METHOD OF MODI FYI NG ZEOLI TE CATALYST TECHNI CAL FI ELD [0001] The invention
relates generally to the alkylation of aromati c conpounds and catal ysts
used for such reactions. 1 BACKGROUND [0002] Para-xylene is a valuable
substituted aromati c conpound due to its great demand for production of
terephthalic acid, a ngjor conmponent in form ng polyester fibers and
resins. It can be comrercially produced from hydrotreati ng of napht ha
(catalytic reform ng), steam cracking of naphtha or gas oil, and tol uene
di sproportionation. [0003] Alkylation 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 catalyst, particularly over zeolite or zeolite-type catalyst. In
particular, ZSM5-type zeolite, zeolite Beta and silicaal um nophosphate

(SAPO) catalysts ha f S 0 ngfs; Iy, a
t her nrodynam ¢ equi | ﬁﬁﬁ&mﬁgpﬁmﬁﬁﬁﬁ%ﬁ%& T?r) - and para
(p)-xylenes can be fornmed fromthe nethylation of toluene, as is

illustrated by the reaction below CH3 CH3 CH3 CH3 TOLUENE + CH3CH 0- XYLENE
M XYLENE IELD :

[0001] The invention relates generally to the alkylation of aromatic compounds and

catalysts used for such reactions,



[ 0004] Thernodynam ¢ equilibrium conpositions of o-, m, and p-xyl enes may
be around 25, 50 and 25 nole% respectively, at a reaction tenperature of
about 500 C. Such toluene nethylation may occur over a w de range of
tenperatures, however. Para- xylene can be separated from m xed xyl enes by a
cycle of adsorption and isonerization. Byproducts such as C9+ and ot her
aromatic products can be produced by secondary al kyl ati on of the xyl ene
product. [0005] A significantly higher anount of p-xylene can be obtained in
toluene nethylation reaction if the catal yst has shape sel ective
properties. Shape selective properties can be obtained in nodified zeolite

cat al yst SBQ&F%@@M zeolite pore opening size, inactivation of the

ext er nal he zeolite or controlling zeolite acidity. Tol uene -
met hyl at i [@ﬂOJt}a;Pamcmeowear vialydblf | sabistiagd Brogratio Shpouypdue dolifst ge cat al yst
gi ving Xy n t | af el amoun of p-xyl ene
Phan ot ne S BrckiiEleRof 35 b Bl iR B R bR PV of ner
phosphor uﬁbemomtdarasmmg Iccmqn@andmﬂmmelbbpedmeéefd)m chydmxﬂatfn)g odShdphthzeol i t e

cat al yst s row de.shape sel ect.i

t ent . 6,504, 072,
for insta %t@l i £ tHe™ r%ré‘f%t ﬁ?@k‘ﬁ 5°’2ee?si ¢ b g:}ggl ;@be“\%i th

phosphor usisprépotinkiicdl the reduction of d| ffusivity and pore volune prior to
severe steamng to pro i de a para-selective catalyst. U S. Patent No.

4,554, 39400934 ¢ >é§t1°[nh@ tofigng Mt eathapalyvahichs 4f 31505 KRPYR % RIBSE phase

or gaHODhQﬁ&Hﬁéﬂb’ﬁ MeAYeHt ude@ R RY¥bERry Radiss §& pRshity Bax9RAE.t | Btuenk 0007]
Unfortunately, ere are a nunber of technical hurdles for toluene

net hyl at |I6ﬁhylﬂtt9n6é5 OEPRTRATRT §ecueeE 8eiflig| catalygt, ipATdcRBYeMerszealite ofieeded. 3
BRI EF DESCRiETEN GhlyiE D@%ﬁlﬁﬁléooﬁﬁk- F9pe 224BREE GOUTRE €BeraUNger st andi ng

of the present”invention, reference i s now
silicaaluminophosphate (SAPO) catalysts have been used for this process. Generally, a

thermodynarmc equilibrium 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.

@ 4 CHOH -~ ©/ @\ HzO
_ 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 tempcrature of about 500 °C.
Such toluene methylatlon may occur over a wide range of temperatures, however. Para-
xylene can be separated from mixed xylenes by a cycle of adsorption and 1sornenzat10n
" Byproducts such as C9+ and other aromatic products can be produced by secondary
alkylation of the xylene product.
[0005] A significantly higher amount of p-xylene can ‘be obtained in toluene
methylation reaction if the catalyst has shape selective properties. Shape selective
properties can be obtained in modified zeolite- catalysts by modifying zeolite pore
opening size, inactivation of the external surface of the zeolite or controlling zeolite "

acidity. Toluene methylation may occur over mpdiﬁed ZSM-5 or ZSM-5-type zeolite



made to the follow ng descriptions taken in conjunction with the
acconpanying figures, in which: [00091 FIGURE | is a plot of BET surface
area of different H3PO4 nodified ZSM5 zeolitc catalysts as a function of
t he amount of phosphoras used in the nodification; 10010] FIGURE 2 is a

pl ot of total pore volune of different H3PO4 nodified ZSM5 zeolite '
catal ysts as a function of the anobunt of phosphorus used in the

nodi fication; [0011l] FIGURE 3 shows 27 Al MAS-NMR spectra of (a) NH4-ZSM 5
having Si Q2/ Al 203 nole ratio 280; and of .(b) phosphorus nodified ZSM 5
zcolite catalyst;, 100121 FIGURE 4 is_ a plot of wt%total xylenes and

sel ecti vi toptabyst SIHREKYIREA RABSISLABtaFIngsigniisanttyogreaier| amountg opporyisae that r eam

obt ai ned ftﬁeoﬂﬁkﬁ&ld&&%ﬁc kgt on over H3PO4 nodified ZSM5 zeolite ,
catal ysts having a starting Si 02/ A1203 nole ratio of 30 as a function of
amount of [pHSEpEbespheriaasahndpthenphaspbinisiaoateingtg compdundddee] beEr BRI 5 i s a

pl ot of 00 4 Ot DR 3 LV Ly t e xyl ene for
B T qui d N RE s S Kt o e RS ek Mg

nodi fi ed 2,9M)032,z feolistagce; &Escddsysithe Hreatwieny ol BSMat tdenigte Scatipt AWZD3 nol e

ratio o f 80 as .a fundction of a of phosphort used i.n the

nodi fi cat ipé(ﬁs.pgﬂm%ﬁ,&ﬂ%g thﬁé@f{yﬁ ggﬁ?%‘é‘ﬁﬁ aﬂg pﬁgeec\fg]h&élre ef rho,r tf) Ahsgveé'?(pr essi on

