METHOD OF MODI FYI NG ZEOLI TE CATALYST TECHNI CAL FI ELD 10001] The invention
relates generally to the alkylation of aromati c conpounds and catal ysts
used for such reactions. 1 BACKGROUND [0002] Para-xylene is a val uable
substituted aromatic conpound due to its great demand for production of
terephthalic acid, a major conponent in forning polyester fibers and
resins. It can be comercially produced from hydrotreating of naphtha
(catalytic reform ng), - steam cracki ng of naphtha or gas oil, and tol uene
di sproportionation. [0003] Al kylation of toluene with nmethanol, which is:
al so known as toluene nethylation, has been used in |aboratory studies to
produce. para-xylene. Toluene nethylation has been known to occur over
acidic catalyst, particularly over zeolite ar zeolite-type catalyst. In
particular, ZSM5-type zeolite, zeolite Beta and silicaal um nophosphate
(SAPO) catal ysts have been used for this process. Cenerally, a

t hermodynam ¢ equilibriummxture of ortho (0)-, neta (m- and para
(p)-xyl enes can be METH®D OF MODIFYING ZEOIATE QATHLYST uene, as is
illustrated by the reaction below Ha Ha Ha CHa CH3 / | + CH3OH / | + +
12, CHa TOLUENE C- XYLENE M XYLENE P-xri ZNE CHa (1) [00041 Ther nodynani c
eqU|I|bH|qBGmmnaxLFumnﬁ of o-, m, and p-xylenes may be around 25, 50 and
25 nol e% Tespectively, at a react i on t enperature of about 500 ~C.

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

catalysts used for such reactions,



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

[ 00051 A significantly higher anount of p-xylene can be obtained in toluene
nmet hyl ati on reaction if the catal yst has shape sel ective properties. Shape
sel ective properties can be obtained in nodified zeolite catal ysts by
nodi fying zeolite pore opening size, inactivation of the external surface
of the zeolite or controlling zeolite acidity. Toluene nethylation may
occur over nodified ZSM5 or ZSM5-type zeolite 2 catalyst giving xylene
products containing significantly greater amounts of p-xylene than the

t her nody nBACKGROTNIt r at i on. 100061 Phosphoric acid and ot her

phosphoru ini conpo een sed to dify.ZSM5 zeolite
cat al yst S&P@? :Pa geg% Hhfe’ ai"@g%c‘rt‘ﬁgvﬁ‘t%r 36’8? ti ‘é°§’?p°8?£‘.au?bé¥éﬁtgrﬂ6 6, 504, 072,
for inst amend ﬁirSp@édnstﬁm dfhiereplitieaic niem a @fajol SdthfonE@ahi foenisapélysset W th
ever o SEEFRGRIE plotids SpaFaRyoPatierd Bop L Ee ol ot No.
4, 554, 394(cathlyidiSefeminke steialcrieidig O0ff AFMtHa ZR0lght esil,WMahdd fhwapor phase
or ganophosphorus reagent to provide para-selective properties. 10007]

ek
Unf or t una OORMIPE are a nunber of technical hurdles, for tol uene
met hyl at i 003}t Qlbeation nare tehieak | witls umﬁﬁcﬁj whicanid hlea)rmvaﬁent folkhe needed. 3

of e pr BEEHITn 0B PIFbri=" 41 CPOREE FELToR PGSR P DREET ol g —
descri pt i pesylithkeRs béendGowWHRE béctn ovdr kéldit betalag crnfanytiy rmgerfzegﬁté @, '~ in which:
zeolite-type catalyst. In particular, ZSM-5-type zeolite, zeolite Beta and A
silicaaluminophosphate (SAPO) catalysts have been used for this process. Generally, a
thérmodynamic equilibrium mixture of ortho (0)-, meta (m)- and para (p)-xylenes can be

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

Ry @

TOLUENE C-XYLENE M-XYLENE

[0004] Thermodynamic equilibrium compositions of o-, m-, and p-xylenes may be
around 25, 50 and 25 mole%, respectively, at a reaction temperature of about 500 oC,
Such toluene methylatlon may occur over a wide range of temperatures, however, Para-
xylene can be separated from mixed xylenes by a cycle of adsorption and 1somenzat10n

" Byproducts such as C9+ and other aromatic products can be produced by secondary
alkylation of the xylene product.
[0005) A significantly higher amount of p-xylene can ‘be obtained in toluene
methylation reaction if the catalyst has shape selective properties. Shape selective
properties can be obtained in modified zeolite - catalysts by modifying zeolite pore
opening size, inactivation of the external surface of the zeolite or controlling zeolite-

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



[0009] FIGURE 1 is a plot of BET surface area of different H3PO4 nodified
ZSM5 zeolite catalysts as a function of the anount of phosphorus used in
the nodification; [00101 FIGURE 2 is a plot of total pore vol une of
different H3PO4 nodified ZSM5 zeolite catalysts as a function of the
amount of phosphorus used in the nodification; [0011] FI GURE. 3 shows 27Al
MAS- NVR spectra of (a) NH4-ZSM5 having Si 2/ A1203 nole ratio 280; and of
(b) phosphorus nodified ZSM5 zeolite catalyst; [0012] FIGURE 4 is a plot
of wt% total xylenes and selectivity to total xylenes and p- xylene for a

i quid product stream obtained fromtoluene nethylation over H3PO4

nodi fied. ZSM5 zeolite catalysts having-a starting Si 2/ Al 203 nole ratio of

30 as a functian. of .ampun f _phaosphorus used. in th dification; and
L00131" Fi e vind B e sobu R ity e Rt OPUmE Bt ot ot

xyl enes anthe phermodiyeande fomcentratianqui d pr oduct. stream obt ai ned from t ol uene

met hyl ati o er . H3PO4d dif,jed.Z SM5 z eolite c gtalysts having a s
tarting S &B%Aﬁ‘ﬁ?ﬁ%ﬁ aéﬁ[r)aﬁ? P{gerc?h?sr"%%cf’&tw oA %Wgﬁ LGNt of
phosphor usmuéigdz$m-5t desliteogtaljstc at pronde shagokTladtivEpPropESER| OB GMeftQR14] As used '

herein, th ession " ZSM 5-t " 1S _nean refer. to those.zeolites
that are ig’é)@{’(@éttsf?fr Hsieee cg’é%ggﬁsng?\ﬁms O?emée§?°hﬁd&f" ' ng}ﬂ%y, t he
expr essi onphosphdfuttb "contrd the/ Sddhdiioh b eliffsiity hed psedvdianeiption wt evahangeably to
enconpass one. anot her and shoul d t. be cqonstrued i ny limting sense.
The 25w 5. SeGHr 8 R S Rrs sy eRB froRaR R e T U S
Pat ent No. trehrfdh® o8 BSM-Inbriotifes méth hevagériphase neg@hahbsphends bsagemtepemde. [ 0015] As
used herein, catalytic activity can be defined as the production of total
xyl enes asP%ﬁ’Z‘iﬁgE%PrTﬂ?mteﬁe wei ght % of total xylenes in the |iquid product

stream ob{oao7)edbrtvaatelyviere el diRtbendiidiithiod hoddles daabluar mamnditbh ons. As.

used herein, the total xyl.enes, selectivit n be defined as:
T to'be commerc:aﬁy suclelsfil And improvements are feeded.



