. PREPARATfCN OF PHENOL AND | TS DERI VATI VES BACKGROUND OF THE IhNEIH?XW(OF§7
Thls application clains rights of priority under 35 U.S.C. 119 based on
Russi an Patent Application No. 97112675, filed July 5,1997. FieIQQ@D gﬁ*'?—al
I nvention This invention is related to the field of organic syntheS|s and

in particular, to the methods for preparind hydroxyl ated aromatic conpounds
(e.g., phenol and its derivatives), by selective oxidation of aromatic
conmpounds (e.g., benzene and its derivatives), wth gaseous m xtures
conpri'sing nitrous 5 oxide in the presence of heterogeneous catal ysts.
Commercial zeolites or zeolite-containing catalysts nodified by speC|aI

treat nents described herein are used as heterogeneous catal ysts.

Description of the Prior Art Various processes are known i.n the art for
prepari ng phenol and its derivatives, such as di phenols, chlorophenols,

fl uorophenol s, al kyl phenols and. 10 the |ike. Known processes include

di rect oxidation of aromatic h drocarbons or e i i w th 02,

N err] O or other gaseoﬁgE6&$ﬁ5ﬁ9§ Oh FHEN e%%a t*% %&f@%&%gﬁ%lysts such

as those referenced in U.S. Patent No. 5, 110 995. However, the mpjority of

t he known oxi de catalysts for the direct oxidation of benzene to phenol in

t he presence of nol ecul ar ox¥ en, do not B%ovide hi gh selectivity and 15

yield of the tZAEKGRAIMNEO ssful exanple of such a catal yst
is prepared from ph r rr] has
h us Phas s genXMﬁghg"otf?zlrﬁnt*Hnﬁ 33 0@l 1161 1]

been used as a cata zene o tiron | eno] I'n the presence
of alcqhols. onRussidrePqtentzApplimtion NG O7E10675 diled Bﬂyt5hb992n PJ err] catal yst
produced a phe I yi.el d of gout 25% However, the selectivity of zZnPJ err]
was poor (60% . 56-77234 and 56-87527, 1981]. Furthernore,
phosphat e cat al yst s Thise itWehtidnaizt fedsted stof ee lﬂfeli:lze:ﬁeoxgxh'tlasymhaeﬁnecmtcbént hey
consune substanti al
particular, to the methods for preparing hydroxylated aromatic compounds
(e.g., phenol and its derivatives), by selective oxidation of aromatic compounds
(e.g., benzene and its derivatives), with gaseous mixtures comprising nitrous
5 oxide in the presence of heterogeneous catalysts. Commercial zeolites or
zeolite-containing catalysts modified by special treatments described herein are
used as heterogeneous catalysts. | '
Description of the Prior Art
Various processes are known in the art for preparing phenol and its
derivatives, such as diphenols, chlorophenols, fluorophenols, alkylphenols and
10 thelike. Known processes include direct oxidation of aromatic hydrocarbons or
their derivatives with Oz, N2O or other gaseous oxidants in the presence of
oxide catalysts such as those referenced in U.S. Patent No. 5,110,995. However,
the majority of the known oxide catalysts for the direct oxidation of benzene to
phenol in the presence of molecular oxygen, do not provide high selectivity and
15 yield of the target product. The most successful example of such a catalyst is
prepared from phosphates of various metals. In particular, ZnPO; has been

used as a catalyst for benzene oxidation into phenol in the pfesence of alcohols.



5 quantities of alcohols. Vanadi um, mol ybdenum, or tungsten-based oxide
catal yst systens for direct benzene oxidation with nitrous oxide (N20O at
500-600[ err] C are known [Iwanmoto et al., J. Phys. Chem, 1983, v. 87, no.
6, p. 903]. The maxi mum phenol yield for such catalysts in the presence of
an excess of steamis about 7-8% wth 10 a selectivity of 70-72% The
mai n dr awbacks of these catalysts are their2low selectivity and yield of
phenol , the required high tenperatures for the reaction, and the

requi renent to add steam Zeolite catalysts are al so available for the

sel ecti ve oxi daiteempérabees oH850600 90, shalEnPOatatalyst prodagedvh phehéd yieldaot

0 6831 N AR Ao Flgevers e sqloqivey of PG Wangoot (40e) ERpan BARTIter
al ., US Pat ent b 56700 02056 4599) 108ECiFu@lhire, IHIBpRAL! Gtalpsthdiet YPe

pentasil zeolites are used as catal ysts for oxidation of benzene

- chl orobenzene, disafivantageoss o henreneo oxidiation densansey theye sonsymerisubsiantalt i on
of ‘benzene wt |t ' on HZSM5 zeolite at 400[err]C leads to the
5 e O A

20 formation €n ayield up to 16% and a selectivity close to
98-99% The di sadvar¥agdiuh-, nidpdenangs) gstungstenttastd oxidg chtalyst $ystems for

conversion rates, |low yields,of phenol. and | o | ect.i Vit hi reaction
t enper at ur es. @5@%&#%50’3@%@“5@»}%% %%éeﬁ{i Ipt é’@ﬁ@p?c zéﬁ?/[é‘i‘iwn .
ZSM 12, ZSM 23)[IwaRiboeSEt dLE]. PROS! ChanBedss, 18Y, kbl6) p. 903]. Thedhsxiflum pRendli ed

with small iron 2 5 additives during their syntﬁésis, are, known systens

for perforni ng ¥ieiddor s cptalysts inclbe poesencenf anaxqens of steamus aboys ik Wibs.
5,672, 777 apd 5 by Xms%ﬂg% hEHAWLACIAT 6f e8S Blthiysts e thaPIGwe

oxidation wi'th nitrous”o I5"6_er r]C. The contact“tine was 2-4 sec,
.the liquid spacelegtivity ang yisld bt phenod the sequiredifigh tgmperatirefor e reactiemzene:

N err]Oratio %%éégﬁl gggo&gﬁggﬁég d 30 typically reached 20-30% and

the selectivity Was vantages of these catal ysts include
the necessity to i niZeoliteoeatalysts areoalso avdilablehfor tlensdléctivandidation of Bemzankr ol

the oxidation staff QliivdiRds uShgNiD'Ss o Sidaflt (e SRAKE R NdlGbhito, P o,
15 Chem. Lett., 1988, no. 6, p. 953-1 M. Gubelmann et al., Eur. Pat., 341, 165, 1989-
1 M. Gubelmann et al., US Patent, No. 5,001,280, 1990). Specifically, high-silica
ZSM-5 type pentasil zeolites aré used as catalysts for oxidation of benzene,

chlorobenzene, and fluorobenzene into corresponding phenols. ‘The oxidation

of benzene with nitrous oxide on HZSM-5 zeolite at 400 °C leads to.the

20 - formation of phenol with a yield up to 16%, and a selectivity close to 98-99%.
| The disadvantage of these catalysts is that they have low conversion rates, low

yields of phenol and low selectivity at high reaction temperatures. '

The zeolites of the pentasil type (e.g., ZSM-5, ZSM-11, ZSM-12, ZSM-23),
mordenite, zeolite Beta and EU-1, which are all modified with small iron

25 additives during their synthéis, are known systems for performing this
catalytic reaction. For example, in U.S. Patent Nos. 5,672,777 and 5,110,995,
éxpérimental results are presented for benzene oxidation with nitrous oxide at
275-450 °C. The contact time was 2-4 sec, the liquid space velocity of benzene

was 0.4 h?, and the molar benzene : N2O ratio was 1:4. The phenol yield
30  typically reached 20-30%, and the selectivity was 90-97%. The disadvantages of

these catalysts include the necessity to introduce iron ions into the zeolite and to



-

benzene the significant contact tine necessary to obtain acceptable, but.
not inpressive yields of the final product, and the | ow selectivity at

el evated tenperatures (~450 C). 5 An HZSM 5 type catalyst that is
dehydroxyl ated at a high tenperature is also known in the art (V.L