" ZSM 5- t ypeaming topesvidet oparefedective citilpse WSoPhteNo. t4Eu, 394 discseattheict ural |y

t he sane as ZSM 5 lite Additionally, the expressions  "ZSM5" and
7S ot y e S AL Rt TR § KT el SeRP R SRR CaraFab S B anot her
and shoul q;aﬁcgaebt@veqﬁ@@hfeued inany limting sense. The ZSM5 zeolite
catalysts _and their preparation -are descri S. . Patent No. 3,702, 886,

bog
whi ch” i s HeYE] n Unirippeathers %’i/af’lé‘fﬂé‘?réﬁéféhniigg‘?%’]?esg@f tpdisne metIHOR cat al yti c

activity Gape Qenigtibmedicasstingd RhRduidiRrdiecdt al  xyl enes as nmeasured by
the wei ght% of total xylenes in the liquid product stream



obtained at a given toluene nethylation reaction conditions. As. used
herein, the total xylenes selectivity can be defined as: %otal Xyl enes
Selectivity= (X,,/Xm) x 100 (2) where, Xt~ is the weight % of total xylenes
and XA,, is the weight% of total aromatic products in the liquid product
stream As used herein, selectivity for p-xylene may be expressed as: %

p- Xyl ene Selectivity = (X~X.) x 100 (3) where, Xp is the wei ght % p-xyl ene
in the liquid product stream (00161 ..Bynodifying ZSM/5 zeolite catal ysts
wi t h phosphorus containing conpound to provide a selected pore vol une,

i ncreased para-selectivity may be achi eved without the need for subsequent

steam ng or additional treatnent of the catalyst. Furthernore, increased c
atal yst a ghipi byseardpriioN & 1a¥ ime®8csl ectivity in ay b e achieved d
uring u se i n to ruene nethylatron tor_particular ZSM5 zeolite catal ysts,

while stil[00p§] ovﬁoauaﬁgornlcgrnplste WPfétlﬂ}@dl%%Pfeg? ipyaseny invention 74fervies isnawti ng ZSM 5
zcol ite maybe m}?]é\!!rdﬂ?wﬁas dEchRBﬁ 5 288h if Eonj Mfl&pwﬁﬁmeach&npa}lgﬁ @ g of a

powder or any ot orm e present”invention edlite
cat al yst nmaywvhidhe| ude those haV| ng a silica/alumna nolar ratio of greater

t han 25 prj t i ficati z I nj %gRP nd. As is
di scussed @g?% OFI%}%% icS|isl lg Qﬁﬁﬁﬁg?arcgtl?%poggﬁﬁ%ﬁﬁﬁ%t@f g'}og%ﬁﬂ zgol ite
cat al yst neplitautelystnasd ﬂue@ton@lﬁthemmytsaf phaaplidres usyd @rtble mydi@retiosel ecti vi ty' of

t he subseq |y, t in uene met hyl.atjon.. I tain
i nst ances, H’?ﬂg §%§?§I§ ﬂﬁﬁ%ﬁlﬁpg P‘ge iug’teaoﬁtdﬁnﬁ e’ééﬁ%?‘ FP&QE%Q%% 250, 280,
300 to 100£obMe chmlysts hsa fafndiof o theiaglo et ofhdsyliidrys wed i thoi@obdifisidnp- Xyl ene
selectivit Q[ 0 h hosp us, C und may he sﬁg‘t gﬁo s-cont ai ni ng
acid, such%g ] %ﬁgi%% 5. qei d ’A(II—MMCPPBWSISEO@L 2 (H3BBB%. . For
phosphor USSiO9/AL,a, mdngancazsodm cxfm@ p%@épﬂoﬁﬁmobﬂie&lism fbecditCRARGRNL rati on of
greater than 50 w % _The phosphor
[0012] FIGURE 4 is a plot of wt% total xylenes and selectivity to total xylenes and p-
xylene for a liquid product stream obtained from toluene methylation over H;POq
modified ZSM-5 zeolite catalysts having a starting SiO,/Al;03; mole ratio of 30 as a
- function of amount of phosphorus used in the modification; and
[0013] FIGURE 5 is a plot of wt% total xylenes and selectivity to total xylenes and p-
. Xylene for a liquid product stream obtained from toluene methylation over H;PO,

modified Z SM-5 zeolite c atalysts having a starting SiO,/Al,03 moleratioof280asa

function of amount of phosphorus used in the modification.



conpound may al so include other non-acid phosphorus-contai ni ng conpounds,
such as ammoni um hydrogen phosphate ((NH4)2HPO4) The anpunt of phosphorus
used may provide a phosphorus content of the treated catal yst of from 0.04
g P/g zeolite or nore. 1In certain applications, phosphorus nay be
i'ncorporated into the catalyst in amounts of from0.09 g P/g zeolite or
nore, with fromabout 0.09 g P/g zeolite to about 0.15 g P/g zeolite being
suitable in such applications. [0019] The phosphorus nmay be i ncorporated
into the catalyst by preparing a slurry of the zeolite and an aqueous

solution of the hosEDhor us_conpound. Heating of the slurry "may be used to
facili tategﬂfw_w Oleol ite catalyst and to evaporate Iiquids.
Heating of jgbfl SALSLY hirGin! tﬁ%r@srsféﬁe‘ispifé-fﬁgmsz&ag th PefBB Y osd O lifes! S

suitable in nost instances. The slurry nmay also be stirred or agitated
during t hiatswregsasueiirelly eysanfeorrZSMeoacoinest . LoDROIallghthe expressions

phosphor usnm?_' bi ¥ | t1e.€ VA : y d nd wth a
bi nder. Exanp gs a'g Zglgﬂt% & %l‘agd}}eér {slse?ﬁ%éfégrgéﬂiﬁ%ﬁc’%g%ﬁ gﬁémggssgﬂ gm na,
clay, and ansiher zdl. shiHdget beewhstiugd és amysladitiip senge. e Plar 231~ teeliscatnalystsat al yst

are well k 1n art L alyst ] %o + ey be cal cined
at a terrpe%lgml% rt V\%@E\ ai%gl%ﬁg%gﬁn g% %t?ng%go(rji gz(\)/l’r ohmc{h %:So% r%hgni ng
oxygen, tyiptwpdrhtyd by refergr0821] The treated ZSM 5 zeolite catal yst shoul d

provi de a | pore .vol une from. abou . r less. M

Dot cul arGisT bGPt s R AEViRh s ki Glaeiom Shattiter el Bl «o

about - ?. 07xy:1|énég as rr}leaﬁnﬂEEy s?af fu&@wgrcﬁatoat xtytaﬁesZﬁ[MhB lz@dd Eltoeuaadha.hyst may
range from|less than 300 nR about 10 [.0. 022 e,

oo hor G AR B R eGP el P TERcsan P hRe | Poareed RGN o ot

t et r ahedr alyiglks sedctivigl calbeidefifdacaszeol i te framework showi ng a weak 27Al - NMR
peak at around 50 ppm but the catal yst contains "debris" or extra

framewor k al um num (EFAI)r i nside zeolite (por es. showi ng a strong 27A1- NWVR

where, X is the weight % of total xylenes and X, is the weight% of total aromatic
products in the liquid product stream. As used herein, selectivity for p-xylene may be

expressed as:

% p-Xylene Selectivity = (Xp/Xy) x 100 3)

where, X;, is the weight% p-xylene in the liquid product stream.

[0016] . . By modifying ZSM-5 zeolite catalysts with phosphérus containing compound to
provide a selected pore volume,» increased para-selectivity may be achieved without the
need for subsequent steaming or additional treatment of the catalyst. Furthermore,
increased c atalyst activity and total x ylenes selectivity may be achieved during usein
toluene methylation for particular ZSM-5 zeolite catalysts, while still providing high p-
xylene selectivity:.- -

[0017] The starting ZSM-5 zeolite may be an NHy- or H-form zeolite, which may be in
the form of a powder or any other form. In the present invention, the Z SM-5 zeolite .
catalyst may include those having a silica/alumina molar ratio of greater than 25 prior to
modification with a phosphorus-containing compound. As is discussed below, the
silica/alumina ratio of the initial ZSM-5 zeolite cataiyst may have an effect on catalyst

activity and xylene selectivity of the subsequently treated catalyst in toluene methylation.



framewor k al um num over extra-framework alum numfor the treated zeolite
catalyst nmay range fromabout 0.'12 to 0.25. [0023) The treated catal yst
may be used as a non-steaned catalyst, in toluene nethylation. As used
herein, "non-steaned,” as it refers to the zeolite catalyst, is neant to

i nclude zeolite catalyst that has not been treated or subjected to high
tenperature steam (i.e. greater than 950'C) to effect structural changes of
the catalyst prior to its use in any alkylation or nethylation reactions.

