrile hydrolysis reactor product stream with
water at a point downstream of said forward flow port to
provide an amide hydrolysis mixture;
feeding either said amide hydrolysis mixture, or said nitrile
hydrolysis reactor product stream and water, to a continuous
amide hydrolysis reactor in which a substantial portion of 2-
hydroxy-4-methylthiobutanamide contained in said amide
hydrolysis mixture is hydrolyzed to form a finishing reaction
stream;
transferring said finishing reaction stream to an amide
hydrolysis flow reactor;



solution froman exit of said first back-n xed reactor t hr ough sai d
girculating line and back to said first back-m xed 5 reactor, a forward

flow port in said circulating line for renoving a portion of said
aqueous hydrolysis mxture to form a nitrile hydrolysis reactor product
stream and a transfer line for tréadsporting said nitrile hydrolysis
reactor phod¥ellyzingSt beAPHLExP- @OhQEhQitHinﬁtQHam§§éd &t fdd ng 1 ne
and said 1 transfér line providing additional residence tinme for
substant|§PP9 g%PPﬁ&&PﬁhFﬁ@cFégpdﬁﬁFe?mh&%r%ﬁ@dAW“lde hydrolysis flow

met hyl t hi ebalcarenitid i peoguter at Cfld’i]léﬂdd)rb@ie@@é dhpiitblygate @ity si S

react or prod ct,_str % %p aratus s set forth in claim

50 furthefF°R alnﬁﬁ@]%ghﬁgﬁgﬁ¥;§ePeF&Pi eam and sai d
nitrile the sydr ofyshe resdtdenasr ddmet ceEtlseanh e:nmtcuigt&wgdsftmaejm Hack -

m xed reagtol L9 E0h T3k Qbﬁl%' {}gsEﬁé‘gﬁl'QE‘ %{ aﬂ% Ip spangiyng said
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2-hydroxy-4-methylthiobutanoic acid or a salt thereof
comprising:

introducing 2-hydroxy-4-methylthiobutanenitrile and an
agueous mineral acid into an aqueous hydrolysis mixture
comprising 2-hydroxy—4-methylthiobutanamide, mineral acid,
and unreacted 2-hydroxy-4-methylthiobutanenitrile;
hydrolyzing 2-hydroxy-4-methylthiobutanenitrile in said
hydrolysis mixture in a continuous nitrile hydrolysis reactor
comprising a back-mixed reaction zone and a circulation zone
in fluid flow communication with said back-mixed reaction
zone, salid circulation zone comprising a circulating line;
continuously circulating said aqueous hydrolysis mixture in
a circulating stream that is withdrawn from said back-mixed
reaction zone, passed through said circulation zone and
returned to said back-mixed reaction zone, said circulating
stream as withdrawn from said back-mixed reaction zone
containing unreacted 2-hydroxy-4-methylthiobutanenitrile;
removing a portion of said circulating agueous hydrolysis
mixture as a nitrile hydrolysis reactor product stream from
a forward flow port in said circulation zone and transferring
gaid nitrile hydrolysis reactor product stream to a
continuous amide hydrolysis reactor;

diluting said nitrile hydrolysis reactor.product stream with
water at a point downstream of said forward flow port to
provide a finishing reaction stream;



56. The apparatus as set forth in claimb50 wherein said first

back-m xed reactor conprises an inlet for 2-hydroxy-4-

nethyl t hi obutanenitrile, an inlet for concentrated m neral acid, an
inlet for water, and nmeans within said reactor for 5 mxing

2- hydroxy 4- et hyI t hi obut anenitrile, congéntrated
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by dilution of mneral acid and react]on 2- hydrioxy- 4-
being at least about 20 seconds.

In accordance with a tenth aspect of the present
invention, there 1is provided an agqueous hydrolyzate
composition used in preparing concentrated aqueous solutions
of 2-hydroxy-4-methylthiobutanoic acid as a methionine
supplement, said composition comprising at least about 36
wt.% 2-hydroxy-4-methylthiobutanoic acid, at least about 18
wt.% ammonium salt, at least about 15 wt.% water, up to about
0.05 wt.% amide and up to about 0.05 wt.% nitrile, said
composition having a color of not more than about 10 on the
Gardner scale.

In accordance with an eleventh aspect of the present
invention, there 1is provided an aqueous hydrolyzate
composition used in preparing concentrated agueous solutions
of 2-hydroxy-4-methylthiobutanoic acid as a methionine
supplement, said aqueous hydrolyzate composition having a
color of not more than 10 on the Gardner scale.

In accordance with a twelfth aspect of the present
invention, there is provided a process for the preparation of
2-hydroxy-4-methylthiobutanoic acid comprising:
introducing a mineral acid into a first reactor comprising a
continuous stirred tank reactor;
introducing 2-hydroxy-4-methylthiobutanenitrile into said
first reactor;
continuously hydrolyzing 2-hydroxy-4-methylthiobutanenitrile
within said first reactor while continuously removing heat of
nitrile hydrolysis from the reacting mixture in said first
reactor to produce an intermediate aqueous hydrolysis
solutibn containing 2-hydroxy-4-methylthiobutanamide, the
conversion of 2-hydroxy-4-methylthiobutanenitrile to 2-



nefhylihiobutanenitrile and water in order to maintain a 5 reaction

tenperature for hydrolysis of 2-hydroxy-4- ~ nethylthiobutanenitrile.

59:- A process for the preparation of 2-hydroxy-4- et hyl t hi obut anoi c
acid or-a salt thereof conprising: _introduci ng .
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104 product solution containing 2-hydroxy-4-methylthiobutanoic
acid.

In accordance with a thirteenth aspect of the present
invention, there is provided a process for the preparation of
2-hydroxy-4-methylthiobutanoic acid comprising:

“introducing a mineral acid into a first reactor comprising a
continuous stirred tank reactor;
introducing 2-hydroxy-4-methylthiobutanenitrile into said
first reactor; '
continuously hydrolyzing 2 -hydroxy—4 -methylthiobutanenitrile
within said first reactor'while continuously removing heat of
nitrile hydrolysis from the reacting mixture in said first
reactor to produce an intermediate aqueous hydrolysis
solution containing 2-hydroxy-4-methylthiobutanamide, the
conversion of 2-hydroxy-4-methylthiobutanenitrile to 2-
~methylthiobutanamide in said first reactor being at least
about 90%;
continuoﬁsly introducing the intermediate agueous hydrolysis
solution exiting said first reactor and a water stream into
a second continuous stirred tank reactor such that a
substantial portion of 2-hydroxy-4-methylthiobutanamide
- contained in said intermediate solution is hydrolyzed in the
second continuous stirred tank reactor to form a finishing
‘reaction solution; - ,
continuous introducing the fihishing reaction solution into
a flow reactor; and ' o
contiﬁuously hydrolyzing 2-hydroxy-4-methylthiobutanamide
within said flow reactor while maintaining a substantially
single'phase reaction mixture éubstantially throughout said
flow reactor to produce an aqueous hydrolyzate product
-solution containing 2-hydroxy-4—methylthiobutanoic acid.



