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however, found that para-diethylbenzene (p-DEB) is easier to transalkylate than’

15  the ortho and meta isomers. There is therefore a continuing need for an aromatics
alkylation process in which the polyalkylated by-products are rich in the para
dialkyl component. Such a process would be particularly useful where it employs
a catalyst which exhibits both alkylation and transalkylation activity under similar
operating conditions inasmuch as the alkylation and transalkylation steps could be

20  carried out in a single reactor with recycle of diethylbenzene.

U.S. Patent No. 3,751,504 to Keown et al. and U.S. Pat. No. 3,751,506 to
Burress describe vapor phase alkylation of aromatic hydrocarbons with olefins,
e.g., benzene with ethylene, in the presence of ZSM-5 zeolite.

U.S. Patent No. 4,086,287 to Kaeding et al. discloses a method for

25  selectively ethylating monoalkyl benzenes to para-dialkyl substituted benzenes,
such as para-diethylbenzene using ethylene as alkylating agent, over a zeolite-
containing catalyst, e.g., ZSM-5, which may be incorporated in a matrix such as
clay, silica, and/or metal oxides. The zeolite may be modified by incorporating a
difficultly reducible oxide such as oxides of phosphorus, boron, and/or

30  magnesium.
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sel ect i vat edpiayionof Hiethythehram@tfretions iswedyieled toithd alleylntdornainel while the. g. ,
di met hyl si |l i cone. TH@gﬁ%?tpE{sySt may be silica-bound. U.S. Patent No.

5, 689, 027 t o"AMIRIeH the highgrarofyséydbenzense esdranspliylatrdvieith i ng
o e RS Bl AR o on sromtlc by gcas bor
si ze zeol ite that UltaPateeeNosy24E6t I'Mat(@dng et al. discloses a method for
15  selectively producing para-dialkyl substituted benzenes using a silica-modified
non-organic ZSM-5 catalyst treated with an organosilicon compound, e.g.,
phenylmethylsilicone. The catalyst may be silica-bound.
'U.S. Patent No. 5,530,170 to Beck et al. discloses a method for alkylating
ethylbenzene with ethylene to selectively produce para-diethylbenzene using a
20  ZSM-5 zeolite catalyst which has been selectivated by multiple treatments with a
siliceous material, e.g., dimethylsilicone. The catalyst may be silica-bound.
U.S. Patent No. 5,689,027 to Abichandani et al. discloses a method for
converting ethylbenzene to compounds that may be removed from an aromatic

hydrocarbon stream with minimal xylene loss using a silica bound intermediate

25  pore size zeolite that has been selectivated.

Summary of the Invention

According to the invention it has now been found that a silica bound, small
crystal ZSM-5 zeolite catalyst provides a higher p-DEB content in total DEB
30  when used in the ethylation of benzene, thereby facilitating subsequent DEB

conversion to ethylbenzene (EB). The novel catalyst also allows reduced
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react or W t hconsdikiyg atmoigakgRidd aromitiefrivtoaand e pofyakkysitéd ramageind ZSM 5
zeolite alkylation 15 catal yst, wherein the ZSM5 has a crystal0 size of no
greater thanf@stion, wherpigrhe polyalkylatgd gpomagicoragtionentains atlsps 405vi%aef i ng bei ng
conduct u |k i i.tions to provide a product containing a
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transal kyl ati on yst “under transa
alkylating agent in the presence of a silica-bound ZSM-5 zeolite alkylation

15  catalyst, wherein the ZSM-5 has a crystal size of no greater than 0.05 micron, e.g.,
0.02 to 0.05 micron, said contacting being conducted under alkylating conditions
to provide a product containing a monoalkylated aromatic fraction and a
polyalkylated aromatic fraction, wherein the polyalkylated aromatic fraction
contains at least 40 wt% of the para-dialkylaromatic species;

20 i1) separating the polyalkylated aromatic fraction from the product, and

iii) contacting the polyalkylated aromatic fraction in the presence of
unsubstituted aromatic and a transalkylation catalyst under transalkylating
conditions to provide a monoalkylated aromatic-rich stream, e.g., an
ethylbenzene-rich stream.

25 The reference in the present specification to the ZSM-5 having a “crystal
size” of no greater than 0.05 micron is used to mean that the maximum dimension
of the crystals in any direction is no greater than 0.05 micron.

The above and other objects, features and advantages of the present
invention will be better understood from the following detailed descriptions, taken

30  in conjunction with the accompanying drawings, all of which are given by

illustration only, and are not limitative of the present invention.
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15

Detailed Description of the Invention

The present invention is directed to a process for producing a
monoalkylated aromatic compound, particularly ethylbenzene, by reacting an
aromatic feedstock, particularly benzene, with alkylating agent, particularly

20  ethylene, in the presence of a silica-bound ZSM-5 zeolite alkylation catalyst,
wherein the ZSM-5 has a crystal size of no greater than, 0.05 micron, e.g., 0.02 to
0.05 micron. Preferably, the catalyst contains at least 70 wt.% zeolite. The
resultant product contains both the desired monoalkylated aromatic compound and
polyalkylated aromatic compounds rich in the para-dialkylaromatic species. The

25  polyalkylated aromatic compounds are separated from the alkylation product and
reacted with further aromatic feedstock in the presence of a transalkylation

catalyst to produce additional monoalkylated product.

