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 [00021 Para-xylene is a valuable substituted
aromati ¢ conmpound because of its great demand for its oxidation to
terephtlialic acid, a major conponent in form ng 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. [00031 Al kylation 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

aci di ¢ catal yst, paZEOSUTECATALEFSTzaND METHOD @B @RIFaNge catal yst. In

particular, ZSM 5-type zeol] | d . silicaal um nophosphate
(SAPO) catal ysts have been%%%@?*é}‘?gﬁgé gé&?‘s{fw‘éﬁener ally, a

t her nodynami ¢ equilibriummxture of ortho (0)-, nmeta (m- and para
(p)-xyleneau§§§¥ﬁ§&¥i§@ﬂ§d fromthe nmethylation of toluene, as is
illustrate £ron below. CH CH CH CH [/ CH [/ + CHOH ->\ |
+\ | +1 + HO TOLUENE CH, O XYLENE M XYLENE P- XYLENE CHI (1) [00041
Ther nodynani guilibriumc ositions of o-, m, and p-xylenes nmay be
around 25, 7@@1&3}1%‘“8%%%&%&5%‘& We{%ﬁ,aﬁﬁ{la‘l&nr"éé&cﬁ%ﬁ ceRpEdateit e of

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. [00051 Para-xyl ene
can be separated from m xed xyl enes by a cycle of adsorption and

i sonerization. Such cycle may have to he 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 %@I%Rgﬁgi and nmay be | ess expensive where the concentration

of p-xylene™Ts 0% or higher in the initial xylene product. Thus,
hi gher ™ t han [008gui Pirbr/lame sonesindtnabitantealadintit| BRGoIRYbRE,HS3 i1l AbLE

ifs «ia :
[ 0006] A signifi .ni.gher a t. of p-xylene can be obtai negl in tol uene
net hyl at i ong‘gr}fé%g?? Ig%t]é ¥)flg%t%élet8at?’:§%&h°r?&d’ 1Y oBIPeRYY Ve fmdigerdlicetsr  Shape

sel ective fibupendirasscan be ebtannedidn Mokl %@n@ﬁ?&r@)&&tiﬁé‘%@lt gt}tﬁa by
the extern sur face

narrow ng zgol i t: re. qpening size, inactivation o :

of the zeol ﬁ?%iy%? geo?l 165181 i AG? e&FEiC?'ég &Ei diahvhe TH| wBhe oitet il ateluone may

occur over dmmofforigctaZBV 5 or ZSM 5-type zeolite catalyst giving xylene

products co i, Ni si.gnificantly greater amounts of p-xylene than the

t her m)dynan];a é@éon’@gﬂf‘?‘%t i°bnto LF@%O"Y%" URFBIOLnytshyis elherlgiogme aa tnluntrer  of
techni cal huetti@®nf drs bednuesR FElBYlaald Qhidict Q &Qg;ﬁ;@?gé y ssful
and i nprove ar.e needl((ed. Anong tﬁ)tgse alree ?2@? C tzfl)&stdedezggl?%ati on

ts.
and | ow netlﬁ%%é%mgé]aé‘@f:?‘\/ TN B eRIEPVIRSGR PELON IBRICEHEY DRAWNGS $:10008)

For a nore woiphgte curder st andi pguafiad hespr Lt Lavention. eiergnce is
now made tJQ. tqe foll ow ng descri Ptl ons taken'in conjunction Wth the
acconpanyi rfglcfifi ‘émllﬂggh,osp e (iyEEH -catalysts have been used for this process. Generally, a

thermodynamic equilibrium mixture of ortho (0)-, meta (m)- and para (p)-xylenes can be

formed from the methylation of toluene, as is ilustrated by the reaction below.
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{0004] Thermodynamic equilibrium compositions of o-, m-, and p-xylenes may be
around 25, 50 and 25 mole%, respectively, at a reaction temperature of about 500 °C.
Such {oluene 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
s 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



[ 0009] FIGURE 1 shows 11P MAS- NVR spectrum for phosphorus-nodified ZSM 5
zeolite Catalyst A, [0010] FIGURE 2 shows 31P MAS-NMR spectra for Catal ysts
| (spectruma) and K (spectrumb); [0011] FIGURE 3 shows 11P NMAS- NMR
spectra for a phosphorus-nodified ZSM5 zeolite (spectrum a) precursor
used for preparing Catalysts L and M and for an alum na bound
phosphorus-nodi fied ZSM5 zeolite -- Catalyst M (spectrumb); [0012] FI GURE
4 is a plot of toluene conversion over tine for the tol uene nethyl ation
reaction for Catalyst L of Exanple 14; [0013] FIGURE 5 is a plot of
met hanol  sefediigatiop tyhuiayes cay be niededd syl baksselpeatiauiiieye hé GoH¥RrZhn and
p- xyl ene seleghipi \ €1o,3) ] for.the tol yene thyl ati on
reaction for?%ég%éggl gss%r%l_ﬁdo éxoéqn%%r%g%[ﬁglfhfyﬁ@ﬁ%“% 'irg‘?sahtﬂhé‘t thgp
t ol uene con%driem covenntrptions of prylehemtobaraeatiet hyl ati on  reaction for
Catal yst M apple a5 [ O FIGJRE 7 is,a plot of nethanol selectivity
(curve 1), %bgﬁé%ll" r{é%sng}'e%%?%i EYOU O PEYFRe At e xRt Bl diengi ty
(curve 3) owehyleiinerdadiont Hetht ehtabne haetiygt atiaver Ragddian shefe (atalyst M of
Exanpl e 15;,.and; {0 6,%6 ELGHRE 8 i s g plot. of toluene conversion over time
for the tol'uene methylatlon AR ARPHEET peitcaptal s thyAngFo e meplie 1Bre 4 .
DETAI LED DEBSRMPFZONTR@BATIn Z5MeSexze@ndlisufadeSoOme 61t b c@R@éHi?ﬁfEéﬁi}té le

I a

catal ysts i ro bon conversions. It is a_porous materia
cont ai ni ngl%iia?%1 )é'risloelg%/n%nngl&ﬁ {BI0 MEASFBH QY eTomPd fied ZSYED (i LSNP D zerdittber ed

oxygen ri ngstalyFenving eylamt @bdatscontaldingsighnkd yrerher 8Hour®XYILRR 1N POr €
structures yarg rﬂ{oﬁﬁ{l classified as mediumpore zeolites. Mdification of
ZSM 5-type Zeol | e CAlal ys?s Wt h phosphor us- cont ai ni ng conpounds has been

shown to 7] d&nghapeeclselhentdy e npmopastit@sichiohddes FRtALMStmedi1Bl A NY
signifi Ca”td ¥e ggr%%tcr%rial@/ns%g&tsssfu! and improvements are needed. Among these are fast

catalyst deactivation and low methano! selectivity.



of p-xylene than the thernodynam c equilibrium val ue when used in toluene
nmet hyl ati on conpared to unnodified catal ysts. Such nodification has been
shown to provide selectivity for p-xylenes of greater than 80% Although
such phosphorus-treated ZSM5 catalysts nmay have a high selectivity for

p-xyl ene, they tend to deactivate at a very fast rate; for exanple, the
catalyst may | ose greater than 50% of its initial activity within a day.
This may possibly be due to coke deposition on the catalyst:' [0018] As

used herein, the expression "ZSM5-type" is neant to refer to those
zeolites MWEV)RMWIHM as ZSM5 zeolites.

Addi ti onal | h Ssl "ZSM S5' and "ZSM 5-type" may al so be used
herein int elyoé]ﬁgngé‘%%ﬁ‘fsg&g (éztgﬁlﬁ}gr%%a e OfgWBthFé?“tdﬁ‘éan%dP TeREst is e w
construed imdatd thaifeliavgns derseptiohs taiseth hef®ichon §ak a{eyatck&n%wngiwms can be
expressed gs,fibe % notes of the toluene converted wth respéct to t’he noles
of tol uen?&l;:]?e]( g{rgm%g;]/ be]yd)eéfi neds( by the follow ng formul as: Ml e% ;I'ol uePe
Conver si on T 1/ Woprs X PLOOAL-BMR FBm fbr p i HQEB poles o

t ol uene fe?w@[écbal'l g’t?\,the nunber of nol gg&tol uenglésgﬁ(?&ggg{tée ) @fwﬁgle)d
herein, se ectiw%{/ or m xed xyl enes may be expressed as: Ml e% M xed
Xylene Sel BOLIIvI RIGHURIE X, shbieT " PTARS-MVEOBokid) for tRlifes Xyobedifiud HEwfiYEDET Of
nol es of .85%911&1%-)" m or p-) Xxylenes in the product. used ‘hereln,

sel ectivi R/ or p<xylene may be expressed as: Ml e% p- Xyl ene Selectivity

(XP/X,,,) KOLOO IGURBMAehews Xp i3stimernyaies apf D= X used
her ein, me}egln I conve silonsma @P expressedf(gsa: Bﬂéﬁﬁ%ﬁiggﬁl&%%%oﬁs
Conver si on :ﬂf?ﬂ}fi“ m”ﬂ/fj R}lefm?(mf% %’S?I"CPWr%%taIMtS Lgnd bb and fyean abfminml es of

nmet hanol flednapicsphorismbiiGenngiiey ze@fitenﬁtﬁﬁlystrﬁt(gﬁ@cﬂlm #gr eacted. As used
I"at 1 on y be expressed as:

her ei n, ol Clivi f.or tol uene nethyl
Mol e% %Fﬁ‘gﬁl?? §é§§@% ‘tistay’% qf Selugne (PUvBjqn svel Be (@)the toluene methylation

reaction for Catalyst I, of Example 14;