[ 0024] The nodified catal yst may be contacted with an appropriate feed of
tol uene and nethanol under nethylation reaction conditions to carry out

t ol uene ndt spRRtIRGECEsAthe QY BOn Ml raRITEATtng LM amus RuromrRE0.RRr ogen may

be used i By@R 13PN horRto AhicvERher alivith Wi ifcrB8Ed SRYiEne1cb@liyene. / met hanol
feed. 100251 Water or steamnay al so be i ntroduced into the 'reactor as

.cof eed al 64938Wwi The Phespharsy yempdurdt han bk & peasphormiwontgirrg acid, such gseam u sed f
or t he i E CL] | I du ] r.w.thout hydrogen
B LIORIP SR Bl B pocp et il

as cof eed roca 0 act or e start up of
t he met hykads, tre acidanty tnused 2 & comggnthagon of greederceat e qlibnphdsphorisi ti al

tart . ; Caui d ' k : N
SLar u: e S R NSRSl T G e AR, B0, aRRTLgER, PUOT Lo
react or paessuns fydrogen|phespbatae(Niyd)AITFCan e antouetr ofplmsplidres adekyhat i on may

! awer at PR ProaREE itk of s Rt st o QALY 04 Bide PR ey be.
carried i ertdrdpplioatiofs, ghdshoreinay BaGlcOmpsrateddfito akecatAyeIHm hiounttsefd f or
| ati on_reactjon e or [ ti ors in

carrying qut aro ic afk .. Singl i rea

sor i o5 aNGRdF SR Pl feafte aF Eioes, MU Rt D87 By HEtR e bl L b
met hyl at i ggblitd Q@ 8hitableain SRt sdbpestieat al yst i-s useful in toluene nethylation
for prepari n% a xylene product, froma-feed -of toluene -and_nethanol that

has incred9éd sEMRROPRICTY ey bopinggrpped intq Fresatalyschil ieparinge Lunatlyst may
provide gf}fé?zteﬁfte e BR%us85RRiaNer R0 ¥RBRRnWnREnd. Heating of the slurry

may be used to facilitate treatment of the zeolite catalyst and to evaporate liquids.
Heatiné of the slurry to temperatures of from 70 °C to about 100 °C is suitable in most
instances. The slurry may also be stirred or agitated during this step to ensure uniform
treatment. ) .

[0020] The phosphorus-modified zeolite catalyst may be used unbound or be bound
with a binder. Examples of suitable binders include such materials as alumina, clay, and
silica. -Those techniques used for preparing the bound catalyst are well known in the art.
The catalyst, bound or unbound, may be calcined: at a temperature between 400 °C and
570 °C in an environment containing oxygen, typically air. |

[0021] ’fhe treated ZSM-5 zeolite catalyst should provide a total pore volume of from
about 0.2 ml/g or less. More particularly, the total pore volume may range from about
0.18 ml/g to about-0.07ml/g-- The-BET surface area of the ZSM-5 zeolite catalyst may
range from less than 300 m?/g to about 10 m%/g.

[0022] The phosphorus-modified catalyst contains an insignificant amount of
tetrahedral/structural Al in the zeolite framework showing a weak *’AI-NMR peak at
around 50 ppm, but the catalyst contains “debris” or extra framework aluminum (EFAL)

inside zeolite pores showing a strong *’AI-NMR peak at =14 ppm. The ratio of



selectivity when used in toluene nethylation. Additionally, in certain

i nstances, greater than 90% of total xylene selectivity may be achi eved.

[ 0029] The followi ng exanples further illustrate the invention. 7 EXAMPLES
CATALYST PREPARATI ON Catal yst A-H [0030] The starting material was an

NH4- ZSM 5 zeolite powder having a Si02/A1203 nole ratio of 30. An aqueous
slurry containing 11.63 g of NH4-ZSM5 zeolite and 50 mM  of deionized water
was prepared in a 400 mM beaker. The beaker was placed on a hot plate and
the zeolite suspensi on was stirred using a nagnetic stir bar. The

t enper at uge pensi on ) i nt ai. ned_.around_9 phosphoric
acid (85 work aguanuuzugﬁsver ex% '%%& %g? alpm\ﬁu%nef tﬁ% t‘[eﬁtggﬁg%lfé% calaat i ng was
conti nuedmuyltanlge ﬁdmalbdqulﬂtom evaporated. The phosphorl c-acid nodified

zeolite t 90C to 120 for at | east fo san at 340 Cto
360 C fomﬁﬁee (o) Fséedaﬁﬁalﬁ'ﬁteﬁla?f TiYed 2&t? §3165t€a‘¥1 C%ré @f dhd®Pe%ir for 10

hours. Th@emwhmnneuls wsedhérkia, WRs-steARBd, T hdIs Reels anthe SkARE catdiyfgis ZQantand 40 nmesh -

screens. es 0 ta ysts A-H (see Tabl e epared by varying

he. anount® i “‘%ﬁ&%‘ﬁ%‘&’ ! He Rps Pt eer Begiudetr sv%e%@@%dﬁﬁp%w@ﬁm. ng

NH4- ZSM 5( 1ep§¥\éﬂ&rthan&§6°@l—ib Eaee s@ictaalathdeObothe PRLIGst \abHE(RBasMyed by N2
or catalysts A-H are shown in Table | and in Fi gures 1 and. 2,

adsor pti Cﬁ-{( Y
TABLE 1 Aptipgopmeylation zadions.e H3PO4 P, gig SA, nR2/gPV, m Vg Powder,
gCont ent , 0824 €0telnfodified catalyst may be contacted with an appropriate feed of toluene and

methanol under methylation reaction conditions to carry out toluene methylation. A
hydrogen cofeed may also be used.. The hydrogen may be used in an amount of at least
0.1 mole per mole of toluene/methanol feed. '
[0025] Water or steam may alsc be introduced into the reactor as cofeed along with the
toluene/methanol feed. The water or steam used for the m ethylation reaction may be
introduced with or without hydrogen as cofeed with the hydrocarbon feed to the reactor
during the start up of the methylation 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 hydrogen cofeed (if any) and hydrocarbon feed..
[0026]- The reaéto; pressure for toluene methylation or other aromatic alkylation may
vary, but typically ranges from aBout 10 to about 1000 psig. Reactor temperatures may
range from 400 to 700 °C. '
[0027] The reaction may be carried in a variety of different reactors that are commonly
- used for carrying out aromatic afkylation reactions. Single or multi reactors in series
and/or parallel are suitable for carrying out the toluene methylation. .
[0028] The modified catalyst is useful in toluene methylation for preparing a xylene
product from a-feed-of-teluene-and methanol thet has increased selecﬁvit'y for p-xylene.
In particular, the catalyst may provide greater than 80%, 85% and 90% para-xylene
selectivity when used in toluene methylation. Additionally, in certain instances, greater
fhan 90% of total xylene selectivity may be achieved. '

[0029] The following examples further illustrate the invention.



