DESCRI PTI ON  SOLI D PHOSPHORI C ACI D CATALYST AND METHODS OF DI MERI ZI NG OLEFI N
WTH THE SAME 5 TECHNI CAL FI ELD The present invention relates to a solid
phosphoric acid catalyst conprising phosphoric acid supported on a carrier,
and a nethod for selective dinerization of olefin using the same. 10
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10 BACKGROUND ART
Oligomers of olefin are used for various purposes and, particularly,
dimers of low-molecular-weight olefin (e.g., propylene, n-butene, isobutene,
pentene, etc.) are important as high-octane number base materials for
gasoline production, or important as chemical intermediate raw materials.
15 Oligomerization including olefin dimerization is carried out using acid
catalysts, and many studies have been made therefor. Conventional
examples of the acid catalyst include sulfuric acid, hydrogen fluoride,
phosphoric acid, aluminum chloride, boron fluoride, amorphous or
crystalline aluminosilicate, clay, ion-exchange resin, mixed oxide, and solid
20  acid such as an acid supported on solid carrier, and various examinations
have been made also for the solid phosphoric aeid catalyst which provide
inexpensive and simplified chemical manufacturing processes.
There are disclosed to oligomerize propylene using a solid phosphoric
acid prepared in a calcination condition of 100°C or higher (Patent
25  Literature 1) and to oligomerize propylene using a catalyst prepared by
crystallizing an amorphous mixture of phosphoric acid and a siliceous raw

material in conditions of 250-450°C and water vapor concentration of 3-50



nol % (a catal yst consisting of silicon orthophosphate and silicon
pyrophosphate) (Patent Literature 2). It is hitherto known that the
condensati on degree of phosphoric acid in the solid phosphoric acid

catal yst affects the activity of oligonerization 5 reaction of olefin, and
there al so are disclosed exanples of oligonerization of olefins of C3, C4
and the |like using a catalyst in which the nmass ratio of a free phosphoric
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(Patent Literature 3 and Non-Patent Literature 1).
However, not only the oligomerization of olefin using the
above-mentioned conventional phosphoric acid catalysts 1s not mainly
15 intended for dimerization of olefin, but also the use of the conventional solid
phosphoric acid catalysts unavoidably involves by-production of high
polymerized products of olefin, and it was thus difficult to selectively provide
dimers of olefin.
In a phosphoric acid aqueous solution supporting operation, though
20 affected by operating condition such as operating time or temperature,
condensation of the supported orthophosphoric acid in drying process is easy
to proceed. Even after once supported, the condensation easily proceeds in
the same manner. As described later, particularly, a low orthophosphoric
acid concentration in the total phosphoric acid facilitates the proceed of the
25 condensation. As described in Patent Literature 3, also, a highly-condensed

phosphoric acid which is once condensed is dissolved only very slowly to

water (Patent Literature 3, the latter part of Paragraph 0036). Namely, the



water (Patent Literature 3, the latter part of Paragraph 0036). Nanely, the
2 progress of hydrolysis of the highly-condensed phosphoric acid is
virtually slow. In other words, in the conventional phosphoric acid aqueous
solution supporting operation, the condensation is consequently easy to
proceed due 5 to the | ow orthophosphoric acid concentration in the total
phosphoric acid or the like, and the supported anmount of highly-condensed
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mol% at most in terms of phosphorus atom amount), the actual proportion of

10  orthophosphoric acid is predicted to be far less than the maximum value as a
theoretic value (about 46 mol%) because the condensation progresses even if
the orthophosphoric acid is produced. It is not easy for the
highly-condensed phosphoric acid which is once condensed and supported in
the drying process to return to orthophosphoric acid even if it is thereafter

15  hydrolyzed by contact with liquefied or gaseous water in a reaction system.
Further, in the supported orthophosphoric acid, the condensation of
orthophosphoric acid can proceed depending on the reaction condition even if
the orthophosphoric acid concentration in the total phosphoric acid is high,
as well as being low.

20 Patent Literature 1: Japanese Patent Examined Publication No.
8-29251

Patent Literature 2: Japanese Patent Examined Publication No.
7-59301
Patent Literature 3: Japanese Patent Laid Open No. 2001-199907
25 Non-Patent Literature 1: “Applied Catalysis A: General”, 1993, 97, p.

177-196



25 Non-Patent Literature 1: "Applied Catalysis A Ceneral™, 1993, 97, p.
177-196 3 DI SCLOSURE OF THE | NVENTI ON The present invention provides solid
phosphoric acid catal yst which shows high activity and dinmer selectivity in
ol efin dimerization reaction, and an efficient nmethod for dinerization of
olefin. 5 According to a first aspect of the present invention, the solid
phosphoric acid catalyst conprises phosphoric acid (including those which
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10 atom amount.

According to a second aspect of the invention, the solid phosphoric
acid catalyst according to the first aspect is prepared by bringing a
phosphoric acid agueous solution into contact with the carrier followed by
drying, the preparation process being carried out at a temperature lower

15  than 100°C.

According to a third aspect of the invention, the method for
dimerization of olefin comprises bringing olefin-containing raw material into
contact with the solid phosphoric acid catalyst according to the first or
second aspect.

20 According to a fourth aspect of the invention, in the method according
to the third aspect, the olefin-containing raw material contains water in an
amount of 10 to 1000 mass ppm.

According to a fifth aspect of the invention, in the method according
to the third or fourth aspect, the olefin-containing raw material is brought

25  into contact with the solid phosphoric acid catalyst in liquid phase.