[0013] FIGURE 5 is 2 plot of methanol selectivity (curve 1), mixed-xylene selectivity
(curve 2) and p-xylene selectivity (curve 3) over time for the toluens 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 methanol selectivity (curve 1), mixed-xylene selectivity
(curve 2) and p-xylene selectivity (curve 3) over time for the toluene methylation reaction

for Catalyst M of Example 15; and

{0016] FIGURE 8 is a plot of toluene conversion over time for the toluene methylation
reaction for Catalyst A of Example 16.



where, X is the nunber of noles of mxed (o-, m or p-) xylenes, M is the
nunber of noles of nethanol fed and Mis the nunber of noles of unreacted
nmet hanol . [0019] The ZSM5 zeolite catal ysts and their preparation are
described in U S. Patent No. 3,702,886, which is herein incorporated by
reference. In the present invention, the ZSM5 zeolite catal yst may
i nclude those having a silica/alumna nolar ratio of 200 or higher, nore
particularly fromabout 250 to about 500 prior to nodification. The
starting ZSM5 may be an NH4i or H formand nmay contain traces of other
cations. (OBEIAILRD IFEICRIBEIDYe nodified by treating with
phosphor us- gapai fd conpounds. §HCh hosphor us- cont ai ni ng conpounds may
i ncl ude, bu arle ihgoh'?%l F%ll?l?ég(lf £8° of fhe dptshrwatilp etaisisnews , inphdsphbous and
phosphori ¢ eiesionssallt 35 angoresst etserDi cSRGRAIACIHS 19sphor ous hal i des.
In particul gr..phospheric acid {yl- | 3PO4) ar% ann%éﬁ%t‘pg?)%%ggigﬁﬂﬂ%%phate
((N114)21' 1 04[31 MRy be THSEF AsOEEN PRES pkeTitie medmiaki witn guabotipmemblred 0
provi de a caladnystg poor stiuofuttene: sh s akitOR Mhdihy. sel ective properties
to provide, 'hﬂ_g[te%sed .B- XP/LYene selectivity. Su{}ﬁi%%‘??il %qu\g%ﬂilé‘fﬁfjg? gPrray
contai n phodphor s Py icARLAS ¥4 PhefustGopinatEompuet o badaatibwdtl5 g Pig
zeol ite, mpreijashbpecitlaanivy/plopeeaBalE Ra02 vibQ; t-0.13 g Plg zeolite,

g ot LA PHhegndp et §odst

and nore pagticularly fromahout 0.07 g P/ g zeo Py Pl g
zeolite, a%}’s"ﬂéﬁ {hﬁ%ﬂ’@ Lg%ﬂ”to s Pt edeuvha, B8d o tPhegneeahjliont 0 about

0.11 g P/ gompotd te unhbligked phssRROr I eai hgsphor us-t r eat ed
zeol i te may be. 100211 i%tg has%%%%ggcﬁﬁl sg%{/éltragge?rhglﬂdp%& 855

ried.
par es- sel eGt Vi ?{/h’ﬁﬁf‘ SHEh¥ededhans0%:  ditavtal sabikyhaphonms-trqastiseusar |y for

t ol uene al kythlgdts pay hwhenhihecBmdid i g |, i eated at 300 C or
hi gher after g‘}t\osg‘gg{eus t{[rgea(t3 rrgnt? allnlgq?%&t?ﬁﬂéeﬁg{h ts'?e‘%ﬁ%ﬁ'f‘ﬁe ?Bd’ﬁ‘ﬁ(ofa“with a

sui tabl e biTaéy, *agPeshgica@listegy lase areatmn thathinss béat el mevityesitdid ai n t he

formation dof TeBRmOUSsPRNOSRARE WoBPES ithin the zeolite. Such heating
may al so f ryi gg 6 of t he&ggi?ig%%{heg ttag’?t'the phosphor us

[litate
treat nent. [%%éhp QG BEert hsouTTesUu0 ASM5-tmr 'ds mane tp aifdrite odd kastiwsef ul i n
provi di ng tucheiingreasedy P aars€lae Adnyist Yoo A, SUI le range for _such
heati ng su%g/ﬂy,entd 19 N[I)hospb,or us treat nenetol}f%‘g. fr‘% xtéo%l{lpf, tgﬁ)oéprps@m%out
600C. =37 an SM-5-type” may also be used herein interchangeably to €NCcompass one
another and should not be construed in a limiting sense. As used hetein, 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 = (T = To)/Ti] x 100 2)
where, T; is the number of moles of toluene fed and T, is the number of moles toluene
unreacted. As used herein, selectivity for mixed xylenes may be expres;sed as:

Mole% Mixed Xylene Selectivity = [Xu/(Ti-To)] x 100 (3)
where, Xy, is the number of moles of mixed (0-, m- or p-) xylenes in the product,

As used herein, selectivity for p-Xylene may be expressed as:
Mole% p-Xylene Selectivity = {(Xp/ X} x 100 (4)

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

As used herein, methanol conversion may be expressed as:

W



Such heating may be carried out for 0.5 hour or nore. [00221 It has been
further discovered that conbining the P-treated ZSM5 (P/ZSM5) wth a
suitabl e binder after the initial heating step, as di scussed above, my
further increase product selectivity in aromatic alkylation. In
particular, the P/ ZSM5 when heated and then bound wth a suitable binder
the catal yst may provide an increased selectivity for para-xylene by at

| east 5% conpared to the sanme catal yst unbound when used in toluene

met hyl ati on under simlar conditions. Suitable binder materials may
include inorganic oxide materials. Exanples of such materials include

alumna, clay, alumn ate and silica-alumna. In particular, a

bi nder of al um na or c@&%&%&F%ﬂé’?F%‘EFH%‘?‘%E&&@WSM@NI‘]Eiép@i cularly (feful .
The bound catal yst may contain from about 1%to about 99% by total weight
of bound cagal.yst, ;npre rticularly fromabout 10%to about 50% bi nder by
total weight ﬁ% ’ %bﬁsﬁcc%u?%ﬂ/é’f .m‘?ﬁo 3‘116‘%6“0# dethiach Mopis uhel nombed gitplet he

bi nder mat emgthinorayredatedconbi ned with the phosphorus-treated zeolite to

form an ext e mxture. The P-treated zeolite bound wth the binder
may be cal c&nj‘%gg%’?m’ﬁ‘elgftﬁaméfélr?’t"@‘rﬁ%ﬁ%ﬁ‘ﬂﬁé““é@%‘@@H@Y@ﬁ eprgived 2s: nor e

particularly at a tenperature between 500 C and 700 C. Such heating may be

carried out for 0.5 houvisletyMemb Seleb:aid -{ike/ROwAs Lajal yst. 1t phas been
di scovered that heating the P-treated ZS é at’ a tenperature of about 300

C or hi gherwtad S.hiemdoiuatiengs bR of Bkddt @8-, Wit »3 ﬁh’énfeﬁti\'gieis B NG e, 35
descri bed ngrl%i r}&/ﬁla% rf%iul t in the bound zeolit'e” exhibiting mJb[ ] pl e
P-speci es, a5 sh&HE6Y 4 BRIk of mplgoolpraeptep etlianell ar, t he bound

zeol i te cafefppt THRESeKhizbiltic dtaly@ashd (AR pREAKELNAK JI. ;LB s Fpehf OM
More particularly, the bound zeolite

about 0 ppm.t ? 4 -5%.p m .
catal yst may XATBIt “iohip IS RERPBEEY Hravieren Iraké mumvatindenom, about 0
ppm to  ab@HM-5 2EoliNp At NR ey PRAE IS Hodd hatidl a EiIi&mA%Pﬁ%n&% 28 ofﬁ’oogb"”t - 20
ppm and aﬂpgher with ;{I Xi mum at from about - ppmto about “=50 ppm
Such peaks &r'é ’é’ﬂf%?&fce Vot m gouy At 'susoysRBE plurtesodfesties . THemtapant i cul ar
a 31P MAS KNH-peal bl KHYBSHIUBHR fnd ARPMntAGaRPR? JBY RS, 4sNdi cative of
ol YPhoSPIffSPEE! %o REEK M todiict oy "o
] ¢ ZSM-5 'may be modified by treating with phospharus-containing
compounds. Such phosphorus-containing compounds may include, but are not limited to,
phosphonic, phosphinaus, phosphorus and phosphoric acids, salts and esters of such acids
and phosphorous halides. In particular, phosphoric acid (H;PQ,) and ammonium
hydrogen phosphate ((NH4)2HPO4) may be used as the phosphorus-containing compound
to provide a catalyst for toluene methylation with shape selective properticé to pravide
increased p-xylene selectivity, Such modified catalysts may contain phosphorus (P) in an
amount of from about 0.01 to about 0.15 g P/g zeolite, more particularly from about 0.02
to about 0.13 g P/g zeolite, and more particularly from about 0.07 g P/g zeolite to about
0.12 g P/g zeolite, and still more particularly from about 0.09 g P/g zeolite to about 0.1]
g P/g zeolite. After phosphorus treatment, the phosphorus-treated zeolite may be dried.
[0021] It has been discovered that increased para-selectivity may be achjeved in
aromatic alkylation, particularly for toluene alkylation, when the P-modified zealite 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



fromabout 0 ppmto about -25 ppm nmay be indicative of phosphorus bound by
extra- 7 franmework al um num or anor phous al um na. Al um nophosphates (At PO4)
and silicoal um nophosphates (SAPO) nay be indicated by a peak with a

maxi nrum at around -28 ppmto about -35 ppm . Free phosphates may be
indicated by a peak with a nmaximumat around O ppm [00251 This is in
contrast to a bound P-nodified zeolite catal yst that has been calcined or
heated at the sane tenperature, but where the unbound P-nodified zeolite
precur sor Es not undergl ne Beating at a tenperature of 300C or nore. Such
bound P- nodP} hedatalyeicafier tepdipaphyss sremaer. beopheaheW b0 I 97X, 2

adifference inthe in eractlon

single 31P MAS: M i ndj cat es
? Mﬂaand ﬁhmgﬁmd‘ TS ‘%ﬁé%?fié’éra sekalivilys fdepirdentgafpon t he

bet ween t he bi nder

heating t enPEk&eiiig sbscqinat miﬁmmﬁbxﬂ wdehdo: @028 %b&t%oo% i F!So%? Fog 082 61
at a