Alkvlation and Transalkylation Catalysts

30 The alkylation catalyst used in the present invention comprises the zeolite

ZSM-5 having a crystal size (maximum dimension in any direction) of no greater
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catal yst cond SiOW%AQO | 01k rafid grititerHaeA, infote pmlcgolprfﬁfneﬁ(atd 80,40d 90 wt . %

and nost prefera 5-85 wt. A) zeolite, for exanple about 80 wt.% zeolite.
The ZSM 5 ermnbsnpee:feqabbifabbab’}'(y has a Si 02/ Al 203 nol ar rati o greater than
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conpounds, 1§ SAECRREAY B AR EN} Gt D ke E PR AN RIEERR | 1 (e
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15 dlmethylbutane of at least 500, and more preferably from 700 to 2000, when

measured at a temperature of 120°C and a 2,2-dimethylbutane pressure of 60 torr
(8 kPa), wherein D is the diffusion coefficient (cm*/sec) and r is the crystal radius
(cm). The required Diffusion Parameters can be derived from sorption
measurements provided the assumption is made that the plane sheet model

20  describes the diffusion process. Thus for a given sorbate loading Q, the value
Q/Q, where Q. is the equilibrium sorbate loading, is mathematically related to
(Dt/r*)"? where t is the time (sec) required to reach the sorbate loading Q.
Gfaphical solutions for the plane sheet model are given by J. Crank in “The
Mathematics of Diffusion”, Oxford University Press, Ely House, London, 1957.

25 The transalkylation catalyst used in the process of the invention is
preferably ZSM-5 and most preferably the same silica-bound, small crystal ZSM-
5 used as the alkylation catalyst. Alternative transalkylation catalysts include
other medium pore zeolites having a Constraint Index of 2-12 (as defined in US.
Patent No. 4,016,218), such as ZSM-11, ZSM-12, ZSM-22, ZSM-23, ZSM-35, and

30 ZSM-48. ZSM-11 is described in detail in U.S. Patent No.3,709,979. ZSM-12 is
described in U.S; Patent No. 3,832,449. ZSM-22 is described in U.S. Patent No.
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in US. Pat eﬁ?alwn@ey%Z@@@ DralY) may bomgpared by thegagthodfound is USs, pat ent

and Re. No. DA O P P R B PR E O Ry o
descri bed i n U. S. Ofhat andic Nolsd 0x3d<@98hitB thagbd uSdad @adlf@e thePeeskent ni zed Y
zeolite l(g:)e aanllcyniatY 0n rea&go%p%rcﬁlﬂe RXCl\t/IE%, %ﬁg?gsﬁf’z%?g&dﬂ-slé, ﬁICM-49

and MCM-56. MCM-22 and its use to catalyze the synthesis of alkylaromatics,

including ethylbenzene, is described in U.S. Patent Nos. 4,992,606; 5,077,445; and

5,334,795. PSH-3 is described in U.S Patent No. 4,439,409. SSZ-25 and its use in

aromatics alkylation are described in U.S. Patent No. 5,149,894, MCM-36 is

20  described in U.S. Patent Nos. 5,250,277 and 5,292,698. U.S. Patent No. 5,258,565

describes the synthesis of alkylaromatics, including ethylbenzene, using a catalyst
comprising MCM-36. MCM-49 is described in U.S Patent No. 5,236,575. The use
of MCM-49 to catalyze the synthesis of alkylaromatics, including ethylbenzene, is
described in U.S. Patent Nos. 5,493,065 and 5,371,310. MCM-56 is described in

25  U.S. Patent No. 5,362,697. The use of MCM-56 to catalyze the synthesis of
alkylaromatics including ethylbenzene is described in U.S. Patent Nos. 5,557,024
and 5,453,554.

Reactants
30 The reactants used in the process of the invention include an alkylatable

aromatic compound and an alkylating agent.



Pat ent No. 3,442,795. Zeolite UHP-Y is described in U S. Patent
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15 Generally the alkyl groups which can be present as substituents on the
aromatic compound contain from about 1 to 22 carbon atoms and usually from
about 1 to 8 carbon atoms, and most usually from about 1 to 4 carbon atoms.

Suitable alkyl substituted aromatic compounds include toluene, xylene,
isopropylbenzene, normal propylbenzene, alpha-methylnaphthalene,

20  ethylbenzene, mesitylene, durene, cymenes, butylbenzene, pseudocumene, o-
diethylbenzene, m-diethylbenzene, p-diethylbenzene, isoamylbenzene,
isohexylbenzene, pentaethylbenzene, pentamethylbenzene; 1,2,3,4-
tetracthylbenzene; 1,2,3,5-tetramethylbenzene; 1,2,4-triethylbenzene; 1,2,3-
trimethylbenzene, m-butyltoluene; p-butyltoluene; 3,5-diethyltoluene; o-

25  ethyltoluene; p-ethyltoluene; m-propyltoluene; 4-ethyl-m-xylene;
dimethylnaphthalenes; ethylnaphthalene; 2,3-dimethylanthracene; 9-
ethylanthracene; 2-methylanthracene; o-methylanthracene; 9,10-
dimethylphenanthrene; and 3-methyl-phenanthrene. Higher .molecular weight
alkylaromatic hydrocarbons can also be used as starting materials and include

30  aromatic hydrocarbons such as are produced by the alkylation of aromatic

hydrocarbons with olefin oligomers. Such products are frequently referred to in



10 aryl oxy, cycloal kyl, halide, and/or other groups which do not interfere
with the alkylation reaction. Suitable aromatic hydrocarbons i ncl ude

benzene, waphilsliene, ant hracene, naph§ hacene, peryl ene, paygIenee: and
phenant hrene, wi th benzene being preferred. 15 CGenerally the al kyl groups
whi ch can be present as substituents on the aromatic conmpound contain from

about 1 to carbo ons, .and ,usual.l from bout 1.t car bon atons, and
most usual 1 0% P a0 A 0% B lehaoriom B ns: O BeF ot Tt ur e
aronati ¢ conpatHadsyibéizehs] dekPolemne, nosylti6laene, dodRplidl¥idenzene, nor nal