According to a sixth aspect of the invention, in the method according

to any one of the third to fifth aspects, the olefin 1s C3-C7 monoolefin.



to the third or fourth aspect, the olefin-containing raw material is brought
25 into contact with the solid phosphoric acid catalyst in liquid phase.
According to a sixth aspect of the invention, in the method according to
any one of the third to fifth aspects, the olefin is C3-C7 nonool efin. 4
EFFECT OF THE | NVENTI ON The solid phosphoric acid catal yst of the present
invention is particularly suitable for olefin dinerization reactions, and
enabl es efficient 5 production of olefin dinmers because it has high
activity and dinmer selectivity in the reactions and an extended catal ytic
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10 As the carrier of the solid phosphoric acid catalyst used in the
present invention, any carrier which can support phosphoric acids can be
used without limitation, preferably, including molded products of siliceous
supports such as diatomite, infusorial earth, ciliate earth, kieselguhr, kaolin,
fuller’s earth, and artificial porous silica and mixtures thereof. In the

15 molding process of the carrier, calcination can be performed in any
temperature condition for the purpose of giving sufficient strength, pore
capacity, and specific surface area. The molding method and the shape of
molded product are not particularly limited and, for example, various molded
products of granular, sheet-like or pellet-like shapes can be formed, for

20 example, by means of tableting, extrusion molding, spray drying, rolling
pelletization, or oil pelletization, with a grain size being about 0.5 to 5 mm.

Concrete examples of the phosphoric acid include orthophosphoric

acid and condensates thereof (pyrophosphoric acid, polyphosphoric acid, etc.).
In the supporting operation, those wich can change to phosphoric acid by

25  hydrolysis (phosphoric acid precursors), e.g., phosphoric acid esters of C1 to

C8 alcohols can be also used. Mixtures thereof are also usable.

The ratio of phosphoric acid to the carrier in the catalyst (the



In the supporting operation, those wich can change to phosphoric acid by 25
hydr ol ysi s (phosphoric acid precursors), e.g., phosphoric acid esters of Cl
to C8 alcohols can be al so used. Mxtures thereof are also usable. The
rati o of phosphoric acid to the carrier in the catalyst (the 5 phosphoric
aci d being cal cul ated as orthophosphoric acid, or phosphoric acids other

t han orthophosphoric acid being converted to the anount of orthophosphoric
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10  other condensed polyphosphoric acids and the like in the phosphoric acid
supported on the carrier is important. Namely, when the proportion of
orthophosphoric acid in the phosphoric acid 1s 60 mol% or more, preferably
70 mol% or more, more preferably 80 mol% or more in terms of phosphorus
atom amount, excellent activity and dimer selectivity can be provided in the
15  olefin dimerization reaction.

Although the progress of the condensation of orthophosphoric acid 1s
extremely slowed when the proportion of orthophosphoric acid in the
phosphoric acid is 60 mol% or more in terms of phosphorus atom amount, the
condensation of orthophosphoric acid shows rapid progress, causing sudden

20 deterioration of the activity in olefin dimerization reaction when the
proportion is smaller than 60 mol%. For maintaining high activity and
dimer selectivity in olefin dimerization reaction for a long period, it is
important to bring olefin into contact with the catalyst in a state where the
proportion of orthophosphoric acid in the phosphoric acid in the catalyst 1s 60

25 mol% or more.

The means for measuring the proportion of orthophosphoric acid in

the phosphoric acid in the catalyst is not particularly limited, but solid
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di mer selectivity in olefin dinmerization reaction for a long period, it is

I nportant to bring olefin into contact wwth the catalyst in a state where
the proportion of orthophosphoric acid in the phosphoric acid in the
catalyst is 60 25 nol % or nore. The means for neasuring the proportion of
ort hophosphoric acid in the phosphoric acid in the catalyst is not
particularly limted, but solid 6 nuclear magnetic resonance spectroscopy of
phosphorus n is nmost suitable t her ef or. cheni ca
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10 it is necessary to avoid the contact of the catalyst with moisture. When the
catalyst contacts with moisture during the measurement or in the
preparation (pretreatment) stage, the condensed phosphoric acid in the
catalyst 1s partially hydrolyzed and changed to orthophosphoric acid.
Therefore, accurate measurement cannot be performed.

15 As the supporting method, it is preferable to dip the carrier in a
phosphoric aqueous solution followed by drying, or to mold a paste obtained
by mixing a siliceous carrier with the phosphoric acid aqueous solution
followed by drying.

The former method is particularly preferred since the phosphoric

20 acid can be properly supplied by redipping the catalyst when the phosphoric
acid amount supprted is reduced by elution of the phosphoric acid in the
catalyst to the reaction solution during dimerization reaction. In the latter
method, the same molding method and the same shape of molded product as
in the molding of the carrier can be adapted.

25 For the preparation of the catalyst, the supporting method by dipping
the carrier in the phosphoric acid agueous solution followed by drying will be

concretely described. The equipment used for the preparation of the



20 acid can be properly supplied by redi pping the catal yst when the
phosphoric acid amount supprted is reduced by elution of the phosphoric
acid in the catalyst to the reaction solution during dinerization reaction.
In the latter nethod, the sane nol ding nethod and the sane shape of nol ded
product as in the nolding of the carrier can be adapted. 25 For the
preparation of the catalyst, the supporting nethod by dipping the carrier
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mor e gy ef EéﬁgtlaXIy 3 t52%08% 35 to 45 mass%, although it varies depending on
properties of the carrier such as surface area. The dipping time can be
generally set to about 1 hour or more. The dipping temperature is set to
lower than 100°C, preferably to not higher than 50°C. A high-temperature
condition of 100°C or higher is not preferred since the proportion of
15  orthophosphoric acid in the phosphoric acid may be low. Further, since an
excessively low temperature causes solidification, disabling the dipping, the
temperature is preferably set to 0°C or higher, more preferably, to 15°C or
higher.
After removing the surplus phosphoric acid aqueous solution by a
20 general method such as filtering after dipping, removal of surplus moisture
can be appropriately performed by means of evaporation drying, or by
standing in the atmosphere or by using a gas flow. As the gas used for
drying, any gas which becomes gaseous state in the drying condition can be
used without particular limitation, and air, nitrogen gas, hydrogen gas, and
25 C1 to C5 saturated hydrocarbon gases are suitable. The gas may contain a

saturated amount or less of water vapor. For example, the drying can be

performed at room temperature using air containing 2.5 vol.% or less of



hi gher. After renoving the surplus phosphoric acid aqueous solution by a 20
general nethod such as filtering after dipping, renoval of surplus noisture
can be appropriately perforned by neans of evaporation drying, or by
standing in the atnosphere or by using a gas flow As the gas used for
drying, any gas which becones gaseous state in the drying condition can be
used without particular limtation, and air, nitrogen gas, hydrogen gas, and