IS5 returned to sai.d back-m xed reaction zone, said circulating “stream
as wi thdrawn from sai d back-m xed reaction zone cont ai ni ng unreacted

2- hydr oxy- 4- et hyl t hi obutanenitril e; . renoving a portion of said
circul ati ng aqueous hydrol ysis m xture as a nitrile hydrolysis reactor
product streamfroma 20 forward flow port in said circulation zone and
transferring said nitrile hydrolysis reactor product streamto an

am de hydrol ysis fl ow reactor; diluting said nitrile hydrolysis
reactor product streamw th wat er at %€ poi nt downstream of said
forward flow port to 25 provide a f|n|sh|ng reaction stream

hydrol yzi ng Driek NESCTLRELOR { O QB WEAWIRAZ ont ai ned i n said

finishing reactionpft €M & Na Sa¢Kerdt 1€ f\y@&ﬁkaét%fl% prot&s§tef to
produce a finished aquepus hydrol yzate product cont ai ni ng
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said CIrCU|aIHMBmS£f@@ﬂHMEN waté@]&h@léqm&ﬁét@m Z@{§; upstream of said
forward flow port and he resi depce tlngtele agd nitrile hydrolysis
usheelor

reactor pPoduct FIGst?e%ﬁ1ﬂoﬁﬁg?m%%h?oﬁlg rd PFREEPHERE prior to
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hydr oxy- 4- net lthio tanenlt r,to the di|lution of
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10 exiting a nitrile hydrolysis reactor is converted to HMBA
in a continuous stirred tank reactor and an amide

hydrolysis flow reactor operated in series;
FIG. 4 is a schematic flowsheet of a preferred
process of the type illustrated in FIG. 3 as modified to
15 assure that residual HMBN is substantially extinguished;
FIG. 5 is a schematic illustration of a continuous
stirred tank reactor adapted for conversion of HMBN to 2-
hydroxy-4-methylthiobutanamide while a concentrated
sulfuric acid stream is introduced into the reactor;
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finishing reaction streamthat is introduced into the am T B
flow reactor. 61. A process for the preparati ﬁﬂl'lﬂ"l‘ﬂ/mmmﬂ"
met’hyl t hi obutanoic acid or a salt thereof conprising: * € L M5
105 . i ntroduci ng 2-hydroxy-4-net hyl t hi obutanenitrile and an aqueous
m neral acid into an aqueous hydrol ysi s?fi xture conprising 2- 5
hydroxy-4-ﬂgt€§+#ﬁiobutananide, m neral acid, and unreacted 2-

t

hydr oxy- 4- i obut anenitrile; hydr ol yzi ng

2- hydr oxy- 4- methy| thippdeasefibkr the presatdtion ofMpdholyskg-gixture in a
continuous_njt r#r e t}%%rol )P(fSI S reactor onpri sing a,back-m xed reaction
zone and amEFPEHIRAIBNAPoRE 261di ATrR S Y | RIPEEBOAIW t h sai d

back-m xed reaction zone, said circulation zone conprising a
circulatin ine; . conti nuousl i rcul ating sai.d aguepu )

hydr ol ysi sgﬂ#ﬁ?cﬁ'}cemign ag aqueo&?r‘@h?ﬁﬁzﬁga%at edthd Rafifg 1&Ftﬁ¥i$59\h’?’r%m sai d
back- m xedreactor ezefprdsingne, cpasSedohd raiidretnitdn® redb8biron zone and 15
returned to said back-m xed reaction zone, said circul ating stream as
wi t hdrawn from sai d back-m xed reaction zone cont ai ni ng unreacted

2- hydr &xy- dnteddudiry abbiydrerytarhethylthiobutanenitrile into said

nitrile hydrolysis reactor;

continuously hYdrolyzing 2-hydroxy-4-methylthiobutanenitrile
within said nitrile hydrolysis reactor to produce a nitrile
hydrolysis reactor product stream containing 2-hydroxy-4-

10 methylthiobutanamide;

continuously introducing water and said nitrile hydrolysis
reactor product stream into an amide hydrolysis flow reactor;

and

continuously hydrolyzing 2-hydroxy-4-methylthiobutanamide

15 within said amide hydrolysis flow reactor to produce a
finished aqueous hydrolyzate product containing 2-hydroxy-4-
methylthiobutanoic acid.

2. The process as set forth in claim 1 wherein said
water and said nitrile hydrolysis reactor product stream are
mixed to form a finishing reaction stream such that the
hydrolysis of 2-hydroxy-4-methylthiobutanamide is

5 .- substantially completed as said finishing reaction stream

flows through said amide hydrolysis flow reactor.

3. The process as set forth in claim 2 wherein said
nitrile hydrolysis reactor product stream is diluted with said
water before said nitrile hydrolysis reactor product stream is

introduced into said amide hydrolysis flow reactor.



removing a portion of said circul ati ng aqueous hydrol ysisj ' a
nitrile hydrolysis reactor product streamfroma 20 f@rﬂl!]“l“ll“)mwmmﬂ -
sai'd circulation zone and transferring said nitrilé hydrelysi s"reactor
product streamto a continuous am de hydrol ysis reactor;

diluting said nitrile hydrolysis reactorPlproduct streamwith wat er at

a point downstream of said forward flqow port to 25 rqvi de an am de
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5. A process for the preparation of 2-hydroxy-4-

methylthiobutanoic acid or a salt thereof comprising:

introducing an aqueous'mineral acid into a nitrile hydrolysis

reactor comprising a first continuous stirred tank reactor;

5 introducing 2-hydroxy-4-methylthiobutanenitrile into said

nitrile hydrolysis reactor;

continuously hydrolyzing 2-hydroxy-4-methylthiobutanenitrile
within said nitrile hydrolysis reactor to produce a nitrile
hydrolysis reactor product stream containing 2-hydroxy-4-

10 methylthiobutanamide;

continuously introducing said nitrile hydrolysis reactor
product stream exiting said nitrile hydrolysis reactor and
Water into a continuous amide hydrolysis reactor comprising a
second continuous stirred tank reactor such that a substantial

15 portion of 2-hydroxy-4-methylthiobutanamide contained in said
nitrile hydrolysis reactor product stream is hydrolyzed in
said second continuous stirred tank reactor to form a

finishing reaction stream;

continuously introducing said finishing reaction stream into

20 an amide hydrolysis flow reactor; and

continuously hydrolyzing 2—hydroxy-4—methylthiobutanamide'
within said amide hydrolysis flow reactor to produce a.
finished aqueous hydrolyzate product containing 2-hydroxy-4-

methylthiobutanoic acid.



.35 fini shi ng reaction streamin said am de hydrolysis fl O\;N
produce a finished aqueous hydrol yzate product cont ai n“m"l "Ii,rmjrﬂllimm
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streamis water in s conti nuous am ydrol ysi s
reactor. 63. A process as set forth in clainms 59 or 61 wherein
the residual 2-hydraxypfcl®Bidydd NeRbyLaRBNEATE] Likd) 15S¥ D5 wherBihril e
hydrol ysis reactor product stream at said point of dilution is not

greater t iR fardat agld1ise dperdurash inke sakd Bigrileaydrolysis .
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acid contained in said product stream ) 64. A process as_set
forth in clof Ay yeighteandurbdith 99% by Weightjfuric acid, and said

2- hydr 9xy-#iptidtrbbhi 98UtSREMEIJIS iiAt$3ldced to AHiRDWS thydeol ysis m xture

exiting said nitrile hydrolysis reactor is at |east about _0.05 wt %

based on tHETQ)¥SIE FRRCEOT SOMGHTERFLY- Hethy? t YR SHuEHTERT Y &CahET™

2-hydr oxy-dul furic BeiAYyhéhindd aittiehgtti 8fCbatwediedboutsdiod bgureisht

hydrol ysi s mi xture, . . e :
and about 70% by weight on an organic-free basis within said

nitrile hydrolysis reactor.

8. .The process as set forth in claims 1 or 5 wherein at
least about 90% of 2-hydroxy-4-methylthiobutanenitrile is
converted to 2-hydroxy-4-methylthiobutanamide within said

nitrile hydrolysis reactor.

9. The process as set forth in claims 1 or 5 wherein
said aqueous mineral acid is sulfuric acid and the molar ratio
of sulfuric acid to 2-hydroxy-4-methylthiobutanenitrile
introduced into said nitrile hydrolysis reactor is between

5 about 0.6 and about 1.5.

10. The process as set forth in claims 1 or 5 wherein
said aqueous mineral acid is sulfuric acid and the molar ratio
of sulfuric acid to 2-hydroxy-4-methylthiobutanenitrile
introduced into said nitrile hydrolysis reactor is between

5 about 0.9 and about 1.2.

