React or The present invention relates to a |liquid/gas reactor. Mre
particularly, the present invention relates to a |liquid/gas reactor
+which facilitates the control of tenperature in the reactor. The
invention also relates to a process carried out in said reactor.

Chem cal reactions between |iquids gogases are often carried out
over a solid catalyst bed. The reaction nmay be exothermc, i.e. it
generates heat, or it nmay be endothermc, i.e. it utilises heat and
cooling is noted. In sone reactions heat effects of the reaction are
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runaway. Simlarly the cooling effects of strongly endothermc
reactions can | ead to quenching of the reaction. A commonly used .
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wi despread conmmerci al use, for exanple, in.the hydrogenation of
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simlar to that illustrated.in a presentati.on tq.AtChE h, Et.hyl ene
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conprises a main reactor | and a finishing reactor 2. C3 feedstock is
suppl i ed qupndhingeof3he raghen.mai n reactor | where it is reacted over a
catal yst %ith hydrogen that has been supplied in line 4. Product is
extracted in line 5 and cooled in. cooler 6 before being passed in
[ine 7 to\ togthodlyg@ed sephsddOtondollthgpempenmturoin ofiqbidéab rgpatod in svhich
renoved in line 9 and recycled to the main reactor |I. _In the
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A typical scheme for the selective hydrogenation of alkynes and dienes in C; and C;
streams is illustrated in Figure 1. This arrangement is similar to that illustrated in a
presentation to AIChE 15™ Ethylene Producers Conference 2003, Session 64a
“Overview on C; and Cs3 Selective Hydrogenation” page 560, Fig 7. The
hydrogenation unit comprises a main reactor 1 and a finishing reactor 2. C; feedstock
is supplied in line 3 to the main reactor 1 where it is reacted over a catalyst with
hydrogen that has been supplied in line 4. Product is extracted in line 5 and cooled in
cooler 6 before being passed in line 7 to liquid/gas separator 8. A proportion of the

liquid is removed in line 9 and recycled to the main reactor 1. In the illustrated



In the case of hydrogenation of 100% al kene to al kane or of al dehyde
to al cohol, typically recycle rates of 10 to 20 tines the feed rate
.are needed in order to avoid the tenperature rise over the reactor
bei ng above 20C. This recycl ed product significantly dilutes the

reactant and consequently the conversjon,achieved in the Liquid
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According to the present invention there is a provided a |iquid/gas

reactor conprising: (a) a bulk catal yst bed and neans for
. supplying fresh feed and recycled at |east partially converted
liqui.cl product streamto said bul k catal yst bed; (b) means

for coll I t lLeast..pantial nverted |iquid product ,str.eam
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m nor catal yst bed; and (d) a separating wall between said

bul k and said m nor catal yst bed. Gaseous reactant and fresh liquid
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cat al yst 1R@fbgenation of aldehydes is described in which a high liquid flow is used to achieve
good catalyst utilisation. An alternative arrangement is described in US 4681674.
Here recirculation is recommended in order to keep uniform catalyst wetting.
However, this process suffers from the disadvantage that recirculation of product to

the feed dilutes the reactant and reduces reaction rate.

In US 5573736 a reactor is described which is made up of a series of separate zones
all with liquid recirculation in order to remove reaction heat. A final bed in the
reactor is plug flow with no liquid recirculation. In a design of this type, the velocity
in the final plug flow section will be very low due to the relatively low liquid rate and

therefore vapour/liquid distribution is likely to be poor.

A process in which hydrogenation is carried out in two stages, either in one reactor or
using two reactors in series, is described in US 4960960. The second stage is
described as a separate reactor with or without liquid recycle or as a bed of the same
diameter as the main bed placed below the main bed. The design suffers from the

disadvantage of requiring a second vessel or requiring increased reactor height in a
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In one arrangenent the reactor bottons fromthe bul k catal yst bed
will all be recycled with a portion being recycled to the hul k