The P- nodi f nbound,
[ S&qhgﬁ%%ag’ao%%g%%& %tgou@gh?}g.olﬁgwquue cat aI yst |n any reaction.

tenperature of 300°C I ower

The st eam nl§9224art bes imam fiirehar dmtomﬂd&héﬂé b g, The use

of catal ystysaf gayl ?\% & rgs Ilng?édtg%gﬁege% In 8?&@8{[}%9 u. S

pat ent application Seri aFﬂ ot ?L/T‘Ifz i@“g StEp.| Badiysed , abR0Y Snaye idrthéd ed

" Hydr ot her rigdrease @aitdltrein:telamfmf-}hﬁsmb@lrau(sa giifd eq, %%Q ch%:e Cz,y%%&% " which
271 The £ 588t al yst

i's herein ipgos RS @t dnob ere E
bound or unboung eﬁ X%é"ﬂ a?:tslé‘ga%\)ﬁ Rdggrthe &B‘Bky@tpmaﬁtp@vﬁ‘&edl Ofcraasedar omat i ¢
hydr ocar bo.qeiaqwtafpraja@mmeng« agent 5%%@&? Ky @t a0 cathi§ %Ctngon JGanditi ons
to carry oyt.q alrno(%gl c a I .ation. The catal yst has par Peut"ap® a%kﬁfll cation
for use in t oI uene neth IP%ﬁL“ﬂﬁrlsl”F‘%firrF(j’ﬂéltltJ@ﬂ uSwiebfeebindmomatkedd maph gas
cof eed nayinglgo 1rh):egamsedx1da' h&t@l@lfSEQEkagﬁ}%s HRYudNb i ?Is za'c%a%g A a}n nert
gas. As usgd. J&%{ A £4_tt Br essi on "al kl yati on
enconpass the ar o?ra P% 6‘}%8 iR e tlheaeiokip aitbm@arag&mmmmr u&g%cbrher en.
E 2|e g)r(] gr gﬁﬁpm mothhinhivys atd PatideeH ude il MEEN L0 Q ca%ﬁpsp ma? %gntglﬁefrgn? gl()jouOf
u
Yo %35 ourl 9&% by total weight of bound catalyst, more particularly from about 10% to
about 50% binder by total weight of bound catalyst.
[0023] To form- the bound catalyst, the binder material may be combined with the
phosphorus-treated zeolite to form an extrudable mixiure. 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 hours or more to form the bound catalyst. It has been discovered that heating
the P-treated ZSM-5 at a temperature of about 300 °C or higher and then binding the
zeolite with a suitable binder, as described herein, may result in the bound zeolite
exhibiting multiple P-species, as shown by *'P MAS NMR peaks.
[0024] In particular, the bound zeolite catalyst may exhibit at feast two peaks having
maxima at from about 0 ppm to about —55 ppm. More particularly, the bound zeolite
catalyst may exhibit a éiP MAS NMR peak having a maximum at from about O ppmm to
about -25 ppm, more patticularly at from about -5 ppm to about -20 ppm, and another
with a maximum at from about -40 ppm to about -50 ppm. Such peaks are an indication
of various phosphorus species. In particular, 2 *'P MAS NMR peak with maximum of
about -44 ppm may be indicative of polyphosphate species. A peak with a maximum at

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



[00281 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

al kyl ation feed. The water or steamused for the nethylation reaction nmay
be introduced with or without hydrogen or inert gas as cofeed with the

al kylation feed to the reactor during the start up of the alkylation
reaction, or it may be introduced subsequent to initial start up. In either
case, liquid water may be added and vaporized prior to its mxing with
cofeed. gas (if any) and 8 the alkylation feed. The use of water cofeed is
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{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 utilizing a toluene/methanol feed. A gas
cofeed may also be used. The cofeed gas may include hydrogen or an inert gas. As used
herein, the expression “alklyation feed” is meant to encompass the aromatic compound
and the alkylating agent. As used herein, the expression “methylation feed” is meant to

encompass the feed of toluene and methanol.

{0028] In addition to any cofeed gas, water that may be in the form of steam, may also
be introduced into the reactor as cofeed along with the alkylation feed. The water or
sleam 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 watcr may be added and vaporized prior to its mixing with cofeed gas (if any) and



[ 00321 Additionally, the P/ZSM5 catal yst described herein, bound or
unbound, may provide steady catalyst activity and selectivity for toluene
met hyl ati on over periods of 25 days, 30 days, 60 days or nore under
appropriate reaction conditions. In carrying out such reactions for steady
catal yst performance, the catal yst may be contacted with a nethylation
feed and gas cofeed at a suitable tenperature to give a desired tol uene
conversion. In the exanpl es discussed bel ow, the desired tol uene conversion
was 63% of theoretical maxi mumtol uene conversion using a nethylation feed
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in series and/or parallel 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 methanol. The catalyst provides increased selectivity for p-xylene when used
in toluene methylation. In particular, the catalyst may provide greater than 85%, 90% or
95% para-xylene selectivity when used in toluene methylation. Additionally, in certain
instances, greater than 95% of total xylene selectivity may be achieved.
[0032] Additionally, the P/ZSM-5 catalyst described herein, bound or unbound, may
provide steady catalyst activity and selectivity for toluene methylation over periods of 25
days, 30 days, 60 days or more under appropriate reaction conditions. In carrying out
such reactions for steady catalyst performance, the catalyst may be contacted with a
methylation feed and gas cofeed at a suitable temperature to give a desired toluene
conversion. In the examples discussed below, the desired toluene conversion was 63% of
theoretical maximum toluene conversion using a methylation feed coutaining 2
toluene/methanol molar ratio of about 4.5. The reaction was carried out at a constant

feactor temperature over the test period.

{0033}  The following examples better serve to illustrate the invention.



[ 0035] Catal yst A was analyzed for Si, Al and P by X-ray fluorescence
(XRF), and for BET surface area and total pore volune by N2 adsorption. As
shown in Table 1, Catalyst A contained 35.73 % Si, 0.28 % Al and 9.01
wt % P, and had a BET surface area of 160 n2/g and total pore vol une of
0.12 m/g. The X-ray diffraction pattern for Catalyst A was recorded on a
Philips (X Pert nodel) diffractonmeter over a range of 5-55 at a scan rate
2 per mnute using Cuka t radiation. The results are presented in Table 2.
10 TABLE 1 Elenmental Analysis, wt%NZ Adsorption Si --- At --- P SA nig
PV, ail/g "P MAS NMR 35.73 0.28 9. & 12 See spectrum Figure | 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. 7IcAdlyst® 68 7 3.64 10 6.33 8 3.52 22 5.98 16 2.98 8 5.69 7 2.78
5 5.56 9 *Intensities shown are scaled in arbitrary units so that nost

i nt ense pdg(p@uta s Mpoder-free, P-modified ZSM-5 (P/ZSM-5) was prepared. The starting zeolite

powder was an NH4ZSM-5 powder having SiO/ALO5 mole ratio of 280, A shury
containing 700 g of NH4-ZSM-5 zeolite and 700 rul of water was prepared in a 2-L
beaker. The beaker was placed on a hot plate and the zeolite slurry was stirred using a
mechanical (overhead) stirrer with 250-300 rpm. The temperature of the slurry was
slowly raised to about 80-85 °C. A phosphoric acid solution containing 319 g of
phosphoric acid (Aldrich, 85 wt% in aqueous) was slowly added to the slurry. The slurry
tetperature 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 af 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 i, 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, 0.28 wi% Al and 9.01 wt% P, and had a BET surface arca 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 CuKa 1 radiation. The results are presented in Table 2.
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[ 00361 Solid state Magi c Angle Spinning (MAS) NMR spectra were recorded on
Catal yst A with 400 Mz spectroneter (27A1 at 104.5 MHz) at room
tenperature (27A1 MAS NWVR). Sanples were packed in silicon nitride rotors
(Si3N4) and spun at 13 to KHz sanple spinning (about 800000 rpm. A 10
degree tip and recycle delay of 0.5s were used to avoid saturation. About
4000 to 10000 scans were accunul ated to signal average and inprove
signal / noi se ratio. Proton decoupling was not enployed. Al spectra were
referenced to al um num chl ori de hexahydrate (run separately in a tube) at
0.0 ppmon the chem cal shift scale.tiBi§ {eads to an internal reference of
104.85 ppmon the-alumnumnitride (small jopurity in the silicon nitride
rotors) peak. The XSFeRtlyatysi 4| Ngemsion wedk peak at 55- 50 ppm regi on
assigned to structuyjal tgtrahedrals, g,UM By, The t étnatmdval al um num peak
is severely distoert-edq—indi-catidg-the presencé lof nested silanals caused
by holes in the stidtt uf&8 upbhl rienovdl of gonme pf Sehi@cctrird Fifwramewor k

al um num The adjacent peak (30-40 ppm peak—Ts due—to-severety—di storted
but still in the framework al um num atons probably either in the 3 or 5
coordination with oxygens. The bi gdésBLp&ak in the spectrumat -14 ppmis

from oct ahedral Iy cOUrdrnared”7gtmﬁgﬂ$ﬂm§§ﬁm%—%ha%~a%e-forned when
tetrahedral |l y coordihated frarn:\\l\nr al.um ntﬂm is_removed fromthe zeolite
franmework by the phosipFatelModPrrséat i orf-preéss aduensignt i oned above. .
[0037] Solid state Magi ¢l.oangl e Speé nni ng (MAS) NVR spectra were recorded on
Catayst A with 400 Mz gpgctroneter (3 tP,gf 161.7,Miz) at room tenperature
(31P MAS NWR). Sanplesgggre pac%;d insilicon nitride rotors (Si3N4) and
spun at 13 to KHz sanple spinning (aboutigboooo rﬁh). A 30 degree tip and
recycle delay of 15s weP€®used ‘0 avoid &&turatiof, About 4000 to 10000
scans were accunul at ed 802 si gnal saverage amd inprove signal/noise ratio.
Proton decoupling was nggg enpl oyed. All spectra wepe doubly referenced to
tetramet hyl di phosphine.djsul phigde at 37.8 ppm and 85% phosphoric acid
(run separately in a tug%} at 0.0 ppmon t#e cheni®al shift scale.

