ZEOLI TE CATALYST AND METHOD OF PREPARI NG AND USE OF
ZEOLI TE CATALYST TECHNI CAL FI ELD [0001] The i nvention

wo edoanes7gyeneral |y to the al kyl ati on of ar omat PCT/US2006/030582
conmpounds and catal ysts used for such reactions and
their preparation. BACKGROUND [ 0002] Para-xylene is a
val uabl e substituted aromati c conpound because of its
great demand for its oxidation to terephthalic acid, a
maj or component in form ng pol yester fibers and
resins. It can be commercially produced from

hydrotreating of napht ha (catal tic reformng), steam
cr acki gEQLI Ep(ﬁcﬂ?é?& T@AQTQME HOP OFPRERARING

di sproportion toluene with

met hanol , mhlc%bﬁﬁvgk é#gahhgie@gﬁgégérnethylation,

has been used in |l aboratory studies to produce

par a- xyl ene.. Tol uene net hyl ati on has been known to

IE AdyKIELD; di ¢ catal yst, particularly over zeolite
or zeolite-type catalyst. In particular, ZSM5-type

zeolite, zeolite Beta and silicaal um nophosphate
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formed fromthe nethylat|on of toluene, as is
illustrated by the reaction bel ow. [0004]

Ther modynami ¢ equi li brium conpositions of o-, m, and
p- xyl enes may be around 25, 50 and 25 nol e%
respectively, at a reaction tenperature of about 500
OC. Such toluene nethylation nay occur over a w de
range of tenperatures, however. Byproducts such as C9+
and ot her aromatic products can be produced by
secondary al kyl ati on of the xylene product. [0005]

Par a- xyl ene can be separated from m xed xyl enes by a
cycl e of adsorption and




i sonerization. Such cycle nmay have to be repeated
several tines because of the | ow isoneric
w@emwcensrati on in the equilibriummxture. A hP@iUS2006/030582
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
hi gh, however. A different nethod that
enpl oyscrystal lizati on techni ques can be used and may

Bgéld%igé;gﬁigensi ve where the concentration of p-xylene
' . 0% or higher in the initial xylene product.
[0002)s, Pdnd-giietie isharaRable! Jubétthied GRpERRL d’o%r}:i ?H& bg%a[use of its great

xyl ene may be desirable. [0006] A significan
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zedlne-type! wameystret hyth atgaeicule, bZSMOSUES%‘eC'z%lo i, SQ?&i?éSfBé a and
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formed ot tha methyflaioard doliienen as ﬁdﬁlﬁk&aﬁe@ b fige dedtloR\WeRey.
descriptions taken in conjunction with the
acconpanyi ng figures, in which: [0009] FIGURE 1 shows

3 1FHVAS- NVR spectrumCHor phospha@rus- nodi ficed ZSM 5
jte Catal yst A \ [OOlOll FI QURE 2 sho 3 1P

YR spectra for €ts ectru and K
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[0004]' Thermodynamic equilibrium compositions of o-, m-, and p-xylenes may be
around 25, 50 and 25 mole%, respectively, at a reaction temperature of about 500 °C.
Such toluene methylation may occur over a wide range of temperatures, however.
Byproducts such as C9+ and other aromatic products can be produced by secondary
alkylation of the xylene product.

[0005] Para-xylene can be separated from mixed xylenes by a cycle of adsorption and
isomerization. Such cycle may have to be repeated several times because of the low
isomeric concentration in the equilibrium mixture. 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 method that employs



[0011] FIGURE 3 shows 3 1P MAS-NMWR spectra for a
phosphorus-nodi fied ZSM5 zeolite (spectrum a)
wonreminsos used for preparing Catalysts L and RETAS2006/030582
for an al um na bound phosphorus-nodified ZSM5 zeolite
-Catal ystM (spectrumb); [0012] FIGURE 4 is a plot of
t ol uene conversion over tine for the tol uene
met hyl.ati on reaction for Catalyst L of Exanple 14;
crystidiaZationfeciyrgues gag bg uptdoandonhayniee lessaxipessitesehery theyconcentration

C 1) ] xyleng sel ect.iyi curv nd .
Ofé)-c)% ené aér%lfﬂéi)é?%i ryﬁg@:ﬁrWetﬁg)lmgl\?)[e¥yl%?%r°ﬁﬁﬁ%? tT%BS: higher than
equitibtien eonehiryticiisiof p-ybme maybel dekirdbad, al yst L of Exanpl e

0296. [0014]. .FIGURE 6 is a plot of toluene conversion
[0G90k 4 i senifipntly ighen \asieunieath preianencanedst obairedr in toluene
me S f: ol loELGURE. 7 i.s a pl ot of .
oo R Ry Dhs e sle o Db She lectve
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o % oyer 1imne I.or E‘Bﬁ t of uege r}ethyl ation reaction for °
P& PGSt RSO RV Qe eXismmal sprfacsoafsthe pealiirporseqniroding zeolite
aciityt T Qhenle Oh SO DIALI6P &de i _5t K ;
ne}?hyl,at ion rglgct [ %@1{ or féggéa&le!g/lgglﬁg&} %a‘%?gﬂ gl?%% zeolite
catalgst [Eving KHenTPOdRs PTptMnin@Gigifiasiy Sreateo hinbents o pAgledk than
thettllib?m@ﬁ{alr}{%&%%ﬁﬂrﬁioﬁat al ysts used in hydrocarbon
conversions. It 1s a porous material containing

[00D7t eUsértunatgly, tere arensirabel of pedhaicsl htales 76 Whiehe methylation
0- menber. Zeolite materials with such

to %)9?{3{?85‘11328/ g‘i%%gﬁﬂ :a:n %&V@H@Nﬁu@@ uieededar Amstgethese are fast

cat£1y A IS4 BEhrAm dTBR InTh 281 &1&99{}\}}} es. Mdification of
ZSM 5-type zeolite catal ysts th
phosphor us- cont ai ni ng conpounds has been shown to
provi de shape sel ective properties to the catal yst,
yielding significantly greater amounts of p-xyl ene
than the thernodynam c equilibriumval ue when used in
tol uene nethyl ati on conpared to unnodi fied catal ysts.
Such nodi fication has been shown to provide



selectivity for p-xylenes of greater than 80%
Al t hough such phosphorus-treated ZSM 5 catal ysts may
wobav@/adtsgh sel ectivity for p-xylene, they teRrdTUS2006/030582
deactivate at a very fast rate; for exanple, the
catal yst may | ose greater than 50%of its initial
activity wthin a day. This nmay possibly be due to
coke dep05|t| on on the catalyst. " [0018] As used
I HEDRAWINGS ype" is neant to refer
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. _interchangeably to enconpass one another an
inWhigh: pe construed in a limti ng sense. As used herein,

o0t @m& C tay Xpresse asth % nol es of
[ ﬁeqitlol ueng %:ngger}t) q\gﬁwwﬁr% dfPBPP?FQ piys-arodgfied ZSM-5
zeolite Catatyest Aed and can be defi ned by the foll owi ng

e%'g e Conversion = [(T}] - TO)ZTJ x
loowgorpié%gb %OW?J VAR, meegirachor @istasstol (4pottmena) and K
(Spef;@ﬂn@yd TO is the nurrber of nol es tol uene unreact ed.

As used herein, ?I ectivity for m xed xyl enes nay be
[001d) p FEGERE 3sshows |’ F/MAS2BMXyspectm ﬁeleeplﬁdsphdir)is-momﬁed ZSM-5
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?E ésed as: Mol e%lo Xyl ene Selectivity X5 X 1x) x
[0012ho FIGURKHbIse lpof 16 luerecanvatsion aver timk dor the tqiuengl reetkylation

tﬁﬁlf&gqt ; conversi on may be expressed

oA @gkfgtdfga}iﬁ{o %onVersn on = [(M- M) M] x 100

[001@5) FW(&ERE 5 Mila plot of memanmmemmfy (sahest oﬁllfeat;maﬁl sefes@my
umber, of Egl es nmet hanol unreacted

S

(ol R eriione See e e RY ST Vimsyfor e telBpRsameth aton reaction
for amﬁyLailegamgﬁaymae expressed as: Ml e% Met hanol

Selectlwtg/ [XJ(MMD)] x 100 (6)
[0014] FIGURE 6isa plot of toluene conversion over time for the toluene methylation
reaction for Catalyst M of Example 15;
[0015] FIGURE 7 is a plot of methanol selectivity (curve 1), mixed-xylene 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.



where, Xtx is the nunber of noles of mxed (o-, m or
p-) xylenes, M is the nunber of noles of nethanol fed
wanw7Mi9i7s t he nunber of noles of unreacted nerbo@wskes/030582

[0019] The ZSM5 zeolite catal ysts and their
preparation are described in U S Patent No.
3,702,886, which is herein incorporated by reference.
In the present invention, the ZSM5 zeolite catal yst

DEEAL LD DESCRIBENavi ng a silica/alumna nolar ratio

fr 2 r. higher., more.particularly from about 250 to
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[0028]t eAs phistnein, the ek pRESITRIMZSNIITery PEOR RRQIY S fF 3 Bfdse zeolites
[0021] It has been discovered

zeol it e dried.
thaty gy IS?SE%IFHE@EH theaPaans af oM Zsplitasy  bAddislonallpe dhé mxpressions
“ZSMBMahd eZ8hKY e | l.uene
al kyl at i on, e ey %;?Jn%%@fé??E}e’z{%%ﬁ‘?%ff‘é&#%ae%s% @ogpass one
anothgpand shpuldingh be corstraed pfm&rp{]tmglssnster @gsltxme% her(ejﬁhﬂ EathiStic activity
t e t ou w.th a suitable binder, as is
can (BRI Do Iyt o kil S ariea Givomeat o o motes of
tolubwe fedtandtan be defined by the following formulas:

Mole% Toluene Conversion = [(T; — To)/T;] x 100 @3]

where, T; is the number of moles of toluene fed and T, is the number of moles toluene

unreacted. As used herein, selectivity for mixed xylenes may be expressed as:

Mole% Mixed Xylene Selectivity = [Xu/(Ti-T5)] x 100 3)

where, X is the number of moles of mixed (0-, m- or p-) xylenes in the product.