- i
% Tot al Xyl enes Sel ectivity = (X, ,/X'"P) x 100 (2) where, Xa is the weight %
of total xylenes and X', is the weight% of total aromatic products in the
| i quid product stream As used herein, selectivity for p-xylene nmaybe
expressed as: p-Xylene Selectivity = (X, /Xa) x 100 (3) where, Xp is the
wei ght % p-xyl ene in the liquid product stream 10016] .. By.nodifying
ZSM 5. zeolite catal ysts with phosphorus containing conpound to provide a
sel ected pore volune, increased' para-selectivity nmay be achi eved w t hout the
need for subsequent stéaming or additional treatnent of the catal yst.

Furthernore, increased catalyst activity and total x ylenes s electivity in
ay b e achieved during use i n toluene nethylation for particular ZSM5
zeolite catalysts, while still providing high p- xylene selectivity, (00171

The starting ZSM5 zeolite maybe an NH4- or H-form zeolite, which maybe in

theformofB C In the present invention, the Z SM5
zeolite . :

/i ng a silical/alum na m)lar rati o of

great er t hgono8p Eusrlmore (Dom]litﬂdlufldldtﬁndmg of\iht Ppregenp rvemiva) iraedisabwi Ng
Si.li ca/aJu na ratio the|n|t|aI

conmpound. As usse ,
TS e seol et BB ISR Rt wliid plieS S B pRehPintedia and xyl ane
sel ecti vi t ynwhici:he subsequently treated catalyst in toluene nethylation. 5
In certain a he Si 03. nol e 0 5 may be
from 250, 455t “BEERE ! RuBbH i e e s e AV e R A
i ncreased peoliyd catatysts ed efuhdtich bithe &ﬂ@ﬁedfpﬁmhmosmﬁnmmﬁrﬁp'ﬂmnd may be a
phosphor us cid ngp ofrl.c i (I—Bﬁéglz nd phosphorus
aci d (H3P0§§0%]t:aﬁ&6'ﬂ%s€mﬁﬂ§t Otfgﬂflélc’m‘f% ea‘?idbﬂgefe“?ﬁépgﬂc?ﬁﬁ Sg%‘gused at a
concentr at |zed11t@d‘atagzm§a§emndthﬁﬁfﬁgmm&@of’ﬁhﬁpmﬁsntmhu&mdﬁimsatﬁmnd may - al so
i ncl ude otR of- 0S hg;,rllj %nl n g)u ,th'z}fjghléﬁd ammoni um
hydr ogen p @@bﬂ W%)‘ Sh#fg gﬁ Ngay
: Si02/AL O3 mole ratio 280, and of {b) phosphorus modlﬁed ZSM-5 zeolite catalyst;
[0012] FIGURE 4 is a plot of wt% total xylenes and selectivity to total xylenes and p-

xylene for a liquid product stream obtained from toluene methylation over H;POq

modified ZSM-5 zeolite catalysts having a starting Si0y/Al;O; mole ratio of 30 as a
. function of amouxt of ‘phosphorus used in the modification; and

[0013] FIGURE 5 is a plot of wi% total xylenes and selectivity to total xylenes and p-
. xylene for a liquid product stream obtained from toluene methylation over HiPO,

modified Z SM-5 z eolite catalysts having a starting Si0y/Al;03 moleratioof280asa

function of amount of phosphorus used in the modification.



|
~provide a | p'ﬁ'o—s_ﬁ"mp orus content of the treated catalyst of from0.04 g P/ g

zeolite or nore. |In certain applications, phosphorus may be i ncorporated
into the catalyst in amounts of from0.09 g P/g zeolite or nore, with from
about 0.09 g P/g zeolite to about 0.15 g P/g zeolite being suitable in such
applications. 100191 The phosphorus may be incorporated into the catal yst by
preparing a slurry of the zeolite and an aqueous sol ution of the phosphorus |
conpound. Heating of the slurry may be used to facilitate treatnment of the ;
zeéolite catalyst and to evaporate liquids. Heating of the slurry to !
tenperatures of from70 Cto about 100 Cis suitable in nbst instances. The'
slurry may al so be stirred or agitated during this step to ensure uniform
treatment. [0020] The' phosphorus-nodified zeolite catalyst nmay be used
unbound or P%?;ﬁﬂﬂﬁ%s‘@ﬁﬂ?rfbx@i nder. Exanples of suitable binders include

such nmater alum na, clay, and silica. Those techni ques used for
preparing ﬂWéﬂbo@ﬁw‘éfﬁ‘th‘tfaPquexﬁe@%elﬁWhmﬁ 1p proarty to Tafer to thqshecocbmal yst, bound
or unbound tredrS t g e b 570 Cin an
envi ronn‘en%hag%%tlglgm n wﬁg &tnc %S @%f} zg&lfg{sr 'ﬁ?ﬁ%ﬁ?ly‘rhe %ené ZSM 5

zeol ite calBiNst as$hod g WPRM@@Y get“éﬂdahcrqﬂmnéermﬁmﬂyw cmomassamaut 0.2 njg

or 1ess. MadeRid il ﬁ&tlb\s,coﬁsﬂsedtlﬁ 1R s AR, UHE ZTRLs LARASGLAM about 0. 18

mug to about-0 urface area of the ZS Ite catal yst

T o Dousd | st gt 4o 165 aBwt Neo 49886, (W5dD]s e

phosphor USF{E&?&H@@gyﬁﬁébyst contains an insignificant anmount of
tetrahedral /struct ural in the zeolite framework showi ng a weak 27Al-NWVR

peak at al®idld ADuispicrebycatelide edivily yan be defingd s thegpbducon of totakt r a
framewor k aliund numeiEA iy tﬂenéélgﬂ(zﬁ’ﬂo'taﬁ ‘iw@%{ SR tﬁé‘ﬂ%é‘gx&m&t{ 27AL- NWR

peak at -14" ppm The ratio of um num ov extra-tramework
al umi num f ebtainedeat ergign éxlusne gieilylatiemeadtipn conditigs. r A geedtheesin, albotstal 0. 12 to

0. 25 xylenes selectivity can be defined as:

% Total Xylenes Selectivity = (Xu/Xup) x 100 2

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

expressed as:

