
WO 03/078360 PCT/EP03/02367  ALKYLATION OF SATURATED HYDROCARBONS USING
INTERSTAGE  DISTILLATION This invention relates to a continuous process for
the alkylation of saturated  5 hydrocarbons, in general branched saturated
hydrocarbons, with an olefin to give  highly branched saturated
hydrocarbons with a higher molecular weight. Within the framework of the
present invention, the term alkylation refers to the reaction  of an
alkylatable compound, i.e. a saturated hydrocarbon, with an alkylation
agent,  such as an olefin. 10 In particular, this reaction is of interest
because it makes it possible to obtain, through  the alkylation of
isobutane with an olefin containing 2-6 carbon atoms, an alkylate  which
has a high octane number and which boils in the gasoline range. Unlike
gasoline  obtained by cracking heavier petroleum fractions such as vacuum
gas oil and 15 atmospheric residue, gasoline obtained by alkylation is
essentially free of contaminants  such as sulphur and nitrogen and so has
clean burning characteristics. Its high anti- knock properties, represented
by the high octane number, lessen the need to add  environmentally harmful
anti-knock compounds such as aromatics or lead compounds.  Also, unlike
gasoline obtained by reforming naphtha or by cracking heavier petroleum 20
fractions, gasoline obtained by alkylation contains few, if any, aromates
or olefins,  which, environmentally speaking, is a further advantage. US
5,523,503 discloses the alkylation of saturated hydrocarbons, i.e.
isobutane, in a  cascade of at least three reactors. During operation, at
least two of these reactors are  25 used for the alkylation reaction, in
the other at least one reactor the catalyst is regenerated. The alkylation
reaction is performed by passing alkylatable compound  and alkylation agent
to the first reactor, reacting at least a portion of the alkylatable
compound with at least a portion of the alkylation agent, thereby forming
an alkylate- containing first effluent stream, passing this first effluent
stream together with 30 alkylation agent through the second reactor,
resulting in an alkylate-containing second  effluent stream. 



WO 03/078360 PCT/EP03/02367  2 The quality of the alkylate resulting from
this prior art process - as characterised by  the octane number - still
needs improvement, however. The present invention provides an alkylation
process which facilitates an improved  5 quality of alkylate. In this
process an alkylatable compound is reacted with an alkylation agent to form
an  alkylate, said process being performed in an apparatus comprising a
series of at least  two reactors, which process comprises the following
steps: a) the alkylatable compound and the alkylation agent are introduced
into the first  10 reactor, wherein at least a portion of the alkylatable
compound is reacted with at least  a portion of the alkylation agent to
produce a product stream, b) step a) is performed at least once more in a
downstream reactor employing,  instead of said alkylatable compound, a
stream comprising said product stream, during which process the product
stream is subjected at least once to a distillation step  15 to remove at
least a portion of the alkylate from the product stream before the product
stream is introduced into a downstream reactor. By way of this interstage
distillation, the alkylate concentration is kept at a relatively low  level
in the entire process. In this way, the amount of undesired by-products
that can  20 be formed by, e.g., degradation of alkylate or condensation of
degradation products is  minimised. The interstage distillation can be
performed by any kind of distillation unit. Preferably,  the distillation
is performed in a simple way, preferably by using 1-40, more preferably  25
1-30, even more preferably 1-20, and most preferably 1-10 theoretical
plates. This offers a quick and cost-effective way to separate alkylate
from the product stream. A  specifically suitable distillation technique is
flash distillation, which involves only one  theoretical plate. Such a
simple distillation will result in an alkylate stream (i.e. the stream
containing the  30 alkylate removed from the product stream) also
containing at least 5 liquid volume  percent (LV%) of alkylatable compound,
generally about 5-30 LV%. In other words, the  