A10046. 504. 000. 023266. 40. 483 B5011. 631. 080. 025259. 00. 340

C5011. 632. 520. 058157. 80. 212 D5011. 644. 040. 09366. 90. 189

E5011. 636. 010. 13924. 00. 183 F5011. 638. 050. 18618. 60. 179

Gb011. 6412. 510. 27914. 20. 077 H5011. 6416. 010. 3709. 70. 079 100357.20.579 "Tot al
anount of phosphoric acid (85% i n aqueous) or P used in the preparation
[0031] As c an b e se en fromT able 1 and Figures 1 and 2, a sharp decrease
i n BET surface-area (SA) and total pore volune (PV) of the zeolite

catal ysts A-H prepared by wusing starting NH4-ZSM5 having Si Q2/ Al ZO3 nol e
ratio of 30 with increasing anDunHa%UaiLﬁgosphoric acid or P was observed. 8
Catal yst J-N 10032] The .starting material was an NH4-ZSM 5 zeolite powder
havi ng a SCAZARYROPRERARATEONO o f t 80. A slurry containing 12.09 g O N
H4- ZSM 5 zgoljte ifd 50 mM of deionized water was prepared in a 400 m
beaker. The2 = was placed on a hot plate and the zeolite suspension was
stirred usjongp]a Thegheingematidl wadran NHyeZIMIRRokt poedafhaihe a SOyASMsI OoN was

Bded o ogPar SHOALh CRESEAR B PTG | LBCE EONTAKE IREFEAR o qui d was

evapor at edef dettRizpd0aRNoAL repaied iR A0l het Bedken| TheborREr Wis ReteatonAxett 0 120 C
for at least four hours and at 340 Cto 360 C for three hours and then
cal ci ned aRlai5 3 tee gQltesappepsiomyay stiFied uiing 2 BessHE P& b BN SRY#EE %% eol i te was

then crushgd sapehsihnzest Haihthed Aro@B b4, TeSHB §hegssrc Acideliesgfincatal ysts
J-N (see Table 2) were prepared by varyln% ‘ . ) o

aqueous) was added drop wise into the beaker. Heating was continued until all Lquid

was evaporated, The phosphoric-acid modified zeolite was dried at 90°C to 120 °C for at

least four hours and at 340 °C to 360 °C for three hours and then calcined at 510 °C to

530 °C under air for 10 hours. The calcined zeolite was then crushed and sized using 20

and 40 mesh screens. A series of catalysts A-H (see Table 1) were pfepared by varying

the amount of phosphoric acid with respect to the amount of starting NH4-ZSM-5 . -

powder. BET surface area and total pore volume (measired by N, adsorption) for

catalysts A-H are shown in Table 1 and in Figures 1 and 2.

TABLE 1
Catalyst Water, ml Zeolite H,PO, P, g/g SA, m2/g PV, mlg
Powder, g Content, g* zeolite®
A 100 46.50 4,00 0.023 266.4 0.483
B 50 11.63 1.08 0.025 259.0 0.340
C - 50 11.63 2.52 0.058 157.8 0.212
D 50 11.64 4.04 0.093 66.9 0.189
E 50 11.63 6.01 0.139 24.0 0.183
F 50 11.63 8.05 0.186 18.6 0.179
G 50 11.64 12.51 0.279 14.2 0.077
H 50 11.64 - 16.01 0.370 9.7 0.079
I 0 "0 357.2 0.579

*Total amount of phosphoric acid (85% in aqueous) or P used in the preparation

[0031] Ascanbescen from Table 1 and Figures1 and 2, a sharp decrease in BET
surface area (SA) and total pore volume (PV) of the zeolite catalysts A-H prepared by
using starting NH4-ZSM-5 having Si0»/Al,0; mole ratio of 30 with increasing amounts

of phosphoric acid or P was observed.



t he amount of phosphoric acid with respect to the anmount of starting

NH4- ZSM 5 powder. BET surface area and total pore volune (neasured by N2
adsorption) for catalysts J-N are shown in Table 2 and Figures 1 and 2. The
decrease in SA and PA for catalyst made using starting NH4-ZSM 5 havi ng
Si2/Al203 nole ratio 280 is not as prom nent conpared to that for

catal ysts A-J prepared by using starting NH4-ZSM5 having Si Q2/ Al 2G3 nol e
ratio 30. - TABLE 2 Catal ystWater, m Zeolite H3P04 P, g/g SA n2/gPV, nlJj
Powder, gContent, g'zeolite' J5012.091.080.024330.70. 208 _

K5024. 093. MQ. 40. 182 L10048. 3815. 80. 088183. 20. 138 -
MLO048. 392376~ 56.20. 113 N5012. 097. 750. 172163. 70. 120 000375. 00. 244

' Total anoes2jof Tihaaphg makriacweks {S8M-ZAMag psiitesjowaler Ravitsees Si0y/ A

preparation. . Catal P-S [0033] . The ti rial ) NH4- ZSM 5
zeolite poméﬁ'raH%Q%(Zéo'a ASiSBWﬁ’l?@?m%ﬁ‘@'g 8? %&ﬂ%%}éﬁeoﬁgﬁngspfmﬁﬁt ai ni ng
51.66 g of ddibitzedSMtéer vz @kdphed amd 4808 blaked The @bt wedplaaddan as pRfeepared in
a 400 m beaker. The beaker was, placed on a hot, gl a’h@ and the ,Zfe0| ite
suspensi on e 291G PGP 25 SRS @ TagnsticslF DarT e apEs e of dcof the 9

suspensi onsWassi¥BAk aiRanalr0siitd 980CC. 1.88 HFhEpRIIRBIAUBSIMY RagioRt)OSphat e,

was added drop wise into the beaker. Heating was continued until all liquid was

‘ evaporated. The phosphoric-acid modified zeolite was dried at 90°C to 120 °C for at
least four hours and at 340 °C to 360 °C for three hours and then calcined at 510 °C to
530 °C under air for 10 hours. The calcined zeolite-was then crushed and sized using 20
and 40 mesh screens. A series of catalysts J-N (see Table 2) were prepared by vérying
the amount of phosphoric acid with respect to the amount of starting NH4-ZSM-5
powder. BET surface area and total pore volume (measured by Nz adsorption) for
catalysts J-N are shown in Table 2 and Figures 1 and 2. The decrease in SA and PA for
catalyst made using starting NH4-ZSM-5 having SiO2/Al,Oy moie ratio 280 is not as
prominent compared to that for catalysts A-J prepared by using starting NHg-ZSM-5
having S102/A1203 mole ratio 30.

- TABLE 2 '
Catalyst Water, ml Zeolite H;PO, P, g/ SA, m2/g PV, ml/g
Powder,g  Content, g’ zeolite®
J 50 12.09 . 1.08 0.024 330.7 0.208
‘K 50 24.09 3.95 0.044 2994 0.182
L 100 48.38 15.8 0.088 183.2 0.138
M 100 48.39 23.7 0.123 - 156.2 0.113
N 50 . - 12.09 7.75 0.172 163.7 0.120
0 0 ' 0 375.0 0.244

- *Total amount of phosphoric acid (85% in aqueous) or P used in the preparation,

Catalyst P-S )

[0033] The starting material was an NH4-ZSM-5 zeolite powder having a Si0,/AL0;
mole ratio of 280. A slurry containing 51.66 g of NH4-ZSM-5 zeolite and 200 ml of
deionized water was prepared in a 400 ml beaker. The beaker was placed on a hot plate

and the zeolite suspension was stirred using a magnetic stir bar. The temperature of the
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(NH4) 2HPOX4, was dissolved in 50 mMl water and the salt solution was added
drop wise into the beaker. Heating was continued until all liquid was
evapor at ed. The amoni um hydrogen phosphate nodified zeolite was dried at
90C to 120 C for at |least four hours and at 340 Cto 360 C for three hours
and then calcined at 510 Cto 530 C under air for 10 hours. The cal cined
zeolite was then crushed and sized using 20 and 40 nmesh screens. A series
of catalysts P-S (see Table 3) were prepared by varying the anmount of
ammoni um hydr ogen phosphate with respect to the anmobunt of starting NH4-ZSM 5

powder. BET surface are d tot pore Vv neas N2 adsor ption)
Por Ccat aryee. es, PRSI rpipri e 5 o0 i By GFReabar ion; zhol | &
( NH4) 2HPO4NHB, HRED g wedisssl/ed RV50 Mata%dﬁfe,samgalztﬁm wis@dded drop wise into-