% p-Kylene Selectivity = (Xp/Xu) x 100 (3

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

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

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

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



, |
(Mrea ed C y may be used as a non-steaned catalyst, in

toluene nethylation. As used herein, "non-steaned," as it refers to the

zeolite catalyst, is neant to include zeolite catalyst that has not been

treated or subjected to high tenperature steam (i.e. greater than 950C) to

effect structural changes of the catalyst prior to its use in any

al kyl ation or nethylation reactions. [0024] The nodified catal yst may be

contacted with an appropriate feed of toluene and nethanol under

met hyl ati on reaction conditions to carry out toluene nethylation. A

hydr ogen cof eed may al so be used. The hydrogen may be used in an anount of

at least 0.1 nole per nole of toluene/nethanol feed. [0025] Water or steam

may al so be introduced into the reactor as cofeed along with the

t ol uene/ &am f | ation

reacti on%?mm%tﬁ?%om-g(%mg m@?h\t}\ffﬁout %%?gégagbe%ﬁc% eed Wth the

hydr ocar boif01ek0 prmerp to qehigra lagher ativibiivgthiprseasadprxyleng sedéctivite et hyI ation

reaction Obodsl TR pREphdt 9&@%%& U Bispilcfhs-coltbibla! achf, Ahdy W 11 €1 Lher
added and” va (5)

case, liquid water | zed prior ts mxmg W th .
hydr ogen crbp@beric( 4cid Q%?Pft)alﬁ'é Ihpenhoes pHe (PO, Roeov)_aesphqrn@cqn@am:r pressure
For 1ol ueng;qahdie dhiy Bkd atan%ﬁceﬂwmw %cﬁér@ah%b'vﬂ% "R phiBhotus but
typically ranges from about 10 to about psi g. React enperat ures nay
range f r orfompernd snay (o dnciydg pstey nopysid phawphpramooniajiieg mnom queh 88 vari ety of
di fferent. Lol GyddhRh pREBn#L BIP04?'9&@ a‘}rBBntCﬁ'rﬁhXéﬂﬂgnQ%edg\';xgjmt I C
al kyl ation reactions.” Single or eactors in series paral | el
are sui t aprevidecy phesahpgis ﬁ‘@}‘t%f’f@hé'e%t%‘l calalyet ofdiom-84 g B zepld@ oBRorthe nodi fi ed
catalyst |8 ksl MpilalodsdbMRARIERAe HdohiBralcln WRRAGRI RGN Amidiege  Product
froma-feed of -toluene-and net handl that -has 1 ncreaséd ectivity for

p- xyl ene. famn0.pheFlecasplie or maee, with Appoboufifd prida reqbitede ehontd 13 BAfE 80% 85% and
90% par a- XphR06eingSGhMbd ih Vich ¥ppegintised in .toluene nethylation. Additionally,

in certain Instances, greater than 90% of total xylene selectivity may be
achi eved. [0019] The phosphorus may be incorporated into the catalyst by preparing a shury of

the zeolite and an agueous solution of the phosphorus compound. Heatmg of the slurry
ma.y be used to facilitate treatment of the zeolite catalyst and to evaporate liquids.
Haatiné of the slurry to temperatures of from 70 °C to about 100 °C is suitable in most
instances. The slurry may also be stirred or agitated during this step to ensure uniform
treatment. ) '

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

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

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

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



[ 0029] The—fottomerg~erarmpres~torrier il l ust ra{te the invention. 7 EXAMPLES
CATALYST PREPARATI ON Catal yst A-H [0030] The starting material was an

NH4- ZSM 5 zeolite powder having a SiOQ2/ Al2G3 nole ratio of 30. An aqueous
slurry containing 11.63 g of NH4-ZSM5 zeolite and 50 ml  of deionized water
was prepared in a 400 mM beaker. The beaker was placed on a hot plate and
the zeolite suspension was stirred using a magnetic stir bar. The
tenperature of the suspension was maintai ned around 90 C. 1.08 g phosphoric
acid (85 wm%in aqueous) was added drop wise into the beaker. Heating was
continued until all liquid was evaporated. The phosphoric-acid nodified
zeolite was dried at 90C to 120 C for at |least four hours and at 340 Cto
360 C for three hours and then calcined at 510 Cto 530C under air for 10
hours. TheggalweivQtm@eal dvbe RS tREDKCAUSRES GNEle Heiied zeb%wgatagﬁ and 40 mesh
screens. A series of catalysts A-H (see Table 1) were prepare y varying
the ampuntPefRgEdepRBYe- 126 2% t h respect to the ampunt of starting

NHA- ZSM 5 roppipdate BEEd TafalylC Grafl 1R ufdh Cast Qtn%h sRehe \é&hwem( mpgadr ed by N2
adsorption) for, catalysts A-H are shown in Table I and in Figures 1 and 2.

TABLE | Calﬁl%ﬁhxlﬁwnvéf ayed hageinyanopisteamedy g 4t refers g the geplitheatalyshis meagy,  Powder of

Content, G ikfiak kdofite cé}m;@ Chatas 26t b‘éerp&aféd Qx%% 8&&“& té hi@ﬁé%eraﬁuéﬂea%il- 63 1.08
0.025 259.0 0.340  C 50 11.63 2.52 0.058 157 50 11.64 4.04 0.093

66.9 0. 1890-c.paragtsr than $99°Q) tg pifert i@yt% chynges phthe catalyst prior to jts use in any

alkylation or methylation reactions.

i

[0024] The modified catalyst may be contacted with an appropriate feed of toluene and
methanol under methylation reaction conditions to carry out toluene methylation. A
hydrogen cofeed may also be used. The hydrogen may be used in an amount of at least
0.1 mole per mole of toluene/methanol feed. ‘
[0025] Water or steam may also be introduced into the reactor as ¢ofeed along with the
toluene/methanol feed. The water or steam used for the methylation reaction may be
introduced with or without hydrogen as cofeed with the hydrocarbon feed to the reactor
during the start up of the methylatjon reaction or it may be introduced subsequent to
initial start up, In either case, liquid water may be added and vaporized prior to its
mixing with hydrogen cofeed (if any) and hydrocarbon féedf
[0026]- The reaétoxj pressure for toluene methylation or other aromatic alkylation may
vary, but typically ranges from ai:out 10 to about 1000 psig. Reactor temperatures may
range from 400 to 700 °C, '
- {0027} The reaction may be carried in a variety of different reactors that are commonly
- used for carrying out aromatic alkylation reactions. Single or multi réactors in series
and/or parallel are suitable for carrying out the toluene methylation.
[0028] The modified catalyst is useful in toluene methylation for prepering a xyléne
product from a-feed-of-teluene -and methanol tﬁat has increased selectivity for p-xylene.
In particular, the catalyst may provide greater than 80%, 85% and 90% para-xylene
selectivity when used in toluene methylation. Additionally, in certain instances, greater
fhan 90% of total xylene selectivity may be achieved. ‘

[0029] The following examples further illustrate the invention.



