ZEOLI TE CATALYST AND METHOD OF PREPARI NG AND USE OF ZEOLI TE CATALYST

TECHNI CAL FI ELD 100011 The invention relates generally to the al kyl ation of
aromati ¢ conmpounds and catal ysts used for such reactions and their
preparation. BACKGROUND [00021 Para-xylene is a valuable substituted
aromati ¢ conmpound because of its great demand for its oxidation to
tereplithalic acid, a major conponent in form ng polyester fibers and
resins. It can be commercially produced from hydrotreati ng of naphtha
(catalytic reform ng), steam cracking of naphtha or gas oil, and toluene

di sproportionation. [0003] Allcylation of toluene with nethanol, which is

al so known as tolu I n used in |laboratory studies to
produce para-xyler?gsLigﬁgé%gkhggﬁyggﬁPﬁﬁﬁﬂgg’Qgéﬁuﬂhﬁﬁﬁﬂﬁo occur over
acidic catalyst, particul ANDYUSK @R ZEOLITE Clt Zepbit e-type catalyst. In
particular, ZSM5-type zeolite, zeolite Beta and silicaal um nophosphate
(SAPO) catal ysts have been used for this process. Cenerally, a
t her mrody narCHENCAL iFpEi.pm mi xture of ortho (o0)-, nmeta (m)- and para
(p)-xylenes can be fornmed fromthe nethylation of toluene, as is
illustrated by the reaction below [0004] Thernodynam c equilibrium
conposi t i gd1pf The invBhtionafthidd- geybENE & %Yal%tﬁh%%g%g%c %Qﬂ and, 25 .nol e%

. Su

. ) ds 4n
respectivel at reaction tenperature of "about uI%olugne
nethylati8ﬁ%¥ﬁ§mﬁg8HF“ﬁV@?ﬁ@nﬁﬁﬂ%hﬁéﬁﬁﬁmﬁﬁntenperatures, however .
Byproducts such as C9+ and other aromatic products can be produced by
secondary al kyl ati on of the xylene product. (0005) Para-xylene can be
separated from m xed xyl enes by a cycle of adsorption and isonerization.
Such cycle may have to be repeated several tines because of the | ow

i soneric concentration in the equilibriummxture. A high purity grade
(99+% p-xylene is desirable for its oxidation to terephthalic acid. The
production cost for such a high purity grade p-xylene can be very high,
however. A different nmethod that enploys crystallization techniques can be
used and may be | ess expensive where the concentration of p-xylene is
around 80% or higher in the initial xylene product. Thus, higher than

equi li brium concentrations of p-xylene may be desirable. [00061 A
significantly higher ampbunt of p-xylene can be obtained in toluene

met hyl ation reaction if the catal yst has shape sel ective properties. Shape
sel ective properties can be obtained in nodified zeolite catal ysts by
narrowi ng zeolite pore opening size, inactivation of the external surface
of the zeolite or controlling zeolite acidity. Toluene nethylation my
occur over nodified ZSM5 or ZSM 5-type zeolite catal yst giving xylene
products containing significantly greater anounts of p-xylene than the

t her nodynanmi ¢ concentration. [00071 Unfortunately, there are a nunber of
technical hurdles for toluene nethylation to be comercially successful and
i nprovenents are needed. Anong these are fast catal yst deactivation and | ow
nmet hanol selectivity. BRIEF DESCRI PTI ON OF THE DRAW NGS [0008] For a nore
conpl ete understandi ng of the present invention, reference is now nmade to
the follow ng descriptions taken in conjunction with the acconpanyi ng
figures, in which: [0009] FIGURE 1 shows 31P MAS- NMR spectrum for
phosphorus-nodi fied ZSM5 zeolite Catalyst A, [0010] FIGURE 2 shows 31P
MAS- NVR spectra for Catalysts | (spectruma) and K (spectrumb); 100111

FI GURE 3 shows 31 P MAS-NWR spectra for a phosphorus-nodified ZSM5 zeolite
(spectrum a) precursor used for preparing Catalysts L and M and for an

al um na bound phosphorus-nodified ZSM .5 zeolite -- Catal yst M (spectrum
b); 100121 FIGURE 4 is a plot of toluene conversion over tine for the

tol uene nethylation reaction for Catalyst L of Exanple 14; [0013] FIGURE 5
is a plot of methanol selectivity (curve 1), rnixed-xylene selectivity
(curve 2) and p-xylene selectivity (curve 3) over tine for the toluene

met hyl ati on reaction for Catalyst L of Exanple 14; [0014] FIGURE 6 is a
pl ot of toluene conversion over time fdr the toluene nmethyl ation reaction
for Catal yst Mof Exanple 15; [0015] FIGURE 7 is a plot of nethanol
selectivity (curve 1), m xed-xylene selectivity (curve 2) and p-xyl ene
selectivity (curve 3) over tinme for the toluene rnethylation reaction for
Cat al yst M of Exanple 15; and [0016] FIGURE 8 is a plot of toluene
conversion over tine for the toluene nethylation reaction for Catal yst A of
Exanpl e 16. DETAI LED DESCRI PTION 100171 ZSM5 zeolite is one of the nost
versatile catal ysts used in hydrocarbon conversions. It is a porous

mat eri al containing intersecting two-di mensional pore structure with

10- mrenber ed oxygen rings. Zeolite materials with such 10-nenbered oxygen
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Mol €% Tol uene Conversion = [(T, - To)/T,] x 100(2) where, Ti is the nunber
of noles of toluene fed and Tc, is the nunber of noles toluene unreacted.
As used herein, selectivity for m xed xyl enes may be expressed as: Ml e%
M xed Xyl ene Selectivity = [X(,/(171-To)] x 100(3) where, Xtx is the nunber
of noles of mxed (o-, in- or p-) xylenes in the product. As used herein,
selectivity for p-xylerte may be expressed as: Ml e% p- Xyl ene Sel ectivity
(Xp/ X,") x 100(4) where, XE, is the nunber of noles of p-xylene. As used
herei n, methanol conversion may be expressed as: Ml e % Met hanol
Conversionwl\/] x 100(5) where, m is the nunber of noles of

met hanol ﬂnd?ara t he nL{nber of nol es nethanol unreacted. As used

her ei n, rre ha 1%150( Fit VAERe pertiaied W%ﬁiyl@mmmd’r’a@tam mgrg&&ed as:
Mbl e% Met h@n@hdsahm:mxwatw to%er[e thdiic LAMD) is the
nunber of pol es qo ﬁ (an n%i -Méf%oﬁé%%v%ﬁm m?’?ﬂ% Relnessr of

mol es of ne r?‘é‘& alicFaf b §°1FWéfCWﬂMﬁé@dﬂs¢d fohe &ydrbiresting asgt @gnigt hanol .

[ 0019] The(cﬁSMuS Zeﬁﬁ-hint Cabah Ystsrand Jkh reparation are described in
U. S. Patenct 702, 8%6 whi ch |lsCﬁ erorgl ﬁéy{hﬁ{éor%or%at e&’q y 38bi BlEhee. 1n
the presen |?¥\95Wf)?5}‘|‘ the ZSM5 zeolite catal yst may |ncI ude those havi ng
a silical/ dbeos] nasikPitn bat doficls h mre i cul arI from about
250 to about Zﬂqo Iﬁ? or to nodi fl\églglﬂgim%ﬁ %[1 Far b A alrgﬂ“g‘ fayoBEnan NI - 14+
or H+ for Mk Tohteai wsed iac bsowtory shidies ctatproxh&e paE*:Q)@ﬁQ]e ThegsM 5 may
be nodi fi eﬂatiwatﬂ‘oﬁe@g bLAG Wds ni,ng_conpounds. -Such

phosphor us- ont ai ni ng corrpoﬂlngggcr%mgggféﬂhc I%P a?%}@{ I%Fé"”%]ty TYCREEAE P10,
phosphoni ¢ PHBEPhiCHBIE:; ph@spmh%aranaSMFﬁ)&phorzealte,mﬂglmsqjgtds and esters

of ch agitidsamds rt | ar hosphoric acid
(HBPOY) and %ﬁ.fﬁﬁ%i%ﬁ?é%? SRR I S B B b cmy pealsad as ¢ he

