ZEOLI TE CATALYST AND METHOD OF PREPARI NG AND USE OF ZEOLI TE CATALYST
TECHNI CAL FI ELD [0001] The invention relates generally to the al kyl ation of
aromati ¢ conmpounds and catalysts used for such reactions and their
preparation. 1 BACKGROUND [0002] Para-xylene is a valuable substituted
aromati ¢ conmpound because of its great demand for its oxidation to
terephthalic acid, a major conponent in formng polyester fibers and
resins. It can be comercially produced from hydrotreating 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 toluene nethylation, has been used in | aboratory studies to
produce para-xyl ene. Toluene nethylation has been known to occur over
acidic catal yst, pafBEOIdTECHTALSTZANDIMETHOD op@iRERstyae catalyst. In

particul ar, ZSM 5-type zeol,i { I ?F% i.l i caal um nophosphate
(SA-PO) catal ysts have beem%ﬁmkﬁﬁf‘ ?:o@g‘g[s?g%ener ally, a

t her nodynami ¢ equilibriummxture of ortho (0)-, nmeta (m- and para

(p)-xyl ene Cé)ﬂ f g, d fromthe nethylation of toluene, as is
iIIustrate n below CH CH CH CH, [/ cli / + CH3OH '--3i"
\Vo+ + H2O CH 3 TOLUENE O XYLENE MAYLENE PAYLENE CHI (1) [0004]
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about 500 Gatalysts used for such reactions and their preparation.



Such toluene nmethylation may occur over a wide range of tenperatures,
however. Byproducts such as C9+ and other aromatic products can be
produced by secondary al kylation of the xylene product. [0005] Para-xyl ene
can be separated from m xed xyl enes by a cycle of adsorption and

i sonerization. Such cycle may have to be repeated several tines because of
the low isoneric 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

hi gh, however. A different nethod that enploys 2 crystallization

t echni ques (ﬁfgcgg E:sed and nmay be | ess expensive where the concentration
of p-xyl ene 0% or higher in the initial xyl ene product. Thus,

hi gher t han [0@Qyi Phbnidy/ A3 §0NGEIRk f len e desirabl e.
[0006] A signific I){I’y hi gher arr%ﬁtrﬁﬂ%gﬁlteg ar&[‘%}rée(%c eb%cﬁ’t’sﬁl ‘%Jéﬁ FHt ol uene

met hyl at i on SFB&: bﬁs Pi‘ldﬁth@ '@a@@PV@@hCh@si shaq:e* @mpeoent\m fRtoRepsly@skr Shape
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narrow ng zeolite pore opening size |va|on
of the zeol (&g ceofarRiBg) i fgaReoirickag adi disphha Ted ugie oipt Byd atdi@he may

occur over fmgfb{,drgglaQMS or ZSM5-type zcolite catalyst giving xyl ene
products cont ai ni n& significantly greater anounts of p-xylene than the
t her nody namf@@0oné&ifetien jabntol@o0Wjth Unkibatolinathehyis ther Bnade 28 Rupher of

techni cal hyg f t ti on to be ormerm | Iy successful
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For a nore gonpligl.e st apdi f th e yention, reference is
now nade to t heﬁ%eol(%éo%{lg dggc |%rhs%§§{<gﬁ’p ZE@HF'un%@P {'6n Beta haiche
acconpanyi ndliqaiguineshosphiate EHARD): caﬁﬂﬁ&giavaQdREe&foi higerodddd. MAze MR spect rum
for phOSph%Hﬁlogﬁgfnﬁd c%qxli%glt\{fn mixture of ortho (0)-, meta (m)- and para (p)-xylenes can be

formed from the methylation of toluene, as is illustrated by the reaction below.

CH,
<+ CH3OMH  ~——tin H?O
PXYLENE

TOLUENE O-XYLENE M-XYLENE

[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



zeolite Catalyst A, . [0010] FIGURE 2 shows stp MAS-NMR spectra for

Catal ysts | (spectruma) and K (spectrumb); [0011] FIGURE 3 shows 31P
MAS- NVR spectra for a phosphorus-nodified ZSM5 zeolite (spectrum a)
precursor used for preparing Catalysts L and M and for an alum na bound
phosphorus-nodified ZSM5 zeolite -- Catalyst M (spectrumb); [0012] FI GURE
4 is a plot of toluene conversion over tine for the toluene nethylation
reaction for Catalyst L of Exanple 14; [00131 FIGURE 5 is a plot of

met hanol selectivity (curve 1), m xed-xylene selectivity (curve 2) and

p- Xyl ene sebweettllivition téebninue o) bOVeH shil ARy hOlesd Latl.on
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Cat al yst M miiﬁﬁaﬁiﬂoﬁcehﬁﬁtic{n@@ip':‘-kyl%h@ﬁ%ibgdéﬁab@e.pl ot of methanol selectivity
(curve 2) and p-xylene selectivity

(curve 1), mxed-xylene selectivity
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selectivity for p-xylenes of greater than 80% Although such
phosphorus-treated ZSM5 catalysts may have a high selectivity for

p- xyl ene, they tend to deactivate at a very fast rate; for exanple, the
catal yst may | ose greater than 50%of its initial activity within a day.
This may possibly be due to coke deposition on the catalyst:' [00181 As
used herein, the expression "ZSM5-type" is neant to refer to those
zeolites that are isostructurally the same as ZSM5 zeolites.
Additionally, the expressions "ZSM5" and "ZSM 5-type" nmay al so be used
herein int @WMmemngcgnot her and shoul d not be
construed i 03 |lFmtI ng sense. used herein, catalytic activity can be
expressed e{QO he %?Tﬁ}oé%cwplﬁﬁémfi@%@% el erased imidntion, esfpeote kaowhe nol es
of tol uengnsiee mBdsiCAANPBeH 9. ormul as: | e% Tol uene
Conversion.= [(Ti - To)/é? 1 ﬁﬁﬁld(glg%(k%mt&% lEcIIQIAHTWIﬂi[']s S RERRABER U§H ol es of

tol uene fed &M To is the nunber of noles tol uene unreact ed. As used
herein, selj@mobj vj:m]@rl %R X )(/g e e S: % M xed
Xyl ene Sel ectl vity = [ X1, /(T;-T @W‘?g‘)‘m f\xl\ﬁé’g §<“1°§1 ‘teﬁzs%ﬁrber of
nmol es of nF‘%?é‘E?Qaé@YStrﬁ or p-Y xylenes in the product As used herein,

sel ecti vi t ypoi@r nyﬂ}e 3 S % p- Xyl ene elect|V|ty:
(XP/ X, ,) xwf ‘g v g(r%e%%l(p is )Sﬁfrreﬁ%us 5& H gqfl%zﬁ%%pbfsf’ﬁcw 5 used

her ei n, SH%?F-{B‘IH brl:onver sion may be expressed as: 5 Mle % Met hanol
Conver si onpgg 1) ( mﬂg) / X1 t he nunher of nmol es of
net hanol f[ed antl;#IG s E{b‘]\/%u%@g@(%fpe@a ﬁ”ét%ﬁ%?hw -BeE{EH Z5%sS used
her ei n, ne‘feﬁh‘ﬁéffpegt&r’éél P!W!@ryorftmd foobuentgn®dtilydtalian MBWd Bsr e@&ﬂlﬁﬁ%ed as:
Mol e% Met wh X, th

€% et RGN piSEbIRSLd. Aﬁb&%ﬁeazéﬁ? (i P B e |s the

nunber of 8t he nunber of noles
of met handlP0¥2éd FAGHRIM 4 iss: fldter ieindpe ICOIerrslfﬁml ®&r Bhe UG BahRH: fRIpangl . [0019]

The ZSM5I%&%ﬂf“o‘f"(ﬁ%ﬁ{ﬂ%%fmmpe ‘Pell’ preparation are described in US.
Pat ent

[0013] FIGURE 5 is a plot of methano! selectivity (curve 1), mixed-xylene selectivity
(curve 2) and p-xylene selectivity (curve 3} over time for the toluene methylation reaction
for Catalyst L. of Example 14;

[0014] FIGURE 6 is a plot of toluene conversion over time for the toluene methylation
reaction for Catalyst M of Example 15;

{0015] FIGURE 7 is a plot of methano! 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.