11. The process as set forth in claims 1 or 5 wherein
the molar ratio of sulfuric acid to 2-hydroxy-4-
methylthiobutanenitrile introduced into said nitrile

hydrolysis reactor is between about 1.0 and about 2.0 during



65. A process as set forth in claims 59 or 61 wherein
in;said circulating line is substantially- t ur bul ent, CH mﬂ ﬂ"mul

of said circulating streamis at | east about 50 [err] roughowt  sa
circulation zone, and the 5 residence tigge of said circulating streamin
said circul ation 107 zone
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bet ween an iaklost O)fSSaI d am de hydr ol ysi s flow reactor and said point of

dilution is turbulent. 68. A process as set forth in claimb6l

wherein the flow regi mes and residence tines are such as to provide the
~ 12. The process as set forth in claims 1 or 5 wherein

the molar ratio of sulfuric acid to 2-hydroxy-4-
methylthiobutanenitrile introduced into said nitrile
hydrolysis reactor is between about 1.0 and about 1.5 during

5 the period between start up of thé'process until steady state
conditions are established in said amide hydrolysié flow
reactor, and thereafter said molar ratio of sulfuric acid to
2-hydroxy-4-methylthiobutanenitrile is between about 0.9 and.
about 1.2.

13. The process as set forth in claims 1 or 5 wherein
the ratio of the rate of mineral acid flow into said amide
hydrolysis flow reactor to the rates of 2-hydroxy-4-
methylthiobutanamide and 2-hydroxy-4-methylthiobutanenitrile

5 flow into said amide hydrolysis flow reactor is controlled to
provide an excess of at least 5% molar excess mineral acid
than is stoichiometrically equivalent to 2-hydroxy-4-
methylthiobutanamide and 2-hydroxy-4-methylthiobutanenitrile

introduced into said amide hydrolysis flow reactor.

14. The process as set forth in claim 13 wherein mineral
acid and 2-hydroxy-4-methylthiobutanenitrile are introduced
into said nitrile hydrolysis reactor at relative rates
effective to provide said excess in said amide hydrolysis flow

reactor.

15. The process as set forth in claims 1 or 5 wherein
said finishéd agueous hydrolyzate product produced under
steady state conditions at the exit of said amide hydrolysis
flow reactor comprises at least about 36 wt . % 2-hydroxy-4-~

5 methylthiobutanoic acid, at least about 18 wt.% ammonium salt,



equi valent of at |east one sequenti al back-m xed reaction El e
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cifcul ation zone upstream of said forward fl ow port an
reaction zone within which said nitrilegq reactor product streamfl ows
bet ween said forward fl ow port and said point of dilution or said

cont i nuous aanildeshyaslbebty I wt. ¥ @@teel,. up to about @9.05AwRl,8CEMHEIASasEt
forth in claim6l wherein the flow .. reginme in a forward fl ow reaction
bereddf 35 e rdtrate

zone Wit hi N9 tor product streamflows. between said
forward fl ow port and said point of dilution or said continuous am de 5

hydrol ysis reactor is. |lamnar, and the_flow yegine and resi dence tine
are such as to %gbvi@%e (S TR 78 é"ﬁ? fergh 1n qénghgﬁabﬁn??h
back- m xed fiedshednaquesus rhyshicd yzareaptoduct |pasdueed upbnzeb&rt up of

70. A proc forth .in clai 59 o rein .. the tenperature
within sai gign? g%é%/sdrcg r&fsﬁlsseﬁ oW E‘éaéggﬁ{ i (g']bgwwgd%t PBFEIPE TRiFRai n said
fini shed agbeotisOh§sirwl yizaticerilepr oduct at a col or of |ess than about 10 on
t he Gardner scale. '

C L M 108 71. A process

for the preparal?on Bie Proatresxpsiset foneh higd tdliadimgt AnoircSashdreina sal t
t her eof Coggﬁhsﬁfgfile_hydrolysis reactor product comprises up to about

16 wt.% 2-hydroxy-4-methylthiobutanoic acid, up to about 12

wt.% ammonium salt, at least about 6 wt.% water,.at least

S about 30 wt.% amide and up to about 2 wt.$% nitrile.

18. The process as set forth in claim 5 wherein said
amide hydrolysis flow reactor is a plug flow reactor, and the
flow of said finishing reaction stream through said plug flow

reactor is turbulent.

19. The process as set forth in claim 5 wherein said
nitrile hydrolysis reactor product stream is diluted with said
water before said nitrile hydrolysis reactor product stream is

introduced into said continuous amide hydrolysis reactor.

20. The process as set forth in claims 2 or 5 wherein
said amide hydrolysis flow reactor comprises a packed column
reactor and said finishing reaction stream flows through said
packed.column reactor at or above the threshold velocity of

5 . said packed column reactor.

21. The process as set forth in claims 2 or 5 wherein
said amide hydrolysis flow reactor comprises a pipeline
reactor and said finishing reaction stream moves through said

pipeline reactor in turbulent flow.
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zone and a .circul.ation. zo 10 _in fluid flow comuni cati o ith said
back- m xét lrdeeagl?' figﬁiysm éhg%"é,resaa“‘iq: rc'ilrscE?PSF?B?lgz%%ea g%’?ﬁﬁqéign& er

ci rcul at igmpdtiemethan abouttdahtdamuously circul ati ng sai d aqueous hydrol ysis
mxture in a circulating streamthat is withdrawn from sai d back-m xed
reaction zone, passed through said circul ation zone and 15 returned to

sai d back-m x&@.r eZb¢i procese,asaet dorthl ahi ohaim 21 sthreemmbrmsadidt hdr awn

from sai K0 Ctd gnﬁ . nt.al nkng unrgeact
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product streamfroma 20 forward flow port in said circulation zone and

transferring said nitrile hydrolysis reactor product streamto an
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forward flow port to 25 rovide a finishing reactfon stream
operated at a Peclet number of at least 50, a peak temperature
of about 90 to about 120 °C and a residence time between about

5 30 and about 90 minutes.

25. The process as set forth in claims 1 6r 5 wherein
said amide hydrolysis flow reactor operates substantially
adiabatically. |

26. The process as set forth in claims 1 or 5 wherein
said amide hydrolysis flow reactor operates substantially

isothermally.

27. The process as set forth in claims 1 or 5 wherein
said amide hydrolysis flow reactor operates adiabatically and-

autothermally.

_ 28. The process as set forth in claims 1 or 5 wherein 2-
hydroxy-4-methylthiobutanoic acid is recovered by neutralizing
said finished aqueous hydrolyzate product to form an organic
phase containing 2-hydroxy-4-methylthiobutanoic acid and an

5 aqueous phase, and separating said organic phase and said

aqueous phase to recover 2-hydroxy-4-methylthiobutanoic acid.

29. The process as set forth in claims 1 or 5 wherein
vapor emissions from the process are not greater than about
0.5 scf per 1000 lbs. product 2-hydroxy-4-methylthiobutanoic

acid.
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109 30 the sumof.the residence tinme of said circulating streamin

said circulation zone upstreamof said forward flow port and t he
residence tinme of sajid nitrile hydrolysis_ reactor product . stream . _
downst r eam of s%éd REWErBCEFBVRD T EE pﬁiird'rlh £8 gipdni 9 Whergih HARar | east

about 20 sem@ssifons from the p¥dceds et azestbr!OhiN dBowd @ M Gkaherein
the sum of e residence times i s betweep about 30 seconds and about 5
m nutes. P 15&0 1bp3, gAﬂ}Ssﬁ‘B’é%'s %{%etsl'ﬁ‘[elt\l{)’gf’gHtFﬂ°%‘Fa?Wr‘$'l wherein the flow
regime in said circulating line is substantially turbul ent, and the
resi dence tine sald circulatin treamin_sald, | rcul ation zone
upst r eam of sai%{*f orwar §*PFoW pdT '?s%s f%rt 10 ‘éggfma%o‘&‘e%e:'srécﬁfn ast
74. A procebsuast®etoff @rhpdroxgt 4 nethylwhdobubahshi@enformed in said
nitrile hydrolysis reactor is converted to 2-hydroxy-4-
methylthiobutanoic acid within said continuous amide

5 hydrolysis reactor.