Zhol obenko, Mend. Commun., 1993,. p. 28). This high tenperature

dehydroxyl ation pretreatnent was found to increase the phenol yield from
~12 to. ~20-25 wt. % at the NNerr]O benzene ratio of 4:1. However, this
catal yst al so produced a | ow yield of phenog. In the process 10 described
above, the high-tenperature dehydroxylation™was perforned in one stage with
no control of the nature of the zeolite active sites. Therefore in this
process, the fornmati.q ampwor k an franemor S|tes
has quite possi ol e Sxidafipn sl Hpa doi el Bt vParh vefe viiGe <

that they requi pghRnath@ssignfieat @htal Bhiel fice¥afy tdoblil aacptihiv) Hu&-ﬂbt,
benzene) to provide 1 5 nore conplete conversion of the hydrocarbon to the

desired oxi dat i bapissdve yields Aﬁdhﬁefmhmrﬁ@actoﬁn%éhg daw sglectivityorf glgiated
proposed in the Q%u ﬁﬁngy et al. (PCT W95/27691). In this

met hod, an exces enzene N[err]C)mas used (up to. 9:1), and the
selectivity f Ner rAﬁ)HZBMérlype)aatalvystcthphsdehycﬁoﬁylatwstalmglmemperéﬂumer ,

in this case, talyst cont i.ron,as ive co en
catal ysts are p%ﬁ%&@ e 'fﬂeol%'?ﬁn&gttv%ﬂdst gf é‘ﬁ) St

i ntroduced i nt ohfzh ngw,@ﬁt@é laien Gsretreatidend wadl ﬁmndthfuwredsé thé
phenol barely exceed 20 hough the b UId hour | ace
el ocity (herei phenal (yield @‘Srztlﬁége tﬂ‘?é’g s 25
Systems (0 ab 5 ik gt heilleTpl ¢S rBERguCed
systens to.abou &d ”IBW‘ erm thb uce
by oxi dative hyEﬁox Pcraiii’ly%enze e and its derlvat vgs W th n rous

oxi de at 2280 456@%?@%)(?1‘?& (t)lm high4emperatifre giehyduonylation avaslmgfomdlm@ne
catal Yot T S G WA S B Lol 506 30AL TR kD 3ie
5,672,777, 1997prdeessstherfoiaition offtoth Admehdtk atl) éxtr8itatiewoik activediiés tvas
Application Ro. qt%?g Ilags%ZbJIé Oﬁeglj 3% glsadgalt&gze C:)I'P a%? 2h'ese methods is that they
require a large excess of N2O over the hydrocarbon (e.g., benzene) to provide
15 more complete conversion of the hydrocarbon to the desired oxidation
products.

Another method of benzene oxidation was proposed in the patent by
Panov G.I et al. (PCT W(095/27691). In this method, an excess of benzene over
N20 was used (up to.9:1), and the selectivity of N2O conversion into phenol

20 was improved. However, in this case, the catalyst contained iron as an active
component. Such catalysts are problematic because the oxidation state of the
iron introduced into such a catalyst must be controlled. Also, the yield of
phenol barely exceeded 20 wt. %, .although the benzene liquid hourly space
velocity (hereinafter “LHSV”) was increased as compared to the previous

25 systems to about 2-2.5 h'l. :

In another known method phenol is produced by oxidative
hydroxylation of benzene and its derivatives with nitrous oxide at 225-450 °C in
the presence of an iron-containing zeolite catalyst. This zeolite catalyst is
pretreated at 350-950 °C in steam containing 0.1-100 mol. % H20 (Kharitonov

30 AS, et al, US. Patent, 5,672,777, 1997- Russian Patent No. 2074164, C07C
37/60, June 1997-1 Application No. 94013071/04. C07C 37/60, 27.12.1995).



4 However, treatnent of the zeolite cat al yst using this method does not
' cause-a substantlal increase in the activity. Another drawback of this
nmethod is the low stability of the resultant catal yst, which deactivates
during the oxidation process due to the formation of tar-like
si de- products. Anot her disadvantage of 5 all the nethods described above
is the |ow partial pressures of benzene in fhe vapor mixture - the benzene
content was 5 mol. % and the partial pressure of benzene was about 40 torr.
Thus, an object of the present invention is to devel op a nethod of
prepari ng hydrdiqdvatedﬁeatumtb&ﬂmozqoh@chtalys!:gﬁing ﬁtiemdthcahdoehemnmumes) by

dori vat i ves) . SBRARpIaNRgasein Badiyigy ARt ey B FRGT Stk Ry o1 ) o

as a mld oxi dadbility bheh@rxeﬁﬂtm Qtalpét aﬂﬂél@ﬂiéa@ﬁﬁt@ﬁﬁ&kmgt tHehakidatisances
productivity of the oxidation process b%l-lﬁlf n¢reasi. the I el d of

. hydroxyl at ed arRiﬁﬁtsﬁ gye ghthedarmaation ofitr-ikg siderpre er disadvantage of
further object I ASerle
consunpt | on ot e e R ecaBed Anbiel hoRAT 2 ?t&t%?é?ﬁon R,
the feed, and ivappeadkiuge t the bdérizene eam?nbwasxl[ientpl]% thﬁrparcal pressure of
desired oxidati on oduct S. | s also an object of the invention to avoid
produci ng si de F¥OF THE | NVENTI ON The objects of the

i nvention are accorrﬂhushad ad&hhqﬂ-emttpnwﬁidmg - eveldy dr meyhad ef
aromati ¢ conmpounds its derivatijves OXi .ion o
aromati c conpoditR arﬁ.rggydroggﬁgeéfr@ omatic §ampoYR L%g %&“’t‘%l %gﬂ ggy The
nmet hod of tbe peRsER otidxtgst bpﬁro&taaialcbmpmhuy (é.gsbedeas ahaetsrd@ﬁaaﬁees)
efficiency due to the increas % {lhe activity angﬁéel ectiyvjty  of xtghtﬁe

catal yst, and tpecifigallyeitds anp the) igvegtionfo uysg Np&t ag? sigkeddant

hyd | at ed enhhfl

Sl e (e afheRnbEof STRGHMLHA. calyat that eniaflcd frBluCGRT the Bxidifish
225-500[ ert] C iprogasebp inszeasing the yield ebhydrexylates a,rgmhwdz@tﬁcnmy fontheyst
according 1o t ePé:‘%B% qn '1? difrhgd Ipikd ¢ gl%;%\}e?\%ﬁ @AC kifhul B@é&&gztes

of a specific na ese SI es can be %t Fo ed 1nto the Zeo
catal yst by Spe mhinimizegtha copsuahptiorn iof) N2Ochy eleateasing the bridanwerlydroddrben

ratio in the feed, and increasing the efficiency of N2O conversion to the desired

oxidation products. It is also an object of the invention to avoid producing side

products.

SUMMARY OF THE INVENTION
The objects of the invention are accomplished by a method of preparing

20  hydroxylated aromatic compounds {e.g., phenol or its derivatives) by oxidation
of aromatic compounds (e.g., benzene and derivatives) with nitrous oxide. The
method of the present invention significantly increases the process efficiency
due to the increase in the activity and selectivity of the catalyst, and the increase
in the yieid of the target products (i.e., hydroxylated aromatic compounds).

25 In order to achieve these results, the aromatic compounds are oxidized
using nitrous oxide at 225-500 °C in the presence of a zeolite catalyst. The
zeolite catalyst according to the invention is modified with strong Lewis acid-
base sites of a specific nature. These_ sites can be introduced into the zeolite

catalyst by performing a special high-temperature pretreatment. This



5 prelimnary thermal activation of the Hformof zeolite is carried out in
two steps. In the first step, the catalyst is heated at 350450[err]C for
4-6 h in an inert gas (nitrogen or helium or air stream In the second
step, the catalyst is calcined at 450-1000[err]C for 1-3 h in a continuous
flow of an inert gas or air 5 followed by cooling the zeolite catalyst to
.the reaction tenperature (typically 300450[&érr]C). In a preferred.version
of the invention, the hydroxyl-ated aromati c conmpounds are phenol and its
derivatives, and the aromati c conpounds are benzene and its derivatives.

Appl i cants ]glo Epée_lim'iﬁiry' _tmehﬁalbl_ébdﬁﬂdﬁ&y oﬁpfhel PiafoirinCofl ﬁe::olitmiswayri@d loixf) in two
“operation of the inven{iagn. ver, plicants e LOW Ny

expl anation of ﬁ%-thﬁ?%ﬁfeﬁ‘%ﬁﬁ%@%ﬁﬂﬁ@ﬁﬁegﬁ ég‘i‘égd?é?‘?fa‘{'gmqn'%ﬁg
pur pose of the I Real; U, eaj R s eg ot :
generation of aé%gggé‘ﬁg%mf’gg‘éhg@?ﬁ‘g sgrg{ag; bgse pgélzcr%nggér?t@%rg‘,e %rtéel %rlgbl y
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of renoval of agdsorb 15 .. er d/ or.,a jumigons.(wWhich are .
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NH[ err]-forms 03002450/°C).H) a phéfaried Rersnagfehoinvention,ithg hpdroxglatecdaromatic
(bridging) OH groups intrinsic t-o the Hzeoglite framework, For thi
pur pose, the thempeundscarerhenol and ifs degiyatives: apd e 2qragiic cqmpe Pest
step, the zeoli{g bfe 534 fis ASGvAived tenperature up to 350-450[err]C (a

conventional 20 pretreatnent). In this first step, adsorbed water and
exchanged amoni um i Applicants idat Bots wish ytorkebpand by anye paeticylar theery afhe

zeolite is gal c%};negi\_g%ﬁt&ermgr&w‘ﬁg&'rari%‘{}%eglr O@éﬁg" ooﬁép[&@r k&lovxéirlg

depending on th € conrposition. I'n S step, structur
(aci dic) OH gr oexplareftioned howethe acraperatmre éetatridnt affects theccatalpgs. Tha pupase t wo

problenms: (1) renpvin ci qi. 25 roups .that, are.the active sites for
si de reactions ? i‘i’fgo'fatﬁpﬂﬁéh%;??ﬁ?%ﬁ%ﬁgﬁgﬁmlr ?ge‘g%g‘tfcg‘é‘}e’%‘h%‘ ?gf
creating new (agpeeificaypé 8f hewisaicidbege lpairi cenfesd, préfarablypfamework Béwisaleids
related to the framework of the, zeqlite, that a{se caqpagle of a?tiva I ng
N[ err] O nol ecul Basetsites.q J3us @\&ﬂi'EﬁVF Pyosepamtig therstage PRl # on of

15 water and/or ammonium ions (which are introduced via ion exchange at the

stage of the preparation of an H- or NHs-forms of zeolites), from the stage of
removing structural (bridging) OH groups intrinsic to the H-zeolite framework.