propyl benzene, alpha-nethé%naphthalene, 20 et hyl benzene, nesityl ene,

dur ene, cyneifatadeyiglupes gion &/ ery sbeniadkylgterie obleinediag o highthoilirefzaction in

di et hyl b i - e | |
e e e
1, 2, 3, 5- et r@yetabyht®nz 8ien chménd ot éthEbireheRZRO @ssirkd Brodtuct, fHePeédend benzene,

m but yl t ol uene; p-butyltoluene; 3,5-diethyltoluene; o 25 ethyltol uene;

p- et hyl t ol udnecesyPdgess acesniaie little byrprpdudis sugh @m sylenes. dkhersylenapmekal enes:

et hyl napht h x - di I Q- et hyl ant hracene;
2-nethy|antﬁb§@§%%%mog%e y gﬁ%ﬂ%%%%%@?ﬁghﬁﬁg'dinethylphenanthrene; and

3- net hyl - phenant Refnattlcgitainingaubtatal quitigibs of dnkytieatodisieiaid/oy dr ocar bons
can al so be used as starting naterials and include 30 aromati ¢ hydrocarbons
such as are Hﬁ%&@éﬁ“ﬁ‘fsﬁlﬁ’ ignlerly ysetalfeed foxthgalkylatiompreeess of Bdhs wi t h
olefin ijgqgg&ﬁm Such products are frequently referred to in WD 02/16291 8
PCT/ US01/ 26201 tﬁe art as al kylate and i ncl ude hexyl benzene, nonyl benzene,

dodecyl benzene, Temlkyleting ipenzeneil naky plootssexfiehis imvaptidroganerndy
dodecyltoluen%} ent dﬁﬁytoluene, etc.., Very offen alkylate is qQbtained as a
hi gh boi | i ng™f PQ@?‘% ROgLC mrewa@%rgamwpmgp AR npose plalleomat i ¢
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compound, preferably with the alkylating group possessing from 1 to 5 carbon

15 atoms. Examples of suitable alkylating agents are olefins such as ethylene,
propylene, the butenes, and the pentenes; alcohols (inclusive of monoalcohols,
dialcohols, trialcohols, etc.) such as methanol, ethanol, the propanols, the
butanols, and the pentanols; aldehydes such as formaldehyde, acetaldehyde,
propionaldehyde, butyraldehyde, and n-valeraldehyde; and alkyl halides such as

20  methyl chloride, ethyl chloride, the propyl chlorides, the butyl chlorides, and the
pentyl chlorides, and so forth.

Mixtures of light olefins are especially useful as alkylating agents in the
alkylation process of this invention. Accordingly, mixtures of ethylene,
propylene, butenes, and/or pentenes which are major constituents of a variety of

25  refinery streams, e.g., fuel gas, gas plant off-gas containing ethylene, propylene,
etc., naphtha cracker off-gas containing light olefins, refinery FCC

propane/propylene streams, etc., are useful alkylating agents herein. For example,

a typical FCC light olefin stream possesses the following composition:



process produces acceptably little by-products such as xyl enes. The xyl enes
make in such instances nay be |ess than about 500 ppm Reformate

cont ai ni ngggspgtanti al quantities of begzene, tol uene and/p@T/usoYhLENE
constitutes a particularly useful feed Tor the al kylation process of this
10 invention. The al kyl ating agents useful in the process of this invention
generally include any aliphatic or aromati ggani c co ueq/havi ng one or
nore avai l abll:a&6 al kylating aliphatic groups%bl e of P@gp‘i—én with the

al kyl at abl e Watic compound, preferably with the alkyla ilng gr oup
possessi ng fEGMeRet 0 5 carbon 15 atoms. Exanglés of suitabllé al kyl ating
agents are of®Pfis such as ethylene, propyl éh®, the buterdds and the

pent enes;5 alRohwlese (i ncl usi ve of nonoal cohol42.5 di al cohol 6.8 ri al cohol s,
etc.) such dsobmtieanol , et hanol, the propanolx9 the butardl3s, and the

pent anol s; al-Bakydes such as formal dehyde, ages al dehyde, prgopi onal dehyde,
but yr al dehydgyteagrd n-val er al dehyde; and al kydp hal i des suchgas 20 net hyl
chloride, etpylafell oride, the propyl chloridgsy the butyl eh orides, and
the pentyl chlorides, and so forth. Mxtures of light olefins are

especi ally useful l, Ky, i epts. in t al kylatio rocess of this
i nvention. Accor dEI, ‘%gﬁr%ly%i’g{e&& rétgo ﬂlgtpﬁ?ﬁeé%gﬁhe B}VS%@Q%%SEG%P%% , and/ or
pent enes whi éthylafi€antibthe desied sédctiie piodutfis sthyehming. of 25 refinery streans,
e.g., fuel gas, gas plant off-gas containing ethylene, propylene, etc.,
napht ha cracker off-gas containing light olefins, refinery FCC

pr opane/ pro éa%ﬂgn s etc., are useful al kylating agents herein. For
exanple, a %ﬁl&—%@@ ght ol efin stream possesses the foll ow ng
conposi tlison: WO OPHelBRAtidh di@TrahialdilAiod Qdactidils. ikayMakepldodaindaniéquid 3 5. 1

Et hylene 0.7 1.2 Propane 4.5 15.3 | ) .. .
phase conditions or vapor phase conditions or mixed liquid/vapor phase conditions.

For example, one of these reactions may take place under liquid phase or mixed

liquid/vapor phase conditions, while the other reaction takes place under vapor

phase conditions. However, both reactions preferably take place under vapor phase
20  conditions.