resulting stream of removed compounds preferably contains at least 5 liquid
volume  percent of alkylatable compound. WO 03/078360 PCT/EP03/02367  3 In
order to obtain an alkylate stream suitably pure for storage or blending,
i.e. an  alkylate stream containing up to about 0.1 LV% of alkylatable
compound, distillation  over about 80-100 theoretical plates is required.
Such a distillation involves higher  costs and is more time consuming than
distillation over fewer, e.g. 1-40, theoretical 5 plates. Hence, for
interstage distillation, such a profound distillation over 80-100
theoretical plates is less desired. Preferably, at least 50% of the
alkylate initially present in the product stream is  removed by interstage
distillation. More preferably, at least 60% and most preferably at  10
least 80% is removed. Preferably, after distillation, the product stream
contains at least  3% of the initial amount of alkylate. The conditions,
e.g. temperature and pressure, used for interstage distillation will
depend on the composition of the product stream. These conditions will
depend for  15 instance on the boiling points of the compounds present in
the product stream and can easily be determined by the skilled person. For
instance, if an alkylate is produced  from isobutane and C4 olefins,
removal of C5+-product compounds is desired. If flash  distillation is
applied for this purpose, the preferred distillation temperature range is
50- 100C, more preferably 70-80C, at a corresponding pressure range of
7-15,  20 preferably 10-12 bar. Figure 1 shows a schematic lay-out of an
apparatus suitable for carrying out the  process according to the
invention. By way of example, this figure displays only two  reactors with
the distillation unit in between. Naturally, it is also possible to use
more 25 than two, e.g. three or four, reactors. If only one distillation
unit is used, it can be  positioned between the first and the second
reactor, the second and the third reactor,  or the third and the fourth
reactor, etc. Alternatively, two distillation units can be used,  which can
be placed between the first and the second reactor and the second and the
third reactor, or between the first and the second reactor and between the
third and the 



30 fourth reactor, etc. If more than distillation units are used, they can,
for instance, be  placed between every two reactors. So, in case of four
reactors, between the first and  the second, between the second and the
third, and between the third and the fourth  reactor. WO 03/078360
PCT/EP03/02367  4 The reactors contain a catalyst and are equipped with
standard equipment known in  the art for measuring temperature, pressure,
and flow. When the reactors contain a solid acid catalyst, this catalyst
can for instance be  present in a fluidised bed, a fixed bed or suspended
in a slurry (e.g. an AKA expanded  5 bed). The reactors may even contain
more than one catalyst bed, each with a separate  addition of alkylation
agent. The apparatus of Figure 1 comprises reactors 3A and 3B. To reactor
3A, alkylatable  compound is fed via duct 1 and the alkylation agent is fed
through inlet 2A. The two  10 components react at least partially to
produce a product stream. This product stream is  subsequently led to
distillation unit 5. The distillation unit may for instance comprise a
heater and a pressure reducing  device, e.g. a throtting valve, to obtain
the preferred temperature and pressure  conditions, followed by a
distillation device, e.g. a flash drum, where the resulting 15
vapour-liquid mixture is separated into a liquid phase rich in alkylate
(the alkylate  stream) and a vapour phase rich in alkylatable compound (the
product stream). The alkylate-rich phase leaving the distillation unit is
transported via duct 6B to  separation unit 12. The rest of the product
stream, which is in the vapour phase, is led  via duct 6A to condenser 7.
Via duct 8 the product stream enters surge drum 9. Losses 20 of alkylatable
compound during this separation step can optionally be compensated for  by
subsequent addition of alkylatable compound to the product stream. The
product stream is transported to reactor 3B, through duct 10. To this
reactor  alkylation agent is fed through inlet 2B. The alkylation agent can
(partially) react with  the alkylatable compound present in the product
stream. The resulting effluent is  25 transported via duct 11 to separation
unit 12. 