25 C1 C5 hyd b bl.e
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treat nent.
10 it 1is not less than 60 mol% in terms of phosphorus atom amount, while

confirming the progress of the condensation of phosphoric acid by drying.
The highly-condensed phosphoric acid catalyst with advanced condensation
of phosphoric acid can be used by returning it to a low-condensed state (with
a proportion of orthophosphoric acid of 60 mol% or more) by redipping

15 treatment.

As the olefin of the olefin-containing raw material, C3 to C7
monoolefins are usable, and straight-chain, branched and cyclic ones can be
used alone or in combination according to an intended product. Concrete
examples thereof include propylene, butenes (1-butene, cis-2-butene,

20 trans-2-butene, isobutylene), normal pentenes, isopentenes, cyclopentenes,
normal hexenes, iso-hexenes, cyclohexenes, normal heptenes, iso-heptenes,
cycloheptenes and the like. The dimerization of olefin means that 1 mole of
olefin 1s produced by reaction of 2 moles of a raw material olefin (including,
in the case of an olefin-mixed raw material, reactions between different raw

25  material olefins).

In the present invention, as the raw material olefin, for example,

butenes are suitably used.
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As the olefin of the olefin-containing raw material, C3 to C7 nonool efins
are usabl e, and straight-chain, branched and cyclic ones can be used al one
or in conbination according to an intended product. Concrete exanples

t hereof include propyl ene, butenes (1-butene, cis-2-butene, 20
trans- 2- butene, isobutylene), normal pentenes, isopentenes, cycl opentenes,
nor mal hexenes, iso-hexenes, cycl ohexenes, normal heptenes, iso-heptenes,
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(including,. in the case of an olefin-m xed raw paterial, reactions between
di f f er entighepctame primharhasg matarigl for gasplane pradifaon.nyHagh-HMItYs t he raw
material oletin, for. exanple, . butenes are suitaply used. 9 Anong the

resul ti ngﬁbﬁ lepp i aomRoind el A RY WAEHRIRISA! fyncpgal dhavanal nunber

base material for gasolin rodution. H gh-purity diisobutylene is a
conpound Rfé’gflﬁ?S% w%&feﬁﬁa@ﬁlwaﬁpewam hemi cal products such as

octyl phenol and |sononanqic id...5 In the productjon of the diners of

but ends, one kilAdhgPrBaREnEa of the AimetmeldulinRs, o m&@ﬁb&tanes FA0 BRI ch

several Kkinds .of hutenes are mxed._ in opijonal ratios is also,usable. The
%&10{19. B e f%a}ﬁsqfr

conposi t i & Wik BHetwiesinwhicl) sgy Rtgres e BY*ed Mppl i cati ons

and requested characterjstics,(octane nunber, c.) of the resulting
di mer i zecdPRSt dptiopgs g %5% diﬁ%é??gp§¢ﬁﬁl9§¥QQﬁ§“P§&ﬁ§§PE erably

o o AT Lo ot XD 8 Y e 0 oty oft el
| nel uded L IEhEE bte.) o i PRIwiRg dRitriRd P roanee O i HE SgC Stk mrer! @l
10  the requested characteristics, other olefins, for example, propylene and
straight-chain, branched and cyclic pentenes, hexenes, heptenes and the like
can be included therein.
The supplying source of the olefin-containing raw material is not
particularly limited, and examples thereof include an olefin fraction
15 produced in FCC process, an olefin fraction obtained by removing diene
components from fractions produced in a naphtha cracker by extraction or
selective hydrogenation, a coker off-gas fraction, a dehydrogenation reaction
product or the like, and mixtures obtained by mixing them in optional ratios.
These may be further adjusted by increasing and decreasing the content of a
20  specified fraction using known method such as distillation. For example,
isobutylen-isobutane fraction containing high concentration of isobutylene
which can be obtained by removing normal butenes and normal butane by
distillation (or reactive distillation) of FCC-C4fraction or a raffinate fraction
obtained by extracting butadiene from C4 fraction produced in naphtha
25  cracker can be used.

When these fractions are used for dimerization reactions of butenes,

they may contain a trace amount of impurity such as butadiene as long as it

10



particularly Iimted, and exanples thereof include an olefin fraction 15
produced in FCC process, an olefin fraction obtained by renoving diene
conponents from fractions produced in a naphtha cracker by extraction or

sel ective hydrogenation, a coker off-gas fraction, a dehydrogenation
reaction product or the like, and m xtures obtained by m xing themin
optional ratios. These may be further adjusted by increasing and decreasing
t he content of g eC|f|ed fraction using known nethod such as
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exce%' V& lgfln% B R Nt ]5 1ttf‘:|)e7(§ glasg% preferably 10 to 65 mass%, and more
preferably 15 to 60 mass%. An excessively large amount of the solvent
deteriorates the productivity, while an excessively small amount thereof
deteriorates the heat removing efficiency.
In the present invention, it is preferable to bring the
15  olefin-containing raw material into contact with the solid phosphoric acid
catalyst in a liquid phase. In a gas phase, coking may cause deterioration of
the activity and dimer selectivity in olefin dimerization reactions and
shortening of the catalyst life.
The reactor and reaction style used for the dimerization reactions of
20  olefin are not particularly limited, batch, semi-batch or continuous flow type
reactions by vessel type reactors can be used, also, continuous flow type
reactions by fixed bed, fluidized bed, and moving bed flow reactors can be
adapted. The reaction temperature is set to 0 to 300°C, preferably to 20 to
200°C. A sufficient reaction rate cannot be ensured at a temperature lower
25 than 0°C, while side reactions are increased at a temperature higher than

