WD 2007/ 019375 PCT/ US2006/ 030582 ZEQOLI TE CATALYST AND METHOD OF PREPARI NG
AND USE OF ZEOLI TE CATALYST TECHNI CAL FI ELD [00011 The invention rel ates
generally to the al kylation of aromatic conmpounds and catalysts used for
such reactions and their preparation. 1 WD 2007/019375 030582
BAG(G?QJND"T%@@??”?;& a-xylene is a val uabl e substi tut eggﬁé}r@?&ggéonpound
because of its great demand for its oxidation to terephtlialic acid, a
maj or conponent in form ng polyester fibers and resins. It can be
comercially produced from hydrotreating of naphtha (catalytic reformng),
steam cracki ng of naphtha or gas oil, and toluene disproportionation.

[ 0003] Al kylation of toluene with nethanol, which is al so known as tol uene
met hyl ati on, has been used in | aboratory studies to produce para-xyl ene.
Tol uene net hyl at i BROIATECEATAKNSTAND METHIODORE PREPARINGCat al yst ,
particularly over zeolite = I . In particular,

ZSM 5-type zeolite, zeol i%gﬁgggn%ﬁoéﬁgé?m%phosphate ( SAPO)

catal ysts have been used for this process. Generally, a thernodynan c
equilibrimrr 1.x1 rEﬂEL&rtho (o)-, meta (m- and para (p)-xylenes can be
formed frofideHes ~Hyotdi on of toluene, as is illustrated by the reaction
below CH3 CH3 CH3 CH3 CH, /I + CHOH/ | + + HO \ CH3 TOLUENE

O XYLENE N{O%)S]YILI Ehﬁie Fl.t-nzg ElNrEelaf.tesCIg_é%elgaﬁ; to the alkylation of aromatic compounds and

catalysts used for such reactions and their preparation.



[ 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

t enper at urgs, er. Byproducts such as C9+ and ot [<&, products
can be prd@@ ggﬁﬁgM%econdary al kyl ati on of the xylengﬁ%?@%ﬁgﬁgkﬁbOOS]

Par a- xyl ene can be separated from m xed xyl enes by a cycle of adsorption
and isonerization. Such cycle may have to be repeated several tines
because of the low isomeric concentration in the equilibriummxture. A
hi gh purity grade (99+% p-xylene is desirable for its oxidation to

t er epht hal { G ,@ éd. The production cost for such a high purity grade

p- Xyl ene ¢ i gh, however. A different nmethod that enploys 2 WO

2007/ 01937 500Be]T/ RiS20A640305BAuabt 3BLithibd 2300 bBsdhAk 39&%see<39f“itsb oyjsed and

may be | ess expensjve where the concentration of" p-xylene I's around 80% or
hi gher in £¢RAHPY itspxidasion ie teerithpbic acithy s12jon icgpenephianformsing ipbiylstirum

Concent a 5Ras il sassy| £ g enh 3o OASHRCSLAN 1SR O

amount of Eéxg%ene can be obtai _ uene ne nif the
cat al yst hi8taRapesfeming)t | siearpr eppcking esf Siphihe el ged i vik sdopsindnees can be
obt ai ned i g 'dﬂéﬁhgeolite catal ysts by narrowi ng zeolite pore opening
size, inactivation of the external surface of the zeolite or controlling
zeolite ati083lt yAlkylatianeod ivbichy | with onetheyl, celtdr isvalso rkmdivhi &d (IG5 or

ZSM 5-type it e I Vi | ene products containi '
significan?%@g%?%ﬁggg%%%%§%%5g5¥$§g§€¥gﬁgw?%%ﬁm’uﬁ%pﬁﬁ3WE§8yﬂgﬂ?%m

concent r at inethylafi@0BE | betin kv trav @iy pver el @tatysy panithlatly oberd R610iogal

hurdl es fog, tol.uene ylatjon, . be rcially sucgessful an

inprovenen%?hgr nee 5& An%hgp?ﬁégg’a%®ﬁgg§?e 53#%?y§?ﬁﬁ%a fiev#Pfon and

| ow et hanslicagisingmphospliaje (SARW) BAHEEOSFEn REEH ISRDHLORO582nerally, a
thermodynamic 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.

CHy CHy CHy CHs
CH,
CH,
TOLUENE O-XYLENE M-XYLENE P-XYLENE
CHy

[0004] Thermodynamic equilibrivm compositions of o-, m-, and p-xylenes may be

(1

around 25, 50 and 25 mole%, respectively, at a reaction temperature of about 500 °C.
Such toluene methylation may occur over a wide range of temperatures, however.
- Byproducts such as C9+ and other aromatic products can be produced by secondary
alkylation of the xylene product.

[0005] Para-xylene can be separated from mixed xylenes by a cycle of adsorption and
isomerization. Such cycle may have to be repeated several times because of the low
isomeric concentration in the equilibrium mixture. A high purity grade (99+%) p-xylene
is desirable for its oxidation to terephthalic acid. The production cost for such a high

purity grade p-xylene can be very high, however. A different method that employs



BRI EF DESCRI PTI ON OF THE DRAW NGS [ 0008] For a nore conpl ete understandi ng
of the present invention, reference is now nade to the foll ow ng
descriptions taken in conjunction with the acconpanying figures, in which:
[0009] FIGURE 1 shows 31P MAS-NMR spectrum for phosphog swd'ofﬁ d ZSM 5
zeol i te CatQ¥OIK’S|[0010] FI GURE 2 shows 31P MAS- NWVR & é;%ﬂ ®OPBP: cat al yst's
| (spectruma) and K (spectrumb); [0011] FI GURE 3 shows 31P MAS- NMR
spectra for a phosphorus-nodified ZSM5 zeolite (spectrum a) precursor
used for preparing Catalysts L and M and for an alum na bound

phosphor USerdeh:ialueldteZJﬁﬁ&u'és m@elwﬁﬁimﬂn%tb@hééﬁxﬂ%&%é #8ccen agﬁﬂ'z] FI GURE

4 is a plot of t ol uene yers on overtine for the tol uene net ation

reaction f¥YrP-E4ems iy Lroup (§IO EXLghe Hahe fmipd 3qvieps orodmots Thus, élgqbbloﬂlau)f

met hanol hﬂfbhﬁﬁlcbﬁ{;eﬁ@dﬁbﬂﬁof xyléye psYbgagesel ectivity (curve 2) and

p- xyl ene se ect|V|ty écu ve over finme for the toluene nethylation
reaction P8¢ Caﬁ‘aﬁ@% CaEﬂBbfhlE?érﬁm%lﬂtl@f p8pieny cm toRBbigined in fohote of

tol uene cORMBYISHRANEANBh i IR chtAystt u 4.0 on for
Catalyst M of}[; Exanpl & 15; 08 15]° FI:LE‘EGUSth %“@B%L‘% %hfi gff&l Electivity
(curve 1) ProRertiss- Wl@n@b@t@@%@t imgdified geoliteveatabystsahyd nplmwllrlgmohhelml vity
(curve 3) QUBK e f@'ﬁg p%é [ reaction al yst M of
Exanpl e 15@, an%rsizggllnré %%t%déJ{IgtEﬁ%%?{sgﬁg plo L%? ﬂf eﬁ’g%eorccg Fl”\;;%lﬁlﬁ Gt erti me
for the tdcidéneloteannymeityleion menetcionvdronodiEedalSits o BSMBxampLelils. 4 VO

20071 0193 15T HE20ABLATORER ¢ Bg;@glsgggﬁgﬁ% ELLANL0017] coh.o zeolite is

one of the Satile catal yst s -use
the thermodynamic concentration.

{0007] Unfortunately, there are a number of technical hurdles for toluene methylation
to be commercially successful and improvements are needed. Among these are fast

catalyst deactivation and low methanol selectivity.



conversions. It is a porous material containing intersecting
t wo- di nensi onal pore structure with 10-nenbered oxygen rings. Zeolite
materials with such 10-nenbered oxygen ring pore structures are often

classified_as di um pore zeolites. Modification of P olite
catal ysts W30 qwlgfgﬁhor us-cont ai ni ng conpounds has beéﬁ%ﬁ%z\t?\%ﬁpﬁ%éfpr ovi de

shape sel ective properties to the catalyst, yielding significantly greater
anounts of p-xylene than the thernodynam c equilibriumval ue when used in
tol uene nethylation conpared to unnodified catalysts. Such nodification

has been Mn&g&' o8 OB TECHRUMINGDT P-xyl enes of greater than 80%
Al t hough %P]Op osphorus-treate / catal ysts may have a high

sel ecti vi ‘5’ r P & pperompitie ynderstigding of deawesvaltisveation referegcefiasbw rate; for
exanpl e, tage GahaFIRlvidPdesdSienObRALIE CofilRR o I initial activity
within a 'dalé' This nay posr%%b?y be due to go%/ﬁlg%p%tg?rﬁagwk%%g{lﬁ% cat al yst
[00181 AsT¥ t#her ej n, the expression "ZSM5-type" is neant to refer to

Lhose zeojjohers FIGHAE afdiolss 9t USHIR! bt iP £33E, 83 Zﬁ?’n'\é‘@é FLSES:

Additionally, the expressions be used
herei n i nE®EHR@AB y t 0 enconpass one another and shoul d not be

const r uedggpima Frichidd 58. 5 redn. catalytic actjvit can be
expressedfas k hﬂ; % m)?ggé‘g%] tgk?gﬁ$0| ue%gg%(a)??/re ?tgléfﬁ@vil[%si?e? @cafndt% t he nol es
of tol ueffgedirert bind can be defined by the followi ng formul as: Ml e% Tol uene
Conver si opyariil (it 1) T 131 k wher T, is the n, f nol es of
t ol uene fg)gljlzinﬁ?@s%ﬁ@%u%@ggg\&ﬁmspggat% ﬁé’ﬁ%sljﬁﬁmf'@&g’%gggs 53 used

herei n, sedolict(spertnym fpreerirsee dsedybepregaring YatlyseXparRSdeshdas: aE4a M xed

Xyl ene S YA = [ Xt~/ C 100.(,3 ere, Xtx is the nunber of
nol es of eﬂ)n?% gggﬂ{d(g %%msn%] O%rﬁﬂ%%ﬁ;%%e%ngé' ﬁ?%&:{%gi %?%Hﬂ@tbﬁ(’ As used herein,

sel ect i vi 912 orFIGURH %ise pietof kdueax poresisiod o Hinddlo is Roliank aRehyBabect i Vi ty=
(Xp/ Xt.) the nunber of noles of p-xylene. As used

her ei n, n%?%iglggfr%g%\gggéfgﬁaﬁ%%ﬁbe expressed as: 5
[0013] FIGURE 5 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 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 toluéne 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,