5.9 16 2.98 8

5.69 7 2.78 s

5.56 9

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

[0036] Solid state Magic Angle Spinning (MAS) NMR spectra were recorded om
Catalyst A with 400 MHz spectrometer (*'Al at 104.5 MHz) at room temperatare (<Al
MAS NMR). Samples were packed in silicon nitride rotors (8i3MN4) and spun at 13 to
KHz sample spinning (about 800000 mpm). A 10 degree tip and recycle delay of 0.5s
were used to avoid szltura_ttion. About 4000 to 10000 scans were accumulated to signal
average and improvc'signalfnoise ratio. Proton decoupling was not employed. All
spectra were referenced to aluminum chloride hexahydrate (run scparately in a tube) at
0.0 pprm on the chemical shift scale. This leads to an internal reference of 104.85 ppim 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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[0038] Figure 1 illustrates 31P MAS NMR spectrumfor a P/ZSM5 zeolite
(Catalyst A). The 31P MAS NMWR spectrum for Catalyst A shows peaks at O,
-11, -31 and -44 ppm attributed to various P-species such as free
phosphorus and phosphorus bonded (via oxygen) to Si and Al. Catalyst B

[ 0039] Heat-treated, P-nodified ZSM5 (described as Catalyst A earlier) was
bound wth 20 w % al um na bi nder. 19.18 gm of alum na (pseudobohemte
type, available from Alcoa, H Q40 grade) was peptized with mneral acid
(e.g., HNGB) and then m xed with 57.44 gmof P/ZSM5 zeolite powder (80

rrelsh) \d/\at ?ﬂhﬁgﬂgfksqél?raymmddﬁut &tdgncﬁmﬁealiﬁs&fot%pnp%@ﬁ}@is dliR e Q@%@l%ﬁémﬁlﬁﬁtﬁ Wa)s
cal Cl ne on uLar cnunks or ar. me( cylindrical shape
at 510 ' C to 5@6’%9" ﬁégl}eﬁ‘f"11?%%”’ls“é‘ﬁlea“f“é%li)‘8‘?ae‘i’tlﬁtu?l@ebfr“dhﬁf } & fedcudisdtionadh f or

Cat al yst Aoc#¥EsUe. Tfﬂiﬁggﬂeispdakumgm@ﬁéca’um&it -Bt y@s ichuahednandnsigrth i ng 20
and 40 nes 0 ti.c t Catalyst C [00 Heat -treat ed,
P- modi fi edglzgﬁl\h&rgﬁ %‘e‘zlﬁ Fﬁ‘aEer ?81'“2:%‘ 32 1&%@( Wfdl%fe%@mmha]mm@mszo%
silica bi ndwwovedfid tignacofiteAemnsiotl B0Ae prspRitX &dMchibnD ORs 9 g'néﬂtlo dox- HS-
40 (Col I oi gl Silica) in which 20.0 m of 0.2 N NH OH was ad oWy with

stirring. 20. 02 gm of P/ ZSM 5 powder (80 rresh) was added to the silica

m xture antP0stli r$céd vmelMagl\i\aA@e \SBEERr AYAH) NOVRBIR.rS Qkle RASHE 3Rd the
t he sane terrperagure profile

aste was
gs descri bggt 1?5 or o aI yst AP 65%8'98%‘ (T%é“ Eé&l%ﬁ@@t rogg tanpEaiuG (WEMAP ushed
and si zed NBiRig &ﬁ:ptmdvc#@ paeeh 15@1‘1116@{151&5&3 rofts YD) Gnli 855 2t fBkist D
[ 0041] Cat%k’éfets IA‘ &ﬂ) th 20‘V um num phosphat e. Cat al yst was
bound wit R hnum'p A Hgvé% freeect ’rpcﬂ‘ﬁiA?cél?fPéhlaltﬁ%%ﬁSd@If%useés a
bi nder fol tlocammdgatwhe()n sﬁamat pm(mcuadm(ﬁ) @Snﬁ@&%rab&%lité’c{ to nfv%tra%

screens

resultin | €I uUs a i zed using 20 and 40 nes
for cat algytgi@ E;O% e Kiaimdl@orafih roton cﬂecoupﬁng was not employed All spectra were

doubly referenccd to 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.

f0038] 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 and ~44 ppm
attributed to various P-species such as free phosphorus and phosphorus bonded (via

oxygen) to Si and Al

Catalyst B
{0039] Heat-treated, P-modified ZSM-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., HNOs) and then mixed with
37.44 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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Catal yst E [0042] Catalyst A was bound with 20% kaolin. P/ZSM5 was bound
with kaolin as binder follow ng the sane procedure as described for
Catalyst B. Kaolin (alum num silicate hydroxide), available fromAldrich
Chem cal s, was used. The resulting Catalyst E was crushed and sized using
20 and 40 nmesh screens for catalytic test. EXAMPLES 1-5 [00431 |In Exanples
1-5, Catalysts A-E were used in toluene nethylation. The reactions were
each carried out in a fixed bed, continuous flow type reactor. In each
case, a catalyst charge of 5.4 m (catal yst size: 20-40 nesh) was | oaded in
t he reactorCamgQchatalyst was dried by slowy raising the catal yst bed
tenperature (about 5C mn) to 200C under hydrogen flow (50 cc/mn) for at

)
| east one hU#0l Tiettaated. Pomodifisd S50 aEdarlitrydobartiic ci Gl gy nal)BpasiRRed (2. 2
mol e/ m n) Witk Bod GR% i 4 ¢c/mmn) at, 2 C overnight. A
preni xed t ol uene}%aﬁfr}\i({gl'Icrl %ﬁ%\ré%gf) %éjlg%‘(zgorrgﬁ%w?vﬁf o4 wijh g’/ﬁ% sRcidddentthe

reactor at BUEolodrdPiid icabiah P60 bk 0.0 NEVEIGHIPAE Al INAS WilGigased to
about 550 GggoT, § 64k 10 ace vel pcit LHSV) . (based on nethyl ation
feed) was by Or%tgg? %‘L%ﬁ%*%"ds ‘Ei}gy‘%%guots ‘QS%EF‘?% adgﬁ%f%hgcﬁﬁ%ﬁi e gakstifeed webld” and

mai nt ai ned W#epravingyed iHRlake sty batd el fhe gdste wat aflcihnad bos @f ccaROwly ¢ 8. I n
cof eed and was _vaporized prior

ddi t i ’ h {or,
addi t1on, wai.e rmé/\@aﬁncﬁ%g&gg%%% &)ro%?%gigcﬂﬁ%%%f mlc&{afy(ﬁhAf akayermoligr repiings  was

to introduction to t

about 0.8 &ri¢ilishe wee st apd eigelmsingMisand MO utesR O r@sk G- cRERGE BkisSt F €ans wer e
anal yzed to calculate conversion and selectivity. Liquid product stream
anal yses and conversion and selectivity for toluene nethylation reaction
over Cat al 5 are shown in Table 3 below TABLE3 Catalyst ABCDE

EXAVPLE 1 fooduf @ulyBa Uhs Bol&PMin %%Bal%&u%u%‘lph%%?hatze.z éLaztﬁys?o’toA s bt
with aluminum phosphate, available from Aldrich Chemicals, as a binder following the
same procedure as described for Catalyst B. The resulting Catalyst ) 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 E

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

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

reactions were each carried out in a fixed bed, continuous fow type reactor. In each
case, a catalyst charge of 5.4 ml (catalyst size: 20-40 mesh) was loaded in the reactor.
The catalyst was dried by slowly raising the catalyst bed temperature (about $°C/min) to
200°C under hydrogen flow (50 cc/miny 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/miny at 200
°C overnight. A premixed toluene and methanol feed {molar ratio 4.5) was added to the
reactor at 200 °C and the catalyst bed inlet temperature was increased to about 550 °C.