300°C. The reaction pressure is preferably set to from an atmospheric

pressure to 20 MPa, because the reaction system cannot maintain the liquid
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deteriorates the productivity, while an excessively small anount thereof
deteriorates the heat renoving efficiency. In the present invention, it is
preferable to bring the 15 olefin-containing raw naterial into contact with
the solid phosphoric acid catalyst in a liquid phase. In a gas phase,
coking may cause deterioration of the activity and dinmer selectivity in
olefin dinerization reactions and shortening of the catalyst life. The
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pressyre t.on 29 &,vﬁqg@use the reaction system cannot maintain the liquid
11 phase at "a Pofer préssure, while the facility cost is increased at a
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the proporti or t hophosp t he phosphoric acid 1's 60 nol % or

more in ;Dg{? hofus ﬁfﬁﬁﬁdgﬁ, A OB AP ion TS r APIRRDABH AR in the

or t hopho oric aci
10  catalyst can gradually proceed with the progress of dimerization reaction

depending on the reaction condition.

For preventing the progress of condensation of orthophosphoric acid
in the catalyst, it is preferable to make moisture coexist in the reaction
system. The method for supplying the moisture is not particularly limited,

15 and a predetermined amount of water can be dissolved in the
olefin-containing raw material by a mixing device and supplied to the reactor.
The moisture content in the olefin-containing raw material is 10 to 1000
mass ppm, preferably 30 to 500 mass ppm, and more preferably 50 to 300
mass ppm.

20 When the moisture content is smaller than the above-mentioned
range, the frequency of catalyst regeneration is increased since the
proportion of orthophosphoric acid in the phosphoric acid in the catalyst is
reduced to less than 60 mol% in a relatively short time, resulting in
deterioration of the productivity. On the other hand, when the moisture

25  content is larger, excessive moisture (particularly, water of an amount
exceeding the saturated moisture amount of the raw material solution)

makes the phosphoric acid in the catalyst elute, whereby the activity is

12



10 catal yst can gradually proceed with the progress of dinerization reaction
dependi ng on the reaction condition. For preventing the progress of
condensati on of orthophosphoric acid in the catalyst, it is preferable to
make noi sture coexist in the reaction system The nethod for supplying the
noi sture is not particularly limted, 15 and a predeterm ned anount of water
can be di ssol ved in the ol efin-containing raw material by a m xi ng device

and suppl i i sture content in the ol efin-containing
v ot ortresirabhntadieloo Whed e BRoSoGRe RO Yty stlis S eedivst and
nore prefer o 300 ms n the noistu content is smaller
than he ab@@l}b%ﬁéﬂtt ShEas P%?ﬁg)}&fﬁn@ﬁﬁemﬂ@nwcs*sw%lm{@# Fiener ati on i s

i ncreased ;si ncge,t he rtion qf ort hos cid in the phosphoric
wer - esaately gppREdRS the dRaior Realh fRRGE Al [ & retatively short
time, resulting in deterioration of the productivity. On the other hand,
when the noi sture 25 content is larger, excessive noisture (particularly,

wat er E&% nilomt exceedi ng the saturated noi sture anount of the raw
nater?al P makes the phosphoric acid in the catalyst el ute, whereby

catal yst i s redddt %ﬁ?ﬁiﬁliéﬁ e i, G ERemRaR Y Brighi 'nda%” e
258 M SO B PO RaRipLAT, o e v
e g RSP B0 8 AR GRS AL
removed tahﬂl g'lq?llter, standing drying operation was performed in a room with a
10  temperature of 25°C and a humadity of 50% for 2 hours to prepare a solid
phosphoric acid catalyst A. As a result of analysis of phosphorus (31P) by
solid nuclear magnetic resonance spectrometry for the catalyst, the
composition of the phosphoric acid supported (mol% in terms of phosphorus
atom amount, hereinafter the same as above) was composed of
15  orthophosphoric acid 85% and pyrophosphoric acid 15% without
polyphosphoric acid. As the result of neutralizing titration, the phosphoric
acid amount in the catalyst was 20 mass% in terms of orthophosphoric acid
amount, and after removing the phosphoric acid by washing of the catalyst
with water followed by drying, the ratio of the carrier in the catalyst was
20 77.5 mass%. Accordingly, the phosphoric acid support amount i1s 25.8
mass%.
2g of the solid phosphoric acid catalyst A was packed in a tubular
stainless steel reactor (inside diameter: 8 mm), and dimerization reaction
was carried out continuously for 30 days while feeding an
25  isobutylene-containing raw material (isobutylene 30 mass%, n-butenes 5
mass%, n-hexane 65 mass%, and water 250 mass ppm) from an upper part of

the reactor at a rate of 40 g/h (WHSV=26 h1) and drawing out the reaction
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a nmesh filter, standing drying operation was perfornmed in a roomwith a 10
tenperature of 25C and a humdity of 50%for 2 hours to prepare a solid
phosphoric acid catalyst A Asa result of analysis of phosphorus (31P) by
solid nucl ear nagnetic resonance spectronetry for the catal yst, the
conposition of the phosphoric acid supported (nol% in ternms of phosphorus
atom anount, hereinafter the sane as above) was conposed of 15

ort hophosphoric acj.d 85% a pyrophosphoric acid 13% w t hout pol yphosphoric
aci d. Asptrﬂ‘g ‘11?10’6 TR G é{‘fqrzﬁ‘%’@tﬁg‘ﬁ"gtl ﬁlq"tlﬂep AL V@S aci d anmount