WO 2007/ 019375 PCT/ US2006/ 030582 Mol e % Met hanol Conversion = [(M - M/M
1 x 100 (5) where, M is the nunber of noles of nethanol fed- and Mis the
nunber of noles mnethanol unreacted. As used herein, nethanol selectivity
for toluene nethylation may be expressed as: Ml e% Me I eetivity =
[Xa/(M-I\/DY‘]O’)?mi%?)ﬂ%) where, X. is the nunber of nol %@Q%O@Q‘l’ebgf(o-, m
or p-) xylenes, M is the nunber of nples of nethanol fed and M is the
nunber of noles of unreacted nethanol. [0019] The ZSM5 zeolite catal ysts
and their preparation are described in U S. Patent No. 3,702,886, which is
her ei n incpEFggﬁEpd)EtsCche. In the present invention, the ZSM5
zeolite ca st_may 1nclude those having a silica/alumna nolar ratio of
200 or hi Bﬁ%ﬁ e grelits BuPRE P ter mastatsowutileostalyss atmduin B@Bocabber t o

nodi fi cat i ghaverdiBg, St laNGbrowsoMaRyi :an - +.0r H+ formand may contain
traces of ot herlhlgat iRgIEISts.a 68201a%ﬂ?%%%?%%g%%“ﬁ%ﬁ?id&e%?n%r%Qé?i ng with
phosphor ussiEeteaTill de-mesherdrraeen Sash Frobitsphaetias edhtsabnitgesbepOUNds may

i nclude, b i : i.G. phosphi.po phosphgrus and
phosphor | o JETHE IRl HPhig Sl dhen HORRE A0 et Bl RS BBt ha 1 dos.

| n part i cu¥3;5-tiprozsphiscaiglyaisivdt pheOds-andainingoampindh ydRgedoRh@s phat e

((NH4) 2HP : sphor us-cant ai ni.ng _conpound to provide
a catal yst%} %ngri@i%ﬁg %Seelrll%ﬁ?ree?lﬁg%rg% tgﬁg%m‘pattaf%lss H’éeg@"% Seifieanfly exvalip apprals t o
provi de i%@rwiese thap ihothemsdgeise tquilibtiym value lwhen diddi ie ehigat aledSiafod Yy

.

contain p P)..d.a upt of from about 0.01 to about 0.15 g P/g
zeolite, %?‘@Bg‘gﬁi‘ﬁ"%} f} %Faclr\%\ggbgﬂ‘fh 8’.06]?%“{05‘ ‘ﬁoﬁ?enos.]ﬁ B O FTgYig0l i t e,
and nore palettivitylfard-yyléne of gioatet théh 8024, gARPh@eR el hospherabestd z@12 9 P/ g
zeolite, il .ore rtjcul.ar fr.om gbout 0.09 P/ g zeolite to about
550 g pra R ey P AR BB P P inep Renchrase fhvovias et cat ed
zeol i te nagiehler exanglk, thd @Bk} nlay 1tagrdane fadi HCOVERER D AEvicPGaBaASEd
par a- sel ecc{%' Vi 0Y mag bg qf%exped ilq aronmat i c al kyl at iaon, Sgrttiﬁ%ﬁearl y for
t ol uene al i’n le;l%ll BAY PRIREH T B SRS Anoston wbibe pialy® heated at 300 C or
hi gher af t[@#18phds pal heseit, thaixpRsasion ABMS5SySNeNmSHD SERUE R hyslund

that are isostructurally the same as ZSM-5 zeolites. Additionally, the expressions

¥ZSM-5" and “ZSM-5-type” may also be used herein interchangeably to encompass one
another and should not be construed in a limiting sense. As used herein, catalytic activity
can be expressed as the % moles of the toluene converted with respect to the moles of

toluene fed and can be defined by the following formulas:

Mole% Toluene Conversion = [(T; - T,)/Ti] x 100 )
where, T; is the number of moles of toluene fed and T, is the number of moles toluene
unreacted. As used herein, selectivity for mixed xylenes may be expressed as:

Mole% Mixed Xylene Selectivity = [X,/(T;- 0)] X 100 {3
where, Xy is the number of moles of mixed (o-, m- or p-) xylenes in the product.

As used herein, selectivity for p-xylene may be expressed as:
Mole% p-Xylene Selectivity = (X,/X) x 100 R Y

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

As used herein, methanol conversion may be expressed as:



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 6 W) 2007/019375 PCT/ US2006/ 030582 of
the catal yst er._the phosphorus treatnent. Tenperatu f ), 400 C or
nore are b”a?r%%%({ﬁ:’g?l y useful in providing such incr eaé‘gﬁu%g(r’ﬁz{g‘%g? ectivity.
A suitable range for such heating subsequent to phosphorus treatnent is
from about 300C to about 600C. Such heating nmay be carried out for 0.5
hour or nmore. [0022] It has been further discovered that conbining the
P-treated ZSM5 (P/ZSM5) wth a suitable binder after the initial heating
step, as discussed abpve, further _increase product selectivity in
aromatic al kyl ati on. ﬁﬁﬁﬁfam{%%@n%@nﬁ/[ﬂw%ﬁkﬁdm 108eat ed and(®Hhen bound
with a suitable binder the catal yst may provide an increased selectivity
for para- x?(lbenng;)%St t | east 5% conpared to the sanme catal yst unbound when
used in tol"i8fe™y %ﬁlnél{“ib%%ﬁ’ﬂ@ﬁ of jmgthanpl fedrraidto s the Suintbab b2 mblender

mat eri al S #B¥anol Gkasekg | norgani ¢ oxi de materials. Exanpl es of such
materials include alum na, clay, alum num phosphate and silica-alumna. In
par ti cul arAs behbergiey mghangl spichitiofor toluepe methylatio maxhndxprateians ar e
particularly useful. The bound catal yst nay contain fromabout 1% to about

99% by total weight of oA IE DL Gt y fromabgut 10%to
about 50% bi nder by total \Aeig%%ﬁ!)?é%cgﬁ g@ﬁ%&/@%?%%] To fo@ t he

bound cat alsesd x ! BenEE of BHRE bRk IRY, b combloed wph the oo v

phosphorus-treated zeolite to forman extru
zeol i t e boueles ofpeathanelfed idMeis thrayntber efahadésnd dnwactdibattehodt a tenperat ure

of 400 C g , ) I at_a tenperature be n 500 ' C and
700 C. Sugﬁeir?éatﬁl r%gZ S%§%g%ﬂ%%%t%}?éé%%{do%?@%rgp argfiast "H%ﬁ?sg“‘aﬁd ‘ﬁh‘rge%aﬁmf ormthe
bound cat af§$t702886,vddctbig dwredti mcapanied by haferelxeatln nig: prefedt Rvédteatied ZSM 5 at
a tenperat 3 pLgher. and then bi.nding the zeolite with a
sui tabl e bzl_{{l g?{eoigcg‘3%%1%/3;%%9%‘%391&%%'9%&&% 3 ULHATRR FRET RS0 2008 | ¢ e

exhi bi ti ndughst, Mo parituéplydioes shoas2 3o wimoub §0BaTr MAG ot 8 A K Be starting

ZSM-5 may be an NH;" or H* form and may contain traces of other cations.

[0020] The ZSM-5 may be modified by treating with phosphorus-containing
compounds. Such phosphorus-containing compounds may include, but are not limited to,
phosphonic, phosphinous, phosphorus and phosphoric acids, salts and esters of such acids
and phosphorous hatides. In particular, phosphoric acid (HaPOs) and ammonium
hydrogen phosphate ((NH4):HPO,) may be used as the phosphorus-containing compound
to provide a catalyst for toluene methylation with shape selective prcpertieé to provide
increased p-xylene selectivity. Such modified catalysts may contain phosphorus (P) in an
amount of from about 0.01 to about 0.15 g P/g zeolite, more particularly from about 0.02
to about 0,13 g P/g zeolite, and more particularly from about 0.07 g P/g zeolite to about
0.12 g P/g zeolite, and still more particularly from about 0.09 g P/g zeolite to about O.il
g P/g zeolite. After phosphorus treatment, the phosphorus-treated zeolite may be dried.

[0021] It has been discovered that increased para-selectivity may be achieved in
aromatic alkylation, particularly for toluene alkylation, when the P-modified zeolite is
heated at 300 °C or higher after phosphorus treatment, and is then subsequently bound
with a suitable binder, as is discussed later on. This heating may result in the formation

of various phosphorus species within the zeolite. Such heating may also facilitate drying



[0024] In particular, the bound zeolite catalyst may exhibit at |east two
peaks having maxima at from about O ppmto about -55 ppm More
particularly, the bound zeolite catalyst nay exhibit a 31P MAS NWR peak
havi ng a i fromabout 0 ppmto about -25 pp | cularly
at from a%wl%%to about -20 ppm and anot her vﬂ"ﬁ’ §2ﬁ%ézﬂl§%#n at from
about -40 ppmto about -50 ppm Such peaks are an indication of various

phosphorus species. In particular, a 31P MAS NWVR peak wi th maxi mum of
about -44 ppm nmay be indicative of polyphosphate species. A peak with a

maxi mum at of the catalpd afiér the RoPusttB@tthent 29 ﬁﬂ?&ﬂi{ﬁ bAdj i ve of
phosphor us Qound ?t%’ exéif a?%?é{p 2007_/%1193%5 PCT. %%2)%)86(?’0%%?20”??3mmrk
al um num of" QFFBF% S FATRY A FYRS; RapRseshpAmasalestiving. P&sitaiielrange for

i 1§ coal urguaiopbuiag BasemehiSh HREH 1§ 360 K il . t
o1 ool unmeoblospbatel gt bl 5% Lok Aok By

around -2 Bm.to about -

peak with &° ﬁﬁﬁ@lﬁwg?c%mmomr?mﬂ This is in contrast to a bound

P- nodi fi edp | it BasQRER i . i r t t he sane
doery s Fvitr difaberB@sab i ﬁlfre%%fatteg %ﬁ% u&&'ﬁ/&'

tenperature, but where the unbound P-nD has not
under gone Wb bl bindereafise that initial datBR0GPoRs MBmEsedSatmive,baw dirferrodi f i ed

zeol i te cahats hiodlaVRlpss ﬁ@%atﬁcoalﬁflﬁljieobnl t %ngﬂ%%rtu?a(gﬁéhg %&%@#ng@lsb i’\lﬁer

peak. This indicates a difference in I n

and t he pHE¥phand hes houndavitht fauitable Wedre nitke ottalysy iyt frovile ah i ifgeds@nper at ur e
of the unheuadF-roalfi [ recursor..[0026 he P-nodified ZSM 5
cat al yst, bou ndﬁoﬁﬁ%ﬁé’g‘%ﬁ%ﬁ%%@ sr%g Ic%flg/ar%{%ath’%%"]agjysf BRoErd e of 300 C
or | ower BE¥oinetolishnmethivistion tadey stmilan canditisreacsuiable biiRr $iaeaRlNe:y can be

ot A re R ObaB pald i) mRel B SR g SO RgS R catfon |
Serial NoAtmipyePh@plste aid kifich-dayins, 12QAficulentivibds of bivdhal Heqapd, Treat ment
<r)fef g‘gﬁggfﬁieﬂsdoh%ﬂiaﬁ&rﬁdﬁgs&hé&laerly SRR HRE Bound VaB oy Comin rom man 0" 2t €d by
1% to about 99% by total weight of bound catalyst, more particularly from about 10% to
about 50% binder by total weight of bound catalyst.