1
FS50IT 63 8. 050 100 1000 I70 G50 11.64 12.51 0.219 14.2 0.077 H 50
11.64 16.01 0.370 9.7 0.079 1 0 0 357.2 0.579 'Total anount of phosphoric
acid (85%in aqueous) or P used in the preparation 10031] As can beso en
fromTable | and Figures and 2, a sharp decrease i nBET surface area (SA)
and total pore volune (PV) of the zeolite catalysts A-H prepared by using
starting NH4-ZSM5 having Si 2/ Al 2G83 nole ratio of 30 with increasing
anounts of phosphoric acid or P was observed. S Catalyst J [00321 The _
starting material was an NH4-ZSM 5 zeolite powder having a Si02/A1203 nole
r atioof t 80. Aslurry containing 12.09 g o f N H4-ZSM5 z eolite and 50
m o f deionized water was prepared in a 400 nl beaker. The beaker was
pl aced on a hot plate and the zeolite suspension was stirred using a
magnetic stir bar. The tenperatur EXAMPhBES suspensi on was nai ntai ned around

90 C. 1.08 @!@?g§gfgk594§35q0&85 wt % i n aqueous) was added drop wise into

t he beaker. ed until all liquid was evaporated. The
phosphori c- GgtalystdpHi fi ed zeolite was dried at 90C to 120 C for at | east

to 530 C uti °gn st bl s et AEPE ARR BuAR e G SOHEOET L Shed and
si zed usi nngleratianﬂBMQAm’rmhous(skqunmtaixﬁngslelr&gs:fm-tﬁlvm yeslite add §0 thsee Tabl e 2)
aount of - el e ki T4 Bbo B o8I RASEEAPEL I BB BP0 o' Vol ue
(measur ed bylatb\lzadabbszypl]it: buspgnsion was giaedhsjrgtamaadticatiebas Bwrtemperafabbe 2 and
- 2o 5 gD AR FRRRE Do B0E, (o puoktlR WS B G E OD S e (o
that for catqabopsitweasaddedpirerpuisedntdythelbsikey Htating ivagcddkidued Sptilball iquid

was evaporated. The phosphoﬁc‘acid.modiﬁcd zeolite was dried at 90°C to 120 °C for at

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

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

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

the amount of phosphoric acid with respect to the amount of starting NPL—ZSM;S o

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

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

TABLE 1
Catalyst Water, ml Zeolite H,PO, P,e'g SA, m2/g PY, mi/g
Powder, g Content, g* zeolite®
A 100 46,50 4,00 0.023 266.4 0.483
B 50 11.63 1.08 0.025 259.0 0.340
C " 50 11.63 2.52 0.058 157.8 0212
D 50 11.64 4,04 0.093 66.9 0.189
E 50 11.63 6.01 0.13% 24.0 0183
F 30 11.63 - 8.05 0.186 18.6 0.179
G 50 11.64 12.51 0.279 14.2 0.077
H 50 11.64 - 16.01 0.370 9.7 0.079
1 0 -0 357.2 0.579

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

[0031] Ascanbeseen from Table 1 and Figures 1 and 2, a sharp d ecrease in BET
surface area (SA) and total pore volume (PV) of the zeolite catalysts A-H prepared by
using starting NH,-ZSM-5 having SiQy/Al; 0y mole ratio of 30 with increasing amounts

of phosphoric acid or P was observed.



|
havi ng o 027 AL203 nole ratt o 30. TABLE2 Cat al yst Water, m Zeolite H3P04 P,

g/g SA, n2/g PV, mg Powder, g Content, g' zeolite' 1 50 12.09 1.08 0.024
330.7 0.208 'K 50 24.09 3.95 0.044 299.4 0.182 L 100 48.38 15.8 0.088
183.2 0.138 M 100 48.39 23.7 0.123 156.2 0.113 N 50 12.09 7.75 0.172 163.7
0.120 0 O 0 375.0 0.244 'Total anount of phosphoric acid (85% i n agueous)
or Pused in the preparation. Catalyst P-S [0033) The starting material was
an NH4-ZSM 5 zeolite powder having a Si 2/ Al203 nole ratio of 280. A slurry
contai ning 51.66 g of NH4-ZSM 5 zeolite and 200 m of deionized water was
prepared in a 400 ml beaker. The beaker was placed on a hot plate and the
zeolite suspension was stirred using a magnetic stir bar. The tenperature of
the 9 suspension was maintai ned around 90 C. 9. 07 g anmoni um hydr ogen
phosphat e, CatastItH04, was di ssolved in 50 Ml water and the salt solution

vas added dr gy 55 LhG: cblRaERKE N ARLL DNSRLEANELANSGUDLEY, 21| LT Ui d

was evaporate 'um hy was dried
at 90C to 1216010dho|ofaﬁol éashlrrﬁzountalhmgﬂé 09 gadNat:-ZSH03 Ceglive B8P Cnifwli t hree

hours and t %mgét ﬁﬂas%;?rus %&@@%@m@% %Eak@\gagpflﬁadilg p&i’kﬁ? The N

cal ci ned zeo S Sl zé u5|n Screens.
series of ca&nélﬂygdltﬁ@e@se@wxamd leng/@mgnpnceipabagd Thy tempepfurepfithee anount  of

e T Y AR 58Sy L OB SURNTS Ghl g Wi Zo S
f or was added drop wise into the beaker. Heating was continued until all liquid was
‘ evaporated. The phosphoric-acid modified zeolite was dried at 90°C to 120 °C for at
least four hours and at 340 °C to 360 °C for three hours and then calcined at 510 °C to
530 °C under air for 10 hours. The calcined zeolite-was then crushed and sized using 20
and 40 mesh screens. A series of catalysts J-N (sec Table 2) were prepared by vérying
the amount of phosphoric acid with respect to the amount of starting NHPZSM-'S
powder. BET surface arez and total pore volume (measured by Nz adsorption) for
catalysts J-N are shown in Table 2 and Figures 1 and 2, The decrease in SA and PA for
catalyst made using starting NH¢-ZSM-5 having SiO/AlLO; moie ratio 280 is not as
prominent compared to that for catalysts A-J prepared by using starting NHs-ZSM-5
having Sio2/A1203 mole ratio 30,

- TABLE 2 _
Catalyst Water, ml Zeolite H;PO, P, g/ SA, md/g PV, mlig
Powder, g Conteat, E‘ zeolite®

J 30 12.09 - 1.08 0.024 330.7 0.208
‘K 50 24.09 395 0.044 2954 0.182
L 100 48.38 153 0.088 183.2 0.138
M 100 48.39 23.7 0.123 - 1562 0.113
N 50 . - 12.09 7.75 0.172 163.7 0.120
0 0 0 3750 0.244

- *Tota] amount of phosphoric acid (85% in aqueous) or P used in the preparation.

