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isomer 
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pressure = 1 

1, 

1, 

hn,,, .. lu space velloc;ity on p/o-(:rei:101 ratio ob1;aiIled over H-
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reactants prurtI<u pressure on pr()dllct J:lpi,prt.iivitv 
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pressure = 1 
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tolueIle rrletllyll~ti(m rElaction over tl-;{,,:::srVI-O 
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reactants .... "'"ti'" I pressure = tolueIle molar ratio 1, 
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xylene isomer distril)ution ob1taiIled 
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toluene molar ratio 1, 

as 
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over ""-"VA.'LI.I.""-"'''' at gas standard reaction conditions 

sure reactants pressure = 
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Bimolecular forma,tion 

gas 

reaction as a tUllction reaction ternpleratUI'e, 

activation energy 

activation energy C-::lHrvlation over J.J.-'!V.I.\.J11V,l-,{d. 

nriirn"r" n/o-(~reSOl ratio at 

pr1op,osEd UV<J!, au reaction mElch:anism 

over ze,olites in 

ratio on phenlDi conversion. . 

maximum telnp,era,tUI:e phemJI conversion 

total pres­

ratio = 1, 
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ratio over 
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p-(7eS01 COJ1VE:rsion over ditferlent {;ij,I,<I.nII:iL:S.~''i I 

mElth,anc)i over 

D.l A 

E.4 

Utlasi-sl:eadv state 

reactants partuu 

,...,., .... r!"l'r conversion over ""-lU'Vl"J.-"'" 

mE~thanlol over n-l.Ji:)lVl-'<l 
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E: 

k: 

spinn:ing nuc~le~1I IrLaglnetlc resonance SPE~CtlCOSICOp~y 

We~H!tlt h,"", .. I'" space veilJcit;v U;meithanoi"tpiJlencll/lS,eatalyst'U) 

or lre1qucmc:y 

on 

altlmimil11m content in 

ME:lSOpOJrotIS area 

Micrc~porOlls area 

speclles A 
Initial CQ[Lcelltrl~ti(m spe,cies A 

spe,cies A on 

speciies B 

concentration spe1cies B 

spe,cies B on 

vacant si tes 

UoncEmtlratlion on 

vacant sites 

J:<.;ttective dit1tusilon:al constant 

lteactlon rate constant 

Kinetic constant 

L\.ll'1I:;~1,", constant 

!teiactIon rate constant 

EqluiJibr'imTI constant 

speciles A 

spe,cles A 

xxxiii 

in 
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constant 

constant 

constants 

pressure 

~I.J~::LU~ B 

water 

specIes B 

at 



Univ
ers

ity
 of

  C
ap

e T
ow

n

1 

AU~ylr:'hellOls are internled.iatles in many ,n"nnl"l",ult: s:ynjGhE~se:s. com-

in 

as as lmnort.:1mt is 

as an ant;iseptic. kylJ:,hen.ol Pl,OdllCtS are nonlionic d{~terJgenj;s, ptlenoJlic 

detailEld list 

v""au", were ori.giIlally tar prclduced by 

prOldUiced sYIltheti(~al1.y on an mcreasingly 

tar retinE~r.y caustics be(;OIIle iILSwttici.ent to meet 

crel;Qis in 

~tl.matedatapp'r~ima,tely 

000 tons was 

crel;ols output is 

000 tons in 

as pure 0- or p-(;rel;Ql. 

tsyIlthE~tlC cre!;ols are malnly prOlQU1Cea 

rest as a mixttlfe 

tollovV'in~.I!: processes: 

cymene hydr()lysis 

a more 

was 

processes prl)dl1Ce a differlent isomer dis:tribulGiOlll. 

is 

to nrl1lril1l'P cI'esols 

1 

process 

process spE:lciJticallly de,,rel()PE!d 

cat;al)'st, was 

::larlta(;eSalIia et 
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1.1: 

esters 
in sunscreens 
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to 

mixtures m-cresOl were pr()dllCed 

D-<~resol reElpe'ctlve,ly is rlp.!~ir:flhlp. 

two isomers cannot 

pos:itioln on 

the Hte,rature has con:ceIlltra,ted on obt:ain.ing a 

interest if ratios 

dinlensi011s to those 

meth~lJ10'l, it is that the 

P-:lI:ylEme in Z,:::SlVI-D 

Dara·,sellectivitv in the reaction 

were 

0-

conversions 

0 are 

in 

as 

was 

are 

(o-CreSOl ratio in zec)lites. 

et was exlplained in terms 

10-cresOl ratio 

The diH'ereince betvl'een 

proldm:t aIlisole to o-creSOl I Vermto Jij,.';UlJ!S et 

et was in n~",rtl("l1l11'l' to eXI)lailn the lo-cresol ratio ob1caiIled over !'1-Z,:::SlVl-'O 

conlpared to L".J1U-·", has narrower pores than it was eXlpe(~ted 

the sha~De,-sel,ect;ive proidUict D'-CrE~SOl as it has 

Parton et 
binlollBcular reactions imrol'vinlQ" i.e. a SUlDD]res:sion 

xyleu:e isomers. 

is a sUlDDlres:sion 

trllll1saU.ylation reactions in the 

pores bmlollBcuJar reactions may occur in the supercages. This 

o-cres,ol ratios 1 were et al. Parton et al. 
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structure: 

"'''''''.H':;O in terms 

,.oc'O",,",,1-. are ae:nn~ea; 

in 

.. 
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Chapter 2 

Literature Review 

2.1 Zeolites 

Zeolit('tl were limt r~niSf!d by S ... edis.h mineralogist Cronst<.'lit in 11&6, , .. bo d('l"i\~ the nl.ll>f' rrOOl 

the Cret'k "'Ilrdt. "t.1lO" and "lithOll" m~Ming "' am boiling" and "slO~~ due to the obi;:.,n""':: intn­

IUl'fICt'"CI' of th~ w!nfrnl ... hen It ... '&8 11 ..... 100 rF1ani~, 1 !l91]. Zeoli!"", art f;fySl.&lli~ arumiOOl'i1kall' 

mMr.tiaill whIch hl\~ unique propert'''''', namdy r~IO!Ie()Il , 1~1; ~IUl<1':Il and Stork, 2OOl1. 

• mlcrOIl<ltOti. character with Ilniform ~ dimensi(lllS: 

• IOll-uduUl,gr. propU"tiflll; 

• abibt), to Jl'OIK8I acidity; 

• high thmnalatabihty; 

• high bydrothfonu..J _l\bJhty. 

in the indll'Miali~ (OUulrift! of ~orth AnlCli<1l, W(!IItcm and Eulem Europe anlt Jllp&II, "'bid! bad 

• combtnt.-d eetiDUlUrl lata! usagf of ~l'roxIn!lltely U • I 6 million tollll r« Il/lllum at Ihe tum of 

th .. t-eDtury lM_ IIDd M&m)I, 20011 

Tht! appliclltioo of zeOOtefcan be dh'ided mto!flur IIlND MtIII! accordiu. to their maln IIPPU<:'IItIo!l 

IMOIICOU, 19911: 

• Arborbmu and ..eparatiOOl ~f!I1U: AI drying "'\'lie... in pi purificatloll and ill Wl>lU*tion ~ 
CfI!IieS, which utiliii' uuhu~·. aliape w:lectivity Vtopft"lieI; 

• Det~~LS; as a ..,bst;tule for pbo:iphatee (mllinly 2eOllle A), 

• Natural ZMIJU": waste .... tI!r tr~trucm. nocwa.r riIIu<!'nt untment. animal fl'«! '''Pl'leml'lltA 

and .,ol improvemell' 

7 



Univ
ers

ity
 of

  C
ap

e T
ow

n

CHAPTER 2. LITERATURE REVIEW 

Natural zeolites (11 %) 

Adsorbcnts (8%) 

Deterg~nts (70':--0) Catalysis (9%) 

Figure 2.1: Estimated IIJUlulll ZEOlite consumption (wt-% of total) by the major individual I\ppli~"3-
t ioM at the tum of the <:entury [Maesen and Marcus, 20011. 

In tenus of mNIII, detergents are by far the largest application (d. Figll«' 2. 1) but in terms of 

financial market size, catalysts form the largest application of zeolites. For example, the ma:rk~t 

\"OluDle III U5$/anuwu of zeolite ~tal)"sts constituted 60% of the total zeolite market (bo.>il!d on 1m 
figuN!$) [Bhmwhoff eJ w., 1999). The tot.aJ zeolite consumption in catruytk pr~SgeI at the tum of 

the ~elltury W"dS appmxim.ately 120 000 toIlS per Milum IMaxW1.'1I and Stork. 2OOIJ. 

Zeolite \' Is the maln zeolite used in cat.aJYStB application (approximately 90% of the total zeolite 

oolltiumptloll for cat.aJyti/; purpo9l.$ by maaB), mostly rnru;uml'o.l in cal/llytic cracking IMaxwell and 

Stork. 2OO1J. ZSM-5, Mordallte and other uolltao also have important commercial applicatiollll as 

Ql.talysts. New applicl\tions for zeolites Ill! catalysts Ill<! bang dlM!lnped, or existing applicatiollB 

iU"e being fine-tuntod, by olaklll8 WJe of the m"l\)" opp<lrtunities ZI!nlites offer for tailormg a catalyst 

[Mosco", 19!H[. 

ZEolites are crystalline a1umin06l1icate ru.a.terials with the general unit cell formula [Ma:rtO!ll8 et aJ , 

1997) gh"M by 

l.P.;.[(AIOiMSiOl)Y)· nH~O 

where z is the valence of the charge' oomPensatinll cation M (which iB typically H+, Na+, K+, Mg2+, 

CaH , BaH (lr LaH ). TIle ratio of x/y ill smaller than or equaJ to 1 &II lher~ are no linking .'1..1-0-.'1..1 

bridges in alUIIlillOllilicate framew(lrb (LQwt'IlIltein rule) [I..o~tein, 19M]. 

Zf(llius' framework I!\rnctures an! based on an infinitely extending three-dimensional network of 

SiO~ IUlIlAl04 tetralledrn (primary building \ulitB) thereby shar'lI8 8I.lthe oxygen atOmB. Each 6hared 
AI04 t~rahedron in lhe fr"",,,,mk bears a negative cluItge, which is balrul.,oo by a posi.tive charge 

from & calion (see unit cell formula). In mOllt :walile structwes the prim"'y structural unlt.:s are 

aBlIembled illt<ll>ea>Ildary buildin, unitB, which are simple polyhedra sum lIS cubes, hexagonal prismJi 

or octahedra. The 6nal zoolile ortfucture COru;iBUI of 811 aasemhly of Ihl'Be scroudary building unitB. 

The zeolite formed hili! a wet! defintod, regulllJ \'Old OJ" cluumcl stm cture of molecuhv dimensions. The 

channell! IUld intl!l"ronnectillg void!! contain eatiolllllUld water malocuJeli. T he cauoru; are Ill(lbile and 

can undergo lon-exdlllDge. The water C8.n it(! renloved reversibly by heat, which lea'·es: the fram ..... "Ork 
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CHAPTER 2. LITERATURE REVI EW • 
l'dbll' 2. 1: SmlCture of the dlanne! 

.,,,. 

• 

for selected zeolitES rB',~', 19701&; V~rlUto, 1994; Oller· 

dimensionality 

L 
L 

L L 

with re.p«t co Doe IUlOther,.IIO only .-ery I 12 m"mbered rinS mallnel to the 
'!eXt iii poI5Ibkl ~lItly, the dwmd.ll)'litem III ..tredively rendered on~ml'""ion.al IMcCu.i«>r 
and UaeIocber, 20011. TheM 8 me!1IbereU rin, open.i"8" in .he limnS of ~he 12 membered Iii" 
dllUlne" ~ u -.Ide poei«>ta" IBred.. 1974&; Venuto, 199-t1 

struCture intact wil h mic:rol',;,retI and ."OiW.. which oouid 8000Unt for tip to SO% of the aystal'! VQluml' 

IFlo.lli .... , 19911 The silicou IUId Illumiruum atotnB in the unli t" frame .... ork are referr«ilo l1li T ~tOm5 

IUwlh" framework dl'WSity of tlMo 2('Oi.ue, tIYlally ex.,..-i l1li T atoms pel" 1000 A3, is a ntealllll"l.! for 

tI"" Vl')id VQ!UI~ The I.DM:or the fl"1Wll'Mlrk ilM!;ity, tbe hi~ !.he VQid voIrnnl! (e.g. ZOClb te Y • 127 

T aton. P"f 1000 Al and 7.I'Olite ZS),Vi. 17.9 T atoms p('r 1000 A~ IIZA, 2002;0.1) 

Zeolilell are fr!'qu""'tly da ... jfi"<i ...:n:>rdiu& to lho! 1IllIIlMt" of T atoms in dll! rings that form lIMo 

5tructtU"e of Lhe chlLllIlds or of the, windows ba_ 100 ."Oids T be5e may rauu from .wy ~ma.ll 

(8 T >!.toms, 3 • >\ A charulel dhunetf"r vii. Liode A) to '"eI")' l&l# poot-e zeoiltes with up to 20 T 
>!.tonlS In the tit" ("LZ c::Io>"flw, 13.2 A channel duuneter). The roaunel 'yitem o(te(lht('8 may 

be one-dimensional (lIOQ·oomu.·ct(or; parallel jIOr05 e.r; ZS). I.I2). t...:).dimell$>l.lllal (e ... ~IC)' I ·22) 

or three wloellsion8-1 (e.g. Beta). TIt.e2 chanocls m:lly hLt~f't:t le-s. Beta) or be indepcndeM 

of ear;:h other ( ... r;. MCM·2'.!), ZS)'I·5 oonl"l111 IWO ooMimet.aional cblUlnei 8)'f1~1lII .... 1Iiclt ha~ 
different orientation TIl!')' are lnlt'rCOunl'CU'd 10 a .... y lhat lhe 10lal chlUlIlei '~em Is eff«tl\1!ly 
three d"rJelWolluJIBllerlod,1't" rl aI., 1001; IZA . zomal 1'abk 2 1 .00.. .. 1M ~Iitll'll -' ,n thl5ltlldy 

with ~peclalll-pn:l t<) Ih" .trudlln! of tbt!ir mlUJltel s)'S«'II1II-

Zeolites wtth 10 .neurberud mlS or 12 1tK'.nbered ri"S dtlU,ne1 6ize are the t1IOR. commonly syn. 

thaired for ClHalytic pUt"J-' Zeolite 5IrurtuN:'lt COlllalnhl& 10 or 12 llleU1bered rins cbamJeb and 

511pl'fC"II'" bll."<:, Ill"" beet! ~ylltho:lr;W:ld Examples. of I'- .... e Bow.te, C IT·I. MC)'I·22 1UK! U'Ohle 

Y Tht:IC Joolitt'!l ClUJ thUll I". ,.sed in rt'lICtions wlK'N lhe desired reacta,," lU,d the lirocloc .. call 

difflll!(' tlll"QU&h tht duumcls but whl'll lil~ tTfll1llilion lil.lttll'll required for tiN:> fOllnlltioll of 1'- prod· 
llel.tl arc relAllvl'ly huUty. they ellll only be aeconltllO<llile<! In larst'I" \'Old.llpKell ie, In II"" ~ll~. 

ZeolittlS, .... h(llle cbannels art' lttteneo:tin, with" certaln olliiet (e_, ZSM·5) elUl IICI:Offitoodate mod· 
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~raldy expandl.'d tr"'"Hitiull Stlltes '" iU\l'ffUooiau" ill their channel ,nlelllCCllOllli (GIMer e/ a/., 1998; 

Oaerlucher tI 0/., 2001; IZA. 2OOZa) 

In Zoolilell wbere supercages Me prClleIll or where th~ channels inl~t, 11 .. • primary prnducts call 

he determined by the VOId span' left in th~ supt:n:age ur the Intersection of the dJanneb. T he iliffusi( ~l 

of these prilIlA1Y products and oonsecuth.". reIICtions tI,en dl1'end 011 the dimeru;;olLB of the cltannro.. 

for example, ZSM-5 ba.'! 10 mcnl\>ered ri ug channeb; (&,3 It ;:'.6 A and S.l x Sa A) iUI<mIectiug wltb 

IIl>me oIrs{'1 lI .. ml gh1 U8 rl...:. to II void ~p""e at the i"l~ectju" with a diametlT of 9 A (Meier tI <11., 

1978; Dewulme, 1980). This \'f)id alloo.'Ij the funnation of builder ihnlecules than whal "'II» pllIiIiihle 

in tb .. 10 "'CIJ,berro rjng chllllue1s. T he cliffu.5it)!l ,{!.hese "bulkier" wlll«:uleti in the pote sy~tel", j~ 

!.hen dept'ndelll <)Il lobe size of t he dllUlilcis. 

Zeulite \' h"8 suprKlIGcs (11 .4 A IVmuto, 19!Mj) as doco MCM·22 (7.1 x 7. 1 x 18.2 ). (Lrooowicz 

el al., 19!.1-!!) . TIle wmdOil"B to Ihe cages of zeolites Y and MC:\!·22 arr 12 memOOroo rings (7.4 A) 

and to IlIffi,b<>roo nngs (4.0 x 5.5 A) , nlI:Ipect"'dy (IZA. 2002al, and ... such infl uence the product 
dilltribution. Bulky molecules, wh,ch form inside these ouJ}<'n;a.gCfl lire unaWe 1.0 diffuse out. If 

they ~n't ITlUlliformcd illl .. Jess bulky n1Ul«:ult'll but accumulat", th~ will M'CIllulllly plug the pore 

8}"Slcrn. 

In zl'Oiltl'll with differelll channels hut where the chaunels dQ not intcrm'Ct, the final bebaviour 

uOOerwd appears to be all a, .. rage 0( the primary proc<."llSe!l occurrillg ill rhe different ch",,"ei. (Corm .... , 

19951· 

2.1.1 St.ructures of zeolites st udied 

The ~(....Iltell ~tudioo III thi:! research were H·ZSM·5, H·Dd .... , H· ;"i urdenite, H.;"ICM.22 and uitrlL8t .... b!e 

z..:.litc H· Y (H·USY). The pore struclures of these ",,"li,ies can pt .... y large rules III dCI<'Trn.ming the 

~ele<:uvlty of Ihe reaction inve;:ligated Silica-alu"UlIII was also studied ... a comparative a.murphuus 

catlllyst tlt&t does not show IUlJ' Bhape-selcctjvity !IIi expccted from z\'OUIt'S. In the foll"wing sectiolls, 

each zeolite will be dosaihoo ill detail. AU zIW)\ile rli"&ralllll .. hoWII I.lI thl'&e St'<;tioJls W<'re "hlainoo from 

the huemational Zeolite ,\:;sociatioo (IZA) website (IZA, 2OO2aland [M ~ier ~j al., 1978; Auguslln~, 

19%: Law\(>n ~I /II., 1998; Juttu and Lobo, 2000, BaerJoch .... el .. I. , 2001(. Dilll~""ioJlIl of thC!<!' zeol.;t~ 

Slructur<'6 /Ill! 5IIllUuarl!;ed in Table 2.2 

2.Ll . ! Zeolite ZSI\! ·5 

Zrolite ZS;"I·5 h"" a tlirt'IKliUl<'fUlional pore structurt' all 1iI,,,,,,,, ill Figurr 2.2. The pore sysl"m 

ronlli61S IIf tWIJ inter6(o(;Uug, slighlly ~lli peoidal channda oe similar Bize "'jlh 10 meJnbere<\ rings. I)n~ 

Binus .. ;d,,! and the other straight. The sinusoidal cbanllcls intersect with r,he Btraigb~ channels. A 

"inw ... idal channel co"",eo:;l.lr the straight c;bannels of 1"'-' adjacent laye",. T he next .iJlWlOidaJ channel 

links Ihe 5traiglit cha.nnds in one 0( these h.ytTll to the stl'1l.ight cllannels III the next layer and !II) 

\.IU, efJect i",ly building 1\ three dillll'nsinllally illterCl)llnecting chlllUlei system (d. Figure 2.2 (b)). 

TheJdor~, dilfWlion in Ihe third diml!lllli<lll rtquir('S <:Ollstanl 1U3nOl.'II'o'Titlg tl('lWeen tbe t,,;o tyIJe. 'If 

clllluucls_ 
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ZSM.5 is a medium poore zeolite with free npl'flures of 5.\ X 5.5 A for the 5tralgh~ channel and 5.3 

x 5.6 A for ~he mrlusoidal chanuel [BaerlochC'r ~I aI., 2001; lZA, 2002a[. The intersection is ~!ightly 

offset resulting in a comparably spacious cavity with a free diametel" of '" 9 A 1)'leier d al 1978: 

Derouanc, 19801. 

The crystal ~tructure isonhorhmubic w,tI, a uuit cell of diluensioos: R" 20.1 A, b = 19.9 A and c" 

IJA A [SlOlltal<, 19921 The cbemical compositiou of thl' sodium fonn is giveu by N ... [Sillll_.Al.O'~11 
(u:S 8) il'. SiO~/AIl03 molac ratiOll 2: 22 ZS~I-a hal! II frRltlework density of 17.9 T atQltl~ per 1000 
,\.J. 

2.1.1.2 Zeolite Bela 

Zeolite Ilcta hllll II three-dimensional pore structure and lacge pore OpCOin,l\9 consisting of 12 ml'Ulbered 

nngs (Figure 2.3) [HlIggiu, 20 June HISS[. The framework of zoolite Beta cOflSis~ of au itltergrowu 

hybrid of three distinct but dO:lcly related structu reft that;ve 'i\lTanged in layers [Treacy and N(lWSlIlD, 

1988[. Theile layen can c:ounect to each other iu three different ways rellul!ing i" three different 

structUte!l (Polymorl'hB A, B and C). Zeolite Beta's frRmcwork structure is ohtaiul.'d from a oCat 

ralldomly OOOllectl'd sequence of these I ..... Vt'1's In the directioll of the Coaxis (Treacy lind N~~n, 

I988J. 

Zeolite Beta', IJoOfC !I)~"'n COWli~ts of tllfi'f! ill~~'flIeCtillg 12 men,l~ed rillg roallnc!B. Two of 

thelle channel . Me identical ""d linear of G.(i x 6., A diml!ll.'li<dUl. They a~ rnu~ually orthogonal 

am) po!Tpendirul;v 10 ~he c axis. These two channels slightly O\Iedlll) formillg II 12 membered ring 

window b~t"'-em the d,allnels. n,ese windows effectively form the third d,allnel. The third ch"'Ulel 

is nOtlline;v and parallel 10 the c "",is with dimeruions of 5.6 x a.6 A jHiggius .1 al., 19881. The 

tonuotSlIy of th~ third cha.nnel is determined by the Btacking eequcucc of the dlfferellt kinds of layers 

fQrmmg m the zeolite. 

The crystal structurr Qf zeolite !leta is tetragonal with /I unil cdl of dimCflsions: a = 12.6 A, b 

126 A and c ,.. 262 A JS_tal<, 1992[. The chemical COI'U l)(I!Iitlou of the f(ldiwll form "' gi"~ 
1.0)' N ... (Sill-l_.Al.0na1 (n:S 7), Le. Si02!AI?03 molar mlioe 2: 16. Zeolite BLota hM /I framework 

denSity of 15.1 T atomS per 1000 ,V. 