phosphor u&eEBMYEHRCFgu me@oml(m 1Bet€ GhR1aW8 bark 0F) £ ALME RS, be
met hyl at | @mek 5Bm rovide Increased p-xylene
sel ectivity. Suchsﬁg?fl?lgé&g%{tg e'g’{’gﬂrsrg US%%?]%%X ¢ BRESPMSYS (P) in an
amount of from about 0.01 to about 0.15 g P/g zeolite, nore particularly
from about 0.02# o0 about 0.13 g &g zeolitg, and nor e, particularly from
about 0.07 g Pijg zeolite to about 0.12 g P. g zeolite, and still nore
particularly 3 P 11 g Pig zeolite.
After phosph o it ecmay be dri ed.
het it" | NCr eas ivity may be
achieved in dfgiatic al kyl ati oswxveparti cularly f yene al kylation, when
the P-nodified zeolite is heated at 300 C or hi gher @&f ter msphor us
treatnment, and is then subsequently bound with a suitable brnder, as .is
di scusse&g{l}at er on. This heating may result in the formation of various
phosphor @meéﬁhemoﬂyhd:mm dquelibzRe] bélposlded oheat %, 58Y. lso facilitate
dryi ng (%f[étng%c %gé after the ho%phorusht%reat mentt enperaf dfes of
300C, 402-3@1 r &" “boé‘? 1‘E?ﬁ?e&F‘Y%}Y:L%éffmmpmtwmatcherrgf abowrﬁaorﬂcj eased
par a- sel pﬁz\tclu«yne r@xe&ylah&rbhﬁ‘a ange Jvef 1S subsequent to
phosphor u& §, from y<21bout 300C ?%Qa%g tbgg‘ﬁ “ urgﬁ WesiFing may be
carried o v ?fo PG rﬁﬁ'r“?é aronyiy2predycts prasbh eeniubadr bhescotddsgover ed
t hat coniaﬂqylalngnbhﬁel?ylt:m@qab&;ttzsm5 (P/ZSM5) with a suitable binder after
the ini t'{@ﬁsreﬁ step,. as discussed above, may further increase product
sel ecti vi FE"*‘hWW’é’E"F@n&‘?ﬂP ﬁ“p@irm’ﬂ@m By a cydie o PAESHibn When heat ed
and thenxdoomnﬁhtmtmuah$ it ablven i rovi.de an i ncreased
sel ectivity for para-xy Iwene l%i bqgg’ast&g%i%%‘%ﬁaaﬁre ga%lec? 8%6%3 %¥at al yst
unbound mﬁé‘ﬁ“ﬁ%@&e‘}fﬁt‘%!m‘é‘ﬁéqwhbwamctew Unidieh psmﬂsflg]rafe (e‘ﬂrw]ﬁkgel@e Suitabl e
bi nder mat &sirals By skl Xi. npl es of such
material s include al unina, .qlgg géﬁ‘f%lgﬁgkn%ﬁgmﬂﬁd}?(h‘é en &??él f%rl 51“Pibéhaghum na. In
par ti cul BN &7 iugyionst cat bivivey bish.chayever  théifferano mdiRAt hangingd ALE
particularly useful. The bound catal yst nay contain from about 1% to about
99% by total weight of bound catalyst, nore particularly fromabout 10%to
about 50% bi nder by total weight of hound catalyst. [00231 To formthe
bound catal yst, the binder material y be conbined with the
phosphorus-treated zeolite to forman extrudable m xture. The P-treated
zeolite bound with the binder may be cal cined or heated at a tenperature of
400 C or higher, nore particularly at a tenperature between 500 C and 700
C. Such heating may be carried out for 0.5 hours or nore to formthe bound
catalyst. It has been discovered that heating the P-treated ZSM5 at_a
tenperature of about 300 C or higher and then binding the zeolite with a
sui t abl e binder, as described herein, may result in the bound zeolite
exh| b| t| ng rrul t| pI e P—speC| es, as shown by 31P NAS NIVR peaks [00241 In
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tenperature. As used in the exanples, reactor tenperature refers to the
tenperature as neasured at the inlet of catalyst bed of the reactor. 100301
The reaction may be .carried out in a variety of different reactors that
are comonly used for carrying out aromatic al kylation reactions. Single or
multiple reactors in series and/or parallel are suitable for carrying out
the aromatic al kylation. [00311 The P-nodified ZSM5 zeolite catal yst, as
descri bed L8 ticular ap %i cation for use in toluene nethylation
for pr.epaﬁﬁ% o BB it B bbriotrerporieneanticmmsandion Tho
catal yst pravides isrcoedsid; selhacicr W iy Hiek Ryxyd sRE.Hhen,Used in tol uene
nmet hyl at i Q:guilih urﬁ%{;ti cul ar J{he cat al yst may }E)r ov?‘geug'r zgfsérugiﬁﬁﬂla%% 90%
r

or 95% par d-Xy1 eRe "SEMEEPOR PR RS MES Rl uene net hyl at i on.

Addi t i onal{P§06] i m\ cegdifiantty NEgIR CaRowd' 8585 dRaN95% of .Ltotal xyl ene

sel ecti Vi by, ([ e achi eved. [ 0037] Aar Ponal iy 88 PO e yst
descri bed herer i Baika 6% sH8Hdhaneipppselostive mopatss. c Shapey sdledighi Vi ty
and sel ectpropetties foan HBeobbigingd MEtROdidd 20V el i of .25 days, 30 days,
60 days or_more .under appropriate reaction é%iﬁﬁfgtbﬁgﬁ%l‘f"‘ﬁﬁgczs?%i P§° out ~ such

react i ons “POr & PEadYExttiony st heertararandeee afhibe catlit ywstcomayliibe 26Q06 act ed
with a mettigibatiomat eethdadndas, sahe Lable t ature to give a
desi red tga!t:}ege-conv rsi%ﬁ. In%{ he_eggﬁ%g@ﬁgéjszgi&ggeo @ﬁ%&yﬁ Reelidesir ed

t ol uene cONVEY "G WALCEEAUGE cPRiatine: s gnaficantin pwater 40bWBNES SRAVES HiPN USI Ng
a net hyl athe dierhe@thae@doatatg2 t ol uene/ met hanol nolar ratio of about 4.5.
The react@gﬂ,]wa%géarri_ed out at a constant reactor tenperature over the
test peri0d> /[ 0B3STMTHAYFBHE G hyueRermsliebnivatitedles bi velué® hbhgisat € t he

i nvent i onto beEXAMREERIIEAL@k inder-free, P-nodified ZSM5

(P/ ZSM5) was pre ,ar_egl:(.% Thigﬁ;sltzﬁird t g&ieg@ln?taée 68%‘33‘r 8N, Hhorp anea Lt 5
powder ha@%t&a@ YD @5t 91 teethano] eclestivi80. A slurry containing 700 g of
N1-14-ZSM5 zeolite and 700 inl of water was prepared in a 2-L beaker. The
beaker was placed on a hot plate and the zeolite slurry was stirred using a
mechani cal (overhead) stirrer with 250-300 rpm The tenperature of the
slurry was slowy raised to about 80-85 C. A phosphoric acid solution
contai ning 319 g of phosphoric acid (Aldrich, 85 w% in agueous) was slowy
added to the slurry. The slurry tenperature was further increased to

bet ween 95-100 C and heating was continued until all |iquid was evapor at ed.
The phosphoric-acid nodified zeolite was then heated in a convection oven
inair at the follow ng tenperature program 90C to 120 C for three hours,
at 340C to 360C for three hours and at 510C to 530C under air for 10 hours.
The resulting heat-treated zeolite (Catal yst A) was then crushed and sized
using 20 and 40 nesh screens for catalytic reaction or sieved through 80
mesh screen for binding the zeolite with a binder. [0035] Catal yst A was
anal yzed for Si, Al and P by X-ray fluorescence (X RF), and for BET surface
area and total pore volune by N2 adsorption. As shown in Table 1, Catal yst
A contained 35.73 % Si, 0.28 wt% Al and 9,01 wt % P, and had a BET surface
area of 160 n2/g and total pore volune of 0.12 m/g. The X-ray diffraction
pattern for Catalyst A was recorded on a Philips (X Pert nodel)
diffractoneter over a range of 5-55 at a scan rate 2 per mnute using

Cul Cocl radiation. The results are presented in Table 2. TABLE 1 El enental
Anal ysis, wt%\2 Adsorption SiAIP | SA n2/gPV, m/g 31P tvlIAS 111YIR

35. 730. 289. 01 j 1600. 12See spectrum Figure! TABLE 2 Powder XRD Intensity*
d-spacing (A]lntensityd-spacing [Allntensity 11,09 100 4.25 9 10.00 55 4.00
6 9.88 42 3.84 50



9.68 17 3.81 31 8..02 8 3.71 27 6.68 7 3.64 10 6.33 8 3.52 22 5.98 16 2.98
8 5.69 7 2.78 5 5.56 9 *Intensities shown are scaled in arbitrary units
so that nost intense peak is 100. [0036] Solid state Magi c Angl e Spinning
(MAS) NWR spectra were recorded on Catalyst A with 400 MHz spectroneter
("Al at 104.5 MHz) at roomtenperature ("Al MAS NVR). Sanples were packed
in silicon nitride rotors (Si3N4) and spun at 13 to KHz sanple spinning
(about 8000Q40..r | p and recycle delay of 0.55 were used to

. % 1) .
avoi d sat Grart-on I¥adHIN¥eins were accunul ated to signal

aver age aftdosImpFavemsi b 1aeus®: ki Q- n.decoupl ing was not enpl oyed.
All spectra, were hﬁge[encéé‘tp aluﬁ?% ﬁiéh?%&?%g1ﬂ§§§W§d%§FﬁmiﬁdﬁW

separ at el P40 ffiaying descriptigpiialien ntrenishetimincaith i detogalRyg ks | eads to
an i nt er nalwhief er ence of 104.85 ppmon the aluminwn nitride (small inpurity
in the si@hégn nitride rotogﬁ) eak. The Catal yst A sanple shows a weak
peak at 5B° dgFﬁ t HOUS s PFgMé$-NWRs spreaiciurfal phaphabiedialfeal agiksum  The

t et rahedrabliglddmRym peak i.s severely distorted, indicating the presence of
nest ed s&h@&ﬁls caused by hgles in the structure upon renoval of sonic of
the fr r KIGHEM hgbawsThE MaPabdRtsppeakiof SQtARPPhodRRKa) Sqde to
severely (giest@htgd but still in the framework al um num atons probably
either in the 3 or 5 coordipation with oxygens. The biggest peak in the
spect r um {8111 1 FIGHRE & shovem BoYARSEYAI dpyoteoni di plakithral-tpiRLNalees t hat

are fornmed;mh i nat ed. franework_al um numis renoved
fromthe zeo| ?? gétﬁ%%e%uﬁéotés%ﬁg{ %ﬁ%%ﬁg%aéalmr%l‘éé’ﬁ%ﬁ forrascademina s

ment i onedoElghesphorpoBRifigoLId-Sztealite - MEe) a1 @st A QB i Bj(gi ng (MAS) NMR spectra
were rec : ki h 400 MHz. spectrometer (11, at 161.7 MHz) at
room t errg%(}rjg u?feG ?yi%gﬁﬁgkgo}uegtéﬁ%vg@wg tae K dhg wlughe methilation ri de
rotors (Sieshenfonfgalypinoflixaidid of; | CHz sanpl e spi nni ng (about 800000 rpm). A
30 degre b ppeligeGyele del.ay of 15s were used to avoid saturation. About
4000 to ?]5%%}0 gcans \Cfe‘rgél pé“gc:c‘lﬁ rﬁ’%ﬁt%aP‘é‘oFe@S’f“giYg(ﬁ%q"cal\}:éwefgé—xahde pafgutivive

si gnaUnofcsererricp-xPent satcot eito(epive BYo VR SinfRGhr @%1&1%{1%%et1®hiﬁo§9§a§&r a were

doubly ref.eng ' t et,r apret hyl di phosphi ne di sul phi de "at %lpm and 85%
phosphorié gc%ﬁ??gﬁx@;%%?gfel y in a tube) at 0.0 ppmon the chem cal shift

scal e. 1@@381l FGHIRG 13 & bloust tb&bﬁcoﬁ&?si%@vé}‘még?ﬁ{ertﬂft?cﬁtleor%etﬁylg'CFZ?SM % ok
zeolite : . 31P NM { spectrum for Catalyst A shows peaks
SR M R e TS P : ‘

at 0, -11 - uted to various P-species such as free
phosphor if81AndFIGhaEphdr wpldoonsedaior s@ecNIERvE ?, ‘?l'xix«?dﬂ—'gyi'g‘rle' selectivity

(curve 2) and p-xylene selectivity (curve 3) over time for the toluene methylation reaction

for Catalyst M of Example 15; and

{0016] FIGURE 8§ is a plot of toluene conversion over time for the toluene methylation

reaction for Catalyst A of Example 16.