No. 3,702,886, which is herein incorporated by reference. In the present
invention, the ZSM5 zeolite catalyst may include those having a
silica/alum na nolar ratio of 200 or higher, nore particularly from about
250 to about 500 prior to nodification. The starting ZSM5 may be an

Nl -14+ or H formand may contain traces of other cations. [00201 The ZSM 5
may be nodified by treating with phosphorus-containing conpounds. Such
phosphor us- cont ai ni ng conpounds may include, but are not limted to,
phosphoni ¢, phosphi nous, phosphorus and phosphoric acids, salts and esters
of such aci dETAANEpRNESOROEPUsy hal i des. I n particul ar, phosphoric acid
(H3PO4) and nLum hydrogen phosphate ((NH4) 2HPO4) may be used as the
phosphor us>@§ﬂﬂg| MY etnisounaene tof the owistivemattiat ataysts R holydeR8bson

met hyl at i oncomvérfioshape isel 86ty | es to provide increased p-xylene
sel ectivity. Such rodifi edEcat a?r;l/dg%rgprm S DS HeE prefieengipyal peran

anount of T HBAVEDYR 16:r0amheedabroigen GingS  Gelite rzealalst @it REUHSIPRELLSM] ar | Y

from about Qw0 rid / olite nmore particularly from
about 0. 07 y% nzgg)g@? %Hehtc?;gesa outéD Cgasilg Aasﬁ'/“iih%ﬁf’iet%dlt%dwgdlﬁwtommﬁe

particul arl MTSGW%@QUE Blalgtsgvil ghoagtekist@ntamigbeipoludsthas Qeeﬁ/sﬂo\%’? lite.

After phos : horus-treated zeollte may ried.
[00211 It %@’%ﬁ%ﬁ%?@i@%?mﬁ%ﬁ% ‘*ﬁgé?fé%@e&el&a}gaﬂ@éﬁ@é‘tli grentpr @mcymbe

achi eved i PfPawlsnatliag tia thyrratliomic pauikimed %ﬁ@wﬁﬁus@@ld&@ﬂ@n@ﬁaﬁﬂlﬁ dOn.  when

t he P-nodi g i at, 300 ' C or higher after osphor us
t r eat nent , Cangar%gq% ﬁ%ﬁm{sﬂﬁf&e ug%s?ﬁ Sﬁ%ﬁ’bod‘@ﬁaflﬂ“ zila%lhe@raﬁh@ﬂbltmdmwdeas is

di scussed Fgit@ivityfr pT*Mlmeheagneatgr ﬂimySﬂi%s Withoidh @Bﬁpﬁdgﬁﬁ@ﬁg Qélu Fgrl ous
Such heating may al so aC| itate

phosphor us
drying 6 Sfﬁ}ﬁ? ﬁgeg%g\tggf%/as%q ggfsf“ Ie?tl‘?tiéfeg"bﬁ&glﬁﬁ‘br“&?éf tepchiat dradiivate e apervabar es of
300C, 400 @Gigromexempleatte quealjst mabxadsdeygm@@fthﬂn 50% g@gylngh GeSH Vllu{lls?reased

par a- sel ecjyi suit for . such heating su sequ
phosphor us oF gtél%lsnné%90851 ﬁ’q}er%u‘égjo%‘? ° dguetipnomBsertab®0C.  Such heating may be

carri ed out001&r &8s &EHOIerlrQIthermlpﬁessnﬁ:Qm slipdas yReqn pvered
t hat conbi {%ﬂgretlg(% P-tr d ZSM5 (P/ ZSM&E W th aoféélférttgglfosg%e%ﬁ er after

the initial heati ng SrEh: 2 § SHPS Sabilies. mafdditameterthe ienprease product
sel ecti vi tY-SMrS éEMSM"Saﬂ)’#QH 1@ky 88 bd MDAl Ll rand Ry 7 Q%Mm%asmgg

another and should not be construed in a limiting sense. As used herein, catalytic activity

can be expressed as the % moles of the toluene converted with respect to the moles of

toluene fed and can be defined by the following formulas:

Mole% Toluene Conversion = I(Ti— To)/Ti]x 100 (2)
where, Tj is the number of moles of toluene fed and T, 1s the number of moles toluene
unreacted. As used herein, selectivity for mixed xylenes may be expressed as:

Mole% Mixed Xylene Selectivity = [Xo(Ti-To)] 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) % 100 (4)

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

As used herein, methanol conversion may be expressed as:



heated and then bound with a suitable binder the catal yst may provide an
increased selectivity for para-xylene by at |east 5% conpared to the sane
catal yst unbound when used in toluene nethylation under simlar
conditions. Suitable binder materials nmay include inorganic oxide

material s. Exanples of such materials include alumna, clay, alum num
phosphate and silica-alumna. In particular, a binder of alumna or clay or
their conbinations are particularly useful. The bound catal yst nay contain
fromabout 1%to about 99% by total weight of bound catal yst, nore
particularly fromabout 10%to about 50% bi nder by total weight of bound
catalyst. [00231 To formthe bound catal yst, the binder material may be
combi ned with the phoW@?@Mﬁﬁlm@éﬂed\mw*t[évft—dv[t)ﬂ\mqkaooextrudabl &)

m xture. The P-treated zeolite bound wth the binder may be cal ci ned or
heated at a tenperature of 400 C or higher, nore particularly at a

t enper at ur e"BEEwers §B0NOtEN ! 200esCof Bathandiead iand) MpY (Be nGabEl §0meRMt f Or
0.5 hours Of RIS, ﬁIgaJéythhe bound catalyst. It has been discovered that
heating the P-treat eé SM5 at a tenperature of about 300 C or higher and

t hen bi ndi ngs #sé herzmomicthenalistlbctirits tirttaibére nhitmdeion nay bdegstisbes: herei n, may
result in the bound zeolite exh| biting nultiple P-speC| es, as shown by 31P

MAS NWVR peaks. [00241 | b te catal yst may exhibit
at least two peaks havi %Qgr@% Oétsel%&b"r‘rtp’éﬁgﬁ{(% 15 1% about - 55%hpm
peak havi ng" St R Bt T hFEBs A Sl eh ootk s e mewEt of
particul ar IWOlmofﬁmablmnabﬁBdmndH [3:015¢3 ﬁ@niﬁd@@ﬂﬁob?@f@%te@ﬂ@ﬂﬁﬂ&t her with a
maxi mum at [ ?ﬁ“ artglg% M%O mtto % ppm_  Such peaks are an
i ndi cation varlospo CciFFaioed & 9t 5 NVR
rebRsraLS gpr?ﬁ@lraaam pcaibed in Y15 Py
peak with ﬁﬁ(ﬁﬁﬂ%% Wmmmthef@%ﬂllﬁﬁl@bfm H%/Q‘efe%ib&atﬂ %e pEEfse[Hq}nyeBhﬁls Rpat e
speci es. $fll§ Jth a mex f rom about ppm to about -25 ppm may be
i ndi cative ‘0 phospﬁS?ﬁlg 58%810@9 ¢ E10FG having g FIQPPé‘%lHFWaéIFQMﬁ natiere620%eror phous
al um na. Allugimmumlrmlwﬂ’mma@ ftohh E’@%} 280d m@dt'sb@ﬁﬁ&ﬂ%@h@‘aﬂﬂﬁ‘&é&haﬁﬁ%ta&ﬁﬁp O may

be i ndi cat gak m at around -28 ppmto about -"35 ppm
Free phosphates” d?r B?nf}l RaHEARERTEGES af other cations.