32. The process as set forth in claim 9 wherein said
continuous amide hydrolysis reactor is operated at a

temperature ranging from about 70 °C to about 120 °C.

33. The process as set forth in claim 5 wherein said
agueous mineral acid, said water stream and said nitrile
hydrolysis reaction product stream are mixed to form an amide
hydrolysis mixture that is introduced into the continuous

5 amide hydrolysis reactor.

34. 2 proceés for the preparation of 2-hydroxy-4-

methylthiobutanoic acid or a salt thereof comprising:

introducing an aqueous mineral acid and 2-hydroxy-4-

methylthiobutanenitrile into a nitrile hydrolysis reactor;

5 continuously hydrolyzing 2-hydroxy-4—methylthiobutanenitrile
" within said nitrile hydrolysis reactor to produce a nitrile
hydrolysis reactor product stream containing 2-hydroxy-4-

methylthiobutanamide;

continuously introducing water, aqueous mineral acid, and said
10 nitrile hydrolysis reactor product stream into an amide

hydrolysis flow reactor; and



said forward flow port and said point of dilution the r 959
is.at |east about 30 seconds. o 75. A process as Sgﬂlﬂﬁmﬂmﬂﬂmmm
clains 59 or 71 wherein the flow regimes and residence tixres ace .
as to provide t he equival ent of at_| east one sequential back-m xed "

reaction zone in a nitrile extinct?on reaction regi on conprising the

5 portion_of said circul.ation.zo upst ream of 1 d forward f.l.ow port
and a forw%?QF*qqﬂﬁsﬁgaﬁyﬁﬁﬁi¥5h%g3;1 |§%Qﬁ*'g%m§5$§ﬂéhl° PR Feact or
product stwidn |saisl hetideehydedllyd iy waadtbirono produare aarfdrdaheédpoi nt . of

di I ution. 76. process, as_set. forth . n.clai 59, 61 or 71
wher ei n ana%‘ﬁ%lf%gydﬁé’;?’ z‘-élQ% hRRGEFC scoﬁlz-‘ﬁlﬁlg eg'l?ﬁﬁdrsozﬁlﬁms- circul ating
line.15 methylthidbutAnpiocessdas set forth in claim 76 wherein said
forward flow port is positioned in said circulating |ine upst ream of
sai d external heat exchanger. . 110
78. A process &5 .sefA popthssnas| setm ftrtbhénechasmi 3k wheggpieoddeningdprl acid

s intrOdugggkgrgé)ﬁigggaﬁqggggsto 2-hydroxy-4-methylthiobutanenitrile
added to said nitrile hydrolysis reactor is between about 0.5
and about 0.95, and the overall molar ratio of mineral acid to

5 2-hydroxy-4-methylthiobutanenitrile is between about 0.6 and
about 0.95.

36. A process as set forth in claim 35 wherein the molar
rétio.of mineral acid to 2-hydroxy-4-methylthiobutanenitrile
added to said nitrile hydrolysis reactor is between about 0.8
and about 0.95, and the overall molar ratio of mineral acid to

5 2-hydroxy-4-methylthiobutanenitrile is between about 0.85 and
about 0.95.

37. The process as set forth in claim 34 wherein said
nitrile hydrolysis reactor comprises a first continuous
stirred tank reactor, 2-hydroxy-4-methylthiobutanenitrile is
continuously hydrolyzed within said nitrile hydrolysis

5 reactor, said nitrile hydrolysis product stream is introduced
into said amide hydrolysis reactor which comprises an amide
hydrolysis'flow reactor, and 2¥hydroxy—4—methylthiobutanamide
is continuously hydrolyzed within said amide hydrolysis flow

reactor.

38. The process as set forth in claim 34 wherein said
nitfile hydrolysis reactor comprises a first continuous
stirred tank reactor, 2-hydroxy-4-methylthiobutanenitrile is
continuously hydrolyzed within said nitrile hydrolysis

5 reactor, said nitrile hydrolysis reactor product stream is
introduced into a continuous amide hydrolysis reactor
comprising a second continuous stirred tank reactor, 2-

hydroxy-4-methylthiobutanamide is continuously hydrolyzed
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forth in clains 59, 61 or 71 wherein said nitrile hydro ysies nreagtos *
product streamis transferred to saig point of dilution via a vertical
downconer l'i ne. 80. A process as set forth in clains 61 or 71

“wherein yisaid S8UE Ao dA Yot 13t §€5.gr¥@tt%1}]§trre%%%§ngps§bﬂnnét rile

hydrolo)éms reaction product stream are _m xed ormt finishing
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the nolar ratio_of mneral acid to 2-hydroxy-4- | t hi obUt anenitrile
added to & amhfe Ry RMAIR oy reackaEt opnGetaigh t?mdm ¥saBoaf 2-6 and

about 1. 5hgaﬂéxyiﬁiﬁéﬁﬂyﬂﬂhf%buﬁﬁhﬁhlaéthQ 5ﬁb§ﬂéﬂ¥¥§ll m%Qe@e@mﬂioxy 4-
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82. A profé nighing mepction stxesn %‘é‘f’%ltﬂ”%‘?@hﬁﬁlﬁ&ﬂ amidatj o of

m nenal  abydrbly2ifyEIaX wredd¥RiAyl t hi obut anenitrile added to said
nitrile hydrolysis reactor is between about 0.8  and about 1.2, and the

“overall nmolar ratio of mneral acid to 5

E233hy2r oxy- 4- neg byl tmlpfﬁh&e:r';ﬁwffldﬁ ithe pggpsfaemh &ﬁOlzt-thQOQ d4¥| about 1. 2.
proce t ort I n ai s or VVI}:B . e ow regl me in
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concurrently introducing 2-hydroxy-4-methylthiobutanenitrile,
a concentrated sulfuric acid stream having a strength of

5 between about 70% by weight and about 99% by weight, and water
into a vessel in which 2-hydroxy-4—methylthiobutanenitrile is
.hydrolyzed, water and sulfuric acid being added in such
relative proportions so as to provide a mixture comprising
sulfuric acid having a strength between about 50% and about

-10 70% by weight on an organic-free basis;

‘hydrolyzing 2-hydroxy-4-methylthiobutanenitrile within said
vessel to produce a nitrile hydrolysis product stream

containing 2-hydroxy-4-methylthiobutanamide; and

hydrolyzing 2-hydroxy-4-methylthiobutanamide to produce a
15 finished aqueous hydrolyzate product containing 2-hydroxy-4-

methylthiobutanoic acid.

40. The process as set forth in claim 39 wherein said
vessel is a nitrile hydrolysis reactor comprising a first
continuous stirred tank reactor, 2-hydroxy-4- |
methylthiobutanenitrile is continuously hydrolyzed within said

5 nitrile hydrolysis reactor, said nitrile hydrolysis product
stream is introduced into an amide hydrolysis flow reactor,
and 2-hydroxy-4-methylthiobutanamide is continuously
hydrolyzed within said amide hydrolysis flow reactor.



said nitrile reactor product streamflows between said forwar I rt
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time are such as to provide the equi val ent of at |east o *
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reactor, 2-hydroxy-4-methylthiobutanamide is continuously
hydrolyzed within said second continuous stirred tank reactor

10 to form a finishing reaction stream, said finishing reaction
stream is introduced into an amide hydrolysis flow reactor,
and said hydrolysis of 2—hydroxy-4—methylthiobutanamide is
substantially completed as said finishing reaction stream
flows through said amide hydrolyéis flow reactor.

42. The process as set forth in claims 1, 5 or 39
further including recovering 2-hydroxy-4-methylthiobutanoic
acid or a salt or derivative thereof from said finished

agueous hydrolyzate product.