[0023] To form the bound catalyst, the binder material may be combined with the

phosphorus-treated zeolite to form an extrudable mixture. The P-treated zeolite bound
with the binder may be calcined or heated at a temperature of 400 °C or higher, 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 heatiﬁg
the P-treated ZSM-5 at a temperature of about 300 °C or higher and then binding the
zeolite with a suitable binder, as described herein, may result in the bound zeolite
exhibiting multiple P-species, as shown by *'P MAS NMR peaks.

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



[0027] The P-nodified ZSM5 catal yst, bound or unbound, nmay be contacted
with an appropriate feed of an aromati c hydrocarbon and an al kyl ating
agent under al kylation reaction conditions to carry out aronatic

al kyl ati on,,T. | yst has particular application f i | uene

met hyl at i o‘ryou{aﬁ“ﬁ%%g a tol uene/ nmet hanol feed. A gas g%?@%ﬁ"‘fr’#‘g‘i?%% so be
used. The cofeed gas may include hydrogen or an inert gas. As used herein,
t he expression "al klyation feed" is neant to enconpass the aromatic
conpound and the al kylating agent. As used herein, the expression

“met hyl at i dambeedl” amifiBatr bRorpBRRORRASS. t NgLEE nd ,met hanol .
[0028] In agdi iqn 518 any cof eer(I:IJ gas, water trﬁf?‘%g"f&%@% xgpﬁ)é?f%lflm of
steam may 4f B ?Ppﬁtﬁ?j&c’j‘é @) iy be infécated dytaeala with o freetiman airmouniit h t he

al kyl ati onf@gsm oIS pah  BteMsHeeY Loy MRthylation reaction may
be introduced Wi th or withI(J:)Iﬁl;i hydrgggn or &%g%pg%‘g&geéggy@o?eggd”@ fh the

al kyl at i on™fEBY™ % 2foHed P BRIt or during the start up of the alkylation
reaction, 251 TRYishE cbdMatiadY&ee,Spl to tnitial start . In either
case, qugjiod ]wat er Sma§ be added gflpdﬁl\?g%g(??éogge cﬁF%ch?“hfatohaFﬁjgenrﬁat%B’r‘?ﬂ] with

cof eed gasOffiepted i the sege t@pppiRO BRI BLEB G REFLIIRADEIBI0ERRe peheseal Kyl at i on

feed. The H38§cP . | ' o U. S Patent . JPublication
No. US2005/ oq?o%&g@ﬂ éh%%? ?g%l‘eeg“p ﬁ%#@ﬁo% ‘Lzﬁb%‘,"reang‘“h???‘i“%ﬁgl"@?ﬁﬁl uene

Met hyl at i offoliercgtabists haverbdentshpsn heexdibit oniy arspretat' P dIhg NMR 9660 CEhis [ 0029]
The react ] . 1 d thyl ati.on.or other aropatic al kyl ation
may var y%glﬁ%tgfi g{f%?{“%mr %%ég‘%g?tg}g P GSMhe%n‘{EB a‘écgglﬁtpﬁi@g%“f)éﬂe&es React or

t enper at uriéet ivagependgnty updsuthet kepiing kdmperaang @f fthe mnbdmit P-4R8ifLO AhAst 700 C.

Upon intro%g&]}; pn of feed into the reactor, the catalyst bed tenperature
may be ad] sted to a sel ected reaction tenperature to effect a desired

conver si onl0028ie The Ppreodifie ZSMe\catibysi, barodas athoyhd e teYnild¥ st@nlcdke, Of from
about | C/tgiiﬂgl ' final reactor

o0 Cl m 0 provjde the desired !
t enper at ur e. %étgrﬁ 3’23% nétoﬁ go/ &% g?éﬁee@?lgrt%caﬁ% St iRYaPastion e Thefieaming o t he
t enper at ureen &s camiedsurieditabr thsitu oflthd reafto Thayessf RO edNSy LEAES OF -
terperatures is described in co-pending U.S. patent application Serial No. 11/122,919,

filed May 5, 2005, entitled “Hydrothermal Treatment of Phosphorus-Modified Zeolite

Catalysts,” which is herein incorporated by reference.

[0627] 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
heremn, the expression “alkiyation feed” is meant to encompass the aromatic compound
and the alkylating agent. As used herein, the expression “methylation feed” is meant to
encompass the feed of toluene and methanol.

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

liquid water may be added and vaporized prior to its mixing with cofeed gas (if any) and



[ 0030] The reaction may be carried out in a variety of different reactors
that are commonly used for carrying out aromatic al kylation reactions.
Single or multiple reactors in series and/or parallel are suitable for

carrying out the aromatic al kylation. [0031] The P-nodjf.i .o, zeolite
catal yst, gg%@@&??%ed herein, has particular appli cgﬁ]léﬁgfmgrﬁ%gze in

tol uene nethylation for preparing a xylene product froma feed of toluene
and net hanol. The catal yst provides increased selectivity for p-xylene when
used in toluene nethylation. In particular, the catalyst nay provide

greater théae aByMiiodR%d. OThe B2 % RakePcotded iT\el n d.in toluene
: ; [ %Séﬁle@ﬁ“ﬂsgfr)%{%%%p t#@ﬁcaﬁg% of total

nmet hyl ati on. it lly, in_certain instances,

xyl ene sel @Etﬁ%lo%/ Oﬁﬁﬁﬁ%%cﬂ’ﬂbé@?&“[?@@@z]w%mct ¢ntitied 1Toluenk MR yZEM 5

catal yst demedsk,bedicheyiRidi ile6bdie@hy Wibaad, may provide steady catal yst
activity apd selectivity for foluene nethyl ati on over periods of 25 days,

n
30 days, 68y sTh5reankr erespute fordplyerspisthyletionsaaithen aropntidialky/Rtien mby) Carryi ng
out such vRAkE all gLy I mange, the catal yst nay be
cont act ed vvijtah a%_%ret)ﬁ{/alll%{si on ?@gg?daﬁza%alg@oé@g’sé%d S%Ctoérg?%?efaé‘m" #enper at ur e
to give a YEsibpEypieBlyuanss fosbhest 4100m abouh740HE. dxmaphtesudioscassedidel ow, t he
desi red t ojbeBStd ORLEE.S) S 9 heoretical nmaxi mum tol uene
P RT3 e RdTH B Bl bR ERANG ol ar

conversi on using a net ation contai ni n .
rati o of oF@nIraiureso effyvba desinet corvemms. CRireriémpbranuit bahmséda}%%duamyeact or

ngdy
t enper at ur r t t.0d. 3}, The foll.ow exappl es better
serve to iéi%lagés{ttg r gﬁgﬁtahgﬁilnd&z}r&]ﬁ tgn?bg‘ggﬁvh%%}”ﬁ?ﬁ% ‘%@T‘?Q@?@U@F@BOSSZ
EXAVPLES ‘empaittyrst AAufedO084he éxanipted ereadtoratempiattithiefaiod thoMpefaltidaM 5) was

prepared. b Lof s ' er was an NH4-ZSM 5 powder havi ng
Si G2/ A1203 rrglll%&%ﬁ%lgﬁ%@gg&ﬁb&dgfﬁgf?ﬂ%om aining 700 g of NH4-ZSM 5

zeol i te arlB03P00 Tht refctiomtmey Wasarped pair @da iviridy 27 ldirheakeicod i hgaker was

pl aced on c@m%hlyms&f for c%?r%gho%t %rgx%laéic;[ eﬁkyﬁzlit%gf act‘?c%ss. S?:Eagl,rlg (r)re gulltjiglie rr]gact%rs
in series and/or parallel are suitable for carrying out the aromatic alicylation. |
[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
mstances, greater than 95% of total xylene selectivity may be achieved.
[0032] Additionally, the P/ZSM-5 catalyst described herein, bound or unbound, may
provide steady catalyst activity and selectivity for toluene methylation over periods of 25
days, 30 days, 60 days or more under appropriate reaction conditions. In carrying out
such reactions for steady catalyst performance, the catalyst may be contacted with a
methylation feed and gas cofeed at a suitable temperature to give a desired toluene
conversion. In the examples discussed below, the desired toluene conversion was 63% of
theoretical maximum toluene conversion using a methylation feed containing a
toluene/methanol molar ratio of about 4.5, The reaction was carried out at a constant
reactor temperature over the test period.

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



mechani cal (overhead) stirrer with 250-300 rpm The tenperature of the
slurry was slowy raised to about 80-85 C. A phosphoric acid solution
containing 319 g of phosphoric acid (Aldrich, 85 w% in aqueous) was
slowy added to the slurry. The slurry tenperature was further increased
to bet weenW§RHHI and heating was continued until aT(FT[P§2&‘{fﬁ)a°°\7&£s
evapor at ed. The phosphoric-acid nodified zeolite was then heated in a
convection oven in air at the follow ng tenperature program 90C to 120 C
for three hours, at 340 Cto 360 C for three hours and at 510 Cto 530 C

under air for 10 hours. The resu?ggimgﬂﬁgt-treat ed zeolite (Catal yst A
was then crushed and sized using an 0O mesh screens for catalytic
reaction or sieved through 80 nmesh screen for binding the zeolite with a

bi nder. [Qg)a%%ﬁ!st%at al yst A was analyzed for Si, Al and P by X-ray

fl uoresce and for BET surface area and total pore volune by N2
adsor pti orf00345 Shiminder-ifiee, Palnbdifitd Z8si H{PYAIM-5Aweopepire® Thd starfidg wediteSi , 0. 28

wt % Al and_9..01 w % ad ET. sy area of. n2/ g.and total
por ¢ vor et s B 2805 30y Re Rt S098E00 R Bhie of oy~ TRy st A was
recorded onntainkRiZ00 psof NHRESM-fodelity atd 760 adtofrete rwavigepaged ange-1of 5-55 at
" Tabl o 2455 TS Bl ot albval Bt pocusard Boudaic ThEy o SErahBwE
Anal ysi s, nvicBanNg] Adsteq) istifteSivitAl 25836 pr) 2THe GmPMatiw Slie MASNVR "~ ¢
35.73 0. 281 9101.1$0 0.12 &{ﬁg S ectrghm Figure,| .14 TABLE 2 Powder XRD

I nt ensi t ySO¥D6 seR g 3oRE FHEBNST t ¢ BIOSPhODE #5q sqlution; eqniaimine 319 209f 100 4. 25
9 phosphoric acid (Aldrich, 85 wit% in aqueous) was slowly added to the slurry. The slurry

temperature was firther increased to between 95-100 °C and heating was continued until
all liquid was evaporated. The phosphoric-acid modified zeolite was then heated in a
convection oven in air at the following temperature program: 90°C to 120 °C for three
hours, at 340 °C to 360 °C for three hours and at 510 °C to 530 °C under air for 10 hours.
The resulting heat-treated zeolite (Catalyst A) was then crushed and sized using 20 and
40 mesh sereens for catalytic reaction or sieved through 80 mesh screen for binding the
zeolite with a binder.