Particular conditions for carrying out the vapor phase alkylation of benzene
with ethylene may include a temperature of from about 650 to 900°F (343 to
482°C), e.g., from about 700 to 850°F (371 to 454°C), a pressure of about
atmospheric to about 3000 psig, e.g., from about 25 psig to about 450 psig, a WHSV

25  based on ethylene of from about 0.5 to about 10.0 hr™’, e.g., about 0.5 to about 20
hr''and a mole ratio of benzene to ethylene of from 1:1 to 30:1.

Liquid phase alkylation of benzene with ethylene may be carried out at
temperatures between 300 and 650°F (150 to 340°C.) usually in the range of 400 to
520°F (205 to 270°C). Pressures during the liquid phase alkylation of benzene with

30  ethylene may be as high as about 3000 psig (20875 kPa) although generally will not
exceed 1000 psig (7000 kPa). The reaction may be carried out in the absence of
hydrogen and accordingly the prevailing pressures are those of the reactant species.
The space velocity may be from about 0.1 to 20 WHSV, based on the ethylene feed.

Preferred space velocities for the liquid phase alkylation of benzene with ethylene



5 Propylene 42.5 46.8 |Isobutane 12.9 10.3 n-Butane 3.3 2.6 Butenes 22.1
18.32 Pentanes 0.7 0.4 10 Preferably, the reactants in the process of the

i nvent i onway @/1ezene and et hyl ene anﬂ the desired react ipgm/Ropderdt 1S
et hyl benzene. Reaction Conditions 15 T 8 al kyl ati on and transal kyl ati on

reactions nmay take place under |liquid phase conditions or vapor phase
conditions or m.xed |liguid/v as ndj ti For exanpl e e of
these react i BAESIHEDEEA éeﬁ@g%% 0 ?Pﬁﬁ? gb%gg@{gﬂ% ﬁgxﬁamr%oﬂm'z#]vapor

phase condi tﬂo@flﬁWH’EW,|(@th%l@§e)9tm_@fati'b%@ﬁé RAzdnd kS he RIGfRe NS RINEAHGL Phase
conditions. However, 'both réactions preferably take place under vapor phase

20 condi t i onsacteamay eaifrem lclondiotli opler, hormallyrabgutrfgl d0: 1 melav.gadin phase

al kyl ati on of enzege \Agl tthS'g h d_iene may include a tenperature of from
about 650 t 0"GYERF BT 6™ 4 %8/ B¢ - om about 700 to 850F (371 to
454C), a spressur eppficadiQdhditiodsBSRRE/ingot thedpotiphdeanBsicglatiéh 6F , from
about 25 psig to about 450 psig, a WHSV 25 basecf) on et hylene of from about

0.5 t o aboutbengem with polyetlylbenzeneh sy incleleatemperaturoofifrom abando@’Giigl e rati o

of benzene tg e Lene _of from 1.1 t 1. Liqui hase.al kyl at i of
benzene wt hgoé){’l%%eﬁee'%a%o%gggggv ?’«5%2%03&’ %Presstqe 4 %?Oélgg%ﬂe% &é‘ﬁqgoo and
650F (150 't 0ab340300D peiztiak) Foabbiesortanpsut 300 A48, 4 WHSS28Hsed dRthet 0 270C) .
Pressures duri ng the I'iquid ?hase al kyl ati on of benzene with 30 ethylene

may be as hiyrighiofairigtal soooiosd tqthe 2emtion xmg)of frmabayghl Yakeraldy will not
cxceed 900 i hE00R AT DRI M AL Sl a4 e sboerce
reactant speci es.Parilfigarspadiionsgboeirtyyngd@y thediguidyhasdpatisal@ylatibwo20 WHSV,
based on t hebe%tzgn)élv&itnhepgly?eet}cliﬂbenzenes may include a temperature of from about 150°C to
about 260°C, a pressure of 7000 kPa or less, a WHSV based on the weight of the
total liquid feed to the reaction zone of from about 0.5 to about 2.0 hr' and a mole
15  ratio of benzene to polyethylbenzene of from 1:1 to 30:1.

The process of the present invention, which employs silica-bound ZSM-5
zeolite catalyst composite of no greater than 0.05 micron, e.g., 0.02-0.05 micron,
zeolite crystal size, as the alkylation catalyst, provides certain advantages over
prior art processes. In particular, the polyalkylated fraction of the alkylation

20  product contains at least 40 wt.% of the para-dialkylaromatic species. Moreover,
the para-diethylbenzene content of the alkylation product is greater than 45 wt.%,
preferably greater than 50 wt.% of the total diethylbenzene in the product. The
high para-diethylbenzene content facilitates subsequent transalkylation.

The alkylation step of the process of the invention may be effected at a

25  start of cycle temperature 20-30°F lower, e.g., well below 750°F, than
conventional vapor phase EB processes possibly owing to enhanced coke
resistance of the silica-bound catalyst as compared to comparable alumina-bound
catalyst composite. The 1owef start of cycle temperature provides longer cycle
lengths. - \

30 Moreover, the silica-bound ZSM-5 used as the alkylation catalyst in the

process of the invention provides lower xylene make, with the xylene content of



Preferred space velocities for the |iquid phase al kylation of benzene with
et hyl ene WO 02/ 16291 10 PCT/ US01/ 26201 include ranges, for exanple, from
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0.02-0.05 ni¥F@He. zeolite crystal size, as the alkylation catalyst,
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transal kyl ati on. step o process I nventi on may be
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in a transalkylating reactor separate from the alkylating reactor. In such instances
each reactor may employ the same or different catalyst composites in their
respective catalyst beds. A particularly preferred embodiment employs an
alkylating and/or transalkylating reactor having four to six catalyst beds.

20 The following examples will serve to further illustrate processes and some

advantages of the present invention.