43. The process as set forth in claims 1, 5 or 39
wherein 2-hydroxy-4-methylthiobutanoic acid is recovered by
extracting 2-hydroxy-4-methylthiobutanoic acid from said

finished aqueous hydrolyzate product.

44. The process as set forth in claim 39 wherein vapor
emissions from the process are not greater than about 0.5 scf

per 1000 lbs. product 2-hydroxy-4-methylthiobutanoic acid.

45. An apparatus for use'in.a process for the
preparation of 2-hydroxy-4-methylthiobutancic acid, comprising
a first continuous stirred tank reactor for the continuous
hydrolysis of 2-hydroxy-4-methylthiobutanenitrile in the
5 presence of an aqueous mineral acid to produce an aqueous
hydrolysis mixture containing 2-hydroxy-4-
methylthiobutanamide, and an émide hydrolysis flow reactor for

the continuous hydrolysis of 2—hydroxy¥4-methylthiobutanamidé



87. A brocess as set forth in claims 59, 61 or 71 wher ei n ul
regime and residence tine are such as to provi de the eqw v E "mllu""”““l

| east two sequential back-m xed reaction zones in said hydriol ysi § *
flow reactor. : 88. A processl(ﬂi set forth in cla| ms 59 61 or 71
wherein the flow regi ne and resi dence t1 are such as to provi de the

equival ent y0Lnala| 38k dI0B0USHLH AL PR HitHhce o 83GHLA0AZORES L Sa1 d

am de hydro ysSi s react or n aqueou

conpogitt i ohydselytat ¢ rresivictg contacnm@rﬂ{W@xaqaemathgbthlimlmmsamjlc
2-hydroxy-4=3jq. Methylthiobutanoic acid as a nethionine suppl enent, said
conposi tion conprising at |east about 36 wt.% 2-hydroxy-4- 5

met hyl t hi obut anoi ¢ acid, at |east about 18 wt. % ammoni um sal t, at | east

about 15 wt. % Wgger ,rH 4 thJaQQ‘EH% Qsogeg_/vtf ﬁxtq{riﬂec@g?m 45 fl@rtt_}g)?ﬁbout 0.05

w.%nitrile, sald conposition having a nore than about 10
on t he Gﬁréﬁ@iuékﬁﬂeﬁ second continuous stlrred tank reactor for 112

90. A conpagbiv oy amtat afnartsalana dragbudkng; Qé { fgpt about
30 wt . % amoni umﬂg%lt and at | east %out q% 57 * ure em i
said first continuous stirred tank reactor, such that a

5 substantial portion of 2-hydroxy-4-methylthiocbutanamide
contained in said aqueous hydrolysis mixture is hydrolyzed in
said second continuous stirred tank reactor to form a
finishing reaction stream, and the hydrolysis of 2-hydroxy-4-
methylthiobutanamide is substantially completed as said

10 finishing reaction stream flows through said amide hydrolysis
flow reactor. |

47. The apparatus:as set forth in claim 45 further
including a circulating line for circulating said aqueous
hydrolysis solution from an exit of said first continuous
stirred tank reactor through said circulating line and back to =

5 said first continuous stirred tank reactor, a forward flow
port in said'circulating.line for removing a portion of said
aqueous hydrolysis mixture to form a nitrile hydrolysis
reactor product stream, and a transfer line for transporting
said nitrile hydrolysis reactor product stream to a point of

10 dilution, said circulating line and said transfer line
providing additional residence time for substantially
extinguishing residual 2-hydroxy-4-methylthiobutanenitrile
- prior to dilution of said nitrile hydrolysis reactor product

stream.

48. The apparatus as set forth in claim 45 further
including a mixer for mixing a water stream and said nitrile
hydrolysis reactor product stream exiting said first
continuous stirred tank reactor to form a finishing reaction

5 stream, and discharging said finishing reaction stream to said

amide hydrolysis flow reactor such that the hydrolysis of 2-



91. A_cpnposition as set forth in claim89 wherein the '
conposition is between about 5 and about 10 on t he Gar*"“'mﬂuim.lmmnjl(!ll
92. An aqueous hydrol yzate conposition used in preparing »  concemrale

aqueous sol utions of 2-hydroxy-4- 1o{et hyl t hi obut anoic acid as a

met hi oni ne suppl enent, said aqueous hydrol yzate conposition having a
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continuously hydrol yzing 2- hydroxy-4-nethylthi obutanenitrile Wi thin
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ﬁ%neral acid and water in proportions suited for hydrolysis of
2-hydroxy-4-methylthiobutanenitrile to 2-hydroxy-4-

methylthiobutanamide.

50. An apparatus for use in a process for the

preparation of 2-hydroxy-4-methylthiobutanoic acid, cdmprising
a first back-mixed reactor for the continuous hydrolysis of 2-
hydroxy-4-methylthiobutanenitrile in the presence of an

5 aqueous mineral acid to produce an agueous hydrolysis mixture
containing 2-hydroxy-4-methylthiobutanamide, and an amide
hydrolysis flow reactor for the continuous hydrolysis of 2-
hydroxy-4-methylthiobutanamide with said aqueous mineral acid
to produce a finished aqueous hydrolyzate product containing

10 2-hydroxy-4-methylthiobutanoic acid.

51. The apparatus as set forth in claim 50 further
including a second back-mixed reactor for recei#ing water and
said aqueous hydrolysis mixture exiting said first back-mixed
reactor, such that a substantial portion of 2-hydroxy-4-

5 methylthiobutanamide contained in said aqueous hydrolysis
mixture is hydrolyzed in said second back-mixed reactor to
form a finishing reaction stream, and the hydrolysis of 2-
hydroxy-4-methylthiobutanamide is substantially completed as
said finishing reaction stream flows through said amide

hydrolysis flow reactor.

52. The apparatus as set forth in claim 50 including a

circulating line for circulating said aqueous hydrolysis



conti nuously hydrol yzi ng 2-hydr oxy- 4- net hyl t hi obut anani de
fl @w reactor to produce an aqueous hydrol yzate ”“mm "“I ﬂll "l“l
113 product sol ution containing 2-hydroxy-4-nethylthi obutsaneicL ®

aci d. 94. The process-as set forth in claim93 wherein said
“intermedi ate aqueous hydrol ysis solution contains not nore t han about

2 wt. % 2- hMQﬁQ%XQﬂ ?EBHY&ﬁhéﬁ*%“éf“ﬂﬂﬂdwfh§st b%ck -mixed f@éctggetgfgg§ﬁs as

set forth in claim94 wherelin t i nternedi ate aﬂEEOUS hydr

sol uti on cERIG §é§cuéa‘éenabbme and berktoosaidy ity Ladketryethi obut anoi ¢
acid, a |easlctdRouh E8rward f‘iow/oﬂ@rtterln %Q@da@:li'@@ﬁattﬁ@‘itln%5f% % am de.

96. A process faor the preparation of 2-hydroxy-4- yl t hi obut anoi c
aci d conpr i¥mRying a P°Fﬁ%?%d®%|$ﬁ}41%ﬁﬁ%@#§lh&é?@ﬂYﬁﬂ%)W%ﬁF“F@ttPeﬁ@F@r

conpri si Ng A nitrid@nhiyAHYss $é i Fe£d draeohaatt 8 ream, and a transfer
line for transporting said nitrile hydrolysis reactor product
stream to a point of dilution, said circulating line and said
10 transfer line providing additional residence time for |
substantially extinguishing residuél 2-hydroxy-4-
methylthiobutanenitrile prior to dilution of said nitrile

hydrolysis reactor product stream.

53. The apparatus as set forth in claim 50 further
including a mixer for mixing a water stream and said nitrile
hydrolysis reactor product stream exiting said first back-
mixed reactor to form a finishing reaction stream, and

5 discharging said finishing reaction stream to said amide
hydrolysis flow reactor such that the hydrolysis of 2-hydroxy-
4-methylthiobutanamide is substantially completed as said
finishing reaction stream flows through said amide hydrolysis

flow reactor.