2.1.1.3 Z"oli~e ~lordellite 

The VOte!! of ~o1ite ),Iordenite consist of IW<I tYJICll of pacallel elliptical channell! (a "hunch of st.raws") 

With frN! " perturCll of 6a X 7.0 A (defined by 12 membered rings) lII,d 2.6 ::oc ';.7 A (defiued by 8 

lIIetllbered rings) [Meier IUId OISQII 19961. The5e twO chanllels Me intcr\inkl.'d by a small tr1llll!Vl1"saI 

l'iuu90idal chllllllel of 3A " 4_8 A (drolled by 8 memocred nngs). Thi' cr08!ing channel form5 8 

membered ring Openings in the lining of ~hc 12 membered ring dHU\IIe!9, hut the CQrrespolld iug 

open",&" ill adjacent 12 membered ring chllltl\els Me displllCed with re<lpect to one l\IIoth~ S<;o only 

very limlt..."<! a<.-ces8 frolu One 12 membered ring channel to the next is po88ible .... th......, o~illgs are 

tOO small to allow passage to most UlolcculCll. Cou9IJqllcmly, tbe chllliud ~ystem is clJ~'(:tively r .... dc .... -d 

olle-dilllenBionaj (McCusker >U!d Bactloch .... , 20011. Effrelivciy, tb"", 8 lIlembcrL"<l ring opellings in 

the lip;", of the 12 membered ring challllels apl",ar as "side pocltets"jBreck, 1974a; Venuto, 19941. 
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(a) Pr ..... ""'k v ... al0"3 (010) 

(el Chan...!"'~ (010) (5.3 K 5.6 A) (d) Cbann.1 01""11: (100) {S.! ~ b.5 Al 

Fill"re 2.2: The framework fi(ru<:lure and pwe {)penings of zoolite ZSM-5 (MFI) (large b!..ck spheres 
= oxygt'u, 8111&11 grt:y sphere!/ '" Tatom) [IZA, 2002,,) (a). (~) ILJId (d); [Meier el ,,/. , 
1!)78) (b) 
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CHAPTER 2. LITERATURE REVIEW " 

(b) ClIana~1o ,oloDI (100), (010) (G G x G.7 A) 

Fill""'; 2.3: Th~ rrame-.o.'Ofk Sl.rnc~ure and po"" QpeoitIp Qf UJOIitl' 13«" (DEA) (lMt;e bbck ~berf,s 
'" oocygen, "IUalJ &r-er 51))l,"" _ T BtQm) IIZA. 2002_1 
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II CHAI'TER:2 LlTERATUR'" REVIEW 

(_) rr........,.l ........... , (001) 

(hI CUn-laIooo, (001 ) (U" 1 0 A) (el &oR"" ...... DeI ..... (010). 

wIudo """" ,10. "_ ~" 
(11. 48 A) 

t'igure 2A: The framework ~1 nw:lUre lUld pore opMmp of ~Jle Moroenile (MOR) (!ar&f blad: 
5pbtrs '" UXygell, 6I1Iall gre)' iph .. _ TatOm) IIZA. 2002a1. 
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CHAPTER 2 LITERATURE REVIEW " 
The dln>en!liolll of th~ "side pOCkeh;" are 2.9 x 0.7 A IUld they !\re llep'U"atl'd by restrictiom of 2 8 

A 11lr«:lr, 19i4!lj. figure 2.4 sho,,"s thoJ fu.me,,"ork ,trocture of Morderute. 

Mordenite b,.. " CI')"Jtal !tructure that III ortbQrhombic with .. urut cclI of the dimensl"' ...... = 
18.3 A b 20.6 A c i.5 A ISzosWt, 1992J The seneral dlemical romp05ition of ~ sodium form 

if pllt'n by NlI"ISlu_.Alu09l1 (0 S" 8), Ie. Si01! AI10, molar rat;"" ~ 10 Zeoli~ Mord..wte hM a 

fnullework denlily of 17.2 T al.QlIll J><!r 1000 A' 

:U . I." Zeolite Y 

Zeolite" II,.. a dlllllneJ '}'litem coll!liatlng of .. \'CTf oJM.'n, thz-« dllncmionaJ networlt of ~aIite cagl!II 

that are linked I{lgethrr vIa thetr b~ua.I f8OI!II by haagonaI prwna (Figure :1 5). Thill produllN 

tbe ao--atIlf(l lupercapi of roU&hly Ipherical dunmalOCW wnh. wameter of IIA A I\'enuto, I~J with 

four 12 memh~ tillg operul1.&S ("window.' of 7 I A I~~ ~f "I 20011, ... hich are orientltM 

III letntl,edral dir('Ctl()lll. Thill, 11K' dlarml'l ay!Ilf'ID dI thTH du1W)Il1llOllal and tltrft dlDlenmona1ly 

IntetroJUI~ted The I<)(laIi~ ~s and tJ,e huagonal pnlllIll lOW up a fimall dlam:.cl .ystlltll (Ii 

mo"!mb_1 rlllg wmllo .... ) that P\'olII at'CfIIII 1.0 only wry anall moIeo:uks lucb at .... lft" and ammonla 

B.nd is i"elevant for c~a1ytlc conVft1lioDl of organic mo~. 

The eryJlIII st ruct,u e II cubic w,th. unil cdl of the dUl"Il'Dlions: a .. 213 A. b = 2~ .J A and c : 

24 3 A ISZOIlIak, 19921 T IM! chemical compu.,toon of the sodium form ia &11"t:Jl by Na.IS' I'n_.AI.Ol,,1 
(n s: S8),l.e SiOl! A120, molar rallot ~ <I 6 Zeohte Y h ... frarn-ork detlSity of 12 7 T atollU.­

lllOO Al 

Zoolite \' III orten .uhJ"C'ed to post ... }"Ulhwi bydmtlM!rmttl modification, particularly Cor mdlllltriai 

.pplicationJl (ca talytic a-ackinf.) [F'laniVlI 19911 The modification 9\'8 rise 10 a reduced f,atlloCWOrk 

alluumium COOlellt,. IUsopore 1)"lItem and.,ar lIOn-framework a1uuunlwn &p«ia[Saber ! t AI, 19941 

Thill modified zeolite Y is terlmd "ululHtable~ (USY), DetiUbt of ~hll zeolite \ ' modificatIOn are 

described III Sectioll 2 14 

2.1 1.5 Zeolit e MeM-22 

Zoolite MC1>I-n·, parr 1}"lIt.em roII!li$u of two itldqmoUem duuulcl lyltClll1I (F"i!Ure 2 6). On~ COIll­
prises oflarse !IU.-cages dlO!ll! inner free diameter is defined by 12 memherMI rin&' (7 1 A) Md tI,,· 
innet height ill 18 2 A IlEonooncz d AI., 1 99~1 But Importantly, these .UI''''<"agS CM only ~ JCCeued 
throIl,!;h 10 ~btnd I"in! opelinp on lhe Hide (FiBnre 2 6 (b), (d) alld (e)). The dlmt'fUI;otlll or th __ 

10 membeMI ring openings ("'Windo .... ' are 4.0 x ".5 A 18 aerlooler tt !II, z001; IZA, 2OO2al T he 

IUpa-cages are ~ lengLhwi5e tbroU&h a "necl<", IUlllle by • 6 membered ring prilim 

Th~ smaller,ll raigbt dt~1s (" 0 x " .5 A) extClld in three directions ill a plane wilh 00" &n&les 

bo.t1lftll I!ado other. Thee channels CI'Ol!lS at the SUpereagfli. The wider, sinusoidal cilannffil aM 
exteud IU three di~klllll in .. plane, which is parallel to the fonner and lIJe IIlterlinked ,.. 1I~1l. 

Tbia ~ d,~1 is .. l.....dunenBionally interliuked IQ-mclIlbetfd ring alnusoldal cha.nnel with 

dilllell'l'OIlS of 41 x 51 A IHaec-loclier d .u., 2001. IZA. :2OO2aj. Thill duulncl ~y81em ext.enm. plAnar 

liltt aloOroey«>mb ~Iru<:tllre ... dlOWlI 'II fcgure 2.6 (f) ILa,,·ton ~t 111., I998J. The 'ned<~ betweoen the 
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~ .... - .h-l,' 
/ "'" " , 
l--' '" ;>' >< )-. , ,:,>":,p 

' " ." " ~" , .. ~ .. . .. ~. .. . . ' . ' 
··.:t···f .... 

'-\-< r ~+··L.l . . 
J..< " ;-. 

y r , 

Figure 2.~: nl(, rnuncwork Sl.nI<::lUro ~nu VOn:: opening'! of zcolile Y (rAUl (11 .. ,&<: black sphen'll 
oxygen. sm~J grey sphtT<." T No,n) IAugW!tllU'. 1995; 'ZA. 20021\1. 
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CHAPTER 'l LITERATURE REVIEW " 
!!UI)CI''''''~ extenda in the thin! dllDlllUion th,.,..h tiM' center of thllllC' hone)"1:Ol.llbl! witbour mtm:oD­
nectJng WIth Ibe sinusoi<W chNln<'16. 

Both typel of dianne!.: are interiinUd with themaeh'ftl hnt not with NCb other. Tbe.ftorf'. the 
oomblncd dLauncl 'iUpen:a£e &yI<&CmI ill :uooUte MC~I-n only IIlIowlr diffuaioll in two din"ffiOIlI but 

IlOl. Pl'f1lO!l,dicular t" ili,!nL 

TJu" "'IU~"""" uf ]t2't,IL ...... ]",kn] ~u"",""l;<'It eAlQ,,j 1'<',~uJlo..u] .. 10> tht pI",,~ ill .lUocb u"", 

dUI.I"'eil)-aterr\lI ~d. Th'" linb, CI'lUIifIIm& 01 hf!Xa4IBnlll prlllm8, m.u:~ Ill' fll)"U!nI 0I ... 1Ill mlWllel!; 

"'Itb wry narrow 6 memb ...... J .. "" ..... u,dmo" analogou. 10 tbe imcn:ollnl!Ctions of tl",lIOdalit .. IUlit.l! 
III uoIil.e Y (d. section 2.] ,I 4), Tbeiie omllll .... mdow." only allow the pu!o'~ ofvey ~molllD<ll!xuJe& 

~Idt .... _In kud II.IlImonifllWd Ill"(' il'fd;o"""t fnr CRutlyl,c con~et!liolll of Otg"IUC mole<"\Jlea, 

Z('(Jbl-e MCM-22 (7)"'1oaD.i.:bos in very tlnn pI"tek~ Tbese p!atcleli exhibit hcx"",naJ morpbology 

I """'\O{l d ., 1 ~I A<xeM from th .. r,ry5laJ exlcri(lr to the lntema! channela t. onl)' ~ihle throu&h 

IbI" 10 membered rillg openinp of Ihe I ... ., pore II)"Ilcma 10000\cd n.t the pcrtmeter of the thin ffigl'l of 

the cryataJa 

On the flOCe of Ihe thin plllleiCta, there exiSt.l! R bi&/! conc~utl'Rtion of trolilll' pockeu (oftc.n wferred 

to!l.ll "cup,,~ ICorm",.' .J., 20001), ... ith 12 member...! nng op~nillll'. havill'" dil\ffieter ofT I X 71 A 

fWd lUI npproximllt<l deptb of 7 A (L"wton.' .J, 19981 Th_ "olpj' ata mlldc up of half a su~ 
(d tOll edge of Flgun:! 2.6 (h)). There ill 110 I'Cct'SII flOlD 1111" boHo", of a "nip' to the adja.:ml 

~ul~rrAgl' IIlld oorr<~pondingly then- ill 110 IICCt'M to tht IlOI1! 'ySlt.m through I.be top and boll6m 

~urfllCt! of tbe crynlll plalcl~t.8 (La .. 1OlI d oJ., 19981 Howe--er. t~ "cUpI" aUI fI.!'romlDCldate qun~ 

bulky molocull!l wblCh Ilrf' IIO~ able to pm~ the polt! lylllem 

Tll~ Cf)'Itlll Itruc\ute .. Mvopul ... "b IJlllt ""U d,~ of: • ,..,. II.~ A, b 14 4 J.. c 

2a2 A [S-t.a.k, lm[. 'I"bt! cb~mi<1oJ cQmpositjon 0( tile .... ium f<!nll iA "val byN-,,[SJ72_.AJ.OJ...] 

(n :S a.a), I,e, Sio:'/AhOl woJ. .... "'UoIi <!: 24 Zeolite MCM-'22 h"". frll.llll'W(.rk dcnaity of 16,5 T 

"to .... po- 1000 A'. 2&litel SSZ--2S. E:RB-I. PSH-3 and ITQ-I are I.-tnodurN of ZflOIi\fl MCM_22 

[B_locber d.J 2OO1[ 

'l. I . I .O eo"'l>8rlllon o r t he ~lite . tr .... 1Ure!l studied 

2.1.2 Zeolite synt hesis 

NMural uolitel IIr"e found in ca,·,Uce in OOsic .-okani( 0. met~morphk rockI. A1thoUih ullturlll 

!I'Oiitl!l bayt mlUly IIpphat.tlolll they are no\ trulled for Cll.talyS\$ .. they <:OIlt"in impuntlal I.t1d 

!U1': too IICIIHI'rf'(] in locatIOn for My l.arg~ scale exl'loltMion IBarrer, 198211[. itlOOnlll.'tenl 'lualJty J' 
.IlJlOwer da:I ... .., NIorto:cmilll of 8Udl n"tural mRterl1lfa rB~r, 1982b[. 

Symhelir. zeoJltellU'e mnde hydrothl'TmaUy "uder "utogenooUII pl1'Sllllte. Tht" bydrothrrmall)-n­
tltl'llill of aluminosollcate zeoIir.ca oorttllllOUda to tbe oonvemot! of a mixture of III.lit»n and aluminium 

oolllllOun.u, alkali metal ~MioUlI, or~ mole",,,],,,, .nd ... ater Via lID alkali"" &Upl'fS/l.tur.llJed tolution 

into" mkro(loruul cr)'1ltlllline alumlnOlihat.t.e l1li drpinoo in Fi&nre 2.; [FeiJt:n d at , 199iJ· CQG"UDon 

si!R·allO"rr~ art colloidal ~Illat., ""I!.~gI .. , I~n!c silica Or .§ilioon 'lkorldN (lWf.h all tetrlllll~byl 
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(oj Super<""" ......... '"1' 
.... ,.;pt. • .u.....Jo (7 I x 1 I ~ 
13.2 A) 

"" 

(b) SCu ..... ., "p:rM01l'",101I offr~k 

(d) S"I'"I".... 0"""",,, "~Ioo 
cII ... 1>OI I' G. u A) 

Figure 2.6: The framework atructUI'l', pore op!'IIiup alId p<>'''IIY''I .. rn or "<'Ofi\1! MC!l.I-22 (~IWW) 
(Wy black spberetl - oxy~n •• m311 &re:I' spbeft>l T ilion,) IIZ,\, 2OO2aJ (al, (el 10 (fJ 
,",utln and Lobo, WOOl (b) [LA.-Ion d til. 19981 (t). 
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7.oo11tc 7A<;:\1 _5 "', :\1orJellJtc " 1>ICM-22 -
Cilaomel Z '''terro;Tln& 3 luterse<'I,;Ug l'araUel emp~;cal Ketwork of Two independent 
t)'~em cllip$?idal cl,llllllel", almost dr~ub.r clllu",ejs M!)fflr<::ages, d ,atwel sySleno; 

droocr"'ely cl"ulllel", witil ~ide pockets , i)!~erji"k~>d via l. ~'Ul'ercat"'" 
t h,.".,.<1; mellsional t loroe.<l imenslOn aI formed hy arcular "windows", ,nterlinked by 

IHter$eCting challneis, t hre€-' Ii nK'1l "ioual ellipsoidal channel~ " • 
effectiwly t wo.diu~, lsi "nal ~ 

" ono-dimensional 2: ellipsOIdal channels, " two-dime,,,io,,'" " 
lling Bi?" 1(1..10 lz..t2-12 12-3-8 12-12-12 10·1 0 W "f cham,,,ls , 
Gl,,,,,,,.,l t •. 3 " :;.6 (l>iuUM>.ld..:J) G.6,. 6.7 (Ii""",) 6,:;" 7.0 (12 '''~'u'''''.,.] 74 ·1.0 x :;.;, (~uJ."'r~ag~ , 
.~ ~.I x 5.5 (liMar) 6.6 x 6.7 (linea.-) rillg. linear) window, lmCW') 

~ lA, ".~ X & 6 (n"n-lIne:> r) 2.6 x 5.7 (8 m~mbered 4.1 x 5.1 (sinuS<.lidal) 
ring, lln~at) 

3.4 x 4,8 (8 memberod ~ 
ring , highly staggered) • 

0 
(forruiul\ the side pockets) --lnten;e(:ting 9 'lide ~kets 114 7.1;( 7.1 X 18.2 0 

cavity l~uI~rcage 29)(5.7 " 8 
diamtUr (A) , 

Unh cell , 2\) 1 • 12.6 , 18.3 • 24.3 , 14.4 
~ 

din>e'lli;ollll h = 19,9 b = 12.6 b = 20.5 b = 24.3 b == IVI 

lA, , 13.4 <; '" 2tl.2 '" '5 c == 2~ . 3 c == 25.2 , 
Cherlli~al Na."ISioo_.A I,O'nJ N,,"IS~_"AI"O'2sl 1',."[Si,,._.AI. O~l N,."lSi,g, . AJ.Oll!-Ol j\'a.,l~in .Al,O' ,!4 ] -

comp<>8ltioll (n < 8) (n < 7) (Il < 8) (Il < 58) (n 55.S) , 
MiuirnUlll 22 " 10 4.' 24 " , 

Si01!AJ:l0 " 
molar ratio 
Fhvn~w(\rk 

density lB 15.1 '" 12.7 16,& 
('I' ato",. P C( 

1(0) A3) 
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Reacunrs 
Si, AI, 
No, .... 
Sources 

CU"\I'TER 2 LITERATURE REVI!::W 

gelation 

~ 

F ig u re 2.7, SdlemIH'c represenlauou of ~he ~ooIi\e fOT1llMiOll process (SDA = ~tnlcture dirKting 
"8ent, o!.hcrwise known IL'i the template) IFeijen el QI., 19971. 

or tctr~thyl orth(r.jilicru.e). Th('!;e ~ilica. sonr(>lS differ in the degree of polymerization of the 'lilicon 

dioxide. Alwuinium source!! ace gibbsi"', pseudo-boehmite. aluminate salts or the metal JlUWder. 

Cationic or neutral organic mo1ecuICl ace add<'d to !.he "ylllhesis gel as sokents Or strn~ture directing 

agents (colltmunly known as a template). Examples (If template!! lire hexamethyleneirnine fur zoolite 

MC,"I-Z2, tcI''''llbylanuoonium hydrol(ide for zoolite B.!1..l &.lid letrapropyl ammonium hydrnKide for 

zeoliI.<' ZS,"I-5 lIymhcs;" 1 (ZA, 2002bl. The Blkalinity of lhe 8ymb",;" gel may be contrnllcd by addi\l(ln 

of a mineralizing agrot. for {OXa.mplc sodium hydroxide. 

,\ luiXlurc of the silica SOllrc:e, aJumiuiUJn ljQurce, template II.nd mineralizing agCIll rapidly r"rms 
a hydrogel (lr pm:ipitatc. Often me hydrogel mIlS! be aged, at rOOm temperature or slighlly higher 

temperlllUr5, to incre8!le the concemr&tioo of pr«ursor spOOts in the hydrogel. Thi, aging of lhe gel 

i~ often crucial 1(1 obtaining the dcslred crystalline phase and to improve or accelerate cry~~li~a.tiOlI 

lJansen a.nd Wilson, 20011. 

The cryBlaJl.i;latiOIl prote8li oon&isUl of the dlssoJutioo of the hydrogel, mooiMed by a mineral;1-

IIIg "SCIlt, which prO\,d"", the 501UUOlI wilh silicale and alumiuate mon(IUIer.! and oligomer5 These 

mouo.mers Ilnd oligomer!! conde-nsc mto specific prreuJSOJ .tructures, which are theu organised into 

more eJ<1<"Ildoo Struclures a:ud finally iUII) UI" .. ry~taJli\le phase !Feijeo fI al., 199j). To star!. the 

synthllllis, the hydrogel is brough\ 10 crystallizat,oll "'mIK'!"atur", ~twem 60 and 200""C (IOlder au· 

tog~'nOOI1ll prcssure), and left. for a periud of time to ac.hieve an ao.:epiable yield of crysials pansen 
Illid Wibion, 20011. 

Afl.Cr a sufficient yield of the crystals is oot"'l1oo, they are 8epa!"4tOO from the mOlher liquor by 

filtralluo or ~cntrifugation, TIle zeoli te crystals are then washed 10 remOve exces; unreacted reagents 
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CHA PT EIl. 2. LIT ERATURE REVIEW " 
alld dried lit around 100 - IW·C. This (onn o( !.he zoolite is know iii the "as-symhesiz.ed" :tOOIite 

Thp zoolite COIllainll hoth catioHS and the organic ~llplate, whim are bloding thr zrolite pons. 

'n'l! organic templilte iR r~~no\"ed from the zeolite by thermal tRatment [n air, typically at arollnd 

5OO"C. The cattons are then rClILovOO oy repeated lon-mcmB.ll(e 1»' a mineral acid or &II ammonium 

!, •• It sclulLon (mo;,1. commonly used ,s ammonium hydroxide). This salt r!'placet! the cations wIth 

iUIlIIlUmum Ions. Under thennal treatment, typi(:ally around OOO·C, ammonl .. lfI ffiea.>ed from the 

leolite leaving a proton. T he zeolite is now acU,.., for acid catalysed reaction lIJulis oommouly wrilteu 

all ·· II_zeolite". 

2. I .2 . I f),ctOnl influe ncing leolite crystalli1.at ioLl 

Factors that call influence zeolhe crystallizat.ion are. 

• Composition of the synthesis gel. Namely, 

- 0 11 - ronce!l!ratioIL; 

- cat ions or anions I)resellt In the gel; 

- water oonCt.'lltratioll; 

- type of org".nic t\!ln l)lllte. 

• Synth .... i. time. 

• SynthesIS temperature. 

• IIistory of the synthesIS gel. for example, 

- orot'r of adding the synthesis reagents t.o the synthesis mixture; 

- gcl aging; 

- titlrriug. 

The Influeuce of the "p,thesis gel o;:Ompo&ition varies according to the 2l'olite structure. for 

example, zeolite A and high Al faujf<8it.· only crystallize in a very UUru'" tang!' of Si02jAhO) 

ratio, wh\'l'ellS zeolite ZS!\ I·5 is known to cr)'~tall~e 0\'eI" a very broad Si02! Ah03 rouge including 

aluminimll fre<' synthesis (sill<;al.ite) [Szostak, 1992; N'lIg)' ~I al .• 1995c). The alkaJinlty of the sYHthesi~ 

gcl is aloo of frey importance in the zeolite 8)'nl hEl!i~. The rol~ of the 08- lorn; is t.o depolymeril:e the 

amorphous a1uminosiUcate paniculatC!! a.t an appropriate rate. The alkali"'ty h811 an 'mp-oct On the 

cr)">ltaUizatiolL l"OCesN, OIL the 5i02/ AI 20 ) r<Hio of tile zeolite i'hase ... nd o.loo ou the :;i.e of the fiual 

zeolite cty.5talS IFei.jl'tl (I aI., 1'J97[. 

The roles of the organic t~p1ate. are [Kagy d al., 1'J98cI: 
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• $tnlCture-dinl(:tiu!l - dclinillg the ~lite phase formed; 

• lIel modifier - could allow the formation of structures with higher Si02/ AhOJ rMio IhlUl could 

be obtained ... ·ilhou\ such addiliH'S; 

• Interact themically wit.b the gt'l - altering the characl.Cr of the gel (for aample alkalinity); 

• int.eract physically with the gel - modifying the solubility of variO\lll 8pecies, the (,lUllIport 

propenies etc; 

• ,'Oid filler. 

The cry81ailiUltion of" ~eohl.C \IlIually follows a c.y$l,allization cur .. e (crystllllinity .... defined by 

pqwder X·ray di/fra(:tion), A desired 1.eolitic speciell iii often a metastable product, thllt c1UJ undl'rIlO 

rc-diMolution, while a 'uore Mable species iii fornled. Therefore, synthHlo timll!t nr~ importam criteria 

to obtain a pure crystalline pllMe [Kagy d Q/., 199&1. 

The syulhesis ternpernture can delt'ml;IIe the zeolite phase fonned. A higher sy"lheslsl.Ct"~1lt"~ 

may favour a IIlore del18l' zeolltk phase. Syntht'llis teuillefatu~ a.lt!o affccUt the C1pttallizatiQll kineuc:!l. 

Higher t(!ltlpl!ratllre may result in short .... induction periods or a tlle/,astahle species may docompo8E' 

faster at a higher tem~ature IN~ dill., 199&1. 

TIle himury uf the zool it<: symltt"llilt mlxtn", (ord~r ur adding uF the Bynth~"';" r~ag~nuo, gd "!',ins, 

stirrin!, etc.) Can result in different crystall izatioo kinel.ic:!l, modific3tion of crystal oompooitions or 

e,'m tlte formation of a completely different zeolltic pbase [Nagy .t (Ii., 1998<:[. 

2.\.2.2 Synlile:!is or ~eoli lell MCM-22, ZSM-5, Oct ... , Mordenite and USY 

Commerc.al sarnplt!S uf z\'Olito!" ZS),·j.;J, 'kta, Munkmte and US\' Wl.'re used III tltis re&llU"ch ",h''Teas 

sevet<\llkImllies of zeolite lIICkl·22 were 8ynthesizPd by the suthor. Therefore, the synthesis of zeolite 

MCM-22 is described ill detail in the fuU""i ll, section ""hereas the synth~ of zeolites lS:'I-5, Beta, 

Y and Mordenite are only briefly dC8cribe..J, 

'2.1.'2.2.1 Synthes is of zeolite MCM. 22 Table 2.3 shows the d.fferent r~3&ent.s used in the 

synthesis of u.olile MC)'I_'22. Hcxaroot.byJcrJciniine (ahown irJ Figure 2.8 (a)) is tIBed /18 tho t.ernptat.e 

itl rntlst synthesis uill;turl'Jl for the formation of zeolite MCM·22 /18 it is a IE'MliIy commercially 

available organic compoWld [Ernst, 19981. N,N,K-trimethyl·1·adamantatmnomium hydroxide (shown 

10 Figurr 2,g (b)) Is used /18 the templat,e for the SSz.:u., which is an i90lttrueture of MCM-22. Thble 

2.4 givt'!t the molar regimeN from which ;reo\it.e MCM-2'2 hM beE'n symhesized as well 11& tbe synthes," 

ternpernturea and syntbesis times. 