Catalyst B [00391 Heat-treated, P-nodified ZSM5 (described as Catal yst A
earlier) was bound with 20 wt % al um na binder. 19.18 gm of al um na
(pseudobohem te type, available from Al coa, H Q40 grade) was peptized with
m neral acid (e.g., HNG3) and then m xed with 57.44 gmof P/ZSM5 zeolite
powder (80 nmesh). Water was spray added to nmake a soft paste. The catal yst
paste was cal cined or heated (as irregular chunks or fornmed in a
cylindrical. t.210 C to 530 C using the sane tenperature profile as
descri bed ‘ X . The resulting Catal yst B was crushed and
si zed usi 120 a@38-40,:aBSN;iS&IL catalytic test. Catalyst C [00401
Heat-treated P-nodified ZSM{S (ggztﬁf %}rst g'gergaé ?Béf&h% ©5¢ diryiydiosyrborms  bound
with 20% SPHEYi ndels. 2 @o1gisgmpistialsessining Zﬁ&z%@t&lmgmﬂ(@nmné\'ﬂ%ﬁ gm of
Ludox- HS4Qtrcdbint lv@ind 8- moinh G a ) gk ich 20.0 ml of 0.2 N N LI'CH was™ added
slowy with stirring. %.bg‘gégﬁx?{&é‘m#szs%ﬁ%‘?wm&ﬁls(\@@1 AEesh0-wersbaetied t o
the silic& W R{DE BOEGNE G prechiine blassi it medhsn-p it aYAfest Q1 0BKSiSQLL Paste
and the pasies.was ' . C,to 530 C using the sane tenperature
profile as d,es??i bgﬁit‘?5@%%?‘5’?@’80%*18‘618\?8@% Papamds hgs Beenahyst toC was
crushed aRQver skage gelevfiyeanopanits40 tium@dmim,r)e@a@gfs ifedhd) YlohGr &ﬁos g
Cat al yst &;{%Qé%]thaﬁﬁhéh%ﬁxho uas. bound wi tﬁ‘r 209 al um num hosp ate.
Catal yst A'was bound with al’um nu B?l?ﬁlgﬁh" %8 Whe arsedhip| telugregnetitylgtidac h
Cheni cal sS°"Hsred igi wemedifiel cataliynl. t BectS BRI REREE UL B85 s;%%\glcw bed. f.or
u

PHg'%0 and 40

Cat al yst RBlectlE HL5YLLI lyst D, crushed and si ze S

mesh screens f%r ﬁ%’? g{eb%%c@%%rﬁaea@ﬁg{th%@FB@H@?I@@B&W@tedKS@\@S bound
with 20%%%{Stsnnayﬁ}azswﬁgmwdwﬁﬁ)rvp-k)hedéam_ey@exﬁstotzﬂem,%tefa |1 ow e&g the same
pr ocedur %1@§f0g%§§ﬁ£%%g LQL %lat al ?c/?st B. Kaolin (alumnumsilicat

hydr oxi de@ avai | abl’e T rom Al 'GP OF° EHalT Hun S0%wabituimétehl adthetyrvesi ki ng

Cat al yst ywhs sensheiblabeds tz e ekt A0o M 49 %fesh screens for catalytic
test. EX/N}@ISES 1-Red hek30431 | n Exanpl es 1-5;,_Cat§ ysts A-E were used in

t ol uene tﬁlgaet yFAatl on. “The ¥ ESRESHs “nét-é-tasc s maant teedfaud those gofiiexed bed,
cont i nuol&! fakowgostyyperalbadieosamel i €8RN5 CRASGes & arge of 5.4 nl

(cat al VSE‘Z?M\Z,f’:augo‘Z§BI- esh). was | gaded i n‘fsﬁe ?\?gg{%?ﬁy ’ %Eee e%%f?%ii"%t was
dried by slowly rai 8 ng ‘e "By etuspbliereia iperchingesbly abaibmpit ghe)) to 200C
under hy@é®diegeand showld(f@be edi3irndd if Qin@tind £aSE ur. The catal yst was
steaned by, it oduci nglv\@ er vapor (2.I2lé na- t'o}i?{; S%Hﬁ?mwr f%ﬁémc%‘}”iﬂér gas of
H2 (459 celm n’? At U200 C PRI e Okepy erivree! with uespectanthevblbagel f eed
(ol ar r tficoe &d@dmﬂ;e&%{ﬁﬁéﬁﬁﬁh&'ﬁﬁl&ﬁ@%@r& %g. 200 C and the catal yst bed
inlet tenperature was increased to about B6C. The |l iquid hourly space
velocity (LHSV) (based on nethyl ation feed) was maintained at about 2 [url
and a cofeed H2 gas vemidedoRbs OB BLa Ne0 t ovide a |12/ met hyl ati on
feed nolar ratio of about 7-8. In adéﬁni o@,T‘ \j\./g“?/frgﬁ ’ﬂ/\g’(@ added to the reactor
as cof eedhand; wamke iapeel REoRE boloidQe | duction to the reactor. The

1120/ met iyl at i, on feeg]ﬁrrol ar ratio was fg{)%”%ty ?ég%ﬁtﬂn'f%é?ﬁ@gétt@iﬁe%r essure
was about ' 20 B‘E)‘sf\@?‘seﬁ b Eelettivita iy aréxdmak yzgtheteapeakew. at € conver si on
and selectivity. Liquid product stream anal yses and conversi on and

sel ectivity for tol uagsiemetiyliat) act.jon. ov, Catal ysts A-E are shown
in Table 3 bel ow. TAI3LE 3 Cat gﬁlzés%{é sfc%(,g 1@/“95’[#?1%@@&%9 Ti me off)Stream h

Product vAwa) xaiiste Wi WalSol0MEINADON (D TeL ! ot Rer, Benzene Tol uene
Et hy ber}\zene p- Xyl ene m Xt)’l eihe o %]fy (é)hén— or p-) xylenes in the product,
s used herein, selectivity for p-xylene may be expressed as:

Mole% p-Xylene Selectivity = (Xp/Xw) x 100 (4

where, X, is the number of moles of p-xylene.

As used herein, methanol conversion may be expressed as:



Et hyl t ol uenes Tri nmet hyl benzenes C10+ Conversion/ Sel ectivity, nole% Tol uene

Conversion M xed Xyl ene Selectivity p-Xylene Selectivity Methanol
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0 076.202.80.30.200.10 2.6 88.584.829.53 124 18.81.10 :

02.70.20.20 :
Mole % Methanol Conversion = [(M; — Mo)M;] x 100 (5)

where, M; is the number of moles of methano! fed and M, is the number of moles
methanol unreacted.

As used herein, methanol selectivity for toluene methylation may be expressed as:

Mole% Methanol Selectivity = [ X/ (Mi-Mo)] x 100 (6)

where, Xy is the number of moles of mixed (0-, m- or p-) xylenes, M; is the number of
moles of methanol fed and M, is the number of moles of unreacted methanol.

[0019] The ZSM-5 zeolite catalysts and their preparation are deécribed in U.S. Patent
No. 3,702,886, which is herein incorporated by reference. In the present inveniion, the
ZSM-5 zeolite catalyst may include those having a silica/alumina molar ratio of 200 or
higher, more particularly from about 250 to about 500 prior to modification. The starting
ZSM-5 ma_‘,} be an NH," or H" form and rmay contain traces of other cations.

[0020] The ZSM-5 may be modified by ftreating with phosphorus-containing
compounds. Such phosphorus-containing compounds may include, but are not limited to,
phosphonic, phosphinous, phosphorus and phosphoric acids, salts and esters of such acids
and phosphorous halides. In particular, phosphoric acid (H;PQ4) and ammonivm
hydrogen phosphate ((NH4)HPO,) may be used as the phosphorus-containing compound
to provide a catalyst for toluene methylation with shape selective properties to provide
increased p-xylene selectivity. Such modified catalysts may contain phosphorus (P) in an
amount of from about 0.01 to about 0.15 g P/g zeolite, more particularly from about 0.02
to about 0.13 g P/g zeolite, and more particularly from about 0.07 g P/g zeolite to about
0.12 g P/g zeolite, and still more particularly from about 0.09 g P/g zeolite to about ¢.11
g P/g zeolite. After phosphorus treatment, the phosphorus-treated zeolite may be dried.
[0021] It has been discovered that increased para-selectivity may be achieved in
aromatic alkylation, particularly for toluene alkylation, when the P-modified zeolite is
heated at 300 °C or higher after phosphorus treatment, and is then subsequently bound
with a suitable binder, as is discussed later on. This heating may result in the formation

of various phosphorus species within the zeolite. Such heating may also facilitate drying
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of the catalyst after the phosphorus treatment. Temperatures of 300°C, 400 °C or more
are particularly useful in providing such increased para-selectivity. A suitable range for
such heating subsequent to phosphorus treatment is from about 300°C to about 600°C.
Such héating may be carried out for 0.5 hour or more,

{0022} It has been further discovered that combining the P-treated ZSM-S (P/ZSM-5)
with a suitable binder after the initial heating step, as discussed above, may further
increase product sefectivity in aromatic alkylation. In particular, the P/ZSM-5 when
heated and then bound with a suitable binder the catalyst may provide an increased
selectivity for para-xylene by at least 5% compared to the same catalyst unbound when
used in toluene methylation under similar conditions. Suitable binder materials may
include inorganic oxide materials. Examples of such materials include alumina, clay,
aluminum phosphate and silica-alumina, In particular, a binder of alumina or clay or
their combinations are particularly useful. The bound catalyst may contain from about
1% to about 99% by total weight of bound catalyst, more particularly from about 10% to
about 50% binder by total weight of bound catalyst,

[0023] To form the bound catalyst, the binder material may be combined with the
phosphorus-treated zeolite to form an extrudable mixture. The P-treated zeolite bound
with the binder may be calcined or heated at a temperature of 400 °C or higher, mors
particularly at a teraperature between 500 °C and 700 °C. Such heating may be carried
out for 0.5 hours or more to form the bound catalyst. It has been discovered that heating
the P-treated ZSM-5 at a temperature of about 300 °C or higher and then binding the
zeolite with a suitable binder, as described herein, may result in the bound zeolite
exhibiting multiple P-species, as shown by *'p MAS NMR peaks.