n the catal 0 mass% i n r rt hophos ric acid a nt, and
Al ter T oRbURIEMOVIAG BroRrES aﬁﬁﬁ) Wi fysﬁ%@gé'smeyéfurwtﬁ wat er
foIIovved e rati he carri.er st s 20 77.5
rosson . aSOe ﬁ‘aei"eafﬁenﬁﬁ %‘S a%%p%tdﬁawf e R R RI3e e o050y 5g of
t he sol hosphor ac d st A was ed n t | a ess
steel redbb Ry Ao R el thg reaytIon AR ShepiiBafard Tuiiin JHBl Ae
carri d out c nuously for 30 days whil e feeding an 25
i sobugyl éﬁ%‘?%cgmekf ning raw material (isobutylene 30 mass% n-butenes 5

mass% n-hexane 65 nmass% and water 250 mass ppm from an upper part of the
reactor at a rate of 40 g/h (WHSV=26 h-1) and drawi ng out the reaction 13

pr oduct Iutiﬁrbafrom a lower part thereof. A liquid phase state was

mai nt ai n pressure of 1.0 I\/Pa and a catal yst bed tenperature of

80C. The reacti [es It .and_t of, t osphoric acid on the
cat al yst beforé%]%(f% %dlopﬁgoltdgg &ﬁ%%t ‘ﬁ‘?ﬁ'b‘frxzzo M WS n Tabl e 3,

S espect ! VEeH na EXtumt)lllar s?tamless steel reactor (inside diameter: 8 mm). A

10 31-mass% phosphoric acid aqueous solution was introduced from the lower
part of the reactor just in an amount sufficient to entirely dip the diatomite,
and the phosphoric acid aqueous solution was removed from the lower part of
the reactor after 1 hour. Drying operation was then carried out by feeding
nitrogen gas containing 2 vol.% of moisture from upper part of the reactor at

15 room temperature (25°C) and a rate of 1 I/H for 90 minutes and discharging
it from the lower part. A solid phosphoric acid catalyst B partially taken out
of the reactor was analyzed in the same manner as in Example 1. As the
result, the phosphoric acid supported had a composition consisting of
orthophosphoric acid 87% and pyrophosphoric acid 13% without

20 polyphosphoric acid. The amount of the phosphoric acid (in terms of
orthophosphoric acid amount) in the catalyst was 19 mass%, the ratio of the
carrier in the catalyst was 77.7 mass%, and the phosphoric acid support
amount was thus 24.4 mass%. The amount of the catalyst left in the reactor
was 1.86 g.

25 Then, dimerization reaction was carried out continuously for 30 days
while feeding an iscbutylene-containing raw material (isobutylene 30 mass?%,

n-butenes 5 mass%, n-hexane 65 mass%, and water 250 mass ppm) from

14



3. Qg of extrusion nolded product of diatomte (1 mix2nm) was packed in a
tubul ar stainless steel reactor (inside dianmeter: 8 mm). A 10 31-nmass%
phosphoric acid aqueous solution was introduced fromthe |ower part of the
reactor just in an anount sufficient to entirely dip the diatomte, and the
phosphoric acid aqueous solution was renoved fromthe | ower part of the
reactor after 1 hour. Drying operati on vvas then carried out by feeding
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was 1.86 _g. Z en, dinerization reaction was carried out contl nuously for

30 days T ‘Tc Y£&&di ng an i sobutyl ene-containing raw material (i sobutylene

30 nmass% n-butenes 5 nass% n-hexane 65 nmass% and water 250 mass ppm

from 14 upper part of the reactor at a rate of 40 g/h (WHSV=28 h-1) and

dr awi ng g‘ft { e3reacti on product solution fromthe |lower part. Aliquid
Rargpld

phase st mai nt ai ned wth a pressure of 1.0 MPa and a cat al yst bed
t enper at ure of

180C 1€ L cg |onareslu anﬁ-t@%e Cé)rTEOSItI ons of the
phosphoric aci (?5‘}1 Bzathé“&é?t ]IO st AHEFOrE AN arterdPhd fRact A8 are shown in
Tabl fol aquamf).'le-rfl x%egt using a raw material composed of isobutylene 35 mass%,

n-hexane 65 mass%, and water 250 mass ppm. The reaction result and the

compositions of the phosphoric acid on the catalyst before and after the

reaction are shown in Table 1 and in Table 3, respectively.

15 Example 4
Dimerization reaction was carried out in the same manner as in
Example 1, except using a raw material composed of 1sobutylene 8 mass%,
n-butenes 27 mass%, n-hexane 65 mass%, and water 250 mass ppm and
setting the pressure to 2.0 MPa and the catalyst bed temperature to 145°C.
20 The reaction result and the compositions of the phosphoric acid on the
catalyst before and after the reaction are shown in Table 1 and in Table 3,

respectively.

Example 5
25 Dimerization reaction was carried out in the same manner as in
Example 1, except using a raw material composed of n-butenes 35 mass%,

n-hexane 65 mass% and water 250 mass ppm, and setting the pressure to 2.0

15



respectively. Exanple 3 Dinerization reaction was carried out in the sane
manner as in 10 Exanple 1, except using a raw materi al conposed of

i sobutyl ene 35 nmass% n-hexane 65 nass% and water 250 rmass ppm The
reaction result and the conpositions of the phosphoric acid on the catalyst
before and after the reaction are shown in Table 1 and in Table 3,
respectively. 15 Exanple 4 Dinerization reaction was carried out in the sane