Separation unit 12 may comprise one or more devices. This separation unit
serves to  separate alkylatable compound from the effluents fed to the
unit. The alkylatable  compound can be recycled through duct 13. This
stream and, therefore, the alkylatable 30 compound introduced into reactor
3A, may contain minor amounts of other  compounds, such as alkylate. Other
streams leaving the separation unit comprise the  alkylate and usually also
comprise a stream containing "lights", such as hydrogen  and/or propane,
and an n-alkanes-containing stream. WO 03/078360 PCT/EP03/02367  5 Suitable
catalysts for the present process are liquid acid catalysts, such as
sulphuric  acid and hydrogen fluoride, and solid acid catalysts. At
present, in commercial  alkylation equipment use is made of liquid acid
catalysts. As these liquid acids are  toxic and highly corrosive, their use
requires high-quality equipment and phase 5 separations in order to remove
the liquid acid from the product. Therefore, the use of  solid acid
catalysts is preferred. Suitable solid acid catalysts comprise aluminium
chloride-containing catalysts such as  aluminium chloride promoted with-
HCI, liquid catalysts on a solid support - e.g. silica- 10 supported
trifluoromethanesulfonic or sulfuric acid - zeolite-supported boron
trifluoride, silica-supported antimony pentafluoride, and catalysts
comprising a hydrogenating  metal component and a solid acid constituent,
the latter being preferred. Examples of suitable hydrogenating metal
components are constituents of the  15 transition metals, such as metals of
Group VIII of the Periodic Table, or mixtures  thereof. Among these, noble
metals of Group VIII of the Periodic Table are preferred.  Platinum,
palladium, and mixtures thereof are especially preferred. The amount of
hydrogenating metal component will be dependent on its nature. When the
hydrogenating metal component is a noble metal of Group VIII of the
Periodic Table, 20 the catalyst generally will contain in the range of 0.01
to 2 wt.% of the metal, preferably  0.1-1 wt.%, calculated as metal.
Examples of solid acid constituents are zeolites such as zeolite beta,
MCM-22, MCM- 36, mordenite, X-zeolites and Y-zeolites, including
H-Y-zeolites and USY-zeolites, non- 



zeolitic solid acids such as silica-alumina, sulphated oxides such as
sulphated oxides 25 of zirconium, titanium, or tin, sulphated mixed oxides
of zirconium, molybdenum,  tungsten, etc., and chlorinated aluminium
oxides. The presently preferred solid acid  constituents are zeolites,
including mordenite, zeolite beta, X-zeolites and Y-zeolites,  including
H-Y-zeolites and USY-zeolites, sulphated oxides, and chlorinated aluminium
oxides. Mixtures of solid acid constituents can also be employed. 30 The
preferred solid acid catalyst comprises a hydrogenating metal component on
a  carrier which comprises 2-98 wt.% of solid acid constituent and 98-2
wt.% of a matrix  material, calculated on the carrier. Preferably, the
carrier comprises 10-90 wt.% of  matrix material, and 90-10 wt.% of solid
acid constituent. More preferably, the carrier  comprises 10-80 wt.% of
matrix material and the balance is solid acid constituent. WO 03/078360
PCT/EP03/02367  6 Especially preferred is the catalyst wherein the carrier
comprises 10-40 wt.% of matrix  material and the balance is solid acid
constituent. In the present specification the term  matrix material
encompasses all components which are present in the catalyst except  for
the solid acid constituent and the hydrogenating metal component. Examples
of 5 suitable matrix materials are alumina, silica, clays, and mixtures
thereof. Matrix  materials comprising alumina are generally preferred. A
matrix material which consists  essentially of alumina is considered most
preferred at this point in time. Preferably, the solid acid catalyst has a
particle size of at least 0.5 mm. More  10 preferably, the particle size is
at least 0.8 mm, most preferably at least 1.0 mm. The  upper limit of the
particle size preferably lies at 10 mm, more preferably at 5 mm, even  more
preferably at 3 mm. In the present specification, the term particle size is
defined  as the average diameter of the solid part of the catalyst, as will
be clear to the skilled  person. 15 The solid acid catalyst can be prepared
by processes common to the industry. In the  case of catalysts comprising a
hydrogenating metal component and a solid acid  constituent, the
preparation process may comprise, say, shaping the solid acid  constituent,
after mixing it with a matrix material, to form particles, followed by  