7[0035] Catalyst A was analyzed for Si, Al and P by X-ray fluorescence (XRF), and for
BET surface area and total pore volume by N, adsorption. As shown in Table 1, Catalyst
A contained 35.73 wt% Si, 0.28 wi% Al and 9.01 wi% P, and had a BET surface area of
160 m*/g and total pore volume of 0.12 ml/g. The X-ray diffraction pattern for Catalyst
A was recorded on a Philips (X"Pert model) diffractometer over a range of 5-55° at a scan

rate 2° per minute using CuKa1 radiation. The resulis are presented in Table 2.
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10.00 55 4.00 6 9.88 42 3.84 50 9.68 17 3.81 31 8.02 8 3.71 27 6.68 7
3.64 10 6.33 8 3.52 22 5.98 16 2.98 8 5.69 7 2.78 5 5.56 9 *Intensities
shown are scaled in arbitrary units so that nost intense peak is 100.
[0036] Solid state I\/B.gl c Angle Spinning (MAS) NMR spect 3 re recorded on
Cat al yst AYR U Mz spectroneter (27A1 at 104.5 M—&éTH%I\:%?GZOS?ﬁSZ
tenperature (27A1 MAS NVR). Sanples were packed in silicon nitride rotors
(Si3Nd) 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 accumul at gdhgog §i gnal average and inprove

signal /noi se ratia _Proton decoupl.l na was not enploved, Al _spectra were
referenced to al Lﬁﬁ“PRhWHFIbP"FCVEie heXbAggwimme (rfun separately in a tube) at
0.0 ppmon the chefn caly, Shitd scal gz, Thigy, llm?gacs t o'raaad Miper nal reference of
104. 85 ppmon the alum numnj rlr‘i qumll urity in the silicon nitride
rotors) peak. ThésCat ad-38st 20! s,arrpﬁce shovxﬂslza weakeeppemm;urés 50 ppmregion
assi gned to strocturat—tetTatedra—atumnmom—He—tetratredr-at—al um num peak
is severely distorted, indicating the presence of nested silanols caused
by holes in the structure upon renﬁ\AaBLEm some of the 11 CVO 2007/019375
PCT/ US2006/ 030582 +ratrewor @,D‘%é{ nstyg ad-acert—peak (30-40 ppn) peak
is due to severely dlstorted u 1 ?

wgﬁ:s

n the franework al um num at ons
probably either in tdsesc8zlg] Shiewsir di natsbaging W t hintensity

11.09 100 4.25 9
10.00 55 4.00 6
9.88 42 3.84 50
9.68 17 3.1 31
8.02 g 3.71 27
6.68 7 3.64 10
6.33 8 3.52 22
5.98 16 2.98 8
5.69 7 2.78 5
5.56 9

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

10036] Solid state Magic Angle Spinning (MAS) NMR spectra were recorded on
Catalyst A with 400 MHz spectrometer (Al at 104.5 MHz) at room temperature (¥ Al
MAS NMR). Samples were packed in silicon nitride rotors (SizNs) and spun at 13 to
KHz sample spinning (about 800000 pm). A 10 degrée tip and recycle delay of 0.5s
were used to avoid saturation. About 4000 to 10000 scans were accumulated to signal
average and improve.signa}/noise ratio. Proton decoupling was not employed. All
spectra were referenced to aluminum chloride hexahydrate (run separately in a tube) at
0.0 ppm on the chemical shift scale. This leads to an internal reference of 104.85 ppm on
the aluminum nitride (small impurity in the silicon nitride rotors) peak. The Catalyst A _
sample shows a weak peak at 55-50 ppm region assigned to structural tetrahedral
aluminum. The tetrahedral aluminum peak is severely distorted, indicating the presence

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

i1



oxygens. The biggest peak in the spectrumat -14 ppmis fromoctahedrally
coordinated alum numatons that are formed when tetrahedrally coordi nated
framework alum numis renoved fromthe zeolite framework by the phosphate
nodi fication process as nentioned above. [0037] Solid_state I\/B.gl c Angle
Spi nni ng (NS ?W%pectra were recorded on Catayst APWTRUYE" Rz
spectroneter (31P at 161.7 MHz) at roomtenperature (31P MAS NWR). Sanpl es
were packed in silicon nitride rotors (Si3N4) and spun at 13 to KHz sanple
spi nni ng (about 800000 rpn). A 30 degree tip and recycle delay of 15s were

used to %@d&@oﬁ@él%ﬁhﬁo MrheARREnT ?@ﬁ&f{sé 90 1A }at | geaﬁg?&?e RE&E G %ﬁ&Ft%ﬁaft ed to

si gnal averagle and 1 nprove signal/nolse dec was not
enpl oyed. @NF*1%‘Bé‘@tﬁa&l%ﬂ‘eﬂwa}om@ﬁﬁﬁéh@@hemmtheaqrémeoﬂdmhhdimﬁosphl ne

di sul phi deatend? AR te t ub

alt Sg 8 ;)pﬁxgsr(\e %hg%clﬂg&rﬁ cal %E?ﬁFtSB%gﬁtp%rtf%@%a clEI"PQTE HCQQE%D r ?‘l%‘%‘ﬁaé?d;saﬂg E/?AS
NVR spect ralpsinge afamPﬂIESW§OIZ@@IWhee tqt@hqdaﬂlgys:pond)natedmme?vﬂxﬂ ATEniNYR spect rum
for Catal yghova %jafﬁv\\ﬁe a@ﬁevgp %r]till?]%lllp:ééh ?er}:godl cat18 m %ts %%Ihg\-g

vari ous P-species suc ree
oxygen) t@se. and Al . Cat alyst B [00391 Heat - treat ed P— nodi fi ed ZSMS

(descri be st a d 0 wt % al um,na bi nder.

19. 18 gm g?oaéfu%&%cgls%ps%@ gbmﬁ% S)tmm%%pw% m%@ Pr%‘?‘?forﬁoﬁgﬁ H Q 40

gr ade) m&a@éﬁtﬁ Wit 490 MHzspeverombten( 1Pkt {61 @w{mﬁsmme&dﬁm@mm with

57. 44 m S ed to nake
a softg past €. % ca?%ﬁfs%%eagé\gg{c?/éag%&;ﬁrgwﬁ @%?ﬁ%‘ﬁﬂ a?égyt‘?%%%ul ar
chunks or stoplesminming @bout $000Erpa)alA 3hdege tl@tan&id&y@eﬂﬂaﬁc&ﬁS&vb&%qu@ t he sane
tenperatuge, S Cat al yst A abo The resultlng

Cat alyet & GRAP AL G UbO T ORY Ot n ity N Semdenes

cat al yti c inpets mml_/WSSQ@ﬂ%lOEﬁaBﬁdeéﬁiﬂm@Eﬁ@Gio@%ﬁ@&%ed. All spectra were

doubly referenced 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.

[0038] Figure 1 illustrates *'P MAS NMR spectrum for a P/ZSM-5 zeolite (Catalyst A),
The *'P MAS NMR spectrum for Catalyst A shows peaks at 0, —11, -31 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., HNO3) and then mixed with
57.44 gm of P/ZSM.-5 zeolite powder (80 mesh). Water was spray added to make a soft
paste. The catalyst paste was calcined or heated (as irregular chunks or formed in a
cylindrical shape) at 510 °C to 530 °C using the same temperature profile as described for
Catalyst A above. The resulting Catalyst B was crushed and sized using 20 and 40 mesh

screens for catalytic test.
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Catal yst C [0040] Heat-treated, P-nodified ZSM5 (earlier described as
‘Catal yst A) was bound wth 20%silica binder. 8.19 gm of Aerosil-200 was
m xed with 5.05 gm of Ludox-HS- 40 (Colloidal Silica) in which 20.0 m of
0.2 N NH4OH was added slowly with stirring. 20.02 gm owder (80
nesh) was RO E R he silica mixture and stirred wel IPéTIEé?@gM?'%g sprayed
to make soft paste and the paste was calcined at 510 Cto 530 C wusing the
sanme tenperature profile as described for catalyst A above. The resulting
Cat al yst C was crushed and si zed using 20 and 40 nesh screens for catalytic
tests. CatapsicD [0041] Catalyst A was bound with 20% al um num phosphate.
Cat al yst A was bound w th al um num phosphate, available fromAldrich

Cheni cal s, [0840] 5 Hiahiaeateds SrmedifislyZEMes (cardinr dgsemizdchsr @ataigst dswasi toagt f or

Cat al yst Bwtﬁl'tm/ogf%yi,ﬁlﬂé}g gGat Si z S 20 and 40
mesh scr eenls for cat %ﬁg/tl C te%ltlbﬁs%«a{l;?31 t&gé#g%%‘%g?ﬂ‘&@q‘i’&gg bound
with 20% Hmdqi/Szl & wkish B0 md OcMJIZhN RalOHwasdddi sisiely Wit sigwigng t he
same procegyy aoll n um pum silicate
hydr oxi de), ab?ﬁﬁf ro Kf@ioln%ﬁ)%%ﬁh&%eglt% e Hé’&? a‘f‘gh]%m?e@%”tl ng

Cat al yst éﬂa%watmmééb malgs iy pecttet el rige 2Bteanrel cARine NS REIE &n530f<Qy

catal ytic t Qﬁ@/{’ sts A-E were
used in to‘%ﬁgnﬂée met ybg%%lrrlé %DQQ g‘J'r%eaS?: ]?Eé?lfrsmvéﬁgsjfégéhw@ar HHHRE i n a
fixed bed Cairlyst Cricas owshieland sigplusing20tnd 40 hesheerebns oasalyta (@@t al yst char ge
of 5.4 m (catalyst size: 20-40 nesh) was | oaded in the reactor. The

catalyst was dried by slowy raising the catal yst bed tenperature (about
5C/ min) tCaf@P® under hydrogen flow (50 cc/min) for at |east one hour. The

cat al yst t yater vapo 2.2 mole/mn) wth a
carrier gW%f ﬁg {S%Qaglb%%fgl{g 2%(? W%@ﬁ%pbﬁé CRlalyslefi™ag $o88| uene and
met hanol we@oah(xmmarpho@mte, avaBjblortrem addient Clentida®, a8 @@&H&ffoﬁ&wﬁg%ec and the
cat al yst Qﬁge bl% e%hret aesr%scn &J rJf'oei\‘ éN? ?ys% BC rﬁ%?eesgmtng C%ta?yst D was crushed and

sized using 20 and 40 mesh screens for catalytic test.