54. The apparatus as set forth in claims 45 or 50
including a mixer for mixing said agueous mineral acid, said
water stream and said nitrile hydrolysis reaction product
stream to form the finishing reaction stream that is

5 introduced into the amide hydrolysis flow reactor.

'55. The apparatus as set forth in claims 45 or 50
wherein said amide hydrolysis flow reactor is insulated for

adiabatic éperation.

56. The apparatus as set forth in claim 50 wherein said
first back-mixed reactor comprises an inlet for 2-hydroxy-4-
methylthiobutanenitrile, an inlet for concentrated mineral
acid, an inlet.for water, and means within said reactor for

5 mixing 2-hydroxy-4-methylthiobutanenitrile, concentrated



5 ;infroducing 2-hydroxy;4-nethylthipbutahenitriIe into said. ['[ '
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conti nuously renoving heat of nitrile hydrolysis fromthe reacting

m xture in said first 10 reactor to pr ce an internedi ate aqueous
hydrol ysis solution _. ontai ni ng 2-hydroxy-4-nethyl thi opbutanam de, fhe
conversi on BfReral agiq apd ya ?ﬁe?ﬂfoﬂgéﬁﬁh A %P Ryéro ysis of
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cont!nuous!%e#EQféﬁggﬁu%gnggg gpternedlate aqueous hydrol ysis 15 sol ution
exiting sai iTst reactor and'a water streaminto a second conti nuous

stirred tank reactor such that a substanti al portion of

2- hydr oxy- 4- met t hi-Qhu ' copt ai ned j i dq. . i nt er medi at e,
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a flow reactor;" an
hydroxy-4-methylthiobutanenitrile and an inlet for water, and
5 means within said reactor for mixing 2-hydroxy-4-
methylthiobutanenitrile, concentrated mineral acid and water
in proportions suited for hydrolysis of 2-hydroxy-4-

methylthiobutanenitrile to 2-hydroxy-4-methylthiobutanamide.

58. The apparatus as set forth in claims 49 or 56
further including means for removing heat génerated by
dilution of mineral acid and reaction of 2-hydroxy-4-
methylthiobutahenitrile and water in order to maintain a

_'5 reaction temperature for hydrolysis of 2-hydroxy-4-

methylthiobutanenitrile.

59. A process for the preparation of 2-hydroxy-4-

methylthiobutanoic acid or a salt thereof comprising:

introducing 2-hydroxy-4-methylthiobutanenitrile and an agqueous

mineral acid into an aqueous hydrolysis mixture comprising 2~
5 hydroxy-4-methylthiobutanamide, mineral acid, and unreacted 2-

hydroxy-4-methylthiobutanenitrile;

" hydrolyzing 2-hydroxy-4-methylthiobutanenitrile in said
hydrolysis mixture in a continuous nitrile hydrolysis reactor
comprising a back-mixed reaction zone and a circulation zone

10 in fluid flow communication with said back-mixed reaction

zone, said circulation zone comprising a circulating line;

continuously circulating said aqueous hydrolysis mixture in a
circulating'stream that is withdrawn from said back-mixed

reaction zone, passed through said circulation zone and



coﬁtihhously hydr ol yzi ng 2- hydr oxy- 4- net hyl t hi obut anam de s} '
flow reactor while nmaintaining a substantially singl e phatml HBJ-\“?“] Il"llll
m xture substantially throughout said 25 flow reactor to pr mos

aqueous hydrol yzate product sol uti pga cont ai ni ng

2- hydr oxy-4-met hyl t hi obut anoi ¢ aci d. 97. The process as set
forthign clatiufhed4tod9aidbadk-mixed r83clioRbziher aldidalidcHiRehay acid is
sul furic acid. WO 96/,40630

PCT/USQG/(ﬁEﬁ?Fm as withdrawn from said back-mixed react;ﬂggzone

equi val entcdiftadhihgashr 80 & PraRidrakybacie thyBth i@atidrhitrile; zone in
said forward flow reaction zone. 70. A process as set
forth in claims 59 or 61 wherein the tenperature within said

an de hydrdnysiisgf hoportion of sdifiheti@tulatimftdqldRt hydralysakn said
fini shed agueous _ s I o ate product at a cq:l or__of I%ss t han
about 10 Xture as a ?h%r %v Qéggﬁg reactor pxoduc stream from a
20 forward flow port in said circulation zone and transferring
said nitrile hydrolysis reactor product stream to an amide

hydrolysis flow reactor;

diluting said nitrile hydrolysis reactor product stream with
water at a point downstream of said forward flow port to

25 provide a finishing reaction stream;

hydrolyzing 2-hydroxy-4-methylthiobutanamide contained in said
finishing reaction stream in said amide hydrolysis flow
reactor to produce a finished aqueous hydrolyzate product

containing 2-hydroxy-4-methylthiobutanocic acid;

30 the sum of the residence time of said circulating stream in
. said circulation zone upstream of said forward flow port and
the residence time of said nitrile hydrolysis reactor product
stream downstream of said forward flow port prior to dilution
being sufficient to éubstantially extinguish residual 2-
35 hydroxy-4-methylthiobutanenitrile prior to the dilution of

said nitrile hydrolysis reactor product stream.

60. A process as set forth in claims 1 or 59 wherein
said aqueous mineral acid, said water stream and said nitrile
hydrolysis reaction product stream are mixed to form the
finishing reaction stream that is introduced into the amide

5 hydrolysis flow reactor.

61. A process for the preparation of 2-hydroxy-4-

methylthiobutanoic acid or a salt thereof comprising:
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aqueous hydrolysis m xture in a circulating streamthat is
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sai d ci rcuIl@tdx@lykdﬁg 2- hydroxy mmuhmesutm&m&ﬂ@clin%&e_a reaction
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and zone, said circulation zone comprising a circulating line;

continuously circulating said aqueous hydrolysis mixture in a
circulating stream that is withdrawn from said back-mixed
reaction zone, passed through said_cifcuiation zone and

15 returned to said back-mixed reaction zone, said circulating
stream as withdrawn from said back-mixed reaction zone

containing unreacted 2-hydroxy-4-methylthiobutanenitrile;

removing a portion of said circulating aqueous hydrolysis

mikture as a nitrile hydrolysis reactor product stream from a
20 forward flow port in said circulation zone and transferring

said nitrile hydrolysis reactor product stream to a continuous

amide hydrolysis reactor;

diluting said nitrile hydrolysis reactor product stream with
water at a point downstream of said forward flow port to

25 provide an amide hydrolysis mixture;

feeding either said amide hydrolysis mixture, or said nitrile
hydrolysis reactor product stream and water, to a continuous:
amide hydrolysis reactor in which a substantial portion of 2-
hydroxy-4—methylthiobutanamide contained in said amide

30 hydrolysis mixture is hydrolyzed to form a finishing reaction

stream;

transferring said finishing reaction stream to an amide

hydrolysis flow reactor;
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streamto an am de hydrolysis flow reactor; 25 di luting
nitrile hydrolysis reactor product stream with water at a point
downstream of said forward fl ow 10830rt to provide a finishing

reaction stre . hydr ol yzi 2- roxy-4- nmet hyl t hi obut anam de
Cont ol ned | aEolyzing 2chyapRyT er e Pt S g P ted t a1 e

hydr ol gsi s 8fnishing rdaewibaastoeanoipraxid anddei hiydbotlyatwefiusy hydr ol yzat e
product containi ng 2-hydr.oxy-4-npethylthi obutanoic .acid; t he sum
bt the. r ool HEREEOT b BEPeBsE . Frhbvhed AR RFaiBLPoace produgt,

ci rcul ati oncenteinigs rehydebxyat dméohybrili dduranoic acid; port and the
residence tinme of said nitrile hydrolysis 35 react or product stream

downstream of said forward fl ow port prior to dilution being at
| east about tB® swrmidshe residence time offZaid piocelstimg setrdeaor tim in

gl()aisrenczjn-d\émggfé ncitl.ré%lgrt]:&ogbga{legﬂﬁ%ﬁ%?éergéofr %Sa'l‘&e@(o‘%ka&E?lé& L?oelgtvwa% about
40 the residence time of said nitrile hydrolysis reactor product
stream downstream of said forward flow point prior to dilution
being sufficient to substantially extinguish residual 2-
hydroxy-4-methylthiobutanenitrile prior to the dilution of

said nitrile hydrolysis reactor product stream.