[0024] In particular, the bound zeolite catalyst may exhibit at least two peaks having
maxima at from about 0 ppm to about 55 ppm. More particularly, the bound zeolite
catalyst may exhibit a >'P MAS NMR peak having a maximum at from about 0 ppm to
about -25 ppm, more baxticuiarly at from about -5 ppm to about 20 ppm, and another
with a maximum at from about -40 ppm to about -50 ppm.  Such peaks are an indication
of various phosphorus species.  In particular, a *'P MAS NMR peak with maximum of
about -44 ppm may be indicative of polyphosphate species. A peak with a maximum al

from about 0 ppm to about --25 ppm may be indicative of phosphorus bound by extra-
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T {Gﬁﬁm This is in contrast to a bound P-madificd zeolite catalyst that has been calcined
or heated at the same temperature, but where the unbound P-modified zeolite precursor
has not undergone heating at a temperature of 300°C or more. Such bound P-modified
zeolite catalysts have been shown to exhibit only a single *'P MAS NMR peak. This
indicates a difference in the interaction between the binder and the phosphorus species
that is dependent upon the heating temperature of the unbound P-modified zeolite
Precursor. L 5
[0026] The P-modified ZSM-5 catalyst, bound o.r unbound, may be mildly steamed af a
temperature of 300 °C or lower before usiné7 the catalyst in any reaction. The steaming
can be carried out in-situ or ex-situ of the reactor. The use of catalyst steaming at mild
temperatures is described in co-pending U.S. patent application Serial No. 11/122,919,
filed May 5, 2005, entitled “Hydrothermal Treatment of Phosphorus-Modified Zeolite
Catalysts,” which is herein incorporated by reference,

{0027] The P-modified ZSM-5 catalyst, bound or unbound, may be contacted with an
appropriate feed of an aromatic hydrocarbon and an alkylating agent under atkylation
reaction conditions to carry out aromatic alkylation. The catalyst has particular
application for use in toluene methylation utilizing a toluene/methano] feed. A gas
cofeed may also be used. The cofeed gas may include hydrogen or an inert gas. As used
herein, the expression “alklyation feed” is meant to encompass the aromatic compound
and the alkylating agent. As used herein, the expression “methylation feed” is meant to
encompass the feed of toluene and methanol.

[0028] In addition to any cofeed gas, waler that may be in the form of steam, may also
be introduced into the reactor as cofeed along with the alkylation feed. The water or
steare used for the methylation reaction may be introduced with or without hydrogen or
inert gas as cofeed with the alkylation feed to the reactor during the starl up of the
alkylation reaction, or it may be introduced subsequent to initial start up. In either case,

liquid water may be added and vaporized prior to its mixing with cofeed gas (if any) and
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the alkylation feed. The use of water cofeed is deseribed in U.S. Patent App. Publication
No. US2005/0070749 Al, published March 3 1, 2005, and entitled “Toluene Methylation
Process,” which is herein incorporated by reference.

[0029]  The reactor pressure for toluene methylation or other aromatic alkylation may
vary, but typically ranges from about 10 to about 1000 psig. Reactor femperatures may
vary, but typically range from about 400 to about 700 °C. Upon introduction of feed jnto
the reactor, the catalyst bed temperature may be adjusted to a selected reaction

temperature to effect a desired conversion, The temperature may be increased gradually

at a rate of from about 1 °C/min to about 10 °C/min to provide the desired final reactor

temperature. As used in the examples, reactor temperature refers to the temperature as
measured at the inlet of catalyst bed of the reactor. N

[6030] The reaction may be -carried out in a variety of different reactors that are
commonly used for carrying out aromatic alkylation reactions. Single or multiple reactors
In series and/or parallel are suitable for carrying out the aromatic alkylation.

{0031] The P-modified ZSM-§ zeolite catalyst, as described herein, has particular
application for use in toluenc methylation for preparing a xylene product from a feed of
toluenc and methanol. The catalyst provides increased selectivity for p-xylene when used
in toluene methylation. In particular, the catalyst may provide greater than 85%, 90% or
95% para-xylene setectivity when used in toluene methylation. Additionally, in certain
instances, greater than 95% of total xylene selectivity may be achieved.

[0032] Additionally, the P/ZSM-$ catalyst described herein, bound or unbound, may
provide steady catalyst activity and selectivity for toluene methylation over periods of 25
days, 30 days, 60 days or more under appropriate reaction conditions. In carrying out
such reactions for steady catalyst performance, the catalyst may be contacted with a
methylation feed and gas cofeed at a suitable temperature to give a desired toluene
conversion. In the examples discussed below, the desired toluene conversion was 63% of
theoretical maximum toluene conversion using a methylation feed comtaining a
toluene/methanol molar ratio of about 4.5, The reaction was carried out at a constant
reactor temperature over the test period.

[G033] The following examples better serve to tllustrate the invention.

21.0 21.521.0 20.8 21.1 20.5 01 0.10.107?0.1 0.2
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EXAMPLES

Catalyst A
[0034] A binder-free, P-modified ZSM-5 (P/ZSM-5) was prepared. The starting zeolite

powder was an NH;-ZSM-5 powder having $i0/ALO; mole ratio of 280. A slurry
containing 700 g of NH4-ZSM-5 zeolite and 700 ml of water was prepared in a 2-L
beaker. The beaker was placed on a hot plate and the zeolite slurry was stirred using a
mechanical (overhead) stirrer with 250-300 rpm.  The temperature of the slurry was
slowly raised to about 80-85 °C. A phosphoric acid solution containing 319 g of
phosphoric acid (Aldrich, 85 wi% in aqueous) was slowly added to the slurry. The slurry
temperature was further increased to between 95-100 °C and heating was continued until
all liquid was evaporated. The phosphoric-acid modified zeolite was then heated in 4
convection oven in air at the following temperature program: 90°C to 120 °C for three
hours, at 340 °C to 360 °C for three hours and at 510 °C to 530 °C under air for 10 hours.
The resulting heat-treated zeolite (Catalyst A) was then crushed and sized using 20 and
40 mesh screens for catalytic reaction or sieved through 80 mesh screen for binding the
zeolite with a binder.

[0035] Catalyst A was analyzed for Si, Al and P by X-ray fluorescence (XR¥), and for
BET surface area and total pore volume by N, adsorption. As shown in Table 1, Catalyst
A contained 35.73 wt% Si, 0.28 wt% Al and 9.01 wt% P, and had a BET surface area of
160 m*/g and total pore volume of 0.12 mlg. The X-ray diffraction pattermn for Catalyst
A was recorded on a Philips (X’ Pert model) diffractometer over a range of 5-55° at a scan

rate 2° per minute using CuKeal radiation. The results are presented in Table 2.
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0.2 0.2 o-Xylene 0.2 0.2 0.2 0.2 0.1 0.1 Ethyltoluen
1 0.1 0.1 Trimethylbenzenes CI 0+ 0.2 0.2 0.2 0.2 0.1
TABLE 1

Elemental Analysis, wt% N, Adsorption
si Al P | SAmY% PV, mig *'P MAS NMR
35.73 0.28 9.01 160 0.12 See spectrum Figure 1
. TABLE 2
Powder XRD Intensity*
d-spacing [A]  Intensity d-spacing [A]  Intensity
11.09 100 4.25 9
10.00 35 4.00 6
9.88 42 3.84 50
9.68 17 .. 3.81 31
8.02 8 371 27
6.08 7 3.64 10
6.33 8 3.52 22
5.98 16 2.98 8
5.69 7 278 5

5.56 9

*Intensities shown are scaled in arbitrary units so that most intense
peak is 100.

[0036] Solid state Magic Angle Spinning (MAS) NMR spectra were recorded on
Catalyst A with 400 MHz spectrometer (*’Al at 104.5 MHz) at room temperature (%' Al
MAS NMR). Samples were packed in silicon nitride rotors (Si3N4) and spun at 13 to
KHz sample spinning (about 800000 tpm). A 10 degree tip and recycle delay of 0.5s
were used to avoid saturation. About 4000 to 10000 scans were accumulated to signal
average and improve-signal/noisc ratio.  Proton decoupling was not cmployed. All
spectra were referenced to aluminum chloride hexahydrate (run scparately in a tube) at
0.0 ppm on the chemical shift scale. This leads to an internal reference of 104.85 ppmi on
the aluminum nitride (small impurity in the silicon nitride rotors) peak. The Catalyst A
sample shows a weak peak at 55-50 ppm region assigned to structural tetrahedral
alummnum.  The tetrahedral aluminum peak is severely distorted, indicating the presence

of nested silanols caused by holes in the structure upon removal of some of the

8!
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98.2 60.7 13.4 98.5 98.2 64.4 EXAMPLES 9-11 Catalysts 1-K [0045] Using
the procedure described for Catalyst A N 14-ZSM5 having a Si 02/ Al 203
nolar ratio of 280-was treated with H3PO4 acid. The ft3PO4 acid treated

ZSM 5 was ﬁtahmeﬁnorheEl ted at ,ﬂi@fferent terTBeratures of 90 C, 250 C or 320 C.
The heat - t 185t 8d, PIAYE; fihsPdpemi geakddDNidd@rpoweer iswas t6 herrabodisionad with 20

w % al um at stifllic tha AL40) fighlw HAgnd 16 re.described for
Catal yst B, and g% _cal citned or heat elg %at%@’ga‘#giﬁuﬁ%?éﬁﬁ%ﬁ'fliﬂ% h from 510

to 530 C “FEse ctaeal YR e speringthaterbrads Ganalcybtdrally cooldimneh K, wer e

tested forlutiuenensreiahy @6inQa wiSh Adral L Qns. descri bed . for
P I vl AS NVR spect rlgg?lg’;r)&gg‘{“éﬁ%d:?%mi’“’%{k&F“R“’é‘f“é IShown in