Example 1 Preparation of ZSM-5 Catalysts
Silica Bound ZSM-5 Catalyst

25 A silica bound catalyst of the present invention was formulated by the
following procedure: 178 parts of a small crystal ZSM-5 (0.02 - 0.05 micron size)
drycake was added to a muller mixer along with 22 parts of a precipitated silica.
The powders were mixed and then 50 parts of Ludox HS-40 colloidal silica was
added along with 12 parts of a 50% caustic/water solution and 76 parts of water.

30 Mixing was done to ensure uniformity of the mull mix and then the sample was

extruded through a 1/16"cylindrical die plate. The material was dried and then



resi stance of the silica-bound catal yst as conpared to conparable

al um na-bound catalyst conposite. The |l ower start of cycle tenperature
provi des Wwo@akaaaycle |engths. 30 Moregver, the silica-bgundystphéhused as
the al kyl ation catalyst in the process”f the invention provides |ower

xyl ene make, with the xylene content of WD 02/16291 11 PCT/US01/ 26201 the

al kyl ation product typically bei 0 eater than.900. p referably no
greater thanargﬁlﬁmblﬂ-h%. a%nexﬁgmeiﬁ?ra?a?ce%%s %Bi%vgnd‘f‘“?%%%@ﬁ i nvention
can provi decgktiy 6 es &RARS60 phaN mer@kcﬂaﬁ%@,&h&&taa/yst%asmﬁt@ég%h@ké-y at | east

96.5 wt % and | ess than 800 ppnw xyl enes/EB, preferably |ess than 750 ppnmw

xyl enes/ EB, edl¢ined 8 UO0Fafoy 3drpust gneddheraair wehslpwheintapdneedfand the catalyst
tics/et [ 0- 0f . 50 i t t f  750F.
Furt ner mor o, *o S eL ke Briogton 10d ot pabrscBeaf Vg ha st en

process whi cho(map ferfovdge€ an et hyl benzene-rich product stream containing
no greater than 0.4 w.% preferably no greater than 0.3, wt.%Cl1+
residue. 10 I n one enbodi ment of the invention, the polyal kyl ati ng and
transal kyl atkﬂﬂnin BeBSq & ﬁ'/[-? ofif rsrti' ed out in a single reactor preferably
usi ng the sane—mfiaﬁyé}—ged—%byi{—ecycl i ng pol yal kyl ated aromatic products,
e.g., apara-di et hylcopipaeiiee aludtina Béundamaljkewks fopmuleediiykiib #6llovgng eact or .

Such a procedure is especially useful wherein the ZSM5 catal yst conposite
enpl oyed exhPFedeof3) Rarteaf atspaH cartpl Z5M-p AR 8Ar RydSanicem e idiycake

Al ternat %/(?’ €l Yas dd¥ed b4 2BRAK M iaﬂ)%g?niq Elhégﬁgftggf g&{eﬁi)&%hﬁﬁltte alljnlﬁp .

transal kyl ati ng reactor separate ting reactor. % such
i nstances e@dpovedes was miayd ardthery 23 garsafevacer wisfaldede MVixing whyddne
conposites in their . A particul preferred

.Jespecjive catal yst beds rl
enbodi ment  elfgingHE vaHorAY 94‘ ‘QFPH’E‘IBWSF}}%tg?\%PH&Wi%E“C?%‘d%WBEh Ravi ng
four to six gabeLysladdie pile. TG hRlLAW AL RIAND ES HE LinRGye L0 furt her
illustrate processes and sone advantages ofr the present 1 nvention. Exanple
1 Prepar at i omitrogen/i8kAca]cGetdadt Y8OF for 3 hours and then air was slowly introduced and
15  the catalyst was burned free of carbon at 1000°F for 6 hours. Steam was then

introduced at 1000°F for 4 hours.

Determination of Crystal Size

The crystal size of the ZSM-5 is measured to be small crystal (0.02 to 0.05
20  micron) by the use of Transmission Electron Microscopy (TEM).

Determination of Diffusion Barrier, D/r2

By selecting appropriate probe molecules with known molecular
dimensions (in the range of ~4 to 10 angstroms), it is possible to investigate
25  shapes and sizes of pore openings in molecular sieves. From among linear,
branched, and cyclic paraffins, as well as substituted benzene, molecules are
selected to probe small, intermediate, and large-pore zeolites. Data are collected
using a TA 2950 TGA. About 30 mg are loaded into the TGA. After pretreating
in helium at 500°C, the sample is cooled to sorption temperature, e.g., 120°C for
30 2,2-Dimethylbutane, and the hydrocarbon is introduced. The raw data obtained .

are weight vs. time. In addition to total hydrocarbon sorption capacity, uptake



Silica Bound ZSM5 Catal yst 25 A silica bound catal yst of the present

i nvention was fornmul ated by the follow ng procedure: 178 parts of a snall

crystal Z&d 16102 - 0.05 nmicron si ze)13 drycake was addedgpdmousaiasdol er

m xer along with 22 parts of a precipitated silica. The powders were m xed
and then 50 parts of Ludox HS-40 colloidal silica was added along with 12

parts of a 50% causti c/wat sol ut.ion_and 7 arts.of water. 30 Xi ng was
done to ensufESdHi Eﬁ%‘? @?tfllg}@(i?fO?‘l&bG fﬁ?ﬁalr p ﬂritﬁ?né)ﬁal%t lﬂgﬁﬂ P%tgk%gﬁ‘rﬁﬁll@rwl\é ext ruded
through a 1/dGimeplot. NebidLb ik djuaich [CTatk, MBhEMatHenibBiss S DERsRAY t hen WO
02/ 16291 12 PCT/ US01/ 26201 ammonium nitrate exchanged to reduce the sodi um