62. A process as set forth in claim 61 wherein said
nitrile hydrolysis reactor product stream is diluted with

water in said continuous amide hydrolysis reactor.

63. A process as set forth in claims 59 or 61 wherein
the residual 2—hydroxy-4-methylthiobutanenitrile in said
nitrile hydrolysis reactor product stream at said point of
dilution is not greater than about 0.01 wt% based on the sum

5 of the 2-hydroxy—4-methylthiobutanamide and 2-hydroxy-4-

methylthiobutanoic acid contained in said product stream.

64. A process as set forth in claims 59 or 61 wherein
the residual 2-hydroxy-4-methylthiobutanenitrile in said
aqueous hydrolysis mixture exiting said nitrile hydrolysis
reactor is at least about 0.05 wt% based on the sum of the 2-

5 hydroxy-4-methylthiobutanamide and 2-hydroxy-4-
methylthiobutanoic acid contained in said aqueous hydrolysis

mixture.

65. A process as set forth in claims 59 or 61 wherein
the flow regime in said circulating line is substantially
turbulent, the temperature of said circulating stream is at
least about 50 °C throughout said circulation zone, and the

5 residence time of said circulating stream in said circulation



73. A process as set forth in claim71 wherein the | |
said circulating line is substantially t ur bul ent, “Mﬂm@m’m"lm _
resi dence tinme of said circulating streamin said €l il Iyotlg =
zone upstreamof said forward 5 flow port is at |east about 3
seconds. . 74. A processigp set forth in claim71 wherein
between said forward flow port and said point of dilution ' t he

resi dence tzome upseatedmast saliCUfoIWagdcODE®.port is at least abd®t 3 A

process as set fdorth inclaims 59 or 71 wherein the flow regi nes
and resi deffCe I ies are such as to provide the equival ent of at

.| east one sequenti al back-m xed reaction zone in a nitrile
gé%}agg%?88gS$CE59n A process as se%tkggéﬁog§Qﬂaims 591?5 gl whereirr\egion
conpri si ngbehwepnr saih frwsaidd fdiowc pbat i and zomiel point of dpdtt e e sai d -
forward fl | forward.fl.ow . reaction zon i thin which

said nitri ;e\egmag%%‘g?gpo?fo liac]tv&31 nqtrJ.?e hg?’f%]e%ﬁjﬁ e cl%@?m@’éﬁggé\ﬂ: o ¥ tar d

flow port dsdasaleast about 50 °C and the residence time is at least

5  about 30 seconds.

67. A process as set forth in claim 66 wherein the flow
regime in said zone between an inlet of said amide hydrolysis

flow reactor and said point of dilution is turbulent .

68. A process as set forth in claim 61 wherein the flow
regimes and residence times are such as to provide the
equivalent of at least one sequential back-mixed reaction zone
in a nitrile extinction reaction region compriging the portion

5 of said circulation zone upstream of said forward flow port
and a forward flow reaction zone within which said nitrile
reactor product stream flows between said forward flow port
and said point of dilution or said continuous amide hydrolysis

reactor.

69. A process as set forth in claim 61 wherein the flow
regime in a forward flow reaction zone within which said
nitrile reactor product stream flows between said forward flow
port and said point of dilution or said continuous amide

5 hydrolysis reactor is laminar, and the flow regime and
residence time are such as to proviae the equivalent of at
least one sequential back-mixed reaction zone in said forward

flow reaction zone.

70. A process as set forth in claims 59 or 61 wherein
the temperature within said amide hydrolysis flow reactor .is
controlled to maintain said finished aqueous hydrolyzate

product at a color of less than about 10 on the Gardner scale.
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ci-rculating |ine. 77. A process as set forth if ctai'

~wherein said forward flom1port is positioned in said C|rculat|ng
1ine - upstream of said ext er nalt%8eat exchanger. 78.
A process as set forth in claim76 wherein said agueous m nera

acid is introduded PnPEOSEFH Qﬁﬁe&ﬂﬁ;Preparatloﬂyﬂfo@y%X@F?ﬁXGﬁJre at a port

posi ti onedndthymaild obutanoic &ti€Wwatd nAlld ReedevnstsmEri Hingai d ext er nal
heat exchanger. 79. A process as set forth in
clains 59, 61 or 71 wherein said nitrile hydrolysis reactor
pro?uct|8tiﬁﬁﬁﬁdut1ng 2- hydrbx@nsimﬁﬂhyiﬁhiobatdnaﬂiﬂilIé ahd wir eRruebasa
vertica rocess as set
forth in driashalopcaf $566 an' Afieqya udrolypie BiROHS MIBPSE G 8- sai d
wat er St r caydoxd-4- methylthﬂmﬁutaﬂdmﬂdﬁ hydmeky$|8ci®acandnunraammeﬁ gtream
are m xed nls reaction streamthat is introduced

i PR aWF&&yig%?§P§%?%?93 dact or . 81. A

process as set forth in clainms 34, 59 or 80 wherein the nol ar
ratio of r%yé}éiyé?%bdztﬁyérQXQrE ﬁééhylthlobutanenltrlle in said
hydrolysis mixture in a continuous nitrile hydrolysis reactor
comprising a back-mixed reaction zone and a circulation zone
10 in fluid flow communication with said back-mixed reaction

zone, said circulation zone comprising a circulating line;

continuously circulating said aqueous hydrolysis mixture in a
circulating stream that is withdrawn from said back-mixed
reaction zone, passed through said circulation zone and

15 returned to said back-mixed reaction zone, said circulating
stream as withdrawn from said back-mixed reaction zone

containing unreacted 2-hydroxy-4-methylthiobutanenitrile;

removing a portion of éaid circulating agqueous hydrolysis

mixture as a nitrile hydrolysis reactor product stream from a
20 forward flow port in said circulation zone and transferring

said nitrile hydrolysis reactor product stream to an amide

hydrolysis flow reactor;

diluting said nitrile hydrolysis reactor product stream with
water at a point downstream of said forward flow port to

25 provide a finishing reaction stream;

hydrolyzing 2-hydroxy-4-methylthiobutanamide contained in said
finishing reaction stream in said amide hydrolysis flow
reactor to produce a finished aqueous hydrolyzate product

containing 2-hydroxy—4—methylthiobutanoic acid;
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net hyl t hi obutanenitrile being bet ween apout 0.7 and about 1.5.
82. A process as set forth in claim8l wherein the nol ar ratio of

m ner:slad ﬂ-(ticl'ixé Bam2ohyeli®xyeddence time BE! Byid hinluilandmigt skkeanddgd to said
nitrile ydr.

reactor i s betwe bout 0.8 and about 1 2, and
the 5 Ao EF SR ot s S SreRinBE ab L SPGB TS aoRg L s Snd
met hyl t hi ehet 2eehdénte ecime el wadd alkowild. Bydwslydicutreactor produdt
83. A process _as set forth e flow

in claj 59 qr .71 . Wherein.t
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react or pbedngt astleast falamst 20 secondbBet ween said forward flow port and
said point of dilution 5 Is lamnar, and the flow regi ne and
residence tinme are '

72. A process as set forth in claim 71 wherein the sum
of the residence times is between about 30 seconds and about 5

minutes.

73. A process as set forth in claim 71 wherein the flow
regime in said circulating line is substantially'turbulent,
and the residence time of said circulating stream in said
circulation zone upstream of said forward flow port is at

5 least about 3 seconds.

74. A process as set forth in claim 71 wherein between
said forward flow port and said point of dilution the

residence time is at least about 30 seconds.