Exanpl es I1 50. eT%e ?h]é
Fi gure 2. PREeSTn fiseeri emeserim theophambait metifioatahqusceonisynasidagl € peak
at aroundabo3® ppmw th a laong tail (Figure 2 spectruma). As the heating

t enper at U{0§3j[so%{llﬁr eased for the P/ZSM5 (used prior to binding with
al uni na) oottt stee Mesini reds Spiniact (MAS) DBGRdspeatakysd retBiyled haw
addi t i onaCatpeelk (wh, 400 el ShRFoRePERN 26 A £44 ppm (see, ;f or exanpl e,
spectrumm F'ag]g e 2 an%i sp%c%_rg_ﬁ@;] b (_)? ??g%aé“%")@p@'&séléﬂl?(s‘ MHéPi zes the
initial h ')'ngSJ &5t prkedfin sifeorpirédenctd®t ZEMND aandpeatal ytd gutest
resul ts obmglenginheatdoussbobataby 3t & ds the data for Catalyst B
reproduced fromTable 3 is re@gnt ed (%eﬁ&?zi@:%ggecfyglf d&%ﬁﬁgh%s‘ﬁ’i‘? usthose
cat al yst s° AEUS SFBHT: Hbopt 1P i18e0078MSware akiunailithdito e alealagddat a
t enper at Um@ro@t s3AQ/doi R rahb INBHiANL nd, with a sujtabl e binder showed
90% or hi gher % Xyl ene selectivit GJT'L@?H% gﬁoagenr?é eﬁ’é’ﬁ%ﬁﬂat‘%‘%ﬁ?wf‘ﬂ%ﬁeS
Cat al yst “Cublp) Z&gnsed gy Fww'ch@mm EXAVRL Q0432 gs¢fi me on
ST eam DRABIARASNRRATALES: 650 ARl i s,

{003§1] Figlife ! illustrates >'P MAS NMR. spectrum for a P/ZSM-5 zeolite (Catalyst A).

Th<°T P MAS N@ spectrum for Catalyst A shows peaks at 0, =11, -31 and 44 ppm

attributed to various P-species such as free phosphorus and phosphorus bonded (via

oxygen) to Si and Al

Catalyst B

[0039] Heat-treated, P-modified ZSM-$ (described as Catalyst A earlier) was bound
with 20 wt% alumina binder.- 19.18 gm of alumina (pseudobohemite type, available from
Alcoa, HiQ-40 grade) was peptized with mineral acid (e.g., HNO;) and then mixed with
57.44 gm of P/ZSM-5 zeolite powder (80 mesh). Water was spray added to make a soft
paste. The catalyst paste was calcined or heated (as irregular chunks or formed in a
cylindrical shape) at 510 °C to 530 °C using the same temperature profile as described for
Catalyst A above, The resulting Catalyst B was crushed and sized using 20 and 40 mesh

screens for catalytic test.
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Catalyst D
{0041} - Catalyst A was bound with 20% aluminum phosphate. Catalyst A was hound |

with aluminum phosphate, available from Aldrich Chemicals, as a binder following the
samie procedure as described for Catalyst B. The resulting Catalyst D was crushed and

sized using 20 and 40 mesh screens for catalytic test.

Catalyst I
[0042] Catalyst A was bound with 20% kaolin. P/ZSM-5 was bound with kaolin as

binder following the same procedure as described for Catalyst B. Kaolin (aluminum
silicate hydroxide), available from Aldrich Chemicals, was used. The resulting Catalyst E

was crushed and sized using 20 and 40 mesh screens for catalytic test.

EXAMPLES 1-5
{0043] In Exampies 1-5, Catalysts A-E were used in toluene methylation. The

reactions were each carried out in a fixed bed, continuous flow type reactor. In each
case, a catalyst charge of 5.4 ml (catalyst size: 20-40 mesh) was loaded in the reactor.
The catalyst was dried by slowly raising the catalyst bed temperature (about 5°C/min) to
200°C under hydrogen flow (50 ce/min) for at least one hour, The catalyst was steamed
by iniroducing water vapor (2.2 mmole/min) with a carrier gas of Hz (459 ce/min) at 200
°C overnight. A premixed toluene and methanol feed (molar ratio 4.5) was added to the
reaclor at 200 °C and the catalyst bed inlet lemperature was increased to about $50 °C.

The liquid hourly space velocity (LHSV) (based on methylation feed) was maintained at
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1.00 250 0.98 320 0.85 520 0.87 Relative Para-Selectivity2 1.00 1.02 1.19
119 '"'Maxi mumtenperature at which P/ZSM5 was heated prior to binding with
al um na. 2Average of two data points shown in Table 1 and 5 for the
respective catalyst Activity and selectivity observed on catalyst | were
scaled to 1.00 and then conpared wth those obtained on other catal ysts.
100471 As can be seen, the P/ZSM5 zeolite that was heated at a tenperature
of about 300C Pf _lab?ve, _ gc{g t hen bound with alum na foll owed by

cal ci nati ons or "héAt Fidfe4t Prerc el endshiiweed roredded Hshansiseh @t Vi ty
produci ng mpelaytadaer sehuectsi vialaydikiok ylation. H gher activity
with decregsed g-sel ective catal s’twgggr?%gdgg tlgetl}gaeaﬁt)?rﬁse THe es p/ ZSM 5
at 300 C or PTEES PHA BRI HEP™MP the sralon e &hO/methditvinngedmoheatib Mg at  500C
or hi gher .abEXAMPLEESHA 2233 GRbAlYS . [ R4 i ng the procedure
described for Catal yst A, gﬁ I_\|1,14%Sz%ébl\??ggoz€%ﬁ§'i ggac?%isgs Y38 dyediati o 280)
was treat ed %aﬁet?oﬂ?ééﬁl YHFelerétitvh deneid patdual straxh rmiatydee BREEAR MG Afq 550 ' C.
Anal yses céledtivity Hoit tohahe tnalSMitRnZe i, as was carried out for
Catalyst A, are shown in Tables 71%2%558@8%1%%&??)1%%? Bfintlzaled zsm 5
zeolite is SAown in Fi gure 3 (spectruma). The P/ ZSM5 showed sim | ar
properties to those of Catalyst A The P/ZSM5 zeolite was bound with 20%
al um na (pseudobohenmte type) and ey d to make |/16-inch cylindrical
shape catalyst. Alcoa alumna grades H Q40 and H Q 10 were used for

Cat al yst +—and-M respectively. Catalysts L and Mwere cal cined or heated
at a maximum t enfitabat ure bet weea 510 C and 530 & FIgurg; 3 strowg;a—-31P MAS
NMR spect rum ( speatmiem b) for ap al um ng boumd gatat-yst p Catalyst-M The
31P MAS NWR spieebddumadd, ar Cat algyst;dM sfows,i wo,,strong eak1? at__around -13
ppm (broad peak) and -44 ppm This differs significantly ftofPt hd>B1P MAS
NVR spect gy t8¥ Ae4t8(%%t |, as shown in Figure 2 (spectruma).  TABLE 7
El enent al Lysis, wA N220°,§ds%9*bt POh32R MAS2 NIIYE R 188 Al1PSA 2002/1@FV, ntlig
35. 380. 309ukRdi889. 15See spectgum'g i ;Fi gifr e '¥ TABLE 18 Poutler 0.XRDb.6

| nt ensi t yBesgengpaci ng [ A] | ntansityd-spaci hig [%\] I ngensﬁty ‘_gl. Og 10% 4.25 6

9. 99 Toluene 644 648 1652
Bihyloenzenc o o g %o 7 TGP e T80 609 e
11:}5{)3‘[3;; . 102.97 126 133 128 2.8 27 2.9 3.6 83 904
- . 0.9 0.2 0.2 0.3 0.2 0.1 . . ‘
e Xylen 09 09 02 : : . d 01 04 04
; 3 . 0.
Ethyltolucnes o1 01 01 o i 062 062 i’ 061 VY
Trimethylbenzencs 0.4 0.4 0.1 0.1 0.1 0.1 Q 0 002 002
C10+ 0 0 0 0 0 it 0 0 0 l O
ConvcrsionfSeIectivity, mole%
Toluene Conversion 154 146 149
ol - 414, 9 136 26 20 28 2.7
Il:/{geld Xyéerlxe S.cl.ectwlty 97.1 971 986 986 885 975 100 100 98é7i 99é72
-Xylene Selectivity 896 89.6 977 978 848 860 4 o4
Lvi ) . . . X 93.2 943 .
Methanol Selectivity 736 723 629 643 295 249 27.1 277 gg g 2?3
EXAMPLES 6-8

Catalyst F-H

(0044}  Using the procedure described for Catalyst A, NH,-ZSM-5 having a Si0,/A1,0,
molar ratio of 280 was treated with HyPO4 acid. The HyPO, acid treated ZSM-5 was then
heated at 510-530°C for approximately 10 hrs. Three alumina bound catalysts were made
using the resulting P/ZSM-5 powder with 10 wi% alumina (Alcoa HiQ40) as binder and

each was further calcined or heated at different maximum temperatures to form Catalysts
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16 3.71286.547 3.64 i

.00 7 9.89 46 3.84 57 9.70 17 3.80 27 8.0 3.

243;1 8 3.53 18 5.98 16 2.98 10 5.70 6 2.78 6 5.55 8 flntlggsmles shown
are sealed in arbitrary units so that nost intense peak is :

F-I. Catalyst F was heated at 2 maximum temperature of 400 °C. Catalyst G was heated
al a maximum temperature of 510 °C. Catalyst H was heated at a maximum temperature
of 600 °C.  The catalysts were tested for toluene methylation using the conditions
described in Examples 1-5. Table 4 shows the liquid product stream analysis and
conversion and selectivity for Catalysts F-H for Examples 6-8.