As used herein, selectivity for p-xylene may be expressed as:

Mole% p-Xylene Selectivity = (Xp/X) x 100 “

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

As used herein, methanol conversion may be expressed as:



of various phosphorus species within the zeolite. Such

heating may al so facilitate dryingof the catalyst
waho@ro1ed1e phosphorus treatnent. Tenperat ures 8ETRRODE030582

400 OC or nore are particularly useful in providing

such increased para-selectivity. A suitable range for

such heating subsequent to phosphorus treatnent is

from about 300C to about 600C. Such heating may be

carried out for 0.5 hour or nore. [0022] It has been

further di r t hat . conmbi ni n P- treated ZSM 5
( P/ ZSM 5) 1\%: ?fh‘% ﬁgtﬁﬁa{@b@évsﬁsmer ?@‘ﬁnt G i al (5)
heatl ng step, as discussed above, my further i ncrease

%ﬂ electlv%ﬁy in-aromatic al kylation. In
Clﬂ ZB0les, ofitresthanehtfet amh s Bethehoumiskr of moles

mét’!‘reﬁ'c'ilﬁué idqabl e bi nder the catalyst may provide an
i ncreased selectivity for para-xylene by at |east 5%

Asgwedhareid, methtind selactivityafoatohshe B U WS b Bk s5dY as:
t ol uene nethylatlon under simlar conditions. Suitable

bi nder materja i ncl ude i norgani c oxi de
material s. l?m’ %e hppokrdertivity er[%at’(Mdeﬂ wdé0al unina, (6)
clay, alum num phosphate and silica-alumna. In

%/(,‘Xctg the nunabesiof d@qleeocbf mixm:rh(ora nerorg-pyyletiesf NBiid the number of

cuI usef u The bound
oS0 AR et S s,
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% t.0 about., 50% bi nder by total weight
Nocg’? gé §é€ whiglyssherqig mnenrparetsd by gafeeeneat & (het preset invention, the
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hosphorus-treate zeoI an e
hig rxthr@artl'chéarBL fremabeut %@db iab@ut 500 pelomdotrHodif€atiinN ARk starting

heat at a tenperature of 400 0OC
stﬁ’ggr‘? r8r§u f9E ?&C%m%ﬁF‘?@ﬁﬁéP@Fﬁ?%loﬁét ween
[0030)0 tBhanZSMOQ Biay Sﬁchtoﬂﬁ?éw g AR @g{x Eﬁ%pﬁ&tuﬁ LcBtaining

0.5 hours or nore to formthe bound Tat
COMRONRAAY | B PRPBHOTISPONIREYERS erynndvadPmey tmtueiet mmancaﬂmated to,

Pk S g4, B0 ol 00, B0 AR P
andhphesphoronmyhalidssul thni partthﬂaIbCp]ﬁﬁbtK)ﬁm hdi@ @KPOP bhd Bmmonium
hyd%@leﬁ Ip osphgtes(wﬁt;)zeﬁPO;; may e useg as gre%ﬁogg?tgm’;lﬁn{)afgng compound
to provide a catalyst for toluene methylation with shape selective properttes 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 0.11
g P/g zeolite. Afier 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



[0024] In particular, the bound zeolite catal yst may
exhibit at |east two peaks having naxi ma at from about
wO 2ppro1¢0sabout -55 ppm Mre particularly, thecbwsmde/030582
zeolite catalyst may exhibit a 3 1P MAS NWR peak
having a maxi mnum at from about O ppmto about -25 ppm
rmre particularly at fromabout - 5 ppmto about -20
and another with a maxi num at from about -40 ppm

of tﬂéﬁ eatdyat aﬂs@thp phrsbonts trnaﬂkmtaﬂem@eratdi}é’d @ta:tooee @60 °C or more
ﬁﬁ'a?}ép ﬁﬁl?or u% eci c|%)art| cular, a §
1B He dBQSB%SC Raraﬁsmfmggy bé& su1table range for
ihnibaciag iswiss o
sug adifg is e?frenpm %&?ﬁﬁh@%aiﬁ{éﬁ? ?m’aé?g ppm 8ut 600°C.

num at _from a ppmto a
su%%‘ﬁ% ¥ bgcagsigd Sphior Qs hmiunnlmbgc ext r af r amewor k

[O@br Pyd? n?%eg giglélgj\rfﬁ%% o%gg?}ﬂ@{n&g tgg%hos q%%selfgé (P/ZSM-5)
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selqcijibie fortnaraxylow bWﬁ’El&esttﬂ% comnbmmdo Brengaghief dafdlyst @Abdutnd when

usell rlﬁgg{;}%‘? %Blllaglootn ith %wﬂag oggaiﬁlegqg | %@t?}géﬁ&p& ?Itlatlner;als may
incindé arhcygatrﬁc baMe haeals h%mb&s Catne 51} ?e a5 Rckilad gdklﬁnma clay,

I 1P MAS NMR peak. This indicates a d rence 1n
a “@Hiua’r Bbasphaie 3B \iilisa-alureingi o martiouthr fdindeo s himknifa or clay or

ntheh ting tenperature
R L T R T
1% fhabamt ﬁﬁ%l Hyl toth! AShghb oﬁbmmldyﬁfalysb Qhdre @ftwh'l@ﬁ% ¥th atm%y 10% to
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[0023] eald Mgkt @ BourkREAAISd, Bt bihfe F o8y 1) f9fed he
reactor. The use of cgsga yst strzlg%n‘&éﬁ& m? B Caombmedt with the
p Ofl@ﬁ%rtﬁalﬁde@o ity tgcfonn |abefettmd1ab¢@nmanth NGhdJP SreardtRBlite bound

Wlﬂgﬁ{elﬁt Ifﬁ%%e%lﬁ% Th#/ed;%tr&ﬁql’n@ra&{u!eeo 400y°C50r 1%1%83 more
partléhlaslphm rusmpdrdiufd Betwe@0500 & 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 ?IP MAS NMR peak having a maximum at from about 0 ppm to
about -25 ppm, more particularly 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 at

from about 0 ppm to about —25 ppm may be indicative of phosphorus bound by extra-



Catal ysts,"” which is herein incorporated by reference.
[0027] The P-nodified ZSM5 catalyst, bound or
wanbines7smay be contacted with an appropri at ePCEaG26/030582
an aromatic hydrocarbon and an al kyl ating agent under
al kylation reaction conditions to carry out aromatic
al kyl ation. The catal yst has particular application
for use in toluene nethylation utilizing a
frandwrek e Alvetilianobr faeetphosgakntied. eed&lﬁm’n@hés%h%s ;@gﬁog and

i.ncl .hydrogen or an inert
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t he al kyl ation feed. The water or steam use _ .
hagpetindstgone heating: at gricwagabiee PH3VQEuareronsi tSuchrbouid Ratédified

' . wi t.h the al kyl ation .
SRS i 851 959 07 B L S P o

inda¢akes| aadifference ac theomteration thetwegn e biRidEOSMCRE phosphorus, species
.start up. In either case,

ubsequent to injtial 1 qui _

thaf Y EDGRELFT, P At SRS, EerREE B fsr uBlund SPmodifieg. zeolite
préohisbr. cof eed gas (if any) andthe al kylation feed. The
of water cofeed is described in U S. Patent App.

[oq%E& ilaaProadified Z88P6 ¢aklyst bIusl oilunbput, nslydd kil Rtedded at a

it " ne t hyl ation Process,"” .
te“ﬁ%?‘f{e ?’2 %ﬁ g ?E: ‘;nr 1:3%8%1?6 %f%i?@&“‘ﬁ@ C%/t%@étr Brig¥ re3hgnofhy Figaming
car gacdrtied puteinssitneorfersit W WRN Rab6F. MeAlse UF cRfalyRl Q@a{elging at mild

aromati ¢ ‘?I kyl atj on may, vary, but typically rang

temperatiTey) i fesebadonFRRNdING 06 Spartgnt smpdisetion Seimp@foatllfas,olo,
ﬁleggﬁgay 31 9009 Wniit @i &he&ﬂ?lgflgfg%x?% t%g%gp 09 %831’%%{1‘ }Zgolite

C. Upon introduction o _
Catalysta)”yehiclbisderaimpnepmporatal hyapfdoemcadj usted to a sel ect ed

00302 ThE P b ETRFL 2500 S saliRL PBARL&: Ganndi g By comgedbwith an
appodpriatcofoed ifiuin drofdatit My&@caABOH bnd dn GBI RidCadhOUARS Ail)fation

desired . final reactor . ) .
reaction conditions to carry out aromatic alkylation. The catalyst has particular

application for use in toluene methylation utilizing a toluene/methanol 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, water 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
steam 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 start 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



tenperature. As used inht he exan‘plt es, rea::nteg;ured "
rature refers to the tenperature as

W:)ggg?mhaas of catalyst bed of the reactor. [O0BOT/USb®6/030582
reaction may be carried out in a variety of different
reactors that are conmonly used for carrying out
aromatic al kylation reactions. Single or multiple
reactors in series and/or parallel are suitable for
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mehsuredsdt egaiytlec af cdtal$ét bB@bf B hBRES, the catal yst may be

ted with a methylation feed and gas cofeed at a
[Oogﬁﬂ ig? ECHCHAD TP &Y @peca%/'@edg Pyleinaa dessietye df tiffaremereactors that are

: ) L e i.scussed bel.ow, the_ .
CorBSNFEOEy B SRS LRSS o Bl st

in seeiss andfor petallelrre switnbier fof corytiisd Mg tiee A6hbYd Alkyiakod eed

005 P e etk ek 26 (<86t Sadosariboh bermm °hifsrhpamcuxar
spplieaioh@or LTRBREN BioBkioh 15: fi&5kind ﬁr,fﬁ%ierﬁggcg%?%qrgm £ foed of
tolqeﬂql%rﬁltrpggg@@%g Exalgsitrabyides et 008 4dlecdivity Heley-x yle@Ewhen used
in t@g%gﬁﬁ%iﬁwtépa(rt?é&%vth%)cawwglsst 3121}(15 Bra})rv%jé gr-erz?tgr t%lgr?%g "IA;,n 80% or
95% para-xylene selectivity when used in toluene methylation. Additionally, in certain
instances, greater than 95% of total xylene selectivity may be achieved.

[0032] Additionally, the P/ZSM-5 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 containing a
toluene/methanol molar ratio of about 4.5. The reaction was carried out at a constant
reactor temperature over the test period.