Typically, MC), j· '22 crystals are <iltik shaped with dilUneters around I pm and a thickne811 which 

Is sornt'Whal IE'!III or far less than tbe diameter (ef. Thble 2.::'). These di!!k-Itk~ cry~Lab are frequently 

im/!fgrown witb elKh other [Ertlst, 19981 No cornprehrnlliw study of thr ~ffeet of diffe",nt 6ynth~sis 

conditJons and gel molar Tt'giUIe1i h/18 beet! carried Ollt in terms of cr)'fital .i~ of ~eolite /I-IC/I-I·2'2. 

However, Ouray el nl 119991 found that the crystallization rate WIllI h.gher lind the final crYl!taJ si~e 
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TllbJo 2.3, Typical ~ymMsis reagetlU I~ in 100 ~yntbcsl.s fA I!II'Oht~ MCM·22. Th~ t~mplat~ u~ 
throU&bout wall bexametbylmeimill@. 

, 
aUka g~J 

I 
alumiuate 

i , 
ill 

hydroxide 

d 

,!oj S.N.s.........uy .. ,-­
bydrOll'" 

nguro 2.8, OrJIIlll1c templalt'8 1I!11!d ill I"" "ylltl~is ofzoolite MCM-Z2 (a) and i_lructur~ ~eoIlle 
SS7 ... 2:1 (b) 1F..rru1, 19981. 
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'I'llhlc 2.1S: Crystal !lira obtained from zeolite MCM-2'2 syntbesl'!<. 

• Lawwn el III 11998]ludll! Rubin slid Chu"I I!XlO1 IIynthesis m~hod. 

wall ~malJer in II)'lIth_ carried uut weller ,drred syutlle8ls COI •• ,huon$, \fi1. aymal diametet"ll of • -

'! I,m and thick" ..... < I 1"11 {or ,,!rTed .ynl JIIlIIol aud cry1ta1 tUau)etml of 3· :-. I'm 1Ifi.th Ihidmess of 

1 - 1.:-' ,m. fOt" 'tlllle .ynthal_ (d Table 2.:-'). 

The X-rII.}' dll&aclloo patlerllll of pure ... I)'tllbelliud and cak:imd NIl-MCM-2'2 obtlLined from 

Emn 119981 are .howee III FIgure 2.9. The r«Orded X-n.y dcflnlctioo patterns ahow both &harp and 

brOOld pl'3iol, tbat indicate! Mlructural disorder IEmllt, 1998). 

2.1.2.2.2 SymhCllis or "oolite ZSM-5 A rtatll re>iew of zeolite ZSM·S tynlheiLII proadures 

can M lOund in GUlh :lInd l\ eIIl1itr 119991. ZeoIete ZSM-5 h .. beeP Iyntheliud O'o"to" D w.de raIlt;e of 

SiOl/AIJ03 •• tlOl! flarti", from 22, which'" the mmimwu molar n.uo 10 thaI of pu~ silic:ll-..J.li("aJiIEM 

[Szostak. 19921 ZMl'U! 1.S.\1-5 em II'f'lyntbel;iud 1L<:in& II wide t&n«e of templl1lft1 u .... >1 . ..... i thout 

any tempbne l:-;anyanan dill .. 19981 Tesopilltell ueed ~. lOt 1!Q.IllP!8, letrapropylamlIlOwum hy· 

droxide. tetrapropl)'iUllmomum bromide liIlllfl\YiUlan tt • . , 19981. dipropylffieuiamine and hexanl'(hol 
]Barrer, 19!1<i1 Zenlite 7..s~I-5 cllll cry&talli&e from balch COIllp05.11ocw (N~I~).fNa",I~_ .. Si0 41· pH,O 

typoally in the rau,;e n - 20 to 60, m 0.1 to 0.2 ADd p 4(10 10600 IIZA, 2002bj for !ODd YLtlds 
of ZS~I·5 cryWIJ Ihe _ynlh_ It'fIIJ>eI1'I.ure should be between 145 lIud 19O"C II ZA, 200'2\)1. 

2. 1.2.2.3 Synthe.ds of zoolile 8eta ~ hlOll common lemplllle lind in the ayulbesi! of ~~ 

"hie Beta Vlletl"aelbylammoniulII hydroxide (TEAOII) [Zaiku d ul , 20011 Zeolite !lelA i8 claimed 
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" " .. 
ANGLE 291 degree 

1 I 

" " " 
ANGLE 291 degrM 

ngu~e 2.9: X-ra~· difi"r&<;tiou pl-tten, of "$ylltlm;;i~ Naj HMH.ICM-22 (comai1l5 both cations and 
tcmplaW) alld CalClllM r-:a-~ ! CM_22 [Erw>t , 1998[. 
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ttl crystallize from batch coml)()flil ions in thl! ''''Ig!! of molar ratios or SiO~1 AI10l from iO to 200, 

Na20/TEAOil from 0 to 1.0, TEAOII/Si(h from 0 I to 1 0 IWd 1110/TEAOH frow W to 75. Crys­

tal!iU\llon 0CCUI"5 bet .. '!leU 100 and ] r.o"C IS_talc 1992J. Zoohto) ~I.& C&.II be synthesized O\~t a ""lde 

rallp' of SiO:z/A\:zOl ratiofi starting from lilt mirumum moW ratIO of 16 

1.1.2.2.4 Synthesis of zooille Morde.nlte A r«:eat review of zeolil.e ~Iordcnne synthesis pr<r 

ad""", C1llI be found in Guth .lId Kcm!e-I I9991 A ranp of telllplaU.'fI ...,." abio used ill the syo­

lbl'Sis of %OOlite :\Ioroen.ite. FQI" enmple. ~I ,2-dio/ IShao dill, '2OO'1J. I-butanol [Sano ~t /1/, 

20011. haamcthyleOOmine 1J00"klnd dill .• 1997]. letncthylammonium bronude (Coker d !d., 1995J, 

bnuyluimethylluulllonium All*, alkyl phenols, ~kylllUlfonat('ll, N~hylpyridinium salts and lrioc:t)·· 

lamilK' ISzostak, 19921. Catalylk:ally &C1il'l!' l~itt ~1ordenile is symheeiud 10 Ih" range of batch 

molar composillorll of 10 Na:O 0.076· 0.1 AI:Ol 28· 10 SIO:z : 360 HJO .\1onknitc crysl.&lli2ff; 

bet,.'ffI} ]00 and 26O"C IBrede, 1971b; S_ule, 199'21. 1Ii~ 500,1 AI,O;. ratio :\tordenltl! ill obtained 

via post·syothesis dealumim~tlon, lUI_ribed In S«tion 2.1.-1. 

2. t .2.:! .S Sy nthesis of :leolite Y A rea:'ot I1!'IIIe.o of lOOn", Y synthesill procMures can be found 

in Guth and Keso;lCf (I999J. ZooJite Y is chlimoo to eryatlLUize from blotch colOpo6Il ionll in Ihe nulgeil of 

Si~1 AhOl from l~ t.o 2.3, Na~0/1l20 from 20 10 SO, :'JD.20 /S10, from 0.4 10 0.6. TetTaru.,thylalnm~ 

Ilium hydT'lJ'Idc and lIOdium 8ll1~ a.rc U5ed;L.S Ihe template for zeolite Y (12.<\, 2002bJ. Crystallization 

OCC\l~ belween SO and I:U;·C (&OIItak, 1992J. ZooUte Y CIIl. oilly be dir«tly S}'lllh<'lli~1ld with "low 

Si~1 Ah0 3 ratio around 5 and Is Ihrrefore often subject«! to po8t·aym ht'!lill dealumiul\t;oll [Flanigen, 

1991: ~:Lbn" d III .. 199~J. ProrOOllTell for pOIII·synlhesi! deaJuminatioll N'e del:lcribOO in Section 2. L -I. 

2.1.3 Acidity of zeolite. 

z..oIitt Ii-amrwor Ie MructUT1lll art' bMed Oil an htlinltely extending \lun.--dimeusional 1>('1,",'OCk of SiO. 

and AIO. kt~ (pnmllty lxnldln& unlu) tbCl'eby sharing all the oxygen 1U.0fllS. The charte 
irubaJauoeoflile letrahoorally coordinatoo. uivalcm alwnln.um IU.omll (AI'+ ) rewlu in a net lI","l'''' 

chlll"ge 00 the zeolite r~k. This iIo cornp<m&ted by a charee ba.lancing cation or pro«lIl The 

protOll oolll>lituteli an acid lllte io the zeolite fram .... -urIt. Tho! acidity of a zeo~te ~ II function of tm, 
nMllf'l.', lI ...... g'h a.nd derwlY or the Acid li tCII tmpoctively The nature of the acid r;ilt'll in IOOUleII ill 
eilher Bnmlited or Lewis acid altts. Such an acid lite. iIo able to rithet lrander II prOIOll from th .. lIOIid 

to the .barbed molecule (DroruIt«! addlty) or aD eledron pair fTOOI Ihe adIIOrbW molecule t.o tbe 

~bd surface (Le>,o.'i& acidllY) I:-Iap d 01 .. 1998aJ 
A IlTCIIlllloo acid aite is forllNltI whm the ~ compensating cation ill a proton (d. Flgun! 

2.10). BtOMled llCid ,\)' Ii!! 100111 often gt'nl'l"~ed from ion-uc}umging the a.'HIyntheo:aal zwbte, in 

\lIe sodH.1n form with 8.I111uoni ... ", nI'«!r the rern<wal of the ,,,,,,plate. The aad site Clio" Ih('!l be 

formed by removing ammonia via thermal t~t",enl of tbe anunonium ",-'Olile (dlown in flgure 

2.1\). Throrltlically therefore, ellch !\lumiuium in tm, ft;unework Call generale a. BrpIllltoo!\Cld 8llf. 

! [""''('vet the Blf'I.'Usth of the BrOll6tcd acid ~jl('OS If dependent I)lI II Dumb.". of racton- nalOrly, aluminium 

ro"~lrMiOIl (i.~. SlO~1 A llO~ rltlo) and location and distribution of the alumilli um In the overall 
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H 

----oxoxo-­
° 0 ° 0 

I I I I 
Figure 2.10: The ~tructure cI the Bronst ..... acid &ite in 1eQI,t~ jMart...;" d'" 1991\ . 

• • 
Figure 2. 11 : Formation of Brmlftoo ~d Sltct fn:,," Ihcr,"allreatmo:.t of t~ AI'lm(InlUU' udwISed 

~Iitel:>:r.r;y dill, 199&1 

:K'OI,1.<l fflUl,l!1\"(ofk III terms of aluinimUlll WIl(ICIlt r:u.ion .... the «Olltcll fr~worIr. SiOl/A llO~ ratIO 

inCJ'l'IIIIeII, Ihe d"v,otoolliion e""fIY <ioer1lMCll. lIud !.Inti the al ..... "IIliL oflhe Br~ted aad 81te ,~ 

N)(!tI (0 iucrelll!(' II I'" ~I!ica uoIlI,,", ba,'II f""u but .t.rongcr ..::Id altcs In (erma of alwnmium 

diltribution, Ibe stronSCII IlCid !ius IlrC thoee alll()(iated "i\h the .'-nto! of a/UllIinium atomS HI 

the st'COlld foordillation Iphcr" /ll!'x(..nclOTall·nclghbnur thoory) [t.hkovoky and Marn.aJ1 19i61 1'11;" 

comhtlotl IH mt'1. for ,·lI'tually all BrtI'tlit!'d .,tea '" Mordenit .. with .. SiO,/AI201 melll1 ratio ilIl'ser 

thlll1 18A ISt3Cb ... d Jiincbcn, 1m) a.od zoohle Y with. Si<h /AllO J mollLl ratio lBIKer than 11,2 

IStlU:h d /II., IOn]. 

Le ..... ! aad !ite!! Ul ~eolltC!l CIUI be r'lnned upon dchydr{))[ylali')11 of BroD5ted ac.d!iCes at elevated 

tCllIperatw1!S of SOO"C aud higher,'" . hawn in Pillute 2. 12 INagy dill., 1998aj Iu EOOiit.ell, Len 
IlChUw lORy generally alllO (lrisinllte from the l're;JeJlto! of extra·frame ..... ", CIItiOll'l, Bud, ... eXlr .. 

fnulIc",ork aluminium IKnrge ~t Ill, 1999). charge CDlDpenUtin& alkali m""aI iono, or (ricoordinated 

IIlllrnimmn and 51lic()n occurri", at dcfl'Cl SIte!! in tbe zeoli!\' IVelluto, 1994 , D1"Unncr. 199;J. StroPg 

J.,e,,'" lId,hLy al'pelU'S to be lI.'lI<Ociat.ed ""Lh cxtra.frame\\'Ol'k alumina, altbou.gb tbere 'I uo c;omoen/Itl. 

on the catalytIC actiVIty of theS<J a(,d ",tes. Weak Lew," acidity al'p<:'1U"II to originate frDlD wU&e 

compcIlSllti", alkali metal iOlls (part icullllly millm) but dOC:!! not " l)pCIl1 to contribute to the catalytic 

IICtl, It)' in the cAtalysis of hydrocarbo,,, r~a.cti(lllll [0'0000''''', 199::.1. 

'I\~ o 0 0 0 

• 

Figure 2. I 2: Formation of a Lewis ~d lite from tWO I3rou81.t'11 BCld IIItes lNagy tt III .• I !l!ISal. 
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Figure 2. 13: l1 Al MAS NMR spectrum of steamed H-Beta IKuehl and T imken, 20001 

2. 1.4 P ost-synthesis m od ificat ion of zeolites 

POlit-synth('Sis modifications of zcolitClllU"c don~ ttl impro,'c the activity Or stability of a zeolite catalyst 

Or to improvc the d£>Biroo 8Cloctivity of a rt'action S(>Ccial modilic3t!Onll allow onc to distinguish 

bctween aud w.darstand the clfCCIS of the intCfllD1 and extemal RUJ"focc on the product &cleclivlty III 

tbe foUowing sect ions, modilicatioll8 addressed all! steaming 3IId the interually ~clcctive iOIl_exchange 

uf ~eolite!;. 

2.104. \ Ste",,, ;n!; o f zeolhc8 

2.l.4.1.1 Procedure for stcaming zeoli tes Oealumlnation of th<l zeolotc framcl'.'Ork usually 

occurs when the zeolite is 8ubjccted to steammg at high temperalurlll'l (> 45a"C, p ...... typically 

around 0.3 _ 0.7 bar for 1Il','t!fal houno). TI'e d~ of dcalurnination is l18ually dctermin.oo by till' lIS<' 

or"l1 Al M,\ S NMR and' H MAS NMR (magic angie !<pinning nuckai" magnetic rl'9OIla..noe). Framework 

tctraJR'tlrally roordinaloo a1uminiuru resonance is in the region of 5-1 - 6S ppm on a l1 Al MAS NMR 

~pectrum IKcnnooy tt aI., 1999J St<laoning the wolite ca.l~_ a decrease 'n tbe con<;<:ntration of 

frarnework aluminium and an iDcrease in co~ntraliOD of Clltra_fmmcwork aluminium lD<!bra.s tf oJ, 

19861. Different kiuds Dr exna.-fraonc"."rk alurllinium 8vceics were fomld to correspond to broad 

peak~ around 0 ])pm and 30 I)pm on a v AIIIIAS NMR. spectrum namely octahedrally, pentabedrally 

lind letrllhcdraUy coordinated aluminium, resp~"Cti,"ely IGitwm ~I oJ., 1987, Fernandes d ~I., 1995; 

Kuehl and Tlmkcll, 2000] Figure 2.13 shOWll the "l1 AI NMR. spectrum of stCaollOO !-!·&ta wWch 

ilh.lStrat<'S alltbe aluminium ." .... J ... discwoscd above. Knchl ""d T imk<lll 120001 ide~tlfioo three peaks, 

<lamdy III 5;] 4 ppm for tetralll'<imlly coordinatl'd a1ununium, -0.1 ppm for octahedrally coordln8too 

alullunillm and a third broad peak witll a peak maximum at appro:donatcly 30 ppm, whIch isllt.beUod 

'"3,d AI". These 3,d aluuunium specit'S Me poorly ordered giVIng ri~ to a broad peak alld may 

represent a1nminium oxide clWllent of variable C(>(!rdinatlan fiymIIlctry IKuehl and Timkcn, 2OOOJ. 

The l'Xtra-framework aluminium GIll. be rcmo,-.:d from the frmuc,,'Ork by washing witb dilute lICidfi 

ISzostak, 20011. Progre<llii"" "teamms aIId calciuatioD rcoll]\.II in the extra_framework alumin Ium 

,nigrat;"g to the ctY"talsurface as octahedral alumina ISlaltak, 20011. Mesopores are rormoo durillJl; 

the dealumi.ulllon prOl:eSS, with dilllllCtCnI ranging from 20 10 250 A INagy ff oJ., 199B<lI. 

2. 1.4. 1 . 2 llellCtiolls over stcamed l<oolite8 D<>almninatcd zeolite Y (l;aIlcd ultr .... stable z..:Jlit(' 

V, l'SYJ is widely woed as a catalytil; cracking cat-a]Y"t INag)' tI ai, ]998<11_ In f[ujdi~cd catalytic 



Univ
ers

ity
 of

  C
ap

e T
ow

n

CHAPTER 2 LITERATURE REVIEW " 

• 

" ~ , 

I $Ev£1£ STEAM'NG 

~ 
, 

• 
~ 
ii 

--
0 

0 "" '00 ' 00 "'" roo 000 
WA rER IIAPOA ~ESSUfl£ ' TORR ) 

figu re 2.14: Enhll..!lced activity for n·hexane cra.cking over H·ZS~I·5 with sleaming (mearning COil' 
ditions: 25 hours a\ IHO'C; n.hexa.ne cracking" s.38'C) ILI\iO el ~I., 19861. 

LTa.ckillg ( FCC), tbe $(;tivily of tbe catalyst declirlCll duril\K multople rellCt,on/ r~eneration crde!r. lu 

order to enabllsh UD\Wr" '3 activity, a small percentage of the cin:uiatillll "l'qui.lilxiul"~ c&t&iyst iM 

oouualltly withdrawn and replaced 1>:1. fresh Oltalyst. Therefnre, a lIuidized catalJtic cracker Oll.alyat 

reCjutrN high lIability .. thl! long tenn d.d.me of ;1.1 acth·il)· iufluencs both tbe actiVIty 1e-.-e1 of 

the I'qUllibr,uRl calal)"!1 IUId lbe amOIml of fr l':llh Cataly:st constamly Ilote(ied Ill aIAsz ~I al., 19651. 

Dealu",mation lnods 10 U'Obte Y being ultra-stabk! to thennal and hydrothermal IItr.lllll and aI!IO 
"",," lII"ti\"e towlU"ds aaddng bulkier mo~lfS, .. ·hod! are IMser than Y'. d1&w>e1 di_cr, III the 
I1lC':11Oport'f formed throU&h SF.ealni"l_ 

~Iild Iteamin, waa oftl'u found 1.0 incre8M' IhI- catalytic: actl\"lty of variOOI lypBI of ~I"" for 

hydroc:uoou rellctkms INcb all ;.oml'riution Illaag and Laco, 1983; Nayalt and Cboudlw-y, 198·1; lIong 

d gJ, 11»11, alkylation [Corma d aI_. 1996[ and a adi", IlIa&I aud l.a«o, 1983; 140 d aI. 1986; 

:o<ayak and Chaudhary. t984: Wattg d w., 1991: Williams d .... 2000). However, Ihe activlHil1jl etfeo::t 

of .mld stean"uII .. ,.. {M,]l' ohoJervf!d .. ·i th carefully made lab<!ratorl' sa.mpl". Commercial IlamplCfl 

ha'"e undergone 11Icb R lot of RIMming during manufact uring. Ihat they are alffll(ly mildly SII'lIrnOO 

and additioua1 ",lid steaming hllllliHle effecl[O'C{)nI1or IUld Ha.",!!:, [MOl. 

The cnhan(!tmcnt dft'Cl of mlld fi t e&llIing of a H-ZS~t-5 car.al)'!t on the Ilcll\"lty for rl-ht'XlIlIe 

ttackillg (a-(eIi!) il l'hown In Figure :2 \ .1 1i.a80 d w., 19861 Optiluum mild Ileamu" ruultfd m 

aD almost fourfold incrrllS!' of ..eullity, whereM """we steaming ~'l'Inllalll' l"8ulted in a dl'cline of 

1ICl!,·ity_ 

2. I . 1.2 lutc rm,lly .se lect lve iOIl-exchallge o f ,;eoli ll!Jl 

2 . 1 . 1.2. 1 P roced u rt! for making inLernolly III'- lllCt i ,~ ion_exchanged :.eolile. CbeetM" tI ~ 
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[19981 dCllCfibe 110 muJII·,t:.gt! t~hni(I"~ of inttrllally Ii'eltcti\'1j iou-exd,al1g1ug the internal .ad tiit ... 01 
>;eolitl! MCM-U c.)""tats with !IOdnun, F"il"lltly." caldne(! (i (! detempJatfd), _syntheo,iud Na.zoolitO!' 

~ uk"" I\/ld iOll-ucbllnleo:l .... Ilh II bulky organic eAt;on (nam@ly. tl'lnlpropyiammonium bromide), 

.. Iuch I!' I'reV('nlW from elltenng tbe zeolite pore ti>'tem due 10 81eri<: IlIudr.uK:c! and therefore 0111)' 

exchanges d.e Na· Clll iCllll on the eXI~maJ SlIrfllCl! 51,s. The zeoliU! iii that caltined In air, ... hIcb 

dell!,.",", we o' ,lInie calion, leadng " I)rotan (anaJOSOU!l to caJc:ining a NI4-zeoI.ite). Tberrfore, tbe 

nylllllll h<\,l' ..,ldoI .it~ prooominately on the exten1N 9urfoce. Ir Na·zoolJte is not ",<l.ilable. II-zeolite 

can be I"" _hlch hOWl'\u , Ii"" neOOti' lG be ion-exchanged ..... tb II sufficierady small ClIIOO (namely, 
allOdiHm, poUlSl!lium o. cesium cation) whieh j" call1lbJe of occupying all the exchangee.ble 5ites both 

internaDy lind externAlly 00 t he zeolite crystal Tller(!afler, lh~ st'l.,.;ti~ ion·tlIdlallg~ ill tamed 0111 

as deicribed aboo.-e. 

2 .1.4.2.2 Reactions Over selec:tive ly io"·e,,",changed ~eolite'j JUtlll alld Lobo 120001 applied 

this iDlI'I'TtaIJy seI.,.;ti\~ ion-t!1Change "'''Ihod 00 ~lilC6 ~ ICM·22 and MCM·,56 U) det.ermme tile 

I"ftM:tion l>llth .... y of toluelle disproport ionation 01..". th e5ll !<OOlites . That ia, to o:chmivcly ftIudy th" 

effect of lIIe zeolite (1')'3ta1's Utcmal fW:id sitft! 011 the rmction pathway and be able 10 di5tlllgu~h 

baW!'ell Intemalilud external reao;:tions. 

2.1.5 Sbape-selec::tivity ill zeolite~ 

Conlrollinli; the l!IdeclJ\'\ty of a chf:uucaJ n!ao:tion I~ 0"0)' of tile primaty tllSk8 of c .. tal) .. il Of ineret.Slng 
Importaoce 15 sha~selocti\-e catal) .. IB. Shape-selectivlIY clFocu can occur ... ·hom tbe lhape and ~I~ 

of the reactants, OT prodOCtli, 01' UIUI!lIIOlI ~laUlli IX rCl6Clion intermediates it simlJ .... in dlmensiOl'l! 

10 III!' 1_ lUId ca,';llfl'l of a zeol,te IWeltkamp rl f'I., 1999]. N(lll-shllpe sc!ecti,-e (:II t1ll)'811 OCCUlt 

OQ lhe externalllinace of lile uoIit" tryuaUiIe8. TIlere Are different d_ of shal'e-selt!Cli"ily, the 

most COlIUIlOO Iype!! IU1Il1!a(;lanl, product and lfi\lIf!I.IIOIlII state llhal><,-selectl vity. Exa.tnples of e-ch 

of Ib""" I)'JH!II of maJ.l'f! 1Id000mly JlH; soo..n in Figure 2.15. 