T R g LS g R B P TR S ene
[ . . 0 VP dth I b 145C. 20

seCt! 8 WRE TR SRR A A AR STl 2o

catel ot BELRAE G AVAS, IR R TRl Co MR RUIZ0) ¢, L, T Tk e 3

manner as in Exanple 1, except using a raw material conposed of n-butenes
35 mass% n- hexane 65 nmass% and water 250 nass ppm and setting the
pressgreﬁ)galg ﬁaéS MPa and the catal yst bed tenperature to 145C. The
reaction resuP and the conpositions of the phosphoric acid on the catal yst

et ore, 09, 1t Brgd ey SRS AU o RGBT U e (.
g“*mg fm)a rp‘(’%i%gced%‘%kﬁﬂ)dlgr Bt dit Ptk AediHRLMNE ShthE MarhEaS! 8'mhd)NghdG di ameter:
31-mass% phosphoric acid aqueous solution was introduced from lower part
of the reactor just in an amount sufficient to entirely dip the diatomite, and
10  the phosphoric acid aqueous solution was removed from the lower part of the
reactor after 1 hour. Drying operation was then carried out by feeding dry
nitrogen gas from upper part of the reactor at room temperature (25°C) and a
rate of 1 L/H for 60 minutes and discharging it from the lower part. A solid
phosphoric acid catalyst C partially taken out of the reactor was analyzed in
15  the same manner as in Example 1. As the result, the phosphoric acid
supported had a composition consisting of orthophosphoric acid 80% and
pyrophosphoric acid 20% without polyphosphoric acid. The amount of the
phosphoric acid (in terms of orthophosphoric acid amount) in the catalyst
was 19 mass%, the ratio of the carrier in the catalyst was 78.3 mass%, and
20 the phosphoric acid support amount was thus 24.3 mass%. The amount of
the catalyst left in the reactor was 1.93 g.

Then, dimerization reaction was carried out continuously for 30 days
while feeding an isobutylene-containing raw material (isobutylene 30 mass%,
n-butenes 5 mass% and n-hexane 65 mass%) which substantially contains no

25  water from an upper part of the reactor at a rate of 40 g/h (WHSV=26 h1)
and drawing out from a lower part thereof. A liquid phase state was

maintained with a pressure of 1.0 MPa and a catalyst bed temperature of
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31- mass% phosphoric acid aqueous sol ution was introduced fromlower part of
the reactor just in an anmount sufficient to entirely dip the diatomte, and
10 the phosphoric acid aqueous solution was renoved fromthe | ower part of
the reactor after 1 hour. Drying operation was then carried out by feeding
dry nitrogen gas fromupper part of the reactor at roomtenperature (25C
and a rate of 1 L/Hfor 60 mnutes and discharging it fromthe | ower part.

A sol i d gpapsPgld &a6bH ,eakal e o g&ap'oxito@iggpﬁugl?ﬂér¢ heid ggotor ves

anal yzed 1n 15 the sane nanner as In esu

h h h
phosphot 'tglﬁgﬁtﬂﬁggﬁ&g% hggla!gf’égct?xgﬁgg@qéh rQ%hS SRS Chn@5h ﬁ%@?@%ﬁ oric

acid 80% out o phosphori c aci

amount of,.L m@lwsphorl c acid (in terns of orthophosphorl c acid anmount) in
t he catalys was 19 mass% the ratio of the carrier in the catal yst was
78.3 mass% and 20 the phosphoric acid support amount was thus 24.3 mass%
The anobunt of the catalyst left in the reactor was 1.93 g. Then,

di ner5zatE,9£nf£ea¢t| on was carried out continuously for 30 days while

feedi ng an 1sobutyl ene-containing raw material (isobutylene 30 nmass%

n-butenes 5 magnichiilRIRAINON TRAATEA Wik 7 tRYREHANKLAREY aSGAt Al NS NO 25
wat er from an upper part of the reactor at a rate of 40 g/h (WHSV=26 h-1)

and drawi E'ﬂaxﬁtzlfe 1 ramept Lowg a P%tmﬁfb‘%ﬁﬁ%comﬁoéeu%{‘ 1Qoﬂ€1ﬁ%ﬁe§ baLRaY@s,
maintained with a pressure of 1.0 MPa and a catal yst bed tenperature of 16

80C. The i{.gaftdrR J0eiakb%a 1&9&&@1@&%@@%%%&@%@@%@%eﬁadam d on the
catal yst before and after t reaction are shown in Table 1 and in Table 3,

respect i ughter 25054859 bEm/ aad@ttih@tﬂh@rwesﬁsﬁé 2.0 Pacdrid ek eatalydt the same
manner as in
10 bed temperature to 145°C. The reaction result and the compositions of the
phosphoric acid on the catalyst before and after the reaction are shown in

Table 1 and in Table 3, respectively.

Example 8

15 Dimerization reaction was carried out in the same manner as in
Example 1, except using a raw material having a composition consisting of
isobutylene 20 mass%, n-butenes 3 mass%, isopentenes 7 mass%, n-pentenes
10 mass%, n-hexane 60 mass% and water 250 mass ppm, and setting the
pressure to 1.5 MPa and the catalyst bed temperature to 120°C. The

20 reaction result and the compositions of the phosphoric acid on the catalyst
before and after the reaction are shown in Table 1 and in Table 3,

respectively.

[Comparative Example 1]
25 Same operation as in Example 1 was carried out, except performing
the drying operation in a dry oven at 110°C after removing the phosphoric

acid aqueous solution, whereby a solid phosphoric acid catalyst D was

17



Exanpl e 1, except using a raw material conposed of isopentenes 20 nmass%

n- pentenes 20 mass% cycl opentene 10 mass% n-pentane 50 nass% and water
250 mass ppm and setting the pressure to 2.0 MPa and the catal yst 10 bed
tenperature to 145C. The reaction result and the conpositions of the
phosphoric acid on the catal yst before and after the reaction are shown in
Table 1 and in Table 3, respectively. Exanple 8 15 Dinerization reaction was

e 1and in Ta | | . |
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24.8 result and the compositions of the phosphoric acid on the catalyst before and

10  after the reaction are shown in Table 2 and in Table 4, respectively.