[0033] The following examples better serve to illustrate the invention.



powder was an NH4-ZSM5 powder having Si (VA O3 nole
ratio of 280. A slurry containing 700 g of NH4-ZSM S
woeal7icng7and 700 m of water was prepared in arPeTiUs2006/030582
beaker. The beaker was placed on a hot plate and the
zeolite slurry was stirred using a nmechani cal
(overhead) stirrer with 250-300 rpm The tenperature
of the slurry was slowy raised to about 80-85 C. A
phosphoric acid sol uti oEXxviPRpSi ng 319 g of
phosphoric acid (Al drich, 85 w%in aqueous) was
slowy added to the slurry. The slurry tenperature was
caf@psftlAer i ncreased to between 95-100 OC and heating was
ontinued until all liquid was evaporated. The

[00§ﬂosﬁﬁnnqla:-fm; Bromastiifiéd 28Mz® (/28 M- asast preparbk dthe dtdrtindzeolite
I QW n t enperat ure

o R P i SRS eving DGOl 28R C8o. gty
con%uﬁ@ r700hE 62 NIDUESMVEN Gedlite 248 706 hooP Fate? Qvéénﬁgr@gar@d n a2-L

for 10 hours. The resulting heat-treated zeol
beakezq ¢ Hieyhoeker wagaplagadeon & hokplaig aaddhm@él@ slgiry gvad Gitienadl using a

TR AR L8y R0 S5 Y e gy s
slovglynchésed tpORE] 8C85aPgst AApMﬁhcﬁrfbath edlftioh &ntaifihga® g of
and for BET surface

b X-
WIS o O e MW . o Sl

3
oy abve, oty O S8 32 8 Sy By s

all Hgnd e gvaparatedt aThepposphoniceasisl mbdified Zeotite gwasTtlhen Xedted in a

confi 3514 8 03] U5 Ay bing BBk e, PR B e

houfs; &348t°CaoS6anCriat thred ks AHdnY 5 €0 oS k'S80 K@hder air for 10 hours.
radiation. The_results ar eAgr esented in Table 2. TABLE

Thegesiliing baat-grated spalite (F aiaiistadts wep thea erishedandsigad using g0 and
40 MhHctedns fok %a%c%n%ﬁ %%wged? ﬁlrgug%%olgxgshoséézen%%? binding the

spectrum Fi gur €
zeolite with a binder.

[0035] Catalyst A was analyzed for Si, Al and P by X-ray fluorescence (XRF), and for

BET surface area and total pore volume by N, adsorption. As shown in Table 1, Catalyst
A contained 35.73 wt% Si, Q.28 wt% Al and 9.01 wi% P, and had a BET surface area of
160 m%g and total pore volume of 0.12 ml/g. The X-ray diffraction pattern 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 CuKo1 radiation. The results are presented in Table 2.
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Powder XRD Intensity* d-spacing [A] Intensity
d-spacing [A] Intensity 11.09 100 4.25 9 10.00 55 4. 00

w6 200788942 3.84 50 9.68 17 3.81 3 1 8.02 8 3. 7eCRTSH006830582
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 ¢ Angle Spinning (MAS) NVR spectra were
recorded on Catal yst A WRABHBRQ MHz spectroneter (27Al

at 1 . (27AL MAS NMR)
Sanpl §E%?‘§z*ﬁ3§8k“§é’ n si%‘zis‘t(d,sBW“?ﬁ trife rotors (Si3N4)

and spgp at 43 topKHz ssamppbe spy pisNp (abtMmASRR®BRO00
rpn) AL O Hagraa t P anr{ rpm/r‘lp del ay of Q. Bs were.

used 857avod.28 sadwi af i orh60 About 04000 t$e&@9&€im3?cgmas
wer e dLLUIIUi at Cd o I gllal davelagt—a |u } lTpl e

signal /noi se ratio. Proton decoupling was not

enpl oyed. All spectra wemagppeterenced to al um num
chlorid be) at 0.0
ppm on the cheni cal PoWPHRlaigpsEy” This | eads to an

i nt er nal” d(sgdc8k €NCE Mdnsik0Z- Bq.spaqmg- THRer@iyd™ num

terpt-b—rparity—-A-the_silicon nitride rotors
Mook e Rty Pt 3 )
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 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 (SisNy) and spun at 13 to
KHz sample spinning (about 800000 rpm). A 10 degree tip and recycle delay of 0.5s
were used to avoid saturgtion. About 4000 to 10000 scans were accumulated to signal
average and improve (signal/noise ratio. Proton decoupling was not employed. All
spectra were referenced to aluminum chloride hexahydrate (run separately in a tube) at
0.0 ppm on the chemical shift scale. This leads to an internal reference of 104.85 Ppm 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
aluminum. 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
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sanpl e shows a weak peak at 55-50 ppmregi on assigned

to structural tetrahedral alum num The tetrahedra
waloorionears peak i s severely distorted, indicati RgTHUS2006/030582

presence of nested silanols caused by holes in the

structure upon renoval of sone of theframework

al um num The adj acent peak (30-40 ppn) peak is due to

severely distorted but still in the framework al um num

framewonk a;lmn?ﬁml. yTles adj?Jent pe;k _h[éO-tBO @pud pe?orsdduat&b is?ﬁbré!lfytd'i‘storted
Q ens. e | es e I n specirum at - m

o 35 AP e Seck o8 GG hokebly fbGmrmibas ar dregordhiation wih

oxy&es. fTHe B godth penk! iatth@ RSk ay - n?gg‘?{)ﬁdocft{h%@apg %F%r(eimated

alumnumi1s renoved fromthe zeoli r amewor
alumyandemes thab arer formed whep iebgkasisallyscoredinited ematvorkealuminum is

remoPBHdm %Ré ie%h% &Lrﬁ%\g%@c?ﬁ/ t@%%g]?ﬁ%&%ﬁ%a{%&l)ﬁggws mentioned

spectra were recor y
abogpectronmeter (3 4P at 161.7 MHz) at room tenperature

10057, el Salihzic ATl R Ao SN OB Bapmsttrs optchrsergasd on
Cathy@bRUHitBARNBI S PRdtronkei Y B9l 6E7 Mﬁzfa@ g\qbc{)ng féﬁgcsgaa&t% 'éﬁ}‘ MAS

of 15s were used to avoid saturatio
complesny erpepasket busilibar pitrideorosirg i Nav ardagpenand 3 to KHz

0
i i I i at,i Pr ot.on decouplin not
s B A AP IRNEEH B o RO, P18 Dk o
to aveiti rsatextioyt] AdowhHD9P b N60al SehPWe@ercaimBibicd 1o @{anlgﬁze&%%’%nd
ppm

. __phosphoric acid (run separately in a tube) at
1mpgcwet a’;ﬂ%lﬁ? ggpo.gf]ﬁrgatpn éggcpu@_hng %ng_rotpprgm}p%edl All specga were

doublly! HsFEEALRS 13 t%f?ax%ﬁyl’\'%h%%é' L,\!}&géﬁlﬁi{%ﬂq@ d/ %ﬁ%ﬁ?‘?o and 85%

zeolite %Cﬁtalyst A). The spe
phogphpr¢ geid (Mnskraketelydakgute) a(0).0 porh, on-tBd clamtical 44i fpgeate.

t I i i : h .
100 iRE E e S R e A0 e S ot (patyst .
ThedRINEAS NORabpysitur 0028t ahows aiiach: -Teishi #d 44 pom

.ésy%g gdescr'bed,as Catal yst A earlier) was bound wit
MY Lo AT RFPBTIFENCh. 251 Geq ghgsahgrusagndnplegphorus bonded (via

oxydRgeistoRahani te type, available from

Catalyst B
[0039] Heat-treated, P-modified ZSM-5 (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., HNOs3) 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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Al coa, Hi Q40 grade) was peptized with mneral acid
(e.g., HNOB) and then m xed with 57.44 gm of P/ ZSM 5
woeal7icng7powder (80 nesh). Water was spray addedTius2006/030582
make a soft paste. The catal yst paste was cal ci ned or
heated (as irregular chunks or forned in a cylindrical
shape) at 510 0OC to 530 OC using the sane tenperature
profile as described for Catal yst A above. The
CatalystiGi ng Cat al yst B was crushed and sized using 20

| Catal yst C
OG0, dftePESHieE T TrRTecpE S (ool dckarived aarCatast 4) was bound
wile2004 bitiedlbiagerCag. 84 gﬁi oﬁer&@mm&dmﬂeﬁ%ﬁg {OOE' A %@LW-HS_

nder 19 gm of "Aerosi | was m xe

40 ZQOIILQ]%@IF@ iny yhiabo3 . Q)mi@tf 08i NiNFOH wanhailddal ﬁ@wg With Qﬂimn

20. @2 %B%ﬁp 8W8g'ct§€ mes! h\yé}/s\ﬁgdget:@‘agﬁﬁ si 1|6;? {%;p@%g, aof @grred well.

Wah&rMasrs@ramed tstrmakl@@dﬁ kfe. anAhe& pastias BAIBHES °
sof t aste and the \g?te was cg?sm ngd at@ﬁl1 gt g%w%%ggo ¢

usigE thesTany tompeEatne Rf@ﬁiﬁe%ﬂ%ﬁ@bqsr for icatalyst Adeb«m b@He fresulting
CataBt@d wak cﬁsﬁ&ﬂiﬁ% szB%shggU lahd B ?clré/e%% £t c‘é{%ﬁ‘%m ushed

and sized using 20 and nmesh screens
tests. Catalyst D [0041] Catalyst A was bound W|th 20%
pbnum phosphate. Catal yst A was bound wi th al um num
ate, available fromA drich Chemcals, as a .
[0041]n d@atafy@ﬂ Aowisiguint ey iSa DT, ISR FhodshaAes @aﬂaﬁé Af&%s bound

é—‘ p}B} The resulting Catal ystt D was crus
witli gsrieten Avpilablefgam %élii@eﬁhemmls,cm abindecfdlesing the

am@f}ir@éelﬂﬁfe & 4Lzl f%g’guﬁlg{ IVBMAt”I;%{% Rﬁ%l ng gg ab{s‘hﬁe\yas crushed and

aolin. P/ ZSM5 was
Slzefiéllslné\%pﬁgdﬂﬁénesshﬁgemscfcle@n;aimmstdescr| bed for Catal yst
B. Kaolin (alum numsilicate hydroxide), avail able
fromAl drich Chem cals, was used. The resulting
CatahsEyst E was crushed and sized using 20 and 40 nesh

reens for catalytic test.
[0042] " Caltalyst 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 Examples 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 cc/min) for at least one hour. The catalyst was steamed
by introducing water vapor (2.2 mmole/min) with a carrier gas of H (459 cc/min) at 200
°C overnight. A premixed toluene and methanol feed (molar ratio 4.5) was added to the
reactor at 200 °C and the catalyst bed inlet temperature was increased to about 550 °C.