. catal yst bed and a portion being passed to the m nor catalyst bed.
The flowate to the m nor catalyst bed is preferably equal to the

final product aIt easge .of ontr n .excess, of 1o
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or cooler to adjust the tenperature of the recycle stream Wth the

arrangenent of the present invention, |nproved conversion can be
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nodi fication of an existing reactor, where there are multiple beds,
the m nor catal yst bed can be provided on one, sone or all of the
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bed: Exanmpkes (&f exothermi c reactions include hydrogenations of

al dehydes, ketones, aikynes, dienes, or aryl conpounds and

oxi dations. Exanples of endotherm c reactions include
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cycl ohexasxetHerain drendeherntic rédedopr oduct i on of 2-et hyl hexane' from
2-ethyl - hex-2-enal. 'Thus according to a second aspect of the present
invention there is provided a p for a gas/liquid reaction conprising
the stepsyy gthe arrang ermfeft) oﬁmpgteﬁt@quv&%n GRORihGH c'ﬂﬂtl}fs't adisfsGfsliAnghly
recycl e product st eantto th catal yst bed of ‘the apparatus of

t he abovewitierdtddowbkithflias sireadypbesn; subjected to the reaction and therefore will be at

least partially converted. Thus the stream exiting the minor catalyst bed will provide a

more-fully converted final product than in a reactor without the minor catalyst bed.

The minor catalyst bed may be in any suitable location in the bulk catalyst bed but
may, in one arrangement, be located such that it is central thereto such that the bulk

catalyst bed forms on annulus therearound.



(b) supplying gas to the reactor of the above-nentioned, first

aspect; (c) allowing reaction. to occur in the bulk catalyst
. bed; (d) collecting an at |least partially converted liquid
product steam (e) recycling at |l east a portion of said

partially converted.|igui roduct ,streamto the bul atal yst bed;
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aspect of fhe present invention; (g) allow ng reaction to occur in

t Ee m novarme/Aiqyist miyeee artherhidye thordqeed wettngeof phoerielysts threfgrabht bm

t he m nor_.cat t i f rii

st eam oba0 Yy R e Lhoclo Bt buR bR RREIA o B84 1o ahou
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that the minor catalyst bed will have a liquid velocity which gives good vapour/liquid
mixing and good wetting. Generally this will be of the same level as that achieved in

the bulk catalyst bed.

In one arrangement the reactor bottoms from the bulk catalyst bed will all be recycled
with a portion being recycled to the bulk catalyst bed and a portion being passed to

the minor catalyst bed.

The flowrate to the minor catalyst bed is preferably equal to the final product rate
although for ease of control an excess of up to 100% may be used with the excess

being joined with the recycle from the bulk catalyst bed.

The reactor will preferably include a heater or cooler to adjust the temperature of the

recycle stream.

With the arrangement of the present invention, improved conversion can be obtained.
In some arrangements the need for a separate polishing reactor is obviated. This

reduces capital and operating costs.

Any suitable catalyst may be used. Generally, the selection if the catalyst will depend
on the reaction to be carried out. The catalyst may be of any suitable form. Examples
include pellets, extrudates, resins or impregnated packing. Examples of catalysts used
include nickel, copper/chromium or palladium. Suitable supports include alumina.
The same or different catalysts may be used in the bulk and minor catalyst beads. The
catalyst located in the minor catalyst bed and the bulk catalyst bed may be the same or
different.



The partially reacted streamreturned to the reactor may he heated or
cool ed as required before being recycled. The preferred flow regi ne
.wWll generally be such as to give a positive pressure drop. However,
low liquid rate or trickle-flow beds may al so be used. Were a

liquid/g distributor is t e-used,.. | .be ny sujtabl e, .
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140C to a@ktrsuestonicodkiwall pf Biggeactorabove 10 bang. For the sel ective
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and the reaction may be carried -11 t tenperatures of from aboutto
about 13QCpadidular pdvaasige of te precsm abettiorbishhatgxistingBoigle @0mbhipie. belihe
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of a liqui reactor o
beds, the minor catalyst bed can be provided on one, some or all of the beds.

The apparatus of the present invention can be used for any exothermic or endothermic
liquid/gas reaction over a solid catalyst bed. Examples of exothermic reactions
include hydrogenations of aldehydes, ketones, alkynes, dienes, or aryl compounds and
oxidations. Examples of endothermic reactions include dehydrogenations. In
particular the present invention is suitable for the selective hydrogenation of butadiene
to butene, the production of cyclohexane from benzene or the production of 2-ethyl

hexanol from 2-ethyl-hex-2-enal.