For this purpose, the thermal treatment is carried out in two steps. In the first

step, the zeolite is calcined at a temperature up to 350-450 °C (a conventional

20 pretreatment). In this first step, adsorbed water and exchanged ammonium
ions are intensively removed. In the second step, the zeolite is calcined at
temperatures ranging from 450 to 950 °C, depending on the zeolite
composition. In this second step, structural (acidic) OH groups of zeolites are
removed. This second step can solve two problems: (1) removing acidic OH

25  groups that are the active sites for side reactions leading to the formation of tar-
like products; and (2) creating new (aprotic) rather strong Lewis acid-base pairs,
 preferably related to the framework of the zeolite, that are capable of activating
N>O molecules to cause evolution of molecular nitrogen and formation of
atomic oxygen species adsorbe&' on strong Lewis acid sites. The atomic oxygen

3¢ acts as a mild oxidizing agent in the reaction of selective oxidation of aromatic

compounds to corresponding hydroxvlated aromatic compounds. The strong



at omi ¢ ‘oxygen speci es adsorbed on strong Lewis acid sites. The atonic
oxygen 30 acts as a mld oxidizing agent in the reaction of selective

oxi dation of aromatic conpounds to correspondi ng hydroxyl ated aromatic
conpounds. The strong 6 Lewi s acid-base centers as precursors of the
active oxidizing centers (atom c oxygen) can be detected by IR spectroscopy
usi-ng adsorbed probe-:nmpl ecul es, such as CO ®H err], CHerr], etc. 5

DETAI LED DESCRI PTI ON OF THE PREFERRED EMBCDI MENTS OF THE | NVENTI ON
According to the present invention, the starting materials for the
preparation of Ldvds acisl-base centess gs precarsors loé the antivecoxitizding nenters (ataghict es,

h : (1) high-siyi t asil.-t ' . | :
o epared, 10 1Bk pE e iR by I ok Rl e BaEre prdbRtpdRalhE o\
i s hereby i ncorguehat €0, b}, CELiastence; (2) zeolite Hnordenite; or (3)

| sonor phously substituted pentasils like ferrisilicate, gallosilicate etc.
15 Preferably, a comercial ZSMtype zeolite (ZSMe-5, ZSM 11,

ZSM 12, ZSMs23 1SEEAN P DESRRIMTION SF/1YEE PREFERREY eMBOBIMERTS OF) THECat er

than 20 is used in the present invention. In nore preferred versions of the
i nvention, the INVENTKINSj /Me ratio ranges from 40 to 100. According to the

present invention, t &ﬁﬁge Cigal Lte l.S: aci i f led. yﬁ%fia]g | tde@n
thereto of an inorga&nélacg or o.{roggl?lél 3’7’%&‘5‘?‘?’% ﬁbre?eér%ﬁe meggt&o gt he
i nvention, the prepasation iof thecdedlifeicathlysys aredhé cognuneraidl fornis of pedlitesisuclvast 00 i

of acid per gram of egl id.e er.ej n the.aci X nal Ly fromoO.1
N o 2 N The acid (Datidtyeiiey PRASHE R ASIRE 1o 283 FSVER ] plkpatid
pref erabl y10i n fop\ifstahces ta8PdescAbéd in U.S. Avitehtl ONos 3(702,886)| whichiisy héwebsgtl so

prepared by exchangin g a commercial zeolite with an aqueous sol ution of
an anmoni um sallf‘c‘{‘%o %‘?‘? y reference;

(2) zeolite H-mordenite; or
(3) isomorphously substituted pentasils like ferrisilicate, gallosilicate
etc.

15 Preferably, a commiercial ZSM type zeolite (ZSMe-5, ZSM-11, ZSM-12,
ZSM-23 etc.) with Si/ Al or Si/Me ratios (where Me = Ga, Fe) greater than 20 is
uéed in the present invention. In more preferred versions of the invention, the
Si/ Al or Si/ Me ratio ranges from 40 to 100. '

According to the present invention, the commercial zeolite is acidified by
'~ 20 addition thereto of an inorganié or organic acid. In a preferred embodiment of
the invention, the zeolite is acidified by soaking it with from 10 ml to 100 ml of
acid per gram of a zeolite, wherein the acid has a normality of from 0.1 N to 2
N. The acid soaking may be done in a single step, or more preferably, in several
steps. |

25 ‘Acid forms of zeolite may be also prepared by exchanging of a
commercial zeolite with an aqueous solution of an ammonium salt (e.g., a
nitrate or chloride salt). For example, a Na-form of ZSM-type zeolite is treated
with a 0.1 -2 N solution of an appropriate ammonium salt. The ion exchange
degree of sodium for ammonium or protons is varied from 30 to 100%, and

3C  more preferably fromi 50 to 95%.



nitrate or chloride salt). For exanple, a Na-form of ZSMtype zeolite is
treated with a 0.1- 2 N solution of an appropriate ammoni um salt. The ion
exchange degree of sodium for amoniumor protons is varied from30 to
100% and 3Q nore preferably from50 to 95% 7 Zeolites can be used as -
catal ysts in the pure formor in a conbination wth an appropriate binder.
In a preferred enbodi nent of the invention,7am)rphous silicawth a
specific surface area ranging from 100 to 600 n2/g, or alumna with a
specific surface area ranging from 100 to 460 nR/g, or a mxture 5

t hereof, are used adevathmas beTisedasratalyste in theepisrentdom ¢m1nt¢190mhtruh98t

rangedfrom5to 0wt % pr fera to3 % trous
~oxi de may be enW gﬂhagP g%%‘ﬁe rke8¥rv‘\°ﬁdt ﬁ%ﬁg nrt oq ¥§ S‘h _
ni trogen or helam hots smcadmmt 1fw§uhfaae area/esmgtaglfmdﬂym w:GOOlmPySg osuch
as benzene, ene et hyl benze cumene, the like, the
hal ogenat ed ar ngfé(ﬁ?ﬁﬁé §%¥Fea”§eacﬁpgﬂgtf§?f?§9§ i(?ﬁBg/(ﬂnQﬁié‘i’fé ture

di f | uor obenzenegealdd drbusbd ke bindded) OThe SSHERISE thE bindBrih YRE cAtiiyseRingad
typically used as substrates for selective oxidation with nitrous oXide. It

i's al so possi bl fEomd tedlarh baand/mere preferably frony ) Pl bkt i | c corrpound such
as phenol, using th 05;35 a‘&fﬁ‘ixﬂ

speC|f|cat|on thesg\rsu s??gitcelﬁ%g e%ﬁg} WI%H}\ J)ezlqgglenera erreg 0 as
"aromatic corrposmhsastuttogehtmehphmmessn@dnuxﬁtmmﬂn@m n, the substrate is
typically introduced |n mxt.ure wth ni oof
nitrous oxide to su %5 }"Xﬁ ?cﬁﬁbqnforﬁuf ob(%&f‘qg m)r’e %\yl

from 1: thQt();fI lcuf:ﬂém bcyfék(es)andhne hkb,sﬂiedtafboh g”eaafednged\aftntmmncpf ontls sﬁcﬂn[aerr]
out at & 1 enpershiemEeRenm Sutobkssbi Gfiipibatendrd P dker BTyl FFE50 1o
450[err] C. The &%ﬁ&&ﬁrét'h@ﬁo?ﬁrett?ﬁm ﬁééd% sﬁb%&&té@fdﬂs&l@c@e@ﬁ&dﬁéﬁtwitﬁnges
from0.5 to 8 sec, and m)re preférab romlto s. The_gases evol ved

from the react onitioug aisiepr lists %lsqnp;aﬁsa selactively further oxidize an aromatic
compound such as phenol, using the process described herein. For purposes of