calcination of the particles. The hydrogenating function can, e.g., be
incorporated into 20 the catalyst composition by impregnating the carrier
particles with a solution of a  hydrogenation metal component. If the
alkylation reaction is performed using a solid acid catalyst, this catalyst
may have  to be regenerated regularly with hydrogen. The regeneration can
be conducted  25 together with the alkylation reaction in the same reactor.
It is also possible to separate the alkylation and regeneration steps by
switching each reactor between an alkylation  and a regeneration mode.
Preferably, two types. of regeneration are used: mild regeneration and
high- temperature regeneration. Mild regeneration is generally carried out
at a temperature  30 in the range of 233 to 523 K and a pressure from 1 to
100 bar, whereas high temperature regeneration is usually effected at a
temperature of at least 423 K,  preferably in the range of 423-873, more
preferably 473-673 K. Mild regeneration of the solid acid catalyst is
performed by contacting the catalyst with  hydrogen in the presence of
hydrocarbon, e.g. the product stream, alkylatable WO 03/078360
PCT/EP03/02367  7 compound, or formed alkylate already present in the
reactor. Typically, the hydrogen  will be dissolved in the hydrocarbon.
Preferably, the solution contains at least 10% of  the saturation
concentration of hydrogen; said saturation concentration being defined  as
the maximum quantity of hydrogen which can be dissolved in the hydrocarbon
at 5 regeneration temperature and pressure. Depending on the applied feed
rates it may be  more preferred for the solution to contain at least 50% of
the saturation concentration,  even more preferably at least 85%. At
relatively low feed rates it is generally preferred  to have as saturated a
solution of hydrogen in the mixture as possible. 10 The regeneration
frequency depends on a number of conditions, including the nature  of the
catalyst, the reaction and regeneration conditions, and the amount of
hydrogen  present during the regeneration step. Preferably, mild
regeneration is performed  before there is any substantial decrease of
catalytic activity. Such a decrease can be  observed by breakthrough of
alkylation agent, which can be measured by analysing 



15 the concentration of alkylation agent in the product stream. If mild
regeneration is  performed prior to breakthrough of alkylation agent, it is
possible to obtain a product of  nearly constant composition in a high
yield. Typically, the mild regeneration frequency  is in the range of once
per 10 hours to 10 times per hour, preferably once per 3 hours  to 3 times
per hour, and even more preferably once per 2 hours to 2 times per hour. 20
To effect a long-term process on a commercial scale one can carry out a
high- temperature regeneration after every 50, preferably after every 100
mild regenerations.  Pilot plant experiments have shown that it is possible
to effect a long-term process  when the catalyst is subjected to a
high-temperature regeneration after every 200-400  mild regenerations.
Depending on the exact process variables on a commercial scale,  25 this
value may be higher or lower in actual practice. In a preferred embodiment
the process is performed using a solid acid catalyst and at  least four
reactors. During operation at least two of these reactors are used for the
alkylation, like reactors 3A and 3B in Figure 1. These reactors are said to
be in the 30 alkylation mode. In the other at least two reactors the
catalyst is mildly regenerated.  These reactors are said to be in the
regeneration mode. Regularly, the at least two  reactors are switched from
alkylation mode to mild regeneration mode and vice versa.  Therefore, the
invention is also directed to an alkylation process wherein an alkylatable
compound is reacted with an alkylation agent in the presence of a solid
acid catalyst to WO 03/078360 PCT/EP03/02367  8 form an alkylate and
wherein the catalyst is regenerated, said process being  performed in an
apparatus comprising a series of at least two reactors in a zone A and  a
series of at least two catalyst-containing reactors in a zone B, in which
process i. the zone A reactors and the zone B reactors cycle back and forth
per zone  5 between alkylation mode and mild regeneration mode, ii. the
alkylation mode comprises introducing an alkylation agent into a first
reactor of  the zone through which the alkylatable compound passes,
reacting a portion of the  alkylatable compound with at least a portion of
the alkylation agent to produce a  product stream, and performing this
operation at least once more in a downstream 