Thus according to a second aspect of the present invention there is provided a process
for a gas/liquid reaction comprising the steps of:

(a) supplying feed comprising fresh feed and recycle product stream to the
bulk catalyst bed of the apparatus of the above-mentioned first aspect;

(b) supplying gas to the reactor of the above-mentioned first aspect;

(c) allowing reaction to occur in the bulk catalyst bed;

(d) collecting an at least partially converted liquid product steam;,

(e) recycling at least a portion of said partially converted liquid product stream

to the bulk catalyst bed;



prior art; and Figure 3is a schematic representation of the apparatus
of the present invention. The apparatus of the present invention is
.illustrated in Figure 3. The reactor vessel 31 conprises a bul k

catal yst bed 32 and a m nor catalyst bed 33. The gas is fed in |line
34. Fresh feed_is supplied in line 35 where it is mxed with recycled
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the parti al | y(g)edoners prctaundd ostureatheirsinpecasigstdddj and i ne $g usi ng
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40. This tewp@?)éf)ﬁFgg‘ﬁchﬁB'EOgi}aﬁrF@Brﬁ% il ?a?éiwqﬁ’ﬁ&'stream 41 bei ng
m xed with fresh feed 35 before being supplied to the bul k catal yst

bed 32. The remainder is passed in line 42 to the mnor catal yst bed
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achieved in conventional liquid recycle reactors. The reactor of the

pr esent ia-ﬂd/lé%?Y‘?iﬁd-nny be used in the hydrogenation of aliphatic C2
--- C20 al dehyd.es to the correspondi ng al cohol over a CuCT catal yst.
The sane catalyst will generally be used in both catal yst beds. in
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to about 10'h8 rs. The tenperature of the catalyst beds wll be in

t he regi &YYF gﬁf?ﬁ?bﬁlﬂéﬁ?cgglegbout 200C at pressures of about 5 to
about 50 bar. Alternatively, the reaction nmay be carried out over a
ni ckel catalyst in which case the residence tinme; based on feed, wll
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Wt hout wishing to be bound by any theory, it is believed that the
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carried out. For example, where the reaction is the hydrogenation of an aldehyde, a
copper/chrome catalyst may be used and the reaction may be carried out at a
temperature of from about 140°C to about 200°C and a pressure above 10 barg. For

the selective hydrogenation of dienes, palladium or alumina catalyst may be used and
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the reaction may be carried out at temperatures of from about 20°C to about 130°C

and a pressure of from about 5 barg to about 20 barg.

The present invention will now be described, by way of example reference to the

following drawings in which:

Figure 1 is a schematic flowsheet for a reactor system of the
prior art;

Figure 2 is a schematic diagram of a liquid/gas reactor of the
prior art; and

Figure 3 is a schematic representation of the apparatus of the

present invention.

The apparatus of the present invention is illustrated in Figure 3. The reactor vessel 31
comprises a bulk catalyst bed 32 and a minor catalyst bed 33. The gas is fed in line
34. Fresh feed is supplied in line 35 where it is mixed with recycled partially reacted
stream recycled in line 41. This mix of fresh feed and partially reacted stream is fed
to the bulk catalyst bed 32 where reaction with the gas occurs. Offgas is removed in
line 37 and the partially reacted product stream is recovered in line 38 using pump 39
before having the temperature adjusted by heater or cooler 40. This temperature
adjusted stream 36 is split with stream 41 being mixed with fresh feed 35 before being
supplied to the bulk catalyst bed 32. The remainder is passed in line 42 to the minor
catalyst bed 33 which is separated from the bulk catalyst bed 32 using separation wall
43. This stream is subjected to the further reaction with the gas supplied in line 34.
Product from the minor catalyst bed is collected in line 44. This will have improved

conversion when compared to that achieved in conventional liquid recycle reactors.

The reactor of the present invention may be used in the hydrogenation of aliphatic C,
— Cyp aldehydes to the corresponding alcohol over a CuCr catalyst. The same catalyst
will generally be used in both catalyst beds. In this reaction, the residence time, based
on feed, will be about 0.1 to about 10 hours. The temperature of the catalyst beds will
be in the region of about 100°C to about 200°C at pressures of about 5 to about 50
bar. Alternatively, the reaction may be carried out over a nickel catalyst in which case

the residence time, based on feed, will be about 0.1 to about 10 hours. The reaction
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The recycle rate will generally be selected to be similar or the same as that that used
in prior art processes. Without wishing to be bound by any theory, it is believed that
the recycle is required in order to restrict the temperature rise. By limiting the
temperature rise, the outlet temperature can be limited. This has the benefit of
limiting, or avoiding, by-product formation and may provide improved selectivity. In
addition this avoids a low inlet temperature. This is beneficial since a low inlet
temperature would require a large induction zone in the reactor inlet before the
reaction could start. However, the recycle rate should not be larger than necessary as
this unduly dilutes the reactants with product and reduces the effectiveness of the

catalyst.