Rradanl ~ha~ .d..,hl'llJ' iI iUUIlttalM in FiSilte 215 (,,) by the ooIDpctitive craddn8 of ,,·octane 

and 2.2,.I-tnmelhylpclllalle (itooclam~). 2,2.4-Trimetll)'lpemlllle Ultoo bulky to enLer the JlOI'eII of 

the zeol,te and iI. therefore, hindered rrem ftIIIdtinA the clltalytlcally IoCt lve li te! Inside the J)()ff!'I 

H"",'e'o'ef, n-ocu.ne can enter the porft and", ha,.., acaa t.o Ihe 8cid ~l tl'!8, wbere It Ie CIItalyticaUy 

converted ThIl8 tbe net effect thai i. 1llea611red /II !.he reftCtOl \lxit 118 the select Ive or prrfcnmtlal 

COII,'I'I'$Ion of the ImaD or allm rBKtAlIt molecule IW<"I l kiunJl and Em~ l , 199-11 . 

Prodad Iit"pe .d"'Ir~lt, ill delliollllt rattd by I I~ e\hyJauon of toluene In Figure 2.15 (b). IIl!fe 
both I"" ~I\.I are anall mOti8b 1.0 Cllier the ftOIilt pot'e., but only plln.·et hyl lol"ene, ooll of the 

poten!w protiOCII; (ortb&, meta· IUld ~hyhoJnerle), leo lIInWl enough 10 l\lll'" the 1'0I'tI 1}'>Il'In. 

The bulkier prOl11lCt mol«ules. IJthoup Iw.ibly fonn«lm relatively 'pacioll' Imrl\Cf)'Btlllline cllgeII 

or al (hAnnel iUI«SeCtioall, are tllllt'r Ullabl~ to '*ape frolll tbe parell IlIld Iherefor\l do 1I0t OC(II. 

III the r~tor efIlUl'llt I I all or Ibelr dJlfullon ill ai&Rilicanlly hindered in Ihe I,ore $)'IIlem IUld at'1! 

l herefore I're.lellt III the teJoClOI' ef!IUCIlI w"b \'ery I". electivity. Cll imlltely, 'he bulkIer produel.9 

may be tfarlifonned "",0 .IllaUer Ollt!li, .. hidl aN! able 10 Mapl (TOtU Ihl port!ll, or tonwrt inlO coke 

dejlOliu [Weitkamp aud Ernst , 19911 
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," 

• 

Fi l: OlJ"e 2. 1:>: Shape sclecli"ity in microporoUB materials (Weioz. lOW; Csi~ry. 1954] (al Reactant 
sd()M.ivity (e.g. ""lectivc crad"ng of n-paraffin" in " njiBo-parallill IIIjxtur~) (b) Product 
aeloctivity (p-lIf'lec\iv\' wluenr I'thylation j (e) Restricw.1 transi tion !!tate 1I<'1...,\.ivlty (e.g. 
!lel~til~ xylene iflOtlleriution with siIllUII"""IJUB tram;aJkylation SUpl'!"\'II!8ed). 
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Rul..,clro 111"'5'/'011 .. Iul~ .. hupt ul""tw,tv U; ,llu$tratrd by mcta-"ylcn~ lil(llllcriution imo orilla­

ami p:U'll-"ylcnc and Iransalkylatioll imo tolu""c and trirnt lhylbeuZ<'ncs (Figure 2.15 (e)). l<;(lmcrjza­

tioll e&ll OCCur 118 II. mUIlOIIH;llecular reaclion viII 1,2-~hift. Trarllilllkylatioll uf the methylaubslitu\.OO 

aromatics Hi a bimolrcular ,cactioll and 811 51iCb it l1ecesl;a.Jily procecdll viII trlll18.itiou 8tlllC!! whid, aJ'f' 

bulkicr tban wilh monomolecular iaom!"riJ:atiun. In II zeoliU) witb the apllroptiate porc width or void 

space respe<:t1\'ely, there will be Jwa enough sp&CCl for t he accommodatiou or the transition SllItOlo 

for the monomole<'ular 1.2-shift iSOUlCrizatiool relICtion. but insufficient space for t he formation of the 

bulky trartSitiou statell of the bimolecular trausalkylatlou reaclioll. The net effe<:1 is a suppression of 

Ihe latter rellClion IWeltkamp IUld Ern~l, Iml· 
Reae/a"! uuJ proJ~C! 'hu~ Id«I",.t~ Is baso:d On Ihe hindered diffusion of bulky reactant or 

product molecules in the zeolite pom!. [" many inlltaoces, the hindered diffusion just resullll In a 

raUl or Ildsorptio" or desorptiun and coIlllCqucntly all cfi"!lO;Ii", rate of formation of a product which 

is Iawer than it would be In Ihe ~b;enee of tlwl mass transfer limitation, but which is not zero. In 

those C_, the oiJso,n-c.:i rllte, of roaclioo are limited by diffusional cff<lCtB, and hence the ob;e,,'e([ 

selectivities .. ill depend, wider otherwise> co"strult conditions. 011 the length of the imracrYSlalhue 

diffusion paths, I.e., the &i7.e of tile 7,C(Ilite crysll'llli. 3y (XUl!.ra:>I, rutnclcd \I'Q.".ihon dale shu~ 

3dtchmtll is du~ to intrilWe df<'Ctll ~n1frging from thc lim ited space arolllld the 1111racrYEtaliinc at:ti,'e 

siteti aBo.! hence the resull;ng selectiviuC6 will 1101 dcpcl1<1 (III IIII! crystal si>c [Weitkamp and ErllSt, 

L99~I. The IllSt statement. howe''el", does not oonsider the poesible occurrence of Ihls rell(;tiOIl UII 

acth-e sites On the ex~fllal surfllCe of the zeolite cr)"6t.a1Ji (d. SectiOll 2.[,;;.1), where space IS IIOt 

limiled SO thAI Irall5itional state selectivity won't occur. Since the surfllO!jvolumc rMiu of a crystal 

depcudB on its size, size effocts ou IIrOOUCI distribution!l resulting from ro6tTlcted tr8.11$itionai stale 

!lClectivily may still b<! o~rvro_ 

III fact. rratlant and p roduct shape selectivity life determined by the p'''ilmcters of the Thidc 

"[Odlllu.s. 'T'he5e are Ihe rille COtuitams, the crystal si7.'l aud the diffuslo" roefficicnlll of till! differrnt 

molecules. T he diffu$IOIl oocfficiclltB rcJIect t he rciati(lIJ.Bhip bet~n the pore siU! and t he crit ical 

dimensious of the mu1ecules. 

2.1.:;.1 Effect of the extf!rnai s llJ"fllce add git(!S 

Non_shape sr.lectin' eataly~is 0CClIN! on the acid sitCOl sitnatcd On t.hc cx~rnal Burf~ of t he zooht.e 

crystahi. In all of the ab",,, types of shape-selccth'e ca talysis, thc reactillilfi as ... -ell as t he product.'l 

"'aving the zroli~ pore Tllay rract "'jth th~ add sites On the exlemai liurface I.herefore reducing t he 

rol>Centration of the shalli' 8('lective product in the reactor cfHuelll 
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2.2 Alky lation of phc uol wit h met ha nol 

The m/ljor Ilro<\urna of I'l"fIIOls art tilt Unlt~ Stille!!, \ \ 'esterll Europe, Japan and Soudt \frica. In 

tM Urtitrd Sl atl'fl, W(!I!tem Europe and Japan, 60% of the creIOlH produ~ I\Te synthet.ic. One of the 

majOr rolllftl for the syuthetic cresol formation i! the IIlkylatiun of phenol with methanol !F~ and 

Bayer AG, 20011. 

Common clltll.lym usoo for the l.Jkylation of phenol! are Iil SO. , I1F3. :\igO. -,.. Al]Oa and si!~a­

Bllpported Fe- V !Chllkralmrty e/ ai, 1997, BI!dc ~nd Jl IS<\&. 199;; Fiege and Ba}W AG, 2OOIJ. ZeoliteS 

have b<!o.<n im'<'Sllgatoo for th~ IIlkyJlltion of phenol! for 'wo reMoWl. FiJ'!ltly, they aft an en,'iroumenlal 

fnendly altcrnlllive 10 the II lS0. !\lId I3 F 3 I"lltlllystli and l!O!COudly, thftr shllJl'@"!lelfftiw propercie!l Can 

potentIally be uSt'd to outllin WI enh.anced !Ie\«livity 10wMiH a eertNU llroducl 

1'h~ IIlkylation of phenols is COIllldlcated, bowcYft, since both C-alkylation (alkyl/Ilion. at tb'll 

rmg CalUoll Monu) ami O-n1kylation (alkylation lit tbe oxygen of the bydroxyl gaup) QUI OCCUI". A 

pos<ible reaclion IIChf'llle of the methylahon of pheDOI iIISi\'I!D III Figure 2.16 C-n1kylation lead!! to tIw 

fomliltioll of cr6llOl~ (methylphl'l1ob1) {",awon I) a llll O·alkylatlOll leadli to the fonnadoo of Ilni.::>lt 

(nH'thoxyb~n~~ne or m~tllyl phenyl ether} (reaction II). The ani!lOle and cr80ls fonlled can abo I'i'$f1. 

furthl'f. Anisole can be methylated on the mil. to from melhylanltol ... (real:llO.II III ), can uBdo!rgo 

dtsproportionatiou IQ fQf1ll methylrullAOls and phenol (mICtion IV), r.an be C(lDYenfd \.0 ~ 

though 11 ",lIoCtlon with phenol (reacuon V) llnd can undergo lmemal reanangemem to fonn o>U1'lIOl 
(rent"tioll VI). Cr6IIOl8 can nI.so undergo C-n1kylllunn to form xylenols (dimethyl phenols) (reacuon 

VII ) Of undergo O-alkylatinn to form metbylarusol(!l; (reattwn VIII). Xylellolll and ~bylam$ol ... 

may uodergo further alkylation to produot high~ alkylllled produtu Phenol IlIld Inedll"l01 ran abo 

uudergo ",action with themselves, formilll dipbmyl nhtr (re.ction IX) and illmnhyl ether (reaction 

X), re;po!Cth-eiy Dl.met.hyl ether, h"",-e,-cr. i. suU ll'l!.ilaLie as a reacti~ alkylation a&ent .. Ill thu.. 

doe< nOI aHoct produd yields (as long lUI the ilimelhyl elher dofIIIllOI roll~rt InIO hydrocarbolls). 

2.2. 1 C hemis try of phenols, a lcohols and elhers 

An alcohol,. an oopnlc CQmpound with a cariIoo bound 10 • hydroxyl goup for example methauol 

(CH3 - OH). A phenol ioIlW ak:obol COIISi5l.ing oJ a IM!m.=e rins "';Ih <1M of the ring'. hydrOSenll 

replac"'l'd with a hydroxyl goup (C.II~ - OU) The dImIimy of nIoollols and phenols It! determined 

by lhe hydroxyl I!IfOUP (-OH group). An etller b< a compound in .. hid. I\Q oxygen atOll) ;1 bol1ded 10 

1'11'0 alkyl or tWO aryl Sl'ouptl (It" one of each (Le. dtmethyl ether. dJphenyl elher, arusoIe. l'i'!'lpecuvdy). 

Alcoboll and l'henob are polar moleculeflll3 II moreeleo:lT(ITIepliw oxygen atolll U. attached. With 

alrohuls and phellOls, Inlermolecular hydrogen bondJn& is po!I8ible het .. ~n the j)IJI!iti>tiy charged 

hyrlr08f!n 011 00f' molecule IUId the 1Il'8~li~lv ~ oxy!"" ml a nei.ghbouriI18 mol«:ule This 

reA.lh.a In lugber hollins and ml'illns Icmperllltlftll for IbflR compounds compared their hydrocarbon 

eqw>-aJI'I1t.1 (Thblfl 2.6). 

AuliOle h .. a 5I&lIlf1cantly lower ml!ltllll and boi1inS po;nl Ihan ~~ lUI no hydru!!en bonding 

111 poIRllLle !>eI'llftQ anboIe molrculel. :\hnor poIlIrity is Introduced due 10 the non·$ytllIlletrio;aI 



Univ
ers

ity
 of

  C
ap

e T
ow

n

CHAPTER 2. UTEIIATURE REVIEW 

0-'-0 

.6~6 "'''''' Xa1 
• ~,'" 

~ o;f , 

'0-'" &;&~~ . , 
, 

+6' ' ",00 ~ +CH,OH 1 \1 , ."'''' , 

figure 2.16, Possible rellClioll !lCb.fflILe for tbe methylation of pbenol. Co-products wat",. (react.loll J 
- III and V([ - X) and phenol (rCactiOnR IV and V) life not induded. 
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'mille 2.7: 'The pKa .,.".h'C!! f'" methanol, phmol, f:I1"$.II., and anillOle eom~ to baI_ IICId and 
watl'!" (Sykl"', 198611j. 

K. 
~{etbanoJ I' 

Phenol 9.9'> 
o-Crt'I<II 10.28 
~Cmd 10 19 
m·CruoI 10.08 
A"-

Bcnzok acid 4.211 
Water H 

buh<otltuent~ IlJ1(\ the b<>nd aJI&le on Ihl'" oxYIU'- Thb reIIUlbi LD meltI"l!I and boili"l!l pointll. which an: 
JljIJ hi3het than IhoR of iu bydrocarbon L'quil-almt ethyl~ (Table 2.6) . 

2.2.1.1 Acidity o f alcohol.!l ami phenol.!l 

Like .... ter, alrobols lUl(1 phl'DOk ate ...-ak acidll. The pKa gh". an Indicat ion of the acid;!:- strength 

of I .... moIocuJe (1&bIc 2.7). Aliphauc lIkohola are aoout 100 t imell ,,~akt'!" acid!lthlLD "-ater , "'b~e&IJ 

~ ate 10 000 limo. mare acidIC than ""8t« I'hellola, ho1I'Il'\w, relative to aromatic ~arboxylic 

.ods (c.I- bmzoic 8Cld). are am \Icid~ 

OiBllQociatlon of l1.li &100II01 or pI'fnol produces II prolnn IUId an &lkoxide Or phenoxidc anion, 

1l.'Ilpl'CtIve1y. The rtAson for the large difference in acidity ~I~ a.Ioohol8 and I,bends can be 

fuunel on the delocaliu.l oon nf the IIcptl\"C d larp on ,h ... anion. The phcnoxidc anion Is ~tabifuKod 1»' 
dclocahHatkm of Its rqalh"C charse via the ck'locaJi!ed 7: orbital!! of the R1I)m Rlie nucll"US (mcsomeric 

clroct.) aIIshOllo"n in Figllre 217. Tbcrci"ore, the nesative charge on a ph~lLoxid~ iOIL CIUI be spread 0\"8" 

10 the ortho lind para po!Iltlon~ of the bcruene ring through rttiQnlUlI:t. Such deiOOlliu.ticn can al80 

O\'C\Ir In the undiP:lOOciatcd ph~nol mok'Cule lllvtliving the lone or Free ele<:lfUII ~rs 011 ue oxyp 

bUl this ll.'IluJlIi In a d1w-ge separatioll ~ thsl de\ocaJlsatloll J~ far l!$a loffectlvt! (Figure 2.18). nil' 
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+ ~O· 

Figure 2. 17: The aabilisatioo ~ the phmorlde anion jSyk., IDBGaI 

[6 --(5-- (5 --3] 
Figure 2.18: The IUlbi.h~tion oIpbenol (Sykel.I9S6aj. 

IlI't f'fFect of re80nRnce ill then!fON! to !tabilise the phenaxide ion to 8 much ~l\ter extent than the 

phenol. 

In (:Ontl'lUlt, the dii!lOdAtion of an alcohol .... ill fonn an aliphatic &1koxide in whieb the negative 

dUllge ill fixed on the o"Y~ atom aDd <:annat delQoC&hse over the molecul ... , Th/!refol'1!, alkoxide 10111' 
Me not stabllzed and hellO! the acldit), of alcoholll ia w..-er than the acidity of phenoll:l (Table 2.7). 

WaIn iii &mphot~k, i.e. It haa both $CId and base propertie!i. LIb. _1ft" (bydroxonium 100, 

HJO+). alcohols and phenols w> reAct .. ith a 81.rODJ add to form QJ[oruum IQDII as lUustnued in 

Figure 2.19 

2.2.1.2 Ad;vat;ng effect o f a substit uent on the ben.eoe ring 

Ap!lrt from lbe addity. the ~t .nriki'I& d,em1cal proJl«ty olaphmol is theextr~ly hil;h reactivlt)' 

or ;111 I"inB toovarda e\f!C:1.rophilk SUb6lJtulioI!, A substituent on tbe bftlr.lo:ne ring genenJ.Jy InBuenCftll 

illl reactivity. -CHs. -OCHs and - OH aut.mueDU an eledrou-tiouating aad thill aai'''11'fI the 

baw!ne rin& for electropbilH: substitution TIJ..,~. toluene. anisole and pbmol wUlreacl faliter than 

benzme in eiecltopiJilic SUhlitilUlion reOlCtiol\Jll. 11le lIC1.iVllting dfect jncrt~ from -C9 , (weak) < 
-0011" (modtrllte) < - OH (strong) jSyks, 198tIb: Morri5on II/Id Boyd. 1981\. 

The 5Uong effect of an -Of! group on the eJearopbUk aromatic subititutlon call be llCOOunted 

ror by MIIunting tbM the m:ygen QIl fih""" more than OIot pair of eltctroM with the ring (i.~. can form 

a bond of higher order than a single bond) and can accommodate a IlOfith-e partilli chlllge which h"" 

tbe effect of producUijI; • partial negaw.'fc chazge on the ring (d, Figure 218) 

2.2.1.:.1 Orlho lind paTa directing 

In term.!! of nng substitution. -CfiJ. -OCH" IIIld - all are ortho and pAflI directing in eleetrophilk 

IU'OIMt1c ,ubslilution. Thill it apin dUO! to the eff<!C't of the electron donating groupil [Morrleon and 
Boyd. 1987]. The ortho lind IW-" directin& effect inlTMlN!l! in tbe ,.me order All t.he tlfect of reactivity 

llIUIIely, -CH, < -OCH, < -OR 111eSlrong effect aran -OH group on thedirectiou of e1ectrophilic 

aroUllltlc lu\):jlilut ;on can bI! lIttoumed for by a8SU~ lbat the Oltygen ean sh_ more: thaD on .. 
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Figure 2.19, Aloohol a.nd phenol reacting II.li a. ba.se ! H IU"~ and ScllUetz, 1972a.!. 

37 

pair of cle<:trollll "ith the rillg (i.e. can form a bond of higher or~r thM a aingle bond) and ClOD thUll 

II<:COlumodale tha pOl;itj\1l charg(! introoun'<l through ~he eleurophllit an<lcl< by a ~",bemllm ion 

The carbocatioo formed by electrophiJic attack on the ring of a phenol i3 rousidered tel ata.billze 

thit: trarn;;tionlll staW via dclocaliAAtiOIl of tha posihvt! charge ~ the ring, fBIllli ting in rc80nance 

~truclures 1- Ill , IV - Vle.nd VI I - X, ~Iivt!ly (c!. Figure 2.20), wbere tbe poeitlve~ i$ 

located on carbon atoms. In Ca/Ie of para- or ortho-attack, the po8Bible resonanoe Btructur.!81ndude 

an additional one, stru<:lufBll VII and XI. respect,vely, '" "'hkh the pu6ith1l charge is carried by thl! 

oxygttl Resonance iU"Uet~res VI I and XI are eopectally favoured, mllce in these 8trucluns e"1IlfY atom 

(except hydrogen) has .. complete octet ur elect.rorur !Morrison IIJJ.d Boyd, 19871 In the carbocatioll 

reluldng from lIleta sub6titutiou (rlllOllW'ICe sttuduree I - II f), 1)0 reAOllanee structure III FOLJld ",here 

the jJ05Itlw charge can be curied by the oxygl'l1. 11lerefore the hydroxyl group un tbe pbl'l1li. actil'&les 

the r;n.g for iubstitlltion partl<;:ularly In the orLho and panl. p<)Ilit;OIIII. I\;netically contrail"'!, ortho­

and par .... cr"""l will <Iom",ate over m-cresol IjV(l[\ though thermodynslIlkally m-CI"IlfIUI IB the mOllt 

stable Isomer (Sectlun 2.2.2.6). Simlhu:Jy -OCl{, and -ella sllbstl~uen18 on the I>eiuen"l nng are 

orlho and para dIrecdng but weaker [Sykt'll, 1986b[. 

Theeffect of the hy<ir=y1 group decreaIJee going from the ortho to the para po6idon !Syia.Jl:, 19S6h). 

Alao, M there are tWO ortho positiulll, the ortho pOOtion will be atstl1ltieally favoured ave. the para 

paIIltion (il) the absence of any steric OOIlStraint8) !Velluto, 1994!. ThereFure the \!J[pected ~jllel.ica1ly 

controlled cresol isomer distribution Is ortho > para:> meta. 

Tcwperature will haw an effOCI (1) the killeti<."ally controlled creolOl lsun;1'f distribution. h,creaaillg 

the temperature hM two mail) clfects. Firstly, (he hl9i stabU7.ed transition state to 1lI-C""",1 (Figun! 

2.20 I _ III res<>nanQ! structures) can be MSUIDI!d to reflult ill a higher acti\OatiOll mer,ory for the 

farmatlon of Ill-cresol tllan th~ hJghly RublUzed tra"sition nates t.o 0- and ]">-CI"elOI. Sec)ndly, m­

crelnl concelllration will incre_ due to the converaion of the primary products 0- and ]">-O"MOI by 
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Mela substitution 

+'" '" • • • 
" " + 

, 
II "' 

Para substitu~on 

:OH :00 :00 +00 

I 
+ p 

• • • • + • • 

" " " 
,v v v, VII 

Ortho substitution 

" " p + , , , 
• • +", • • • 

'" '" 
Viti 'X X XI 

Figure 2.20: Tralls;ticll> et8te re'>OnllIlce ~tru<::tures from clectrophilic aromatic Bub!3tit mion of phenol 
l~lornson and lloyd. 19871. 
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r igure 2.21 : Formation of a pru,nyl calion IHart and Schuetz, 1912aJ (c1octron ~hift~ indio;&wd ad­
ditionally). 

">-,~.-
" 

• • ,\0 

• 

"--,--o-~ _ H' __ _ 

.~ 
• --c ... \....0-1---' * " __ c ... • .... o 

• 
Figure 2.22: Sccoud&ry IIIldl'riulIu)' c(U'l.lmiwn ions fom,et! from wcondary lind primary llloohols, 

re$pCCtiwly IHlI1t and &:lmetl. tmal (cll'(:lron shifts indicatoo lWditiOlla1!y). 

i50rnt1';zation and Iraru.alkylal ion. Therefore, iocreasing tbe temperature will allow the m-cresol to 

increasingly be forlUl'tl. 118 a primary produ~t M wtll a3 a III'COndary product.. 

2 .2. 1.4 l\Iec/,all; slll of reactious of the hydroxyl group au alcohols and phenols 

The major dilfe"'nl.'e of alcohols alld I)hellols ill in rt:aCt;ons Involving tbe lLreakill, of the C - 0 bond. 

I! ill "'lali .... el'O}' witb an acid ca' ;>]yaI 10 b",a\: tbe C - 0 bond in .~""ndary and t=iar~' ..Jcohol~ 

... ·here ... !.hl!I bond Is VQ'y difficult to break in r-rimary aloobols, particui(U' methilIlol and ""CIl more 

in phenols. Protonlllion of the hydroxyl groUI) lIud 10M of II IImter Ululet:ule would ~"e II carbocatioll 

(Figures 2.21 and 2.22). Socolldary and t~tiary al<:ohols [orm ~table lICoondll1y Or tl!l'li"")' I:llI'benium 

ions, 'f$pectively (Figure 2.22, lOp sch~'tllc). For substitution re&<.1ioll8 aD the alcohol, thiti allows 

both Sst and SN2 mechanlltlu9 to occur. A prin)",,), alcohol, methanol in particular, would fOrTll 
lUI ullIltllble primary carhenium kill (Figurl\ 2_22, bottom sdJemc). Therefme no SNI mecbllnl'<IU 

is poo;o;ible with primary II.J<:ohaiB but an SN2 lIledlll.lllsm (i.e tbe aimodtll.llt'Ous replacemenl af tbe 

protonatll(! - OH group by the incoming group) ill still l>OS&ible (ef. far ill~taJ1Cf Figure8 2.35 IIlId 

2.36) IHru1. and Sdluelz, 197'la]_ 

With only two attaehed groupt, the pOtiIl.iV(!y charged clI1bon in a phenyl CIItinn wuuld WllIlt to 

I>.l '}I-hybrtdi""'! ""d hIove bou<is lLrrllllgc<1 Un"...-!y. Out tWo geometry I. prevented by \.he benu:nc 

ring. Therefare phenyl eatioll~!U'e extfCm~ly difficult to fonn (d. Figure 2.21). This alga tells U& tbat 

pbenols CBllnat undergo rcplacelll<!D1 of the hy<l-myl group ucitber by an SN I UlNIIWiw) 1I0r by an 

S'i2 ul('duu,illm [111111 IIlld Schuetz, 197'lll.1 

Pbruob; Rre also II.IllbWent nucl~'Opbllei III that they quit~ reedJly form ph~llalk ethers l,"cnUlo, 

199 1] or mix<>d phcnolie/aliphatie etho.".s with akahaiB. 