10020] The ZSM 3 may be medified by ireating 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 (H3;PQ4) and ammonium
hydrogen phosphate ((NH4):HPO4) 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 6,09 g P/g zeolite to about 0.11
g P/g zeolite. After phosphorus treatment, the phosphorus-treated zeolite may be dried.
[0621] 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



maxi mum at around O ppm [0025] This is in contrast to a bound P-nodified
zeolite catalyst that has been calcined or heated at the sanme tenperature,
but where the unbound P-nodified zeolite precursor has not undergone
heating at a tenperature of 300C or nore. Such bound P-nodified zeolite
catal ysts have been shown to exhibit only a single 31P MAS NVR peak. This
indicates a difference in the interaction between the binder and the
phosphorus species that is dependent upon the heating tenperature of the
unbound P-nodified zeolite precursor. [00261 The P-nodified ZSM5

catal yst, boiitie catatysnire i, phaByHg:s Tch@ley: S ggg& at t erafure of 300 C
or | ower be]%r%re us'{?qg t he ,cpat al, _stS ien_zf%]{g'/ irﬂe cfa?%ﬁs‘. Otf,Ij‘ano(g.*) @P&Qm of Me8n be
carried out S REfHEI MY PryidRe 1k incemetdqmra-Ehetiuse Qfsuﬁﬁlakah?é fo3t eam ng
at nild tesparehifesbisudess hhlethd, -pendi.ng U.S.. patent application
Serial No. 1/h,]\1;[2§:2”919’ ea;‘li | edbl\/ar)zzj%r, pg%ﬁ%g,&ﬁéshpf’@l %8“‘1—@&56? REHEP0°Fr eat ment
of Phosphor BN Deearried eut fon@.ahywtes morahi ch i's herein i ncorporated by

reference. [009027] 1t ThevRn mdid ig cat al yst und or_unbound, may be
contacted with an. appregpri at e% %‘é%?até}r?“%%?’?%ww&%\ﬁﬁﬁ/%%n

al kyl ati ng ¥t suible Pingek pfiert the rnitinlebeting ntep ondiifsd @0 HRVEAREY Ak
aromati c al ikyeak R6ucd B l: articular application for use in

t ol uene nethy| at i%n Ut |?°§?1trﬁ%1 1%%{00 ggﬁ@?y ﬂ'aﬂﬁlpaft§é§¥: the Fa&SMcovbed may

al so be usetfiieqrigd dimebaind awithraysuitatd bibderihdrREERE By BoHBELY iBRSmePS Used
herein, the:R¥PACSS} My-x [ ed" is nmeant to enconpass the aromatic
conmpound and tﬁg al kyl g?lgllﬁg%gggtel%}t g%sooﬂg’éﬁdﬁ%ﬁ@isﬁlﬁetcﬁfélyétx%bem when

“met hyl at i 8fi°F Belplueng meghintion omdensoitpassditans.f Safyod b&@!&ﬂ‘fﬁ@ﬁﬁ@l?qn t hanol .

[00281 I n agdidein 1 f S, ter that may be in the form of

steam may al so Jls)}g&?%t% gl)g‘éﬁ‘gaé‘%%%h?%‘ esr‘?—ftjasé‘flbfna%a drdedr allwitg. wayh t he

al kyl at i on 2F@eem Phespheit end eitica-slheam UBathrE@lart NEinABL (g}yah‘%'%ngrb [§Acsi on may

be introduggg Mb'ﬂmﬁﬁns%é E%Eulh dro nTﬁlr inert gas as cof ced Wth the

al kyl ation feed to the reactor dyu'rl?eﬁ'g't & bepng ¢atalist graytdvatainafriaplzhoiton

reaction, ot PebaiPoheyitnir eegived beub@EURNtndOpiilliid) £ShaLL.YBy, LN €l t her
[ Xin t

case, i qiihe Y@ 8lag e, added .and vaporized prior toits m gwth
cof eed gas %i f aﬁygn ga?n% tQtal wet(gihet ofgound catalyst,
(0023} To form the bound catalyst, the binder material may be combined with the

phosphorus-ireated 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, more
particularly at a temperature between 500 °C and 700 °C. Such heating may be carried
out for 0.5 kours or mors 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 ppin, and another
with a maximum at from about -40 ppm to about -50 ppro.  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 abo_ut 0 ppm to about -25 ppm may be indicative of phosphorus bound by extra-



8 the al kylation feed. The use of water cofeed is described in U S, Patent
App. Publication No. US2005/0070749 Al, published March 31, 2005, and
entitled "Tol uene Methylation Process,” which is herein incorporated by
reference. [0029] The reactor pressure for toluene nethylation or other
aromatic al kylation may vary, but typically ranges from about 10 to about
1000 psig. Reactor tenperatures may vary, but typically range from about
400 to about 700 C. Upon introduction of feed into the reactor, the

catal yst bed tenperature nay be adjusted to a selected reaction

t enper at ur e gage@bfieGH S] rsion. The tenperature nay be
i ncreased gr _a_dgal Y, uz;I? ngﬂrg{ :agﬂg }r%ngl BBt fﬁﬁlﬁﬂoﬁhcf%haé%lﬁ{\uy@) @Udin to
provi de t he Stexaljraigoriopriiates §36ROr may bripdicatdibg a phsc WSS aRintdieexarm! es.

reactor teneg r r the tepperature as neasured at the inlet of
catal yst bed o?jwtﬁhgJ %@ggt%r E)Bl-flt)()gﬁ’f P%ﬁ%nhptg%&qyohe widjcatsd wamrneel vt ain a

variety of #fumesirrqueddppms that are commonly used for carrying out
aromatic al kghat i eactions. Sin or.multiple reactors in series
and/ or par aﬁbe% a?lgs gsullﬁt% é aétsﬁooﬁ’o@gtk Fﬁl OYR satghyeirthttibes bearyehiginedn.
[0031] The f=hroisiifal b sZSMiGnmenlibs et oakal 48 inbAdd DEREEERELNRS By has

parti cul ar ha%%t ln?d%l; iognhg;a . Use in toluene methylation for preparing a

xyl ene producté roma T aed e * LEIRTEREe 2hd0NEt tanek. STeleboaddl-psdifipd ovi des
i ncreased s#bobistotalybly Haoe bpenxshben o wkiapit s d: sihfe BPY lLat+on. In
parti cul ar’in&igzﬁesc E@tﬁ/st may pr.ovi de gr eagﬂgr %I_hga!% 851&@&8%@&95%%

par a- xyl ene sel ect i Vit WHel® JEBEYR Rebrssariee Wadeyandtthophospldaing sporied |y, in
certain i nBttancépendgnteap®r tiehpatifb Yerdferdi@tals wy! ect i:vi be
achi eved. [0321 Addi tionally, the PIZSM5 cata SRR K P ound

or unbound,” may “‘provi de steady catal yst activity and selectivity for

t ol uene netl§a6at iTha Peu@:ﬁﬁ@EZSMCBSca%ﬁysg%om%%nbﬁﬂld%ﬁ?e ngdlg%%éﬁm% %JEP re
su

under apprqpriate r Lon conditjons, ‘I n carrying ou reactions for
st eady cat g‘%)n)}%etmtbr&"? g&ﬁmﬁ@é?"@ﬁ@@&t%?‘ﬁs‘he AHSlYEen eonteactiond hictsteaming

met hyl at i omad becudntogads-stwbeedsial ofans Hal 3Pl 18t 0. giye .a desired
toluene c¢ enver%[igon. (J n thg ‘exar;pl(zas di gcuss%g uggFgé\,a%{?{ggte%%qg%ra\égnﬁol uene
conver si on WS 646% Sriesibad ik £9-eadingal Snarentoippbeion Gexgrde.or /128jong a

met hyl at i otfilddeledy GODOGH, RhiM@EIE 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 alkylation
reaction conditions to carry out aromatic alkylation. The catalyst has particular
application for use in toluene methylation ufilizing 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 wgter may be added and vaporized prior to its mixing with cofeed gas (if any) and



t ol uene/ net hanol nolar ratio of about 4.5. The reaction was carried out at
a constant reactor tenperature over the test period. [0033] The foll ow ng
exanpl es better serve to illustrate the invention. 9 EXAMPLES Catalyst A
[0034] A binder-free, P-nodified ZSM5 (P/ZSM5) was prepared. The starting
zeolite powder was an NH4-ZSM 5 powder having Si Q2/ Al 203 nol e rati o of
280. A slurry containing 700 g of NH4-ZSM5 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 mschani cal (overhead) stirrer with

250- 300 r pmhe BNgItiSRES a rai sed to about
80-85 C. A ﬁotskgﬁolrl c acfﬂcntlj!(E gsglqﬁ‘t‘%a%ﬁc%% A nSICH edﬁé?%\;{%’fent ARpIphbetien aci d

(Al drich, 85°wWHIHOBHITEBUS) pukiishel Mty 3801006, 410 chitedSHTVI Yo MERSIELHT T Y

t enper at ur epMRS f’%;cﬁ%rh bet ween 95-100 C and heating was
cont i nued unt| 7 al &&gqﬁggg%gamd% r"sf{%ea“ The phosphoric-acid nodi f| ed

zeol i te waslOPHdn m’éaﬁ@@nmesauredommm oRth9lMEn biNo@kd ar@zhat‘id”ﬁglﬁ)r dn for

t enper at ur e, 0.C f ee hours,
three hours ag)ﬁlggt; Igp %n%e% %%f) ﬁ@ié"r kLlfl“? 1409 psigg’ Fraties tempThbiresgsayl t ing

heat - t r eat e‘afyzé@iltml@ail@walf;m abit ¥&0stotaben 700 ushe rﬁi'ﬁgoélcég:ﬂ d‘@ 20 and
SCreen for