15  this spec1f1cat10n, these substrate materjals will be generally referred to as
“aromatic compoury
In the process described herein, the substrate is typically. introduced in a
mixture with nitrous oxide in a molar ratio of nitrous oxide to substrate ranging
from 1:7 to 5:1, and more preferably, from 1:2 to 4:1. The LHSV of the substrate
20 ranged from 0.2 to 5 h, more preferably from 0.5 to 2 hl. The reaction is
preferably carried out at a temperature from 300 to 500 °C, and more preferably
ft'om 350 to 450 °C. The contact time of.the reaction mixture with a catalyst
ranges from 0.5 to 8 sec, and more preferably from1to4s.
The gases evolved from. the reactor may comprise a mixture of phenol
25 and dihydroxybenzenes and are condensed and separated by any technique
known to this art (GC, LC, MS or a combination thereof).
The catalyst can be easily and reversibly regenerated by calcination at
400-600 °C in a flow of air, oxygen, and nitrous oxide, or mixtures thereof with
an inert gas. The regeneration is carried out for 1-3 h.
30 In order to further illustrate the present invention and the advantages

thereof, the following specific examples are given, it being understood that



25 “and di hydroxybenzenes and are condensed and separated by any technique
known to this art (GC, LC, M5 or a conbination thereof). The catal yst can
be easily and reversibly regenerated by cal cination at 400-600[err]Cin a
flow of air, oxygen, and nitrous oxide, or m xtures thereof with an inert

gas. The regeneration is carried out for 1-3 h. 30 In order to
further illustrate the present invention and the advantages thereof, the
foll owi ng specific exanples are given, it being understood that 8 sane

are intended only as illustrative_and i.n no.way limtative. In said

exanpl es bel ow, SHIMATE JRtey %“lﬁé?&ﬁﬁfré?lg‘?a%ﬂg‘ \é(a;h@“t—a“ﬁ%rcent age of
conversion S = percqpt 8 SQQNed Welow, the=folloRtiflg Dpatrhefits,! R REQHUC! =
passed = C x S. The characteri'stics reported in The Exanples are 5

aver aged over aparegntagruef conkersieni ST parcentagessleqinityPY e yidd hasedion the t he
starting HZSM 5 | S ré e u [ I ,

3,702,886, whi c%l%lag&néfgsesg@ i g%r%oﬁg@e‘t’ thre erénﬁ%.tédjlltjﬁle mgies'\ﬂe
Experi ment als comdragedrovens tive hoendmepedationstreatnh ni t r ous oxi de: Vapor
phase conti nuous Cat al yst

HZSM5 (SiQ2/ Al [err](Jerr]= 42) Standard pretreatnment 350[err]C
tenperature 1 5EXAMPLE1 H gh-tenperature cal cination at 450, 650, 750,

FI I A ST —
HZSM 5 (Si/ A “y2lpatelit RONI902,88%, Whidbas hifeb§ ikioforafedbyreferbhce. M)

di spersed in 400 ng_of quartz grains of the sane size Were placed-20 into
a tubul ar Adact or c&xperimentaljconditjony efbeszene exidpen withaitropgpxidean

internal diameter of 7 %W to the reaction, c%ﬁ@n&ﬁfsal yst was
pretreated in two stages. f irst stage was a conditioning of the

catalyst for 5 h at 350[Cataly&@ under . HZSM-5 (SiO2/ Al20s=42)
| Standard pretreatment _ 350 °C
temperature
15 High-temperature calcination at 450, 650, 750, 850, 920 or 1100 °C '
| Reaction temperature : 350 °C
Molar ratio . Benzene/N2/N20=2/5/8

200 mg of catalyst HZSM-5 (Si/ Al =21) in powder form (particle size of
0.2 - 0.5 mm) dispersed in 400 mg of quartz grains of the same size were placed
20  into a tubular reactor constructed of quartz or stainless steel (with an internal
diameter of 7 mm). Prior to the reaction, the catalyst was preftreated in two
stages. The first stage was a conditioning of the catalyst for 5 h at 350 °C under
nitrogen or air flow (60 ml/min) in a tubular oven. The second stage was a
mild high-temperature calcination step comprising heating the catalyst for an
25 additional two hours at a higher temperature (450, 650, 750, 850, 920 or 1100 °C)
in a continuous nitrogen or air flow. After this treatment, the catalyst was
cooled down to the 'reaction'temperat'ure (i.e., 350 °C) in flowing nitrogen. The
reaction was carried out continuously by introducing a mixture of: benzene
with a LHSV of 0.5-2 h}, nitrous oxide and helium (nitrogen). The mixture’s
30 contact time was 1-4 sec.

The data on the conversion, selectivity and vield of phenol versus the



nitrogen or air flow (60 m/ mn) in a tubular oven..The second stage was a
m | d high-tenperature calcination step conprising heating the catalyst for
an 2 5 additional two hours at a higher tenperature (450, 650, 750, 850,
920 or 1100[err]C) in a continuous nitrogen or air flow After this
treatrent, the catalyst was cool ed down to the reaction tenperature (i.e.,
350[err]C) in flowing nitrogen. The reactioh was carried out continuously
by introducing a m xture of: benzene with a LHSV of 0.5-2 h[err], nitrous
oxi de and helium (nitrogen). The m xture's 30 contact tinme was 1-4 sec.
The data on t hefirabtampearature of tecighterhperatute prettaitménty aenpresented irsTabile 9

fi |t t { t t {
Table 1. A So. I HARdhE Barteor AR o (K 1 feckeiae OF e cpRlEaBh At the ' "
conver sion dur i fgJowiigy 00mir0vf tirgie 68 s&’eém))fs givereinOTabid 1. eoa;rﬁ)eem&om mtabre Tabl e

1. As seen fromthis table, the high-tenperature treatngent in dr
| eading to the thﬁrlﬁﬁ 1t?§ﬁP%‘1at‘Fﬁetf??m‘FP‘aHb\f36YI@‘E(l)‘ii’ﬂl% Qgﬁf o %P%Sgé{‘

centers congi deg ﬂ&w;mmm abiatiky bdrfterd €bhsidérably @nhanéeg RREERAIYEE
above 1000 - 1100[err] col l apse of the structure of the HZSM5 Zzeolite

takes place, t restivily. Adsutemipeatizre abave 0O 1100-"G e qolliapse ofrthe seructur@ehzene

Doact 1 vat1 on ¢ B EFANPRepPER A abfeyitfiding alohifd dioygy, 7,00

[err]C 60 mn), % 350
Lllg 650 o7 Tablfé Benzenggmd%%onfg 3540 °Con HZSl\ié zgglite (%xample 1)11 4
96 20. 2 42 850 29 a4 - 27.8 : 14
920 ' 3é& onditiompgof high- 35 13 11 1100 Deactivation
- . temperature treatment, C % S,% | Y,% | (during

°C 60 min), %

- 350 , 100 97 97 | . 50

450 12 95 114 42

650 - 16| 95 | 152 45

750 ' o2 96 202 42

850 29| o4 2738 14

920 36 98 353 11

1100 . 0 - - -




10 EXANPLE 2 The catal yst preparation and catalytic testi ng wer.e done as
descri bed in Exanple 1, with the exception that a higher reaction
tenperature of 450 [err] C was enpl oyed. The data obtained are shown in
Table 2. 5 These data show that if a higher reaction tenperature
(e.g., about 450 [err]C) is enployed, the activity, and especially the .
sel ectivity, of the catalyst increases with9 ncreasing tenperature of the
hi gh-tenperature cal ci nation. Thus, for the catal yst devel oped in the
present invention, the reaction of direct oxidation of benzene into phenol
proceeds with aEX8MIMEB ity cl ose to 100% even at high 1 0 reaction
tenperatures. Table ne_oxi r] I.te
(Exanpl e 2) Conditi (')Iﬁ‘lse cg’?aqys preparal Sh ar?é]cgtgly[ﬂl“é% &ergraoﬁ%wd%s&ﬂ)edﬁ'l
Deacti vati on hikgample 1, with the eXception that a higheB red¢tion temperatiiredsf 450 °C (wehsr i ng
60 tenperature mn), %treatnent,

[err] C 350 employed,7The data obtainegkare shown in Talle 2. 24 450

51 5 35 These dath héw that if a hightBreéacortemperature (éa.gr?,f‘about 450°C) 37
20. 4 18 750 52 - 41 1.3 17
850 54 employed the fgvity, and especially the selectivity, of theycegalyst increases 58
95

5
EXAMPLES 3 AND he catmag y%’gp prepar a?eongaﬁeég%er? ytlgm?telgl%l'rll‘gus\l\ere gone
as in Exanpl es chﬁalﬁstaiﬁempedmﬂm:premitynvmpﬂle‘ wactidreof ¢ipect @ikidalion of

cat al yst used. ,In order t de erm th ependence of at al yt.i

par aneters on t g‘?)ﬂ rp}lel“B PFPCFﬂ‘gs ti‘rr@\ﬁgﬁ%] B&gﬁ% gg?%teee%?tMIAl
50 ( Exanpl a¢3) @a@dﬁ&&ﬂp&a&fe@ Si/Al = 21 (Exanple 4) were conpared. In
t hese tests, the benzene parti al _ ,