\h

TABLE 4
Catalyst F G o
EXAMPLE 6 7 8
Time on Sirearn, h 24 143 23 125 24 120
Product Analysis, wi%
Water 21.0 21.5 21.0 20.8 211 20.5
Methano] 0.1 0.1 0.1 0.2 0.1 0.2
Dimethylether o 0 0 0 0 ]
Benzene 0 0 0 ¢ 0 Q
Toluene 04.6 63.5 65.2 65.6 65.1 65.9
Ethylbenzene 0 0 0 0 0 G
p-Xylene 13.7 14.2 12.8 12.6 3.2 13.0
-m-Xylene 0.3 0.3 0.4 04 0.2 0.2
o-Kylene 0.2 G2 0.2 0.2 0.1 01
Ethyltoluenes 0.1 0.1 0 0.1 0.1 G.1
Trimethylbenzenes 0.2 0.2 0.2 0.2 0.1 0.1
Clo+ 0 0 ¢ 0 0 0
Converston/Selectivity, mole%
Toluene Conversion 14.7 14.7 13.8 134 13.4 - 134
Mixed Xylene Selectivity 98.3 98.2 98.2 98.2 98.6 98.5
p-Xylene Selectivity 96.9 96.9 957 958 98.2 98.2
Methano! Selectivity 65.60 658 640 634 60.7 64.4

EXAMPLES 9-11

Catalysts [-K

[0045}  Using the procedure described for Catalyst A, NH4-ZSM-5 having a Si0»/ALO,
molar ratio of 280 was treated with HiPO, acid. The H3POy acid treated ZSM-5 was then

heated at different temperatures of 90 °C, 250 °C or 320 °C. The heat-treated, P-
modified ZSM-5 zeolite powde; 'was then corabined with 20 wt% alumina (Alcoa HxQ40)
following the same procedure described for Catalyst B, and was calcined or heated at a
maximum temperature of from 510 to $30 °C. These bound catalysts, designated as

Catalysts I, J and K, were tested for toluene methylation using the conditions described

15



0049J) Catalyst L and Mwere tested for toluene nethylation. The reactor,
E:at al yst cha?/ge, catal yst drying and steam ng procedure were the same as
described in Exanples 1-5, and the reaction conditions were the sane as in
Exanpl es 1-5. Reactor liquid product stream analysis and conversion and
selectivity for Catalysts L and Mare shown in Tables 9 and 10, _
respectively. Under the reaction conditions used for toluene nmethylation, I
Catalysts L and M showed initial 14%tol uene conversion (63% of theoretica

_ ' 5 : %P~ X . sel ectivity.
maxi muny wht Bxgndat of. thattPOBKSnNIK gk kAR Igatﬁlrdoezcg%%h&gxgm}gg% 150 108

gﬁnglg g?%caj]ld % ?tpA%f‘yW;?&%E}%m% for Cg{t%lw{tIesrhows only a single peak al around -30
ppm with a long tail (Figure 2 spectrum a). As the heating temperature is increased for
the P/ZSM-5 (used prior to binding with alumina) to about 300°C or higher, the final
bound catalyst may show additional peak(s), including a peak at around —44 ppm (see, for
exawmple, spectrum b of Figure 2 and spectrum b of Figure 3). Table 5 summarizes the
initial heating temperature of the unbound P/ZSM-5 and catalytic test results obtained for
bound Catalysts I-K. Also, the data for Catalyst B reproduced from Table 3 is presented
in Table 5 for comparison. Those catalysts made from the P-modified ZSM-5 zeolite that
were heated at a temperature of 300 °C or higher and then bound with a suitable binder

showed 90% or higher p-xylene selectivity for toluene methylation.

TABLE 5
Catalyst I ¥ K B
P/Z3M-5 Heating Ternp' 90°C 250°C 320°C 520°C
EXAMPLE 9 10 12 2
Tiroe on Stream, b 23 126 54 150 24 126 24 125
Product Analysis, wi%
Water 21.0 210 209 217 21.1 21.6 209 215
Methanol 0 0 0 4] 0 0.1 0.2
Dimethylether 0 0 0 0 0 0 0 0
Benzene - 0.3 0.1 0.1 -1 ol 0 0 0
Tolucne 63.4 63.0 638 623 65.8 04.0 65.2 64.9
Ethylbenzene 0 0 0 0 0 0 0 0
p-Kylene 12.1 133 12.5 13.1 £2.7 14.6 13.3 12.8
m-Xylene 22 1.8 2.3 1.7 0.2 0.2 0.2 0.2
o-Xylene " 08 0.7 0.1 0.7 0.1 6.1 0.1 0.1
Ethyltoluenes 0 0 0 0.1 0.1 0.1 0.1 0.1
Trimethylbenzenes 0.2 0.3 0.3 0.3 0 0 0.1 0.1
C10+ 0 0 0 0 0 0 0 0
Conversian/Selectivity,
mole%

Toluene Conversion 16.2 16.6 15.6 164 13.2 14.6 14.9 13.6
Mixed Xylene 96.7 97.7 964 972 98.6 99.2 98.6 98.0
Selectivity
p-Xylene Selectivity 80.0 84.6 84.1 84.7 98.2 98.4 97.7 97.8
Methanol Selectivity 69.7 72,1 679 708 583 64.6 02.9 64.3

"Maximun temperature at which P/ZSM.-5 was heated prior to binding with alvmina,
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00.10.10.10.10.1
.0 20.5 20.8 20.0 19.8 Methanol 0 Lo
Ef}ﬁefﬁy?efﬁe? 0000D0OO Benzene 000 00 O O Tol uene 65.5 65. 1

65.9 65.6

[0046] For comparison purposes, the conversion and selectivity data shown in Table 5
was averaged, and those observed for Catalyst I were scaled to 1.00 and then were
commpared with other catalysts on a relative scaje, As shown in Table 6, with the increase
of the first heating temperature of the phosphorus-treated ZSM-5 prior {o combining the

zcolite with a binder, the P-xylene selectivity increased with g decrease in toluene

conversion.
TABLE ¢
Catalyst I H K B
P/ZSM-5 Heating Temperature, °C" 90 250 320 520
Relative Activity? 1.00 0.98 0.85 0.87
Relative Para-Selectivity? 1.00 1.02 .19 1.19

"Maximum temperature at which P/ZSM.5 was heated prior to binding with alumina,
zAverage of two data points shown in Table ! and 5 for the respective catalyst. Activity and selectivity
observed on catalyst I were scaled to 1.00 and then compared with those obtained on other catalysts,

{0047}  As can be seen, the P/ZSM-5 zeolite that was heated at a temperature of about
360°C or above, and then bound with alumina followed by calcinations or heating at
500°C above showed increased shape selectivity producing p-xylene selectively for
toluene methylation. Higher activity with decreased p-selective catalyst can be achieved
by heating the P/ZSM-5 at 300 °C or less and binding with alumina and calcining or
heating at 500°C or higher.

EXAMPLES 12-13

Catalyst L and M

(0048} Using the procedure described for Catalyst A, an NH;-ZSM-5 zeolite
(Si0y/AlO; mole ratio 280) was treated with H3PO04 and then heated at a maxirnum

femperature of 550 °C, Analyses of the P-lreated ZSM-5 zeolite powder, as was carried
out for Catalyst A, are shown in Tables 7 and 8. The 3'p MAS NMR of the P/ZSM-5
zeolite is shown in Figure 3 (spectrum a). The P/ZSM-5 showed similar properties to
those of Catalyst A.  The P/ZSM-5 zeolite was bound with 20% alumina
{pseudobohemite type) and extruded to make 1/ 16-inch cylindrical shape catalyst. Alcoa
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- 113.2 13.3 12.8 12.8 13.1
.4 Ethyl benzene 0 0 0 0 0 0 O p-Xyl ene 13.
(132(% gﬂ?XerneyOA 0.4 0.40.30.30.30.30-Xylene 0.1 0.20.20.10.1210.2

0.2 Ethyltoluenes 0.1 0.1

alumina grades HiQ-40 and HiQ-10 were used for Catalyst L and M, respectively.
Catalysts L and M were calcined or heated at a maximur temperature between S10 °C
and 530 °C. Figure 3 shows a *'P MAS NMR spectrum (spectrom b) for an alumina
bound catalyst - Catalyst M. The *'P MAS NMR spectrum for Catalyst M shows two
strong peaks at around —13 ppm (broad peak) and -44 ppm. This differs significantly
from the *'P MAS NMR spectrum for Catalyst I, as shown in Figure 2 (spectrum a).

TABLE 7
Elemental Analysis, wi% N2 Adsorption P MAS NMR
Si Al P SA, mg PV, mi/g
35.38 0.30 9.72 188 0.15 Sce spectrum a in Figure 3
TABLE 8
Powder XD Intensity*
d-spacing fA] Intensity d-spacing [A] Intensity
11.08 100 4.25 6
9.%9 54 4.00 7
9.59 45 3.84 57
9.70 7 3.80 27
8.01 & 371 28
6.54 7 l.64 il
6.33 9 3.53 18
5.98 I6 2.98 10
570 6 2.78 &
5.55 3

*Intensities shown are scaled in arbitrary units so that most integge
peak is 100.

[0049) Catalyst L. and M were tested for toluene methylation. The reactor, catalyst
charge, catalyst drying and steaming procedure were the same as described in Examples
1-5, and the reaction conditions were the same as in Examples 1-5. Reactor liquid
product stream analysis and conversion and selectivity for Catalysts L and M are shown

in Tables 9 and i0, respectively.  Under the reaction conditions used for toluene
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' 70.200.20.2
.10.10.10.10.1 Trirnethylbenzenes C10+ 0.1 0.1 O.
gbnversion/SeIectivity, nol e% Tol uene Conversion 14.0 14.2 14.3 13.3

13.4 13.7 13.5 M xed Xylene Selectivity 98.4 98.4 98.3 98.3 98.4 98.3 98.3

methylation, Catalysts I, and M showed initial 14% toluene conversion (63% of

theoretical maximum) with greater than 98% mixed-xylene and 96% p-xylene selectivity.
p y

TABLE 9
Catalyst . L
Example 12
Time on Stream, h 24 48 78 150 198 246 318
Product Analysis, wi%