10 reactor in the same zone employing, instead of said alkylatable
compound, a  stream comprising said product stream, iii. the mild
regeneration mode comprises contacting the solid acid catalyst in each of
the at least two reactors of the zone with hydrogen, during which process
the product stream is subjected at least once to a distillation step  15 to
remove at least a portion of the alkylate from the product stream before
the product  stream is introduced into a downstream reactor. More
preferably, the interstage distillation is performed between every two
reactors in  the alkylation mode. This results not only in a reduction of
the amount of alkylate  20 present in the downstream reactor(s), but also
serves to obtain an almost constant alkylate concentration throughout the
entire system. With such an almost constant  alkylate concentration, the
catalyst in all reactors will deactivate at almost equal rate.
Additionally, the apparatus may comprise one or more reactors which can
replace one 25 or more of the at least two reactors in zone A and zone B.
Preferably, the apparatus  contains one such additional reactor. The
availability of such additional reactors makes  the process very flexible.
If, owing to circumstances, the catalyst in one or more of the  reactors
deactivates to an unacceptable extent during the process, these one or more
reactors can be replaced with one or more additional reactors. The
deactivated 30 catalyst can then be regenerated by contacting it at high
temperature with hydrogen in  the gas phase to recover its original
activity without affecting the ongoing alkylation  process. After this
high-temperature regeneration, the reactor containing the high- temperature
regenerated catalyst can serve as said additional reactor. WO 03/078360
PCT/EP03/02367  9 Preferred alkylatable compounds to be used in the process
according to the invention  are isoalkanes having 4-10 carbon atoms, such
as isobutane, isopentane, isohexane,  or mixtures thereof. Preferred
alkylation agents are olefins having 2-10 carbon atoms, preferably 2-6  5
carbon atoms, more preferably 3-5 carbon atoms, e.g. propene, butene,
pentene. The  alkylation of isobutane with butene or a mixture of butenes
constitutes an attractive  



embodiment of the process according to the invention. The process is
typically performed under conditions such that at least a portion of the
10 alkylation agent and the alkylatable compound are in the liquid phase or
the  supercritical phase. In general, the process according to the
invention is performed at  a temperature in the range of 233 to 523 K,
preferably in the range of 293 to 423 K,  more preferably in the range of
338 to 368 K, and a pressure in the range of 1 to 100  bar, preferably 5 to
40 bar, more preferably 15 to 30 bar. 15 If mild regeneration is performed,
it is generally carried out at a temperature in the  range of 233 to 523 K
and a pressure from I to 100 bar. Although regeneration and  alkylation
steps can be performed at different temperatures and pressures, it is
preferred for the regeneration temperature, expressed in K, and the
regeneration 20 pressure not to differ from the reaction temperature and
pressure by more than 20%,  more preferably not by more than 10%, still
more preferably not by more than 5%.  Most preferably, the regeneration
temperature and pressure and the reaction  temperature and pressure are
essentially the same. 25 The molar ratio of alkylatable compound to
alkylation agent (I/O) in the total feed in the  reactors preferably is
higher than 5:1, more preferably higher than 50:1. Higher molar  ratios are
considered preferred for performance reasons, because they generally yield
an increase in octane number and stability. The upper limit for this ratio
is determined  by the type of process applied, and by the process
economics. It is not critical, and 30 may be as high as 5,000:1. Generally,
figures of, e.g., 1,000:1 or lower are preferred.  These high molar ratios
can be obtained in various ways known to the skilled person,  e.g., by
multiple inlets for alkylation agent or internal recycling of reactor
contents. At  this moment a molar ratio of alkylatable compound to
alkylation agent of 150-750:1 is  considered most preferred. WO 03/078360
PCT/EP03/02367  10 The feed rate (WHSV) of the alkylation agent generally
is in the range of 0.01 to 5,  preferably in the range of 0.05 to 0.5, more
preferably in the range of 0.1 to 0.3 grams  



of alkylation agent per gram of catalyst per hour. 5 Preferred alkylates to
be produced by the process according to the invention are C5+  alkylates
with a minimum of C9+ alkylates. The C5+ alkylate obtained using the
process  according to the invention preferably has a C9+ content of less
than 30 wt.%, more  preferably of less than 20 wt.%, most preferably of
less than 10 wt.%. The process according to the invention makes it possible
to obtain a C5+ alkylate yield  10 in excess of 200%, calculated on the
weight of the consumed olefin, preferably of  204% or higher. The quality
of the alkylate product obtained in the process according to the invention
can be measured by the RON of the product. The RON is a measure of the
anti-knock  rating of gasoline and/or gasoline constituents. The higher the
RON, the more 15 favourable the anti-knock rating of the gasoline will be.
Depending on the type of  gasoline engine, generally speaking a higher
anti-knock rating is of advantage when it  comes to the working of the
engine. The product obtained in the process according to  the invention
preferably has a RON of 90 or higher, more preferably of 92 or higher,
most preferably 94 or higher. The RON is obtained by determining, e.g., via
gas 20 chromatography, the percentage by volume of the various hydrocarbons
in the  product. The percentages by volume are then multiplied by the RON
contribution and  added up. Examples of compounds with a RON of 90 or
higher are isopentane, 2,2-dimethyl  butane, 2,3-dimethyl butane, trimethyl
butane, 2,3-dimethyl pentane, 2,2,4-trimethyl  25 pentane, 2,2,3-trimethyl
pentane, 2,3,4-trimethyl pentane, 2,3,3-trimethyl pentane, and
2,2,5-trimethyl hexane. WO 03/078360 PCT/EP03/02367  11  EXAMPLES Tests
were conducted using an apparatus comprising two reactors in the alkylation
mode and two in the regeneration mode. Isobutane was used as the
alkylatable  5 compound; 1-butene as the alkylation agent. The reaction
temperature was 70C, the  WHSV was 0.19 hr', and I/O was 24. 