40 nmesh scr. r.ca t| action or sieved throu
tg@@&c{oﬂ g’%vx} atq%% Gdr geé‘?pm[“ﬁégﬁ?y b5t ahypied w Waselwt@il y‘@eftbnf or Si,

bi nding the zeo

Al and P byeperaiyre td cfﬁaceSdesm@é con¥fsion, amigh ttelgg?ra@% %!%J@&%%s%&%?a t ot gl
e al'ys contai ne

pore volu t shown in Ta
35.73 wt %rr%i pyaéé\%%@é\?ﬁ 60?5‘%} Jbémﬁl BEORA0P Clraticto ey ide @Eﬁemd fiagleeatea of
160 n2/g akenpestad. Aporedioltimeafpld, &20Hsm §Jﬂaﬁr9§Jf§¥ tcfg C}Erﬁ}?etrétgn pattern

(e o o e PR ARG AT PSS, (et L 1ot T oL o,
The resul t £03fle Preesactiedniap tkablrge? ontl® 7. A@-ﬂg}r bof different reactors that are
commonly used for carrying ouf aromatic alkylation reactions. Single or multiple reactors
m series and/or paralle] are suitable for carrying out the aromatic alkylation.
[0031] The P-modified ZSM-5 zeolite catalyst, as described herein, has particular
application for use in toluene methylation for preparing a xylene product from a feed of
toluene and methano!l. 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 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 sujtable 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.



El emental Analysis, w% NZ Adsorption Si --- At ----- P SA, mg PV, ngd
"P MAS NVR 35.73 0.28 9.01 160 0.12 | See spectrumFigure | TABLE 2
Powder XRD Intensity* d-spacing [A] Intensity d-spacing [A] Intensity

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 npst
intense peak is 100. [0036] Solid state Magi c Angl e Spinning (MAS) NWR
spectra were recorded on Catalyst A with 400 MHz spectroneter (27Al at
104.5 MHz) at roomtenperature (27Al NAS NNR) Sanmpl es were packed in
silicon nitride rotors (Si3N4) and @{E@ﬂ 813 to KHz sanpl e spi nning
(about 800000 rpn). A 10 degree tip and recycle delay of 0.5s were used to

avoi d saturation., About 4000 to 10000 scans were accunul ated to signal
aver age andg¥ﬁ%¥é§e signal /noi se ratio. Proton decoupling was not enpl oyed.

Al spect rie03sgr & highQIRRCR G Jddidal h
separately Iéﬂg tugé) 0. pbnf%%l?nggﬁgﬁg%gﬁngﬁﬁﬁ ¥Hé§%%n§%%ﬁm eads

to an int erpﬁzéfriefrwe%veh% Z&Mz‘&am@sr PRSP0 A saolyi rationo HiR80.i déd shstmal |
i npurity i RoktiRingl fd0COBE NELAHR-5T QloRleSIrdPRBK11 TG alcf bl Yidpald in a 2-L

beaker. The beaker was placed on a hot plate and the zeolite shurry 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 wt% in aqueous) was slowly added to the slurry. The slurry
temperalure 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 a
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 (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 wi% 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 CuKe 1 radiation. The results are presented in Table 2.
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sanpl e shows a weak peak at 55-50 ppmregion assigned to structural
tetrahedral alum num The tetrahedral alum num peak is severely distorted,
i ndi cating the presence of nested silanols caused by holes in the
structure upon renoval of some of the 11 framework alum num The adjacent
peak (30-40 ppnm) peak is due to severely distorted but still in the
framewor k al um num at ons probably either in the 3 or 5 coordination with
oxygens. The biggest peak in the spectrumat -14 ppmis from octahedrally
coordi nated alum num atons that are formed when tetrahedrally coordinated
framework alum numis renoved from &h 1% lite framework by the phosphate
nodi fication process.as _nentioned above.” T0037] Solid state Magic Angle
Spi nni ng (MAS) NVRigpedtingysiwert® r ecolgesbneinn Catayst A wth 400 Mz

A

spectroneter (31P7aL I6L 7 M) |t Topmtgpperature sE31LR NVR) . Sanpl es
wer e packed in sil?%on ﬁ?trigg roﬁéﬁgﬁ?Si§Kﬂ§&a1d spun §¥M?§ to KHz sanple
spi nni ng (about 80BROHO nmn).9A1q0 degree tipp; ant recyeheneglay of 15s were
used to avoid sattrattor—AbS 4 s cahs—were—accul ated to
signal average and inprove signal/noise ratio. Proton decoupling was not
enpl oyed. Al spectra were doubly reigrgnced to tetranethyl diphosphine

di sul phide at 37.8 pﬁﬂ%andm85&@—ehggﬁggLLq_zm1£L4LunwseparateIy in a tube)
at 0.0 ppm on the chemical shifi°"eEar8Mey®B8] Figure 1 illustrates 31P MAS
NVR spectrum for a P/d&BNnbiAeokichdty ( Cat dpysik 1) . Intehfi® 31P MAS NVR spectrum
for Catal yst A shows < o5 T =81y = attributed to
various P-species such 00free phosphorus and phosphorus bonded (via
oxygen) to Si and Al. Catalyst 00391 Hédt-treat&d, P-nodified ZSM5
(described as Catal yst AS%tarliery? was boudd with 20 w % al um na bi nder.
19. 18 gm of al um na (psewslobohenite type, zavailablg from Alcoa, H Q40
grade) was peptized witlhom neral gacid (e. gy, HNOGB),.and then mxed with
57.44 gm of P/ ZSM 5 zeo%%ge pomdzr (80 neig%. Wat er was spray added to nake
8

a soft paste. The catalyst paste was cal ed or Heated (as irregular
chunks or forned in a &3 352 22

5.98 16 2.08 I3

5.69 7 278 3

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 (SizNy) and spun at 13 to
KHz sample spinning (about 800000 pm). A 10 degree tip and recycle delay of 0.55
were used to avoid sa_turgtion. About 4000 to 10000 scans were accumulated to signal
average and improve signal/noise ratio. Proton decoupling was not employed. Al
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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cylindrical shape) at 510 Cto 530 C using the sanme tenperature profile as
described for Catalyst A above. The resulting Catal yst B was crushed and
si zed using 20 and 40 nmesh screens for catalytic test. 12 Catalvst C

[ 0040) Heat-treated, P-nodified ZSM5 (earlier described as Catal yst A was
bound wth 20% silica binder. 8.19 gmof Aerosil-200 was m xed with 5.05
gin of Ludox-HS- 40 (Colloidal Silica) in which 20.0 mM of 0.2 N NH4OH was
added slowy with stirring. 20.02 gmof P/ZSM5 powder (80 nesh) was added
to the silica mxture and stirred well. Water was sprayed to nake soft

paste and thendast Sudhintatsd A8 At ( o dsing the s,
temperature profijl e as descriél}gd “ opreéégtoa%(}y%n%}%gggvﬁ%e tﬂ'g%vefe&%?tf’nﬁ%

Catal yst C Sa&chdansameralk sluparpoyaipme pRbatdn dithed imbs B o8 6 kerdisat@rwigat al yti c
tests. Cat alxygdns DTLOGH AL g@gg}ly@; bound wi t.h 20% al um num.phosphat e.
Catal yst A was ls)ound%\%\néq% al um nsg%t}é%g%tpﬁgtpg, A 8?%%?5%‘8 %jlulyo‘f‘ﬂo §ch

Cheni cal s, #%EMEWHpaigasrhat 6ra suwnegvhdngetrabadrellp rocdditse fasewas Qhiniae for

Cat al yst B.epihv@d egithi & shed..and sized using 20 and 40
mesh screens for cat al y@é%@%&é%g?gﬁ%g?s%%fwgggafa@’tpdf"iféﬁ asﬂnmgn@ound
with 20% k&BP%en. P/ ZSM 5 was: bound with kaolin as binder follow ng the

same proceqyse) as,geseld Red;f St ~B. |i,n (al um num silicate
hydr oxi de)fil aﬂ?]ai I 21_b| e gromgj,g\l gﬁglgﬂépg{%nrﬁ @2{?5(% ngété‘% *PFe IeREEE (Fing
Catal yst ECa{es Acvills HMERdPeitadtcns | hy 180706240 ramshngentend FIans
catal ytic t@st) WL@&@ - 0043] I n.Exanpl es_1-5, talysts A E were
used in tol uene methyl at Fénﬁ?k#h]g%ﬁlrcglé%wo%g&%iégggcz}?%a}l? retd BukHEn a
fi xed bed, STt ornetes(abdus ROGGP0 epm b ok B O tegréatipeanitecycRSRlayaf Calvadry sdedchar ge
of 5.4 mM (Catal Mel8hZ8b02% was | oaded in the reactor. The
catal yst was dried by _’s%o‘\’,h%yng(gf"gﬁ%gé e’ ‘é’ﬁ’feae\"?/‘é‘?ulﬁté‘é g @ﬁ?ﬁ’iﬁ‘éﬁtr%ﬁeeméabout
5C/ rui n) tBPPGOTHdese Mpgr ofetonf fovn(hg ea/ Mtrmfiofedat AliepsdiraOnge hour .
The cat al ygdupMas.sheamed tetramethyl diphosphine disulphide at 37.8 ppm and 85%

phosphoric acid (run separately in a tube) at 0.0 ppm on the chemical shift scale,

[0038] Figure 1 illustrates >'P MAS NMR. spectrum for a P/ZSM-5 zeolite (Catalyst A).