Water 20.6 20.9 22.0 20.5 20.8 20.0 19.8
Methanol 0 0 0.1 0.1 0.1 0.1 0.1
Dimethylether 0 0 0 0 0 0 0
Benzene 0 0 0 0 o 0 0
Toluene .. 653 65.1 63.9 65.9 65.6 66.1 66.4
Ethylbenzene 0 0 o 0 0 0 0
p-Xylene 13.1 13.2 133 128 - 128 13.1 13.0
r-Xylene 0.4 0.4 0.4 0.3 0.3 0.3 0.3
o-Xylene 0.1 0.1 0.2 0.1 0.1 0.2 0.2
Ethyltoluenes 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Trimethylbenzenes 0.1 G.t 02 0.2 0 0.2 0.2
Cl10+
Conversion/Selectivity, mole%
Toluene Conversion 14.0 14.2 14.3 13.3 134 13.7 13.5
Mixed Xylene Selectivity 984 934 98.3 98.3 98.4 98.3 98.3
p-Xylene Selectivity 96.2 96.2 56.3 96.3 96.3 96.5 96.5
Methanol Selectivity 62.3 63.1 64.7 651.8 62.0 63.0 61.8
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p- Xyl ene Sel ectivity 96.2 96.2 96.3 963 96.3 96.5 96.5 Methanol Selectivity
62.3 63.1 64.7 61.8 62.0 63.0 61.8 TABLE 10 Catal yst Exanpl e 13

Time on Stream h

TABLY 10
Catalyst M
Example 13
Time on Stream, h 24 54 126 150 173 293 313
Product Analysis, wit%

Water . 203 . 203 19.9 19.9 212 204 20.4
Methanol To0l 0.2 0.2 0.2 03 0.2 0.2
Dimethylether 0 0 0 0 o 0 0
Benzene 0 0 0 0 0 it 0
Toluene 66.0 65.4 059 65.8 64.6 63.5 65.8
Ethylbenzene ¢ 0 0 0 0 0 0
p-Xylenc 12.9 132 13.3 13.4 13.2 13.1 12.8
m-Xylene 0.3 0.3 0.3 0.3 0.3 0.3 0.3
o-Xylene 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Ethyltoluenes 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Trimethylbenzenes 0.2 02 02 0.2 0.2 0.2 0.2
C10+ G 0 o0 0 0 0 0
Couaversion/Selectivity, mole%
Toluene Coaversion 13.6 £3.9 13.9 13.8 14.1 13.8 13.6
Mixed Xylene Selectivity 98.2 98.3 98.3 98.3 98.3 983 98.3
p-Xylene Selectivity 96.6 96.6 96.6 96.7 97.0 97.0 96.7
Methanol Selectivity 63.3 64.9 65.5 66.1 67.9 67.0 65.6

EXAMPLE 14

[0050] Catalyst L was further tested for catalyst stability in toluene methylation
reaction. The reactor and feed conditions were the same as those described in Examples
1-5. After drying the catalyst at 200 °C, the catalyst was steamed overnight at 200 °C. A
premixed toluene and methanol feed (molar ratio 4.5) was added to the reactor at 200 °C.
The liquid hourly space velocity (LHSV) (based on methylation feed) was maintained at
about 2 lr” and a cofeed of H, gas was fed and maintained to provide a Hay/methylation
feed molar ratio of about 7-8. In addition to H,, water vapor was added to reactor as
cofeed. The H,O/methylation feed molar ratio was about 0.8 and the reactor pressure
was about 20 psig. The catalyst bed inlet temperature was increased slowly to about 510
°C over a period of time to give toluene conversion of about 14%, and no reactor
temperature adjustment was made during the test period of 637 h (26 days). Toluene
conversion, and selectivities to mixed xylene, p-kylene and methanol are shown in

Figures 4 and 5.
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' Water 20.3 20.5
24 54 126 150 173 293 313 Product Analysis, vvt% (
19.9 19.9 21.2 20.4 20.4 Methanol 0.1 0.2 0.2 0.2 0.3 0.2 0.2 Dinethyl ether

00O0O0O

EXAMPLE 15

[0051] Catalyst M was further employed to show stable catalytic performances for
toluene methylation reaction. The reactor, catalyst charge, catalyst drying and steaming
procedure were the same described for Examples 1-5. After drying the catalyst at 200
°C, the catalyst was steamed overnight at about 200 °C. A premixed toluene and
methano! feed (molar ratio 4.5) was added to the reactor at 200 °C. The liquid hourly
space velocity (LHSV) (based on methylation feed) was maintained at about 2 hr' and a
cofeed of H, gas was fed and maintained to provide a Hy/methylation feed molar ratio of
about 7-8. In addition to H,, water vapor was added to reactor as cofeed. The
H,O/methylation feed molar ratio was about 0.8 and reactor pressure was about 20 psig.
The catalyst bed inlet tetnperature was increased slowly to 535 °C over a period of time
to give toluene conversion of about 14%, and no further reactor temperature adjustment
was made during the test period of 1560 h (64 daysj. Toluene conversion, and

sefectivities to mixed xylene, p-xylene and methanol are shown in Figures 6 and 7.

EXAMPLE 16

[0052] Catalyst A was employed to test its stable activity for toluene methylation. The
reactor, feed composition, catalyst drying and steaming conditions were the same as
described for Examples 1-5. After drying the catalyst at 200 °C, the catalyst was steamed
overnight at 200 °C. A premixed toluene and methanol feed (molar ratio 4.5) was added
to the reactor at 200 °C. The liquid hourly space velocity (LHSV) (based on methylation
feed) was maintained at about 2 hr'! and a cofeed H, gas was.fed and maintained to
provide a Hy/methylation feed molar ratio of about 7-8. In addition, water was added to
the reactor as cofeed and was vaporized prior to introduction into the reactor. The
H;O/methylation feed molar ratio was about 0.8 and the reactor pressure was about 20
psig. The catalyst bed inlet temperature was slowly raised to 492 °C when a toluene
conversion of about 14% was obtained and when no further reactor temperature
adjustment was made during the test period. Reactor streams were analyzed to calculate
conversion and selectivity. Figure 8 shows steady toluene conversion as a function of

time on stream. The unbound P/ZSM-5 catalyst (Catalyst A) showed stable performance
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O O Benzene 0 0 0O O O O O Toluene 66.0 65.4 65.9 65.8 64.6 65.5 65.8
Et hyl benzene 0 0 0 0 0 O O p-Xylene 12.9 13.2 13.3 13.4 13.2 13.1 12.8

m Xyl ene 0.3 0.3

during the test period of 726 hours (30 days). Table 11 presents the average toluene
conversion, methanol sclectivity, mixed-xylene selectivity and p-xylene selectivity for
Catalysts A, L and M. Contrasied to the unbound P/ZSM-5 (Catalyst A), the alumina

bound catalysts showed at least 5% increased p-xylene selectivity.

N TABLE 11
Conversion/Selectivity, mole% CatalystI.  Catalyst M Catalysz

Example 14  Example 15 Example 16

Toluene Conversion . 14.6 14.4 14.6
Mixed-Xylene Selectivity 98.1 979 96.8
p-Xylene Selectivity 96.7 948  88.0
Methanol Selectivity 65.7 70.0 67.7
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0.30.30.30.30.30-Xylene 0.2 0.20.20.20.20.20.2 Ethyltoluenes 0.1
0.10.10.20.1210.10.2 Trinethylbenzenes 0.2 0.2 0.2 0.2 0.2 0.2 0.2 C10+
090 Claimg
We claim:
L. A method of preparing an alkyl aromatic product commprising;
treating a zeolite containing 10-oxygen ring pores with a phosphorus compound to
form a phosphorus-treated zeolite;
heating the phosphorus-treated zeolite to a temperature of 300°C! to 400°C;
combining the phosphorus-treated zeolite with an inorganic oxide binder material to
form a zeolite-binder mixture;
heating the zeolite-binder mixture at temperature of 400°C or higher to form a bound
zeolite catalyst; and
contacting the bound zeolite catalyst with an aromatic alkylation feed of an aromatic
compound and an alkylating agent under reaction conditions suitable for aromatic
alkylation.
2. The method of claim 1, wherein:
the binder material includes at least one of alumina, clay, aluminum phosphate and
silica-alumina.
3. The method of claim 1, wherein:
the binder material is an alumina-containing material.
4, The method of claim 1, wherein:

the zeolite-binder mixture is heated to a temperature of from 400°C to 700°C.
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Conversion/ Sel ectivity, nole% Tol uene Conversion 13.6 119 13.9 13.8
14.1 13.8 13.6 M xed Xylem Selectivity 98.2 98.3 98.3 98.3 98.3 98.3 98.3
p- Xyl ene Sel ectivity 96.6 96.6 96.6 96.7 97.0 97.0 96.7 Met hanol

Sel ecti¥vity B8 18etBdd of 85in% | 66hdrein:

the zeolite is a ZSM-5 zeolite.

6. The method of claim 1, wherein:
the binder material contains from 1% to 99% by weight alumina or clay or their

combinations.

7. The method of claim 1, wherein;
the bound zeolite catalyst exhibits at least two *'P MAS NMR peaks with maxima at

from 0 to -55 ppm, with at least one peak having a maximum at from -40 to -50 ppm.

8. The method of claim 1, wherein:
the binder material is present in an amount of from 1% to 99% by weight of the bound

zeolite catalyst.

9, The method of claim 1, wherein:

the aromatic compound is toluene.