Table 2 Benzene oxidation at 450°C on HZSM-5 zeolite

(Example 2)
Conditions of ‘ Deactivation
high _ C % S % Y, % (during 60
temperature ' min), %
treatment, °C -
350 .47 38 17.8 24
450 51 35 17.9 185
650 55 37 | 204 18
750 52 _ 41 - 213 17
850 54 68 36.7 15
920 58 95 55.1 11
1100 0 - 0 o
EXAMPLES 3 AND 4

The catalyst preparation and catalytic testing were done as in Examples -

15 1 and 2, respectively, except for the type of the catalyst used. In order to
determine the dependence of the catalytic parameters on the Si/ Al ratio in the
framework, HZSM-5 zeolite with Si/ Al = 50 (Example 3) and HZSM-5 with

Si/Al = 21 (Example 4) were compared. In these tests, the benzene partial

pressure was 60-80 torr. The results of the evaluation are summarized in Table



pressure was 60-80 torr. The results of the evaluation are summarized in
Tabl e 3. The increase in the Si/Al ratio in the zeolite results in a _
100% sel ectivity to phenol. This 100% sel ectivity is naintained over a w de
range of prelimnary high-tenperature treatnments. Table 3. Conparison of

the catalytic properties of zeolites 5 : . with different Si/A
ratio in benzene oxidation Conditions of 11 Si/Al =50

Si/A = 21 high-tenperature treatnent, [err]C (Exanpl e 3)
(Example 4) C % S, % Y, % C % S, % Y, % Reacti on

t enper at ur e 350} Fhe pEré&He in the Si/ Al raio in the 2edlite results th a 100% s:elkctmty t®5
13. 3 650

31> °100  phendl’ This 100 Selectivitygil maintaipgtbover 2 wi: range of Prélipfidery

450[ err] C 450 ]:ugh-temperatﬁﬁ)e treatmeﬁ& 59.5 51 , 35 17.9 750
77 90 . 69. 3 (5 100

75 54 68 Tabl%g Gomppatisano féherF%%B'EG |Hr?%efH2%Rﬁ zpolitgs) o = 21)
prepared via acid treat n@ﬁﬂthﬁllfﬁmt&&%mdn nzenepgxidation 1 was cal ¢j ned -

at 450[err] C fl&onglitiors®yfcl e 1), theSiAAl=a80 10 [frr]C 8/ AH2kn flow ng
air. After thi|high-tesmeparaturet He cat al yst was cool efl down to room

t enperat ure, Jtokatmentk®pt i n {cont acExample Wat er vapor dyExampl)h (Cycl e

2). Next, thejsanple was agailn Ca ciingj%t | 4%0% 6p0Cy% 8POS %rr] Cyf%r P h,
and the reactilonof benzene dxidatidn withiNerrlOvias ¢ out—at 1350
[err] C as desgribed in Exanpl e 1ReafHgn terapen pturg 850 2¢ o ytic experiments|.are
- presented in J‘?‘ﬁa‘bw_'ﬁﬁve—iﬁfﬁ S{gOW | Taly LITE Cyg at PStos af [ €H3.3

pretreat ment ynder conditiong of hi gh-tenperature]calcinhtion ekhibits
better activity than6ithe fregh datallyst00 13 16 - 95 15.2

750 21 100 21 21 96 20.2

Reaction temperature 450 °C |

450 70 85 595 51 35 179

750 77 90 69.3 52 41 21.3

850 75 .| 100 75 54 68 36.7

EXAMPLE 5

~ The zeolite HZSM-5 (Si/ Al = 215 prepared via acid treatment or NHs-
exchange as in Example 1, was calcined at 450 °C for 5 h (Cycle 1), then at 800
10 °Cfor 2 hin flowing air. After this treatment, the catalyst was cooled down to
room temperature, and was kept in contact with water vapor during 24 h
g (Cycle 2). Next, "the sample was again calcined at 450, 650 or 800 °C for 2 h, and
the reaction of benzene oxidation with N;O was carried out at 350 °C as
described in Example 1. The results of catalytic experiments are presented in

15 Table4. :

These data show that the catalyst, after pretreatment under conditions of
high-temperature calcination exhibits better activity than the fresh catalyst
treated under standard conditions (~450 °C). This holds true even if the
pretreated catalyst is subsequently hydrated and calcined a second time at 450 -

20 500 °C. Thus, once the coupled framework Lewis acid-base centers are formed,



treated under standard conditions (~450 [err]C). This holds true even if
t'he pretreated catalyst is subsequently hydrated and cal cined a second tine
at 450 - 2 0 500 [err]C Thus, once the coupled framework Lewi s aci d-base
centers are forned, 12 they. survive saturation with water vapor provided
that further calcination is perfornmed at tenperatures above 450 [err]C
Tabl e 4. Influence of the pretreatnent cond]iraoi ons on the activity and 5
selectivity in direct benzene oxidation (Exanple 5) Pretreatnent conditions

C % : S, % 1. Activation at 450 [err_(lC : 12
95 (Cycle 1) 2.theyesngviye satyratiopawithwater ¥apor prpvided that further calcimioneisr | C +
Cycle 2 + acti Vadidihedlat fefipafrb{abbve B8gbE 1 + activation at 30
95 800 [err]C + Cycle 2 + activation af 650 [err]C 4. Cycle 1 + activation
at 34- 97 800 [err]C + Cycle 2 + activation at 800
[err]C 5. Activati t err 1 . . .95 MPLE 6
i6 2.3 -of ChE £ 1 O el riionnon gt g
pretreated a 900 [err] CSelfgEvy eqt PEREeIE R | (Examplag)  Benzene was
supplied with cevelocity of Q5 hlerr] and - the N[err]lO Cerr]Herr]
ratio is 2:1. [Ih rm\eatsm{mgms ndessur & dhs 120(torr (Bh% benzede .
content in thg vapor phase was .16 myl . % . At the feaction tenperature 370
[err] C, the yilel.dctivalibrabdS0f8s 25%| and th2 selecfivity 1% was 100% At
the reaction tjdQyeledure of 420 [erff]C, the yield pas 32% the selgctivity
was 99% g : :

2. Cycle 1 + activation at 800 24 96

°C + Cycle 2 + activation at

450 °C

3. Cycle 1 + activation at .30 - 95

800°C + Cycle2 +

activation at 650 °C

4. Cycle 1 + activation at - 34 97

800 °C + Cycle2 +

activation at 800 °C

5. Activationat 650°C 16 - 95

_ EXAMPLE 6
10 23 gof the catalyst prepared according to Example 3, and pretreated at

900 °C, was loaded (particle size, 1-2 mm). Benzene was suppl'ied with a_space'
velocity of 0.5 hl, and the N2O : C¢Hp ratio is 2:1. The benzene partial pressure
was 120 torr (the benzene content in the vapor phase was 16 mol. %). At the

- reaction temperature 370 °C, the yield of phenol was 25%, and the selectivity
was 100%. At the reaction temperature of 420 °C, the yiéid was 32%, the
selectivity was 99%. '

[T
w



13 EXAMPLE 7 .2.3 g of the catal yst prepared according to Exanple 3, and
pretreated at 900[err]C, was |oaded in the reactor (particle size, 1-2 nm.
Benzene was supplied with a LHSV of 0.3 h[err] and the Nerr]O
Cerr]Herr] ratio was 1:1. At a 370 [err]C reaction 5 tenperature, the

yi el d of phenol was 37% and the selectivity was 100% At 420 [err]C, the
yield was 49% and the selectivity was 99%3 The efficiency of Nerr]O
utilization for selective oxidation of benzene to phenol was 98% EXAMPLE 8
10 2.3&‘2&%&? HZSM 5 zeolite (particle size, 1-2 nm with Si/A
=40 was prepar ding to Exanple 3, pretreated at 850 [err]C and was

the Nerr] G orr 1 8PPy RebHRR LMl 8 BghidRs nd pRedhli &1
t elrrgg { ?f/ :J { e, vv; 9;19 °g:ia/wasl lazideg fie thad rebaee@amclﬁlge,gﬁﬁ:?s ggﬁzéiﬁ;wmgphg% ene
vas 14, 2% A Wﬁgﬁeﬁlﬁ-ﬁ% ?Pﬁz‘{ﬁ%‘kg‘f ‘9‘?‘5 ﬁ‘ﬁﬁr frawBadile Afa Rﬁe"‘}f‘@

33.6% and g heeaflefthie) tieh Masof%%éﬁol%mahdﬁwsewcaeuymkdm fplm asi s
of benzene was 16. 8% The effici en(%z3 qu[ err]Outilization for selective
96

oxi dation of b¥hzbegield waeddh, ard vity wr\PkE Bhe efficiensy af fd2izsm 5
zeolite (parti = d according to