Catalyst E
[0042] Catalyst A was bound with 20% kaolin. P/ZSM—S was bound with kaolin as

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

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

EXAMPLES 1-3
[0043] In Examples 1-5, Catalysts A-E were used in toluene methylation, The

reactions were each carried out in a fixed bed, continnous flow type reactor. In each
case, a catalyst charge of 5.4 ml {catalyst size: 20-40 mesh) was loaded in the reactor.
The catalyst was dried by slowly raising the catalyst bed temperature (about 5°C/min) to
200°C under hydrogen flow (50 cc/min) for at least one hour. The catalyst was steamed
by introducing water vapor (2.2 mmole/min) with a carrier gas of H; (459 cc/min} at 200
°C overnight. A premixed toluene and methanol feed (molar ratio 4.5) was added 1o 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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The liquid hourly space velocity (LHSV) (based on nethylation feed) was
mai ntai ned at 13 WD 2007/019375 PCT/ US2006/ 030582 about 2 hfl and a
cofeed H2 gas was fed and maintained to provide a 112/ nethylation feed
nmol ar ratio of about 7-8. In addition, water was added to the reactor as
cof eed andVA8Y7/%WFori zed prior to introduction to t hePGTWERPWO0h e

H20/ met hyl ati on feed nolar ratio was about 0.8 and the reactor pressure
was about 20 psig. Reactor streans were analyzed to calcul ate conversion
and selectivity. Li'quid product stream anal yses and conversi on and

h Tabl o Stoper i, S BRRATE U By RR PARHAR YR R B st 7 S o

Stream h mgarreBo ofabpps7-82 1112@1133@1 WB’@I ®8s 4lgdd toRheodhactbr Analfaediafid wad % Wt er

150101 1 et g el e kel g oo g st 0 0 0

1.2 1
0 0 0 0 0 aog 0.8reidithtrsagdr Pteﬁﬂre&de&Eoﬂ 26@819 RBacR)rEﬁ‘eﬁnsﬁﬁerE adflydd @9. 9 69.5
Et hyl benz %?v &Oa(_)ﬂg 8’9 mzay ]{TZf 6 13,3 12.8 2.8 2.7 2.9
3.6 8.3 %%E“Qte eeg% %81939’ o L pyocichsiising. a‘if ¥°% ap gpngergion gadey | ene 0. 5
0.5 0.1 O. sglec:n@ty(foﬂtc@wme @uethyatizn GeddtioEbiny | Gapdlysen&SE GrelshOwi iR Thb@.31 0 0 0 O
00 Trirrq%{bwbenzenes 0.40.4010.10.1012000.2. 0.2 Ci0+000O0
000O0O )
TABLE 3
Catalyst CA B
EXAMPLE 1 2 3 - 4 5
Time on Stream, h 28 118 24 125 22 124 30 150 25 131
Product Analysis, wit%h . .

Water 206 203 209 215 192 188 193 192 202 19.5

Methanol 63 03 0! 02 12 11 11 09 07 08

Dimethylether 0 0 0 0 0 0 .0 0 ] 0

Benzene 0 0 0 0 0 0 0 0 0 0

Toluene 644 648 632 649 762 768 765 7T60 699 595

Ethylbenzene 0 0 0 0 0 0 0 0 0 0

p-Xylene ) 127 126 133 128 28 27 29 36 83 94

m-Xylene . 02 09 02 02 03 02 01 01 04 04

o-Xylene 0.5 0.5 0.1 0.1 02 02 01 0.1 02 02

Ethyltoluenes 61 01 01 01 0 0 0 0 0 0

Trimethylbenzenes 04 04 01 0.1 0.1 0.1 )] 0 02 . 02

C10+ 0 0 0 0 0 0 0 0 0 0

Conversion/Selectivity, mole%

Toluene Conversion 154 146 149 136 26 _ 20 28 27 87 97

Mixed Xylene Selectivity 97.1 97.1 986 986 835 975 100 100 981 982

p-Xylene Selectivity 89.6 89.6 977 978 848 860 0932 943 0934 0940

Methanol Selectivity 756 723 629 643 205 249 271 277 580 610

EXAMPLES 6-8

Catalyst F-H

[0044] Using the procedure described for Catalyst A, NH,-ZSM-5 having a Si0x/ALO;
molar ratio of 280 was treated with H3POq acid. The H;POy4 acid treated ZSM-5 was then
heated at 510-530°C for approximately 10 hrs. Three alumina bound catalysts were made
using the resulting P/ZSM-5 powder with 10 wi% alumina (Alcoa HiQ40) as binder and

cach was further calcined or heated at different maximum temperatures to form Catalysts
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Conversion/ Sel ectivity, nol e% Tol uene Conversion 15.4 14.6 14.9 13.6 2.6
2.0 2.8 2.7 8.7 9.7 Mxed Xylene Selectivity 97.1 97.1 98.6 98.6 88.5 97.5
100 100 98.1 98.2 p-Xylene Selectivity 89.6 89.6 97.7 97.8 84.8 86.0 93.2
94.3 93.4 94.0 Mt hanol Selectivity 75.6 72.3 62.9 64@@5&,@04 27.1
27.7 58.0 ‘61926 TYEYRVPLES 6-8 Cat al yst F-H [00441 Usin procedure
described for Catalyst A NHL-ZSM5 having a Si 02/ A1203 nolar ratio of 280
was treated with H3P04 acid. The H3PO4 acid treated ZSM5 was then heated
at 510-530C for approximately 10 his. Three al um na bound catal ysts were

made  usi nﬁ-ﬂ h@ats1es Gl vds heatéd & 2MaRinaneted gel\g?ﬁ{]%fﬁégg@: Oa/%:atgjl!y]gﬂf (gfaggn ftféafr?gil mj%‘lo)

as bi nder at each was furtsﬂgg 9(3

t enper at ur 8¢ FEEBPIFRRT Iy Of 310 %Hﬁ@ﬁ%vdsatmwwwo@nm@mz F- H.
Catal yst Fof\e0 h@at auie ahta@sﬂa%rmﬁempe&@énunﬁetﬁsﬁaﬁ%ﬁ%sﬁg tﬁ@tcaﬁa{tz& G was
heated at mterrperatur$ of 510 C. Catal'yst H was heate a

maxi mum t eﬂ?&‘?@?df‘ xagpleg 0lg>-C. Tapliet shows aer qubm@dv@tssh@anf @ﬂ}@@lanéne

met hy| at i ogonverkiog aid @16 bt OASysteeSChE Bethiin dixanpl es 1-5. Table 4 shous
the liquid product stream anal ysis and conversion and selectivity for
Catal ysts F-H for Exanples 6-8. TABLE 4 Catalyst F GH EXAMPLE 6 7 8 Tine

on Stream h 24 143 23 125.24 120 Aggy t Analysis, w% Water 21.0 21.5

21.0 20.8 21.1 20.5 Methanol 0.1 O. 1020102 D nethylether 0 0 O
000
Catalyst F G
EXAMPLE 6 7 8
Time on Stream, h 24 143 23 125 24 120
Product Analysis, wt%

‘Water 210 21.5 21.0 208 211 20.5
Methanol 0.1 0.1 0.1 0.2 0.1 0.2
Dimethylether 0 0 0 0 0 0
Benzene 0 0 0 0 0 [y
Toluene 64.6 63.5 65.2 65.6 65.1 65.9
Eihylbenzene 0 0 0 0 o 0
p-Xylene 13.7 14.2 12.8 12,6 13.2 13.0
m-Xylane 0.3 03 0.4 0.4 02 0.2
o-Xylene 0.2 0.2 0.2 02 0.1 0.1
Ethyltoluenes 0.1 0.1 0.1 0.1 0.1 0.1
Trimethylbenzenes 0.2 0.2 0.2 0.2 0.1 0.1
C10+ 0 0 0 0 0 0
Conversion/Selectivity, mole%
Toluene Conversion 14,7 14.7 13.8 134 134 . 134
Mixed Xylene Selectivity 98.3 98.2 98.2 982 58.6 98.3
P-Xylene Selectivity 96.9 96.9 95.7 95.8 98.2 98.2
Methanol Selectivity 65.6 65.8  64.0 63.4 60.7 64.4

EXAMPLES 9-11

Catalysts I-K

[0045] Using the procedure described for Catalyst A, NH;-ZSM-5 having a Si0/Al, 04
molar ratio of 280 was treated with HsPQ4 acid. The H3PO, acid treated ZSM-5 was then
heated at different temperatures of 90 °C, 250 °C or 320 °C. The. heat-treated, P-
modified ZSM-5 zeolite 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, J and K, were tested for toluene methylation using the conditions described
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Benzene 0 0 0 0 0 O Toluene 64.6 63.5 65.2 65.6 65.1 65.9 Ethyl benzene 0
00000 p-Xylene 13.7 14.2 12.8 12.6 13.2 13.0 mXylene 0.3 0.3 0.4 0.4
0.2 0.2 o-Xylene 0.2 0.2 0.2 0.20.10.1 Ethyltoluenes 0.1 0.1 0.1 0.1

0.1 0.1 Tripnethylbenzenes 0.2 0.2 0.2 0.2 0.1 0.1 C10+ 0
Conver si on*SAEEP ¢ y, mol e% Tol uene Conversion 14.7 gﬁ?’gszﬁ%.%é‘%fg. 4 13.4

13.4 Mxed Xylene Selectivity 98.3 98.2 98.2 98.2 98.6 98.5 p-Xyl ene
Selectivity 96.9 96.9 95.7 95.8 98.2 98.2 Methanol Selectivity 65.6 65.8
64.0 63.4 60.7 64.4 EXAMPLES 9-11 Catal ysts |I-K [00451 Using the procedure

descri bed I /st 3l ' .02/ 03 .nmolar_.ratio of 280
was treat eg&v%x%gﬁ IIQ?%S%BATQ% g ié%ﬁ%ﬁ’y%fé?g%ta &gg? 3@%%%10%5“ TRER  heat ed
at di f f er edt TheeH EAT DIMR spfctr@d @ CaaiPst € sbewB@ily & sinphepdakeat arbiiaed, P-
nodified Z . 11e. r hen ined with 20 w.% al upj.na (Al coa
H Q40) f o?%v%lﬁgﬂk’ %ﬁggﬁ#@% rzo%% ur eﬁdeésgtg?g%agng gf%mpégﬁ%-gfﬁ VSTIBSCGIE was
cal ci ned othetRéa3Md @bedapriorex ibindingt eittp elnmina) & afouf B@D’(C&i:ﬁliglﬁr,ftﬁé)ﬁﬁlf These
bound cata S| t ed t sts.l. J and K, e teste or
ol uene noPHt Ses S FHEARLY biiona i RbL i Rins s prf wotad T tosectna s
PCT/ US2006£:630%3 @ecthan bof dhgured aid Epecﬂihﬂb&IPig\M)Nmb&pﬁﬁiﬂf naariéger thlélat al Iyst s
I d K . in Figure .. The / MR spectrum.foy ¢ st
s hg\r/]vs On?;ﬁlétlsaglﬁ%ﬁgﬁx%teggggmé ofatﬁ%b%amdg%gsms an’c\{ catalsﬁm test results obtained for y

bound Catalysts I-K. Also, the data for Catalyst B reproduced from Table 3 is presented

in Table 5 for comparison. Those catalysts made from the P-modified ZSM-5 zeolite that

were heated at a temperature of 300 °C or higher and then bound with a suitable binder