The *'P MAS NMR spectrum for Catalyst A shows peaks at 0, —11, -31 aﬁd ~44 ppm

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

oxygen) to Siand Al

Catalyst B

f0039] 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., 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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by introducing water vapor (2.2 mole/mn) with a carrier gas of H2 (459
cc/mn) at 200 C overnight. A prem xed toluene and net hanol feed (nolar
ratio 4.5) was added to the reactor at 200 C and the catal yst bed inlet
tenperature was increased to about 550 C. The liquid hourly space velocity
(LHSV) (based on nethylation feed) was maintained at 13 about 2 hr 1 and a
cofeed H2 gas was fed and nmaintained to provide a H2/ nethylation feed

nol ar ratio of about 7-8. In addition, water was added to the reactor as
cofeed and was vaporized prior to introduction to the reactor. The

H2Q et hyl ag, o f eed molar ratio was about 0.8 and the reactor pressure
was about Zﬁ“bgFg— Reactor streans were analyzed to calcul ate conversion

and sel ect i [A0¢#4]. Ht@mdeq)rmnhadﬂﬁestzmm@é}ﬁérﬁﬁﬁc%b%@% GORY y@sﬁ? %)%laé%%d

Cat al are shown

selectivit ati n reacti on over
in Tabl e 3)/"“[)1??)M ILF%EE‘EGF @/ét tAe}‘c?SErz@,O Pagmixedaxi £03 g2 @ Ludde-BS- Ti ne on

Stream h 24 CbBoiddl JRG) 22 whir4 23@ hber @ e % Wt er
w B NI, oL UGH d%ﬁb%?’ %Jdélasugﬁng" 0580 5

150101 1. DG Bk ] Beaeoadedoshosticomixiac ond Bemiens 0 0 0 0

1
ow: € 9of0 pa ¢ c&ei .
0 ot e b 4 B LTl 108 AR,

2 1.1 1.
0000

t hyl benz 0000
6 8.3 0. 2‘(3‘”%}‘8@?%% Fr§TaHY Pé"fée gs 2’y egyriedyfop ogfailysoAla!mm Ot repsgg ene 0.5
5 0.1 0. Lal@t 0.vs Orudhdd. ohd 6iz2d & zoEéanbMéL-. &J?@eﬁ ic Qe 0010000
O Trinethyl benzenes 0.4 0. ﬁ 0. lﬁ% W Sg#%mgvéC%mR

cowmor

Catalyst D
[0041] Catalyst A was bound with 20% aluminum phosphate. Catalyst A was bound

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

sized using 20 and 40 mesh screens for catalytic test.

Catalyst E
[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 B

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

EXAMPLES 1-§
[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 m! (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
Teactor 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
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CCO+ 0000O0O0OO0OOOO Conversion/Selectivity, nole% Tol uene Conversi on
15.4 14.6 14.9 13,6 2.6 2.0 2.8 2.7 8.7 9.7 Mxed Xylene Selectivity 97.1
97.1 98.6 98.6 88.5 97.5 100 100 98.1 98.2 p-Xylene Selectivity 89.6 89.6
97.7 97.8 84.8 86.0 93.2 94.3 93.4 94.0 Methanol Selectivity 75.6 72,3
62,9 64.3 29.5 24.9 27.1 27.7 58.0 61.0 EXAWMPLES 6-8 Catalyst F-1T [00441
Usi ng the procedure described for Catalyst A NH4-ZSM5 having a Si 2/ Al 203
nolar ratio of 280 was treated with H3PO4 acid. The H3PO4 acid treated
ZSM5 was then heated at 510-530C for approxinmately 10 hrs. Three al um na
bound cat al yisdusy Wer £dARdRed HS kb t 0 W%
o H§ Miﬂ@d eac Llﬁg&{ﬁg }%ﬁler gf/gleﬁ’é(&w?ﬁ Eﬁ%

al um na (Al coa H Q40) as binder ated at
di fferent nBRIZFIAYC 106 AR gt%r@sadﬂﬁloﬁowmicmsaddﬁsifs thd ZeaFroths mteaw@ME was
heated at avdpBXiddumok %Wﬁﬁéﬁkwrﬁm% %QQE Thg%fﬁ %@%éwe%gfwﬁ? at a

maxi mum tenper at ure. of
t enper at ur e bogk 0. B et e fﬁlaﬁté’f @@@mws amr 20 pest Behcfoo lstrezzmhmxeﬂe apRyRy kat i on

usi ng the cangiitd n 5. Ta hows the |iquid
product stream an%ﬂicgflg@i%ée@ggw ergﬁ%ﬁ%éor@“ PR A Yste§/a‘i‘ ?0“6%&51311?%43 F-H
for Exanpl e€legidly fppplmng raetbehijost repct@nlovir CEMAMBLAFBaré showili e B8 St r ear n,
h 24 143 23645 24 120 Product Analysis, w% Water 21.0 21.5 21,0 20.8
21.1 20.5 I\/EthanoI010101020102 Di methylether 0 0 0 0 0 0

Benzene 0 0 0 0 0 O

TABLE 3
Catalyst ' A B C D
EXAMPLE 1 2 3 - 4 5
Time on Stream, h 28 £18 24 125 22 124 30 150 25 121
Product Analysis, wi%

Water 206 203 209 215 192 188 193 192 202 19.4
Methanol 0.3 0.3 01 02 1.2 L1 1.1 0.9 07 06
Dimethylether 0 0 0 0 0 0 0 0 0 0
Benzene 0 0 0 ¢ 0 0 0 0 0 0
Toluene 644 648 T52 649 762 768 765 76.0 699 695
Ethylbenzene 0 0 0 0 0 0 0 0 0 0
p-Xylene : 127 126 133 128 238 2.7 2.9 36 83 94
m-Xylene 0.9 0.8 02 02 03 02 @1 0.1 04 04
0-Xylene 0.5 0.5 Q.1 0.1 0.2 02 0.1 0.1 02 02
Etlllylto luenes 0.1 0.1 0.1 0.1 0 0 0 0 0 0
Trimethylbenzenes 0.4 0.4 0.1 0.1 0.1 0.1 0 0 02 . 02
Clo+ 0 0 0 ] 0 0 ] 0 0 0
Conversion/Selectivity, mole%
quqenc Conversion o 154 146 149 136 26 _ 20 28 27 87 97
Mixed Xylene S‘eI‘ecthty 97.1 97.0 986 936 885 975 100 100 981 982
p-Xylene Select:'w.ty 89.6 89.6 977 978 848 860 93.2 943 0934 940
Methano! Selectivity 756 723 629 643 295 249 271 277 580 6.0

EXAMPLES 6-8

Catalyst F-H

[06044] Using the procedure described for Catalyst A, NH4-ZSM-5 having a 8i0,/A1,0,
molar ratio of 280 was treated with H;PQj acid. The H3POj4 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 Hi(Q40) as binder and

each was further calcined or heated at different maximum temperatures to form Catalysts
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Tol uene 64.6 63.5 65.2 65.6 65.1 65,9 Ethylbenzene 0 0 0 0 0 0O p-Xylene
13.7 14.2 12.8 12.6 13.2 13.0 mXylene 0.3 0.3 0.4 0.4 0,2 0.2 o-Xylene
0.2 0.20,20.20.10.12 Ethyltoluenes 0.1 0.1 0.1 0.1 0.1 0.1