Univ
ers

ity
 of

  C
ap

e T
ow

n

'" CHAPTER 2. LITERATURE REVIEW 

. 'igure 2.23: Alkyl pill'll)'1 el her uudergoiug lICid call1lyaed c1ellvage reaction (redrawn from Hart 
and Schuetz 11972bll (electron ahiful indicat.OO additionally). 

2.2.1.5 AnillOlc chemist ry 

Arlisole is a ulixed aromatic and aliphatic ether (Ar - 0 - R) and is aJmoot lIQu-polar. Minor paI.arlty 
is int roduced due to th~ non-symmetrical suhstitnellta and the IxInd angll! nn the wtygen Ethen Mil 

weak baaeIi, by virtue of the ""swed el...::trou pain! On the OJ:n"n, 
Amlnali<; etll"fll, like phenyl et.lu!flI, eM undergo e!octrophilic substitution reactions on the riug. 

While alknxy grotJ)l5 am acti.,.,.l"'g and ortho, parlI directing In eIectrOphilic substitution (cf Section 
2.2.1.3). tbt.oy are cousid~rably]"", 110 than II hydroxyl group, BI:I diB<;ussed in Soction 2.2.1.2. 

Ethers can a.Iao lludergu cleavage reaction by !\CIdl! if water ill pre!!ent Because of the low reactivity 

Ilf the boud betwee!' the oxygen ""d the aroU13tic ring, IlJ1 Ar - 0 - R ether undergoft! clell.'1\ge of 

the 0 - It bond and yield~ a phenol and ;w Alkyl cation (Figull' 2.23). If tile aiwhoi is primary (e.g. 

auisule), tlt;_ dea\age rea.ct iou 0<:CUr8 by fir8tly tit" prol.Onation of the OXyg~D, neoE'llS8rily {oUo"oed 

by 5",2 di5placement with the water IHart and Schuetz, 1972h]. 

2.2.1.6 Crerol chemi::ltry 

The cffed of Addition of a -CH" group to the ring on t~ dlemical proptll"tiCli of ph .... ol is 8IIlaU 

compared 10 the effec:.t of tbe -OH group ~ lbough the -ell, group is electron donati", (Thble 

2.7). AB!Ieen from Table 2.7, the dectron domuinll methyl group has a lm.oer effecc. when located t>I1 

the met a. position than 00 the arUm IUId pam. po.;ltiou of the cresol. Tllis is due to the lIydroxyl grOllP 

being decl.rOD don .. ti"ll mDl!t dom.i" .... t to 1m, ... IhI> .... d P""" pneltion rnIM,ve 10 it ..... diocUlR!ed In 

5ecc.ion 22.1.3. Therefore, an electron donating methyl grOllp in the orlho or para j>OI!itlOn will 

compete with the hydroxyl group a.nd t ~refore reduce the el<!Ctron donating effect of thill group to 

we ring I.e. reduce acidity more tba.n a. Dlethyl group p08itioned in tile meta. position. 

2.2 .2 Thermodynamic Equilibria 

2.2.2,1 Met hanol to dimethy l ether 

:>tlethanol (:(InI'efts to fonn dimethyl ~her and water as ahl7lVll In Figurl! 2.24 [Chang. 1983; MOiler 

et 41., 1999]. In th" tetllperature range of 200 - 400"C, whld! WlI5 hwest.igat.e<:l in this thesis for phenol 
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FillUrc 2.24: ('on'"a'Aon of methanol to dimel.hyl ether. 

"' r----

" 

" 
" 

" 
-.--

M'I~rI(N -'--­._--" 

'" '" '" 
Figure 2.25: Tilennodynamie equilibriulIl distributu,1l of "))f'ci_ 11\ thl'ron......mon of me_hanoi to 

dimethyl ether ""d WIllCl'" IDlluben and OamlCl", 19891 

methylalion, the form1llion of dlmelh~·l elhcr i.e: thermooynamiollly favuumd N sha-.·n in FiGure 22';, 

WIth ml'lluwoi Ctluilibrium COIl",,"1<ln 80%. 

2.2.2.2 Phen ol m cthy latioJl to a nisole 

For the methylatIOn Qf phenol tQ...w..:.Ie JParton ~I aI., 19S9aJ (Fi3ure '2.26) the thennodya ... :n.lc eqUl' 

librium ;. ,bow. ill Figure '2.27 from all equimol3r methanoL phenol millure. <hw tbe tcn::pmltuno 

tllll~ .ludll.'d ill tbill tbali!; (200 • 400"C) , the eqllllibrilim conven;ian (ea. 909(.) does II" ~ 

lSIgJIilicantlj·. 

• ,0 

Figure 2.2(\: f'ormatloo 01" anisole from tbe methylation of phcooI with methaMI 
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'''' 
AnIscM! aM water 

" f 
0 

~ '" 
• 

" I " 

\ , 
} 
• 

" Phenol and methanol 

, L , 

'" "'" "" "" '" '''' ." "'" T emperatur8 ("C) 

Figure 2.27: 'I1wrmodynamic equilibrium of anisole formation from an equiruolar phenol and 
mdhanol mixtUff" {Daubert and Danner, 1989] . 

, 
• 

• 

Figure 2.28: Diphcnyl e\her formation for ]lhellol. 

2.2.2.3 Phenol to diphenyl e ther 

Dtphenyl elher CliO be formed from phenol mmilar to the formation of dimethyl ether from met.hanol 

(Figure 2.2~) [Venuto, 19941. There is no lhermodynarnk data available for lhis reaction. Applica­
tion of several incrl'Illental cstimation metllods based on group combination factors produ~ quite 

Inoon£listent and contradictory n'IluJl8l:il8halH'le, in preJ>3tlItionl. Comparison with dimet.hyl ether 
"".1 ."Jj.oJe {ormOotio" equilibria (d. S""tiob.l 2.2.2.1 .n<! 2.2.2.2) AUggeoU equilibrium lim;u.1l<>n$; fOT 

diphenyl ellLer {onnation with significantly Ot ooticeahly lIS'! than 100% phenol conversion in the 

tl'JUperawte range (ZOO • • IOO·C) i'lVcl<l:igatoo for phenol com-m;;on iu Ihis thesis. 

2.2.2.4 Phenol methylation to cresols 

The meLh~'lation of pheooJ On the ring forms cre!I015 (Fip;ure 2.29) [Parton eI aI., 1989a). In the 
temperature range studied in this t.besi.rJ (ZOO to 4OIrC). the thermodynamic equilibrium lies far on 

the aide of the product (cre90lI.r). 'That iB, the thermodynamk ~librium is ;> 99.9% to the Cfe90Is. 
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Figure 2.2:!); Methylation o{ phenol with methanol to cn'!60lB. 

- -- -

Fig ure 2.30: ()'aJkyJaI;on v~ Calkylation. 

2.2.2.5 O·alky la tion ve rS us C-alky latiOl1 

Th~ methyl group from the mel hanoI CIIII a1kylale the phenol eltbl"\' on the oxygen of the hydroxyl 

group (O-a1kylation) Or Oil the ring (Calkylation) (Figlln' 2.30). Thermodynamically, cresols (orlna· 
lion (C-a1kylallon) is lllfg~ly favoured O\'\!r artiBole formation (O-alkyialion) (ef. individual (qllilibria, 

Sectiol)$ 2.2.2,4 aud 2.2.2.2, rtlfIpe<:tiwly). Pieranlozzl and NorUquisllW861 fouud Ihal at L~ermody· 
namic equilibrium, under the rMetion conditions used by these authol1l (300'"C). cresols fomllltion is 
favoured 10' times over that of anisole formation. Thi~ ia bocaUlje II C - C bond is more ~t8)le (h88 II 

higher energy of f0rJIL11iou) than an 0 - C bond and the number of molecules is unchanged. Anisole 

i~, however, the kiueueaiJy preferred producl under mild reaction conditions. 
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- --

Figure 2.31: The cresol ilIom<'11l equilibrium 

'" 

, 
• 

". '" '00 
Temperalln ("C) 

Imberllllal.(I997a]-I1-ZSM-5 0 
Imber! e1 at [20001- H-USV "" 

B6hr'r.go< ard Fle1r;t>er [2003] _ H-ZSM-5 0 

Figure 2.:12: C~ll!;:om ..... equilibrium in the ga!! I'base (lines cakul.ated from data by GrNn [1962[; 
Stull tl ,,1. 11.9691: Chau& .1 ai, 1l.!J891, data pOintll lnellSuI"<.,d by !mbert d .u. {1997al 
and Imh<-rt .1 III. [2OOOI1Uld IliihrirlJ;cr and Fletcher 120031 (preliminary data)). 

2.2.2.6 Cre$Ol isomer di$tributiollli 

There are Ihf(."(! cresol iSOlU<:Tli (d. Figure 2.31), namely 0-, 111- and p-ctt'801. Ctc!KJ1s eM ilIomcr~ WI 

.hown in Sectlou 2.2.4.3. Tlu: t ht;mLodynl\Jllic equllibriurn distribution of tire cr"",,] ;somen i8 shown 

in Figure 2.32 O'o·er the ~ of temperatures studied In this thesis (froln 200 to 400·C). m-C«wl 

ill the thl."rtllodymunically fa\"OUreti isomer whereall the contellt of j>"CreIIOl is Low, lJ'!COrdlng to this 

data. 

Linl'll in Figure 2.32 II«! based au thermodyuamlc dna obwlled from Green (19621, Sudl d aJ. 

[19(i9) ""d Challg d .u. [IOS9). hllberL " I aI [1997a[ dl.,.~reoed with Lhe crt'IIOl i!iOIIler l'QuilibrilllIl 

calculated from Stllll'~ datn [SILd] d .u., 1969] Imber! "I al. [1997a[ obtained experimental ilomcr 

L'<llli~brium di6l.ributiou.s at 3SO"C of 0 : p : m-crcllOl of 3ti: 16 · 48 over H-ZSM-a bUl ~rted 

H · 14 ." 42 fr<>m more r<."Cent work over H-\.."SY (d. Fi&urc 2.32). I\f.-a:I,tly Whringer ""d Flcl.cbeT 

[20031 has confirmed hilbert's d aJ. 11097>\1 resul~ and dlsapeed with the CfC801 isomer distribution 

calculated from Stull's tI 111. 119691 data. 
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,. 
'" • , , ,. • 

~ '" -•. , • 
~ •. " , 
u •. , , 
" 0.15 

0.1 " 

'" , ~ 

'" "" '" "'" "" .., " . 
TempaallM81°q 

Imb8rt 11\ aL 119911- H-ZSM~ 
Imbert et aI [l?OOO1- H-USV • 

IIll/"tmgeI and Flelcher {~ _ H_ZSM_5 
BOhr'roe' an:! AGICh_1200JI_ Ii<:'l~""'''' , 

. ' igurc 2.33, Th.".modynamic~uilibrium p/~ ratiQ (lillC'cak:ula.ttXI from da.ta by Gn:m [1%2J, 
Stull (I a1.[HIG9J. Cb""l! d a1. [19591, data poinu ml."8llured by Imht'ft d cJ [19~l7a. 
2OOOI11.11d BOhrilLg8" and Fl<'tdter [2003J (prcl1minllf)' &'11.)). 

Actnrdin~ to data. given by StuB d AI [196911~ equillbrium p/~ r&tlo cha.ngot wilh df!o 

cn'8I<ing tempmttun. In favoW" of o-lnIIOI (d. F"~ 2.33). Thla is rx~('d. FroUl FI,surt 2.33 It 

i~ cl~ly scca that the r'llios measun-d by hubert d III [1991.., 2000j pd OOhringfr and Flnct\« 

[ZOOO[ are much higher that ,Itng" <;aIculat<!d from Slu1l'~ d Ill. [19691 datL 

2.2.3 Methylation of phenol with methanol over acid I.eolite!ll, AI10 J , IImorpho n s 

silica·alumina aod MgO 

Table 2.8 gi,~ a list of author!! that h.&,~ stuwed the alkylation of phcool with methanol Q\"t'"l" Ifolitill. 

The reaction has been 6tudiOO to date O\"er zeolite. ZSM·.lt, Z5.\I-II. X, Y, Baa a.nd Monlcrute III 
~U as amorphous catatyfits. minCTal acid!; and io~chan&" nsins. Th., zeolites nprl.'lcm .. range 01. 

channel oiws ".ud dim"luioualilit'8. 

:2 .2.3 . I React iOll mechanis ms for t he alky lation o f phenol " 'ilh rneth~",ol 

lly studying the Uk'TBt ure, Parton et ...I 11 98911/ propolied lUI o,~raIJ I"l'lItUOn tl('twori< for t!lf> iJ.kylation 

of phenol o\w acid aud basic cat a.J)'IIlS. indudin& zeoI,tes aod unorphoWl M;lbds (lUch .. Alzo,. ~I&O. 

AlP04 M,d IdliC&-alumina). Th~ o\"<'TIlU n:actiolll'ctwork prllpol'Cd is in ~t with the m<'dlanllm 

Ma.rac ... ski d pl. ! 19S5) developed from III>(];'" on phenol lUt'lhylllllon O\"l"r , .... 10111 t.cid uoIl1<'S IIl1d 

AhO,. ~lgure 2.3·1 gi....,. the ov.-:rall ~io" Jl'o~hWllYlI~fa.racw&lr.; d oJ , 19881· 110.1"\"", Ibe .:hem" 

apJlf'&T!l qui t~ ]n(OnsiRt,'"!1t. LII·Substi~U\;o" in 1./11' C1'1:IQI and mN.hylllnl5oll' frll<1.ion w.. br>f'1l L&uomJ 
by ~far~kl ft aLjl9S11[ bUI Rppamuly not In the xylcnolaud dim("hyla.l>;IOI~ fraction (othc",,·irie 

tit"", would he 'wo pr«isf,ly dcfined h,nmf't"rl In Hod> frllClion only. uamely 2,·1- IIml 2.G-xyleool aod 
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1'nhle 2.8, Add l.eolltCl'l sud other acid C~l aI)'!It! applied 011 the «til phaae aJ.ky!ation ofpbeuol ... ith 
methlUloi. 

U-ZSM-5 
II ·Deta 

,..AhO, 
Nafion- II 

, 

I 
I 

II"II/HII-, HILA-, ll KY 
I 

I 
I 

I 
II -USY 

II ·Mordenne 
H-ZSM":' 

Na-, La" N;\-, II-Y 
H-Z$.\I-5 

I 

parti ... prfl'lSllJ'<e 

0. 11 
0.026 
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2) + CH,OH 

~ 

I", • &" CH, 

I", + 

6"' I'" 
'" I 

cr' "<::: CH, 

I", + 
",C 

C", 

Flgnrfl 2.:14: Ilell<:tiol) medll.niam of (he m~bylatitln ,l phtmol wIth methanol [Maraewsiu d Ill , 
1988J 

"1,4- and 2,6-dirn(·thylan;!j()!f). Ph<'1lol im'Qiw,<1 '""ith tran'lldk\hll.lOn rp&clions 11M bl'l!n ron~;rl..,.Pd 

Mil r<-;l('I&UI but igllorwl ali a prud'.ct. OillilPJ')'1 ptl~r form"t,,,,, ,. not coMhi<-r('d f"lthM" \\"hat is 

mlMinll \" this ,d,emp in particular, ill th .. importa.nt M'Wndary reaction of 1I1tl'maJ noar~"'Mflt of 

,.."""If' to (HTCIIOI (d, ~V" ~:t,~ I,t). 

2.2.:1. 1.1 t. lec;han is n. fo r the add call1ly$f.!tl formation o f nn iSQle lind cret!Ol. Tbf. mlp 

primary producu rorm~>d by ph,'DOI methylation ar .. arueol .. and CT<'!IQII_ A, <1.",,_1 U1 s.ctioll 

2.2.\. 1, clftOb ""d anisole are formal by II. 5,2 m~lII,iM1 from phenolll'KI mMblll>(l\, U ,howll In 

Fis.uces 2.35 and 2.36. Fipr" 2.:I!> Vllly Il10:.l--8 Ihp I"ornu.tion of t)-(1"etOl bullU. ana\osou! lIIeduln'5Ill 

can bf' drawn (or the formlltioo of m- and ~ 

M~t.h91,QI can react o .... r .."d catal)Ol8 t6 form dim~h\1 ... III!I"' (Fls.n.e 2,2-1). DIIII ... h)'1 elh« 

cal! 9l'alosow<ly ac\ as th~ al.ky1atul& &&<'Ill and M .... l'O(""'pl .. II ... ",""Iioll rnorllanj§m for ... ereoI 
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~ " 
CI\-O-Il • W--- ,~_b_" 

• 

• ><0-" 
-or ---

" 

~'ig"re 2.36, Mc!b~l.tion of I,hl'llol Wilh methrulol III ! ht fonnalio" of OofTe5(Ol via S,,2 mechanism 

1\ " ..,.. -<:i-II • H' ___ I 
-.~ CH, -Q-H 

• 

A 11-.... _eM, 

-or - -

" '-, I 
OI,-O--H 

V' 

Figure 2.36: lIIethylahon of pbmol with IDI!thano1 in Ih~ fonnalion Qf 8"iool~ viII Sr-!:? mech:lIli>l:m, 



Univ
ers

ity
 of

  C
ap

e T
ow

n

__ ______ cC~lcjAcPCT"E~R'_"'.c."L,IT"E~RA""TCU"RE"'_RE""V,I"E"W'___ _ ______ -'" 

~ " .. . I _-"--_ 
" - o-----Cf<, Ii --- " - 0-', 

• 

-W 
• HD--Cfi,-

Figul'fl 2.37, ~ It"thylali(ln of phfflol "~l.h dimethyl ether ill ~he (ormatioll of o-~resol via Sv2 mech­
anism, 

... -0.-"., -0-, •• 1 - ...... 1 

Fi~ure 2.38, Anisole rmrr!IQgeUl~m lo o-crewl on a M'Olitf" Ot01lswd acid ~lte IVenu\.(), 1WI). 

fotlll!Ulon with dimethyl elh<'f" !Ill Ihe alkylluifIJ ageu~ is 6hQWIl in figure 2.37. 

O>'er acid calal)"lLll. O-l\Ikylatio;m is kinetically prcf~ undl'! mild conditions 5(\ tb<.t a high 

"t'lf:Clivity to anisole 18 ob\.ained (d. Tbble 2.9) . (\I.'!!]lite its unfavournble thennodynamic 8uhility;0 

ooUl,HU"oon with t:rulOis (d. Section 2.2.2.5) . 

2.2.3.1.2 !\'Ie<:hanis IIl for the formation of o-cre$()1 from anilwle O-CreMI eM ~ formed 

from th\' UlonomoJeculM re;LJTangplllent of an~J" IVenuto, 1994) Figure 2.38 srur..'11 tM reaction 

mechllJ!.ism for the anisol~ rearrangcmcm to <l-CI'f!IOI. 

2.2.3. t.3 Mechanisl>I for the lsumerization of m·cr (>flO1 to C>"cN'$IlI and p-cn'801 via 1,2-
methyl shift A cre!II:>l isomer lIIay isomcrizt' to the other isomers WI ohown III Figure 2.:11. n..e 
r~tion mreha.uisru for isomcriution "ia 8. I ,2- to.,thyl shirt is shown in ~'igure 2.39 for lh" itr.>mcria.­

tion of m-cresoilO 0- and l)-cretlOl. Similar medlll.lUsm! can 00 drawn for tbe 1OO)llerizatiOD of Q-CTAIOI 

->1,<1 p-<;n.'Ij()1 

2.2.3.1.4 Mechanist)) for Lhe secondary alkylation of anisole and cr('SOls Ani 'lOko IlIld 

CTI'M)Is are partially tram;fonnt'd into ~l1dary prodllCI;/I via further alkylat ion, which can be ('ither 

C-alkyl3l.ion (llIli$olll 10 mClhylanillOlell , m"!I(l18 10 xylellCllll ) or O-alkylalion (Clewis to methylllllisoles), 

Ilcaction medumillullI are analo!"u, \.0 thr primary ~t('pIi. 
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Table 2.9: Typical Ole-alkylation ratios ohtainw in the m~lhyl"tion of p""nol O"tt di{ft'rf.'lll ru:id 
C;ltaly"u; uDder mild reaction Ciludiliolltl . 

H-ZS~I-5 

H-Ileta 
I 

II-Mordenit" 
II-ZSM-5 

" 

("C) 

180 
180 

-

partlll.l pressure 

-< -

ratio 

2 .7 
2.1 

5 
9 

2.3 
9 

1'1 

Figure 2.39: Isomerization of m_cm;ol to o-cr""'li (I) and p-crl'SOl (2) via 1,2-mcthyl .hift ~moot 
d al., 1997MI (electrou sJ,lftJ> indicat ed additionally). 
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2.2. 3.1.~ Sidel renetiouR of r(!Ret""l!; llK' .u.ylating ll&"nL can a15Q ~ with iu;elf (flo ..... thf. 

.ad wolite. For e:ulllple, methanol l'I ."U koo<nI to re.<:l ........ lICid zooIiu-. IChang, 1983; Laan and 

WlIfd, 1981; MOOe. ~I III, 19991. The pretl'DOI:! of melhanol :<ide-...... UoIlS in phenol a1kyLatillll taD 

ill:' a't'O by tile hl&her COII\"ef!Iion of methlUlOi tompved to that COrre6pOnding to too conwrsion al 

pbeool IDaJsama d aI., 198-IJ At lim, methanol C&I, undergo etheri6catkllilO form dim('thyl ('ther 

[<:baa&. 1983; I..aan and WlUd, 1981; MOU"r d tJ., I999J The l1!IIuit ing dimethyl elher, Jwwt.,-er, 
ill I'till a;v;ulable for a1kyl .. 1()tl n'Ktiofl!l, d. Secr.iOl1ll 2.2.21 and 2.2.3.1 IlIId F~ 22& and 2.37 

;o.lethallot and dImethyl ether n'IICf. aI80 10 form hydroarbotw [Chang, 1983; f..IOIler d ..s., 1999J, 

In addition, phenol can I\'aCI. ... lIh aoother phenol mol«uk and fonn dlphcuyi l'I.hl'f '''lid WlUI'f (d. 
SEction '2 '2 2.3 and Figul"f 228) I\'enuto, J 99-1[. 

2.2.3.2 Role of DrOIl$Ied lleid aillllJ IIIKI Le .... 1s IIdd nnd bRslc ",itea In t he methylation of 

phenol wllh m ethallQI 

For Ihe RlkyJatiOIl of phellol both anmst~ IUd Lcl<i.I add sitM aru cJlI.IlUed to participato in t he 

<.:8lalytic acti,-atJoll. Santaco.'!!lllia tl co/. IJ!l90bl "tudled the different typM of acid site!! by Il.!ins 

j'·AI20~ (onrong Lewis acid and bMlc .itc8). /{afiou· f{ (~troug Unlusted add all ..... ), !rilic .. alumillil 

(conta.t1lS strollg Bl'!In~led acid iIlt('ll IIIJ ~U u !..ewl, acid and baste site") and IGC!lClguhr.supported 

ph~boric a.:id (mL...tium to ""Ilk Bmnst<1d a.c:,d lliletl). React iorli ~re cllnit'd OUI at oompal1lbly 

low t!.!IIIplll1ltu. 1'S of 200 and 221'>°C, I'I'fIpt'(:tiveiy, Table 210 gh1!:l'J Lhe 0 C-A1kyJ.tion and p/o-cmtDl. 

m.ti08 found on Ihe dilfe .... ·nt catalYbt,. 