P20030. 092. 490, 018%17 20. 208 851 662 07g 039278. 30, 17
R20051. 6613° BHiserosE NS Gty 1098t Tase sasl db kiguid s gaseorged o TRg fmmegiugl  anpunt  of

anmoni um my%ea@hoﬁﬁm@mmﬁd%aﬁe %@%édrht'@bﬂ? wmoacafor aNedsOB3dhoufder e was
little or no difference in surface area and pore vol une_bet ween t he

catal yst 8¢ ptedd07CNe 389 ng fgrbrsp Aons endabsrgcaingdpt &1QsE Ry 3mboidgnithy dr ogen

phosphat e g,afg l?ougé V%e%ﬁi@h&@& zégllteo\b%sﬂHE}PEﬂ%ed-EH&l%zEJ‘ﬁsﬂéQO @hd Bh@RRNOri c acid
or ammoni um hydrog en@fphos hat e as a.phosphorus-contai ni ng conpound for

prepari ng S%‘IESWJ dnwstiessed| catelyply &-T dtealTypkle 3) werp pavperehdle 2aying 1§p prhowh af
di ffer e”C%mn&SHfEH%%bg& ﬁ%tsﬁ'laYeSLvﬁh reé%ecg to the amount of starting NH4-ZSM-5

powder. BET surface area and total pore volume (measured by N, adsorption) for

catalysts P-S are shown in Table 3.

TABLE 3
Catalyst# Water, mi Zeolite (NH4)2HPO,, P, g/g SA, m2/g PV, ml/g
Powder, g g’ zeolite®
13 200 30.09 249 0.018 3172 0.208
Q 200 51.66 9.07 0.039 278.3 0.179
R 200 51.66 12.85 0.055 241.0 0.155
S 200 48.38 18.14 0.082 216.2 0.131

*Total amount of ammonium hydrogen phosphate or P used in the preparation

[0034] There was little or no difference in surface area and pore volume between the
catalyst series J-N using phosphoric acid and P-S using ammonium hydrogen phosphate
at a given amount of phosphorus. Thus the use of phosphoric acid or ammonium
hydrogen phosbhate as a phoébhorus—oontaining compound for preparing p-xylene

selective catalysts may not make a significant difference.

Comparative Catalysts 1 & O

[0035] Non-phosphorus containing ZSM-5 zeolité catalysts were prepared for
comparison purposes. The starting material was either an NHs-ZSM-5 zeolite powder
having a SiO/Al;03; mole ratio of 30 or an NH4-ZSM-5 zeolite powder having a
Si0y/Al;03 mole ratio of 280. The zeolite powder was dried at 340 °C to 360 °C for
three hours and then calcined at 510 °C to 530 °C under air for 10 hours. . The calcined

sample was then pressed and sized using 20 and 40 mesh screens for use in a reactor for
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10035] Non- phosphorus containing ZSM5 zeolite catal ysts were prepared for
conpari son purposes. The starting nmaterial was either an NH4-ZSM5 zeolite
powder having a Si 02/ A1203 nole ratio of 30 or an NH4-ZSM 5 zeolite powder
having a Si 2/ A1203 nole ratio of 280. The zeolite powder was dried at 340
Cto 360 Cfor three hours and then calcined at 510 C to 530 C under air
for 10 ‘hours. The calcined sanple was then pressed and sized using 20 and
40 mesh screens for use in a reactor for 10 toluene nethylation reaction.
Properties for catalysts | and O are presented in Tables 1 and 2,
respectively. 27A1 NMAS-NVR [ 0036] Magic angle spinning (MAS) solid state NWVR
st udi es wéqleeng arcthytater regptiqnh Proparisgstipheptaliras I72oM @ aeapiented mVities 1Si 2/ A1208

ol e rati Q,280.ang ke phosphorus nodified catalyst sanples. Measurenents
used 400. Q'R/Hz essgectvrgmst er (27AI at 104.5 MHz), roomtenperature, silicon

nitride rotors (Si3N4), 13 to 14 KHz sanple spinning (about 800000 rpn), 10
degree tipry RngrSaturation and 4000- 10000 scans signal averaging.

Proton de s not enployed. Al spectra were referenced to al unm num
chl ori de H008ghhiydeiataagle spimning i ) sbld state ANBIE)dicstw@e Peyipmedonttiee cheni cal

shift scal g, g{hﬁ ggidfis : I: L ef en +85 t he.

al um num r%tlg{nrng e %sma Izgoﬁlrtf%&?%lﬁé%ﬂqz%lﬁg Si l?e(;:]%{r%]) %%Q[ Sa?%éﬁer ?‘%Eﬂs@ [ 0037] The
starting hddifiZGheBlysteninptee IMersiremsitoweed 40V Ho rrgectidnedAS AVR ek  at
around 55.ppm attributing t.o framework tetyrahedral  (4.coordi nated) al um num
(spect nun PRt Rk, Llel SRS RGN TS na e S R e 1y

i ndi cat e (dveut &WO00 twn), d0rdeak | tipetoy avoidy sdtahtiom endw000- 10809 sbane sigablt | ce

. defects. The fra rk Al i responsi bl e for, zeolite acidjt nd the
Starting Z0GTAES SAEH SoRbi "Gt PahgmREPt (A FRE P Re P BEe Gpl o shows

a weak peakmatunbohlbfiefheratyegitedltuasSiagnt d Oty 4100.0H3n o 4 eHercabgidaial al um num
(spectr umslﬁﬁ scFailgurrl%s ;?ga'ds jtlgha?n ltn%rnra??e gr%r?f:lé o?llldﬁr{iS? %?mp&atlf]e ia?umslgu\ér? Eu%ligfa

(small impurity in the silicon nitride rotdrs). , '

[0037] The starting NH-ZSM-5 zeolite sample showed a strong *’Al MAS-NMR peak

at around 55 ppm attributing to framework tetrahedrai (4 coordinated) aluminum

(spectrum a, Figure 3). The sharpness of the resonance and the symmetry indicate the

zeolite is relatively crystalline with very few lattice defects. The framework Al is

responsible for zeolite acidity and the starting zeolite sample showed strong acidity. The

P-modified sample shows a weak peak at 55-50 ppm region assigned to structural

tetrahedral aluminum (spectrum b, Figure 3). The tetrahedral alumninum peak is severely

distorted indicating presence of nested silanols caused by holes in the structure upon

removal of some of the framework aluminum: The adjacent peak (30-40 ppm) peak is

due to severely distorted but still in the framework aluminum atoms probably either in the

3 or 5 coordination with oxygéns. The biggest peak in the spectrum at -14 ppm is from

octahedrally coordinated aluminum 'atoms that are formed when tetrahedrally coordinated

framework aluminum is removed from the zeolite .frémework by the phosphate

modification process as mentioned above.