The liquid hourly space velocity (LHSV) (based on methylation feed) was maintained at

13



EXAMPLES 1-5 [0043] In Exanples 1-5, Catalysts A-E

were used in toluene nethylation. The reactions were
weagadr/oaga7si ed out in a fixed bed, continuous fPOWUSYDE/030582

reactor. In each case, a catalyst charge of 5.4 ni

(catal yst size: 20-40 nesh) was |oaded in the reactor.

The catal yst was dried by slowy raising the catal yst

bed tenperature (about 5C/mn) to 200C under hydrogen
abﬁllltdvhrt 80d e chfved 2 fges was fddead tnadmanétbmrprox}ﬁbea EBIrAdtNFhtion feed

LR 235 AR, Pt Skl o2 sporones cofeod amd ws
vapbt&ém b to iftrShRbX Arkb ok ddRRC TRO A RN or] RES oldth' B was

ratio 4.5) was added to the reactor at 2
aboud {0ef] gk the sencion PEvsswTe Rsrabowr2d) e Rerctaratreatns werbmatyzed to

C LHS (based
caldtibhe comoion ol echOHY. i GRT A shSam Apiites st Fomrston and
seleafitity fontcﬂMeHﬁet@yRum&ezfcadn aver Talafsii Al aieostﬂfv@lvirfj?able 3

a H2/ methyl ation feed nolar ratio of about 7-8.
belﬁ‘gdltl on, water was added to the reactor as cof eed and
was vaporized prior to introduction to the reactor.
The H2Q net hyl ati on feedT‘E@iﬂ? gratio was about 0.8 and

the reactor pressure was about 20 psig. React or
streans were anal yzed to cal cul ate conversi on and

sel ectieMysty. LI qU| d pgoduct sgr eam ang] yses an]_q

COHVE ano SBl eCI%VI ly f U? t UhUCIIC “C:r”)t’)i ou: (Saa e

r Catal own-in Ta
be?’%}v?g%ﬁ%ﬁ% 3 Cata ystlgA é“c B8 Bhanpiet 100 3154? 525 131
TP:’H&ctQﬁal%J@g{n h 28 118 24 125 22 124 30 150 25 131

wake oduct Anal ysis, 20t6% &t €69.20265 2Q9§ 21@89 ok 919l9. %(;)272 19.6
Meh@08 19.3 19.2 20.231908 Metthand 01.3 011 Oo% 1

0.6
Dimethylether] 0.9 0.7 0. & 0 0 0 0 0 0
Benzene 0 0 0 0 0 0 0 0 O 0
Toluene 644 648 652 649 762 768 765 760 699 695
Ethylbenzene 0 0 0 0 0 0 0 0 0 0
p-Xylene : 127 126 133 128 28 27 29 36 83 94
m-Xylene 09 09 02 02 03 02 0.1 01 04 04
o-Xylene 05 05 01 01 02 02 01 0.1 02 0.2
Ethyltoluenes 0.1 0.1 0.1 0.1 0 0 0 0 0 0
Trimethylbenzenes 04 04 01 01 0.1 0.1 0 0 02 . 0.2
C10+ 0 0 0 0 0 0 0 0 0 0
Conversion/Selectivity, mole%
Toluene Conversion 154 146 149 136 26 20 28 27 87 97
Mixed Xylene Selectivity 971 97.1 986 98.6 885 975 100 100 98.1 982
p-Xylene Selectivity 89.6 89.6 977 978 848 860 932 943 934 940
Methanol Selectivity 756 723 629 643 295 249 27.1 277 580 61.0

EXAMPLES 6-8

Catalyst F-H

[0044] Using the procedure described for Catalyst A, NH,-ZSM-5 having a SiO,/Al, 05
molar ratio of 280 was treated with H3POj acid. The H3PO, 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 wt% alumina (Alcoa HiQ40) as binder and

each was further calcined or heated at different maximum temperatures to form Catalysts
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Dimethylether 0 0 0 0 0 0 0O 00O O Benzene 0 00 00O
0 00O Toluene 64.4 64.8 165.2 64.9 76.2 76.8 76.5
w@a/06879 69.5 Et hyl benzene 0 0 0 0 0 0 O O OPOT/US2006/030582
r-Xylene 12.7 12.6 13.3 12.8 2.8 2.7 2.9 3.6 8.3 9.4
m Xylene 0.9 0.9 0.2 0.2 0.3 0.2 0.10.10.40.4
o- Xylene 0.50.50.10.20.20.20.1210.20.20.2
Ethyltoluenes 0.1 0.1 0.1 0.1 000000
F-4k | @Mgﬂﬁo@aszlmtesl aQ) 2 ana@inurd temyeratue. of 400 2CO QAtalys? G was heated

ot oty Senlefdile P10 Gt VS Rotel oty mapimpmy teiperature
of26(E) m7 8[He Satalydvd m@le Xstean®r 6Tk 'm}é'tﬁﬂatﬁ% &sn‘r’g7 tHe conditions

88.5 97.5 100 100 98.1
de%fé?"éétlflv xammles é- 589 Tgblg74 shows 8h84IQ81CB@r®1u938tﬁeaﬁl4aﬁaly51s and

R S L il £, 1,2

F-H [ 0044] Using ¢ he procedure described for Catalyst

A, NH4-ZSM 5 having a Si( mol ar ratio of 280
was treated wth H3PO4 af@bl‘%ﬁb H3PO4 acid treated
ZSM5 was then heated at 510-530C for approxinately 10

hrs.Thr om na pound catatysts vvef?ﬂ‘a-de—ue-r-ﬁg-he-—
rcoun LI Ile(.;%ﬁﬁ{_spvnr 5 nhurlgr ‘"‘%f h 1n w% afunmna (Alc
H Q40) a@c‘ﬂfl and each \ﬁ/as further Tal cined or 8

heat edTlﬁ"E“oqt‘F‘f‘%lhent max#um t¥hper aBuresi2zfo fom 120
m
Cat alpyo%t Analys*scﬁ%,al yst F was heat ed at a maxi nu

tewgtgrra Ure 0 OC. ,Catal yst G ed at a
mepk:EA4ED t enperat ure of 2510 Oé? g?@ % tSvvas hl}eat edz%5

at Disefi@%hdrUM t enper at ur g 0
Benzene 0 0 0
Toluene 64.6 63 5 65 2 65 6 65.1 65.9
Ethylbenzene 0 0 0 0 0 0
p-Xylene 13.7 14.2 12.8 12.6 13.2 13.0
m-Xylene 0.3 0.3 0.4 04 0.2 0.2
0-Xylene 0.2 0.2 0.2 0.2 0.1 0.1
Ethyltoluenes 0.1 0.1 0.1 0.1 0.1 0.1
Trimethylbenzenes 0.2 0.2 0.2 0.2 0.1 0.1
C10+ 0 0 0 0 0 0
Conversion/Selectivity, mole%

Toluene Conversion 14.7 14.7 13.8 134 134 . 134
Mixed Xylene Selectivity 98.3 98.2 98.2 98.2 98.6 98.5
p-Xylene Selectivity 96.9 96.9 95.7 95.8 98.2 98.2
Methanol Selectivity 65.6 65.8  64.0 63.4 60.7 64.4

EXAMPLES 9-11

Catalysts I-K

[0045] Using the procedure described for Catalyst A, NH;-ZSM-5 having a SiO,/Al,04
molar ratio of 280 was treated with HsPO, acid.' The H3PO, 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 powder was then combined with 20 wt% alumina (Alcoa H1Q40)
following the same procedure described for Catalyst B, and was calcined or heated at a
maximum temperature of from 510 to 530 °C. These bound catalysts, designated as

Catalysts I, J and K, were tested for toluene methylation using the conditions described
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of 600 C. The catalysts were tested for toluene

met hyl ation using the conditions described in Exanples
wo-2807/0Igd0be 4 shows the |iquid product stream Ra&UE2008/030582

and conversion and selectivity for Catalysts F-H for

Exanpl es 6-8. TABLE 4 Catal yst H EXAMPLE 6 7 8 Tine on

Stream h 24 143 23 125 24 120 Product Analysis, w%

Water 21.0 21.5 21.0 20.8 21.1 20.5 Methanol 0.1 0.1

foQEiarﬁ)plé's 051 The 2 ivres mumtsmfra @orQ?e@algstQI anﬁﬁ%c?é}ﬁm% 1 Figure
0,0 0 Toluene 64.6 63.5 65.2
2. éhﬁwPoMﬁ%ﬁ\B\/IB Ppegirgn (foxocﬁalxw Teshows Dniy mrglemea& at 2r@md -30

oy ot SRS 5P e Py B
th@ PAZSM-b (Tsédrptibyy tdobindimgesitd a]i’mﬁnaa t0.aBotkt 2009ClorOhighdel i final
bogh At R 0 S pnaLpeakas s o RSk okl piem e, for
ex@AbRCipeviriny 1ISF Bigli: ﬁag(gs;?ec@&n% SBFiure®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 J K B
P/ZSM-5 Heating Temp' 90°C 250°C 320°C 520°C
EXAMPLE 9 10 12 2
Time on Stream, h 23 126 54 150 24 126 24 125

Product Analysis, wi%

Water 21.0 21.0 209 217 21.1 21.6 20.9 21.5
Methanol 0 0 0 0 0 0 0.1 0.2
Dimethylether 0 0 0 0 0 0 0 0
Benzene : 0.3 0.1 0.1 et 0.1 0 0 0
Toluene 63.4 63.0 63.8 62.3 65.8 64.0 65.2 64.9
Ethylbenzene 0 0 0 0 0 0 0 0
p-Xylene 12.1 13.3 12.5 13.1 12.7 14.0 133 12.8
m-Xylene 2.2 1.8 23 1.7 0.2 0.2 0.2 0.2
o-Xylene 08 0.7 0.1 0.7 0.1 0.1 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
Conversion/Selectivity,
mole% )

Toluene Conversion 16.2 16.6 15.6 16.4 13.2 14.6 14.9 13.6
Mixed Xylene 96.7 97.7 964 972 98.6 99.2 98.6 98.6
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 67.9 70.8 58.3 64.6 62.9 64.3

‘Maximum temperature at which P/ZSM-5 was heated prior to binding with alumina.