| evel , i nt r daxioediUniviersityRsesscBlydiduse, Liogdpm 957 hign fls0glatsgeometty.dhe exchange,
t he catal yst . Nni t en. pre- | G | at 900F for 3 hours and then air
was sl owy ifﬁp’?‘gﬂl%ce@é%g S{aﬁ%"ecdcat?%?)s/gﬁg was burned free of carbon at 1000F

for 6 hours. Steamwas then intr AL P 4 hours. Al um na
Bound ZSM 5 Cat al yst A conpar ati]ggygﬁﬁn?né%g%ﬁggﬁgé al yst was formul ated by

the foll ow n ocedure: 2 rts_of. S | grystal ZSM.5 402 - 0.05
moron s ve) b SORER el QM Seflin ol i TS ap G GERaE s o oo
of psuedobo ] ] Ay s 11 arts of water
was added. %ﬂaﬁ%g%ééé%@?}bgmﬂ?gapgﬁ urgz\i?ﬁ]??iggrtﬁﬁtg gﬁggwﬁtﬁg&néﬁ?og‘i x and then

t he sanpl e vepadtiéy ofle2lDilethyibatade tolid6ioraydurathaiegial. di e pl ate. The
material was dried and then the catal yst was nitrogen pre-cal cined at 900F
for 3 hours and then air was slowy introduced and 15 the catal yst was

burned free of carbon at 1000F for 6 hours. Steam was then introduced at
1000F fo0 4 hours. Deternination of Crystal Size The crystal size of the

255 12 TSRS 0plR BRLLgRY o (007,10 0,00 20 meron) by e uae
Barrier, Dr2 The catalyst in Example 1 was employed for the alkylation of benzene
with ethylene under conditions comprising an ethylene WHSV of from 2 to 4 hr”,
benzene to ethylene weight ratio of 50, pressure of 250 psig, and temperature of
15 from 730° to 780°F. The catalyst was tested in a simulation of a top catalyst bed in
a 4 to 6 bed reactor.

As shown in Figure 1, catalyst stability for the silica-bound catalyst was
greater than that of the comparative alumina-bound catalyst at inlet temperatures
of 750°F as measured by ethylene conversion over days on stream at an ethylene

20  WHSYV of 4, aromatic/ethylene weight ratio of about 50.

Xylenes make for the two catalysts were compared at operating conditions
that offer stable operation, i.e., 750°F for the silica-bound catalyst and 780°F for
the alumina-bound catalyst. Figure 2 shows a significant reduction in xylene
make for the new catalyst.

25 Diethylbenzene (DEB) make from the alkylating reactor is the major by-
product of ethylbenzene production. The DEBs are reacted with benzene to be
converted back to ethylbenzene in a transalkylating reactor. Figure 3 depicts a
significant increase in para-diethylbenzene / total DEB for the present invention
at varying inlet temperatures compared to the alumina-bound catalyst. para-

30 Diethylbenzene is more readily converted back to ethylbenzene by



By selecting appropriate probe nolecules wth known nol ecul ar di nensions
(in the range of -4 to 10 angstrons), it is possible to investigate 25

shapes anggsi2zagm»10f pore openings in nqhecular si eves. Fr gotamdaigedoy near ,
branched, and cyclic paraffins, as well "as substituted benzene, nvol ecul es
are selected to probe small, internediate, and | arge-pore zeolites. Data

are col |l ected i aJA 2950 T out, 30 e | gaded.,into the TGA.
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plate geonetry, the follow ng equation is derived for ZSM5: 5 Dir2
(x10- 6) =4083myversjon(ag/depigtediieFigu® 4 unden eomparpble sanditionss(ethyéeng APHSVt y f or

n-C6. The co nt is, ecal cul at y Jeplacing.t.he equilibri pacity for
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Exanpl e 1 was enployed for the alkylation of benzene wth ethylene under
condi ti ons celystspmpe asefdinhoamelyntisiaton and drnsalindatingeactions.benzene to

et hyl ene weight ratio of 50, pressure of 250 psig, and tenperature of 15
from730 to 780F. The catal yst was tested in a sinmulation of a top catal yst
bed in a 4 to 6 bed reactor. As shown in Figure 1, catalyst stability for
the silica-bound catalyst was greater than that of the conparative

al um na-bound catalyst at inlet tenperatures of 750F as neasured by

et hyl ene conversi on over days on stream at an ethyl ene



20 WHSV of 4, aromatic/ethyl ene weight ratio of about 50. Xyl enes nake for
the two catal ysts were conpared at operating conditions that offer stable
oper at i onwg 0286291750F for the silica- bq§nd catal yst and 78Qf/dwi26d0le

al um na- bound catal yst. Figure 2 shows significant reduction in xyl ene
make for the new catal yst. 25 Diethyl benzene (DEB) nmake fromthe al kyl ating
reactor ist €A j,or by- product of ethyl benzene production. The DEBs are
reacted w t h=@erzeéne to be converted back to ethyl benzene in a

transal kyl ating reactor. Figure 3 depicts a significant increase in

par a-di et hyl benzene / total DEB for the present invention at varying inlet
t enper at ur esWbahyeacleinis t he al uni na- bound catal yst. para 30 Di et hyl benzene
is nore readily converted back to ethyl benzene by WO 02/16291 14