EXAMPLES 1-19
- [0038] The catalysfs A-], J-O and P-S described above and in Tables 1-3, were used in

toluene methylation reactions. The reactions were each carried out in a fixed bed,
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distorted indicating presence of nested silanols caused by holes in the
structure upon renoval of sone of the framework al um num The adjacent peak
(30-40 ppn) peak is due to severely distorted but still in the framework

al um num at ons probably either in the 3 or 5 coordination with oxygens. The
bi ggest peak in the spectrumat -14 ppmis from octahedrally coordinated

al um num atons that are fornmed when tetrahedrally coordi nated franmework
alumnumis renoved fromthe zeolite franmework by the phosphate

nodi fi cation process as nentioned above. EXANPLES 1-19 [0038] The catal ysts

A-1, J-0 and. P-S descri bed above and. in Tables 1- were used in toluene
met hyl at i GRAtRE HFh &PeFRASI Y e ﬁ?@n%aswr%taévafcwa%%zm Boslowly 7ising ths xed bed,

11 conti nuaMstfde@WniptReurt ea6ht0°C/hiR) 820PCCRRNer hylirdsdh gﬂg%ms atdédsed by
slowy raising the catalyst bed_ tenperature about to 200C under
hydr ogen (ORR oy omprwm?ﬁtoﬂ@a%@n gisthand fped (Mo dais@d) W@FG@@F& tarfte net hanol
feed (ol aEackabi 202 ldndWas ARGl Qﬂéth&npefa%@emg itkeaddCo Ghatdob e, cat al yst
bed inlet tenperature was increased to about 500 C. The liquid hourly space
vel ocity (lbrdwpid bawbd sease t GlasEh LY harbised @@dsoluﬁa@memqit@wiewa%t about 31
hr -1 and a;¢Qh&ed .0fu B2 hga%ld"@éofée%dof@g%ammeé'aH@%aﬁ:ﬁ’aﬂ%d%'p@'&n& a H2/ HC

nolar ratio of about 0.1. Water was ad hydr ocarbon (HC) feed and

was vaporhA¥dmplar gitio pHationt 9.bd Watdr aves edsled éaibe bYdIOCFH@n}GEI@ fedped wes rati o was
about 0. 63, ?&9 % 9{ oBﬁc%%ﬁ ‘t'# feallBS ‘P}E%zb/ﬁg nRﬁérgrand—bv Pé.?ﬁh&&# S were
collected a % ours o} 3. e

run tinme and were ana yze ol | owi ng
results, asacir glssmeeﬂa& ahot 2P| peig. 4-igud Fp@-utseweie cilisctad pf abpuio-4 banaoii(yl ene
sIect|V|t¥ gng f igure 5'is
a plot of para- S%@I‘g%é%%)?%%t ?@? %035‘241 ﬁ%gﬁ 1{7%‘ teﬁ?%?@ot a ﬁlr enq!e:s for '
cat al ystsig anlGEABL:EI%xﬂ)ateaﬂysImB.aﬁIDEﬂbﬂuyEy aforpto&?i%@&@é’stor catalysts A-L

Figure 5'is a plot of para-xylene selectivity and seleétivity for total xylenes for catalysts

J-0.
TABLE 4
Catalyst A B . .C D E F G H I
~ Example 1 2 3 4 5 6 7 8 9
Product Analysis, wi%'
Water . 21.06 21.50 21.61 2150 19.02 18.21 16.54 17.27 21.72
Methanol 0 0.10 015 075 4.05 464 537 648 0.08
Dimethylether 0 0 0 0 0 0 0 0 0
Benzene 133 118 0 0 0 0 0 0 0.43
Toluene ’ 43.82 4477 50.54 54.86 7021 72.00 7533 74.11 49.63
Ethylbenzene 0 0 0 ] 0 0 0 0o .0
p-Xylene (PX) 7.11 6.85 1235 1430 558 449 2.65 203 586"
m-Xylene (MX) 1544 1488 . 894 420 047 026 011 011 12.48
. 0-Xylene (OX) 686 658 346 - 182 030 0.17 0 0 5.38
Ethyltoluenes 1.01 095 042 026 0.14 0.11 0 0 1.18
Trimethylbenzenes 294 284 233 .75 022 0.12 0 0 2.81
C10+ : 036 036 020 0.16 0 0 0 .0 0.41
Total Aromatic Products, wt% 35.11 33.64 2770 2249 6.71 515 276 214 2855
Total Xylenes, wt% - 29.41 2831 2475 2032 635 492 276 214 23.72
Total Xylenes Selectivity, wt%  83.77 84.16 89.35 9035 94.63 9553 100 100 83.08
p-Xylene Selectivity, wt% 24,17 2420 4990 70.37 87.87 91.26 96.01 94.86 24,70

'Liquid product stream analysis



Product Analysis, .t% 21.0621.5021.6121,9019. 0218. 2116.5417.2721. 72 Water
Met hanol 00. 100. 150. 754. 054. 645. 376. 480. 08 Di net hyl et her 000000000
Benzenel. 391. 180000000. 43

Tol uene43. 8244. 7750. 5454. 8670. 2172. 0075. 3374. 1149. 63 Et hyl benzene000000000
p- Xyl ene (P))7.116.8512. 3514. 305. 584. 492. 652. 035. 86 m Xyl ene

(MX) 15.4414. 888. 944. 200. 470. 260.110. 1112. 48 o- Xyl ene

(OX) 6. 866. 583. 461. 820. 300, 17005. 38

Et hyl t ol uenes1. 010. 950. 420. 260. 140. 11001. 18

Tri met hyl benzenes2. 942. 842. 331. 750. 220. 12002. 81 00+0. 360. 360. 200. 16000. 00. 41
Total Aromatic Products, w%85.1133.6427.7022.496.715.152. 762. 1428.55 Tot al
Xyl enes, wt %29. 4128. 3124. 7520. 326. IBIGPL. 762. 1423. 72 Total Xyl enes
Selectivity, wt%83.7784.1689. 3590. 3594. 6395. 5310010083. 08 pp Xyl ene
Selectivity, w9%4.1724.2049.9070. 3787.8791. 2696. 0194. 8624. 70 ' Li qui d
product stream anal yStsakZ TABLE 5 jCat algyst I KEVNO Exanpl gI0TTE131415
Product Anal ysi's,” Wi/ gl l6. 3316. 89, 7316. 38%5. 7915 17 At er 5

Product Analysis, wt%'

Water 16.33 16.80 19.73 16.38 15.79 16.12
Methanol 0.54 0.50 2.39 1.72 2.13 0.45
Dimethylether 0 0 0 0 0 0

Benzene 0 0 0 0 0 0.39
Toluene - 57.02 5776 60.57 64.47 66.10 52.37
Ethylbenzene 0 0 0 0 0 0

p-Xylene (PX) 19.55 20.18 15.05 15.24 13.37 8.54
m-Xylene (MX) 3.12 2.04 0.76 0.84 0.96 13.70
o-Xylene (OX) 1.56 1.07 0.48 0.53 0.68 5.50
Ethyltoluenes 0.35 0.36 0.32 035 0.33 0.67
Trimethylbenzenes 1.39 1.17 0.45 0.47 0.55 2.05
Cl0+ 0.12 0.11 0.25 0 - 0.9 0.20
Total Aromatic Products, wt% 26.09 2493 17.31 17.43 15.98 31.05
Total Xylenes, wt% 24.23 23.29 16.29 16.61  15.01 27.74
Total Xylenes Selectivity, wi%  92.87 93.42 94.11 95.30 93.93 89.34
p-Xylene Selectivity, wt% 80.69 86.65 92.39 91.75 89.07 30.79

'Liquid product stream analysis
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Met hanol 0. 540. 502. 391. 722. 130. 45 D net hyl et her 000000 Benzene000000. 39

Tol uene57. 0257. 7660. 5764. 4766. 1052. 37 Et hyl benzene000000 p- Xyl ene

(PX) 19. 5520. 1815. 0515. 2413. 378. 54 m Xyl ene (MX) 3. 122. 040. 760. 840. 9613. 70