Tri met hyl benzenes 0.2 0.2 0.2 0.2 0.1 0.1 GOt 0000O00O

Conversion/ Sel ectivity, nole% Tol uene Conversion 14.7 14.7 13.8 13.4 13.4
13.4 Mxed Xylene Selectivity 98.3 98.2 98.2 98.2 98.6 98.5 p-Xyl ene
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 | (00451 Using the procedur e
descri bed fa-HCataly¥st whs LMW mﬂﬁﬁ’ 120 t t' q of 280
was treated Wth J—B}I%Oél acid. The 2 szl Eeogt%{gg S@?tﬁ@t edheat ed
at different” t BRpEHE [Fmpsragre 965?@"02@@*30%11 ‘-@B(ﬁez&‘ed aﬂaemdnelatlmttempdmdre P-

nodi fi ed ZSWEBozeal | tepd ed 20 wt (Al coa
H Q40) fol lLowing the sa?r%eggit%\gg%u%g% %e@gm nfe%rytl%ﬁflaqsﬁygt %Gon;h@o
cal ci ned or Fﬁéﬂ{’%dmaﬁmﬁnplﬁsa%r@mrﬁab]érﬁpéﬁiczﬂmﬁ:e lofuld poiduG 1fetin H3GsE. anIhese

bound cat al y&dvesicdasi I K, were tested for

t ol uene net hyl ati on ug?%‘egﬁgé%%ﬁsﬁ%ﬁg& esc g 15 for Exanples 1-5.
The 31p MAS NWR spectra for Gatalysts | and K are shown in Figure 2. The
31P MAS NMR spectrum for Catal yst | m‘?nl y a single peak at around -30
ppmwith a long tail (Figure 2 spectruma). As the heating tenperature is
increased for —the P/ZSM5 (used prior to binding with alum na) to about
300C or higher,_the f¢angst bound catalwyst nmay show additionaf peak(s),

including a peak at mtoung -44 ppm (Sgg, for 7 8
Time o1 Stream, h 24 143 23 125 24 120
Product Analysis, wi%
Water 21.0 21.5 210 20.8 21.1 20.5
Methancl 0.1 (.1 0.1 0.2 0.1 0.2
Dimethylether 0 0 0 0 ¢ 0
Benzene 0 0 0 0 0 0
Toluene 64.6 63.5 65.2 65.6 65.1 65.9
Ethylbenzene 0 0 0 0 G 0
p-Xylene 13.7 142 12.8 12.6 13.2 13.0
‘m-Xylene ¢3 0.3 04 04 0.2 0.2
o-Xylene 0.2 0.2 02 02 0.1 0.1
Etl_lyltoiuenes _ 0.1 0.1 0.1 0.1 0.1 0.1
Trimethylbenzenes 0.2 02 02 02 0.1 0.1
C10+ 0 0 0 0 0 0
Conversion/Selectivity, mole%
Teiuene Conversion 14.7 14.7 13.8 13.4 134 . 134
Mliced Kylene Selectivity 98.3 98.2 98.2 98.2 98.6 98.5
p-Xylene Selecti.vity 96.9 96.9 85.7 95.8 9§.2 98.2
Methanol Selectivity 65.6 658  64.0 634 60.7 64.4

EXAMPLES 9-11

Catalysts [-K

{0045]  Using the procedure described for Catalyst A, NH4-ZSM-5 having a Si0-/A1,04
molar ratio of 280 was treated with H;PO, 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 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 1, J and K, were tested for toluene methylation using the conditions described
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exanpl e, spectrumb of Fiore 2 and spectrumb of Figure 3). Table 5
summarizes the initial heating tenperature of the unbound P/ ZSM5 and
catalytic test results obtained for bound Catalysts I-K Also, the data
for Catal yst B reproduced from Table 3 is presented in Table 5 for
conparison. Those catalysts made fromthe P-nodified ZSM5 zeolite that
were heated at a tenperature of 300 C or higher and then bound with a

sui t abl e bi nder showed 90% or hi gher p-xylene selectivity for tol uene

met hyl ati on. TABLE 5 Catalyst | J KB P/ZSM5 Heating Tenp 90C 250C 320C

520C EXAMPLE 9 10. 12 .2 Tine, on Stream h 23 126 54 150 24 126 24 125
Pr oduct Anallf?fsl?qxé‘,npiﬁi &%ﬂ@%zwmp%&@fz%#ﬁm andJq a showimHigge

Met hanol O Q. Ord*'P MAS NMA. PectRin TRk ata8lsh e Ehdths By 9 s ggalpat Behgesg 0.3
0.10.1-0:"r' 0.100.0  Toluene 63.4 63.0 63,8 62.365.8 64.0 65.2 64.9
Et hyl benzen8B G §ny 2 Gigre g-SWFYé‘ﬁé)‘lé.s fheqpating tpmperaue is inoraasadifop 13. 3
12,8 m Xyl erer/2512-51(18e® pBorlto/bifdiny VitB aQudnd- 18 abBat i 0.7
0.1 0.1 0.1,0. cg%hyl t ol uenes, 0 0&50101&l 0 Ifgo 15L 0. ?dgﬁ%r%hlﬁlﬁﬁlg%%y@génzenes

0.2 0.3 0. 3% stemay oy adgijignal geag(sh ieylusting ppepk aypver-# onimSedesot i vi t y,

mol €% Tol uetenplen Byeetsh Mo i owde LOnE sﬁ&trﬁm%%ﬂ%%&e%).]‘%‘aﬁe $qhnt-& mM xed

Xyl ene 96.7,97.7 96.4 97. 2.98.6 99.2 98.6 .
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 temperahire 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 I K B
P/ZSM-5 Heating Temp’ 90°C 250°C 320°C 520°C
EXAMPLE 9 10 12 2
Time on Streamy, h 23 126 54 130 24 126 24 125
Product Analysis, wi%
Water 21.0 21.0 20.9 21.7 211 21.6 20.9 21.5
Methanol 0 0 0 0 0 0 0.1 0.2
Dimethylether ] 0 0 0 0 0 0 G
Benzene : 0.3 0.1 0.1 @1 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 v 0 0
p-Xylene 12,3 13.3 12.5 13.1 12.7 14.0 13.3 12.8
m-Xyleng 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 ¢ 0.1 0.1
Clo+ 0 G 0 0 0 0 0 0
Conversiow/Selectivity,
mole%

Toluene Conversion 16.2 16.6 15.6 16.4 13.2 14.6 [4.9 13.6
Mixed Xylene 96.7 97.7 96.4 97.2 98.6 99.2 98.6 98.6
Selsctivity
p-Xylene Selectivity 80.0 84.6 84.1 84.7 98.2 98.4 977 97.8
Methanot Selectivity 69.7 72.1 67.9 70.8 58.3 64.6 62.9 04.3

'Maxirum temperature at which P/ZSM-5 was heated prior ta binding with alumina.
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Selectivity p-Xylene Selectivity 80.0 84.6 84.1 84.7 98,2 98.4 97.7 97.8
Met hanol Selectivity 69.7 72.1 67.9 70.8 58.3 64.6 62.9 64.3 Maxi num
tenperature at which P/ZSM5 was heated prior to binding with alum na. 16
[ 0046] For conparison purposes, the conversion and selectivity data shown
in Table 5 was averaged, and those observed for Catalyst | were scaled to
1.00 and then were conpared with other catalysts on a relative scale. As
shown in Table 6, with the increase of the first heating tenperature of

t he phosphorus-treated ZSM5 prior to conbining the zeolite with a binder,

t he p-xyl enepggdiecid, | dwith a decrease in toluene conversion.

TABLE 6 Cat a{ yst] | f%bﬁgéadsg'f@%ﬁf%sﬂg%{’%’a“*?éﬁﬁgF%?CHV@{ datp sloovis (FaBRG 520

Rel ative ActV#i typraged,00d0hee @s85ed fB7CatRed:al wie s@ﬂé@'toSQ!O@CeHthih%}"wex]e- 00
ich PIZSM5 was heated prior to

1.02 1.19 1.b8%hpard i [ature at

bi ndi ng wi th %lp Sﬁ%@%?ﬁ%@% nf‘\ﬁiiatwﬁts\giﬂ%o%rﬂ%%ﬁbwlwwmuheinbream 5 for
t he respect iaféhecishliopting teperiatnid yf B8 GhSphded-ratkddyzSNABSHIY 8, uﬁﬁé aloyst |
vere scal ed 4@id 08, ang.d.nep. compared wth those obtai'ned on othe

catal ysts. [0047) AS can be° SEene Hechripsmerassdorith e deratasovas thleatced at a
t enper at ur e “Bfveglyout 300C or above, and then bound with alum na foll owed
by calcination or heating at 500C ahove showed i ncreased shape selectivity
produci ng p-xyl ene selectively for terildhe met hyl ati on. Hi gher activity

wi th decreased p-selective catal yst can be achieved by heating the P/ ZSM5
at 300 C or less and bi Aditng w th al um na gna~carcymrmyg—of hcat}; Areg—-at 500C

or hi gher. EXAWP r2=18—Cat-atyst—t—and—M
g 1!7‘55?/[—& éeatang 'I‘fampe;.&atgzlz:lrcflc‘?l‘ﬁ - 30 250 320 520
Relative Activity® 1.00 0.98 0.85 0.87
Relative Para-Selectivity? 1.00 1.02 1.19 1.19

[t .