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

TABLE 5
Catalyst I J K B
P/ZSM-5 Heating Temp’ 30°C 250°C 320°C 520°C
EXAMPLE 9 10 12 2
Time on Stream, h 23 126 54 150 24 126 24 125

Product Analysis, wt%

Water 21.0 210 208 217 211 216 20.9 215
Methano} 0 0 0 ] 0 0 0.1 0.2
Dimethylether 0 o i 0 0 0 0 0
Benzene : 0.3 0.1 0.1 et 01 0 0 0
Toluene 63.4 63.0 638 623 65.8 64.0 65.2 654.9
Ethylbenzene 0 0 0 0 0 0 0 Y
p-Xylene 121 13.3 125 131 12.7 140 13.3 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 ol 0.1 0.1 0.1
Ethyltoluenes 0 0 0 0.1 0.1 0.1 0.1 0.1
Trimethylbenzenes 0.2 0.3 0.3 0.3 0 0 0.1 0.1
C1o+ 0 0 0. 0 o 0 0 0
Conversion/Selectivity,
mole% ’

Tohene Conversion 16.2 16.6 156 164 13.2 14.6 14.5 13.6
Mixed Xyleng 96.7 97.7 %64 972 986 99.2 98.6 98.6
Selectivity

p-Xylene Selectivity 80.0 84.6 841 347 982 98.4 97.7 97.8
Methanol Selectivity 69.7 72.1 679 708 583 64.6 62.9 64.3

‘Maximur temperature at which P/ZSM-5 was heated prior to binding with alumina.
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ppmwith a long tail (Figure 2 spectruma). As the heating tenperature is

I ncreased for the P/ZSM5 (used prior to binding wwth alumna) to about
300C or higher, the final bound catalyst may show additional peak(s),

i ncl udi ng around -44 ppm (see, for exanple, of Figure
2 and specwg%adgm?f”%i gure 3). Table 5 summari zes the W@?%ﬂ%&i ng
tenperature of the unbound P/ ZSM5 and catalytic test results obtained for
bound Catal ysts I-K Also, the data for Catal yst B reproduced from Table 3
is presented in Table 5 for conparison. Those catal ysts nade fromthe

P-nodi fi ed KBHPS Peabinpaisbi 8 erature of 300 C or
hi gher and E,Psegvebgu%}daﬁgi g{gﬁﬂgﬁrgﬂi tatg‘l3 gﬁg‘?lﬁﬂg}ér@ﬁd %ﬁ%@‘\gﬁ %&%%BWFHE%QS p- xyl ene
of T uetie heempsetehior Gatdrst Isvatasedioisto 1.00 alfd Bien RiZSM 5

selectivity

Heati ng TenpmReQ vafh0thed 208y&a2 065, Ve . 2. Time on Stream h 23
126 54 150 é%% éﬁ4t.125 Pr oduct . Anal %ﬁf%%s\jfv?%mng&ﬁegg%@lfwrw 9 21.7
21.1 21.6 20. | SR RARGH 0o lhe pipsDhaBirehted Z3M-Diprid dayoabigsk th 0 0 0 0
0 0 0 BenzenbteOwith Q. Hindr, 1ih9. R & .4.63.0 63.8 62.3 65.8 64.0
65,2 64.9 Ethylbenzene 0 0 oFJL ’39% 0 oe"gﬁw;&@éf‘%ﬁe‘”ﬁhzf‘l‘%i@?&g inptolyienez 1 12. 7
14.0 13.3 19" MXylene 2.2 1.8 2.3 1.7 0.2 0.2 0.2 0.2 o-Xylene 0.8 0.7

0.1 0.70.10.20.10.1 Ethyltoluqu%afigoo.l 0.10.10.10.1
Tri met hyl benzenes 0.2 0.3 0.3 0.3 0 OL 0.1 Cl10+00000O0O0O

Catalyst 1 J K B
P/ZSM-5 Heating Temperature, °C! 90 250 320 520
Relative Activity® 1.00 0.98 0.85 0.87
Relative Para-Selectivity® 1.00 1.62 1.19 1.19

L : .

zfjeﬁm;n; f’fetrvnvpccrlat::e at which P/ZSM—S was heated prior to binding with alumina,

- gd 0 data points shown in Table 1 and 5 for the respective catalyst, Activity and selectivi
served on catalyst I were scaled to 1.00 and then compared with those obtained on other catalysts i

[0047]  As can be seen, the P/ZSM-5 zeokite 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 selectivity producing p-xylene selectively for
toluene methylation. Higher activity with decreased p-selective catalyst can be achieved
by heating the P/ZSM-5 at 300 °C or less and binding with alumina and calcining or
heating at 500°C or higher. -

EXAMPLES 12-13

Catalyst 1, and M

[0048] Using the procedure described for Catalyst A, an NH,-ZSM-5 zeolite
(Si02/AL O3 mole ratio 280) was treated with HsPO, and then heated at a maximum
temperature of 550 °C. Analyses of the P-treated Z3M-5 zeolite powder, as was carried
out for Catalyst A, are shown in Tables 7 and 8. The >'p MAS NMR of the P/ZSM-5
zeolite is shown in Figure 3 (spectrum a). The P/ZSM-5 showed similar properties to
those of Catalyst A. The P/ZSM-5 zeolite was bound with 20% alumina
(pseudobohemite type) and extruded to make 1/ 16-inch cylindrical shape catalyst. Alcoa
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Conversion/ Sel ectivity, nmole% Toluene Conversion 16.2 16.6 15.6 16.4 13.2
14.6 14.9 13.6 Mxed Xylem96.7 97.7 96.4 97.2 98.6 99.2 98.6 98.6

Sel ectivity p-Xylene Selectivity 80.0 84.6 84.1 84.7 98.2 98.4 97.7 97.8
Met hanol Sel i Vi 69.7 72.1 67.9 70.8 58.3 64.6 62. : i mum

t enper at ur SHS?O%:]I{%"P%:% P/ ZSM5 was heated prior to bindi %ﬁ@sfbﬂmg Ut na. 16
WO 2007/ 019375 PCTI US2006/ 030582 [0046] For conpari son purposes, the
conversion and selectivity data shown in Table 5 was averaged, and those
observed for Catalyst | were scaled to 1.00 and then were conpared with

ot her cat alayisdisa gldées HRD-Ab M8 1BiCA]E welSys I I wth the increase
of the fi r%%gitl'ueati ng tgbrrperat,urgzaof “he pﬁgégﬁ%@%}’g@tﬂr%gﬁgd r?%?\?flggﬁri or to
t

comnbi ni ng s dofrid M Wigre iGalgings prdeseted @he maxieyinetsmperatueTbétwidnys 101Cr eased
with a decagds® PQ FRUHED QhoON YOI HiAQ | st J K B, P/ZSM5
Heating Tegperature, C 90 250 3%9 SZMQQEa%l ve&%{;ﬁ%ﬁ)y“i’rﬁ.‘? 298 0. 85
0.87 Rel at PYdmaialysicy Calalyph My yEheT R)JIAS NMRI spbstnim 9 Catdlfak Mrshovisawper at ur e
at whi ch PhiZpmes JARak eds Bhin ALl with glum.na. 2Average of two
data poi nt% shoﬁﬂ in Tabl e 1Bgngbr5° ?SP&F%J]?@S et ﬁj\f/nérgé)g?réls%mﬁf’a&g'ti vity
and sel ect Fomle "R YT VMR pactem @r Getalyst hvershovacalRighrd D(sped@nand t hen
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 wi th al um na T4BLBWed by cal ci nati ons or heating at

Elemental Analysis, wi% N2 Adsorption *p MAS NMR.
Si Al P SA, mYg PV, ml/g
35.38 0.30 9.72 188 0,15 See spectrum a in Figure 3
TABLE 8
Powder XRD Intensity*
d-spacing [A] Intensity d-spacing [A] Intensity

11.08 100 425 -6

9.99 54 4.00 7

9.89 48 3.84 57

9.70 17 _ 3.80 27

8.01 [ 371 28

6.54 7 _ 3.64 11

6.33 9 3.53 18

5.98 i6 298 10

5.70 3 2.78 6

5.55 8

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

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

in Tables 9 and 10, respectively. Under the reaction conditions used for toluene
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500C above showed increased shape sel ectivity produci ng p-xyl ene
selectively for toluene nethylation. Hi gher activity with decreased

p-sel ective catalyst can be achieved by heating the P/ZSM5 at 300 C or

| ess and bindi h alum na and calcining or heatin hi gher.
EXAMPLES 1}%?39@2%% yst L and M [0048] Using the pr ocgﬁ?éjggg"g&g%bed for
Catal yst A, an NH4-ZSM 5 zeolite (Si02/ Al 203 nole ratio 280) was treated
with H3PO4 and then heated at a maxi nrum tenperature of 550 C. Anal yses of
the P-treated ZSM5 zeolite powder, as was carried out for Catalyst A are
shown in Tﬁi@ih?ﬁtﬂn a@ﬂal?sts hendtm_MoRNVRyaf é&‘?etoﬁ.{e@'\é‘béverﬁ Ol(éBL’ S Shown
in Figure 3 ectruma The P/ ZSM5 showed sim pr oper to t hose
of Catalys thesete icph@an ithgeagier than QB mivedricylene eid SOVp-abiend set;ctmty
(pseudobohemte type) and extruded to nake 1/16-inch cylindrical shape
catalyst. Alcoa 17 WD 2007/019375 PCT/ US2006/ 030582 al um na grades H Q 40
and H Q 10 were used for Catalyst LTABHE® respectively. Catalysts L and M
wer e cal ci ned or heat ed at a nmaxi rrumtenperature between 510 C and 530 C.
Figure 3 MAS—NVR o€ i »—-bound
catal yst 3 , he 31p MAS NAR anrtrllmLf ar_Cat al vst M shows two
strong peaks at zﬁ‘t&ﬁd 13 ppm (broad peak) andiz 44 ppm This differs
significantly Tige tfceaeh 31P VAR NVR “Bpect Flim f dF0 Cat a¥8yst 346 as 3¢hown in
Figure 2 (Speﬁtgdﬁéﬂ%a%lls FABLE 7 El emental Analysis, wt%N2 Adsorption "P MAS