O",r aU tbe catAlyst'liludied by S~ d col. [ll19ObJ. at low refICtion lemptnuu!ft. anilOl~ 

".l1li thr major reaction product but the IOClcctivity \0 anillOle dl'C1'l'MCS wi lh iucrea&1ll& relICtion temper· 

lIlu.e. Bal38ubramanilln tI a1 [20001 ooucluded :hAt the decll!aiIe III IIIlI!OlO III.'Icctivlty wl lh illCT'l.'lllling 
tOOlp"talurn was due 10 the con\'l'fllioo of anooe 10 IH:I"l'8OI ,,·b.creu Santacesa.ria tI Ill. [1990"1 _ 

mgued lhis to the fact that C-alkyluion bAs II. higher actl ....... ion CIlCrgy (134 kJ .'mot O\'a" l""AhOJ) 

than O·alkylillion (61 kJ mot (fIo~ ..,..AhOJ) and 110. higher tempenluT'DII .. ill proolOte C-alkylal.ion 

In lerma of c.--.l i80mers, all Ql,wyztS Studied shcrwtd prcr"",,1Ce for o-cn'lOl 

~ • ..,.AI2<h, an 0 'Calkyilltion ratio of 2 was obtamed and In tennl of cr.oilaomen, l"" AJ,OJ 

I. hl&hly onho !ele&tiw (d. Table 210). Sa.tll~ ~llll.l l 990bI cooduded that this hl&b ortho­

»electivil} " due to the WIIphoteric char&cter u -y.Ah<l:J, ~I 18, a I.e,,' .. acid ii i " exilta adjllCt'tll 

to a Lewb hasic ~ite (Figure 240). P bCIloI mo.ocules will interacl "ith both by pvill&lI. phenolate 

1011 ahIIorbed on lhe acid lite and II hydrn~ ill! bound 10 the bill;;ic 01)1.', N ihown In Fi&ure 241. 

Tbr b)drogen ions formed ohould baV(' sulIicienl mobility to acl1vale the- methyl SJOUP of methanol 

Alkylltion at. the oxy&eo o r allbe riD&. ~tty alectiwly In the ortbo poIIi\.i.on, w,lI 0CCUt. Howe ....... , 

lbe authOR did !lOt detail the actual IlUbsc.itution $Iepl1. 

Tanabe II985J hypotbeS8ed thaI 00 • ba5ic .urr:u::.. till:! pbeuol Is ~rbed ~rpendiculatly to 

W c.talyst IlUrffa'. So the onho;>-pOfiitioa ill do6est to the Itlrfa.ce and hence alkylation .. ill occur 

III tlUl position SanlaceAria'~.1 01. 1199Oa1 rondtl.'lions compare 10 Tanabe"II985J regarding the 

ptrpI't1dkulat orwntat,OII ollUbruptioo OIl • b&ic site. 

Over NIlIiOll·H, whICh hIlS OtIIy Brunned nper·acid lilIes, ani.ote WM lhe maln prodlJ(l a&ain, 

w,lh eW'1I h"lM!r II'loctlvLly, and '" P 'o-cre.oI ratio of 0.$ was obtaioed ISantaCesarill .1 0/" l!l9ObJ. 
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Ta ble 1.1,0: O:C-alk)'lauon J"alio obWned from phenol alkylation wnh mtthanol m'l'J different llcid 
.it~ trpeo at 200"C and m·c (ph08phoril: acid), ~pecti,-ely. and "zero· Cl;>ntact lime 
I~tam~ parlilll prt'~,re IIOt Sliited) ISantacesaria et III, Imh). 

<r 

"''' • I i i -.-0-.- -A)-O-A1-• 
Blansled acid sites lewis 

acid site 
lM 

basic Slies 

Figun! 1.40: Amphotenc. c.haracler of 1"-A1203 ISantaceJI .... ia ~! aI .. t990bl. 

J: 9. 
·u-~ -. """ 

--. 
[ ---l 

Figure 1.". : Fonnatlon of anOOI!' or o-cresol O\'l'( adjllln'nt kwil: Kid (A~) and Loe,,~. hlUK" (D-) 
sit"", 011 't"A110, iSantllc.l':!<i1lib d aI .• 199Ob1. 
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l"'Jl..::.J . 0-
--. - -

Figure 2.42: P0S8ible reaetioll medillnism between two BIViuM adjare,,~ acid liLea Sa.otace;aria. 
d 01. [1990bl· 

Salltacesaria d al.[ l990bj explllllJed the product formation by h'O poaible mtchani5tl1~. Fitllt, a dual 

~;te m..cbanil;,n (d. Figt". :I.4:}), in whiel, the Ii ... t acid "t .. directly Itlleracu with the aI"O<nI\tic ring 

while \.he ()ther acid site strongly biuds the oxygen of the methanol. Note that l-'igure 242 ouly shows 

the mechanism fOT t he formation of p-<:resol IUId t hM similar reaction mecb.anu,DIB can be dmWII for 

the fOrlllatlOli of anillOJe and o-cresol. Secondly, II RideaJ mechanism, in wh"'" the reaction o<;curl 

betwoon Ihe molecules of a1kylating agent adsorbed on tile add site and the aromatic moJecuk from 

the vapOur plLase. 

O,-cr Bilica-aluminll both BtolUlt.:.od and Lewis acid sites are present. Anisole wlIS the predominlUlt 

product formed (DI G-alkylation rlltlO of 9). There "'118 strong deactivation with tim ... On·slrea.m du~ 

to coke formation over silica·a1wnina. Th~ p/o-crcsol ratio deere&ee8 with increasing deacti\'3.tion 

Starting at about a ratio of 0.';; at 2OO· C. Sant..cesaria ~t al. [l!}9Ob] uplain this decrea&ing p/ 1H:n)I)01 

mtio by seled.ive dl!llCtivation, 118 t he BrunsM acid siU:l! are regarded as balLg respon.sible for the 
dea.::til"lltion and the Le .... ~ ocid and bask siWr5 becQme more predomin!l.ll~ l1li !I. coJLSequenCll of .. hill 

poisoning/ coking of th~ Br~m.sted add sl~. Brons\OO IICld &ltd! intcr8ct strongly "itb the aromatic­

rllLg (Figure 2.42). Therefore , pflehOl ad8orptioll ill neYer veni<;a/ lUI i8 m the case of phl'llOla.le ion 

aclsorptiOIl (Figure 2.41) . For th~ rt'aM>n, ortho l!eiecth·ity is not promoted o\"er BI"01U1ttrl acid llitefl 
a.nd coke;6 easily formed. If the Bt0nsted acid $ite8 are widely &eparaled from each oth~ (due .. o the 

CQkmg) , Ihe reaction could ouly o<:cur through the Rkieal mtdlanism as dt.oscribed abo\~ ISlIlIl.l.CoMria 

oj al.. 1990bj. Since there are Jesr; Brolutffi acid sit65 due to the coking. the formation of p-aesoI 

d<'Cl"l'a3e6 furth~ 

Phoophoric a.::id hl\ll medium lind ""eIlk Broll8ted acid site8. Over phosphoric acid, llfi.90le Wall 

again the predominant product and II p/o--cresol ratio of 0.58 wall obtalned at 225·C. Sant.acee&ria et ai. 

{1990bj au ribulL'<l t his higher p-select ivity to "geometric fa.:wtll" in adsorpUon. It W!\lI aper::UIBted Ulilt 

phenol amorption "·aII strollgly effectt ... t by the presenQl.' of lILany adjlU:ellt hydroxyl. ou the Cll.lalyst 

surface. 

In summary, over Br~nSloJd acid $i tefl, Ute reac:tion lllecha.nism invulVfll Utal. the a1kylaUllg specie& 

adlsorbt! on the acid site, which l)rotoM~ Ihe -011 group. The adsorbed a1kylal.ing 8pedea eM 

~ith~ l1'act wi th the oxygen or with a c."U"bon on the aromatic ring. On adjacen~ Brunl'ted a<:id 
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siU)$, the ~d IlCid site may inwact. witb the &romatic ring. HOW'I. ... -er, an a10malk compouud 

adIlorbed On a Dn)llSt.ed Bite willlJ(l positively charged loud ha\'C tl'duced tl\L6cepllhility 1.0 eltctrophilie 

"lIad.. T1""clu,,,, ao.:Llnlil1S (1.1 Parwu d w. IHI89aJ, the cl",,(wf'hilic '''Ul1lati~ .ubstiLutio" ou Lhe 

p~ll()1 IIllll!t bt= 8""n <IS a. reaction bet"~n the ad80rhed alkylatin& agent and the free aromatic (i.e. 

oorrespOlldinS 10 the Rldelll mechanism). Both mechanisms y\'e risc 10 alUsole, 0- and p-cresol. 

lAlwili a(;id sitar. tan activate the alkylatlng asent and d~ phmlol by deprotonation of the phenol 

or jlJ8t by oo-ordination [Fl'&I!t and Lercher, 1\)%1 , Over Lewis add aud basic Bite pail'!l, the phM10[ 

adsorb!l diS80ciati\-eiy Oil the acid BIte Bnd the alkylating species adl!orbtl on the then protonaled basic 

site to produCt! the: protooa~ akobo!. Lewis acid Ilud basic !lite pairs giw high sele<;ti\'ity to o-ere>ol 

due to the oricmation of the adsorl:H:-d phenol perpendicular to the catalyst !nlrface. 

2.2.3.3 O/CalkylatiOll ratio and st rength of acid ~ i l1'8 

PicranUw:i and Xordquist [1986J explotl'd thl! formation of anisole ,ia o.alkylatlon ort'l" the follo",ing 

acid CIIlalyStll: Al~03, H·ZS)'I-5, Laa(HP04h and BaS04 at 300"C. They found tbat La,(HP04)a and 

BaSO~ ,,\:R' selecth-e catal)'lilB for Q.alkyiation (O;Calkylation rat ioa of 1i.1 and 9.9, respectiwly) . 

Ala03 \V3II found to y'"ll O!Calkylatioo ratios of 4.3 and ZCQlite H·ZS~·5 "'1\tI found to I!:iw a ~ 

O/Calkylation ratio of only 1.6. Picrantoz.zi and Non:Jquist [19M[ ooncluded that "'mk acidity is 

requ1l"<.,d to pre,."nl ring alkylation from octurring. 10 oth.". wnm., rillg alkylation n.~luires s\.rOns 

acid sites. 

Work don~ hy Garcia fI al. [1900[ apparently agrees with PieTanlOUi's [19U[. Garcia d al. 

[1996J poIsoDP.d deaiumim\l'ld zeolite H-Y (molar SiO,!All03 _ 40) by parlin! ion-excbanyng of 

too add .utes with lIOdium. Varying degrees of ion--exchange wen: used in all attempt to oblAin 

differeut acid 5treDsthli since the sodium WM MIlumed to preferentially poison the strongest 8'1e!. 

Cst.u~t5 were compared 11\ sbort linlC-On·strerun at the 8!1Jlle oon>'l'l""Sion (10% 11.1 200"C afle!' Hi min 

on stream), alld it "''!III foWld tblll the O/Calkylatlon ratio inCffilSed with incre~ng !IOdlum colllent 

(ct. Table 211). Garcia tl aI.jI996[ concluded from 1'- initial mlults that. ill phenol alkylation, 

O·alkyl8lion OCCIIni over wl'aker acidic sitfl'l (high sodium conlent !lample) while C-alkyhaion re<luires 

llip. pw.sence of ~trongcr acid ~itl'$ (low sodium COnt~llt 8IUnpl~). 11 0:"';('\'1'1", these diffewllt O.C 

alkylation ratioa were only obt.ained O\~ the \'t'TJ' fresh ca.taJystR 1.1' only after 15 minutes of tei\Cl.lon. 

Drawing OOnclldioll'l from Initial product samples obtained from reactioDII over beterogeDus catalyst'< 

(in particular ~eotites), can be deceptive. In fact, "'"Ill' the entire duration of the P.1<pel"inulIlt after 

the initial period (f'-"~rill1ents lasted up to 6 bours) and over a wide range of oonw'f'5;on (<;>btained 

during catal)'lit deacth ... tlon), there "''88110 difference II~ llil in the product. selecthitles l[1.li ~he anthon! 

empbll!li.z~. So, as !IOOII l[1.li the SBlIlple!l are "lightly deacd\'llted by ooking, the O/C-alkylatioll rQUOl'I 

wet(' tile same for all the CBtal)'ll1.8 (ca. 4.5, d. Table 2. 11) and "'~II iowl'r Lhll.ll th~ initial r/ltJ.Q 

obtalnod over the b1Sh IlOdiILlil content. sa.rtljlle (ca. 13). This contradicts. In particular, Rlnce the 

lsttet' mClin!, In tbe CODle:ct of the author's "'gume!!t, that cok;"g ln~8JJfld the strenSlb of silell and 

l~ft the Strong sitllS 8electlvcly wlail"ecteci. ilowl!ver, Garcia d aI. [19(l61 r.laimed that coking poisons 

the "stronger" acid sites prcferentillily. Thl"!Tclore an cwn hig~r O/C-a1kylation ralio shlluld be round 
over til .. ckan.iVl'ltoo cllt illyst9 than Over the fro'lb 01lCfl but thi5 is I)ot what WM ob!<erwd Q\U the 

partially sodium-exchanged s,'Ullples (d. Table 2.1I). 
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CHAPTER 2 LITERATURE REVIEW " 
Thble 2.1 1: The effect of partial .ooium UclUUlW' of U'O!ite H· Y (molar 5iO,/ AllOl 10) 01\ 

the 0 C-alkyla.tion ratio from phenol methylation with ,,,Milano! Ill. 00l1li11.11. pbH>ol 
conVffl;ion or 10% (,ia uifferent 5pace ' .... lo<-it'l'II) alter 15 R,;nutes on itrt .... and 0\"\'1" 

tile partially coked catalYII! (reKtanu partoal ~ure 0.2 bat) jGarcl3 tl '11., 1996\. 

CatalyaU XI. AI' T~"'fam 
0.03 Na H-Y 0.0).1 15 min 
O.·W Na· H-Y '2 1$ min 
0.77 Na H-Y 0.36 II) min 

All eatalYSIll, cokeU" from initial 5IIIlIpios to 6 boun 

• I'l"aIIumably lllOfilk ratio, autllOfli don't apedfy . 
• , l)erh-ed from a grapb in Garcia d al. [1996[. 

o · C~alkylatlol. ratio 

3 
7 

" ca. 4li 

Table 2, 12: T be O'Calk)"lalkm rallo from ph".,ol alkylation ,,·j lh methanol o' .... r partially dealu­
minatetl zeolite NU,-Y (reaetiQn temperat~ 200"C, !"Cananl p\U1la1 pre!l!lllre 0.2 
b4r) [Garcia d 0/., 1996[. 

"'"'" II 
ratio ammooia 

• Oeril-ed from &rapl,, ' n GlU"Cia d 01 [t996[ 

Gate,a d 01 [1996] obt-.inetl further ob6en-al ioll8 hy 8eleo;:li\'tiy poieoning deallllninateo:l Z<l(Il.ite 

H-Y "·1111 ammonia Md partially umorbin,s the .,.,monia Ill. different lanlX'Btutes, prior (01 libeno] 

alkylation ",,,h nlttluu,oI &1. 200"C (Table 2. 12). T h l"8,ulll ,,<en: interpnoted \n a wa,·, "'hkh nppons 
tlleir ilypo(het;is that ().aJkylallon ocrun on .. ~b!r aCId BIles uamely, tb&1. a bil-II degree ofpoiso.oinS 

(the rfIIIul t of low ammonia desorption tenperuurel prdt!l"l'!ntially affetlll the SlroIl8 .... .ad Stell. 

II elK"<'. only tbe .. -....ker a(id lit .. art left and bl'l"lal OiC.Urylatioo rauo III ~ 

~llU"QeWskl et ol. II9tSa1 deaJumhw.ed IIeOItt. II-Yby _ ... 11", and add ..... hln& (molar SIOl/AllOl 

rlllla bet_ I alld 29). ProdUCl yitlds ~ tfCOrd<'d, &I. a , __ ~ion t~mpe-&l.1lU of2OO"C, as a fullC­

lion of phenol ron,.".;oo (lMolow 15%) ~itbct obtained dUMng Caul)"lll dpao;ttYlluon or obtuoed by 

man,;ng the feed rate, at a W .... HIIHtrftm Allfu:iently Ion& £or the rau of cataJ.I"II.I. decay to be '"wy 

low. It""" found witb all the catalyalll tbat t hae t .. 'O lete of data pointe .. -ere 0lI tbe lam( cunw.. 

M~ d 01 [1%8] oondude lliat ~ on. ean mrpen tbe k id ceoterll to be I!iIIDted by coke 
CO\'ft"&S1 in dea:eaW~ order of add stmlsth, ~be ~I ... indICate that lbe lICIecti,·ily of tbe ~ 

does not depend on the str~tb of lloe iiie!'". Thill .. a dear CO/Ilrao:Iict ion to thp aboI·e, already 

qUl'Stionah .... sl&h.'mem. by Gan:1a d til II996J. Anotbef conclusion from Ib_ Mulu mit,bt be that 
in 1t-M'(Ililt5, part~arly on high silica H·UIOIilf8 orur:b ... tIee.Iuminated H·Y, there &no no &i~ of 
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ditfen'lIl IICid IItr~h or 111&1 IIIII': dilf_ ~ marpnaJ aDd mt!f,,'anl, 

As _ .. ,Ioned .~, Pie=lIoui IlIId Ncmiquia [19561 found differellt 0 / C-a1kylation ratl!», 

ind!<ftl, 0\ ..... djlferem .ad catalysI.S, but or '-ely dilfft"1!m. typo'! aod ~)' (hlferent IIT~gth of I he Kid 

~11ft (taJl&lhl from 1laS04 10 U·ZS:\I-!i). In COOUIOlll , ,b" ditrereace in lbe acid atftnllh of different 

...tt difft:'l1!lllly prarealed H-uolites a~ noI.ic:ably insufficm to inllul'TICl! Ille O/ C-alkylat,lon 

lrifaivity. 

2.2.3.4 Compellt!>'e 8dsurption of pl,enol and the alkylallntt agent'! 

There i. aIeo the poaiblecompIicatioll thai; phenol and Ih .. alkyLating I't.gent may comp·eUth-eJy adaorb 

on the acid silas. OVl:r Brllnsted RUB, methanol adaorb6 w,th its oxy&en awm, phenol .w.o.", wllh 

Ille rilll fef Filute 'lA'll, Tlul potiI!ible competili W' ads!rp'ion i.& Increased by molecular weight, the 

prteellCe of polariuble electron·rich w-charge clouds (tbe &tOmMie uucll'llll) Or by polar functional 

groUp!! (Le. the -011 group) [Venut<>, 19!HJ. 

PIU"IOO et Ill. [l!)89al compared dala obwlled. by Nanlha d al, (19801 and HauIlI d 411 198(1I .. nd 

.ial(od 1 hat lhe increat(' of I)hmol conversion with illCrell.'iilll methanol to phenol ratio, &II i\I\1aU11.1.ed by 

FJgure 2.43, would be evldC1lct of comvetitlv(! adaorplion of Ibe phenol and methnol on 'M cauJyn 
However, al COU~lIl.lIt prelitiure, .. moocimum reed ion rate iii alwayS achie'o"l!id witb an equilll()lllr miJcture 

of twu r~ams which reacl witb tbe ~ I"$;llOn order Tht r"*,,ion r!ok gradually d«:I.ill('ll with 

;",;reas1n, ILIi wdl (IS d~illl reftt\.anUI ratio. In thill ease, .. , .. m<:tha.ool. 1.0 phenol rMio of 4, 

the reaction r.~ illlt.iU lwo-t hirdi the <'quimol .... raI.f' (IlSIIIIml", for i_~ fimt ordrr in NoCb of 
tbe r<l3l:tJ\Iltl) bUL the phenol feed cooOClltn.ilon It 40% caly of tbe "lulroolac COIII:elltration Thill 

inevitably rftIUiUl III .. bi,gber phenol Q)lIlRImptioa than for the ..,unoIac minUM. T herefore, lho! 

o~ 'n(rl'aIIe in phenol con~n doeII IIOl. ;ndical.e all illQ"e&Sl! in rmct.ion rate -.:l IIUII. the 

ob!lf'r,'fld lI\Cr_ln we phenol colI,U1Ion with lnlnftSin& methanol w p~ rMiII doftinot slve &IIy 

proof for (OInpetl th,. adtiorptlon bet_n mdhanal lind phenol, u was cooclulk!d. by Panon d Ill. 

119S9aj. 

pjl't"~~ and NordqukoL [1986[ atudKod liJto cffirt of tbe metbaooll.O pbl'DOl ralio (molar ratiof 

bet_ I and 5) On aru.olt formaUon TaUII. 1'hey found that 0\"eT AI:103. mcreMIng iru. m~lwIol 
to phenol raUII bad no effect. on the aniIolt formetlon ral.e but aai!IoIe lIeIedivily iUlJt_d, "hlftl\l 

mow H·ZS~1·5 tbe llIIleoIe IleJecthily .... not ttJ"<o:1.fd by the methanol to phenol nr.tio but I be aul8Ol.~ 

fonn&tioo ,!!.I.e de::rea!ied l11p16ca.ntly witb incrtuin, met hanoi w phenol ral-io (from l.S mmoI aniIIoIe 

sJ~· h too.n mmollllliloole "'at · b). The !aliEf, ob8er\1'd over an acid l'eolile. confirms lhe aitLcaI 

addr_ of Parton', d tJ.. 11989aj col\clU8ionr outlJllI!d allO~ 

2.2.3.:> Coke rorrnation 

In the a1kylMion of plitool, ~lit C&l.Mystl conta;n;~ Srtnlltoo BCid siles alwayll deaclh-a.te by cob> 

Ul!p(J$il'on. SantarelariA 1.1 01 111l9Ob] de\f'I"Illluoo tliM cola:! fOrmMion O<;CUIlI 011 Sl1Insted acid 

lIit~ bu, not on I.ew"" acid sitt'll Ma.rczewul d 01 IIMS] .llOWoo tllM at Il &i~en con,"et8ioll the 

aeioct.vity obsef\"-ed O\w acid ~llt.,. r('I11lLlned unebangt<\ lrrel:ip«:t ;ve of how lhe oonn'l'IIlQn wall 
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Hfl(-V (Me) • H-ZSIA-5 (370·C) .. 

Figure 2.43: Phenol convendon ''(!JSWI the melban"'-/phen"'- molar ratio in tbe IftoCtloo 'If plleoGi 
with methanol on H/I<- Y at:l5O"C ill l be "pour ph""" after 60 min data fm., Namba 
dill. !1980J and on H·ZS~ I·5 at. 370"C in the liquid pbase &1\ .... 70 min <!ala fl'OlIl " aurI& 
el cU. P986!_ Solid line repn*,uta tbe modellins of pbenol (!)OWI"BIOI1 with ~I!ilianol . 
phenol ratio llIing an Q\-erallll«'ODd onl .... r"U exprellllion. 

reached (changed by rontacc. l.me or by caulyst decay), but lbi5 did not hold for amorphcul trilie. 

alumina, .. b_ cobn, WIllI found to chan&" -.loctivity tbro~ mangins lbe ralio of Bronsted 10 

Lewta add fil.al by teieclively poOOtUn& the Klrmft" (d. s..:lion 2.2.3.2) jSant8a!Saria d taL, 19'.lOb1. 

Il ... "/111 rou,id that air ~iOD (cuke burIH)ff) ..eLJklrtlLl thl! acid toolilt! cat.alysu to th~r inilial 

acllvi ty jJtmaud ~I III., 1986; Cbanlal d aI., 1985. Bcltrame d aI., 19871-

2.2.4 CTel<OI isom l'rR rormat ion 

II it! pOIIIIible to produor a very hlgh peromt.age of o-tt..oI iu lh~ crI'I!ol fraction OYI:'r basic call1l)'llllL 

(sud, l1li MgO) or amphot.eric catalysu (aoc:b ... Ah03) jMM:ZeWSkl dol., 1988, SanlactlUlia d 41 .• 

I99Ob; Boock alld HU4. 1997; LfII! rI /J., 1998; ell"'- dol. , 2000; Fiege and flarer AG, 2OOIJ. Fe, V 
baaed calal)'llllL exclUlllvdy fona o-lIUblitituwd plJenola (o-CTe!IOI and 2,S-xyienol) and no aniILole jFiege 

and DaY""" AG. 2OOIJ. bllt thlollll. difl'i!n!nl reaclion mMlanllJm. Howt'V\!r, the major disadVlWt"l" of 

this ~ loIsubon.lIllal derompcaition nr mcthannl (10 H, Mil CO). Add CI\t.a.l)'llU naually produC<! 

bolh CI-CrIleOI and p-cneol all ~llllll m-croeol (und~r llevera reactioo condiliOM in partiQIhu). 

~Iy llelective Rynth_ of m·m.'LIOIl\nd p-cr1SIl r",p~~:liVl~y ia d€ll!ir~ble due to the high 0llL1 of 

!leplLfating thell1l i30m ...... m-Crood and p-creiIOl hllve Vel'Y dOle boUtllg point. (202.2 and 201.9·C, 
relipoclivcly) which 1l1<'aI.5 lha.i. the two ill()tlle" canllot be sepllrllted hy dlllt illllti{)ll ocor.nmically 

but n~ fr-ac:tionat<'tl CrylItalliu.tJon, ~1"J)lilm aeplU"alioLt (CIUleX I'fI)Ce!III) Or derivl\ti&!.tion by 

butylatiot. with lIIob\JLene before belng eepatl\ud by diatillntion jFJcgu and BBytr AG, 2001J However, 

a mixturtl of 0- IIml p-<:reIIOl without m-crlllOl oould l'&l!iJy be U'VfLlBll'll by distillaJ.ioll as theW bothng 
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Tltble 2.13: f~~~;r~;;;~.r~O~;$~'~;"~'~~:~'~'Oi;'~' ;PI~''''''':~.~''~I;~~'m~;~~th mahanol 

\.eIIlpenuu~ COIIvmDo:n seI«:tivity ~ 

(0C)" (%) (%) (%) 
~ 

(%) • (%) 

points differ by IO.9"C. Sudl a proces~ may be of llCOIlomic intet!!!t If p/o-cresol yield! and .atiOB are 

sufficiently high. 