10. The method of claim 1, wherein:

the aromatic compound is toluene and the alkylating agent is methanol.
11 The method of claim 1, further comprising:

steaming the bound zeolite at a temperature of 300°C or less prior to contacting with

the aromatic alkylation feed.
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67.9 67.0 65.6 EXAMPLE 14 [00501 Catalyst L was further tested for
catalyst stability in toluene nethylation reaction. The reactor and feed
conditions were the sanme as those described in Exanples 1-5. After drying
t he cat® ystThamobod of cleive Icwheteinst was steaned overnight at 200 C. A
prem xed tol uene and nethanol feed (nolar ratio 4.5) was added to the

reactor at 2@@taCingHe HougdizeblhovathlysSPak en dRInRGicta¥kyihtkiSMecd hasaEs ON
nmet hyl ati on feed) was nmintained at about 2 his and a cofeed of H2 gas was

fed and mai njraviagg zin%il%ﬂ@t‘i’érﬁ%aéidﬂ%ﬁﬁh kAU ORithRRY TR Rant 140,02k, abOUL

7-8. In addition to 142, water vapor was added to reactor as corecd. The

H20/ met hyl atd At .8.4a the reactqQr pressure was
about 20 psidg(])(.izmglI %ﬁ%g?g{ﬂ%t%&%tedﬁ fﬁ?@ &Piglé%)gr%g Ur'e Rg¢ lf’ﬂc\,”?]gﬁglé%‘%é?t&M? to
about 510 C gver, a.period,of tinme to give toluene conversion of about 14%
and no reactcgp%tde%gf%?nﬁf%g’ac&flffg’f‘ﬁfﬁ‘ﬁ*?g ®nade during the test period of
637 h (26 days). Tol uene conversion, and selectivities to m xed xyl ene,

p- xyl ene and met hanol are shown in Figures 4 and 5. EXAMPLE 15 [0051)
Catal yst Mwas further enployed to show stable catalytic performances for

t ol uend 3net Wy ethodrefpeeratingn. xykine prehot compdshgl yst charge, catal yst drying
and steam ng procedure were the sane descri bed for Exanples 1-5. After
drying the G&hﬁhgsESM*S&@&it@,wiﬁh@ﬁﬁ@sﬁaﬁbﬂ@Eo SuiRt RATEH aPrBE I 1RAht gbOUt
200 C. A prem xed tol uene and nethanol feed (nolar ratio 4.5) was added to
the reactor zn230R0fe, The Iiquid hourly space velocity (LHSV) (based on

nmet hyl ati on feed) was mai ntained at about 2 hr-1 and a cofeed of f1l2 gas

was fed and ! i r.ovi [met hyl ation feed rati o of
about 7- 6. PR BESr R M BTG e 5 o dBeRor 2008t eed.
The 1120/ met hyl ation feed nolar ratio was about 0.8 and reactor pressure
was about 260%@}‘61}3 Bﬁﬁé’ﬁe%ﬁ@%fﬁe%‘éﬁhzw-é@eqiéw@m@mﬂ@rg@a@ oxideraged sl owl y
to 535 C over a period of time to give toluene conversion of about 14% and
no further nEgRabio fasmperealita-bindelj mstturent was nmade during the test period
of 1560 h (64 days). Tol uene conversion, and selectivities to m xed xyl ene,

p- xyl ene andeatbtghthaatolac-birsloiixture 'cﬁ'it@ﬂﬁtijﬁﬁtu@e SMhoPC JEXAMRE B H8ml PR

Catal yst A was enployed to test its stable activity for tol uene

met hyl ati onzsing gegﬁg%g{alyst;ea%q conposition, catalyst drying and steam ng
conditions were the sane "as described for Exanples 1-5. After drying the

catal yst at \ st.eaned. overnight. at 200 C. A prem xed
t ol uene andC&ng?ﬁa%r%leE %‘%gf?én%l? %rzeorg? F%g&%‘ylt@égeeg&ggﬂl“?’&e? Trestpdr at 200
C. The liquid ourl%. slﬁage velocity (LHSV) (based on nethylation feed) was
mai nt ai ned SPRUBYSUSAbIe fon at dengt andofitebnemetudatigaenditeasdlliatien.nt ai ned to
provide a H2/nethylation feed nolar ratio of about 7-8. In addition, water
was added to the reactor as cofeed and was vaporized prior to introduction
into the reactor. The H20/ nmethyl ation feed nolar ratio was about 0.8 and

t he redtt or The epturde fwismaldQutheZdn:psi 9. The catal yst bed inlet tenperature
was slowy raised to 492 C when a tol uene conversion of about 14% was

obt ai ned anghcWieddr 1Or r i LS; A made during
the test period. Rgﬁa%é%dﬁr} hgt?édeerg?}g%mgrogte%ﬁ{@gg’ f@?@%@hﬁ@g@%@ﬁa\t’g&aﬂon and
selectivity 'igé-%gﬁm? shows steady toluene conversion as a function of tinme
on stream Le unbound P/ ZSM 5 catal yst (Catal yst A showed stable
performance during the test period of 726 hours (30 days). Table 11
presents the average tol uene conversion, nethanol selectivity, m xed-xylene
selectjvity and p-xylene selectivity for Catalysts A, L and M Contrasted
to t helunbolkrimpitedi slairedamheteinn) | the al uni na bound catal ysts showed at

| east 5% i ncreased p-xylene selectivity. TABLE 11 Conversion/Selectivity,
ol e% Cat al hsbideCatagdria ts &M dlamalayshtAninpnenplig. 14 Exanpl e 15 Exanpl e 16
Tol uene Conversion 14.6 14.4 14.6 M xed- Xyl ene Selectivity 98.1 97.9 96.8
p- Xyl ene Selectivity 96.7 94.8 88.0 Methanol Selectivity
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65.7 70.0 67.7 CLAIMS We claim 1. A nethod of preparing an al kyl
aromati c product conp ising: treating a zeolite containing 10-oxygen ring
pores with a phosphorus conmpound to form a phosphorus-treated zeolite;

heat i ngl@he Prowpthedios ckimdBedhere:ite to a tenperature of 300C to 400C;
conbi ni ng the phosphorus-treated zeolite with an inorganic oxi de binder
material to thoreoldebanlel trixthicid @tatsd ¥t alfe@ipch@alel oTFrdn 80 €0l 1oBbi nder

m xture at tenperature of 400C or higher to forma bound zeolite catal yst;
and contacting the bound zeolite catalyst with an aromatic al kyl ation feed
of an aromatic conpound and an al kyl ati ng agent under reaction conditions

sui t abl g f OrTI‘i’erxﬂE@xB{i%f@l'ah%('@t{bﬂé}einz' The nmethod of claim 1, wherein: the
bi nder material 1 ncludes at 1east one of alum na, clay, alum num phosphate

and silica-alumna. 3., .The nethod of claim.1l, wherein; the binder material
is an al uni ?fée ggﬁfﬁ?jﬁfeﬁﬁp?‘?é’lmé?? pm I%%%ﬁéﬁﬂ’é’t‘ﬁﬁaﬁbaﬁu‘&% m 1, wherein: the
zeolite-binder mxture is heated to a tenperature of from400C to 700C. 5.
The met hod of claim 1, wherein: the zeolite is a ZSM5 zeolite. 6. The

met hod of claim 1, wherein: the binder material contains froml%to 99% by
wei ght 18l urmiHe roethed afjcleim ¢ Beihereiarbi nat i ons. 7. The nethod of claim 1,
wherei n: the bound zeolite catalyst exhibits at |east two 31P MAS NWR peaks

Wi th maxime tht béureinedlitecatdbyst BRIbitYAL 1Bast twd ERIV AR TIRIMIE BKaKR NG 2 BindiBat] MUM
at from-40 to -50 ppm 8. The nethod of claim1, wherein: the binder

material is ts54 9 j.ght e bound
zeolite cat aﬂf? 3895. %}rg,“wng{?ﬁglgﬁ%?ﬁ fng g@n@%%%gﬁg}{%%t eog?grgg{)i'%&%ﬂ'pound
is toluene. 10. The nethod of claiml, wherein: the aromatic conpound is
toluene and the al kylating agent is nmethanol. 11. The nethod of claiml,
further, co i Si ng: s{ am ng the bound zeolite at a tenperature of 300C or
| ess prlPor t eé’&?fg%? ﬁﬁm?/vil WR%@Enar omat i ¢ al kyl ation feed. 12. The method
of claim1, wherein: contacting the bound zeolite catalyst with an aromatic
al kyl ati on fleebinieronatgasl ip posentiingn amoahkyf fadm dfr te29% ibyrweiiziithifihabaedct or
w thout a significant decrease in conversion and selectivity after nore

t han 500 howSViofzeolirratdlgwn. when the reaction is carried out at generally
constant tenperature. 13. A nethod of preparing a xyl eneproduct conpri sing:
treating a ZSM5 zeolite with a phosphorus conpound to form a phosphorus-
treated ZSM5 zeolite; heating the phosphorus-treated ZSM5 zeolite to a

t enper ghpur e ~of 400C; i ning. the phosphorus-treated ZSM5 zeolite
W th a%b'l nogglgr??egg@x%tgcelall} anefﬁgﬂn%tcgmp S form a zeolite-binder nixture;

steaming the bound ZSM-5 zeolite at a temperature of 300°C or less prior to

contacting with the feed of toluene.

21. The method of claim 13, wherein:
contacting the bound ZSM-5 zeolite catalyst with toluene feed includes providing an
toluene methylation reaction within a reactor without a significant decrease in
conversion and selectivity after more than 500 hours of operation when the reaction is

carried out at generally constant temperature.
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heating the zeolite-binder mxture at tenperature of 400C or higher to form
a bound ZSM5 zeolite catalyst; and contacting the bound ZSM5 zeolite
catalyst with a feed of toluene under reaction conditions suitable for at

| east one of toluene nethylation and transal kyl ati on. 14. The net hod of
claim 13, wherein: the binder material includes at |east one of alum na,
clay, d@2um rhmméthspbidiagnam] wdiddiga- al um na. 15. The net hod of - cl aim 13,
wherein: the binder material is an alum na-containing material. 16. The

met hod of clgd Paukd, zeWhRIcRialst %%‘d%@ﬁ Ich&@a¥op 2
t enper ature of frorﬁ 400C tag%?% I 17. eThé1 n@%%ﬁgﬁﬁrgl %n%élv\gt%gpn t he

bi nder mater, 0 VRIS he net hod
of claim 13 M\%}} u%&mlatlo n(t“ El%mﬁ# {?zoéloo %é{?e?at Pal y eﬁijg]grepaa?gf“é%& two 31P
MAS NWVR peaks t fromO to - | east one peak
having a naﬂwﬁcaﬁgl? Pawtﬁ reomgnigg il &rﬁ%atﬁré%]w@}fndm pon

wherein: the binder material is present in an anount of from 1%to 99% by
wei ght of t Feetidatien zanion ynder simelag rreglignseondt@nsThe net hod of cl ai m 13,
further conprising: steam ng the bound ZSM5 zeolite at a tenperature of
300C or less prior to contacting wwth the feed of toluene. 21. The nethod
of claim 13, wherein: contacting the bound ZSM5 zeolite catalyst with

tol uene feed includes providing an toluene nethylation reaction within a
reactor wi thout a significant decrease in conversion and selectivity after
nore than 500 hours of operation when the reaction is carried out at
general ly constant tenperature. 22.The nethod of claim 13, wherein: the
bound ze,olite catalyst provides at |east a 5% increase in para-xyl ene
selectivity when used in toluene nethylation conpared to the sane zeolite
prepared under simlar conditions without a conmbining with binder materi al
when used an tol uene nethylation reaction under simlar reaction
condi ti ons.
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