7
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p- Xyl ene Selectivity 96.9 96.9 95.7 95.8 98.2 98.2

Met hanol Selectivity 65.6 65.8 64.0 63.4 60.7 64.4
weXMLEs359- 11 Catal ysts |-K [0045] Using the pCcoascns®30582

descri bed for Catalyst A NH4-ZSM5 having a Si (VA

28 nolar ratio of 280 was treated wth H3PO4 aci d.

The HPO4 acid treated ZSM5 was then heated at

di fferent tenperatures of 90 0C, 250 0OC or 320 C. The
[00d61: - Foeetngsiris F1patiobics dihé Shhra&okid hen

coubi ned vi iy 20 4t 9% al um na §Al&gg% %ﬂﬁ%??ﬁ?@%}“ﬁgﬂ”“
WEhavaagrd. aRd dese rserved i Eatalist I oraralsgaled By 100daniBishen were

28dd98h 8fh ' er at of from .
o A e BAkIR Bh s U RS ot inoreas
ofcthe frsj sedting, tedpemihrof therphosphetirdreand Z2INI156HEor to'comlbining the

h t]on usSi the conditions, descri bedf'or Exanpl es
ze?ﬁfg. ‘X,kltﬁea g)m.[iﬁr’ I\}ﬁ% FNNﬁe’%‘ﬂp églf?tﬁ’ 1 otncreaed| Yithsa ideerpabekin toluene
coava@sishown in Figure 2. The 3 1P MAS NMWR spectrum for .

Catalyst | shows only a single peak at around -30 ppm
with a long tail (Figure PABpEciruma). As the heating
tenperature is increased for the P/ ZSM5 (used prior

U0 D MMy~ @i et ne—te—abeyt—3000C—orhigher _fhe
final bound catalyst may show aadi ti onal peak(5), B

I nclPtEsMAH At dakpedurgP@und - 44 gpm (Segs, T of np1 €,
spect r umRBlatyt Afiivijyfr e 2 and speatopum b @fg Fi gug’%{fS). gf;g

Tabl e RSNOPRLELES Le i nitial ating, tenperature of
—the unbound P/ 7SM 'I%tgland cat al vtli%g testgl‘(fzesul 19 L.19

;Mﬁ:hﬁlﬁi t&ﬁﬁraﬁ@'at méﬂlﬂzs@% @Ls%égte% pg'rlﬁa !i%:ﬂm (\)Afithglgneﬁndat a. Tor
AvEagadf\ed ddt p’o&lﬁrsﬁ&ﬂdﬁiﬁd‘aﬁw DRdIA f fie respectivP Lo p% tgvil n selectivity
obsqrady| op califsOrweroee td SR hAQRSEpaf-a tvith ML SorllB ‘Sﬁtﬁe@t@ri g
P-nodi fied ZSM5 zeolite that were heated at a
tenperature of 300 OC or higher and then bound with a
sui t abl e bi nder showed 90% or hi gher p-xyl ene

[0042] ecisioantby seam, theoP/ZSME-Sroeblng ltiedt iveR hedt@BEE, Bor AL about
o B .
30dec? 01Kabove, 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 I. and M

[0048] Using the procedure described for Catalyst A, an NH;-ZSM-5 zeolite
(Si02/A1,03 mole ratio 280) was treated with H3PO,4 and then heated at a maximum

temperature of 550 °C. Analyses of the P-treated ZSM-5 zeolite powder, as was carried
out for Catalyst A, are shown in Tables 7 and 8. The *'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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P/ ZSM5 Heating Tenp 1 900C 250C 320c' C 520cC EXAMPLE

9 10 12 2 Tine on Stream h 23 126 54 150 24 126 24
wa2e07mgadsict Anal ysis, wt% Water 21.0 21.0 20. 8CRAIST006/030582

21.1 21.6 20.9 21.5 Methanol 0 0 0 0 0 0 0.1 0.2 '

D nethylether 0 0 0 00 0 0 0 Benzene 0.3 0.1 0.1 -
~-0tf 0.2.0 O O Toluene 63.4 63.0 63.8 62.3 65.8 64.0

65.2 64.9 Ethyl benzene 0 0 0 0 0 O O O p-Xylene 12.1

alwBing gradés HRY-H014d7HIZ-10 3re3uskd. Br 'Uaﬁ%s@rl‘? afd 2M1 c§§s_|1_nect1vely
- Xyl ene 0.8 0. :

2
C alXStbLlaﬂg 1‘% ‘E‘ffﬁﬁgkg}egéﬁ daigd gt o ngimeon Iemperamreib@wmen 510 °C

21
anIr53UB’fd1YF¥g‘ﬁﬂazcgﬁ\ﬁ/2vrv§F oplf)é%‘\ ect w% %éc&mubé:#gr an alumina
bopgdh gaplytonCatglyst M. Ehﬂ_ ' PEMIE Msﬁecﬁﬂr&gfogﬁgglﬂéﬁ M shows two
96, 4
S“g"‘? Eg}’t"ﬁxv"’!tt {P ‘mg6 15 éé‘P%% pea @g}d 8‘84 OPE4. Emsélffersmgmﬁcanﬂy

fropdtha * m cﬁuﬁﬁbﬁ"@ﬁ@llysﬁeé@&ﬁvﬁhﬁ ¥ightt (sggcn]um
67.9 70.8 58.3 64.6 62.

TABLE 7
Elemental Analysis, wt% N2 Adsorption *'P MAS NMR
Si Al P SA, m2/g PV, ml/g
35.38 0.30 9.72 188 0.15 See spectrum a in Figure 3
TABLE 8
Powder XRD Intensity*
d-spacing [A] Intensity d-spacing [A] Intensity
11.08 100 4.25 6
9.99 54 4.00 7
9.89 46 3.84 57
9.70 17 3.80 27
8.01 6 3.71 28
6.54 7 ' 3.64 11
6.33 9 3.53 18
5.98 16 2.98 10
5.70 6 2.78 6

5.55 8

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

[0049] Catalyst I 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 10, respectively. Under the reaction conditions used for toluene
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" Maxi mum t enperature at which P/ZSM5 was heated prior
to binding with alum na. W2 [0046] For conparison

wouoosexws the conversion and sel ectivity dat areimaamooicin30582

Tabl e 5 was averaged, and those observed for Catal yst

| were scaled to 1.00 and then were conpared with

ot her catalysts on a relative scale. As shown in Table
6, with the increase of the first heating tenperature

metifylitis, p@mazﬁ@ rUSardr 8atshewéSNhRiaPr1i495 510k ¥Dhvtrdish tB8% of

zeolite with_a binder, the p-xylene selectivity

theoprticalagadmpym) Avith aéféﬁreta@b%%a nigedssylenecand\ W6l sp-arilend padeativity.

6 Catalyst J K B P/ZSM5 Heating Tenperature, OCL 90
250 320 520 Rel ative Activity 2 1.00 0.98 0.85 0.87
Rel ati ve Para- Sel ectivityrABLE® 1.02 1.19 1.19

" Maxi num t enperature at which P/ZSM 5 was heated prior
t-o-.bindi ng wi.thalumna,. 2Aver age of _twn _data DOI nt.s

shown CenlysFabl e 1 .and 5 for the respectllve cat al yst.

Act i VEkayprNd sel ect|V|ty observed on gatalyst T were

ScalhnisReatn, KO and tdaen caogpar edgw t hjjphose bt ai ped 318

on other catal ysts. [0047] As can be seen, the P/ ZSM 5

z @otlict snabyhigtwt¥as heated at a tenperature of about 300C
W%S‘F above and t hen Hbund W% h a?afi naz2fsol | oed by20.0 19.8
D PLi nati ons or heat{ng at?50008!abovélshowed 0.1 0.1
BeliC :Ieélﬁged shape sele t| vity prodici ng - xyl éhe 0 0
enze 0
Tohblkectively for tol hyl a% 9gher Qa&lit ividy 2
EtkRedecr eased p-se @ct = ‘cata yst cg | eved:1 by
px;@a&l ng the P/ ZSM 51zt 30{30C of33 esslzegnd bjndi ngiawi th 434
m-Fylendl na and cal ci ni ng or beati ngs4at 5089C orohi gheps 0.3
o-BKANMPLES 12-13 Cat aIOyst Loand M2 0.1 0.1° 0.2 0.2
Ethyltoluenes 0.1 0.1 0.1 0.1 0.1 0.1
Trimethylbenzenes 0 1 0.1 0.2 0.2 0 0.2 0.2
C10+

Conversion/Selectivity, mole%
Toluene Conversion 14.0 14.2 143 13.3 134 13.7 13.5
Mixed Xylene Selectivity 98.4 98.4 98.3 98.3 98.4 98.3 98.3
p-Xylene Selectivity 96.2 96.2 96.3 96.3 96.3 96.5 96.5
Methanol Selectivity 62.3 63.1 64.7 61.8 62.0 63.0 61.8
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[0048] Using the procedure described for Catal yst A
an NEU-ZSM5 zeolite (Si(VAI 28 nole ratio 280) was
woneerioags7si t h H3PO4 and then heated at a maxi mMpOT/US2006/030582

tenperature of 550 OC. Anal yses of the P-treated ZSM 5
zeolite powder, as was carried out for Catalyst A are
shown in Tables 7 and 8. The 3 1P MAS NWR of the

P/ ZSM5 zeolite is shown in Figure 3 (spectruma). The

P/ ZSM5 showed sim | ar pfbYgkEill@s to those of Catal yst

A. The P/ ZSM5 zeolite was bound with 20% al um na
(pcplldnhnhpm'tp t\/pp) and_extruded to make 1/1 6-inch

E:yl i ndiaiabygl shapelcat al yst. Al coaal umMa grades H Q 40

and HEe@mpfd were used for Catalyst L ang M
respeetdseelny/n Catalysts L and Miyere qaj cinggs or 293 313
heat ed at a nmaxi num tenperature between 510 C and 530