NVR  Si Al vRedA, BV, mug »3%- 3828 30 8,72 188 0. Seg,gpectguma in
Fi gure 3 TABk&o8 Powder XRD | ntensisy* o1 0.1 %0% E‘2001% t10£1§1

Dimethylether 0 0 0 o 0 0 0
Benzene 0 0 o 0 O 0 0
Tolnene 65.5 65.1 63.9 65.9 05.6 66.1 66.4
Ethylbenzens 0 0 0 0 0 0 0
p-Xylene 13.1 132 133 12.8 - 128 13.1 13.0
m-Xylene 0.4 0.4 0.4 0.3 0.3 0.3 0.3
o0-Xylene 0.1 0.1 0.2 0.1 0.1 02 0.2
Ethyltoluenes 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Trimethylbenzenes 0.1 0.1 0.2 0.2 0 0.2 0.2
C10+

Conversion/Selectivity, mole%

Toluene Conversion 14.0 14.2 14.3 13.3 13.4 13.7 13.5
Mixed Xylene Selectivity 984 98.4 98.3 98.3 98.4 983 983
p-Xylene Selectivity 96.2 96.2 96.3 96.3 96.3 96.5 96.5
Methanol Selectivity 62.3 63.1 64.7 61.8 62.0 63.0 61.8
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d-spacing [A] Intensity d-spacing [A] Intensity 11.08 100 4.25 6 9.99 54
4.00 7 9.89 46 3.84 57 9.70 17 3.80 27 8.01 6 3.71 28 6.54 7 3.64 11
6.33 9 3.53 18 5.98 16 2.98 10 5.70 6 2.78 6 5.55 8 *Intensities shown
are scaled_in arbitrary units so that nost intense pe | _.[] 0049]

Cat al yst LW IEY e tested for tol uene met hyl at i on. %U%giﬁgﬁg%ﬁs; cat al yst
charge, catalyst drying and steam ng procedure were the sane as descri bed
in Exanples 1-5, and the reaction conditions were the sane as in Exanples
1-5. Reactor liquid product stream analysis and conversion and selectivity
for Catalysts L and Mare shown impsmbtes 9 and 10, respectively. Under
the reaction conditions used for toluene 18 WD 2007/019375

PCT/ US2006/030582 nethylation, Catalysts | and Mshowed initial 14%

t ol uene conversi chtay$3% of theoretical maxi nunM with greater than 98%

m xed- xyl ene and f36%ep- Xyl ene selectivity. TABigE 9 Catalyst L Exanple 12
Time on Streanimbondfteathh 78 15024198 2546 31&6Produet Angd ysSi sz W %3

Product Analysis, wi%

‘Water . 203 . 205 18.9 19.9 21.2 204 204
Methanol B N S 0.2 0.2 0.2 03 0.2 0.2
Dimethylether 0 0 0 0 0 0 0
Benzene 0 0 0 0 0 Q 0
Toluene 66.0 65.4 65.9 65.8 64.0 63.5 65.8
Ethylbenzene 0 0 0 0 0 1} 0
p-Kylene 12.9 13.2 133 13.4 13.2 13.1 12.8
m-Xylene 0.3 0.3 0.3 03 03 0.3 0.3
o-Xylene 02 0.2 0.2 0.2 0.2 0.2 0.2
Ethyltoluenes 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Trimethylbenzenes 6.2 0.2 0.2 0.2 0.2 0.2 0.2
Cl10+ 0 Q0 .. 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 98.3 98.3 98.3
p-Xylene Selectivity 96.6 96.6 96.6 96.7 97.0 97.0 96.7
Methano! Selectivity 63.3 64.9 63.3 66.1 67.9 67,0 65.6

EXAMPLE 14

[0050] Catalyst I was further fested for catalyst stability in toluene methylation
reaction. The reactor and feed conditions were the same as those described in Examples
1-5. After drying the catalyst at 200 °C, the catalyst was steamed overnight at 200 °C. A
premixed toluene and methanol feed (molar ratio 4.5) was added to the reactor at 200 °C.
The liguid hourly space velocity (LHSV) (based on methylation feed) was maintained at
about 2 hr'' and a cofeed of H, gas was fed and maintained to provide a Hy/methylation
feed molar ratio of about 7-8. In addition to H,, water vapor was added to reactor as
cofeed. The H,O/methylation feed molar ratio was about 0.8 and 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 comversion 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

Fipures 4 and 5.
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Water 20.6 20.9 22.0 20.5 20.8 20.0 19.8 Methanol 0 0 0.1 0.1 0.1 0.10.1
Dinmethylether 0 0 0 0 00 0O Benzene 0 0 000 0O 0O 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 83.130 .
12.8 12.8 13.1 13. 0. mXylene 0.4 0.4 0.4 0.3 0.3 0.3 - Xy| ene 0. :
0.2 0.1 o.T"bz."%7]"B.9325 Ethyltol uenes 0.1 0.1 0.1 0.1 0. 19%1.3@5’8‘."2@“”§£1

Trimet hyl benzenes 0.1 0.1 0.2 0.2 0 0.2 0.2 C10+ Conversion/ Sel ectivity,
nol e% Tol uene Conversion 14.0 14.2 14.3 13.3 13.4 13.7 13.5 M xed Xyl ene
Selectivity 98.4 98.4 98.3 98.3 98.4 98.3 98.3 p-Xylene Selectivity 96.2
96.2 96.3 96.3 96.3 96.5 96.5 Methanol Selectivity 62.3 63.1 64.7 61.8
62.0 63.0 61.8 19 WD 2007/019375 PCT/ US2006/ 030582 TABLE 10 Catal yst M
Exanpl e 13EXAMBLIBES Stream h 24 54 126 150 173 293 313 Product Anal ysis,

w % Vater @fsd 28yl M W %%119116%1-71:%31 d4o 2fovf stadeiAARAL RrdrPinéesOpf 0-2 0-3
0.2 0.2 D@@nelt?"hyle%%eroao_ooo Gl to 3hod salfel AR o8 P
toluene methylation reaction. The reactor, catalyst charge, catalyst drying and steaming

procedure were the same described for Examples 1-5, After drying the catalyst at 200
°C, the catalyst was steamed overnight at about 200 °C. A premixed toluene and
methanol feed (molar ratio 4.5) was added to the reactor at 200 °C. The liquid hourly
space velocity (LHSV) (based on methylation feed) was maintained at about 2 hr'! and a
cofeed of H, gas was fed and maintained to provide a Hy/methylation feed molar ratio of
about 7-8. In addition to H, water vapor was added to reactor as cofeed. The
Hz0/methylation feed molar ratio was about 0.8 and reactor pressure was about 20 psig.
The catalyst bed inlet temperature was increased slowly to 535 °C over a period of time
to give toluene conversion of about 14%, and no further reactor temperature adjustment
was made during the test period of 1560 h (64 days). Toluene conversion, and

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

EXAMPLE 16

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

time on stream. The unbound P/ZSM-35 catalyst (Catalyst A) showed stable performance
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Benzene 0 0 0 0 0 0 O Toluene 66.0 65.4 65.9 65.8 64.6 65.5 65.8

Et hyl benzene 0 0 0 0 0 0 O p-Xylene 12.9 13.2 13.3 13.4 13.2 13.1 12.8

m Xylene 0.3 0.3 0.3 0.3 0 30.30.3 o- Xylene 0.2 0.20.20.20.20.20.2
Et hyl t ol ue 10.10.10.10.120. Trlnethylbe 2 0.2
5270 5 0 FEIBIS, 06 05 0 00 conversi on Sel eatTeil 53““%3%%To| 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 98.3 p-Xylene Selectivity 96.6 96.6 96.6
96.7 97.0 97.0 96.7 Methanol Selectivity 63.3 64.9 65.5 66.1 67.9 67.0

65. 6 EXAMRgltfe (80P GItRL YBtrs L(3&va§ysj urTehier 1 tpgted theOdveadd alnvat
stability in tol uene negéélallon . actlon The reactor and feed conditions

were the sHIPRCEen Helkwo E“rt‘ivﬁ%dmxﬁ -EXEpRpfekstivity. and pcylene WWP\‘%@’ fone

catal yst alaid9fs G, If b Mat@ﬂn&tsétedﬂﬁstwhﬂ%ﬁﬁ&iPM—B égmﬂyﬁtA QQ fumife Prem xed
t ol uene and ngthanol f eed rati o 4. was added to fhe reactor at 200

C. The Ii CHBTS ?OWB%E@e%?Q%&%i?SRdIPHS%“ cpediwdy.on net hyl ati on feed) was
mai ntai ned at about 2 hr and a cofeed of H2 gas was fed and nmaintained to
provide a Hz/methylation feed nolar ratio of about 7-8. In addition to H2,
wat er vapor was added to reactor adARd¥Eed. The H20/nethylation feed mol ar

ratio was about ChhBaedig, ﬁmmmvamw 20 psig. The
catal yst bed inlet tenperature ma§ |ncre sedlg% to about 510 C over a
period of tinme_to give toluene conyay *BF “abo 9 and no reactor

t enper at ur e adj ust Feuste Grarstsmde. durMﬁg the14est peticod of 637 h (26 days).
Tol uene conver siMokud-x9Bst seiekiagt | Vi tdg@s to @Tmed Xydsg@ne, p-xyl ene and

met hanol are shown, ... serectivity 96.7 94.8 88.0
Methanol Selectivity 65.7 70.0 67.7
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Figures 4 and 5. 20 WD 2007/019375 PCT/ US2006/ 030582 EXAMPLE 15 [ 0051]
Catal yst Mwas further enployed to show stable catalytic performances for
tol uene net hylation reaction. The reactor, catalyst charge, catalyst drying
and steam ng procedure were the sane described for Exanples 1-5. After
drying the catalyst at 200 C, the catal yst was steaned overni ght at about
200 C. cg.pmaRi xed toluene and nethanol feed (nolar ratio 4.5) was added to
the reactor at 200 C. The liquid hourly space velocity (LHSV) (based on
nethylgpégﬁhﬁped) was nai ntained at about 2 hft and a cofeed of H2 gas was
fed and maintained to provide a H2/nethylation feed nolar ratio of about
7-8. Iq ad H2 et er yapor, was added. to reactor as cofeed. The

gS [¥

gti r(}t? I d ZE TMPILS '

H20/ met hyl 15 flé’eaeﬁ%ﬁm Fat T o Wwads aBBEt 058 and react or pressure was
about 20 psig., The catalyst bed inlet tenperatur s increased.slowy to
535 C over “&atﬁé%ar%ﬁ?hléﬁwﬁl Pr@hoﬁ OQ}S\P@“’&’SP@%JE’EBﬂ\PEP%%HJSd?e lif204 and

no further reactor tenperature adjustnment was nmade during the test period
of 1560 h heatingthephospodryetisated Aealite toomtempeerture @if abaut ¥005(e o1 highgs; xed

xyl ene, p-xylene and nethanol are shown in Figures 6 and 7. EXAWPLE 16

[ 00521 Cat ebmbininy trsplenphayedeited zadite ivith st ddidrgarmc okidet indeyrmatetialeoe

nmet hyl ati on. The reactor, feed conposition, catalyst drying and steam ng

condi t irgsa YedIRe-bliReSRIBuRS described for Exanples 1-5. After drying the
catal yst at 200 C, the catalyst was steaned overnight at 200 C. A prem xed

200 ¢, AReTE AERbHeafuc T e ooty e S IR0 G R MRG0T Ty

was nai ntaj ned at about 2 hf 1 and a cofeed H2 gas was. fed and mai nt ai ned
to pré@Fﬂ%z ﬂ¢ﬁ¢ﬁ%¥ﬁylation feed nolar ratio of about 7-8. In addition,
wat er was added to the reactor as cofeed and was vaporized prior to
introduction into the reactor. The H20/nethylation feed nolar ratio was
about 0.8 and the reactor pressure was about 20

2. The method of claim 1, wherein:

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

silica-alumina.