Max i Z i indi i

zAverI;g[;n; ;cﬂr:;;e(riatture at whu;lh P/A$M~S was heated prior to binding with alumina.

T ala pamts shown in Table 1 and S for the respective catalyst. Activity and selectivity
rved on catalyst I were scaled to .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 temperafure of about
300°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
(Si0x/ALO; mole ratio 280} was (reated with H3PO, and then heated at a maximum
temperature of 550 °C. Analyses of the P-treated Z5M-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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[ 0048] Using the procedure described for Catalyst A an N114-ZSM5 zeolite
(Si 02/ A1203 nole ratio 280) was treated with H3P04 and then heated at a
maxi nrum tenperature of 550 C. Anal yses of the P-treated ZSM5 zeolite
powder, as was carried out for Catalyst A are shown in Tables 7 and 8.
The 31p MAS NVR of the P/ZSM5 zeolite is shown in Figure 3 (spectruma).
The P/ ZSM5 showed sim |l ar properties to those of Catalyst A The P/ZSM 5
zeolite was bound with 20% al um na (pseudobohenite type) and extruded to

make 1/16-inch cylindrical shape catalyst. Alcoa 17 alum na grades H Q 40
Catalysts L and M

d H Q10 talyat d M LSy
an i Q@ V&ﬁfnﬁn&%ﬁgt&{a g%ﬁﬁaﬁﬁ% I)%l \?%wéﬁ,d;? SP@%%Q/ \%eéﬁd 0 regpecindy.530 C.

were cal ci ned or
Figure 3 sh&wlxatslnmld\msmma}smmw heatddsRRch iinkedhiraidd R, nd, ~Bound

catal yst - Gaia o ctrum for Catal yst Mshows t wo
strong peaks atﬁar(tg)un%é"urigé W%p FPesiem (spactHismb ¥f¢n«§1duﬁlh@rs ,

si gni fi cant byundfoatipst h@aﬁaﬂypt MSINW?PS@&SNN@sE&EnM@W&E ARwi QYN
Aﬁ/ISOI’ptI on "P MAS

Figure 2 (s r LE,7 El tal Analysis, w%N
R S Al B B AT o g Gy B 14 ro. olws e spubemdm a |
Figure 3 TABQ:Eﬂae“pmwmamad;mwaamysdr 5@%%%%& rtg%rg d spaci ng
[A] Intensity 11.08 100 4.25 6 9.99 54 4.00 7 9 46 9.70 17
3.80 27 8.01 6 3.71 28 6.54 7 3.64 11 6.33 9 3.53 18

TABLE 7
Elemental Analysis, wi% N2 Adsorption P MAS NMR
8i Al P SA, mg PV, mifg
35.38 0.30 9.72 188 0.15 See spectrum = 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
8.0t 6 371 28
6.54 7 3.64 [t
6.33 9 3.53 18
5.98 16 2.98 o
5.70 4] 2.78 i}
5.55 8

*Intensities shown are scaled in arbitrary units so that most infense
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 10, respectively.  Under the reaction conditions used for toluens
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5.98 16 2.98 10 5.70 6 2.78 6 5.55 8 *Intensities shown are scaled in
arbitrary units so that nost intense peak is 100. [0049] Catalyst L and M
were tested for toluene nethylation. The reactor, catalyst charge,

catal yst drying and steam ng procedure were the sanme as described in
Exanmples 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 showmn in Tables 9 and 10, respectively. Under
the reaction conditions used for toluene 18 nethylation, Catalysts L and M
showed i nitji %t onver sion (,63% of heoretical maxinmum wth
greater t halﬁ%‘!&gg%liorﬁ’xgéf-g @%?e%e%\ény@g%%e - Wﬁ]‘agn]e4'3}éetP]é‘E”E‘ﬁ VAt § AQ/E o

Catal yst L HhExatqel madidunlivit: geatSttiafsys hid x4@nd S1d1050% LBerdhle3d:8/Pr oduct
Anal ysis, w% Water 20.6 20.9 22.0 20.5 20.8 20.0 19.8 Methanol 0 0 0.1
0.1 0.10.120.1 Dinethylether 0 00 0 0 00 Benzene 0000 0O0O

Tol uene 65.5 65.1 63.9 65,9 65.6 66. TABE.#9 Ethyl benzene 0 0 0 0 0 00

p- Xyl ene 13.1 13.2 13.3 12.8 12.8 13.1 13.0 mXylene 0.4 0.4 0.4 0.3 0.3
0.3 0.3 oXHepeH0-+0-1-0-2-0-~1.0-1-0..2.0 2 Fthyltoluenes 0.1.0.1 0.1

0.1 0.1 0. 101 Catalyst . L
Example 12
Time on Stream, h 24 43 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 0 0
Toluene .. 6553 65.1 63.9 659 65.6 66.1 66.4
Ethylbenzens : o] 0 0 0 0 0 0
p-Xylene 13.1 13.2 13.3 128 - 128 13.1 13.0
m-Xylene 0.4 0.4 0.4 0.3 0.3 0.3 0.3
o-Xylene 0.1 0.1 0.2 .1 0.1 02 .2
Eﬂlyltoluenes 0.1 0.1 0.1 0.1 0.1 0.1 0.1
rimethylbenzenes 0.1 0.1 02 0.2 0.2

o 0 . 0.2
Conversion/Selectivity, mole%
quuene Canversion 14.0 14.2 4.3 13.3 134 13.7 13.5
Mli{ed Xylene Selectivity 984 98.4 98.3 98.3 88.4 983 98.3
p-Xylene Selectivity 96.2 96,2 96.3 96.3 96.3 96.5 96.5
Methano! Selectivity 62.3 63.1 64.7 61.8 62,0 63.0 61.8
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Tri met hyl benzenes 0.1 0.1 0.2 0.2 0 0.2 0.2 C10+ Conversibn/ Sel ectivity,
nol e% Tol uene Conversion 14.0 14.2 14.3 13.3 13.4 13.7 13.5 M xed Xyl ene
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 19 TABLE 10 Catalyst M Exanple 13 Tine on Stream h 24 54
126 150 173 293 313 Product Analysis, w% Water 20.3 20.5 19.9 19.9 21.2
20.4 20.4 WMethanol - 0.1 0.2 0.2 0.2 0.30.20.2 Dnethylether 0 0 00O
O 0O Benzene 0 0 00000 Toluene 66.0 65.4 65.9 65.8 64.6 65.5 65.8

Et hyl benzene 0 0 0 0 0 0 O p-Xylenepig ;% 3.2 13.3 13.4 13,2 13.1 12.8

m Xylene 0.3 0.3 0.3 0.3 0.30.30.3 o-Xerne 0.2 0.20.20.20.20.20.2
Ethyltoluenes.0.1 0,1 .0.1.0.1 0.1 0.1 0.1 Trinethylbenzenes 0.2 0.2 0.2
0.2 0.20.20.2 Clbyst0 0O 0 00 00 Conversion/ Selectivity, nole% Tol uene
Conversion 13.6 1F«&npl3. 9 13.8 14.1 13.8 13.6 Mxed Xylene Sefectivity

Product Analysis, wt%

Water . 203 . 205 19.9 19.9 21.2 20.4 204
Methanol BN | 0.2 0.2 0.2 03 0.2 0.2
Dimethylether 0 0 0 0 0 0 0
Benzene 0 0 0 v} 0 0 0
Toluene 66.0 65.4 65.9 65.8 64.6 65.5 65.8
Ethylbenzene 0 0 0 0 0 0 t]
p-Xylene 129 132 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
0-Xylene 02 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
Trimethyibenzenes 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Cio+ 0 ¢ 0 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 98.3 983 98.3 98.3 98.3
p-Xylene Selectivity 96.6 96.6 36.6 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
I-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 I’ and a cofeed of H» gas was fed and maintained to provide a Hz/methylation
feed molar ratio of about 7-8. In addition to Hy, water vapor was added to reactor as
cofeed. The H,O/methylation feed molar ratioc 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-sylene and methanol are shown in