[Comparative Example 2]
Same operation as in Example 2 was performed, except performing,
after removing the phosphoric acid aqueous solution, the drying operation by
15 feeding dry nitrogen gas of 200°C to a supported material prepared by
performing dipping in the phosphoric acid agqueous solution and removal of
the agueous solution by the same method as in Example 2 at a rate of 1 L/H
for 1 hour from upper part of the reactor (and discharging it from the lower
part thereof). A solid phosphoric acid catalyst E taken out of the reactor
20 was analyzed in the same manner as in Example 1. As the result, the
phosphoric acid supported had a composition consisting of orthophosphoric
acid 25%, pyrophosphoric acid 39% and polyphosphoric acid 36%. The
amount of the phosphoric acid (in terms of orthophosphoric acid amount) in
the catalyst was 18 mass%, the ratio of the carrier in the catalyst was 83.3
25 mass%, and the phosphoric acid support amount was thus 21.6 mass%.
Then, using 1.8 g of the catalyst E left in the reactor, dimerization

reaction was carried out in the same manner as in Example 2. The reaction

18



mass% Using the solid phosphoric acid catalyst D, the dinerization

reaction was carried out in the same manner as in Exanple 1. The reaction
result and the conpositions of the phosphoric acid on the catal yst before
and 10 after the reaction are shown in Table 2 and in Table 4, respectively.
[ Conpar ati ve Exanple 2] Sanme operation as in Exanple 2 was perfornmed, except
performng, after reaning the phosphoric acid aqueous solution, the drying

e R R PR s R A RS 0
2
eVl e TN SR B T TR PR 22 %

fromthe | ower part thereof) A solid phosphoric acid catal yst E taken out
of the reactor 20 was analyzed in the same manner as in Exanple 1. As the

result, i@ﬁ%%ﬁggﬁ hq@aﬁgﬁf:gysupported had a conposition consisting of

or t hopho aci r ophosphoric acid 39% and pol yphosphoric acid
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respecti nparative nerization reaction was carried

out in th ﬁ ?‘Qﬁb‘%ﬁ?Eﬁd%ﬁ‘tér&he%ﬁ?ﬁm%rg%hﬁ%%”ﬂ Pable £XGERH TARANG, @ T aw

mat eri al conposition
10  respectively.

{Comparative Example 4]
Dimerization reaction was carried out in the same manner as in
Comparative Example 1, except using a raw material having a composition
15  consisting of isobutylene 8 mass%, n-butenes 27 mass%, n-hexane 65 mass%
and water 250 mass ppm, and setting the pressure to 2.0 MPa and the
catalyst bed temperature to 145°C. The reaction result and the
compositions of the phosphoric acid on the catalyst before and after the
reaction are shown in Table 2 and in Table 4, respectively.
20
[Comparative Example 5]

Dimerization reaction was carried out in the same manner as in
Comparative Example 2, except using a raw material having a composition
consisting of n-butenes 35 mass%, n-hexane 65 mass% and water 250 mass

25 ppm, and setting the pressure to 2.0 MPa and the catalyst bed temperature
to 145°C. Since no dimerized product was obtained, the reaction was

terminated in 5 hours. The reaction result and the composition of
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consi sting of isobutylene 35 mass% n-hexane 65 nmass% and water 250 nass
ppm The reaction result and the conpositions of the phosphoric acid on the
catal yst before and after the reaction are shown in Table 2 and in Table 4,
10 respectively. [Conparative Exanple 4] D nerization reaction was carried
out in the sane manner as in Conparative Exanple 1, except using a raw

mat eri al having a conposition 15 consisting of isobutylene 8 mass%

n- but ene %.: 9 GHRSS etting

t he pr es?ﬁép?%ﬁgé%lmgg% gtt ngt catlﬁgg?r%%gﬁthe%%esr at urlerpltngaezg%.nﬁThe
reaction;f qsuhd 49{%pgpﬁvelg,prrposi tions of the phosphoric acid on the catalyst
before and after the reaCtion are shown in Table 2 and in Table 4,

respecti viglhye 12Rch GO RAL Ve Exanple 5] Dinerization reaction was carried
out in the same manner as 1n Conparative Exanple 2 except using a raw
materiall having a cgnposition consistipg.0f,a- butenes 35 mass% n-hexane 65
mass% and wat er 250 [mass 25 ppm and seitl NGt he pressure to 2.0 MPal|and the

catal yst| bed tenperature to 145C. Since naédi nerijzed %rojpct yas @bt ai ned,
the reagtion was termnated in 5 hours._ The rleactlion{result and [t he

corrpositiagﬂgn(E ph rd I t hexcatal . 0rhe 1 I gact40n are
shown in Ta I?{)ah gan(‘?ﬁ?ﬁflgﬁ?\(ﬁe‘%ﬂmﬁ(’:@p =§t5i Z?y gél‘ Eﬁa io'% I?‘gc ?% 7F}e‘ult
Exanple| 1 2 3 4 5 81l Selectivity (%) | 90 |89 {80 |93 |94 {90 |92 |88

Dimer Yield (%) 68 |68 |64 (45 |33 |68 |44 |62

=

After 30 days | Olefin Conversion (%) |80 |80 |86 |50 |37 [57 |41 |75

Dimer Selectivity (%) |85 [88 (75 |93 |93 |85 |91 |85

Dimer Yield (%) 68 |70 |65 |47 |34 |48 |46 |64

5 Table 2: Reaction Result

Comparative Example

1 (2 3 |4 |5

After 5 hrs Olefin Conversion (%) |49 |32 |55 [41 |0

Dimer Selectivity (%) |85 |64 |77 | 87

Dimer Yield (%) 42 |20 |42 |36 | O

After 30 days | Olefin Conversion (%) | 40 | 22 |41 |21 |-

Dimer Selectivity (%) |67 |50 [63 | 75

Dimer Yield (%) 27 111 126 |16
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After 5 hrs Aefin Conversion (% 75 76 80 48 35 76 48 71 Dinmer Selectivity
(9% 90 89 80 93 94 90 92 88 Diner Yield (% 68 68 64 45 33 68 44 62 After
30 days O efin Conversion (% 80 80 86 50 37 57 41 75 Diner Selectivity (%
85 88 75 93 93 85 91 85 Diner Yield (%9 68 70 65 47 34 48 46 64 5 Table 2
Reaction Result Conparative Exanple 1 2 73T4 5 After 5 hrs Qefin
Conversion (9% 49 32 55 41 O Diner Selectivity (% 85 64 77 87 - Diner Yield