Catalyst P-S :

[0033] The starting material was an NH,-ZSM-5 zeolite powder having a Si02/ALO;
mole ratio of 280, A slurry containing 51.66 g of NH4-ZSM-5 zeolite and 200 ml of
deionized water was prepared in a 400 ml beaker. The beaker was placed on a hot plate

and the zeolite suspension was stirred using a magnetic stir bar. The temperature of the

9
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catal ysts

( NH4) 2HPOA,

R —— :
P-S are shown in Table 3. TABLE 3 Catal yst# Water, nil

P, g/g SA, n2/g PV, rnllg Powder, g g zeolite'

Zeotite

P 200 30.09 2;

49 0.018 317.2 0.208 Q 200 51.66 9.07 0.039 278.3 0.179 P. 200 51.66 12.85

0.055 241.0 0.155 S 200 48.38 18.14 0.082 216.2 0.131
ammoni um hydr ogen phosphate or

little or

phosphat e

' Tot al

anount of
P used in the preparation [0034] There was

no difference in surface area and pore vol une between the
catal yst series J-N using phosphoric acid and P-S using anmoni um hydr ogen

at a gi ven anount of phosphorus..

Thus the use of phosphoric acid

or amoni um hydrogen phosphate as a phosphorus-containing conpound for

prepari ng

di ff erence.

p- xyl ene
Conparative Catal ysts |

sel ective catal ysts may not nake a significant
& 0 (0035] Non-phosphorus contai ni ng

ZSM 5 zeol | fuspessanaivys meinteneé aproad 89 0. f 9107 g empendine drydpgerppissshateThe starti ng

mat eri al

rati o of -30 or

e R S T

tion WAY Al BoRbE 8 20 T2 7

of 280. Thethg bedkert ewae'\fas werstindedi @@il alt 1igdd w@s wap8BGEIC Tierammtdaivee hour s and

t hen cal ci
sanpl e was

O are pres
angl e spin

lcast}g]ur hcaI
SCreens

"Blsitn pibdning

gﬁg zgh rlga@rdngcf

SIZE . usi ng

£ 347 190 BOYLS,

3L S8, G518 Sficfod A0l g P BEGRA KA Yoed hop
ammonium hydrogen phosphate with respect to the amount of starting NH-ZSM-3

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

catalysts P-S are shown in Table 3.

TABLE 3
Catalysté  Water, m] Zeolite (NH4)2HPO,, P, g/ SA, m2/g PV, mlig
Powder, g g zeolite®
P 200 30.09 2:49 0.018 317.2 0.208
Q 200 51.66 9.07 0.039 278.3 0.179
R 200 51.66 12,85 0.055 2410 0.155
S 200 48.33 18.14 0.082 216.2 0.131

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

[0034]
catalyst series J-N using phosphoric acid and P-§ using ammonium lydrogen phosphate

There was little or no difference in surface area and pore volume between the

at a given amount of phosphorus, Thus the use of phosphoric acid or ammonium
hydrogen phosphate as 2 phosf;horus-cmtaining compound for preparing p-xylene

selective catalysts may not make a significant difference.-

Comparative Catalysts 1 & O

[0035} Non-phbsphoi'ué containing ZSM-5 zeolité catalysts were prepared for
comparison purposes. The starting material was either an NH4-ZSM-5 zeolite powder
having a Si0x/AlL;0; mole ratio of 30 or an NH4ZSM-5 zeolite powder having a
SiO»/Al;O3 mole ratio of 280. The zeolite powder was dried at 340 °C to 360 °C for
three hours and then calcined at 510 °C to 530 °C under air for 10 hours. . The calcined

sample was then pressed and sized using 20 and 40 mesh screens for use in a reactor for

10

or

ci ned

and

use in a
react or f orand203406Cue ﬁéO ?Et‘efoml'lr@thoma anda@m ¢alyined BY PPSCtth 630 TOundendinal ysts |

%rsdhrr%lgge 9{)361 Magl c

_screens. A senes of catalysts P-S (see Table 3) were prepared by varying the amount of

|



Starting NA-ZoM b zeolite naving S 02/ A12CB mole ratio 280 and the

phosphorus nodified catal yst sanples. Measurenents used 400. Mz
spectronmeter (27A1 at 104.5 MHz), roomtenperature, silicon nitride rotors
(Si3N4), 13 to 14 KHz sanple spinning (about 800000 rpn), 10 degree tip to
avoi d saturation and 4000- 10000 scans signal averaging. Proton decoupling
was not enployed. All spectra were referenced to alum numchloride h
exahydrate (run separately in a tube) at 0.0 ppmon the chem cal shift
scale. This leads to an internal reference of 104.85 ppmon the al um num
nitride (small inpurity in the silicon nitride rotors), [00371 The starting
NH4- ZSM 5 zeolite sanple showed a strong "Al MAS-NMWR peak at around 55 ppm
attributing to framework tetrahedral (4 coordinated) alum num (spectrum a,
Figure 3). , ortt mg& i-fdicate the
zeolite is irggggfl?%_eﬁg?;ag{méll Ir}?%%ﬁ%gt?oﬁ@%gﬁg?aé{/dv@ﬁ t'ice t%%?'ggﬂgs.c?The
framewor k Apadi2srespegtsisynsi bl e f or zeolite acidity and the starting zeolite
sanpl e showed strong acidity. The P-nodified sanple shows a weak peak at
55-50 ppm régi on assigned to structural tetrahedral alum num (spectrum b,
Figure 3). dral alum num peak is severely distorted indicating
presence of [o0ssjt Q@laphd dngRApSBmiGA HAE) RidRalLMRNnldE wikd g%ﬁﬁéa gy renmoval

of sone of the franme k alum num The adj acent peak (30-4Q ppm) peak is
due to sevef'®HIg H?]slzém%%&c%’tﬁ‘i hapng Bl anglé s3Honetk 2ad thei maspbebns probabl y
ei ther in thedifi @talyst SaRIeEI Mdab@émdmst BeP XNz sfrBoRbgHEHI Peks i n the
spectrum atmﬁrgpm is from,  octahedrally coordinated alunm num atons that

are formed o FDReAT Filicuguids rstre i) dAdds KHH IRPIS SPIRIEE r enpved

fromthe ze@béd @ofovarsmprib degret hig B hesiphadRtod R Boo0aloboN sdifLEERE as
menti oned above, ECY}SAIVPL% 1-19 LJ 0381 The catalysts A-I, J-0 and P-S
described aBGREP&nd PRR FABLIE Y8 DteiPleystd Alh SPRBP (e TN & i on
reactions. diigintisd dkoHOstoexwBkifute 3@l s Haritely e6la Qutle) & ¥D.0p binodd hOSkbmicall 1

shift scale. This leads to an internal reference of 104.85 ppm on the aluminum nitride