O @rodhdt gualeis,3vt®hows a 3 1P MAS NWVR spectrum (spectrum

Wotr f or an al um na, b8uhd ca®al ystd92 Caliadyst 2M Theo.s 20.4
MgfmnpInS NMR spect rum%lor C#Zal yst®2M shdds t wd-3stro 0.2
g?@ﬁklétheét around -13 Ppm (bPoad pPak) agld -44%pm This 0
ralfd ers significantly fropithe 3 MAsé\ll\/R?gctrggg 658
Ethfendep 8l yst 1, as shown g Figuge 2 (gpectrima).y 0
pXABLE 7 Elenental Apabysi g3, W % N2 Adspypti iy 3 1 MAS 154
mMylneSi Al P SA, n2/ @.3PV, iy g 39338 0.030 9. 63 188 ¢3. 15 o3
o-Bdenespectrum a in Fiogure 3.2TABLEB.28 Powder XRR 0.2 0.2
Ethyltolaered t y* d- spaci n@- [ A] [0t ensiOtly d- 9pgaoi n@.1[ A] 0.1 0.1
Tompethggrengs 11. 08 100 %4 25 6-29. 99084 4. ¢ 7 9.089 46 03. 84 0.2
C®7 9.70 17 3.80 27 O ¢ .0 0 0 0

Conversion/Selectivity, mole%

Toluene Conversion 13.6 13.9 13.9 13.8 14.1 13.8 13.6

Mixed Xylene Selectivity 98.2 98.3 98.3 98.3 98.3 98.3 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 hr'! and a cofeed of Hy gas was fed and maintained to provide a Hy/methylation
feed molar ratio of about 7-8. In addition to Hs, 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-xylene and methanol are shown in

Figures 4 and 5.
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8.01 6 3.71 28 6.54 7 3.64 11 6.33 9 3.53 18 5.98 16

2.98 10 5.70 6 2.78 6 5.55 8 *Intensities shown are
weeal7@d9d7TR arbitrary units so that npst i ntenseCpaakoocm30582

100. [0049] Catalyst L and Mwere tested for toluene

nmet hyl ati on. The reactor, catalyst charge, catalyst

dryi ng and steam ng procedure were the sane as

described in Exanples 1-5, and the reaction conditions

were the same as in Exanples 1-5. Reactor liquid

Eggﬁ!ji ftrean1analysis and conversion and selectivity
E ysts L and Mare shown in Tables 9 and 10,
[0651? PeThkAIYRIM. wh @8thet %}J’l@}@@ttb osrlﬁo%oﬂgﬂlé 'cgt\%gfél‘ésﬁéilfom%ces for

uenenet hyl ati on, Catal ysts L and inrti
toluerg, methylaten reaebiar: sT’@mreeﬁg%cetfalMShdmm p@ia]lystnh‘mngwmji steaming

il P RS LRG58 PEE B S

°CSthee aatplyst Qés 48arh8d Ihverni g eﬁ%oﬁtlSO(PP@dU@I pﬁﬁﬁké’@ t®luene and
P\{A,é%]\cl)?eig 20.6 20.9.22.0 20,5 20.8 20.0 19.8 Mt hanol

¢melap ratiy4-p) 7% adflsthionipearaniar & % 20030 Beghapid houy
spdeeéRBRy LIS ®) Podded o 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 temperature 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 days). Toluene conversion, and

selectivities 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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Tol uene 65.5 65.1 63.9 65.9 65.6 66.1 66.4

Et hyl benzene 0 0 0 0 0 O O r-Xylene 13.1 13.2 13.3
we20@/012378 13.1 13.0 m Xylene 0.4 0.4 0.4 0.3 0CBUR216/030582

0.3 o-Xylene 0.1 0.1 0.2 0.1 0.1 0.2 0.2 Ethyltol uenes

0.10.120.120.20.10.10.1 Trinmethylbenzenes 0.1 0.1

0.2 0.2 0 0.2 0.2 C10+ Conversibn/ Sel ectivity, nole%

Tol uene Conversion 14.0 14.2 14.3 13.3 13.4 13.7 13.5
duping dlee vegt peréodSef @24 hours (3@ 8ays) 98Table0 81 Preltuts tiRBaverR. t3luene
. -Xyhene Selectivity.96.2 96.2, 96.3 96.3 96.3 .
cogfersdofmbhi 2o ik e soleciingly andgarHers selectvity for
Cabalysts 83 I0arfilvB T EBhikasldd toathe hiBdunly! ' i

St}rleam;% h 24 54 126 150 173 293“31?%%53@%312@%5%,alumma
boypagajplydy shawed aplsasi SYgingrepsedop-ylege ircrivied. 4 Met hanol
0.1 0.20.20.20.30.20.2 Dnethylether 000 00O

0O Benzene 0 O O O O O O Toluene 66.0 65.4 65.9 65.8
64.6 65.5 65.8 Et.hyl benz&@a®BIE®10 0 0 0 O

Conversion/Selectivity, mole%  CatalystL ~ CatalystM  Catalyst A
Example 14 Example 15 Example 16

Toluene Conversion ‘ 14.6 144 14.6
Mixed-Xylene Selectivity 98.1 97.9 96.8
p-Xylene Selectivity 96.7 948  88.0
Methanol Selectivity 65.7 70.0 67.7
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p- Xyl ene 12.9 13.2 13.3 13.4 13.2 13.1 12. 8 m Xyl ene
0.3 0.30.30.30.30.30.30-Xylene 0.2 0.2 0.2 0.2
w0 200701378. 2 Et hyltoluenes 0.1 0.1 0.1 0.1 0. 1rOTAISB004/030582
Tri met hyl benzenes 0.2 0.2 0.2 0.2 0.2 0.2 0.2 C10+ 0 O
O 00O O Conversion/Selectivity, nole% Tol uene
Conversion 13.6 13.9 13.9 13.8 14.1 13.8 13.6 M xed
Xyl ene Selectivity 98.2 98.3 98.3 98.3 98.3 98.3 98.3
ne Selectivity 96.6 96.6 96.6 96.7 97.0 97.0
96. 7 Met hanol Selectivity 63.3 64.9 65.5 66.1 67.9
67.0 65.6 EXAMPLE 14 [0050] Catalyst L was further
Weaddi@e for catalyst stability in toluene nethylation
reaction. The reactor and feed conditions were the
same as those described in Exanples 1-5. After drying

1Ehe &Rl o000t DGl Bhys ues st eamed

over ni ght ren1 Pﬁ@ﬁe and met hano

f eed (nDIar ratio,4.5) was added to the reactor at 200
0oC. Th rl ace velocity (LHSV) (based on
o i REed bl Bt o are sbeaoi tbme Phombans emid

a cqﬁgmg of H2 gas was fed and nmaintained to provide a
FQ/nethyiatlon feed nolar ratio of about 7-8. In
addition to H2, water vapor was added to reactor as

o 9 o R A4 B0 A 0 S e

cat al yst bed |nlet tenperature was increased slowy to
about 510 O erlog of tinme to give toluene
%

conVePSTERe ﬁ%ate golie “id gaderrerEapedabinder material

adj %Edﬁfﬁzé@ﬁ&-ﬁﬁd&ﬂ%ir@%&he test period of 637 h
(26 days). Tol uene

heating the zeolite-binder mixture at temperature of about 400°C or higher to

form a bound zeolite catalyst.
2. The method of claim 1, wherein:

the binder material includes at least one of alumina, clay, aluminum phosphate

and silicafalumina.
3. The method of claim 1, wherein:

the binder material is an alumina-containing material.
4. The method of claim 1, wherein:

the phosphorus-treated zeolite is heated to a temperature of from about 300°C to
about 600°C.
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conversion, and selectivities to m xed xyl ene,

p- xyl ene and net hanol are shown in Figures 4 and
wo.28MAMAZE 15 [ 0051] Catal yst Mwas further enmpCogseoosn30582
show stabl e catal ytic performances for tol uene

nmet hyl ati on reaction. The reactor, catal yst charge,

catal yst drying and steam ng procedure were the sane
descri bed for Exanples 1-5. After drying the catal yst

at 2 I was steaned overni ght at about
5'200 %?%hgpg?nc%%qf%ﬁurgﬂlé and net hanol feed (nolar

ratio 4.5) was added to the reactor at 200 C. The

l'iqui,d haurl ace velocity (LHSV) (based on
net h e&F%ﬁ'bﬁég)mW lﬁﬁFﬂ%%EOrﬁéammra@b@eﬁ fr@m BPO°Clioabdut
a cofiged of H2 gas was fed and nmaintained to provide a
H2/ met hyl ati on feed nolar ratio of about 7-8. In
addition to H2, water vapor was added to reactor as
cof e hyl ati on feed nolar rati o was about
5. 8 gﬁedmg@g%'f;%ga%ﬁgs%%?g%s about 20 psig. The
catal yst bed inlet tenperature was increased slowy to
535 0C oyer. a riod of time to give tol uene
convef &FBIF 52 W Z°PHs% and no further reactor
tenperature adjustnment was made during the test period
of 1560 h (64 days). Tol uene conversion, and
7T-sel ekheimsthodel elainni wetkbrsiyd ene, p- xyl ene and met hanol
are shown in Figures 6 and 7. EXAMPLE 16 [ 0052]
Catal yst A was enployed to test its stable activity
for thebindsrenatertidlybatalreFrond Mout €AGb 95 2§ oht alumina
conmposition, catalyst drying and steam™ng gon(]:h I ons
were the same as described for Exanples 1-5. After
8,dryim1ﬁgmeocp(ﬁt@giﬂlslt, wWered0 C, the catal yst was steaned
overnight at 200 C° A prem xed tol uene and net hanol
feed (nolar ratio 4.5) was added to the reactor at 200

et A5 e A e e RS B el P A SN MRl oo it mima

cof etfloh2bga) toabout-&3 FRaY Witk B iA '
H2/ %Ogti n feglél m)lpgr rati ok%!fgtrbzlggh%%@é a}jﬁxaﬁmum at

addi AP 2hRi -aprm- t o

9. The method of claim 1, wherein:

the binder material is present in an amount of from about 1% to about 99% by

weight of the bound zeolite catalyst.
10. The method of claim 1, wherein:

the zeolite contains 10-oxygen ring pores.
11.  The method of claim 1, further comprising:

steaming the bound zeolite at a temperature of 300°C or less.
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the reactor as cofeed and was vaporized prior to
introduction into the reactor. The H2Q net hyl ati on
woeed/ommd7ar rati o was about 0.8 and the react oPCT/US2006/030582

pressure was about 20 psig. The catal yst bed inl et
tenperature was slowy raised to 492 0C when a tol uene
conversion of about 14% was obtai ned and when no

further reactor tenperature adjustnment was nmade during
the test period. Reactor streans were analyzed to

al cul ate onv ion a el ec y.. Figure 8 shows
:gt eanc-'@)3 %e8f1 %@gﬂ’i?B?rgﬁgﬁ? %\ﬁ’?‘i}jﬂ‘t& l#ighl.of tine on
stream The unbound P/ZSM 5 catal yst (Catalyst A)
showed stabl e performanceduring the test period of 726
Lhour4 meiwdpfipsgparing plzeolite cpprlystenmprising: aver age t ol uene
conversion, nethanol selectivity, m xed-xylene
selectivity and p-xylene selectivity for Catal ysts A