The liquid hourly space velocity (LHSV) (based on methylation feed) was maintained at
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Product Analysis, w% Water 20.6 20.3 20.9 21.5 19.2 18.8 19.3 19.2 20.2
19.6 Methanol 0.3 0.3 0.10.21L21.11.10.90.70.6 Dnethylether 000
0000000 Benzene 00 0O0OO0OO0OO0O0O0OO Toluene 64.4 64,8 55.2 64.9

76.2 76.8 76.5 76.0 69.9 69.5 Ethylbenzene 0 0 0 0 0 00 0 00 p-Xylene
12.7 12.6 13.3 12.8 2.8 2.7 2,9 3.6 3.3 9.4 mXytene 0.9 0,9 0.2 0.2 0.3
0.2 0.10.10.40.4 o-Xylene 0.50.50.10,10.20.20.120.10.20.2

Ethyltoluenes 0.1 0.1 0.1 0.1 00 0 00O Trinethytbenzenes 0.4 0.4 0.1

0.10.10.100010.2 CI0+0000000O00OO Conversion/Sel ectivity,
mol e% Tol uereuChinieng laomfcchHél%ilsllwa& fedhals ihdnindd © oflads Bty fidn od M xed

Xyl ene Sel e 98.6 88.5 97.5 100 100
p- Xyl ene Sexﬁ %a‘v*%‘t bl a‘%?é‘t Z%sénégﬁ‘%oﬁ Yeretgvas pddedgg toy gyaotor @?&@eganmwgm 0
Met hanol Se‘#aecmzedlpnyr (350t AR t62he9re@é¥er3 189 HH0R At Aibon ¥edi/m %m?ﬁm@ gd- 0

EXAMPLES 6- 00441 Usi the rocedure describ &t al yst
A, NH4- ZSM avfl%léds‘; §a%t§7 Ri*50%° Wi [%%“* %gﬁ% Beactgoiregats wore anadytedit h H3P04

acid. The H@mteanonvebrmeatdeﬂmz&m}s Masid bRRAct s&@,ﬁﬁ chifRks Ao 3@8&}05 d

appr oxi mat Three m na bound catal ysts were na using the
resul ting }’ "z‘%ﬂ?ﬁ%%‘ fokspe di tﬁw%ﬁm\/\}f@%té’ﬁﬂ’r‘i@‘hga@b@‘éG%EI-ﬁ‘fQ@b?W@sn Hiafvidér and
each was f ebher cal cined or heated at different. maxi numtenperatures to
form Catalysts 14 F-H Catal yst F was heated at a maxi mum tenperature of

400 C. Catal yst G was heated

TABLE 3
Catalyst ‘ A B C D
EXAMPLE i 2 3 - 4 5
Time on Strear, h 28 {18 24 125 22 124 30 150 25 131
Product Analysis, wi%
Water 206 203 209 215 192 18
. 20. 20. . . B 193 192 202 196

Mct}mnol 0.3 03 0.1 0.2 1.2 1.1 1.1 0.9 07 0.6
Dimethylether 0 0 0 0 0 0 0 ¢] 0 0
Benzene 0 0 0 0 0 0 O G 0 0
Toluene 644 648 G52 649 762 768  U65  T6.0 699 69.5
Ethylbenzene 0 0 0 0 0 0 0 0 0 0
p-Xylene : 127 126 133 128 28 2.7 2.9 3.6 83 9.4
m-Xylene 0.9 0.9 0.2 0.2 0.3 0.2 0.1 0.1 04 04
o-Xylene 0.5 0.5 0.1 0. 0.2 0.2 0. 0.1 02 0.2
Etf}yitoluem:s 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 62 . 02
CLo+ 0 0 a 0 0 0 0 0 0 0
Conversion/Seiectivity, mole%
chhfcnc Conversion 154 146 149 136 26 2.0 2.8 2.7 8.7 9.7
Mixéed Xylene Sf:If:ctxvxty 97.1 971 986 986 88.5 97 5 100 100 981 982
p-Xylene Sc[ectl:V]:ty 89.6 89.6 977 978 843 860 932 943 0934 94.0
Methano! Selectivity 75.6 723 629 643 295 249 271 277 S80 61.0

EXAMPLES 6-8

Catalyst F-H

[0044]  Using the procedure described for Catalyst A, NH,-ZSM-5 having a Si0,/ALO;
molar ratio of 280 was treated with HaPQy acid. The HyPOy acid treated ZSM-3 was then

heated at 510-530°C for approximately 10 hrs. Three alumina bound catalysts were made
using the resulting P/ZSM-35 powder with 10 wt% alumina (Alcoa HiQQ40) as binder and

each was further calcined or heated at different maximum temperatures to form Catalysts
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at a maxi mum tenperature of 510 C. Catal yst H was heated at a maxi num
tenperature of 600 C. The catalysts were tested for toluene nethylation
using the conditions described in Exanples 1-5. Table 4 shows the liquid
product stream anal ysis and conversion and selectivity for Catalysts F-H
for Exanples 6-8. TABLE 4 Catalyst F GH EXAMPLE 6 7 8 Tine on Stream It
24 143 23 125 24 120 Product Analysis, w% Water 21.0 21.5 21.0 20.8 21.1
20.5 Methanol 0.1 0.1 0.1 0.2 0.1 0.2 Dinethylether 0 0 0 0 0 0 Benzene
O00O0O0OOO_Toluene 64.6 63.5 65.2 65.6 65.1 65.9 Ethylbenzene 0 0 0 00
0 pXyl ene FFH7Caalypt Apagheard@t 4 Baginlsh Bmpemdid @160 6¢.3CRe Bt 4adndidd- 2 0. 2
0- Xyl ene 0. i D2 oluenes 0.1 0.1 0.1 0.1 0.10.1
Tri net hyl benzefr?éxsig%l%gﬁl.%%rgs& 929%;1? J(? @{%?yft @faé)ie"ﬁe‘bﬂt@ @M temperature

Conver si on/ 3P Cvi tThe entdlpds Fotuested Ganweiead Q’(bﬂgﬁgggn é&gg tga@ -cgnd}(g’oln‘& 13. 4
. - Xyl ene

13.4 M xedgxykgne; ivity 98.3 98 2 98. 2 98 : .
Sel ectivity 96.9 SR GBEIY L o Y s B Gichith ot et meloisng. 6. 8
64.0 63.4 BEPITCIEAN4nd ERANPILES: Tatlysts F-H for Examplos 6.8,

\1

TABLE 4
Catalyst F G H
EXAMPLE 6 7 8
Tiroe on Stream, h 24 143 23 125 24 120
Product Analysis, wi%
Water 21.0 21.5 210 20.8 21.1 20.5
Methanol 0.1 0.1 .1 0.2 Q.1 0.2
Dimethylether 0 ¢ 0 0 0 0
Benzene 0 0 0 0 G ]
Toluene 04.6 G63.5 65.2 65.6 65.1 65.9
Ethylhenzene 0 L 0 0 0 0.
p-Xylene (3.7 14.2 12.8 12.6 13.2 13.0
‘m-Xylene 0.3 0.3 0.4 0.4 0.2 0.2
0-Xylene 0.2 0.2 02 02 0.1 0.1
Ethyltoluenes 0.1 0.1 0.1 0.1 0.1 0‘1
Trimethytbenzenes 0.2 02 02 0z  oi 0.1
C10+ G 0 0 0 0 0
Conversion/Selectivity, mole%
Tqiuc:nc Conversion 14.7 14.7 13.8 13.4 134 . 134
Mi‘.'rced Xylene S‘cl.cctivit‘y 98.3 98.2 98.2 98.2 98.6 98.5
p-Xylene Selecn'vuy 96.9 96.9 95.7 95.8 98.2 98.2
Methano! Selectivity 65.6 658 | 64.0 634 60,7 64.4

EXAMPLIES 9-11

Catalysts I-KC

{0045]  Using the procedure described for Catalyst A, NH4-ZSM-5 having a Si0x/Al,0,
molar ratio of 280 was treated with HyPOq acid. The H3PO, acid freated ZSM-35 was then
heated at different temperatures of 90 °C, 250 °C or 320 °C. The heat-treated, P-
modified ZSM-5 zeolite powde; was then combined with 20 wt% alumina (Alcoa HiQ40)

following the same procedure described for Catalyst B, and was calcined or heated at a
maximum temperature of from 510 to 530 °C. These bound catalysts, designated as

Catalysts I, T and K, were tested for toluene methylation using the conditions describad
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havi ng a Si 2/ A1203 nol ar
H3PO4 acid treated ZSM5 was then
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2500C 320C %20 feat@xANPEEp@atufe dfB30D °tr,| d’il"ﬁilghﬂl“ ﬁdrtﬁammdﬁd&atkﬂa?ﬁnté@ie 18024 126

24 125 Pr %U‘Séd ﬁa/c%ry!ﬁéﬁe’r py%yl@n\é\gélectwgy for to%uene megly?amz)% [ 1 21.6 20,9 21.5
TABLE 5
Catalyst I I K B
P/ZSM-5 Heating Templ 90°C 250°C 320°C 520°C
EXAMPLE 9 10 12 2
Time on Stream, h 23 126 54 150 24 126 24 i25
Product Analysis, wt%
Water 21.0 21.0 20.9 21.7 2.1 218 209 215
Methanol ¢ 0] 0 0 0 0 0.1 0.2
Dimethylether 0 0 0 0 0 ¢ 0 [
Benzene ' 0.3 0.1 0.0 et o 0 0 0
Toluene 63.4 63.0 63.8 62.3 65.8 64.0 652 64.9
Ethylbenzene 0 0 0 0 0 0 0 0
p-Xylene 12.1 133 12.5 13.1 12.7 14.G6 133 12.8
m-Xylene 2.2 1.8 2.3 1.7 0.2 0.2 0.2 0.2
o-Xylene 0.8 0.7 0.1 0.7 0.1 0.1 0.1 0.1
Ethyltoluenes 0 ] 0 G.1 0.1 0.1 0.1 0.1
Trimethylbenzenes 0.2 0.3 0.3 0.3 0 ] 0.1 0.1
C10+ 0 0 0 0 0 0 g 0
Conversion/Selectivity,
mole% '

To.luene Conversion 16.2 16.6 i5.6 16.4 £3.2 14.6 14.9 13.6
Mixed Xylene 96.7 97.7 964 972 98.6 99.2 98.6 98.6
Selectivity
p-Xylenc Selectivity 80.0 34.6 34.1 84.7 982 98.4 9717 97.8
Methanof Selectivity 69.7 72.1 67.9 70.8 583 64.6 62.9 64.3

‘Maximum temperature at which P/ZSM-5 was heated prior to binding with alumina.
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Met hanol 0 0 O Dinethylether 0 0 0 00 00 0 Benzene 0.3