Without interstage distillation, the olefin conversion was 81% and the RON
of the  produced alkylate was 95.3. Using a flash drum, the olefin
conversion increased to  10 100% and the RON of the alkylate was raised to
96.2. This shows the positive effect of  interstage distillation. Further
tests have shown that the alkylate concentration in an apparatus with two
reactors in the regeneration mode, two reactors in the alkylation mode, and
a flash  15 drum between the latter two reactors gives a flat alkylate
concentration profile  throughout the reactors. A comparable result could
be reached by using three reactors in the alkylation mode,  three reactors
in the regeneration mode, and a flash drum between the first and the
second and the second and the third reactor in the alkylation mode. WO
03/078360 PCT/EP03/02367  12  CLAIMS 1. A process for the alkylation of
saturated hydrocarbons wherein an alkylatable  compound is reacted with an
alkylation agent to form an alkylate, said process  5 being performed in an
apparatus comprising a series of at least two reactors,  which process
comprises the following steps: a) the alkylatable compound and the
alkylation agent are introduced into the first  reactor, wherein at least a
portion of the alkylatable compound is reacted with  at least a portion of
the alkylation agent to produce a product stream, 10 b) step a) is
performed at least once more in a downstream reactor employing,  instead of
said alkylatable compound, a stream comprising said product  stream, during
which process the product stream is subjected at least once to a
distillation  step to remove at least a portion of the alkylate from the
product stream before the  15 product stream is introduced into a
downstream reactor. 2. A process according to claim 1 wherein the
distillation is performed over 1-40  theoretical plates. 20 3. A process
according to claim 2 wherein the distillation is performed over 1-10  



theoretical plates. 4. A process according to claim 3 wherein the
distillation is flash distillation. 25 5. A process according to any one of
the preceding claims wherein besides alkylate  also a portion of the
alkylatable compound is removed from the product stream,  the resulting
stream of removed compounds containing at least 5 liquid volume  percent of
alkylatable compound. 30 6. A process according to any one of the preceding
claims wherein the at least two  reactors contain a solid acid catalyst
comprising a solid acid constituent and at  least one Group VIII metal. WO
03/078360 PCT/EP03/02367  13 7. A process according to any one of the
preceding claims wherein a series of at  least four reactors is used. 8. A
process according to any one of the preceding claims wherein the apparatus
5 comprises a series of at least two catalyst-containing reactors in a zone
A and a  series of at least two catalyst-containing reactors in a zone B,
in which process i. the zone A reactors and the zone B reactors cycle back
and forth per zone  between alkylation mode and mild regeneration mode, ii.
the alkylation mode comprises steps a) and b) of claim 1, during which the
10 product stream is subjected at least once to an interstage distillation
step to  remove at least a portion of the alkylate from the product stream
before the  product stream is introduced into a downstream reactor, and
iii. the mild regeneration mode comprises contacting the solid acid
catalyst in each  of the at least two reactors of the zone with hydrogen.
15 9. A process according to any one of the preceding claims wherein the
alkylatable  compound is isobutane and the alkylation agent comprises C3-C5
alkenes. 10. A process according to any one of the preceding claims wherein
the process is  20 conducted at a pressure in the range of 5-40 bar. 