0- Xyl ene (OX)1.561. 070. 480. 530. 685. 50 Et hyl t ol uenes0. 350. 360. 320. 350. 330. 67
Tri met hyl benzenes1. 391. 170. 450. 470. 552. 05 C10+0. 120. 110. 2500. 090. 20 Tot al
Aromati.c Products, w %26.0924.9317.3117.4315.9831.05 Total Xyl enes,

wt 924, 2323. 2916. 2916. 6115. 0127. 74 Total Xyl enes Sel ectivity,

wt 992. 8793. 4294. 1195. 3093. 9389. 34 p- Xyl ene Sel ectivity,

w %80. 6986. 6592. 3991. 7589. 0730. 79 L;gyid product stream anal ysis 13 TABLE 6
Cat al yst RSTU Exanpl 16171819 Produd ysis, w%l 17.6516.4616.2216.58
Wat er Met hanol 0. 570. 850. 982. 27 Di net hyl et her 0000 Benzene0O0 ' 00

Catalyst R S - T U
Example 16 17 18 19
Product Analysis, wt%!
Water 17.65 16.46 16.22 16.58
Methanol 0.57 0.85 0.98 2.27
Dimethylether 0 0 0 -0
Benzene 0 0- 0 0
Toluene 56.17 60.21 61.74 66.50
Ethylbenzene 0 0 0 0
p-Xylene (PX) 19.87 18.17 18.34 13.34
m-Xylene (MX) 2.53 1.76 1.05 . 1.06
o-Xylene (OX) ‘ 1.47 0.98 0.58 0.25
. Ethyltoluenes 0.35 0.36 041 ° 0
* Trimethylbenzenes 1.25 1.08 0.68 0
Cl10+ ’ 0.13 0.12 0 0

Total Aromatic Products, wt% 25.60 22.47 21.06 14.65

Total Xylenes, wt% 23.87 20.91 19.97 14,65
Total Xylenes Selectivity, wt%  93.24 93.06 94.82 100
p-Xylene Selectivity, wt% 83.24 86.90 91.84 91.06

'Liquid product stream analysis

~ [0039] While the invention has been shown in only some of its forms, it should be-
apparent to those skilled in the art that it is not so limited, but is susceptible to various
changes and modifications without départing from the scope of the invention.

: Accordingly, itis appropriate that the appended claims be construed broadly andin a

manner consistent with the scope of the invention.
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Tol uene56. 1760. 2161. 7466. 50 Et hyl benzene0000 p- Xyl ene

(PX)19.8718.1718. 3413.34 m Xyl ene (MX)2.531.761.05 _1.06 o- Xyl ene
(OX)1.470.980.580. 25 Et hyl tol uenes0. 350360. 410

Tri nmet hyl benzenes1. 251. 080. 680 C10+0. 130. 1200 Total Aromatic Products,

- wt 9%25. 6022. 4721. 0614. 65 Total Xyl enes, wt %23.8720.9119.9714. 65 Total Xyl enes
Selectivity, wt9%3.2493. 0694. 82100 p- Xyl ene Sel ectivity,

wt 983, 2486. 9091. 8491. 06 ' Li quid product stream anal ysis 10039] Wile the

i nventi on has been shown in only some of its fornms, it should be apparent
to those skilled in the art that it is not so limted, but is susceptible to
vari ous qﬁg&g§§ and nodifications wthout departing fromthe scope of the

i nvention. rdingly, it i s appropriate that the appended clains b e
construed broadly and in a manner consistent with the scope of the

i nvention.yl4 GQLAIMS Ve claim 1. A nmethod of nodifying a zeolite catal yst
to increase para-xylene selectivity of the - zeolite catalyst in toluene
met hyl ati on reactions, the method conpr|5|ng' forning a slurry of a

ZSM 5-ty pel zeol &gh c%' rr?d?iffglqlgg%éghtg Qitéi#/s:a ?oningre%s%‘ g q{SIP QQ%éf?ctmgf und; and

removi ng mater 0 provide a pho reat 5 zeolite
zeohte cataIyst in toluene methylation reactions, the method comprising:

forming a slurry of a ZSM-5-type zeolite and an aqueous solution of a phosphorus

compound; and

removing water from the slurry to provide a phosphorus treated ZSM-5 zeolite
catalyst without steaming or deposition. of phosphorus onto the catalyst by
organophosphorus vapor deposition, and wherein the resulting non-steamed,
phosphorus treated ZSM-5 zeolite catalyst has a pore volume of from 0.2 ml/g or
less and provides greater than 80% para-xylene of the xylene product when used
in toluene methylation under toluene methylation reaction conditions.

2. The method of claim 1, wherein:

the phosphorus content of the treated ZSM-5 zeolite catalyst is from 0.04g P/g

zeolite or more.
3. The method of claim 1, wherein:

the. phosphorus compound is a .phosphorus—contgining acid. ..
4, The method of claim 1, Where;in:

the zeolite catalyst has a pore volume of less than 0.18 ml/g.
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catal yst without steam ng or deposition of phosphorus onto the catal yst by
or ganophosphor us vapor deposition, and wherein the resulting non-steaned,
phosphorus treated ZSM5 zeolite catal yst has a pore volume of fromO0.2 mJg
or less and provides greater than 80% para-xyl ene of the xyl ene product
when used in toluene nethylation under toluene nethylation reaction
conditions. 2. The nethod of claim11l, wherein: the phosphorus content of the
treated ZSM5 zeolite catalyst is fromO0.04g P/g zeolite or nore. 3. The
met hod of claim1l, wherein: ._. the-phosphorus conpound is a
phosphorus-containing acid. 4. The nmethod of claim1, wherein: the zeolite
catal yst has a Pemethpdlofpiginpt, whessin:t han 0. 18 nmJg. 15 5. The method of claim
1, wherein: the zeolite catalyst has a ratio of framework alum numto
extra-framework alum num as neasured by 27Al MAS-NWR of '0.12 to 0.25. 6.
The met hod of dhexdealite catalyeirhas pratiploé frameyark aluganua e irprdigmgwaikO2/ A1203 nol e

ratio from abou, 2 gsﬂig%gmgrb'g@ml S-RRAS PRI oifseat ment . 7. The met hod of

claim1, wherein: the zeolite catalyst provides greater than 90% par a-xyl ene
selectivity in mxed- xylenes when used in toluene nethylation. 8. The

met hod of a?’l ai @h%nbe%ﬁro?h@iﬁi,%eﬁe%’l ite catalyst has a silica-to alumna

rati o of | east prior t'o phosphorus treatnment and provi des greater
than 90% total xylene selectivity and greater than ‘

the zeolite éatalyst has a Si0,/Al,0; mole ratio from about 25 to 1000 prior to
phosphorus treatment.

7. The method of claim 1, wherein:

the zeolite catalyst provides greater than 90% para-xylene selectivity in mixed-

xylenes when used in toluene methylation. -

8. The method of claim 1, wherein;
the zeolite catalyst has a silica to alumina ratio of at least 250 prior to phosphorus
treatment and provides greater than 90% total xylene selectivity and greater than
85% para-xylene selectivity of mixed xylenes.

9. The method of claim 1, wherein:

the phdsphorus compound includes at least one of phosphoric acid (H3PQy),
phosphorus, acid. (H3PO3) and ammonium hydrogen phosphate ((INH4),HPOy).