(small impurity in the silicon nitride rotors). _

[0037} The starting NH,-ZSM-5 zeolite sample showed a strong *’Al MAS-NMR peak
at around 55 ppm attributing to framework tctrahedrai’ (4 coordinated) aluminum
(spectrum a, Figure 3). The sharpness of the resonance and the symmetry indicate the
zeolite is relatively crystalline with very few lattice defects. The framework Al is
responsible for zeolite acidity and the starting zeolite sample showed strong acidity. The
P-modified sample shows a weak peak at 55-50 ppm region assigned to structural
tetrahedral aluminum (spectrum b, Figure 3). The tetrahedral aluminum peak is severely
distorted indicating presence of nested silanols caused by holes in the structure upon
removal of some of the framework aluminum: The adjacent peak (30-40 ppm) peak is
due to severely distorted but still in the framework aluminum atoms probably either in the
3 or 5 coordination with oxygéns. The biggest peak in the spectrum at -14 ppm is from
octahedrally coordinated aluminum ‘a_\}:oms that are formed when tetrahedrally coordinated
framework aluminum is removed from the zeolite .framework by the phosphate

modification process as mentioned above.

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

toluene methylation reactions. The reactions were each carried owt in a fixed bed,

11
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R — :
continuous tlow type reactot: In each case, a catalyst was dried by slowy
raising the catalyst bed tenperature (about 5C/ mn) to 200C under hydrogen
(H2) flow for at |east one hour. A prem xed toluene and net hanol feed
(molar ratio 2/1) was added to the reactor at 200 C and the catal yst bed
inlet tenperature was increased to about 500 C. The liquid hourly space
velocity (LHSV) (based on tol uene/ nethanol feed) was nmaintained at about 31
hf 1 and a cofeed of H2 gas was fed and nmaintained to provide a H21HC nol ar
ratio of about 0.1. Water was added to the hydrocarbon (HC) feed and was
vaporized prior to introduction to reactor. The H2O HC nol ar rati o was about
0. 65 and reactor pressure was about 20 psig. Liquid products were collected
at about 3-4 hours of run time and were anal yzed. The following results, as
pr Iesent ed ic&;n’ﬁﬁdmk el‘awlély;ﬁa rlcEitcg‘UrIE edeh da, 8 cqidlpt wal Al B Y9 REsif tet : vit Yf and
selectiyity for. tota es, f.ar .cat ts, Al Figuyre 5'is a plot o
par a- xyl enéaléléﬁt@?fﬁe‘???%g °§%{ g&‘f‘i%\ff’ ?@P\ééwdﬂ?ﬁdﬂgcﬁﬁé,ﬂ@gl Torgt leastt al yst s
J- 0. TABLE ofle hiaiir.alAy premike®t dluede Endmethido] feed sl @tid 22) Fradtadle® to/th® 9 Product

Anal ysis, W% .21 06 21. 161 21,90 19.02 18. 21 16.54. 17,27 21.72
Met hanol o’ﬁ?gfb*\‘%bqscdf’%g‘%‘ig%‘%ég’?%ﬂ‘kggéé‘?“é*}“ﬁsw*’d."Efée“ "H@Pﬂ@Fé‘l 00000
0000 Bahedigeidlhad8y spa8 C1@it) MHEVD (hahd orT cilucecimethanod Xeelth whZ 50. 54 54. 86

711 6. 55 PAOH A pbdy s el DA bl it i 071 0 5

9, 94- 4, 20 HYBC/MEardGicoof B3oud 0.1 1 Waler 48s addedy e medro@onGHEBf6d & vas46 1. 82 0. 30

0,170 0 5'v§p%rized prior to introduction to reactor. The H,O/HC molar ratio was about 0.65 and

reactor pressure was about 20 psig. Liquid products were collected at about 3-4 hours of
run time and were analyzed, The following results, as presented in Tables 4-6. Figure 4
is a plot of para-xylene slectivigy and selectivity fof total xylenes for catalysts A-L
Figure 5'is a plot of para-xylene selectivity and seleétivity for total xylenes for catalysts

J-0.
TABLE 4
Catalyst A B . .C b E
_ Example 1 2 3 4 5 6 7 8 9
Product Anatysis, wi%'

Water . 2106 21.50 21.61 2190 19.02 1821 1654 1727 21.72

Methanol 0 .10 Q.15 075 4.05 464 537 648 008

Dirmethylether 0 0 0 0 0 0 0 0 0

Benzene 139 118 0 0 0 0 0 0 0.43

Toluene ' 43.82 4477 5054 54.86 7021 7200 7533 74.11 49.63

Ethylbenzene ] 0 0 0 ] 0 0 o 0

p-Xylene (PX) 7.11 685 1235 1430 558 449 2.65 203 586

m-Xylene (MX) 1544 1488  B894- 420 047 026 011 011 12.48
. o-Xyléne (OX) 686 658 346 182 030 017 0 0 5.38

Ethyltoluenes 1.01 095 042 026 0.14 0.1 0 0 1.18

Trimethylbenzenes 294 284 233 175 022 012 0 0 2.81

Cl10+ : 0356 036 020 O.16 0 0 0 0 0.41

Total Aromatic Products, wi%s 3511 33.64 2720 2249 671 515 276 214 2855

Total Xylencs, wi% . 29.41 2831 2475 2032 635 492 276 214 2372

Total Xylenes Selectivity, wi% 83,77 84.16 8935 9035 9443 9553 100 100 83.08

p-Xylene Selectivity, wta 24,17 2420 49.90 7037 87.87 9126 9601 94.86 24.70

TLiquid product stream analysis
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Et hyl tol uenes 1.01 0.05 0.42 0.26 0.14 0.11 0 0 1.18 Tri met hyl benzenes 2. 94

2.84 2.33 1.75 0.22 0.12 0 0 2.81 C10+ 0.36 0.36 0.20 0.16 0 0 0 .0 0.41
Total Aromatic Products, wt% 35.11 33.64 27.70 22.49 6.71 5.15 2.76 2.14
28.55 Total Xylencs, wt% 29.41 28.31 24.75 20.32 635 4.92 2.76 2.14 23.72
Total Xylenes Selectivity, w%83.77 84.16 89.35 00.35 94.63 95.53 100 100
83.08 p-Xylene Selectivity, w%24.17 24.20 49.90 70.37 87.87 91.26 96.01
94.86 24.70 Liquid product streamanalysis 12 TABLE 5 Catalyst | KL MNO
Exanple 10 11 12 13 14 15 Product Analysis, wt% Witer 16.33 16.80 19.73
16.38 15.'79 16.12 Methanol 0.54°'0.50 2.39 1.72 2.13 0.45 Din ethylether O
0000O0O Benzene 000 0 0 0.39 Toluene 57.02 57.76 60.57 64.47 66.10
52.37 Ethylbenzene 0 0 0 0 0 O p-Xylene (PX) 19.55 20.18 15.05 15.24 13. 37
8.54 mXylene (MX) 3.12 2.04 0.76 0.84 0.96 13.70 o-Xylene (OX) 1.56 1.07
0.48 0.53 0.68 5.50 Ethyltoluenes 9%3L€536 0.32 0.35 0.33 0.67

Trirnethyl bensenes 1,39 1.17 0.45 O. 755 2.05 Cl10+ 0.12 0,11 0.25 O
0.09 0.20 Total Aromatic Products, wt% 26.09 24.93 17.31 17.43 15.98 31.05

Catalyst ¥ K L M N 0
Example 10 11 12 13 14 15
Product Analysis, wt%!'