Whichever catalyst system is used the recycle rates will be between about 5 to about
50 times the feed rate. The catalyst beds will be sized so that the liquid superficial
velocity is in the range of about 0.2 to about 4 cm/s. The hydrogen will generally be
fed at quantities of approximately equal to or up to about double the stoichiometric
requirement. Since this reaction is an exothermic reactor a cooler 40 will be used to

remove the heat of the reaction.

Comparative Examples 1 and 2

n-Nonaldehyde was passed over a bed of nickel catalyst at 50 barg with 2% excess
hydrogen. Using Cou/Cin=e ™™V the first order kinetic coefficient k can be
calculated. Since substantially the same value is obtained for both examples it will be
seen that a first order model is a good prediction of conversion. The conditions and

results are set out in Table 1.

Table 1
Comparative | Comparative
Example 1 Example 2
Feed /h 0.4 0.4
Recycle I/h 6 4.8
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Comparative Example 3 and Example 4

To illustrate the improvement obtained by using a segregated reactor of the present

invention, the catalyst bed is divided between the Main Bed and a second plug flow

bed so that the residence time and therefore the conversion Cgu/Cin Will be the same as

in the comparative examples. Conversion is calculated by Cout/Cin=e'k/LHsv. Details

and results are set out in Table 2.

Table 2
Comparative | Example 4 Single Bed
Example 3 Calculated  Performance of geactlor o
Segregated Reactor of Same qua
Volume Performance of
Segregated
Reactor

Single Bed Main Bed Plug Flow Bed | Single Bed
Feed I/h 0.4 0.4 0.4 0.4
Recycle I/h 6 5.6 5.44
Mixed feed + | 6.5 6.9 0.3 6.9
recycle
nonanal wt%
Catalyst 0.4 0.375 0.025 0.73
volume litre
LHSV (based | 16.00 16.00 16.00 8.1
on feed and
recycle) h!
Inlet 120 120 120 120
temperature
°C
Residual 0.27 0.3 0.012 0.012
Unreacted
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ilk catalyst bed and neans for supplying recycled at |east partially
converted product streamonly to said mnor catal yst bed.; and.

(d) a separating wall between said bul k and said m nor catal yst bed.
2. A reactor according to Claiml wherein the mnor catalyst bed is
| ocat ed -such hat it-is-central to the hulk ¢ d-which fort
on annul HQHWE\MrOmd _3.__Areactor accorlding to dailm1 or 2
wher ei n| &ok/Caf the p&QYHi ally cohQ8fted produ®h¥ st ream i soe@cycl ed
wi th a pertiern—betngrecycted—tothe butk—catatyst—bed—and—a—portion
bei ng passed to the mnor catalyst bed. 4. A reactor according to any
one of CiTakfartkidned dewheikbmof the preret Giverdtdi ddhenak layodlpd.aidestd of
heater or cooler on the recycled, at Ieast arti aIIy converted,
liquid, pesisthattunseactednionana compgigdipod-27 ¢ PdWlfthgt € GSaHIRy VelEIcom 2
Cains | t e t

Cempor at Sy tiSEE" fllg AECRET8adts, PRRERCH I be cldkRERRY, th Jmproved
separ at i @enwadibn hss lfeabl’ablﬁlatrdald fromi nsul ating material. 7. A reactor
according to any one of Clainms 1 to 5 wherein the ratio of the m nor
catal yst bed to the bulk catalyst bed will be fromabout half to
about twmeacm% fiad éaﬁhé’f eﬁrtaeelﬁére\eﬁ E8SmPhcé GaHE la%lﬁg@e oy enlis 1iged to
the feed plus t e recyc to the b 'k bed. . A reactor according
to d ai mracyeledredian itdreasedin bedofoluse sﬂ&i%amaedbd ye. from 0.4%0 OA/3rlgeest or
according to any one of Clains 1 to 8 where the catalyst in the mnor
catalyst bed is different to the catalyst in the major catal yst bed.
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10. A process for a gas/liquid reaction conprising the steps of;
(a) supplying feed conprising fresh. feed and recycl e product stream
- to the hulk catalyst bed of any one of Cainms 1 tci 9; (h) supplying