00
0.10.1'Ct-'" 0.1
Et hyl benzene 0 0 O
12.8 m Xyl ene 2.2
0.10.10.10.1 Et

2
Tol uene 63.4 63.0 63.8 62.3 65.8 64.0 65.2 64.9
0 p-Xylene 111 13.3 12.5 13.1 12.7 14.0 13.3
1 0.2 0.20.20.2 o-Xylene 0.8 0.7 0.1 0.7
n

00.10
000

00O00O
1.8 2.3 1.7
hyl tol u 0000.20.1210.10.20,2 Trinmethylbenzenes
0.2 0.30.30.3000.1 CIO+ 00 0O0O0O0O0OO0O Conversion/Selectivity,
nol e% Tol uene Conversi o 6.2 16.6 15.6 16.4 13.2 14.6 14.9 13.6 M xed

Xylene 96.7 97.7 96.4 97.2 98.6 99.2 98.6 98.6 Selectivity p-Xyl ene

Sel ectivity 8849 8ivrgodrarboBauBoR8s. Be Ofhvdrsdf afd Mecdvi thanol r}?ﬁ;ﬁﬁ@h’ vity
69.7 72.1 67yQ £Rr8.P83 K48 §2: Q?fg?S ' Maxi mum tenperature a

P/ ZSM5 was heat eg prior to- bindr g ki ¢aialist dnivera, sceled 10046 1andothec opar i son
pur poses, t HeTgaRyd etibiodn: eatdysebes tdimive ¥eaata shey +h:.Tabl. s

aver aged, aqﬁtﬁetmlﬁmg ?iét%gleg for Catalyst | Wer e sca %éf t?c‘)“%tgf)mﬁﬁaset hen
were conpar e(;j{‘ W th ot ter RatAF%/ti8e ghpsaharetreiod L6 dl mrior Ascaftonng e Tabl e
6, Wi th the Z¢lte edthea bifdet, hie fits3dnch@aliing, LEMRSYH e of the.

phosphor us- t58ated ZSM 5 prior to conbi ni ?{g t he ?%gﬁiatgecﬁ?% 1, ‘Ypsier, the
p-xyl ene selectivity increased with a decrease in toluene conversion.

| uenes
0.1
n 1

TABLE 6 TABLE 6
Catalyst I g K B
P/ZSM-5 Heating Temperature, °C! 90 250 320 520
Relative Activity? 1.00 0.98 0.85 0.87
Relative Para-Selectivity? 1.00 £.02 1.19 1'19

1 .

Maximum t i i indi i

Ay Ofett:vlﬁe;al;ure at wh:(l:lh P/Z$Mv5 was heated prior to binding with alumnina,

obaaray A o at ? pomts shown in Table ! and S for the respective catalyst. Activity and selectivity
atalyst 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 temperature of about
300°C or above, and then bound with alumina followed by calcinations or heating at
500°C above showed increased shape sclectivity 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 [ and M
[0048] Using the procedure described for Catalyst A, an NHs;-ZSM-5 zeolite

(S8i0/A1,05 mole ratio 280) was (reated with H;PO, and then heated at a maximum

temperature of $50 °C. Analyses of the P-treated ZSM-5 zeolite powder, as was cairied
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.-S showed similar properties to
those of Catalyst A.  The P/ZSM-5 zeolite was bound with 20% alumina
{pseudobohemite lype) and extruded to make 1/16-inch cylindrical shape catalyst. Alcoa
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Catalyst | J KB P/ ZSM5 Heating Tenperature, C 90 250 320 520 Rel ative
Activity' 1.00 0.98 0.85 0.87 Relative Para-Selectivity' 1.00 1.02 1.19
1.19 '"'Maxinumtenperature at which P/ZSM5 was heated prior to binding
with alum na. 'Average of two data points shown in Table 1 and 5 for the
respective catalyst. Activity and selectivity observed on catalyst | were
scaled to 1.00 and then conpared with those obtained on other catalysts.
[0047] As can be seen, the P/ZSM5 zeolite that was heated at a tenperature
of about 300C or above and then bound with alum na foll owed by
cal ci nat i on abmife atdiBg 40500Gy shape sel ect| vity
produci ng pc)%1 @*sel gﬁ?l velé%/ f%?qyﬁjéggggpﬁéﬁltﬁgﬁﬁgr@d ﬁﬁgﬁ%?e"amw ty
with decreasét™y PRECHS Were calclmrg of heatgdl e la@mnemednpdymdﬁ:mtfbg fihecP/ ZSM 5
at 300 C or ahces:so and Furdi; ngo hpad, g ci ni_ng. or heatl ng, at 500C
‘WE ket gﬁg%ﬁﬁ’f“%& i Protadur e.

or higher. LES 1213 C' % and
described f %51 CNaIYéhMNI—ﬁh 3 SBVIR tspect(1Bi @%M}@DB«I BIRME that i 0

280) was treaingtheist JH3RO4.180d edqat,a e erature of
550 C. Anal selsq)glf “the P—trela?)glcq‘.{lljl @g&&dgb%ﬁéo F?B\Adxtmsg]bff gg’&‘ﬁ?ﬁ“ﬁéd out

for Catal ystPR! hey B MASHWME spedtaon s Catabyatl] Sssh'ﬁhauBFllguﬂ‘dleEi NVRuefa)t he P/ ZSM 5
zeolite is shown in Figure 3 (spectruma). The P/ZSM5 showed simlar
properties to those of Catalyst A The P/ZSM5 zeolite was bound with 20%
alum na (pseudobohemte type) and eXBBidicd to nake 1/16-inch cylindrical

shape catal yst. ArGR@maiiiai@s, W ma ur@m%%—&ﬁéﬁmwe used for
Cat al yst L and MWQTQW and M were cal ci.ped or heated

at a maxi mum tenpgr a'rurp het ween PV, milg

0.20 9.72 188 a.15 See spectrurn a in Figure 3
TABLE 8
Powder XRD Intensity*
d-spacing [A]  Intensity d-spacing [A] Intensity
11.08 100 '4.25 6
9.9¢ 54 4.00 7
9.89 46 384 57
9.70 17 3.80 27
8.01 G 3.71 28
6.54 7 3.64 {1
6.33 9 3.53 18
5.98 16 298 10
5.70 6 2.78 &
5.55 g

*Intensities shown are scaled in arbitrary units so that most intease
peak is 100,

[0049] Catalyst I and M were tested for toluene methylation. The reactor, catalyst
charge, catalyst drying and stearming 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 I, and M are shown

in Tables 9 and 10, respectively.  Under the reaction conditions used for toluene
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and 530 C. Figure 3 shows a 31P MAS NWVR spectrum (spectrumb) for an

alum na bound catalyst - Catalyst M The 31P MAS NMR spectrum for Catal yst
M shows two strong peaks at around -13 ppm (broad peak) and -44 ppm This
differs significantly fromthe 71P MAS NVR spectrum for Catal yst I, as
shown in Figure 2 (spectruma). TABLE 7 El enental Analysis, w % N2
Adsorption "P MAS NMR Si Al P SA, nk/g PV, m/g 35.38 0.30 9.72 188 0. 15
Sec spectruma in Figure 3 TABLE 8 Powder XRD Intensity d-spacing [Al
Intensity d-spacing [A] Intensity t 1.0 1100 4.25 6 9.99 54 4.00 7 9.89

46 3.84 57 m@hy@tdy GarBPst2 7. BdOM 6hcwoAlindl Biwbloiferd. Béhvidiond (@3, 3¢3. 53 18
5.98 16 2.93 10. ».70 GHﬁﬁVZ&1 6 5.559§D*Intensiti es shown are sczﬂ_ed in
arbitrary units GoPFHRE ST Fropfe fag o8 anieed-svigerrnd Pobgotylem slegtéttyL and M
were tested for toluene nethylation. The reactor, catalyst charge,

catal yst drying and steam ng pr ocedurg were the sane as described in
Exanples 1-5, and the reaction cond it BEH® were the sane as in Exanpl es

1-5. Reactor liquid product stream anal ysis and conversion and sel ectivity

for Catalysts L ang,M,are Snown "
Example ‘ 12
Time on Stream, h 24 42 78 150 198 246 318
Product Analysis, wt%
Water 20.6 20.8 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
Benzene 0 0 0 0 0 0 0
Toluene .. 655 65.1 63.9 65.9 65.6 66.1 66.4
Ethylbenzene 0 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 04 0.3 0.3 0.3 0.3
0-Xylene 0.1 0.1 0.2 0.1 0.1 0.2 0.2
'?thyltoluenes 0.1 0.1 0.1 0.1 0.1 0.1 0.1
rimethylbenzenes 0.1 0.1 0.2 0.2 .
clon g Q 0.2 0.2
Conversion/Selectivity, mole%
quuene Conversion 14.0 14.2 14.3 13.3 134 13.7 13.5
Mixed Xylene Selectivity 98.4 98.4 98.3 98.3 98.4 88.3 98.3
p-Xylene Selectivity 96.2 96.2 96.3 96.3 96.3 66.3 96.5
Methanol Selectivity 62.3 63.1 64.7 61.8 62.0 63.0 61.8
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in Tables 9 and 10, respectively. Under the reaction conditions used for
toluene 18 nethylation, Catalysts L and M showed initial 14%tol uene
conversion (63% of theoretical maxinun) with greater than 98% m xed- xyl ene
and 96% p- xyl ene selectivity. TABLE 9 Catalyst L Exanple 12 Tine on
Stream h 24 48 78 150 198 246 318 Product Analysis, wt% 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 Dinethylether 0
000000 Benzene 00 00O 0O0O0OO Toluene 65.5 65.1 63.9 65.9 65.6 66.1
66,4 Ethylbenzene 0 0 0 0 0 0 0 p-Xylene 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 OI'8BDE3O o-Xylene 0.1 0.1 0.2 0.1 0.1
0.2 0.2 Ethyltoluenes 0.1 0.1 0.1 0.1 0.2 0.1 0,1 Trinethylbenzenes 0.1