Water 1633 1680 1973 1638 1579 1612
Methanol 0.54 0.50 2.39 1.72 213 0.45
Dimethylether 0 0 0 0 ] 0
Benzene Q 0 0 0 0 0.39
Toluene - 57.02 5776 60.57 64.47 66.10 5237
Ethylbenzene 0 ] 0 0 0 0
p-Xylene (PX) 1955 2018 1505 1524 1337  8.54
m-Xylene (MX) 312 204 076 084 096  13.70
o-Xylene (OX) 1.56 1.07 0.48 0.53 0.68 5.50
Eibyltoluencs , 035 0.36 0.32 035 0.33 0.67
Trimethylbenzenes 1.39 117 0.45 047 055 2.05
Clo+ 0.12 0.11 0.25 0" - 009 0.20
Total Aromatic Products, wi% 26.09 2493 17.31 1743 15.98 31.05
Total Xylenes, wit% 24,23 2329 16.29 16.61  15.01 27.74
Total Xylenes Selectivity, wi% 92.87 9342  94.i1 9530 9393 8934

p-Xylene Selectivity, wi% 80.69 8665 9239 9175  89.07  30.79
"Liquid product stream analysis .

13



Totar XyTem W 20 03 23 20 T6 20 16. 61 15. 01 27.74 Total Xyl enes
Selectivity, wt%92.87 93.42 94.11 95.30 93.93 89.34 p-Xylene Selectivity,
wt % 80. 69 86.65 92.39 91.75 89.07 30.79 Liquid product stream anal ysis 13
TABLE 6 Catalyst RS T U Exanple 16 17 18 19 Product Analysis, wt'/ot
Water 17.65 16.46 16.22 16.58 Methanol 0.57 0.85 0.98 2.27 Dinethylether O
O 00 Benzene 0 0 0 O Toluene 56.17 60.21 61.74 66.50 Ethylbenzene 0 0 O
0 p-Xylene (PX) 19.87 18.17 18.34 13.34 mXylene (MX) 2.53 1.76 1.05 ,
1,06 o-Xylene (OX) 1.47 0.98 0.58 0.25 Ethyltoluenes 0.35 0,36 0.41 ' O
Tri net hyl benzenes 1.25 1.08 0.68 0 C10+ 0.13 0.12 0 O Total Aromatic
Products, wt'/o 25.60 22.47 21.06 14.65 Total Xylenes, w"/o0o 23.87 20.91
19.97 14.65 Total Xylenes Selectivity, w%A 93.24 93.06 94.82 100 p- Xyl ene
Selectivity, w% 83.24 86.90 91. 8471341 8% 'Liquid product stream anal ysis

Catalyst R 5 . T U
Example 16 17 13 19
Product Analysis, wi%’

Water 17.65 16.46 16.22 16.58
Methano] 0.57 0.85 0.98 227

Dimethylether 0 0 0 0

Benzene 0 0 - 0 0
Toluene 56.17 60.21 61.74 66.50

Ethylbenzene 0 0 0 0
p-Xylene (PX) 19.87 18.17 18.34 13.34
n-Xylene (MX) 2.53 1.76 105 . 106
o-Xylene (OX) ) 1.47 0.98 0.58 0.25

. Ethyltoluenes 0.35 0.36 0.41 ° 0

" Trimethylbenzenes 1.25 1.08 0.68 0

Cl0+ ) 0.13 0.12 0 0
Total Aromatic Products, wi% 25,60 2247 21.06 14,65
Total Xylenes, wt% 23.87 20.91 19.97 14,65
Total Xylencs Selectivity, wt% 9324 93,06 94.82 100
_ p-Xylenc Selectivity, wth 33.24 86.90 91.84 91.06

'Liquid product stream analysis

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

. Accordingly, it is appropriate that the appended claims be construed broadly andin a

manner consistent with the scope of the invention,
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100391 Wil e the invention has been shown in only some of its forms, it
shoul d be apparent to those skilled in the art that it is not so limted,
but is susceptible to various changes and nodifications w thout departing
fromthe scope of the invention. Accordingly, i t i s appropriate t hat the
appended clains b e construed broadly and i n a manner consistent with the
scope of the invention. 14 W claim 1. A nethod of nodifying a zeolite
catal yst to increase para-xylene selectivity of the =zeolite catalyst in

tol uene gt % ation reactions, the method conprising: formng a slurry of a
bi nder-free 5-type zeolite having a SIQ2/Al2G3 nole ratio of from about
250 to about 3000 and an aqueous sol ution of a phosphorus conpound; and
renoving water fro he sl urr .0 provide a phosphorus treated ZSM5
zeolite tatal wet&r}ﬁin#d{afed@e%#wbw cara?mwdg?rffssﬁa XPHSSPRENY B t he

cat al yst ;Qitd 80 RBRRAS fdthyltiBR keal GRASIhHE !nf&hod%%pri‘é‘fﬂ@f fekRing RIS ul ting
non- st eaned, phosphorus treated ZSM5 zeolite catalyst "has a pore” vol une of

f rom 0. 2o bigderrfrdecEBM-2typTprolitachaving a03i0siAdiGnmgle vitioradifrom atlegt BHdephor us

content of reat ed ZSM .zeolite talyst is,.fromo0. 04 P/g zeolite or
coreC™s. Shovk 3fod 418 3h GRS 6P Gl st b fnp b B it Wl 9, 20

phosphor gsm th@slliy fd provide iahhosphorti erefed ESN-Obedtit@tdnalyst witheusdtdamishe zeolite
catal yst has a pore volunme of less than 0.18 m/g. 5. The nethod of claim

1, whe][ e Prdeppsition alphosphasuy antg the caalystby RINOPReSPhATIANHRAT ePosItoR #dm t o
- al 25. 6.
extra-tr aigsecé)@ftg? ?’ésh‘lmfg H%@émﬁ@cﬂ?}yg@ﬂom e dted zg@egf %Mﬁuﬁéatéiy& %a%%»c%? >

The net ho alm erein: Zeolite c yst has a S 28 nol e
rati o f rvommabéiom3DDntlfg albkesst 3000 prior to phosphorus treatnent. 7. The
met hod of claim 1, wherein: the pore volunme is reduced from about 30%to

2, The method of claim 1, wherein: the phosphorus content of the treated ZSM-5

zeolite catalyst is from 0.04 g P/g zeolite or more.