ExclusiVl'ly or nearly txclusi\«'ly onb!»ubammed phClloia an obtained in II "cJlII,duJ" c.rganie 

reaction syStl'lIl (Venuto [1994J. without EpOC,fying wh&t "cla/i!jjcal" reCcr~ to but probaWy meaning 
Friedd.Crafl.ll UtalYltI l)"Stelllll). wha-e the atta.eking ei«trophilo III complexed or otherwiae _od. 

atto:! MW the 8ubadtuent already on the aromatIc rin&. The elKtruphHe eM thtn e86l1y be (Uldlrl 

into Ihe adja.eent onho poIit,oo (cf. below). 

ZroIitN 1l'Dd to ghoe a mixlUH' of mainly ortho and ])1Ira-IUhilituted phenol&. Over IICld catalysti 

(mica-a1mnin&, tI-ZS~I-!i and II-USY for iu"uUlce). at low tetnptr8l.UI"e8 and COOVl'TIIIOILI « 13.!i%), 

the meta-iIomft of ~ (the thennodynamlcaUy favoured Isomer) _ found to he absent ('!'aWe 

2.13) [Parwn dill., 1989a[, llleani.c.& t11&~ p-ctt8Ol it forcnt<! dUettly under ~lectrophlUc iub&tltuti<m 

in the para poa,tiooa. rather Ulan by IUlM«jUeut lIfomeriution of an initially formed onllO-aikylllted 

product .. ia 1.2-mrl.hyl 9001> lllun [Beck and HUI, 19911. ThiJ iI 86 txpeocted as the hydroxyl group 
of phenol i5 both 0- .. nd p"" direclilll (d Section 22.1 3) The rI!IRIllilll p-cr~ frllCtion il of high 

prilUlll1 punl)" (cf T .. bI~ 2. 13) , AI hiper coove.,iona, nKtl'lllDl WIllI obtained (cf Table 2.13). 

St.IoliRk&1ly, a I'(~ ratio of O.!i II ~ted from phmol a1kyllllioa, lince there it one para 

pOSit,OlI on the phenol nn& bu~ two ortho pDIIt.i0n5. SLiIhll)" lower ratlO5, Mound 0.4 or lowe-, an! 

oblAmfd at equilIbrium b«weeo u- tWO iIiomenI in tbe Jiven ternpenltUl'e range (cf. F~ 2,33), 

Pi o-Creiol , .. 'iOi in thil fIII"~ (0.4 - 0.5) an often oblerved 000·et" all kind.! of II/:id cata/yJUI Icf Table 
2.14). 0 __ :r.eolil.el, p /o--eranL raliOI can OCCMIIIIIAlly be found lower but _ often IOmewhat 

Ilgnillc.antly h!&bc!r. 1Mre are varioWJ hypot'- for the lower and hi&ber pi~ ratiOl. 

2.2.4 .1 Low p / o-crt'tOl ratiOll from phefl(ll methylation 
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Table 2.14: p/ o.Crcsol rsti06 ooulin<l<l from phell(ll methyllllion ovm- dilI'cr('tl! catalYllts. 

'" '"' H·Y 300 

'"' '"' '"' H-ZSM-5 ( 300 
II-BelA 
H·Bcta 
H-Bet.a 

" 
H·' '" 

'00 
'00 

'" '00 

• Brackets indicatc S;O~/ AI~Ol molar r.tio of .eolite cat..!)"titr. 
., n'ese catlliystll hllVl! very llmiled llfetimes, 

••• Rc.ctlUlt pattilll I'I'l'$O!UI"I:' &re given iu Table 2.8. 

0.51 
'.88 
0.83 ,.., 
'" 0.61 
0.61 
0.39 
O.M 

'" 0.61 ,."' 
, 

0.49 

0.33 

0.71 
1.73" 
1.&>" 
LM 

0.53 

0.67 
0.67 ,." , 
,." 

" 
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'('llbl .. 2 . 15: Pbeno] conversion < 20 %, reactautl partIal 

\Iordt!lllle, Il .ZS:.t·(j IIn<./ AI10S a~ ZOOOC (cf TalM 2_ 1 ~). WiLhin the ~C11 of II-Y &ampl ... "udied, 

tho l)l.;cr~1 rllilo docreoW!d over tho most. dca.luminatod sample.. Thia dco:rea"e ..,.. linked to the 

Illunbcr of Mid J11e.ln the ~petCll&c of II.Y Muaewsld tlllL [1!lSS] po&udated thill para--Brk!ctivity 

rrquiroo morc 111M one acid Blte;o the ",.perc ••• 1>CreM U·Y (59), whH:h bas only ODe or _ acid 
~ilel per IUPCK~ge on &vcnS!-', would lhcmfOJ'l'! have II dacn.uOO p/o-crl!lOi ralio. HO'II'eVt't", Ihis 

cQ!\tr""lilu to the dlltn p'lCll by Parton d til. [1989aj and NlLlDba d "I. ' 1980] for ultn-&lable and 

pll1tinUy alkalI exdulllioo Inmpls of lA.'Ohte Y (d. Table 2.1 I) where the 10'l0I acid site density u.OOl.eI 
{H·USY, II ~ .. Y and H K.Y) had the Iug.IIt'IIt p_'~ raUo.. all gmlU>r than \. 

Mar~aki dill 11988] obtlervtd lhat both H·\lordeoite and A110, fonnt!d I!XChlBi~-dy o-cRIIOI 

(d Table 2.14). The lauer \I; eommonly ~!MY A11O:J (d. 'n!.ble 2.14 aIld Section 2.2.3.2) but 

the aclusj.". fonnlltion of ~ OYI!I" II-llordenite IS qu.iU! unusual (d. Table 2.1-I). O\'CI' AI~03, 

tbe leIectivlty \.I) ortbo-alkylatHl1I multi bo:! fac:ilit.al«l (at ,..Jatively low It!lllperatUl"e) if pheQol "'all 

... -eakly ~rbed perpc'ndiclliarly 1.0 (00 caWyst lUrl'ace by H-bontling vi& ita OIl-gQUp on a Bite 

adjlW."ent to the adsorbed alkylation ascnt (d &.:tinn 2.2.3.2 iIlId Fil1ll"e HI). Tile exclusive onbo 
~l\'i(y i:I H-.\-{ordcnile ...... uplamr.d III tcrtnll of ita "IlarrotI. pon.- [.\larczewakl eI 01 .. 1985j, 

",Iud, mil}' caul!! !.he diffll5ion IIf phenol .. iI.h thI! long a:m paz~1 to the cba.nncl (Figure 2..14). Til .. 

ronfigurDlion may favour OI"lhlHllbitimtioo. Note th.1Il approacbing with 100 "rear" end expOIieS the 

ID-POSIIIon to the IIlborbed a1kylaon, asent (which is fill" laIII roIICtivo), not the p-pOllilion. Other 
papt'lS. bQ..,~, ~ibe quite high plM:faiOl 13tH:. OV(!J II-.\Iordemt.e (for example 0.77 [LDildali 

dol, 1m d. 1"'abIft 2 I ~), wWch questions thlllMfect of IIIl1!dal orientation in Ihll pore B)'lII.I!m. 

Maraewskl tt 01. [1988[ abo IPflCIIlated tlI3t tILe high SiOl/AI~Ol ratio of tim H-Mordmlt<! 1I!1OO 
(136) could 111110 effect the p/o-cr('801 ratIO simlll1J" to the highly del\lumimuc-d H-Y. Landau'. tt 01. 

[19971 H-'\lordenlle, indeed bad a Si~/AhOJ molllJ" ralio '" 17. 

"muto ~j al [19661 found low p.lo.l"lIti ... (below 0.33) for the el.hylMion of phenol O\"tr rare-earth­

v;cbanged zeolilt! X at very 1011/ tcmp<!l"atUfell « IWe). It 'WII8 p08tulal.0d I.h~t thUI may be dlM'! 10 an 
initial O-WylatieD to form pbenyletbyl C'tber, which SI,llecqucrrtly 1l'fI11111lgol \.0 form o-eth)"lplleDol 

The mechanism suggested for this rearran~ment iii anal~ to the moclwlIlm IU~ for !.he 
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77 b:. __ ??J?7 

.'i«u1'1! 2.44' Hypotbffiized orientation of _ phenol molo:lNle in ihe H.Mortieuite cballuel 'YIlt"", 
leading to high o-l!eIectivity [Vellu lo, 199~ , MIU'CIew~kl et c/., 19881 

anieole ~I!lJt to G-£ftSOI (d. Figure 2.38). 

After inVll6tiptins the alkylation of phenol with anisole, Deltrlme et aI. [1987] produced an 

explal)lltion fOf tbe "low" pjo.creeol ratio of 0.33 OV'I.'J' II . Y pr(!viously obt.ained by mernben of tbe 

lI&rlle rcose&rdJ group IBal.$aJna d ai, 19841. Bcltrwlll!. d !d. [l987[ obtalued. Illudllo.-er p/O<I'eIOI 

ratio (0.11) from phenol alkylation ... -jth anisole th"" fr(lm I)bmo! alkylation w,tb mct.haool. (0.33). 

Beltr",ne d c/'[ 19871 hyPothesised that fOf acid catalYlltl! SlToQ.3ly NIaorIxd IImlOle, wbl<:iI. formed 

lu the phello)! methylation, relICti! with phellOl frorn tbe gu pb_ by II Rldealmedwlltlln . ThlI would 

mabie the hydroxyl group of the pbenol \.0 interact with the acta ...... ed OX)-seD of t.bo abIJorbod aniaole 
that would bring the ollbo poIIition of tbe JlbeDol cloeer 10 tbe luethyl group. n~ the ortbo pos,tlon 

on th~ phenol would be morn IIttI':!I!lible to an att.ld: by tbe methyl &TOup from the anlllOle than Ihe 

plL!'1l positiOn. 

Venllto d I1l. 119(i(j1. Beltl'llIW! d al 1I9S7J and Jacobli et al.I I9881 hypothee.1Ied that lI..IIieole II 

all iUlt'rmediate io the fonnulOll of 0-atMI. In ZSM·5. ~ ill fUgetted to fonn d.nctly fTOOl 

anieolc since ", pent_I.e tbere ill II. IOll>pnmlion of bimol...cular Il'III.1.lonti jnvo"'ioS arolllatlc rlop Le. 

i< 1U11j)fC88;On 01 transaikylaliOfl reactiOll!l IPart.o:o d al., 1989a1 Tbcrdore, the tr lUlllfOl'lnAl.ion ol 

ll.llitole 10\.0 o-at'lSOI would oeeur iotJamOlec;ularly. Ttu.. hypothesis _118 fb'MIOd to tlIl'lllln the lower 

Pi~1 nllio il.l ll ·lS.\I..a 0-- ~jt~ H·Y {p '<>-CIUIQl fl!.1I1l1 nfO.53 for H·ZSM·5 versus 0.71 (Of 

H·Y at ZOO"C.oo low roll''tnliolll (Tlbl~ 2.13)). [I()9,"f!...,., "'" di&C\Lllled abo\."f!," p/o-creeol ratio of 

0.5 jUS\ ,dlt'CllI the StatililicaJ. probabilitiee. of 0- arod p-alkylation WId iii clO8I' to tho allghdy lo .. w 
thertnodynamic eqUdlbriUbI 1'&.110 too. 

AI'PAfmtiy 1110111 .. utllon reprtied p/O<1'IlSOl rati08 I'(ouod 0.5 or II(llficwhat lowl.'l' U 1IOI1I~lhillg 

unexpeclC\Uy lpecial th .. 1 rfqlllred spedal exll1a.natlon IIlId thiB gaw nBe to II. Olultlphcity ofhy?O!h_ 

explailling why the eeleetivlty tn o:K'I'fIIOl is...,n high, or roovllrIlcly. why p!o-er08Ol rlltJoe "'''f!Nl often 

far bdOOl" I ~ authOT1. apJlaI'.mtly. have "'-enoeen that p/o-crntlOl ratiOli II.TOUnd 05 tooTeJPOUd 
to oothing eb~ bUI the trivial. IllLusticaily expocted distribution of these two llKlUlen in I Idnetlcally 

ronttolled phenol methylattou reaction. when the rtlI«:tivity of both lhe 0- and the P"J'OIitiOOll II equal. 
Somewhat 1()\\'Cr vuluCII lllce! the tbl.'l'UlodYllalllic equilibrium ratio of the P" and \.he o-iIo:"CI in tbe 

t~Iol'l.'I'aturo rlUlgee. Inveet.lgMoed (d Sccti(lll :.1.2.2.6). This iodividual equ.ilibrium could lIIlIabI.J.h vi .. 

trllllsalkylMloli wl lh reactant oolUllOllcnt pLeuoI , ~JlI, poIIIibiy, io pe!ll..,b and Mordm,te. 

2.2.01.2 High p / o-cl'1!!lOl ratios from phenol methyiatiQn 

Iu COlllpMUg I'hc,lOllllethylrotioll {)\'CI' the bl&h Si02/ AI,D3 ratio D.'OI.ites H· Y (59) .00 H·ZSM·'!' (98) 

(d. Table 2.15) , M~kl II al. 119B8I coDCI.udco:l that H·ZSM..a sho-oed enbanced pa,.....~'vlly 
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(pIG-cresol ratiQ of 0.56 vl'l'IIU& 0.33 for the 11-Y (59) sample) due 10 product ~hape 8I)iectivily wbicl, 

would fa,'our Ute dt!!l<lrption rJ. the linear molf<:ule. Howe\'er, the ratio ohllerved over the H·ZS~I·5 

corresponds wmou to the Matislical ratio of 0.5 and lh~ low SiO::!/ Ai20 3 ratio Salnl)lell of wide p<ll"l' 

zeolite II-Y prodUroe<lllllll\'eO higher p/<rrat.;o (d. Table 2.15). 

AIs can be ~Il from TaWe 2.14, there am variol1ll cataJp.ts tbM ha,'e Il pIa-cresol mtio II.bo<.'e 

0.7 at>d even some ahO\'U 1.0. Tlilil high p/ O-I;rCSOl ratio has not been di!l(:US800 in the respective 

publications "" the main fOCtlll in lit .... ature has been on tile explanation oPhigh" g..creso\lel"Ctivity, 

i.l'. p/o.cru;oi ratlOll < I as discus&td io the previOUII !!eCt;ou. 

Studying Table 2.14 ~hOW6 that the highest pIG-cresol ra.tiOB (greater thlll! 1.0) WIlT(' obtained with 

tlul additinn of. sodium Or potassium cations In the zooIjle framework (Namba eI III. , 198(1, PIlrIOIL 

el .. I., 1!)89a]. Namba d aI. ]19801 concluded that moderate acid Rites (-3.0 ::?: flo ::?: ·8.2) on :reolite 

H· Y are adValltBgOOtUI to produce p-cresol (weaker acid sites produce anisole and ~tronger acid Sltl'S 

allow SIlCOlldary rcactiollll), HOWlJ\.-er, Namha d Ill. [19801 did not explain why ~he modcrlItc acid lite! 

preferentially lltoouced. just p-cnm and 1I0t O-CI'C:SOi. Also, these catalyst have a very limited lifetime 
RIl the phenol QJII\'mlion \\'IWi foulld to initially incrca.o;e reoching a lIIlIXimum (approximately 2Z% ove­

H/ NajK. YJ after 60 minutes thereafter docl'O)lLSing wlU"ply (10 approximllwly 3% aftCT 120 mInuteS 

over n / Na/ K- Y). Corro!pondingly the yield of p-cl'll8O! a1iiO re&:hed II maximum and thereafter df!­

crensed lIS the conwrsion deerelIS('(]. Namha et Ill. 119801 wmparerl the diffcrelll de~ of exchanged 

at t.he muimum yield of p-cresol and not at quMi-st.eady !tate. These clltalystll are 1I0t commertia.lly 

viable due to their atroug deactivation Similllr cot,,"e!'8lon curve. were found for di5JIropartionarian of 

tlhyltx:nz~nc which was att rillllted thc formation of higher llikylated amm!lt.iCIIl<Uch lIS polyalkylatoo 

diphenylethanes in the pare B)-Stem IMabasa, 2000; De \'011 et CII., 700'4 1I00000cr, Namba et al. [I!ISOI 

ga'·c 110 reference to the material halaru:es they obtained in the phmol m~thylation r@;>Ction , thcTdor~ 

it can jUllt be sp«ulatoo that the convttSion Curvell could be due to the formation of higher alkylatoo 

prOductll. 

Th() p/o-ta(iOll obtained OVI!r d~alulDinate<! H·Y 7.OOIite and H-USY, re;poctiv~ly. ar~ strikingly 

IDCOD5isttnt . Table 2.1·1, for illlltllr'ce giVl'II l.54 O\'er M-USY (40) jPnrtau d Clio, 1989B[, 0.62 aver 

H-USY (9) [Parton el CII, 1939bl alld 0.33 O\-et" II-Y (59) IMatClcwski et III., HllISI, all oblained at 

200"C rt"l"lion temperature. Parton e/ CII. 119ll9aj state tbat lI-liSY (40) Wall a comm~'l'Cially obtained 

samplo from Toya Soda. and H-USY (9) was steamoo but no steaming conditiOllll aN:' givcn or Wl\I; 

auy cbarllCtcrizat.iCn details on th(l8C tWO zeolites giWII. PartO,1I ell1l. [1989aj attributed the higb 

p/o-cresol ratio an the II-USY (40) due to ita higher acid 8trCDKlh, which prarnotl'l'l carbon alkylation 

over oxygcu alkylation giving a higher pta-cresol rMia. H""VI""', Marczf:""><ki el Ill. [1!J881 uacd " H-Y 

with a even higher Si02/AhOa ralio than Potton elili. [1989aj and abl&.i.ne<! a low p/o-crcsol ratio. 

II W1Ili not possible to compare tlnIC cataly8tll &'I already mentioned Parton d al. [1989bl did not give 

any dctalla an Ih~ leolitCJI. 

Owr th~ H·:reoliletl listed in Table 2.14 the r llllgeB of p/a-cresol. rati"" abtBinI'<l in Ihe temperature 

tal~ of 180 - 250"C were all follows: 

• H-Y 0.32 ~ p/a-crt'BOI ratio ~ 0.11; 

• H-USY MId H/ a1kali·Y 0.62 ::; p/ a-aesal tatio S 1.85; 
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• Il-ZSl>I~: 0.53 5 p/o-crolOl ratio 5 0.61; 

• H_ZSl>I_II: p ~ ratio OliO; 

• H·Bee", p o-<7<'MI ratio OM; 

o 5 p 'o-aelO! ratio ~ O.M 

/1.8 mnltlomd &lJ.ao...., then! is a. large r&n&e ill p.·~Q"OlOI ratio obtll.i nil<! 0\1)1" 11_ Y zooUtt:'l!. Shape 

scleo:thity c:aa be ""dudfd as a poMlbJe rl)allOO with tb_ 6paciOUli m/Lterlala. It ""all ~ugK ... ted th.&l 

the d,ffCn'Dt piO-nniOll obt&inoo Q)u1d be dlK' to the rallge of 5102/ Al203 ratlOi applied but arnilable 

data appean; inCOll$istl'Iit. Thfl mOlll n:mll1AAble p/o-ouol rntiOl, with v...IUelI ..,ound I aIld up 

to a1ln01it 2 "'we reported, oornri6tmtly by d.iffcrcn~ rt'8Card> group!iI, over partially allWi el<cbangt'd 

1«I11te H-Y and I(llUe samples of 11· USY (TB.blc 2.14, FillUl"Cll 2.47 and 148). AU thClie ..unplCli migbt 

('I)ntlUIl l.\:owis add sitCII, be they Introducf.'d by the ..J.bJ! or by the ClIu"i~-fram~rk alUlIllIUwn III 

the Steamed 811lI1pl('ll (II -USY) (d". ~"tion 2.1.3). 

The dilfcn.."Cl'lI 0\1)1" the H-l> lorden.i11!li may be due U) lbel large dilfereooe In 510.,/ Ah<h ratioa 

lIB dJIICU88Cd llbo,-e In SectiOll 2.2.4.1. pO-CreIOI ratioa wblch are In81&flif'icantly higher ooIy lhlUl 

0.5 "ttc reportt."lI from phenol methylation IWl'I" UlC'diwn pore size leoli'ef II-ZS)'I-5 and Il-ZSl>I-II . 

Shill)!) kk'CliVll cifeaa, PPf'UCIltly, WCf\" "'~, if pmIeIl~ .1 all, 0\1!I" the lampie8 II8ed and al the 

COlldlliODJ applied. 

2.2 .<1.3 Cre501 isomcrizenlon lind transa.lky lallon 

1'00 thmnodymuni<: equilibrium. di5triOOTioo of Ihe <:I'IiIIOl isoInl.'n ill p.= in Seclioll 2.2.2.6 and 

f'iIuroII 2.32 aud 2.33. The thermodynamit:ally avourod iIomt-r ill m-creeol wllcrcM p-aMDl. ill ~he 
Jeu~ IUllk- one Il "'. found lbai r.re<OIs isomerize by 1_ major routes. Fintiy, diroctJy b).' a 

unimolec:ular Isomerization ";' a 1,2-melbyt shift (t" igul'l'll 2.31 and 2.3'.1) 118 lugested by PllTton 

d al. JI'.lS'.JaI; Chen d al [199(jJ; Imbt.>rt ~j aI. JI9!l7b/ and Imbcrt d oJ [20(0) A le!"Oud route i~ 8lao 

VOMIble. thal II isomenzatiuu C&!l occur via & tTaDSBlkylBtiou reartlon (Figure 245) Ilmbcrt el oJ, 

2OOOJ. Thill bimoll'cular reaction TM)' occur with phenol in .. lingle step lUI ~hown m ~'igur~ 2 45 (I), 
(notl' thlll mud! phenol II present tn phenol Jucthylation reaction mUrtUlUl all part of th, reactanu) 
or wilb allI)I.ber ae.oI molecule ,n a two J;tep re.\Ct;Oll (FigUJ"f8 2.45 (2) and 2.45 (3)). Over Il_ZS~I ·5, 

hnbert d al. j:lOOOl and BOhTing<'!" and F1etdleT [2003[ found IhM isomerization by 1,2-methyl &hift is 

dOiIiUlIUU as ulUl8illkylatioli (a bimolecul!IT reactiOlI) is bmited by the lpace ",-ai!ablcl ncar lbel Bcid 

Ji~ and by the acid aite dClwty, O'"CT II-USY aud other large p-ore ~eoIitf!ll wllh & higher add .ltt 

deuslty, the lnulS81kylat!ol1 reac:tloll ""lIIJ found to be more signific:ant 

2.2.5 Efre<:t o r I"1!Dction parameters 

2.2.6.1 R~a<; t lon lemllerlltllrf! 

The reaction tcmptralurt' hlIII ~ .hown \.0 hm'C an effect 00 the O--alk}'iMioo C-alkylatlon ratio 

and (Ill the erCllOi il(lmet diluibuliou, Figure 2 46 Ibows the effecI. of illere>U;ing read-ioa lemperature 
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• II) • 

, Cr· • a ~-(r~ , 
(2) • 

-, 
, (y" ~"~ " • • • IJ) 

• 

, 
Figure 2.45: CrC\lOI isomerization via traJ15alkylation with phenol (I) or with another cresol molecule 

{2} • (3) . 

from 200 to 400"C o\w II/ K·Y and H·ZS~I·t. [Parton .1 ai., 19S9aJ. Firstly. it is "'WIb noting that 

pherllli amv\.'llIiun inctea8(l8 w,th inCFl'38i n,o; tel'lCtion tempt;!"ature althou,gh only slightly qo.'er II/ K· Y. 
Secnndly, inCIeMdng the reaction temperature decreMeB tbe O/ C-aikylatinn ratio. At higher reaetion 

temp('mturCOl , Ihe C-alkylatlOll prodUctlllllC favuurl)(\ over the O,alkylatlOll reactIOn product , ntiB 18 

in agreement with Landau .1 ai, [1991[ (eL Table 2.16) who (:Omparoo O/ C-a.l.kyl .. tioll selectivities M 

different !roJ.p('m!UN!8 bnt simih .. CMYI:l"!lion •. Picr;wtom and Nordquist [19SfiJ. Santacesaria et ai. 