Exanpl e 3, pre‘glJil ?éé?%té@%%’?%%ogr% meﬁsgﬁgtz%%%@?ﬁ reactor. Benzene
was supplied with a LHSV of 0.3 h[err], and the N[err]O Cerr]Herr] ratio

was .0.5 At ]C reaction.tenperature, the yield of phenol based
on N20 25 V\e@(‘ﬁ‘gﬂéﬁ/&;éand the. selectivity was 98% The efficiency of N2O

utilizatiam for Se|2€3¢§bfﬂ1@l€lZSM-5Q€ol&é (ﬁﬁﬁélersﬁre; mnhﬁi)@htweﬁp%%o WaAVPLE
10 2.3 g of the HZSM5 zeolite (particle size, mg with Si/ AI =40
a

was 30  pr ep P 8RARE ASFRIHiRg toobrample Bepretr eB?"ét%"@é@ e@ uiag loaded; in th %nd
lt ﬁ:dﬁg 0': n C{ gfr{ Eftg > enz?ﬁ%‘f%%uﬁ‘ﬁi?eﬂﬁﬂ' al 95 Wok 0531 ND: Tl Fhtid -
was 0.5:1. At a 400 °C reaction temperature, the yield of phenol based on N2O
was 28.3%, and the selectivity was 99%. Alternatively, the yield on the basis of
15 benzene was 14.2%. At420 °C, the phenol yield on the basis of N20 was 33.6%,
and the selectivity was 98%. Alternatively, the yield on the basis of benzene
was 16.8%. The efficiency of N2O utilization for selective oxidation of benzene

to phenol was 96%.

20 EXAMPLE9’

2.3 g of the HZSM-5 zeolite (particle size, 1-2 mm) with Si/ Al = 40 was
prepared according to Example 3, pretreated at 850 °C, and was loaded in the
reactor. Benzene was supplied with a LHSV of 0.3 h-, and the N2O: CsHj ratio
was 0.5:1. At a 420 °C reaction temperature, the yield of 'phénol based on N2O

25 was 28.2%, and the selectivity was 98%. The efficiency of N2O utilization for

selective oxidation of benzene to phenol was 95%.

EXAMPLE 10
23 g of the HZSM-5 zeolite (ﬁarti_cle size, 1-2 mm) with Si/ Al =40 was
30  prepared according to Example 3, pretreated at 850 °C, and loaded in the
reactor. Benzene was supplied with a LHSV of 0.5 h-!, and the N2O: C¢ H, ratio



14 was 1:1. A mxture of N20 and air (1:3) was used as an oxidant. At 370
[err]C, the yield of phenol was 26.8% and the selectivity was 98% EXAMPLE
11 5 The HZSM 5 zeolite (Si//Al = 40) was extruded with a Si @ bi nder
(20% Siderr] + 80% HZSM5) and the extrudates (cylinders 2 x 2 nm were
calcinhed in two steps according to the procedure described in Exanple 1.
The final tenperature of the high tenperatdfe treatment was 900[err]C. The
catal yst was tested in benzene oxidation with Nferr]O In this test, the
benzene LHSV was 1.7 10 h[err], the benzene-to-Nerr]O nolar ratio was 7:1
(a | arge excessvasil:beAzpixtune\of INAY and 3i0(1:3)amab used a5 enmpxidantr 4t 3243 °Q4be 470
[err]C. The yield,0 henol _ ( he Si f. N er ) was 20.6% at 440
[err] C and 30. Q'd/éigtol}ﬁgﬂlﬁ &ﬁ?%%ﬂ&mng%ﬁgcﬁx@ (#bkl?err] Outilization for
sel ective oxidation of benzene to phenol was 95-96% 15 EXAMPLE 12 A
galliumnodified HZSM 5 _zeolite was prepared by inpregnation of a HZSM5
zeolite with arp%M? 1sol ution of galliumnitrate, followed by

cal ci nationsat 500 [rgeHESNMOY zéblike mg@/ma)eww&rmdéd%ﬁmm@zm&r 68
content was 3 W % . The zeolite s subsequently pretreated at 850 [err]C
and was | oaded Si@: +88%2HZSM-8pandthe extradates (eylindense? x 2 zan) wepe aalyined in he

zeolite was tr ed | | S € . i ] a f 05
nferr] at the NPT CRURHEAShy pIRPASHE dGRANPRY BRolbity ThL

- reaction tenpenempemfureluf thedligh tdmpéretot treatmétt. w46 800 tQ.cTHensdtalystf whi20, or
10. 4% on the basi s, of, benzene,, The sel ectivity was 100% Th i ci ency of
NDO ut (1 zati ofteH RLbTEENE GRdauPa AR TLREOr Thelis S50 T8 beneth LURY WRsohe 26
EXAMPLES 130angh1] $he? BEnitre26-NyP mbldt FlloP@as 74! @ 1atgeCexcaésnbt/ Bén2éRe dvegpar ed
according to EXN%|E 3. This catalyst was diluted wth quartz grains }750

r '%'S 9

ng), -and the ni dithe teparatuiewas 447D Sacilbe yielbabphnnol fongibesis 9§ and
phenol 30 ( &%3&%@%5@4&8&%@%@5@&4@6%&? The Bfficlinky BPﬁlz@ﬂtﬁﬁ'aﬁon

substrate ratio _
for selective oxidation of benzene to phenol was 95-96%.

15 EXAMPLE12
A gallium-modified HZSM-5 zeolite was prepared by impregnation of a
HZSM-5 zeolite with an aqueous solution of gallium nitrate, followed by
calcination at 500 °C for4 h to remove the nitrate ions (the Ga;Os content was 3
wt %). The zeolite was subsequently pretreated at 850 °C and was loaded in the
20 reactor. 2.3 g (particle size, 1-2 mm) of the zeolite was treated in this manner.
Benzene was supplied with a LHSV of 0.5 h at the N2O: CsHj ratio of 0.5:1. At
the 420 °C reaction temperature, the yield of phenol was 20.8% on the basis of
N20, or 10.4% on the basis of benzene. The selectivity was 100%. The efficiency
of N2O utilization for selective oxidation of benzene to phenol was 100%.
25 |
- EXAMPLES 13 and 14
250 mg of 0.5-1.0 mm particle size catalyst was prepared according to
Example 3. This cataiyst was diluted with quartz grains. (750 mg), and the
mixture was loaded into the reactor. Benzene (Example 13) and phenol
3G (Example 14) were used as substrates. The nitrous oxide : substrate ratio was

4:1, the LHSV was 0.5 h, and the reaction temperature 430 °C. In the case of



4:1, the LHSV was 0.5 h[err], and the reaction tenperature 430 [err]C. In
t’he case of 15 benzene, a product conprising 75% phenol and 25% of a

m xture of o- and p- diphenols (in a 1:4 rati o) .was obtained. The overall
yield was 60% and the selectivity was 97% In the case of phenol, a

-m xture of o-, m, and p-diphenols in the ratio 1.0:0.5:4.0 with the
overall yield of 75% was produced. 5 EXAWMPLES 15-20 500 ng of the catalyst
prepared according to Exanples 1 and 2 was placed in a flow setup. The
substrates used were fluorobenzene, o-, m, p- difluorobenzene, toluene,

p-xyl ene, et hylbbﬁi&@n@pr@du&&bmpe@m g(/B%apheret ah8-28%, ofld mixw@s®ecdi mal p) . The
ratio in the gas m x i trous_oxide = of t he

: L
" substrate was F‘Bh‘WPgr{’-‘]? a %éa‘\%[)e‘?’l?ﬂr &%tm Qv?ré’cllydgiﬁla‘é’asﬂfg@" q‘llg et a on
the oxidation Qlélﬁét?ﬁgsd\}QSSW‘)@t ﬁ?th%rcﬁsé%f‘gﬂ[énbﬂ a FARHEE 0P ol m-DENED aalﬁga{d&es f or

t he conversion tabl es correspond to different reactiof ti

40, and 70 ni nmthemag1@0@5141@21/1@’(13@Ovﬂellamhd'efﬁ%waépr@dmbenzenes (Tabl e
7) 15 decreases with tinme. This observation can be expl ai ned by catal yst
deactivation. In the case of fluorobenzene oxidation, a m xture containing
predom nantly |®¢AMBLE$MMOI (up to 75%in the mxture) is pr oduced wi t hout

seol te catalyst ( EXONPIEof $he ERglptpipaied socoraingiol brargles 1 and & ey
gelg,eCt ivity to pY&E@Cihta\’ flotl §trtﬁ2ﬂ> The substrates. used were fluorobenzéhd)@-0Rbepol %
' dlﬂuorobenzene, toluene, p-xylene, ethylbenzene, and styrene (Examples 15-20,
10 respectively). The ratio in the gas mixture was He: air: nitrous oxide = 1:3:5.
The LSHYV of the substrate was 1-3 h-l. The N2O: substrate ratio was 4:1. The
data on the oxidation of the substrates are given in Tables 5-7. Several values
for the conversion in the tables cdrr&spond to different reaction times of 10, 40,
and 70 min. It was observed that the conversion.of alkylbenzenes (T able 7)
15 decreases with time. This observation can be explained by catalyst
deactivation. In the case of fluorobenzene oxidation, a mixture containing

predommantly p-fluorophenol (up to 75% in the mixture) is produced without

formation of the m-isomer.