PCT/ US01/ 26201 transal kyl ation. The catal ysts are tested under conparable
condi tiorss (Et hyl &peoce¥¥BY alklylating bRnztioe Hvbidhydoaipeisvriogbictinglh 0 of about 50
and inlet tenperatures of 730-780F for silica-bound and 750-780F for

al um na- bourfdoatigreguieiging feed with plkylatiag agendvn tedressicesolid ilicaming cat al yst
at WHSV of , 2 rsion. f | ndj A< ar
activity 1 or? Dl iRk SRUYE Shaly B Z0 S nifh Bkl Sad A LEREE RIS

condi tions (maickyt,stid cMHaMingeiry cdndnaed ehdsr Ajkyenidg\wenditibng tdtprevidd a about 50
and inlet tenperatures_ of 750F for silica-bound and 780F for al um na-bound
cat al ysts). DPraductepaiging zropeplindated afomalisraction sd ardyalkylkedpot h

| yal kyjlpat i ' ' : 01/ 26201
CAT N ot e EiE SRR Sh bttt BibROR RS Ehiich Yotk Rl G o
conpri ses cont%aafithgpan-didkplammaticepedtiasi ni ng feed with al kyl ating agent in

t he presence of a silica-bound ZSM5 zeolite catalyst, wherein the ZSM 5
has a crystal size no greater than 0.05 mcron, said contacting being

conducted ungler afyeyl3Ld08r AR WikREn LAd BLANsonthins at least 70 wi.%
zeolite and said zeolite has a SiO5/AlyO3 molar ratio of greater than 40, and a

15  crystal size of 0.02 to 0.05 micron.

3. The process of claim 1 wherein said catalyst contains from 70-90 wt.%

zeolite and said zeolite has a SiO/Al»O3 molar ratio ranging from about 60 to

about 80.
20
4. The process of claim 1 wherein said catalyst contains 75-85 wt.% zeolite

and said zeolite has a SiO7/Al,03 molar ratio of about 70.

5. The process of claim 1 wherein said aromatic-containing feed comprises
25  benzene, said alkylating agent comprises ethylene and said para-dialkylaromatic

is para-diethylbenzene.

6. The process of claim 5 wherein said alkylating conditions include a
temperature of from about 650 to 900°F (343 to 482°C), a pressure of about

30  atmospheric to about 3000 psig, a WHSV based on ethylene of from about 0.5 to
about 10,0 hr™' and a mole ratio of benzene to ethylene of from 1:1 to 30:1.



product containing a nonoal kyl ated aromatic fraction and a pol yal kyl ated 10
aromatic fraction, wherein the polyal kylated aromatic fraction contains at

| east 40 wao2Ys®f1 t he para-di al kyl aroms}g c species. 2. Thedqemeseoepf claim
| wherein said catal yst contains at least 70 w.% zeolite and said zeolite

has a Si 02/ A1203 nolar ratio of greater than 40, and a 15 crystal size of
0.02 to 0.05 mcron. 3. The process of claim1l wherein said catal yst
contains from70-90 w.% zeolite and said zeolite has a Si 02/ A1203 nol ar

ratio rangi ng fromeResss 60clh@n 5 ¥@eH préPide@hflend vBisRBEsTSt Rastdleal m 1
wherein said catal yst contains 75-85 w.% zeolite and said zeolite has a

Si 02/ A1203 nwt-Hrethdeneropyeraigp afterrd days, onpiygaprap elbyleno WIS ¥ioktl wherei n sai d

aromat i c- cont aji nj. feed ¢ LSES, - benzene, hek.al kyl ati ng agent
conpri ses et ?{gﬁn%hgsg%@e%ea%%g# (Zz_an Qﬁ)tffné?%%ﬁ G ch% p%’ 85& él%?%&"%f}r benzene.

6. The prSOCG&iSth?fbeﬁieﬁbA%tél bRy BEivenaictbatth Mahalsivitd, aoedllch® WeHE ViGifade a
tenperature of from about 650 to 900 §[343 to 482C), a pressure of about 30

at nospheri ¢ aremghethdomorape og>0 andyaby mmmfe?ﬁ%ﬁﬂ-ene of from about 0.5
to about 10.0 hr-1 and a nole ratio of benzene to ethylene of from1:1 to
30: 1. WD 02/16291 16 PCT/USO01/26201 7. The process of claimb5 which

provi des- et hgl eneTleoprvedss bDelain 1 atheted@sdid Btalyvtha¥a@lifisionPacaiiel si on after
4 days on stream at et aromatics/ethylene ratiq of 50 and

a L hyl ene WHSV of 4
inl et tenperBfturfer H2-dimethylbuigne phatdsash 800 wheameesyedaliriemperagg of
di et hyl engogr r % e I V of 2,
ar ot | ???ét ﬂ@l gﬁg‘gﬁagﬁ'gﬁ%&y@t%@o"%gﬁ aetf‘f{%"r%ﬁ%?% UPe of 750F. 8. The

process of claim1 wherein said catal yst has a Diffusion Paranmeter, D'r2,
for 2,2-dinethyl butane of at |east 500, when neasured at a tenperature of
10 120C and & 2, 2Tk nreeasy pheleian b vhees said cenlysichas g i ffpgion Batameter,

D/t?, for 2,2-dimethylbutane of at least 700 to 2000, when measured at a
temperature of 120°C and a 2,2-dimethylbutane pressure of 60 torr (8 kPa).
15
10. A process for preparing a monoalkylated aromatic compound which
comprises:
i) contacting an aromatic-containing feed in an alkylating reactor with
alkylating agent in the presence of a silica-bound ZSM-5 zeolite alkylation
20  catalyst, wherein the ZSM-5 has a crystal size no greater than 0.05 micron, said
contacting being conducted under alkylating conditions to provide a product
containing a monoalkylated aromatic fraction and a polyalkylated aromatic
fraction, wherein the polyalkylated aromatic fraction contains at least 40 wt% of
the para-dialkylaromatic species;
25 i1) separating the polyalkylated aromatic fraction from the product, and
iii) contacting the polyalkylated aromatic fraction in the presence of
unsubstituted aromatic and a transalkylation catalyst under transalkylating

conditions to provide a mono-alkylated aromatic-rich stream.