75. A process as set forth in claims 59 or 71 wherein
the flow regimes and residence times are such as to provide
the equivalent of at least one sequential back-mixed reaction
zone in a nitrile extinction reaction region comprising the

5 portion of said circulation zone upstream of said forward flow
port and a forward flow reaction zone within which said
nitrile reactor product stream flows between said forward flow

port and said point of dilution.

76. A process as set forth in claims 59, 61 or 71
wherein an external heat exchanger is positioned in said

circulating line.

77. A process as set forth in claim 76 wherein said
forward flow port is positioned in said circulating line

upstream of said external heat exchanger.
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84: A process as set forth in clains 69 or 83 _ erein

regime and residence tinme are such as to provi de t he eqw vaI ent of
bet ween about 2 and about 3 sempenti al back-m xed reaction zones
in said forward flow 5 reaction zone. 85. A process

as set forth inmgl aiAnprogesélasr séd forth in alkemei?6 wheréinvsaddine in a
forward fl t n hi, n, whi.ch i.,d_nitrile reactor
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sequenti al back-m Xed Teaction zone I n sa| orwar ? reacti on
zone. WO 96/ 40630

PCT/USQ6/08527 79. A process as set forth in claims 59,1%§ or 71

wherein said nitrile hydrolysis reactor product stream is
transferred to said point of dilution via a vertical downcomer

line.

80. A process as set forth in claims 61 or 71 wherein
said aqueous mineral acid,'said water stream and said nitrile
hydrolysis reaction product stream are mixed to form the
finishing reaction stream that is introduced into the amide

5 hYdrolysis flow reactor.

81. A process as set forth in claims 60 or 80 wherein
the molar ratio of mineral acid to 2-hydroxy-4-
methylthiobutanenitrile added to said nitrile hydrolysis
reactor being between about 0.6 and about 1.5, and the overall

5 molar ratio of mineral acid to 2-hydroxy-4-

methylthiobutanenitrile being between about 0.7 and about 1.5.

82. A process as set forth in claim 81 wherein the molar
ratio of mineral acid to 2-hydroxy-4-methylthiobutanenitrile
added to said nitrile hydrolysis reactor is between about 0.8
and about 1.2, and the overall molar ratio of mineral acid to

5 2-hydroxy-4-methylthiobutanenitrile is between about 0.9 and
about 1.2. |

83. A process as set forth in claims 53 or 71 wherein
ﬁhe flow regime in a forward flow reaction zone within which
said nitrile reactor product stream flows between said forward
flow port and said point of dilution is laminar, and the flow

5 regime and residence time are such as to provide the
equivalent of at least one_sequential back-mixed reaction zone

in said forward flow reaction zone.
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5 the flow regime and residence time are such as to provide the .
equivalent of at least one sequential back-mixed reaction zone

in said forward flow reaction zone.

86. A process as set forth in claims 59, 61 or 71
wherein said finished aqueous hydrolyzate product comprises up
to about 0.05 wt.% amide.

87. A process as set forth in claims 59, 61 or 71
wherein the flow regime and residence time are such as to
provide the equivalent of at least two sequential back-mixed

reaction zones in said amide hydrolysis flow reactor.

88. A process as set forth in claims 59, 61 or 71
wherein the flow regime and residence time are such as to
provide the equivalent of at least 35 sequential back-mixed

reaction zones in said amide hydrolysis flow reactor.

89. An agueous hydrolyzate_composition used in preparing
.- concentrated aqueoﬁs.solutions of 2-hydroXY—4—_
‘methylthiobutanoic acid as a methionine supplement, said
composition comprising at least about 36 wt.% 2-hydroxy-4-
5 methylthiobutanoic acid, at least about 18 wt.% ammonium salt,
at least about 15 wt.$% water, up to about 0.05 wt.% amide and
up to about 0.05 wt.% nitrile, said composition haVing a coloxr

of not more than about 10 on the Gardner scale.



91. .A"conposition as set forth in claim89 wherein AR
sai d conposition is between about 5 and about 10 ol HW‘I‘H |”I||
i ti ed #n s »

scal e. 92. An aqueous hydrol yzate conpositi®bn @s

prepari ng concentrated aqueous sol uti onilgf 2- hydr oxy- 4-
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114 _ TE; i .0b oi c.aci d, as. hi opi ne_suppl ement,

sai d 20. ﬂg%%%%%%%fﬁ %%yzsa te_%ggrrf%oélgt fqg%llﬂa@% njgncéﬂ%glrrb? &t not

5 neestt Baoui 083 @rwt He d@mainiem sedlteand at least about 25 wt.$%
water.

91. A composition as set forth in claim 89 wherein the
color of said composition is between about 5 and about 10 on

the Gardner scale.

92. An agqueous hydrolyzate.composition used in preparing
concentrated aqueous solutions of 2-hydroxy-4- |
methylthiobutanoic acid as a methiohine supplement, said
aqueous hydrolyzate composition having a color df not more

5 than 10 on the Gardner scale.

93. A process for the preparation of 2-hydroxy-4-

methylthiobutanoic acid comprising:

introducing a mineral acid into a first reactor comprising a

continuous stirred tank reactor;

5 introducing 2-hydroxy-4-methylthiobutanenitrile into said

first reactor;

continuously hydrolyzing 2-hydroxy-4-methylthiobutanenitrile
within said first reactor while continuously removing heat of
nitrile hydrolysis from the reacting mixture in said first
10 reactor to produce an intermediate aqueous hydrolysis solution
containing 2-hydroxy-4-methylthiobutanamide, the conversion of
‘2-hydroxy-4-methylthiobutanenitrile to 2-methylthiobutanamide

in said first reactor being at least about 90%;

continuously introducing water and the intermediate aqueous

15 hydrolysis solution into a flow reactor; and

continuoﬁsly hydrolyzing'2—hydroxy-4—methylthiobutanamide

within said flow reactor to produce an aqueous hydrolyzate '
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product solutipn containing 2-hydroxy-4-methylthiobutanoic

“acid.

94. The process as set forth in claim 93 wherein said
intermediate aqueous hydrolysis solution contains not more

than about 2 wt.% 2-hydroxy-4-methylthiobutanenitrile.

95. The process as set forth in claim 94 wherein the
intermediate aqueous hydrolysis solution comprises up to about

11 wt.% 2-hydroxy-4-nmethylthiobutanoic acid, at least about 10

wt.% water, and at least about 35 wt.% amide.

96. A process for the preparation of 2-hydroxy-4-

methylthiobutanoic acid comprising:

introducing a mineral acid into a first reactor comprising a

continuous stirred tank reactor;

introducing 2-hydroxy-4-methylthiobutanenitrile into said

first reactor;

continuously hydrolyzing 2-hydroxy-4-methylthiobutanenitrile
within said first reactor while continuously removing heat of
nitrile hydrolysis from the reaéting mixture in said first
reactor to produce an intermediate aqueous hydrolysis solution
containing 2-hydroxy-4-methylthiobutanamide, the conversion of
2-hydroxy-4-methylthiobutanenitrile ﬁo 2-methy1thiobutanamide

in said first reactor being at least about 90%;

continuously introducing the intermediate agueous hydrolysis
solution exiting said first reactor and a water stream into a
second continuous stirred tank reactor such that a substantial
portion of 2-hydroxY-4-methylthiobutanamide_contained in said
intermediate solution is hydrolyzed in the second continuous

stirred tank reactor to form a finishing reaction solution;
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continuously introducing the finishing reaction solution into

a flow reactor; and

continuously hydrolyzing 2-hydroxy-4-methylthiobutanamide
within said flow reactor while maintaining a substantially
single phase reaction mixture substantially throughout said
flow reactor to produce an agqueous hydrolyzate product

solution containing 2-hydroxy-4-methylthiobutanocic acid.

97. The process as set forth in claims 34, 59, 61, 71,

93 or 96 wherein said mineral acid is sulfuric acid.
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