Figures 4 and 5.
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p- Xyl ene Sel ectivity 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 [00501 Cat al yst

L was further tested for catalyst stability in toluene nethylation
reaction. The reactor and feed conditions were the sane as those descri bed
in Exanples 1-5. After drying the catalyst at 200 C, the catal yst was
steaned overnight at 200 C. A prem xed toluene and net hanol feed (nolar
ratio 4.5) was added to the reactor at 200 C. The liquid hourly space
velocity (LHSV) (based on nethyl ation feed) was maintained at about 2 hrt
and a cofeed of H2 gas was fed and nmaintained to provide a H2/ nethyl ation
feed nolar ratio of about 7-8. In addition to H2, water vapor was added to
reactor as ZEHMREE 15he H20/ met hyl ation feed nolar ratio was about 0.8 and

the reactor [0B58S S@it%yst%swg@%ilzgm%ﬁ)g&i to Eh%\%?gtglﬁe Y3t ly?x ?llanet F%:;e erature

was |ncreased slow y'to abou ver a perrod o ol uene
conversi on @fueawe&hmu% regefébon Chegastay catet}mrpm@a; ua:teiyadjrjdﬁg aEndteansy made

during the ﬁr@gduﬁ%énggl &0 ggd%sérxtbeé %Gr }gl}%éﬁea 1r7€t g‘gtﬁo?wgﬁggg | On,%asl(% gur es

selectivities to m x ene, p- ene
4 and 5. 20 CEthttéya%\v{aso&smectavmm alVhbwas 200rther gmpmyietdxuteﬁb shbw

stabl e cat S 5P ne meth n L an

react or, cgitléaﬁ%?g% &gﬁér 8?%&%? y‘é’?s %{R{?ﬁ% rﬁacé%eagéloﬁ €. ﬁﬁ%h‘é‘ﬂﬁ?‘@u&re t he
sane descriped veloeitER&RPe fagedsan mémﬁancdr&edjgvats lmmtﬁﬁail ayalbouatz h20hd £, the
cat al yst r t ol .uene and

mot hanol 1 oirot SOE PRI kel ARG 0 s So P et 0o e

| i qui d hourabgut FPack ‘a@dltml try HzLH@t& \(BIDGJS&dS axdatetohydaabt @ cfoﬁ:@ﬂi) TRsS

mai nt ai ned S was fed intained to
provi de-a |-I'|%/ met ﬁﬂ%téotal égéﬁd gfeggra?rlﬁlvgars g %‘Tﬂzregcg%tﬂms?“% WaF gﬁ Pi8n to H2,
wat er vaporThM%falaﬁtd?@dl inlet trepobiore wss mcxfe%di slo%eto ﬂﬂZGCrﬁi&:haf batddot theed nol ar

ratio was about :H.& c ur out 20 he catal yst
bed i nl et te%per At ur gggmgé8§%‘n%€%’§§% & ﬁﬁ%ﬁ%é@(’@r “‘Béﬁ:’[‘ YA tine
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
deseribed 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
HzO/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 toluenc
conversion of about 14% was obtained and when no further reactor temperature
adjustment was made during the test period. Reactor streamns 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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to give toluene conversion of about 14% and no further reactor tenperature
adj ustnent was nade during the test period of 1560 h (64 days). Tol uene
conversion, and selectivities to m xed xyl ene, p-xylene and nethanol are
shown in Figures 6 and 7. EXAMPLE 16 [00521 Catal yst A was enpl oyed to
test its stable activity for toluene nethylation. The reactor, feed
conposition, catalyst drying and steam ng conditions were the sane as
descri bed for Exanples 1-5. After drying the catalyst at 200 C, the

catal yst was steanmed overnight at 200 C. A preni xed tol uene and net hanol
feed (nol ar duddg Mededd)peres opdele dourt e r ui_d

hour |y space, vegl ocCi typ LHS based%oﬁaﬁé{ 39};19113&{38?&93 av‘\’lgsl%%(%hﬁ “Si ned at
about 2 hr - IVHf1%4- &‘?f}é‘é%il é’é@’ Waised-rdepeatstictiviinardi m@ﬂelteoselqanmw te a

H2/ met hyl at Cenlykged mahal,r abh@as ter vwas added
to the reactor as cofeed a%ghmgﬁjgg%:@éaﬁdpﬂzogﬁ?gb&h P W%F’ ARt o t he
reactor. Th Ou“ﬁfﬁa’rﬁ‘éttsﬁ@q“ﬁdl%ﬁf‘aﬁée/ﬂm%ﬁwiPfxa’tm@sa}@swmbout 0.8 and the
react or pressure was about 20 psig. The catal yst bed inlet tenperature was
slowy raised to 492 C when a toluene conversion of about 14% was obtai ned
and when no further reactor tenper atTlABLEeldj ust nent was made during the
test period. Red@hflsishI-FelEy, Wolk e vzed ety sn%’ CE‘a:atéf CE-conversion and
selectivity. Figure 8 shows steady_toluene cohve orr'as a function of

time on stream _The unbound P/ ZSM 5**¢RE &t y’é’iamEICéSt a@"ff@’c‘“ﬁ‘) showed stabl e
performance 21 dur FrigntPravdagst peri ot of 72@dhours 180 days). Table 11

pr esgnt sI t he av?ar a\geedt}(}lehﬁéﬁctw@on?/er 5d. 10n| ne(;?t@,anol fs)glgecti V: ty, 4

m xed- xyl ene sel ect xyl en el ect |ty or Catalysts A L an

M Contrasted to th"l’e%%‘%sgggw%/ ZSM 59672:at al st the &ffnina bound catal ysts
showed at | east _5% YHerdaged - xyl en@”sel ect?ity. TFABLE 11

Conversion/ Sel ectivity, nole% Catalyst L Catalyst mCatat yst A Exanple 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
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p- Xyl ene Sel ectivity 963 94.8 88.0 Methanol Selectivity 65.7 70.0 67.7 22
CLAIMS W claim 1. A zeolite catalyst conprising a phosphorus-containing
zeolite that is bound with an inorganic oxide binder that exhibits at

| east two B1P MAS NWVR peaks with maxima at from about 0 to about -55 ppm

w th at Iq Egﬁ gne peak having a maxi num at from about -40 to about -50
ppm 2. lite catalyst of claim1l, wherein: at |east one of the at

| east two 31P MAS NMR peaks has a maxi mum at from about -8 ppmto about
-15 ppm W¥¢laime ot her of the at |east two 31P MAS NVR peaks has a maxi mum
at from about -40 ppmto about -55 ppm 3. The zeolite catalyst of claiml1,
wher ei n:1.at Aemslitcoraéalpdt doheraingl £ahtshons3bRtdid: MbRitpadksishasmad waiaum
at about -13 ppm and the other of the at |east two 31P MAS NWR peaks has a

maxi num at  gheghnic44idePRRler4hat BRRiHALA14SE tvRf > B IMARNMRRRKS Wih hankiader
material includes at |east one of alumna, clay, alum num phosphate and

silica-alum a of. . el Al , ILn: Lnde al i1s
o ol ur e cn aout 16 (088 SY BhrrObyfh 1 i oncNEK B fing b W10 1R B
the zeolite ié a bZﬁg/gs% zeolite. 7. The catalyst of claim1l, wherein: the

a

bi nder mat er"iﬁIL FO 288 2% Fr om about 1% to 99% by weight alumna. 8. The

catal yst of claim1, wherein:

2. The zeolite catalyst of claim I, 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 31P MAS NMR peaks has a

maximum at from about -40 ppm to about -55 ppm.

3. The zeolite catalyst of claim 1, 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 *'P MAS NMR peaks has a maximum at about -44

ppm.
4. The catalyst of claim 1, wherein:
the binder material includes at least one of alumina, clay, aluminum phosphate and

silica-alumina,

5. The catalyst of claim I, wherein:

the binder material is an alumina-containing material.
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the binder material is present in an ampunt of from about 1%to about 99%
by weight of the bound zeolite catalyst. 9. The catalyst of claiml,
wherein: the zeolite contains 10-oxygen ring pores. 24

6. The catalyst of ¢laim 1, wherein:

the zeolite is a ZSM-5 zeolite.

7. The catalyst of claim 1, wherein:

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

9. The catalyst of claim 1, wherein:

the zeolite contains 10-oxygen ring pores.

24