25 1'0

74

400

zeolite catalyst 5

T,

[err]C

f I uor ophenol ,

m di f | uor obenzene
p-di fl uor obenzene

the zeolite catalyst Exanples T, [err]C Al kylbenzene C, % Yield of
O her Products al kyl phenol, (yield, % 16 350 p- xyl ene 22
8 t ol ueng, s UOREUABRSE A46) th 44 16
t ol uene, pseudo‘%:urrene‘gg%{)S ob@ggéxaomnplee Zef)hte catalyst 25 22 18
400 et hyl begr Yy re—(34 450 '
20 st yre{r‘ut‘:’tJI Cngpg‘genzof Jrag“FM) 1P C% 350 ‘?Iefé F&e 10
0 benzof 115 g uorop _ o
23 400 52 92
25
1.0 400 60 92
39
27
1.0 450 74 60
58
56
- Table 6. Oxidation of difluorobenzenes on the zeolite catalyst
) . (Example 16) :
Substrate T, °C C, % Selectivity to Selectivity to
' dilurorophenol % | fluorophenol, %
o-difluorobenzene 400 30 84 16
m-difluorobenzene | 400 23 82 18
-p-difluorobenzene 450 44 _ .

60

C % - Selectivity to
% o-difl uor obenzene
400 23
450 44

: 92 39 27 1.0
60 58 56 Table 6. Oxidation.of difluorobenzenes on t he
(Exanpl e 16) Substrate

Sel ectivity to dilurorophenol

400 0

84
18

%

450

16

17 Table 7. Oxidation of al kyl benzenes on

85



400 - 37 0 benzofuran (10) phenyl acetic

al dehyde, acid (13) EXAMPLE 21 HZSM5 zeolite containing Ga[err] ions in

t he framework, which were introduced during the synthesis (Si/G = 40), was
subj ect to high-tenperature treatnent by stepw se calcination at 450 [err]C
for 5 h and at 750 [err]C for 2 h. 5 Fluorobenzene oxidation was carried
out using this catalyst wherein LHSV of berizene is 2.3 h[err], reaction
tenperature is 400 C,. and the conposition of the gas mxture is air: N20:
He = 3:5:2. The N20 : substrate ratio was 1:4. Under these conditions, the
fl uorophenol yield was 20% and the selectivity was 97% The para-isoner

predom nat es anpige ¥, xilhioH 8PRK ?fﬂeﬁzﬁe@%ﬂ‘%ﬁg zéoffieata To

sumari ze, the exarrpl es show tha e presently inven ed cat al ysts vvhen

applied to OXI TZ e ST 1 e ||u| 18
phenol s in the presﬂﬁéée 'gf ni t € agg‘?\cl% %’E}ﬁ“‘?l ? Pr?ﬁuds
r

foll ow ng advgnt ages over thel|known catallysts pé ents: (J1)
The benzene copversion ort-h cat-al \lcfs I-YaXa¥al4 a-to-thelinvuention 4221V, be

i ncreased. from 10- %%t p 880730 ROOHGRR decPadi ng ng the se B’&‘t“?‘\ﬁt (~98
1009 ; (2) Theg selectivity of [phenol production at a high P@&‘é@%@eﬂe
temperature (~400 470 [¢rr]C) |may be incrleased [from 30- 40p40b 95- 100% ajnd
the phenol yidld may belincreased up to 70% (3) The effitiency of Nerrf]O
utilization fqr the-sel gcdd@e |oxi dati on of #he {10 1ar omg} tolua@npounds clan
be increased flrom 80-85%to 9%-100% (4) [When g zeol ite cppsdudstumbaneh Has
been subjected to the pfelimnary high-tgnperatjure pretrepdpnt is used,
the use of a higher partial pressures of |benzene, and | ower Nerr] QO

benzene rati o nmayihe efployed. Toldenel oduces 3 22

5

18 - 400 | ethylbenzene | 60 20 styrene (34)
450 85 20 styrene (37),
benzofuran (14)
19 350 styrene 10 0 benzofuran (5)
400 37 -0 benzofuran (10)
phenylacetic
aldehyde, acid
(13)
EXAMPLE 21

HZSM-5 zeolite containing Ga* ions in the framework, which were
introduced during the synthesis (Si/Ga = 40), was subject to high-temperature
treatment by stepwfse calcination at 450 °C for 5 h and at 750 °C for 2 h.

5  Fluofbbenzene oxidation was carried out using this catalyst wherein LHSV of
benzene is 2.3 h'l, reaction temperature is 400 °C, and the composition of the gas
mixture is air: N2O : He = 3:5:2. The N2O : substrate ratio was 1:4. Under these
conditions, the fluorophenol yield was 20%, and the selectivity was 97%. The
para-isomer predominates among the fluorophenols produced (70%).

10 To summarize, the examples show that the presently invented catalysts,

when applied to oxidize benzene ‘and its derivatives into corresponding



decrease in the consunption of nitrous oxide, and an increase in the phenol
1 5 - productivity; (5) The stability and the life tinme of g catalyst may
be considerably inproved by nodifying a zeolite catalysts to introduce
strong Lewi s acid-base sites. These sites have a specific nature, and are
created by high-tenperature calcination of_the zeolites preceding the
catalytic testing; 20 (6) The high yie}% and selectivity of phenol
formati on can be achi eved without introduction of special iron additives
into the catalyst and steamtreatnent; (7) In some cases of oxidation of

benzene .der i vaphenais irethe presenceqpfrnitrots losidecascan opidanblexhibit the following has

- high selectivit ' hect] V] . -i.soners of the
phenol s. Wi | ea%{%ae [ %gﬁkf%glﬁgg%%yﬂ%%ﬁo%éﬁﬁﬁ tééfrfrt% of various

preferred enmbodi (1rThe bérzens koriveesiomn fdrithatatalysts aappdieg tattbe irngntioamayus
modi fications, suybstituytion ] SSj ., aNg, ot her changes o e

" Wi t hout departpﬁ&‘qr?ﬁﬁatfﬁgnzal‘&i%( ?‘1 h@?géfw‘i{}%‘btr‘g‘?cﬁ'@sygg&'f" %@Fﬁ&@d’ t hat

the scope of tigyopy:esent 30 invention shall not be limted to the

preferred embodi mEnts of the invention described herein. . 19 WE CLAIM 1.
A process for pr@aFhagelactiigr ok phereldpradustion @t cb high sercion Jempsratere of an
aromati c conpo 5504 | Is 850?43)%{@{‘ > Y60% Card Hefu und
has one nore hy roxz@e%fgﬁgﬁghlgﬁﬁé%:a%nocyc |09§1¥%dn'%ﬁc ég‘o gucr)l . i ch
process conpri fiay.bednerbasedng tod0h; ar omat i ¢ conpound with nitrous oxide at a

i e and sara albnies SR A0 N aetigt o fuh i, SRR Sl L I S,
conprisingi@ hhfbndtic cofiipoR@ds 8 be intRAsePRbIN'8D-85%ltc95e100%;t h strong Lew s

aci d-base-centers; wherein said Lewis acjd- base centers are er?_er,at ed by a
speci al prel i ni nd)yWhenia Zeolin atalyss uhich has been subjected to the preliminary

high-temperature pretreatment is used, the use of a higher partial pressures of

benzene, and lower NO : benzene ratios may be employed. This produces a

decrease in the consumption of nitrous oxide, and an increase in the phenol
15  productivity;

(5) The stability and the life time of a catalyst may be considerably
improved by modifying a zeolite catalysts to introduce strong Lewis acid-base
sites. These sites have a specific nature, and are created by high-temperature
calcination of the zeolites preceding the catalytic testing;

20 (6) The high yield and selectivity of phenol formation can be achieved
without introduction of special iron additives into the catalyst and steam
- treatment;

(7) In some cases of oxidation of benzene derivatives (e.g., halogenated

benzenes, phenols), the process has high selectivity and regioselectivity toward
25  p-isomers of the phenols. '

While the invention has been described in terms of various preferred
embodiments, the skilled artisan will appreciate that various modifications,
substitutions, omissions and dther changes-may be made without departing
from the spirit thereof. Accofdingly, it is intended that the scope of the present

30  invention shall not be limited to the preferred embodiments of the invention

described herein.