3.  The method of claim 1, wherein:

the binder material is an alumina-containing material.
4.  The method of claim 1, wherein:
the phosphorus-treated zeolite is heated to a temperature of from about 300°C. to about

600°C.

5.  The method of claim 1, wherein:

the zeolite-binder mixture is heated to a temperature of from 400°C. to about 700°C.
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psig. The catal yst bed inlet tenperature was slowy raised to 492 C when a
tol uene conversion of about 14% was obtai ned and when no further reactor
tenperature adjustnent was nade during the test period. Reactor streans
were anal yzed to cal cul ate conversion and selectivity. Figure 8 shows
steady tol uene conversion as a function of tinme on stream The unbound

Pl ZSM %, catiak yisdthdd@flobdimstt, wherdgiiiowed st abl e performance 21 WO 20071019375
PCT/ US2006/ 030582 during the test period of 726 hours (30 days). Table 11
presents t%zac\éﬁfqugzrsm_g%ghteconver sion, nethanol selectivity,

m xed- xyl ene selectivity and p-xyl ene sel ectivity for Catalysts A L and
M Contrasted to the unbound P/ZSM5 (Catal yst A), the alum na bound
catal ysts showed at | east 5% i ncreased p-xylene selectivity. TABLE 11
Conver Si on/ eI ect | Vi t¥ % Catal yst L Catalyst M Catalyst A Exanple 14
Exanpl €- 1 &Pé‘llué"ﬁ\@r%nver sion 14.6 14.4. 14.6 M xed- Xyl ene

Sel ect|V|ty 98 97 9 96.8 p-Xylene Selectivity 96.7 94.8 88.0 Met hanol
Sel ect i vi ty&wdsndermt@nmwamziroaabqusl%ﬁe BPabyweight flupinaiod of preparing a
zeolite catal yst conprising: treating a zeolite with a phosphorus conpound
to forma phosphorus-treated zeolite; heating the phosphorus-treated
zeolite to a tenperature of about 300C. or higher; combining the

phosph@r us Theafkies FeMiint € whetdin:an i norgani c oxi de binder material to form
a zeolite-binder mxture; and heating the zeolite-binder mxture at

tenperatur %eoﬂoﬁla%gliéocgglys? exﬂllbﬂg1 &f 1da& tfu%rnP%AS 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.
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 zeolite contains 10-oxygen ring pores.

11. The method of claim 1, further comprising:

steaming the bound zeolite at a temperature of 300°C. or less.

12. The zeolite catalyst prepared by the method of claim 1.
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bound zeolite catalyst. 2. The nethod of claim1l, wherein: the binder

mat eri al includes at | east one of alumna, clay, alum num phosphate and
silica-alum na. 3. The nethod of claim1l1l, wherein: the binder material is
an alum na-containing material. 4. The nethod of claim1l, wherein: the
phosphorus-treated zeolite is heated to a tenperature of from about 300C.

to aboyf, G0REthod of plepPaiimi HoebId cAAlRitPohpridingr i n: the zeolite-binder
m xture is heated to a tenperature of from400C. to about 700C. 23 6. The

met hod of %51%@ ;_,Zemgr@gﬁg ap EQ&&E&LMI ol R %W%Pﬁ&%hhﬁg-ﬁeﬁedyéglggft hod

of claiml1, ein: the r~material contalns omabout 1%to Yo by

i ght ,alumina. 8. Th foelaim1 i n: d_zeol i
cat al y LA Brsnnpe CGaER oS 20\ s Thnit (LSS ip Rt o BiPeh abour

0 to about -55 ppm wth at |east one peak having a maxi num at from about
-40 técBsut -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 wei ght
of the bouhdatingahé pbosphorisytetaied 1@ olitEiHe antemiperituse of fwimatliout BTG tn abette
zeolite contains 10-oxygen ring pores. 11. The nethod of claim11, further
conpri $00¥C.; steam ng the bound zeolite at a tenperature of 300C. or |ess.

combining the phosphorus-treated zeolite with an alumina or clay binder material to
form a zeolite-binder mixture; and
heating the zeolite-binder mixture at temperature of from about 400° C. to about 700°C.

to form a bound zeolite catalyst.

14. The method of claim 13, wherein:

the zeolite is a ZSM-5 zeolite.

15. The method of ¢laim 13, wherein:
the binder material contains from about 1% to 99% by weight alumina or clay or their

combinations.

16. The method of claim 13, wherein:
the bound zeolite catalyst exhibits at least two 3'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.
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12. The zeolite catal yst prepared by the nethod of claim1. 24 13. A nethod
of preparing a zeolite catalyst conprising: treating a zeolite with a
phosphorus compound to form a phosphorus-treated zeolite having a
phosphorus content of from0.01 to about 0.15 gram of phosphorus per gram
of zeolite; heating the phosphorus-treated zeolite to a tenperature of

from ahgut T8E@¢ethddoofadsint13, 6Befeiri: conbi ni ng the phosphorus-treated zeolite
with an alum na or clay binder material to forma zeolite-binder m xture;

and heat i ngyd Bigd&aRhtbhif-iPbRdedt ifladtatRint bt FBAPMIRE Yieto Uboht 999, dPaigt00 C.
to about 700C. to forma bound zeolite catalyst. 14. The method of claim

13, whergin: J is a ZSM5 zeolite. 15. The nethod of claim 13,
wher ei %fﬁie&gug{i%%elﬁg% gﬁl al contains fromabout 1% to 99% by wei ght

alumna or clay or their conbinations. 16. The nethod of claim 13,
wherein: the bound zeolite catalyst exhibits at | east two 31P MAS NWR peaks
with maxima at from about O to about -55 ppm wth at |east one peak
havi ng 18- ndbXe Mgtk offclaim I3pvilkereimo  t o about -50 ppm 25 17. The nethod of
claim 13, wherein: the binder material is present in an anount of from
about 1% t cheedmolite @843yl Ovepiyght ringpoteke bound zeolite catal yst. 18. The
nmet hod of claim 13, wherein: the zeolite contains 10-oxygen ring pores.
19. The method of claim 13, wherein:
the phosphorus-treated zeolite has a phosphorus content of from 0.07 to about 0.12

gram of phosphorus per gram of zeolite.

20. The method of claim 13, further comprising:

steaming the bound zeolite at a temperature of 300°C. or less.
21. The zeolite catalyst prepared by the method of claim 13.

22. A zeolite catalyst prepared by treating a zeolite with a phosphorus compound to form a
phosphorus-treated zeolite, heating the phosphorus-treated zeolite to a temperature of about
300°C. or higher, combining the phosphorus-treated zeolite with an inorganic oxide binder
material to form a zeolite-binder mixture, and heating the zeolite-binder mixture at

temperature of about 400°C. or higher to form a bound zeolite catalyst.
23. The catalyst of claim 22, wherein:

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

silica-alumina.
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19. The nmethod of claim 13, wherein: the phosphorus-treated zeolite has a
phosphorus content of from0.07 to about 0.12 gram of phosphorus per gram
of zeolite. 20. The method of claim 13, further conprising: steam ng the
bound zeolite at a tenperature of 300C. or less. 21. The zeolite catalyst
prepared by the nethod of claim13. 22. A zeolite catal yst prepared by
treating a zeolite wth a phosphorus conmpound to forma phosphorus-treated
zeolite, heating the phosphorus-treated zeolite to a tenperature of about

300C. @gp h WS Lhedhosphorus-treated zeolite with an inorganic
oxi de ﬁndggggat [y§ I a & n2321"0rm a zeolite-binder mxture, and heating the

zeol i t e-bi [g1 relat 1 erat L& of eb t 400C. or higher to forma
bound zeol i e IE it Al 1949 alypia ’%‘% ‘aim 22, wherein: the binder

material i ncI udes at | east one of aI um na, clay, alum num phosphate and
silica-alumna. 26 24. The catal yst of claim 22, wherein: the binder
material is an alum na-containing material. 25. The catal yst of claim 22,
wher ei 23. t Abe phiskyphafrdaint 2 athertizeol ite is heated to a tenperature of from
about 300C. to about 600C. 26. The catalyst of claim?22, wherein: the

zeol i t e- bi migeshodphdri-Bedted hediten Heated té @ n@paitureo o abont400T. th abailtout
700C. 27. The catalyst of claim22, wherein: the zeolite is a ZSM5

zeol it gpo%8. The catalyst of claim22, wherein: the binder material
contains fromabout 1 %to 99% by wei ght alum na. 29. The catal yst of
claim 22, wherein:

26. The catalyst of claim 22, wherein:

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

27. The catalyst of claim 22, wherein:

the zeolite is a ZSM-5 zeolite.

28. The catalyst of claim 22, wherein:

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

29. The catalyst of claim 22, 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.
30. The catalyst of claim 22, wherein:

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

of the bound zeolite catalyst.
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t he bound zeolite catalyst exhibits at | east two 31P MAS NVR peaks wth
maxi ma at fromabout O to about -55 ppm wth at |east one peak having a
maxi nrum at from about -40 to about -50 ppm 30. The catalyst of claim 22,
wherein: the binder material is present in an anmount of from about 1%to
about 99% by weight of the bound zeolite catalyst. 27 31. The catal yst of
claim 22, wherein: the zeolite contains 10-oxygen ring pores. 32. The
catal yst of claim 22, wherein: the bound zeolite is steaned at a

tenper g Ui Qa9 QCclafth 25 Sffercin?8

the zeolite contains 10-oxygen ring pores.

32. The catalyst of claim 22, wherein:

the bound zeolite is steamed at a temperature of 300°C. or less.
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