L ar'tl:bah‘hg Gondalides trgith & phokshorbedmsbuRd ZiSMoﬁn(@%h@%‘lﬁ%Pus—treated
um na bopund cat al ¥sts showed at | east 5%

|Z10r2§8§ %Vl&%/laeﬁ OSPHPRISt PRAN) OfTARIMEOPL to about 0.15 gram of

Egﬁ&dwgcﬁmerml e% Catal yst L Catalyst M
Cat aI yst A anp e 14 Exanpl e 15 Exanpl e 16 Tol uene

Conversion 14.6 14.4 14.6 M xed- XyI ene Sel ect [ VI ty

o8 et yRBFEIE Y drtobearmal o Pamionc o

A mabbatcb00PC;pr eparing a zeolite catal yst conpri sing:
treating a zeolite with a phosphorus conpound: to form
a phosphorus-treated zeolite; heating the

pho S:BHl‘B[rﬂﬁg the %ﬁbs%ﬂoﬁﬁf&e'afe@ zE&lltéwtltﬁrEE%ﬁﬂﬁlﬂg br a%yégg%gmateﬁal

300C or higher; nmbi ni ng the phosphorus-trea
zeolt@fwzﬁll%bm%ﬁ@ahn@ apdi de bi nder nateri al

heating the zeolite-binder mixture at temperature of from about 400°C to about
700°C to form a bound zeolite catalyst.

14, , The method of claim 13, wherein:
the zeolite is a ZSM-5 zeolite.
15. The method of claim 13, wherein:

the binder material contains from about 1% to 99% by weight alumina or clay or

their combinations.
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to forma zeolite-binder mxture; and heating the

zeolite-binder mxture at tenperature of about 400C or
woi2gdTanoi7e f orm a bound zeolite catal yst. 2. ThReT/oskiwemd30582

of claim1l, wherein: the binder material includes at

| east one of alum na, clay, alum num phosphate and

silica-alumna. 3. The nethod of claim1, wherein: the

bi nder material is an alum na-containing material. 4. .

16The TRetnBbdéf Ldiml 1B, Whershier ei n: the phosphorus-treated
zeolite is heated to a tenperature of from about 3000C

to about 600C. 5. The nethod of claim 1, wherein: the

zeolg, tes i ] ' a at ure of .

fr o R 2ESg BBl BPRLE Gyl R e AT TRy macime

whenefrom dbhet G@abotie-55ppa, Zlktab leas@nketpeak Favirhemakidiaat

of rj}[toai r}% 1 ergi q: éhe bi nder material contains from

abo o™ 339h-4999:2BY0iE) B al uni na. 8. The method of

claim1, wherein: the bound zeolite catalyst exhibits

at |least two 3 1P MAS NVR peaks with maxima at from
17apothe methpdfolpim-156whgrrin: wi t h at | east one peak .

havi ng a maxi nrum at from about -40 to about -50 ppm

9. The nethod of claim1l, wherein: the binder nmateri al

i s fhredsinder materiahisgresent inah afroand dfifrm B3 t % BB 99996y

by weight of the bound zeolite catalyst.

18. The method of claim 13, wherein:
the zeolite contains 10-oxygen ring pores.
19. The method of claim 13, wherein:

the phosphorus-tre@cgd zeolite has a phosphorus content of from 0.07 to about
0.12 gram of phosphorus per gram of zeolite.

20.  The method of claim 13, further comprising:
steaming the bound zeolite at a temperature of 300°C or less.

21.  The zeolite catalyst prepared by the method of claim 13.

26



wei ght of the bound zeolite catalyst. 10. The net hod
of claim1l, wherein: the zeolite contains 10-oxygen
woizogy/ppe7es. 11. The nethod of claim1l, furthePCT/US2006/030582
conprising: steam ng the bound zeolite at a
tenperature of 3000C or |ess.12. The zeolite catal yst
prepared by the nethod of claim1. 13. A nethod of
preparing a zeolite. catalyst conprising: treating a
22.e0| Atzeokifietchtalysppweppbd by treatimgracnsnlitetvaittf DpiBsphorus compound to
[ phosphorus content

hosphor,us-tr eat ed olite having .a
R R it e o Tte, BB e O ST SR S 490 s »dqmaparatuze
piboaesoe i y : i .
O LA DLl 0 PRERASS k8 bl § i ah fudrnic
oxiderbindenigatenid tp flersphzolite-bindumeiyture ahd heatinigtthe zeolite-binder

' | teri,al .tp forma .

e Rrler PO AR A0 T iR 14 R B apotitecaspter

m xture at tenperature of from about 400C to about

00G.to forma bound zeolite catalyst. 14. The net hod

Z%f C haq%tai%’s" Oaﬁléi‘“é??r:wh%@n’zeol ite is a ZSM5 zeolite.

15. The nethod of claim 13, wherein: the binder

material contains fromabout 1%to 99% by wei ght

al urthahinder whigyialgncludesiat leesivne nfialuoris, thy, Aitneinmed piwdphate

of cl ai 3. wherein: the bound zeolite catal yst

exhi |tsglcéfahfné%1§'t two 3 1P MAS NVR peaks with maxina
at fromabout O to about -55 ppm wth at |east one

eak having a i qum.at from about -40 to about -50
2£€pmk1'he catalyst of g{gf(m 22, wherein;

the binder material is an alumina-containing material.
25.  The catalyst of claim 22, wherein:

the phosphorus-treated zeolite is heated to a temperature of from about 300°C to
about 600°C.

26.  The catalyst of claim 22, wherein:

the zeolite-binder mixture is heated to a temperature of from 400°C to about
700°C.

27.  The catalyst of claim 22, wherein:

the zeolite is a ZSM-5 zeolite.
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17. The nmethod of claim 13, wherein: the binder
material is present in an anount of from about 1%to
wahowr0199% by wei ght of the bound zeolite catalPygsus28/030582
The nmethod of claim 13, wherein: the zeolite contains
10- oxygen ring pores. 19. The nethod of claim 13,
wherei n: the phosphorus-treated zeolite has a
phosphorus content of from 0.07 to about 0.12 gram of
28phosmb eatulysidclgmaD, ohe®ael i te. 20. The nmethod of
claim 13, further conprising: steam ng the bound
zeolite at a tenperature of 3000C or less. 21. The
zeol . Cl A
5. 95 P uRetal Bl ERRREM Mout 18 IBASY gt aluha
zeolite with a phosphorus conmpound to forma

phosphar Ilte heating the
9pho§glﬁ8?tg§/‘°‘tﬂf§§f18%2 ¥BFEI% to a tenperature of about
3000C or higher, conbining the phosphorus-treated
zeolite with an inorgani c oxide bipder material to

f or thePopadrsolige eatHyet exhibits arleast Byal Rd4AS AQVIRIpeaks with maxima
zeo I Uk t. 4000C
o B AbqA0rio Bboli 3 plte. HRARF kP pR RS AR
cat &loystboof -40 kaabnu® 250 pguer ei n: t he bi nder materi al
i ncludes at | east one of alumna, clay, alum num
phosphate and silica-alum na. 24. The catal yst of

30c| aThe exalyWhoEERiA 22 WRerbinnder material is an : y
al um na-containing material. 25. The catalyst of claim’
22, wherein: the phosphorus-treated zeolite is heated

1o feteReLAlMLES OtestAa AR 3AGE LiRuPPAUL 639960, by

weight of the bound zeolite catalyst.

31.  The catalyst of claim 22, wherein:

the zeolite contains 10-oxygen ring pores.

32. The catalyst of claim 22, wherein:

the bound zeolite is steamed at a temperature of 300°C or less.
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26. The catal yst of claim 22, wherein: the
zeolite-binder mxture is heated to a tenperature of

wonemd@gO8C t o about 7000C. 27. The catal yst oPCT/UBR0W6/030582

22, wherein: the zeolite is a ZSM5 zeolite.28. The
catal yst of claim 22, wherein: the binder materia

contains from about 1% to 99% by wei ght alum na. 29.
The catal yst of claim 22, wherein: the bound zeolite

33cat &\ ywthodoliphiphsngin dlegskorhae FodiRt MMSoidily: peaks wi th

34.

35.

36.

maxi ma at fromabout O to about -55 ppm with at | east
one peak having a maxi num at from about -40 to about

-50 . . ! i . Do i
¢ he B SRkl onb iRy YO bxflentid Byt 5 SpEbrps gompound
abode fors a ghoaplrus-gegedmeolits; ght of the bound zeolite

catal yst. 31. The catalyst of claim22, wherein: the
zeolite contains 10-oxygen ring pores. 32. The

cat abatiig thé pledsphétus deatvdifdofitdto altbBp &R ZB6ht 309°C Br higher;
steaned at a tenperature of 300C or |ess.33. A nethod
of preparing an al kyl aromatic product conprising:

F eALling: . e , Dor .
e E&gﬁ%ﬁ%stgﬁ gfrlc%fgﬁ%rgﬁp Wg%ﬁ% E%E%t%\%lrt% )%1 HoPedntd WkidP8iGder material
phodpfeomisszepliedtindtr pexiiie; ; heating the
phosphorus-treated zeolite to a tenperature of about

300C or higher; conbining the phosphorus-treated

ZeOhédig\thd Feofife-biddr GARIuCe AiHFrRURISTabBRIM0P@br hiher to
form.a zeolite-binder m xture; heating the
z eofqrivea prund@eolife gatalyet; and t enper at ure of about 4000C

or higher to

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.

The method of claim 33, wherein:

the binder material includes at least one of alumina, clay, aluminum phosphate

and silica-alumina.