0.1 0.2 0. P : 9
Conver si on 44.0-1428Y¥4 3 13.3 13 4 13.7.13. 5 MMed Xyl ene Selectivity

98.4 98.4 98.3 98F31gB 4 98.3 98.3 p-Xyleue Sel e6tivity 96.2 96.2 96.3
96.3 96.3 96.5 Yge g Supmr hanol Séfecti¥ty 6263 63201 64172 61.8262. 01%3. 0

61.8 19

Product Analysis, wi%

Water . 203 . 205 159 19.9 21.2 20.4 204
Methanol 0l (.2 0.2 0.2 0.3 0.2 0.2
Dimethylether 0 0 0 0 0 0 0
Benzens 0 0 0 b 0 0 Y
Toluene 66.0 65.4 65.9 65.8 64.6 65.5 65.8
Ethylbenzene 1) 0] 0 0 0 0 4
p-Xylene 12.9 13.2 13.3 13.4 13.2 131 12.8
m-Xylene 0.3 0.3 0.3 03 0.3 0.3 0.3
0-Xylene 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Ethyltoluenes 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Trimethythenzenes 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Cio+ 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 98.3 983 8.3 98.3
p-Xylene Selectivity 96.6 96.6 96.6 96.7 97.0 97.0 96.7
Methano! Selectivity 633 64.9 65.5 66.1 67.9 67.0 65.6

EXAMPLE 14

{0050] Catalyst L was further tested for catalyst stability in toluene methylation
reaction. The reactor and feed conditions were the same as those described in Examples
1-5. After drying the catalyst at 200 °C, the catalyst was steamed overnight at 260 °C. A
premixed toluene and methanol feed (molar ratio 4.5) was added to the reactor at 200 °C.
The liquid hourly space velocity (LHSV) (based on methylation feed) was maintained at
about 2 lr™! and a cofeed of Hy gas was fed and maintained to provide a Hy/methylation
feed molar ratio of about 7-8. In addition to H,, water vapor was added to reactor as
cofeed. The HyO/methylation feed molar ratio was about 0.8 and the reactor pressure
was about 20 psig. The catalyst bed inlet temperature was increased slowly to about 510
°C over a period of time to give toluene conversion of about 14%, and no reactor
temperature adjustment was made during the test period of 637 h (26 days). Toluene
conversion, and selectivities to mixed xylene, p-xylene and methanol are shown in

Figures 4 and 5.
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TABLE 10 Catalyst M Exanple 13 Tinme 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

Met hanol 0.1 0.2 0.2 0.2 0.3 0.2 0.2 Dinethylether 0 0 0 0 0 0 0O Benzene
O0O0O0OO0OO0OO0O Toluene 66.0 65.4 65.9 65.8 64.6 65.5 65.8 Ethylbenzene 0 0
0 00 p-Xylene 12.9 13.2 13.3 13.4 13.2 13.1 12.8 mXylenc 0.3 0.3

0. .3 0.3 3 0.3 o0-Xylene 0.2 0.2 0.2 0.2 0.2 0.2 02 Ethyltoluenes 0.1
0. .1 0.1 10.10.1 Trinmethylbenzenes 0.2 0.2 0.2 0.2 0.2 0.2 0.2

Cl0+ 0 0 0 0O 0O 0O 0O Conversion/Selectivity, nole% Tol uene Conversion 13.6
13.9 13.9 13.8 14.1 13.8 13.6 M xed Xylene Selectivity 98.2 98.3 98.3 98.3
98.3 98.3 9gxAmPrykene Selectivity 96.6 96.6 96.6 96.7 97.0 97.0 96.7

Met hanol SeVéETT%%TV“Gs.S 64.9 65.5 66.1 67.9 67.0 65.6 EXAMPLE 14 [0050]

Cat al yst L (B481lf Fatlest Mewrsefuthor ematogbd st sigtakible toytaiytic trettgnacdebhyl at i on
reaction. TREhEACH . d -gaondj tion re the.same as those described
in Exanpl es 1- 5& &,&?Etaté?lp Fl yﬂ%ﬁ‘g f}%erg%ctzti ra?@%&ﬁ?ar%ﬁa%ﬁtdﬁ@n%é‘ida‘it'ii’ﬁm&vas

st eaned ovelAfeghE vatre #BGa0e dascrivee fedntpbls uene Aaaddmpg han edtaif @b 24grol ar

ratio 4.5) s@syadgddst Qad Qt@axﬁgoaggzgr&gﬁg atzgnoouPQOO °C. A premixed toluene and
methanol feed (molar ratio 4.5) was added to the reactor at 200 °C. The liquid hourly

0.
0.

eoNeole)

0
3
1
0

space velocity (LHSV) (based on methylation feed) was maintained at about 2 hr'! and a
cofeed of Hy gas was fed and maintained to provide a Hz/methylation feed molar ratio of
about 7-8. In addition to M, water vapor was added to reactor as cofeed. The
HO/methylation feed molar ratio was about 0.8 and reactor pressure was about 20 psig,.
The catalyst bed inlet temperature was increased slowly to 535 °C over a period of time
to give toluene conversion of about 14%, and no further reactor temperature adjustment
was made during the test period of 1560 h (64 days). Toluene coaversion, and

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

EXAMPLE 16

[0052] Catalyst A was employed to test its stable activity for toluene methylation. The

reactor, feed composition, catalyst drying and steaming conditions were the same as
described for Examples 1-5. After drying the catalyst at 200 °C, the catalyst was steamned
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 ahout 7-8. In addition, water was added to
the reactor as cofeed and was vaporized prior to introduction info 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 toluene
conversion of about [4% was obtained and when no further reactor temperature
adjustment was made during the test period. Reactor streams were analyzed to calcuiate
converston and selectivity.  Figure 8 shows steady toluene conversion as a function of

tire on stream. The unbound P/ZSM-5 catalyst (Catalyst A) showed stable performance
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The liquid hourly space velocity (LHSV) (based on nethylation feed) was

mai ntai ned at about 2 hr" and a cofeed of H2 gas was fed and nmaintained to
provide a H2/methylation feed nolar ratio of about 7-8. In addition to H2,
wat er vapor was added to reactor as cofeed. The H20/ nethyl ation feed nol ar
rati o was about 0.8 and the reactor pressure was about 20 psig. The

catal yst bed inlet tenperature was increased slowy to about 510 C over a
period of time to give toluene conversion of about 14% and no reactor
tenperat ure ,adju %t ment was nade during the test period of 637 h (26 days).
Tol uene H\%‘igs‘i Bricst apdPG el &% Mot (Bsdaye). nabée | k proemes, thp-axylagn elwend

met hanol ar EorV BRI, jnBthafdiHele8%vidh, Aekds EX?%NP 3L 992 1L | yst M was
further errpl tyed to show st abl eéfcata QStylk%g er orltha %é’siyenc 5¢ egﬁ}gé

met hyl at i on“F8lE ifed: aophdd. r Catiasicd t‘é&team}bst@ndcﬂ’faﬁgfes (Catlpdt )t ttbrapinmiga and
steam ng pEOGEdaEQst 0 anpl es 1-5. After drying
the catal yst at 20% w@?ﬁeﬁg?iggﬁg%ylgt&?%%pﬁ tene e wg;pnl ght at about 200 C
A prem xed toluene and nethanol feed (nolar ratl 0 4.5) was added to the
reactor at 200 C. The liquid hourly ‘%’@Bf? velocity (LHS V) (based on

net hyl ati on feed)..was nmintained at abou 5 hr-1 and a cofeed of H2 gas
was fed and mmai nF%VﬁéwbﬁbC“p%V?lﬁfe &aief2ft ret fadbatN onCafagedh nol ar rati o of
about 7-8. In addition to H2, waterxumapor sas:added. f,Q keactor as cof eed.
The H20/ et hyl I TR 2 eactor pressure
was about 20 psig ne catal yst bed %I et téﬁperat it® was increased sl ow y
to 535 C over a pé/f”f%a{ylﬁ‘fcsflf"‘r‘fé“y to gi%le tol W&Ae condetsion of about 14%
and no further react¥rient gqpditat ure adjust nents was smge duri ng the test
period of 1560 h (Gdeutlaysdeciipl uene ggnversipp, andg; selectivities to mxed
xyl ene, p-xyl ene—a—nd—ﬁe{—haﬁek—ﬁ%e—s-h@m_%&gues_g_aud 7. EXAMPLE 16

[ 00521 Catal yst A was enployed to test its stable activity for toluene

nmet hyl ati on. The reactor, feed conposition, catalyst drying and steam ng
conditions were the sane as
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described for Exanples 1-5. After drying the catalyst at 200 C the

catal yst was steaned overnight at 200 C. A prem xed tol uene and net hanol
feed (nolar ratio 4.5) was added to the reactor at 200 C. The liquid
hourly space velocity (LHSV) (based on nethylation feed) was naintained at
about 2 hr" and a cofeed H2 gas was. fed and nmaintained to provide a