Sel oot i vilE T oy PBosithrEzadd %ﬁa&@éﬁﬁ%@ﬁ@%‘%‘é@aﬂéﬁ%ﬂ%sﬁ% S
torms. of '@wospﬂorus 3 oS abih oy X?rou%“’tic’rzesaZ%AE?rsReéﬁ ore T
Ot hophosphoric acid 85 87 85 85 85 80 %5 l reaction Pyrophosphori¢ acid
15 13 15 15 15 20 1% 15 Pol yphosphori ¢ 48[t 6 0 0 0 0 0°0 0 After B0 days
Ot hophosphoric acid 79 82 81 79 77 59 Z8 85) F'yaropt)losptgor & ac;zd ?81_ 18 19 21
22 36 22 20
Before
reaction

Orthophosphoric acid |85 |87 185 |85 |85 |80 |85 {85

Pyrophosphoric acid 15 (13 |15 |15 |15 |20 |15 |15

Polyphosphoric acid 0 [0 |O |0 |O |0 |0 |O

After 30 days | Orthophosphoricacid |79 (82 |81 (79 |77 (59 |78 |80

Pyrophosphoric acid 21 118 |19 |21 |22 |36 |22 |20

Polyphosphoric acid 0O (0 (0O |O |1 /5 |0 (O

Table 4: Phosphoric acid Composition in Catalyst Before and After Reaction

5 (mol% in terms of phosphorus atom amount)

Comparative Example

1 (2 |3 |4 |5

Before

) Orthophosphoric acid | 57 |25 |57 |57 |26
reaction

Pyrophosphoric acid |38 |39 38 |38 |40

Polyphosphoric acid 5 |36 |5 |5 |34

After 30 days | Orthophosphoric acid |42 |13 |35 |45

Pyrophosphoric acid |46 |31 |45 |47

Polyphosphoric acid 12 |56 [20 |8 |-

Industrial Applicability
The solid phosphoric acid catalyst of the present invention can be
used in various reactions using acid catalyst such as hydration reaction of

10  olefin, alkylation reaction of aromatic compounds besides the olefin
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Pol yphosphoric acid 0 0 0 0 1 5 0 0O Table 4: Phosphoric acid Conposition in
Catal yst Before and After Reaction 5 (nmol%in terns of phosphorus atom
anount) Conparative Exanple 1 2 3 4 5 Before Othophosphoric acid 57 25 57
57 26 reaction Pyrophosphoric acid 38 39 38 38 40 Pol yphosphoric acid 5 36
55 34 After 30 days Othophosphoric acid 42 13 35 45 Pyrophosphoric acid
46 31 45 47 - Pol yphosphoric acid 12 56 20 8 - Industrial Applicability The
solid phgﬁg@?ﬁkﬁogpid catal yst of the present invention can be wused in
various reactrons using acid catal yst such as hydration reaction of 10

ol efin, alkylation reaction of aromatic conpounds besides the olefin 21
dinerization. 22 CLAIMS 1. A solid phosphoric acid catal yst, conprising
phosphoric acid (including those which can change to phosphoric acid by
hydrol ysis, hereinafter the sane as above) supported on a carrier, the
proportion of 5 orthophosphoric acid in the phosphoric acid supported being
60 nmol % or nore in terns of phosphorus atom anount. 2. The solid phosphoric
acid catalyst according to claim1, which is

22



prepared by bringing a phosphoric acid aqueous solution into contact with
the carrier followed by drying, the preparation process being perforned at a
10 tenperature | ower than 100C. 3. A nethod for dinerization of olefin,
conprising bringing an olefin-containing raw material into contact with the
solid phosphoric acid catalyst according to claim1 or 2. 4. The nethod
according to claim3, wherein the olefin-containing 15 raw materi al
contains water in an anount of 10 tﬁLégﬁﬁ%nass ppm 5. The met hod accordi ng
to claim3 or 4, wherein the olefi ining raw material is brought into
contact with t e SO

nmet hod accor di Qi}ﬁ/pg Slgch"?(g:%‘%l arfia?tg,lytggt Bt %%IIII%I l I‘%PZ‘ %?f"aci ef |6n ;I'gea
monool ef i n rllg fnrégth%s}e %vhlc %Epl%@la%tg%% pq{osgh)é}'llc”a%lci) {)y (E)llysm)noOI efins. 23
hereinafter the same as above) supported on a carrier, the proportion of
5  orthophosphoric acid in the phosphoric acid supported being 60 mol% or
more in terms of phosphorus atom amount.
2. The solid phosphoric acid catalyst according to claim 1, which is
prepared by bringing a phosphoric acid aqueous solution into contact with
the carrier followed by drying, the preparation process being performed at a
10  temperature lower than 100°C.
3. A method for dimerization of olefin, comprising bringing an
olefin-containing raw material into contact with the solid phosphoric acid
catalyst according to claim 1 or 2.
4. The method according to claim 3, wherein the olefin-containing
15 raw material contains water in an amount of 10 to 1000 mass ppm.
5. The method according to claim 3 or 4, wherein the
olefin-containing raw material 1s brought into contact with the solid
phosphoric acid catalyst in liquid phase.
6. The method according to any one of claims 3 to 5, wherein the

20  olefin is a monoolefin having 3 to 7 carbon atoms or mixture of those

monoolefins.
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