The mE;thod of claim 33, wherein:

the binder material is an alumina-containing material.
The method of claim 33, wherein:

the phosphorus-treated zeolite is heated to a temperature of from about 300°C to
about 600°C.
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forma bound zeolite catal yst; and contacting the
bound zeolite catalyst with an aromatic al kyl ati on

woeewt/0937an aromati ¢ conpound and an al kyl at i NngCagSmi06/030582

under reaction conditions suitable for aromatic

al kylation. 34. The method of claim33, wherein: the
bi nder material includes at | east one of al uni na,

cl ay, al um num phosphate and silica-alum na. 35. The

37et ffagimefhod loficmi:3 33, wheti n - the binder material is

38

40.

41.

42.

an al um na-containing material. 36. The nethod of

cl aim 33, wherein: the phosphorus-treated zeolite is
hea 7

80 O%@géﬁ’ce% 1 PRE %tg%éi'é ?ﬁez@édatf) r%OCB Bﬁé}\%ﬁe 3 czfl)fgcﬁq hﬁoc‘@aﬁlﬁbout
zeol0Q°€- bi nder mxture is heated to a tenperature of
from400C to about 7000C. 38. The nethod of claim 33,
wherein: the zeolite is a ZSM5 zeolite. 39. The

et fpéimethod loBtXim 33, whaeii n: the binder materi al

contains fromabout 1%to 99% by wei ght al um na or
cI ay or their conbinations. 40. The nethod of claim

b9 zeolite catal yst exhibits at
I ea %861%%31%% m& ‘peaks with maxi ma at from about
0O to about -55 ppm wth at |east one peak having a

rmx]l"ﬁmmeﬁlod of ¢ almgg whergrlg to about -50 ppm

the binder material contains from about 1% to 99% by weight alumina or clay or

their combinations.

The method of claim 33, wherein:

the bound zeolite catalyst exhibits at least two >'P MAS NMR peaks with maxima
at from about 0 to about —55 ppm, with at least one peak having a maximum at
from about -40 to about -50 ppm. '

The method of claim 33, wherein:

the binder material is present in an amount of from about 1% to about 99% by

weight of the bound zeolite catalyst.
The method of claim 33, wherein:

the aromatic compound is toluene.
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4 1. The nmethod of claim 33, wherein: the binder
material is present in an anount of from about 1%to
wahowr01€29% by wei ght of the bound zeolite catalPygsius20b8/030582
The nethod of claim 33, wherein: the aromatic conpound
is toluene.43. The nmethod of claim 33, wherein: the
aromati c conpound is toluene and the al kyl ati ng agent
is nmethanol. 44. The nmethod of claim 33, further
4% onplheshethod 9f deiendd, vdhetdie bound zeolite at a
tenperature of 300C or less prior to contacting with
the aromatic al kylation feed. 45. The nethod of claim
33, tb@baialc campéaRLik Rudddand el 280l gsnt%h@l%ﬁ&.
with an aromatic al kyl ation feed i'ncl udas provi ding an
al kyl ation reaction within a reactor w thout a

4451 gl . q'!la wersi on and selectivity
aftgtfﬁenng@(g&%%gc%{@g%? oureg%gqap%%%%' ati on when the
reaction is carrigd out at generally constant
temperature. 46. A nethod of preparing a xylene product
conp qagli“fggt.ﬁe P?‘é%ﬁeggteaﬁt 2 EFRFTHULS) qft388v€+‘ mhl)éas privs s eatagting
CONp@EtH e bR i@t Mg 1RdaFRlOr ust reated ZSM5 zeol i te;

heating the phosphorus-treated ZSM5 zeolite to a
tenperature of about 300C or higher; conbining-the

pho -t . Z?M .zeolite with an inorganic
45'oxi g@@g{eﬁ%&({fﬁg@%% ?%mf orma zeol ite-binder

m xture; heating the zeolite-binder mxture at

t enper.at ur e, of ahout .4000C or  higher to forma bound
ZS&Egntgcg@'git]Eeebwgaqeglgp ;catg}yat with ar? aromatic alkylation feed includes

providing an alkylation 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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contacting the bound ZSM5 zeolite catalyst with a
feed of toluene under reaction conditions suitable for

wanod7@asi’sone of tol uene nethyl ati on and PCT/US2006/030582

transal kyl ation. 47. The method of claim46, wherein:
the binder material includes at |east one of al um na,
cl ay, al um num phosphate and silica-alumna. 48. The
net hod of claim 46, wherein: the binder material is an

462 unh awtlodrif praperigs TRy plodudQompHenget hod of claim

47.

48.

49.

46, wherein: the phosphorus-treated ZSM5 zeolite is
heated to a tenperature of from about 3000C to about

600(&3'@91-1%{ hevretbafe RfinGl @h%ﬁl c\@ﬁ%‘éﬁﬁcﬂto g 2 Bp%spg*)rus-

zeolite-binder mxture i toatenpera

f r orrea@d ESM-5aolite; 7000C. 51. The net hod of cl ai m 46,
wherein: the binder material contains fromabout 1%to
99% by wei ght al um na. 52. The nethod of claim 46,

whe theatitig thghdiphicids-eakd ZSMEa LA 1S to £xBipbiahie 8F ald®8500°C or
two_3 1P MAS NMR peaks with maxima at fromabout O to

abol#8he55 ppm with at |east one peak having a maxi mum
at from about -40 to about -50 ppm 53. The nethod of
claim 46, wherein: the binder material is present in

an aaobmingthe phwhatuemtteate%ZSM alzeciite 99%ahynovgirge1bxidé binder
t he b(g tZ%MS z Ilte cat. st 54. The net hod of

cl al 48" 19 Wﬁezte 'Srhndes ®st eanmi ng the bound ZSM 5

zeolite at a tenperature of 3000C or | ess prior to

heating the zeolite-binder mixture at temperature of about 400°C or higher to-
form a bound ZSM-5 zeolite catalyst; and

contacting the bound ZSM-5 zeolite catalyst with a feed of toluene under reaction

conditions suitable for at least one of toluene methylation and transalkylation.
The method of claim 46, wherein:

the binder material includes at least one of alumina, clay, aluminum phosphate

and silica-alumina.

The method of claim 46, wherein:

the binder material is an alumina-containing material.
The method of claim 46, wherein:

the phosphorus-treated ZSM-5 zeolite is heated to a temperature of from about
300°C to about 600°C.
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contacting with the feed of toluene. 55. The nethod of

cl aim 46, wherein: contacting the bound ZSM5 zeolite
woab@lgst7swi t h t ol uene feed includes providi ngPaWUS2006/030582

tol uene nethylation reaction within a reactor w thout

a significant decrease in conversion and selectivity

after nore than 500 hours of operation when the

reaction is carried out at generally constant
50{ CMREE BiciHR FBlairk NG, MR of claim 46, wherein: the

bound zeolite catalyst provides at |east a 5% ncrease
|n para xyl ene select|V|ty when used in tol uene

b P B BRHEL b Relol e RITr &Sk i APRER about

bi ndggeorat eri al when used an toluene met hyl ati on
reaction under simlar reaction conditions. 57. A
zeolite catal yst conprising a phosphorus-containing
51.2eoiphd 8 fhatorkh: %“xghé%hh an i norgani c oxi de binder
t hat ex 1%lts aPH | east fmo 3 1P MAS NWR peaks with
maxi ma at from about O to about -55 ppm with at | east

onS RSB IU.I8, B U, B VB BBRHD el

mhereln at |least one of the at least two 3 1P MAS NMWR
pea has a maxi mum at from about -8 ppmto about -15

2. ppnﬁrh%@le’th‘?é obelaEn 4fWhgrRingt | east two 3 1P MAS NMWR
peaks has a maxi num at from about -40 ppmto about -55
ppm 59. The zeolite catal yst of cla|n157 wherei n: at
| eagie bomed Zﬂolltd’@tédj!st Extebits 4tersBwbP IM%B\S\NR[R)p@ks whthsnaima

T S B8 B I el B

60. frdebeat-abYsiboat - ppimin 57, wher ei n:

53. The method of claim 46, wherein:

the binder material is present in an amount of from about 1% to about 99% by

weight of the bound ZSM-5 zeolite catalyst.
54.  The method of claim 46, further comprising:

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

contacting with the feed of toluene.

55. The method of claim 46, 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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woav@lysi7sof claim 57, wherein: the binder matecirals2006/030582

the binder material includes at |east one of alum na,
clay, al um num phosphate and silica-alum na.61. The

an alum na-containing material. 62. The catal yst of
claim57, wherein: the zeolite is a ZSM5 zeolite. 63.
The catal yst of claim57, wherein: the binder nmateri al
contains fromabout 1% to 99% by wei ght alum na. 64.
The catal yst of claimb57, wherein: the binder materi al
IS present in an anount of from about 1% to about 99%

56py \ke¢ gisthogfol clagmy8ulers®ol i te catal yst. 65. The

57.

58.

59.

60.

catal yst of claim57, wherein: the zeolite contains
10- oxygen ring pores.

the bound zeolite catalyst provides at least a 5% increase in para-xylene
selectivity when used in toluene methylation compared to the same zeolite
prepared under similar conditions without a combining with binder material when

used an toluene methylation reaction under similar reaction conditions.

A zeolite catalyst comprising a phosphorus-containing zeolite that is bound with
an inorganic oxide binder that exhibits at least two *'P MAS NMR peaks with
maxima at from about 0 to about —55 ppm, with at least one peak having a

maximum at from about -40 to about -50 ppm.
The zeolite catalyst of claim 57, wherein:

at least one of the at least two >'P MAS NMR peaks has a maximum at from
about -8 ppm to about -15 ppm and the other of the at least two ’'p MASNMR

. peaks has a maximum at from about -40 ppm to about -55 ppm.

The zeolite catalyst of claim 57, wherein:

at least one of the at least two °'P MAS NMR peaks has a maximum at about -13
ppm and the other of the at least two 3'p MAS NMR peaks has a maximum at
about -44 ppm. ‘

The catalyst of claim 57, wherein:

the binder material includes at least one of alumina, clay, aluminum phosphate

and silica-alumina.
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61.

62.

63.

64.

65.

The catalyst of claim 57, wherein:

the binder material is an alumina-containing material.

The catalyst of claim 57, wherein:

the zeolite is a ZSM-\ZS zeolite.

The catalyst of claim 57, wherein:

the binder material contains from about 1% to 99% by weight alumina.

The catalyst of claim 57, wherein:

the binder material is present in an amount of from about 1% to about 99% by

weight.of the bound zeolite catalyst.
The catalyst of claim 57, wherein:

the zeolite contains 10-oxygen ring pores.
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