.conprising the steps of: (a) first, heating the zeolite at 350 - 550[err]C
inafirst flowing gas for 4 - 6 h; (b) second, calcining the zeolite at
550 - 1100[err]Cfor 1 - 3 h in a continuous flow of a second gas; and (c)
third, cooling the zeolité catalyst to the reaction tenperature, thereby
form hg the heterogeneous catal yst conposition. 2. A process according to
claim1, wherein said hydroxyl at ed aronali%?conpound Is selected fromthe
group consi sting of phenol, diphenols, chlorophenols, fluorophenols,

di fl uor ophenol s, al kyl phenols, and other phenol derivatives. 3. A
process according to claim2, wherein said aromati c conpound nol ecule is
sel ected fromthe gﬁ@ﬂﬁyﬁﬁasisting of benzene, phenol, fluorobenzene,

chl orobenzene, 1, 2-diTTucorobenzene, 1, 3-difluorobenzene, 1, 4-

di fl uor obenzene, stireneA paoskssrioroprepariagd Hydratyiatetd enarants compound dyky|
groups conprising 1 to,3 carbon atons. 4. A.process . according to ¢laim3,
wherei n the fi®edaE9L,Qf 39 Yowatis CQE}Pé’BPadWB‘?’rFtS%FE]Y%{?b‘Y&#sF&I\% 5
nitrogen and ahfomatdedifodet a8 de &&ﬁ'eil’i‘%cﬁﬁkﬁcgﬁﬁxﬁ kiR tshiled @icoRyclic

consisting of an inert gas and air. 20 A process, accarding to claim

1, wherein t heaiomyiics Fompeuncnwhishl Prsess CQMpEisesy |OMRIRINGT SEANHIITALES| | t e
Slaim1, anerorngpuebiglinchdBk A d rdiontmpebipis it g8 AL 0
accordi ng to camd nexjposisigersaich nitreus eaxide oand esgiér atamatid sofnmmngdodot @
SCEAACH N Y105 £ W MR EICE M g e
claim 1, wher ezdplitd@odificdl withtrohPLew/iadid-hse centers; wherein said Lewis acid-
base centers are generated by a épecial preliminary activation procedure
comprising the steps of: ‘
(a) firsf, heating the zeolite at 350 - 550 °C in a first flowing gas for 4 - 6
h; _ ' _

(b) second, calcining the zeolite at 550 - 1100 °C for 1 - 3 h in a
continuous flow of a second gas; and _ : -

(c) third, cooling the zeblité catalyst to the reaction temperature, thereby
forming the heterogeneous catalyst composition.

2. A process according to claim 1, wherein said hydroxylated
aromatic compound is selected from the group consisting of phenol, diphenols,

~ chlorophenols, fluorophenols, difluorophenols, alkyl phenols, and other phenol
derivatives.

3. | A process according to claim 2, wherein said aromatic compound
molecule is selected from the group consisting of benzene, phenol,
fluorobenzene, chlorobenzene, 1, 2-difluorobenzene, 1, 3-difluorobenzene, 1, 4-
difluorobenzene, styrene, and mono, di and trialkylbenzenes having alkyl
groups comprising 1 to 3 carbon atoms. |

4. A process according to claim 3, wherein the first flowing gas is |

 selected from the group consisting of nitrogen and air, and the second of gas is

selected from the group consisting of an inert gas and air.

. * c L M S *



ratio is in the range of from0.5:1 to 1:1. 10. A process according to
claim1, whereiin an inert gas diluent is added to the aromati c conpound and
ni trous.oxi de conbi nation, wherein the diluent is selected fromthe group
consisting of N2, He, and Ar. 11. A process according to claim1, wherein
a diluent is added to the aromatic conpound and nitrous oxide conbl nation,
wherein said diluent is selected fromthe 2% oup consisting of air and

m xtures of air with inert gases. 12. A process according to claim1,
wherein a diluent is added to the .aromatic conpound and nitrous oxide

conbi nati on, wherei® salztipmdeseeattondsn§®|<dmnehWh@ﬁmtth%h@hdnlpﬁawntasét| ng of
oxygen and m Xt Ur. es; of cor di ng
to claimi, whEoH ?15%&9;% e co e?&féete%rﬂgi?fﬁ)mtﬂg’ragg?ﬁfe 8‘1 ] calptﬁ)'
galliumratio is fr(Qm 1%pm&§@am&fﬂmgtd\clpimdewhemmdtecﬁmgl tatiocl aim 13,
wherein the gallium_is_introduced into the zeolite during synthesis of the
zeolite: 15. r%!‘&ﬂscfﬁ‘ggé é%g(grdi ng to claim 13, wherein after zeolite
synthesis, the zeolyte ig phbdRE£adkaEAHg W ERin 19whkiciitiEaehetiond subsequent | y
calcined in air. 16. A ér ocess accor d| ng to claim15, wherein said

cal ci ni ng st eptempayaiurek rature ranging from550 to 800

[err] C. 21 17. Apr %E[;

het er ogeneous cat al yst c%fﬁmm |onk¢hg§‘lgﬁjdhﬂ%?n‘§?|@segens a lgll(ﬁiub%\/\/ﬁrere| n the
wei ght contentsuﬁsmtm-ahgescfwmriﬂhgéﬁlfrom 1.0 t0,99.0 wt % A process
according to clalm 7, erelnthe nt. .of rgnges from
10 to 30 Wt % & BrEss %gctl?lgloicl@eﬁ?lil'}héﬁﬁégeﬁ%? R B hder is

sel ected from fdm,gﬁmgrslwﬁﬁdmgsoitcsitl ca, alumna, and m xtures
t hereof . 20. An i nproved process for oxidizin

aromatic co ,
whi ch process conprilses:A PEagass AEFOL Qr ch’bﬁ‘f?b‘b&ﬁdnﬁﬁttﬂ?s rﬁﬁE‘FB‘ués

added to the aromatic compound and nitrous oxide combination, wherein the

\

diluent is selected from the group consisting of N2, He, and Ar.

| 11. ~ A process according to claim 1, wherein a diluent is added to the
aromatic compound and nitrous oxide combination, wherein said diluent is
selected from the group consisting of air and mixtures of air with inert gases.

12. A process according to claim 1, wherein a diluent is added to the
aromatic éorx"q-)ound and nitrous oxide combination, wherein said diluent is
selected from the group consisting of oxygen and mixtures of oxygen with inert
gas(es). . .-

13. A process ac;:ording to claim 1, wherein the zeolite comprises
gallium, and the silica to gallium ratio is from 10 to 100.
' 14. A process according to claim 13, wherein the gallium is
introduced into the zeolite during synthesis of the zeolite.
15. A process according to claim 13, wherein after zeolite synthesis,
the zeolite is impregnated with a gallium salt, and subsequently calcined in air.
16. A process according to claim 15, wherein said calcining step is

performed at a temperature ranging from 550 to 800 °C.

I



-OXI de at a reaction tenperature of 225 - 500[err]C wherein the inprovenent

conpri ses cont acH—ng—t—he-arvrmtTE’cﬁrrpound Wi th nitrous oxide in-the

presence of a hetero as n ladegt  conposition conprising a h| gh SI l'i ca
pentasil-type zeol h strong Lew s acid- 5 in
said Lewi s aci d-bas H ener at ed by a speci al{.JHiSl SHEErTaHI)rS BEEN

activation procedur he steps2df: (a) firsk, heﬂEPngCEIMe
zeolite at 350 - 550[err]C|n a first flowi ng gas for A4t—6—tr“ty—sETON
calcining the zeolite at 550 - 1100[err]C for 1 -3 h in a continuous flow
of gas; and (c) third, cooling the zeolite catalyst to the reaction

temperature, - ther eby, for g Lhe, het er pSagoNs GALALYBle IRAIBRSILIR"
catalyst composition further comprises a binder, wherein the weight content
of the binder ranges from 1.0 to 99.0 wt %. ' |
- 18. A process according to claim 17, wherein the weight content of
the binder ranges from 10 to 30 wt %.

19. A process accordmg to claim 17, wherein the binder is selected

from the group consisting of silica, alumina, and mixtures thereof

20.  Animproved process for oxidizing an aromatic compound,
which process comprises.: reacting said aromatic compound with nitrous
oxide at a reaction temperature of 225 - 500 °C, wherein the irhprovement
compri_ses contacting the aroﬁtatid compound with nitrous oxide in the
presence of a heterogeneous catalyst composition comprising a high-silica
pentasil-type zeolite modified with strong Lewis acid-base centers, wherein
said Lewis acid-base centers are generated by a special preliminary activation
procedures' comprising the steps 'of' (a) first, heating the zeolite at 350 - 550 °C
in a first flowing gas for 4 - 6 h; (b) second, calcining the zeolite at 550 - 1100 °C
for 1-3 hin a continuous flow of gas; and (c) third, cooling the zeolite catalyst to

~ the reaction temperature, thereby forming the heterogeneous catalyst

composition. '

21. A process for preparing a high-silica pentasil-type zeolite
modified with strong Lewis acid-base centers which comprise the steps of:
(a) first, heating a high-silica pentasil-type zeolite at 350 - 550 °Cin a first
flowing gas fc;r 4-6 h; (b) second, calcining the zeolite at 550 - 1100 °C for1-3h
in a continuous flow of gas; and (c) third, cooling the zeolite catalyst to a |
temperature of from 225 - 500 °C.

* [ L M .5 *