gas to the reactor of any one of Clains 1. to 9; (c) allow ng
reaction to occur in the hulk catal yst bed; (d) collecting an at

| east partially converted |iquid product steam (e) recycling
at |east (@ pEviki on of said partially converted liquid product stream
to the bul k catal yst bed; (O supplying at |east a portion of

said partially converted liquid product streamto the m nor catal yst

bed of any one pf .Jains 1 to 9. .(g) allowing reaction to occur in
the m noFl catff@%‘flg@gweagﬁﬂc?rﬁ?ﬂ%ﬁl ecting the product streamfrom

the minor catalyst (9edbullttatalysPbACREma6S &rdupglying ffdshifeadlBdwbsitridn
the partially reacted streamreturned to the reactor is heated or

cool ed bef or e abkpHpartedlycoagertefdionidiprodecs strepse br wihpulk satelyat bad10 or
11 for the hydr ogereg)t @B Por %Bll@étﬁ%h%dﬁ 1Lt partially converted liquid product

stream from said bulk catalyst bed and recyling at least a portion thereof to
step (a);

(c) a minor catalyst bed extending substantially vertically through the
bulk catalyst bed and means for supplying recycled at least partially converted
product stream only to said minor catalyst bed; and

(d) a separating wall between said bulk and said minor catalyst bed.

2. A reactor according to Claim 1 wherein the minor catalyst bed is located such

that it is central to the bulk catalyst bed which forms on annulus therearound.

3. A reactor according to Claim 1 or 2 wherein all of the partially converted
product stream is recycled with a portion being recycled to the bulk catalyst bed and a

portion being passed to the minor catalyst bed.

4, A reactor according to any one of Claims 1 to 3 wherein the reactor
additionally includes a heater or cooler on the recycled, at least partially converted,

liquid product stream.

5. A reactor according to any one of Claims 1 to 4 wherein the beds are operated

at different temperatures.

6. A reactor according to Claim 5 wherein the separation wall is fabricated from

insulating material.

7. A reactor according to any one of Claims 1 to 5 wherein the ratio of the minor
catalyst bed to the bulk catalyst bed will be from about half to about twice the ratio of
the flowrates of recycle to the minor bed to the feed plus the recycle to the bulk bed.

12



al cohol . 11A process according to Caim10 or 11 for the selective
hydrogenati on of a diene or an alkyne to an olefin. 14. A process
according to Claim13 wherein the diene is butadiene. 15. A process
according to Caim110 or 11 for the hydrogenation of the aromatic
ring in an aromati c conmpound.

8. A reactor according to Claim 7 wherein the ratio of is substantially 1:1.

9. A reactor according to any one of Claims 1 to 8 where the catalyst in the

minor catalyst bed is different to the catalyst in the major catalyst bed.

10. A process for a gas/liquid reaction comprising the steps of:

(a) supplying feed comprising fresh feed and recycle product stream to the
bulk catalyst bed of any one of Claims 1 to 9;

(b) supplying gas to the reactor of any one of Claims 1 to 9;

(c) allowing reaction to occur in the bulk catalyst bed;

(d) collecting an at least partially converted liquid product steam;

(e) recycling at least a portion of said partially converted liquid product stream
to the bulk catalyst bed;

(f) supplying at least a portion of said partially converted liquid product stream
to the minor catalyst bed of any one of Claims 1 to 9;

(g) allowing reaction to occur in the minor catalyst bed; and

(h) collecting the product stream from the minor catalyst bed.

11. A process according to Claim 10 wherein the partially reacted stream returned

to the reactor is heated or cooled before being recycled.

12. A process according to Claim 10 or 11 for the hydrogenation of an aldehyde to

alcohol.

13. A process according to Claim 10 or 11 for the selective hydrogenation of a

diene or an alkyne to an olefin.
14. A process according to Claim 13 wherein the diene is butadiene.

15. A process according to Claim 10 or 11 for the hydrogenation of the aromatic

ring in an aromatic compound.
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