3. The method of claim 1, wherein: the phosphorus compound is a phosphorus-

containing acid.

4. The method of claim 1, wherein: the zeolite catalyst has a pore volume of less

than 0.18 ml/g.

5. The method of claim 1, wherein: the zeolite catalyst has a ratio of framework

aluminum to extra-framework aluminum as measured by >’ Al MAS-NMR of 0.12 to 0.25.

6. The method of claim 1, wherein: the zeolite catalyst has a Si0,/Al,0; mole ratio

from about 300 to about 3000 prior to phosphorus treatment.

7. The method of claim 1, wherein: the pore volume is reduced from about 30% to

less than about 60% from that of the untreated zeolite.

15



| ess than about 60%fromthat of the untreated zeolite. 15 8. The net hod of
claim1, wherein: the phosphorus conpound includes at |east one of
phosphoric acid (H3PO4), phosphorus acid (H3PG3) and ammoni um hydr ogen
phosphate ((NH4)2HP04). 9. The nethod of claim 1, wherein: the phosphorus
content of the treated ZSM5 zeolite catalyst is greater than 0.09 g Pig
zeolite. 10. A nethod of nodifying a zeolite catalyst to increase

par a- xyl ene sel ectivity of the zeolite catal yst in toluene nethyl ation
reactions, the nmethod conmprising: formng a slurry conS|st|ng essentially
of a bi naer f Temptyod of ﬁ%@lz‘ébﬁrrﬁmethﬁawsmmas svmmﬁz@u%% %P  of from

about 25Q Bmw“@%%ﬁ%@?%“fwgﬁuw"*“%“ﬁ‘t“"ﬁ“ QaRBes us- cont ai ni ng

conpound r enov rfy to provi a ron- st eaned,
phosphor phosphateé(ﬁ\ﬂﬂ)gzm.@ zeolite catal yst having a phosphor us content of
from0.04 g Pig zeolite or nore and a pore volunme of fromO0.2 nmJg or |ess.
11. The nmethod of claim 10, wherein: the phosphorus content is fromO0.09 g

P/g zeolgite trfe Qre%d%faaﬁnle@héréﬁ thé phospRsruBdhia oPthetteaiedzbB4-swWher ei n: the
phosphorus conpound is a phosphorus- containing acid. 13. The nethod of

cl ai m 10 zeailieeasalpyst ig greateeibrn 089 gdtigkspdite. has a pore vol une of less than 0.18
m/g. 14. The nmethod of claim 10, wherein: the zeolite catalyst has a
Si2/Al203 nole ratio of fromabout 300 to about 1000 prior to phosphorus
treat mentl0. 15A méthodref modifyihg & kéolite daalysieineieBse gabex ylaesseleolivitgeofitse r educed
from about 30%to |ess than about 60% fromthat of fhe yntreat d zeolite.
16 16. THelHecatdustdn talvene methylatipndpactins, theangthpsseampr uglgcgm rﬁu udes at

I east  0N@qypsisting essentially of a binder-free ZSM-S5-type zeolite having 2 SiO2/ALO; mole ratio
of from about 250 to about 1000 and an aqueous solution of a phosphorus-containing
compound; and removing water from the slurry to provide a non-steamed, phosphorus
treated ZSM-5 zeolite catalyst having a phosphorus content of from 0.04 g P/g zeolite or

more and a pore volume of from 0.2 ml/g or less.

Il.  The method of claim 10, wherein: the phosphorus content is from 0.09 g P/g
zeolite to 0.15 g P/g zeolite.

12. The method of claim 10, wherein: the phosphorus compound is a phosphorus-

containing acid.

13.  The method of claim 10, wherein: the zeolite catalyst has a pore volume of less
than (.18 ml/g.

14. The method of claim 10, wherein: the zeolite catalyst has a SiO»/Al,03; mole ratio

of from about 300 to about 1000 prior to phosphorus treatment.

15.  The method of claim 10, wherein: the pore volume is reduced from about 30% to

less than about 60% from that of the untreated zeolite.
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of phosphoric acid (H3PO4), phosphorus acid (H3PG3) and ammoni um hydr ogen
phosphate ((NH4)2HPO4). 17. A nmethod of nodifying a zeolite catal yst, the
nmet hod conprising: forming a slurry consisting essentially of a ZSM 5-type
zeolite having a SiOQ2/ A28 nole ratio of from 300 to 1000 and an aqueous
sol ution of a phosphorous-contai ni ng conpound; and renoving water fromthe
slurry to provide a non-steaned, phosphorous treated ZSM 5- type zeolite
catal yst having a phosphorus content of fromabout 0.04 P/g zeolite or nore
and a po | ess. 18. The nethod of claim

| 0.2 m/
17 o 8. CTHomEed SRR P otheBitE hPsBiAes GBRguBl P ISEDR T8 0% 0. 15 g
PI'g zeol bt ghospioric HoRl (PEP@de}Qfspﬁdréd i dL(H:PORRNR afhimdriién RDASRAPT US conmpound s

a phosphorus-" containing acid. 20. The method of claim17, "wherein: the
zeol i t e phesphate (NFRRHRCapr e volume of less than 0.18 m/g. 21. The method
of claim 17, wherein: the zeolite catalyst has a ratio of franmework
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about 30 prior to phosphorus
removing water from the shurry to provide a non-steamed, phosphorous treated ZSM-5-

type zeolite catalyst having a phosphorus content of from about 0.04 P/g zeolite or more

and a pore volume of from about 0.2 ml/g or less.

18.  The method of claim 17, wherein: the phosphorus content is from 0.09 g P/g
zeolite to 0.15 g P/g zeolite.

19.  The method of claim 17, wherein: the phosphorus compound is a phosphorus-

containing acid.

20.  The method of claim 17, wherein: the zeolite catalyst has a pore volume of less
than 0.18 ml/g.

21.  The method of claim 17, wherein: the zeolite catalyst has a ratio of framework

aluminum to extra-framework aluminum as measured by ’Al MAS-NMR of 0.12 to 0.25.

22.  The method of claim 17, wherein: the phosphorus compound includes at least one
of phosphoric acid (H3PQy), phosphorus acid (H3PO;) and ammonium hydrogen
phosphate ((NH4)>HPO,).

23. The method of claim 1, wherein: the zeolite catalyst has a Si0O,/Al,O3 mole ratio

from about 280 to about 3000 prior to phosphorus treatment.
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