10.  The method of claim 1, wherein:

the phosphorus content of the treated ZSM-5 zeolite catalyst is greater than 0.09g
P/g zeolite. '
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85% par a- xyl ene selectivity of m xed xylenes. 9. The nmethod of claiml,
wher ei n: the phosphorus conmpound includes at | east one of phosphoric acid
(H3PO), phosphorus. acid- (H3PO3). and anmoni um hydrogen phosphat e
((NH4) 2HPO4) . 10. The nethod of claim 1, wherein: the phosphorus content of
the treated ZSM5 zeolite catalyst is greater than 0.099 P/g zeolite. 16
11. A nmethod of nodifying a zeolite catalyst to increase para-xylene
selectivity of the =zeolite catalyst in toluene nethylation reactions, the
met hod conpri si ng forming a slurry consisting essentially of a ZSM 5-type
zeol ite having Si, @/ B mol e ratio of fromabout 25 to 10 and an
agueous s ]rutlpbﬁ’e dqsz.’fh BléteEﬁﬂﬁ'ﬁlt%’inﬁﬁaﬁ?@ﬁﬁo’ﬁ'xﬂ‘eéﬂ&‘mvg?‘n89 tg%m)vi ng

wat er from t hezesliteB4tylydt th oluend MehAatidteftioaRd mefodsphpfisisg:t reated ZSM 5
zeolite catal yst having a phosphorus content of from0.04g P/g zeolite or

-nmore and a pore volune of fromO0.2 m/g or |less and providing greater than

80% par a- xyl emmﬁ%a Q6§ wn&mncgfesmnm@ dfﬁ'ZSMiS tyfeeRolits Belindn t ol uene .
met hyl ati on. e met hod claim erein: the hosphorus content is

from 0.09g P/ ¢'9¥é6kPs Botegaky %ﬁ@mb@utz?édv .1@%) and g7 aqupgps %{tma df claim 10,

wherei n: the %@%ﬁ&gg_g&tﬁﬂﬁg)g&ﬂ&uh§m@ phpsphorus-contai ning acid. 14. The
met hod of clai'm wherein: the zeolite catalyst has a pore volune of |ess

than 0.18 nmug. 15, The nethod of _claim 1.0, wherein: .. the zeolite
catal yst has agemhld Mta%mb%luf@% ﬂo@iﬁe‘éh&ﬂ%t@&@é&t pioRpius3iBer i Or to

phosphor us treat mennt .
ZSM-5 zeolite catalyst having a phosphorus content of from 0.04g P/g zeolite or

more and a pore volume oOf from 0.2 ml/g or less and providing greater than 80%
para-xylene selectivity of mixed xyleﬁes when used in toluene methylatipn.
12.  The method of claim 10, wherein:
the phosphorus content is from 0.09g P/g zeolite to 0.15g P/g zeolite.
13, The method of claim 10, wherein:
the phosphorus compound is a phosphorus-containing acid.
14.  The méthod of claim 10, Wherein:
the zeolite catalyst has a poré volume ofiess than 0.18 ml/g.v

15, The method of claim .10, wherein:

the zeolite catalyst has a Si0,/Al,03 mole ratio of from about 25 to 300 prior to

phosphorus treatmennt.

17



17 16. The nethod of claim 10, wherein: the zeolite catal yst provides
greater than 90% para-xyl ene selectivity of m xed xylenes when used in

tol uene nethylation. 17. The nmethod of claim 10, wherein; the zeolite
catalyst has a silica to alumna ratio of at |east 250 and provides greater
than 90% total xylene selectivity and greater than 85% para-xyl ene
selectivity of mxed xylenes. 18. The nethod of claim 10, wherein: the
phosphorus conpound includes at |east one of phosphoric acid (H3PO4),
phosphorus acid (H3P03) and ammoni um hydrogen phosphate ((NH4)2HP04). 19. A

met hod of preparin y| ene_ pr.oduct conprising: formng a slurry of a
ZSN?5-typégzedﬁ#?@gﬁﬁﬁ§§knﬁzﬁéﬂﬁﬁm§oIution of a phosphorus conpound:
removing water fromthe slurry to provide a non-steanmed, phosphorus treated
ZSM5 zeolite catalyst wthoyt deposition of phosphaorus. onto the catal yst by
‘or ganophosphor € Z?Pﬁ\écﬁataa’é%%‘flfl?sc%?at%mﬂn\%é’rpé{arf‘yﬂeﬁé s¢lediyity Phg*Adn- st eaned,

phosphorus treglieds vRMheZRablutR HatyMivgt has a pore vol ume of fromoO0.2 mJ
or less; and contacting the treated zeolite catalyst with an aromatic feed

of toluene and nethanol under reaction conditions suitable for toluene

met hyl ati @f t oTRIRML I F31aink YO 8NRrd; 0duct havi ng greater than 80% para- xyl ene
by total m xed xylenes. 18 20. The nethod of claim 19, wherein: the zeolite

catal yst has a pore volume of less than 0.18 m/g. 21. The method of claim
19, wherein: e zeolite catalyst has a silica to alumina ratio of at least 250 and provides greater

than 90% total xylene selectivity and greater than 85% para-xylene selectivity of

- mixed xylenes.
18.  The method of claim 10, wherein:

the phosphorus compound includes at least one of phosphoric acid (H3POy),
phosphorus acid (H3POs) and ammonium hydrogen phosphate ((NH4),HPO,).

19. A method of preparing a xylene product comprising:

forming a slurry of a ZSM-5-type zeolite and an aqueous solution of a phosphorus

compound;

removing water from the slurry to provide a non-steamed, phosphorus treated
ZSM-5 zeolite catalyst without deposition of ﬁhosphorus onto the catalyst by
orginophosphorus vapor deposition, and wherein the resulting non-steamed, ‘
phosphorus treated ZSM-5 zeolite catalyst has a pore volume of from 0.2 ml/g or

less; and
“contacting the treated zeolite catalyst with an aromatic feed of toluene and

methanol under reaction conditions suitable for toluene methylation to provide a

xylene product having greater than 80% para-xylene by total mixed xyienes.

18



t he phosphorus conpound includes at | east one of phosphoric acid (H3PO4),
phosphorus acid (H3PQ3) and anmoni um hydrogen phosphate ((NH4)2HPO4). 22.
The net hod of claim 19, wherein: the phosphorus content of the treated ZSM 5
zeolite catalyst is from0.04g P/g zeolite or nore. 23. The nethod of claim
19, wherein; the zeolite catalyst has a silica to alum na ratio of at |east
250 prior to phosphorus treatnent and provides greater than 90%t ot al

xyl ene selectivity and greater than 85% para-xylene selectivity of the

xyl ene product. 24. The nethod of claim 19, wherein: the phosphorus content

of the treated ZSM5 zeolite catalyst is greater than 0.09 P/g zeolite. 19
20. The methodZ of claim 19, whcrei%/: g g g

the zeolite catalyst has a pore volume of less than 0.18 ml/g. |
21.  The method of claim 19, wherein:

the phosphorus compound includes at least one of phosphoric acid (HsPO),
phosphorus acid (H3zPO3) and ammonium hydrogen phosphate ((NH4)2HPO4).

22.  The method of claim 19, wherein:

the phosphorus content of the treated ZSM-5 zeolite catalyst is from 0.04g P/g

zeolite or more.

23.  The method of claim 19, wherein;
the zeolite catalyst has a silica to alumina ratio of at least 250 prior to phosphorus
treatment and provides greater than 90% total Xylene selectivity and greater than |
85% para-xylene selectivity of the xylene product.

24, The method of claim 19, wherein:

the phosphorus content of the treated ZSM-5 zeolite catalyst is greater than 0.09g
P/g zeolite. ' |
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