H2/ met hy&BAIMS f eed nol ar ratio of about 7-8. In addition, water was added
to the reactor as cofeed and was vaporized prior to introduction into the
react or . WehaimH2QY met hyl ati on feed nolar rati o was about 0.8 and the
reactor pressure was about 20 prig. The catal yst bed inlet tenperature was
slow y riai sedl niethoHd peephieR aa alloh URNGIicGRRURE ShiRprighg.about 14% was obt ai ned
and when no further reactor tenperature adjustnent was nade during the
test period.y, : ) /3 0 G i

el ect i vity "Bras &g R o AR R ol 3 100, EPA TR Eon SRR RIER 8

time on stre The unbound P/ ZSM 5 catal yst (Catal yst A) showed stable

per f or mance Eﬂg\ S%h{})ri?srigeqﬁ"gz?o&?’ period of 726 hours (30 days). Table 11
presents thg aver age. t ol uene con‘veksi on, nethanol selectivity,

m xed- xy| ene'¢a¥i% 3ipl}i>mhoaﬁdreﬁl%éweg @tgélt*‘ééﬁ"?rﬁ"f‘i“{%ﬂ)?%’t@mw§I%¥§“ﬂ§wﬁ, L and
M Contrasted to the unbound P/ZSM5 (Catal yst A), the alum na bound

cat al ysts skombdihiag thepkasphosisrisaed ssdlits- xith eneingrglagist ¢xide pindTABLaEeripl to
Conversion/ Sel ectivity, nol e% Catal yst L ~LCatal ysCatal yst A Exanple 14
Exanpl e 15 HExamplzeolit6é-binbel nexareConversion 14.6 14.4 14.6 M xed- Xyl ene
Selectivity 98.1 97.9 96.8 p-Xylene Selectivity 96.7 94.8 88.0 Mt hanol

Sel ecti vity hehing Q. Rokté-tindd2nfekit MBter¥¥erthiRd! 81 about 400°C or higher to form a
bound zeolite catalyst; and
contacting the bound zeolite catalyst with an aromatic alkylation feed of an aromatic
compound and an alkylating agent under reaction conditions suitable for aromatic

alkylation.

2. The method of claim [ , wherein:
the binder material includes at least one of alumina, clay, aluminum phosphate and

silica-alumina.

3. The method of claim 1, wherein :

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

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

600°C.
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1. A nethod of preparing an al kyl aromatic product conprising: treating a
zeolite containing 10-oxygen ring pores with a phosphorus conpound to form
a phosphorus-treated zeolite; heating the phosphorus-treated zeolite to a
tenperature of about 300C or higher; conbining the phosphorus-treated
zeolite with_an inorganic oxide binder material to forma zeolite-Dbinder
m xt ur e;5-heaT1ilen‘§‘3fﬂ1HéOfé‘élmtlewb@'ﬁtmér m xture at tenperature of about 400C or
hi gher to forma bound zeolite catalyst; and contacting the bound zeolite
cat al yst wi tthe aeplae-bimaier mixtlieyit htdtahtof etechpefatian offromet(10EC te abpodadeand an
al kyl ati ng agent under reaction conditions suitable for aromatic

al kyl ation. 2. The nethod of claiml , wherein: the binder materi al

i ncl udes at | east one of alumna, clay, alum num phosphate and

silica-ad UmMn@ mdhod BEUBE hodhatincl @im 1, wherein : the binder material is
an al um na-contai ni ng mat er a?. 4. The nmethod of claim 1, wherein: the

phosphor us-t Lzeoldte is . heated to a tenperature of from about 300C to
about 6000%%%&0@3@ éﬁ?%t%%c&’h&% claim1l, wherein: the zeolite-binder

m xture is heated to a tenperature of from400C to about 700C. 6. The
met hod of claim11, wherein: the zeolite is a ZSM5 zeolite. 7. The nethod
of claim1, wherein: the binder material contains from about 1% to 99% by
wei ght &l umiThe resthed afclaim i hehareinconbi nat i ons.

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

combinations.

8. The method of claim 1, wherein:
the bound zeolite catalyst exhibits at least two *'P MAS NMR peaks with maxima at
from about 0 to about -55 ppin, with at feast one peak having a maximum at from about

40 to about -50 ppm.
9.  The method of claim I, wherein:
the binder material is present in an amount of from about 1% to about 99% by weight

of the bound zeolite catalyst.

10. The method of claim 1, wherein:

the aromatic compound is toluene.

11.  The method of claim 1, wherein:

the aromatic compound is toluene and the alkylating agent is methanol.
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8. The method of claim1l1l, wherein: the bound zeolite catal yst exhibits at

| east two 31P MAS NWR peaks with nmaxima at from about 0 to about -55 ppm
with at | east one peak having a maxi nrumat from about -40 to about -50
ppm 9. The nethod of claim 1, wherein: the binder material is present in
an anount of from about 1% to about 99% by weight of the bound zeolite
cat al yst 12-10Themrethag pheldingfl, Brdphsomprisiesiei n:  the aromatic conmpound is
toluene. 11. The nmethod of claim1l, wherein: the aromatic conpound is

t ol uene and sté¢wmniag kiyd boundgzcatjendt 4 smpetdtaralf. 3002@ of 2ess hrr netchotdctofe withi m
1, further conprising: steam ng the bound zeolite at a tenperature of 300C

or |l ess priahei@ncodtisldta faédh the aromatic al kylation feed. 13. The
met hod of claim 1, wherein: contacting the bound zeolite catalyst with an

aromatic al kyl ation feed includes providing an al kylation reaction within
a reactor without a significant decrease in conversion and selectivity

after r.e t-ha hpurs_of eration when the reaction is carried out at
generarﬁf'céﬂgggﬁﬁgg8ﬁ%g?5?ﬁwggaf4. A met hod of preparing a xyl ene product

conprising: treating,a ZSM5 zeolite with a phosphorus _conpound to forma
phosphor us- PRESHRA TSI BeIie et Vi HherPRYE YRR ool
zeolite to a tenperature of about 300C or higher; conbining the
phosphor us- thredtad Zspikylaties| jeaelion whthan ai reeetganyithookiads ghificatgr dearesserina
to forma zeolite-binder m xture;

conversion and selectivity after more than 500 hours of operation when the reaction is

carried out at generally constant temperature,

14, A method of preparing a xylene product comprising:
treating a ZSM-5 zeolite with a phosphorus compound to form a phosphorus- treated
ZSM-5 zeolite;
heating the phosphorus-treated ZSM-5 zeolite to a temperature of about 300°C or
higher;
combining the phosphorus-treated ZSM-5 zeolite with an inorganic oxide binder
material to form a zeolite-binder mixture;
heating the zeolite-binder mixture at temperature of about 400°C or higher to form a
bound ZSM-5 zeolite catalyst; and
contacting the bound ZSM-5 zeolite catalyst with a feed of toluene under reaction

conditions suitable for at least one of toluene methylation and transalkylation.
15.  The method of claim 14, wherein:

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

silica-alumina,
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heating the zeolite-binder mxture at tenperature of about 400C or higher
to forma bound ZSM5 zeolite catal yst; and contacting the bound ZSM 5
zeolite catalyst with a feed of tol uene under reaction conditions suitable
for at |east one of toluene nethylation and transal kyl ation. 15. The net hod
of claim 14, wherein: the binder material includes at |east one of alum na,
clay, alum num phosphate and silica-alumna. 25 16. The nethod of claim
14, wherein: the binder material is an alum na-containing material. 17.
The net Héd ofheghethed aficlaiwhét,evliereinhe phosphorus-treated ZSM5 zeolite is
heated to a tenperature of from about 300C to about 600C. 18. The net hod
of cl ai m 14, thawbiedei matetifids aeelintiga-bbmediamgvhxtusle i s heated to a tenperature
of from400C to about 700C. 19. The nethod of claim 14, wherein: the

bi nder material contains fromabout 1%to 99% by wei ght alumna. 20. The
met hod of claim 14, wherein: the bound zeolite catal yst exhibits at | east

t wo 31P1WAS'NMBnEﬁ@E%f@%hﬁlﬂa%haﬁﬁ@t fromabout O to about -55 ppm wth

at | east one peak having a maxi rum at from about -40 to about -50 ppm 21.

The method of claim 14, whergin: the binder material is present. in._.an,
amount of - f AR ABBIR UL A0 S99y NeaiegHt o GrRPERB6 ez e D ¢ e
catal yst. 22. The ng}hod of claim 14, further conprising: 26 steamng the
bound ZSM 5t 8kt 80%4E a t enperature of 300C or less prior to contacting

18. The method of claim 14, wherein:

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

19.  The method of claim 14, wherein:

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

20.  The method of claim 14, wherein:
the bound zeolite catalyst exhibits at least two >'P MAS NMR peaks with maxima at
from about 0 to about -55 ppm, with at least one peak having a maximum at from about

-40 to about -50 ppm.
21. The method of claim 14, wherein:
the binder material is present in an amount of from about 1% to about 99% by weight

of the bound ZSM-5 zeolite catalyst.

22.  The method of claim 14, further comprising:

26



with the feed of toluene. 23. The nethod of claim 14, wherein: contacting
the bound ZSM5 zeolite catalyst with toluene feed includes providing an
tol uene nethylation reaction within a reactor without a significant
decrease in conversion and selectivity after nore than 500 hours of
operation when the reaction is carried out at generally constant ,

t grrper at ur e.Steming i %Pﬁ%é%‘ﬁ ZEPHICAL § ACTRHBIIES %f: 340RE Bdemarisel peacting
catal yst provides at |east a 5% increase in para-xylene selectivity when
used in tol vetethededdoideluone.conpared to the same zeolite prepared under
simlar conditions without a conbining with binder material when used an
tol uene nethylation reaction under simlar reaction conditions. 27

23. The method of claim 14, wherein:
contacting the bound ZSM-5 zeolite catalyst with toluene feed includes providing an
toluene methylation reaction within a reactor without a significant decrease in
conversion and selectivity after more than 500 hours of operation when the reaction is

carried out at generally constant temperature.

24. The method of claim 14, wherein:
the bound zeolite catalyst provides at least a 5% increase in para-xylene selectivity
when used in toluene methylation compared to the same zeolite prepared under similar
conditions without a combining with binder material when used an toluene methylation

reaction under similar reaction conditions.
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