9. The process of claim1 wherein said catal yst has a D ffusion Paraneter,
Dr2, for 2,2-dinethyl butane of at | east 700 to 2000, when neasured at a
t enper at uwe) @f163940C and a 2, 2- di net hyl but ane pressure of G@Tii/2{31KPa) .
15 10. A process for preparing a nonoal Kyl ated aromati ¢ conpound whi ch
conprises: i) contacting an aromatic-containing feed in an al kyl ating

reactor with,, al kyl ati ng agent i.p _the.pre ce..of ilica-bound ZSM 5
zeolite al kyH;iti o] he??)toﬁ%ls&?@?fr? 1&”&?5%‘&%@@@%&9%C%%@“acoé'?a;}%staglleag ze no
greater than7@wd¥ Bofitelthd saRl AZoliedat aSiH LA 145 ﬂﬂlﬁ@ﬁ%ﬁgﬁglﬁmlsoai kyl ating
conditions to provide a product containing a nonoal kyl ated aromati c

fracti on andg@ambd yektildind 61D.0Z ®MO3 micrb.acti on, wherein the pol yal kyl ated

aromatic fraction contains at |east 40 wt % of the para-dial kylaromatic
species; 25 ii) separating the polyal kylated aromatic fraction fromthe

product, @andq{,iili kg .at. t R 1N the
presence %f 1‘%J'ns uﬁgﬁcﬁtgg%ggkglrgb&ngg i“gl%gé{nlggtgy klggﬁgaé—ﬁ E@@tllhgrﬁ a@%ﬁ%ﬁg@%‘é under

t ransal kyl at feagtor sepagitd fromsaidalipylaitigdeadorono- al kyl ated aromatic-rich
stream WD 02/16291 17 PCT/ USO1/ 26201 11. The process of claim 10 wherein
said al kyl ation catal yst contains at least 70 wt.% zeolite and said zeolite
has a Si 02/ A1203 i I : : : 2 |y size of
002 to 0056 cr o DigeS ot Qi@ 10siErad 8Fb ) 1 QBRI Rchisil, B 7y
carried out pareadidlkplasmatiglrith sugamrie aaid atkykeipgresceorf rom sai d al kyl ati ng
reactor._ 13. The process of claim 10 wherein step iii) is carried out by
recycling’said para-dialkylaromatic-rich streamto said al kylating
reactor. 10 i4. Thg BoR&E38 cBim abHT kD s BhlalkyBtiofl chfAREAldYh@L T On
catalyst is a silica- bound ZSM5 zeolite catal yst conpdsite having a
crystal si zeboumdgiSddiSereoliteantalyshBomposite having a crystal size no greater than 0.05

micron.

15 15.  The process of claim 10 wherein said mono-alkylated aromatic comprises
ethylbenzene, said aromatic-containing feed comprises benzene, said alkylating

agent comprises ethylene and said para-dialkylaromatic is para-diethylbenzene.

16.  The process of claim 15 wherein said alkylating conditions include a
20  temperature of from about 650 to 900°F (343 to 482°C), a pressure of about
atmospheric to about 3000 psig, a WHSV based on ethylene of from about 0.5 to

about 2.0 hr'' and a mole ratio of benzene to ethylene of from 1:1 to 30:1

17.  The process of claim 15 which provides ethylene conversion of at least 96
25  wt.%, and less than 800 ppm xylenes/EB, after 4 days on stream at ethylene
WHSYV of 4, aromatics/ethylene ratio of 50 and inlet temperature of 750°F; and
provides para-diethylbenzene/total diethylbenzene at greater than 45 wt.% at
ethylene WHSV of 2 aromatics/ethylené ratio of 50 and inlet temperature of
750°F.
30



m cron. 15 15. The process of claim 10 wherein said nono-al kyl ated aromatic
conpri ses ethyl benzene, said aromatic-containing feed conpri ses benzene,
sai d al kyWvatd2ng291agent conpri ses et hyl el?ie and sai d para- dipgdtgoapeeati c i s
par a- di et hyl benzene. 16. The process of claim15 wherein said al kyl ating
conditions include a 20 tenperature of from about 650 to 900F (343 to

482C), a presgure.pf ahbout t pheri.c t. bout 3000,psi a VSV based on
et hyl ene of ?g'om ﬁ%mocE)s_s§ftc%1r§1Tg§ o .Balﬁff}’i'ﬁ)g%eng'r sire%&topgtaglls benzene

to ethyl ene gf gleh@PthhnD.4 RBAFE, L 7resilih@ process of claim 15 which provides
et hyl ene conversion of at least 96 25 wt.% and |ess than 800 ppm

xyl enes/ EB, after 4 days on stream at ethylene WHSV of 4,

aromati cs/ et hyl en i.0 of nd .inl.et._. res.0f .75QF: and provides
par a- di et hyl E%nzeﬁlé‘% ﬁ%’tc gﬁs 05 icea?r@ﬂ B’Vehr(l3 géélﬁ%a@? %ﬁé@iaé Fﬁlﬁ%ﬁloﬂgﬁwqﬁrat

et hyl ene 3\HSW/dffoR2 ardinmeibylsutaichdy belast 580, ivheaim&QuRadt & Mngerdt@RREr at ure of
750F. 30 WD 02/16291 18 PCT/US01/26201 18. The process of claim15 wherein
sai d et hyl behXBRendiach2-dimethytbuone nicasirgof @} temt(@kPehan 0.6 wt % of Cli+
residue. 19. The process of claim1l wherein said catalyst has a D ffusion
Parameter, 5 D/r2, for 2,2-dinethyl butane of at |east 500, when neasured
at a tenperature of 120C and a 2, 2-di net hyl but ane pressure of 60 torn (8
kPa) .