(l990b1; n .. utista <I ai. [1993[ al:io obtained .. decrease of the DIG-alkylation ratio witb increasing 

reaction temperature but 001llpamd experimental results ill diffen",t COnl'ffi"SiOIlB (d, Table 2.17). 

Ba/Mubrnmauia.l' . 1 aJ. (2000) ooncluded th .. ! the deerelllill in a~e IIClectivity with incrf'ltsing rea<.~ 

tion troJ.pcrntDrl) Willi due 10 the Cl)nv~r8ion of lLIlisole to o-CI"ClOI whereM SantllCe!!atia d 01 [1990b1 

IIllribnt\ld the increaoo in tbe C-alky1ation I!Iell!ctivity 10 the bigher Bcti, ... tKllI energy rcquim:l for C­

alkylation (1301 kJ / mol \'8 61 kJ / mol for O-aikyLuion). The latter may hold at iellst for low reaction 

lemperaturOOl (around 2OO"C) since sel(!Cti,~ty was fom,d illdcpendeot from coll\'er8ion '"lder 8uch 

mild conditions [Marcze1\'Skl tl ~I,. 11188: Garcia el ai. , 1996[ (el. ~tion 2.2.3.3), 

ll,~ effoct of the reaction IC1IIpemturo on the cresol 1$o1ller distribntion is tba.t the !lelectivity of 

'n· a.nd p-cresoi ieomelll incre&8ell with increru;ing reaction temperature a.t the same oon,~rsion. "'l 

shown in Table 2. 16 [l.andau et ai., 1997J. 

I" IlOlIIe I'Bpelll, the inHuellce of reaction lemperature ()lI the product selectivi ty ill illterwrmectoo 

with the inHuenoe of phctooi conversion. Parton.1 as. [1989aj 5I.ooied the "effect of temperature" 

On the p/<>-erel<>l ratio o;Mli" diff~et,t catalyalo I1S shown in Table 2.13. A critical analysis of these 

pJo-eresol raliDli 118 a functioll of phenol OOnver&iWl and reaction temperature is shown in Figllftll 2.47 
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Figure 2.46: O,lIwt'rGiollllI\d ani:.ole/creeol Ml.LlO '~I'5U1l'('a(tion trmprrature f(jf tbe mt'thyl~li"n of 
ph~nol ",; tll melbllIld_ (A) II K \ ' III the '"3j)Our pbase and (0) II-ZS~ I -;) in tbos liqUid 
pllMf' (corulmrath~ drawin, by Parton dill 119~9a1 fmlll data rt'pOltM by Haun! 
d ijl. \19861 (A) and Kamila d 0/ 119&J1 (0)). 

Table 2.16: TCJJlPl."Tatllt~ elre(t on prodlK't foI' l«tivit) for thr mf1.hyl,"lon of phenol "~Ib metb:lllol 
ovpr I,eolltr H·O(ota (reacu.!n~ l)Vtilllpr~uff' 01 bar ) ILlIIIdau d 01,19971 

• Phrnol (I')t1Wrsi(>llS &1 300 lUll! 5OO'C all' Almn~r rlI'" to ~tI'llSI\'" 
Cat.aJ)Il>1 dl' .. ClIl~ltH}II at 600'"C, 
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Thble 2. 17: The dfed Qf ..,action t~mp!)nlturn ILIId pILmol oonvtnioD OD tbe DI G-alkylation ratIO 

.-atio 

300 .. • 
3SO , .• 

I 

" oi [1990a) 700 3l1.5 0 0.03 
.00 '" 0 0.00 

SHiCIPalumlna "" " .. 0.5 1 

"" '.0 7.1 0..17 
300 8.7 2.' OW 

Photiphorlc acid '" 1.6 •. , 0." 

7.0 

•• Reactant panial pressure gl\'l'D in Table '2 8 . 

and 2.48 . .'\6 can IH! seen from tho! figurs. th~ is no t",nd of tilt p/ o-m5Ol ratio with dtbt'f the 

phenol eoU'wNoD nor with reaction tempentun' The onl}' apparent dill'eJ'PI.a- III that the low lite 

den.ilY \,.~,teII (H-USY, HIK.\' and H/ Na-\') exhibilfd a much hlgb8 p/o-crellOl ratio th8.llthc 

oth~r wali!!,. MOOied , all ~ in Section '2.'24'2 

2.2.5.2 :'1"tI"'lI>ol: phenol ratio 

P'it'falltozzi and 1"ordquin [19861 ~tudied the dl"ea of doe I"I!attanU methanol to phenol ratlo (HI phpno] 

COIlvtrllion, re.,etlon rat~ alKI ... Je,;tivil)' 10 I.nII;O!e eMr A!20l Ilnd H -ZS~I_5. Phenol con,"lnion 

grQfn/Jy 1I>CrUaed wltb itw:rea.;iUI methallol to plll'Dlll ratio but WIlli OOICIItlally "IlIlSUlIlI III methanol 

to plltnol ratioe. &hove ~ However, over ,\12~ the methanol 10 phenol ratio did nOt influence the 

rektlon ratef alt:nifio::antl}" but the ani!lOle llele<:tivity inaea'K'!d moderatel), (from 65.9 to 76.5 %) ,.,hen 

tlLf molar rallo toM 111(1 -00 from I 10 r" The exaa op(l{llite was found o'·er H·ZSM·5, ie. iLlli!;oll' 

o;eil!C.'tiltil lei ""'"" DOt affucted by th~ mcthlllMll to phenol ralio but the anisole {Otnlillion Tau,"" ~e 

Wlllilicandy :0Wl'I' for the ratio of ~ Ihan for the ratio I (1.8 mmol a.nisole I g c.B.I. • h wmpRl"l'd to 0.77 

mmolani8Olt 110.1 h). 

Oaut;'n d t>J. [19931 found that over iLll A1PO.-AbOJ catalysu, bet""""l1 a methanol to phcool 

ratio ol4 and 8, the O/ C.lO!kyllltion Rlio n'mNned undlangpod II WM al..o found that decreaSna th .. 

rallO below" ca~ tbe sel('Ctivltlet; 10 aru..ol~, ITII,:lhylaliiaol('O\ and dlmfihylaniMliDI to de<nMe and 

the iIclf:odlvjly In CrtllOl:s IlIcrt~. 

Landau d 01. (l99il ltudII!'J th .. clI'oct or reactlJltll IIWIIoowu! 10 phl'nol Rim cr.-er If!OIileoi lI·Y 

and H·Beta witll mtthanolto phenol mol(ll ratlOb ""ughlS from 0.03 10 1.4 O'l'I" H. \', t.h.r! pbeool 
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Figure 2.47: TIle reilltion5hip bd.~ p/~ rlltlo IIIld phenol t:Ool'el"lion in the methylatlon 
of phenol with ~tlUl.Ilol (d~1i. frull) Parton el (1/. 1198~al, ~tat~tical ratio d~ 10 IWO 
ortho p<>1Iition on the phenol and only one para pt)Iritlon). 

'r- • 
• 

1.5 .. 

0 I • 
~ 
" t • • 

" 
.. ....... "' ... • 

• 
, 
'" '" '" 300 '" 

.., .. , 
Rot.alon """,,,IlIA ("C) 

.... Y. HJl..&..Y • H·l$M-S. P·ZSM·5 • 
.... USV. WK·Y, ~Y • 

Figure 2.48: The rellllionstup bel~II 1' .'o..::l1'JIOl ratio and re~tlon ....,..,pentu", in the lUetbylll.lion 
of phe!1C>1 with 1114'"IILII.tIOI (data from Parton d of. 11 ~9aJ, statistkal ratLO due 10 1\110 
ortho poeit iOIL flIl tllf: phcnolMd only one 1)IIn, positi"") ' 
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Table 2. 18, The eHect uf Ulethanol to phenol ratIo on the phenol COII","1on and product selectivIty 
io pbeuol methylation with mel hanoi (reactant partial pl"II!iIIUI'8 an': &i- In Table 2.8). 

ronVWOIl lUCf~108ed only alightl" with inertMiill rnethaooI to phenol raeio hut Ih~ pitH:mKtI ratio 

d~ from t.3 to 0.5 w,tb lncre .. hli methanol 10 phenol ratio. O-.w H-Ileta, Ibe pbmol rou...,.· 

~io" WII8 dependent 011 the ulcthanol to I'hffiol ratio, increuInS llhal'ply bel_ molar ral~ of 003 

and 0.1. The p/o-craol ntio ...... found 10 mn.o.in COIIItIUIt a' ajlprvximalely 2. Landau el IlL 119971 

did IIot give an explan&ti,OQ fClT the dLIfcmw:u bet_ the l$JIitttl-

Tahl~ 218 lummAtim all the ".\il~ d~ above. 0\," all tbe ta.laiyal, phenol conYlmlion 

in~ wi'h increMin& med:anol to pbenol nllm ooepl a' h.,!th ratiOi. Howe¥er, aince the mol..,. 

concentration of ])hll101 in the I'NCtaIlU mixt~ decbned WI,h Increlllllns methul'll to phenol ratio, 

Ihis doeI not equal &II lucn'_ in r&tel .. cltwly .howl! by Pi('fUIlozzi and Nordquillt ]19861 and 

&lao diecu8led in Section 2.231 Table 218 dearly Indinll.8I that there i. no conaillt~nt I.rtnd "itb 

tbe methanol to phenol ratio neither for Ihe O/C-alkylatlOll nitta 1I0r for thl! p/o-cre:kll ratio, Th~ 
limlt'!d I.IIlOWlt of data, bowewor, doN /l.OI. allow 10 diatin,we.h or group and claaify thl! ddTererlt 

typ{'IJ of catalYliu. 

2.2.5.3 lUactlon pN!SSure 

Th~ effect cI. pre8lrure on lbe pmduet aelrdivir.y Ilnd ~ iIIorner distriLullon has nOt yet been 

8y8tnnatacally in,.....tiped ()\~ uoiit",. ~I""t reoeard> groupo! have 'tlldk'd th~ phenolmctl\ylati(.Ol 

mICtion O\'et" wit'" in the PI phage ""llh react1UUS partial [,rflillllr", below I bar eXCI:'pt for HMln8 

cl '" 11986J who nudled !.be WIt", ill !he liquid phaR. 

Piet1ll:ltozzland NonIqui9t II986J ilh"l!8ligated the liquid phase metl\ylallon (autogeneoUi pr8!IJIll!"e 

_ 82.i bar) Yft"8U8 the pi ph_ methy\",ion (reactanlll p;lrtlal prMrure .. 0.2 bar) over ~(HI'O.)I 

and BaSO. :Table2. 19). 1.IICffiWng the prt_lre lru:reased the O/C-alkylation ratio quite algnifitanlly. 

At 80 bar ill the liqwd phase, t:mIDI fotm.a.U<>n was largely ""pprtlfiSt'd. 1Jnfortwllllcly, an explallatl"", 
for the pres;rure effect 011 the O/Ca!kyllllinu ratio .... !I!I not given npr WIUI 1liiy data 011 the inl!lIcllCP 

of pl'fllfiUr1' llil the (":r8ll<li isomer distributlan pre!t'llted. 
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'('abl", 2. 1!), TIt", effect ofhi,h !»llI*1~ 011 tbe O/CalJ<ylation ratio (3OO"C, methanol phmol molar 

l"Iltio ~ 6, ~lICt"'lli p!lrllal p'-u~ = 0 86 bar) [Pierantou,i and Nordquist, 19861 

Other 

82,"" ,u 98.9 o o 89,1 

• Gu ph_ . carri ... PI' = bellwn. GUSV 450·650 II-I 
•• Liquid phase - aft.,.- ~ boWll, rell(:taul$ catalyst ~ raUo = 10. 

2.2.6 Phenol methylation products coovers ion 

The mllVftlion of prim"lY phellol m<!ihylatiou producla, namely llIIiIoole and crMOb, h .. b4"m !tudicd 

O\"r dilfl'l'l!llt catalysts to help ducidate th~ reacllOn mecbllllism. 

2.2.6.1 Anisole C""" ", rS;Oll 

Au~le i& on", of tho primary products lind It CIIII reanll1l8e monomolfoCularly to form II-CI't!IOI or II 

can relICt with anoth ... anisole. molocule, with" pbennl moleeule or witll a methanol molecuJr Tbfo 

lIl1'O:;hanlsm of .uleoole rearnw.,emmt ill ~ In 5«tiou 2.2.3.\.2 and iUWluated In Figl.I~ 2.38. 

2.2.6 .1.1 S", lf a lkylation of . nillale The III!I.f al.l.:ylatloll of IUllIOIe O\'$" mWium POri! ~itel 

( II ·ZS~1.5, H·FI!rJiI!fiI.e, H·ZS~I·22) .... io\wtlgalfld by Jacobi d aJ II988J Reaction condit;.- of 

180. :J5O and 400"C, AD aoimIe VlIpQut pll!lllure of 0013 bar IUld W F of 86-1 and 1728 k,-s,' moilO(!re 
ell~itd, The produCl.8obtaillt'd "",recreso\s, "ylenolR. mcthylamJOlea aud phenol (Table2 20). Pheuol 

w" found to be in large 1!Xee. of~ IIU1IIlIf the molar 8e~lvltte.!: of tbe Ilyl~nols IU'Id metbylanwoltl 

and thl!! was attrihuted to deaJkylation of tl>fo: anisol<! wltb the rormlllion or hydll)(;lLlooll8. NBJIlbi!. 

~I aI.11980) found IhM when re3Cting pUft anisole, pheuol cau account ror appro;<imately 60 mol% 

of WI! producI formeu over 1\ H/Na. Y calalyst and Ibis WIUI also attribu\.ed to dealkylatJon. NJLIllM 

d nl.[19S0j found thllt tho! plM!nol formed by trlUJll&I kyln~ion to xylenolll JUld methyla.nlsolcs account/l 

to 1\1 mol% of tbe product 10 It follow8 \.bat 'II mol% of the phl!nol Willi fanned thNUgh dea.kylalion. 

It WIllI not JJJ~ntioued what Bpec~ other thlU'l poolOl wen! formed by t.hfJ dealkylat.oo.n of 1lIlisoIe, 

JaeoUe ~t pi t 19881 detennlllt'd an owra1I reaction 8Ch~ of the conwnlon of anIaole ~ zeoI.itfl 

H·~1·S, ",hId. i1100wn in Fl&W"" '2-69. I t was foond tbat me\bylani!lO~ aDd co-prOOUCI. phmol 

arI! pnmary product8 (reIIC!'!OO I ) wbe.- c:re!IO!s "'I!1'e fomlell both !WI primary lIud McondM)' prod· 
ucts (uamely &om Lbe intranwlfocular tw.mlIll!:enJelu, of an..olt IG o-cr.>1 (reaction 2) or from the 

dealkylation of mttbylanisolea (WJCtJon 5 in Figure 2.49)). PItn>oI lIS a primary product aJ.o fortn.'f 

by dNlkylation of IU'IlIoI<! (1"IlIICtion 3). Xylmols weft foUlJd to hi! MCOIldary products formed by the 

intrlllOOl!!culM relllTau,cWCllt of meth}'laulsolN (reaclion 4). Chantal d aI.[I9851 and Renaud d 01. 
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'1';ll..oh, 2.20: Product selectIVity in anisole con>"e1'!>iOll 0Y'eI' 1I-i'.5M-5 at 400"C "'ler 20 hCHI'" 011 ,I.ram 
(panlal pr1'!!ll/Ure of anisole '" 0.0 13 bar) [Jacobi (I ill., 19881. 

1'IIbie 2,21: Distribution of cro6olB from anisole oonWl'llioo on H-ZSM-5 as II function of tempert.turf' 

(JW~ial prtfill~ of anillOl~ = 0.013 bar, Wj F .. 1728 11&-1/ 11101) IJ-.oobl d cal., 19881 

(1986] f"Wld lra('t IUIlOWlUl of dlphenyl ~hn- fOrmN <M:r H-ZS~1-5 pnsumably by ~l1\lIIietherifu:IILiOl1 
of aniJoDl~ u6hown ill F'1F'.e 2)(). Co-proouct duoo!tbyl etMr Q)U\d ~. major IiOUfCe of hydrocarbon 

formAtion [Chang, 1983, I.Nn &110.1 Ward. 1~7; \llin~. (I tal. , 1999]. 

In tennIi of Ibe Cf801 isomer distnbution. Jacobi d 111. 11988] found that at the lMl'1'\lt invt'StigMf(i 

t""'p"I"lI.tun' of 18O"C. lH:rt'80I ..... fOUlld, in tbe cfI!JIIOIl'rKu<,m, in large I'XCfBII (83 I Ulol% o-Cl'BMlI, 

16.9 mol% ~l, 00 t1K1'I'IIOI) . Indica!l"" tll&l \H:rHOI ill thl! only primary cresol formed f.mll 

mICtion:2 (r'!u,e 249) m-Crl!lK>l WlUI not ptalft\t In the CfI'llOI fractioo at 10<>.' conversioN but 

,Hn'SOI is formed 1'hi8lnwcatet that p-cr.oI is Dot formed froll' o-e.1501 by I,'l-methyl &hJ.ft (ef. 

~ 2.31 ) bu~ ia formed ff(IUI the metl~llUllaol.DI (react,on 1». At higher relICtion tcmperaturt'lf, 

Jocob8 d <aI. [19S8] found that tl~ o-<:re8Ol COllhllLt In the cresolll fn .. ;tlOn doaeased In favuur of 

UHf,,",O] (Table 2_21). 

If high p...,..RlfCtivily ia d~i""l, Jal:ohe d III [IMS] COIlcluded that it u~ybe nL!CWlM)' to Lise 

a 10 m~~ L"in.!: 2I'olile with" clwult"l IiLU lilualler than ZS~I.5 (1'>.1 x 1>.5 A and 5.3 x 5.6 A). 
Jacobs d aJ (1988) used H·ZS)'I.2:! (46" & T A) IUId H. F'I!rrierite (4.2x 5.4 A) in the selfallcyLatlll<l 

of 1U,i50le. H""1<\'er, "p/ o-cruol Tallo WN found whleh WNIi t-I'T (J\'rf H-ZSM-22 IUl(I H-F~rrierile 

than \JVU I:I -ZS~I-1> (d. Table 2,22) . II waa eouduo.lr<.l dta, tl~ l"f6ction oc:nurrd 00 the exlernal 

1urf:ac1! or H·ZS1\l·22 allt! H·Fmierilt', resullin& in a higher o-c,NOI ~fCti\·i~y. 

l\larc:<ewski .1 al. 11989) ""uilled tM eetf-a1kylation of III1iIole aI 200"C 0\'eI" HOIite H-USY. At 

I(WI COUverviOll , the molar ratio nfpheuol to _thylauilol.- .... elo6e to unity. lndlcat'ng rnat mecby-

11Uli.50le!i and phrnol ~ forrr:td from anisole disprOpOnlonatlol! (d . ~e 2.61). From tun,", 

of IJtOdud ~ll'('tivily \'I!fSU!i anisole COII\Ift'IIIOQ. (ef Flcure 2_52), l\larcaewsid d pi 11969[ CO<Iduded 
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• 

/ • 

,c5 . ~-,&"' 
" ~ U . ""_'_-

Fig ure 2 ,40, Q>'I!I'aJlno.;liou IIler;!:lIwlSID oflbe oeIf-aikyLation ofat\~over II-ZS~ I-5lJaoob.d til., 
19881· 
• Allow l-emptr>\l.1U"ftI (18O"C) only 0<11'>lOI i< formed; 

.. AI-low temJll!l'atute> (18O"C), UIlIi. only <> and p-lIk"tbylaniaole. 

'~" -
~. • • "f' 

Th"I" 2.22, Product. disl ri bu tlon fn:m l1li1..010. roroYl'l'5ion 0VI'r II-ZSM-~ H-ZSM-22 AlI!l lI-r.mer! le 
(~OO"C Alld 'nctan~ partial ~ 01 0.0 13 bar) (JlCobI,' <aL, 19881 
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a·a 
fIOl 'l ) 

F igu ,." 2.52: n....r<lm .. lioa oIwtol" 0I'tr H·llS" al 'lOO'C (ruciIUlU parllal " .-re .., 0.2 00. 
readlUlt. 0lI" 0.5 2 ntJ.Ib)I~"une"'j dol., 19891. 

tlUlt Ihf primM)' prodocltl are only phenol &lid melhylanllol.,. and that CtWlIt. X)'lellOillUld dlm~l lIy· 

hwlB011!C .. 'fte fOl med In 5eC,,"dary .MC,ioo .. 

In "1IUI"I&f)'. 01'« zeolilN lI ·lS~l·li IUId II·" tbe primary pr<"iucltilUe m~hyl-.njAol" aotI pbennl . 

Over Il .ZS!'>i-ti, o-ctNOJ ...... found to be a primary product &II WIll!, fo.med via , •• l>iBOle (tllfratll<moer,t • 

.. 'h",,,,,, "' . ...- II Y , e. tGI>. ,,'<'Ie r.:. .. Dd 10 r,,1'II> only ... ..,.,ud..ry PfOdue,,", A pu.iblc cJlptan.I'un roo 

'lie difference mft) be the hl&lI alli!.uJf. 'N.IT~MIIl over 1l.7-SM...5 could be dllf 10 tbe low n'aCtarl1& 

parlllll pr-.re (0.013 bar) which will nOi. f._r bimnleculv 1'ftII'\.kocwi wbereM ow. 11· 05" I~ 

reaclant.s ,>&II,a] prBIIIUTe (0.2 bar) wulUftlclently high 10 f.vour bimolecular '~Ollll. 

2.2.6.t.2 AnillollllrlllWllkyl.tlon wIth phenol Ilehrame ~j at. 11967) "'lIdied u.., aIlryilt ioll 

of phenol Willi . " Iwle 0_ !eolilM II·X. a /S ... X, La..X, H· Y, IA H N ... Y, IAfN.·Y, II, REi N.·Y. 
Ca/ NJI,." . H. 7..5M·li, II·ZS~I.11 ...,d 'J-AI:tO, at ~C . • ~ 2M.oo.... all the T.,."lkmo tb.Bl ..... " 

pOlltulMW \0 occur to expWn their ob6erved product mlxtute of xy1enoil, Cl'eIiOW, m~hylanoolell and 

plle" ... l. Aui!IC1e dilproportion.tion fortDII melhy~ 8JId phenol (reao:t ioll I). Transalkyl.-lioo 

bttWet" IJlieole /\I,d phenw form~ ~I ~ and re.."tOTlIS lhoe phenol (f'efllCtioo 2). In oecgndluy reiCtio ... 

the creoull CIt" re;\Ct further witll anotbf!or .niBOle to form xyleoob and phenol (I'PCtion 3). C~ All 

... ell M I!!mt!lllyh,.ni!IC11!II could ahoo be fllrmed f'(lm diopmportionation ""-CLiODli beI, ... eef) methylaoili01e 
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Fisure 2.53: AmSQle and j>hr.nol roaetionsl lJeltram"" oJ, 198il 
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Table 2.23: p/o-CrCSQ] ratios obtaincU from alkylalion of phenol wjlh ani.'lQ\e O'.~.,. different catalysts 
(u.o°C, phenol a.ni!lOw molar mtio = I , rcactanl.5 partial prClllruTc'"' 0.2 bar, after 2 
houn un stream) [Beltram" ell'/., 19871 . 

• Derivtd from staphll from Bclttllme (I aI.[ 1987J. 

lIloler:nl<'8, "'bich are formt<! in relICtion I, and reN;tanlS romp(lllnds phenol and ani"ole. r<f!pe.::tlvciy. 

but this has mIt been atldresscJ by Beltnune dill. [1987J and twt included in Figure 2.53. Bcltrmnc 

d nl. 11987J could nOt di~tinguish bennlen tb., :w;ylenol. formed from tran&alkylll.tlon with anisole 

(reaction 3) and from phenol alkylation with ani&ole (reaction 2) . The dcalkylation of anisole (~tion 

4) WlIII abo obscrvtd in the alkylation of phenol ... ilh anisole lIinot a high", phcnc.J select;';I)' Will! 

obtain...! than wha.t W88 formed in Tm(:lions 1 t.o 3. Alli!101" dcalkyl8.tion was r..garded M the source 

of the gMCOus by-products obt:Unoo. 

Marez!!,,"sk; eI Ill. 119891 found that in eom...ruog an cqulmolar mixtu", of llhcnol lUId anOOle 

over zeolite H_USY &t 'l00"e, ~he M'louot of Cft'l:lOl, formed w'/lll approximlltely twite Ihe amount of 

mmhylaolsolcs formoo (for conYI'!r.liOIl~ of lcs6 thlUl 1"'%). /L wM C()lU';lu<k<:\ tI,al the alkylft.tion of 

phenol by aniMI" j~ twice M fast as !.he disproporLionat;on of ani!IQ1e Le. the alkylation of anisole by 

anisok-. This is not uncxpected, &nCe a hydroxyl group (phenol) is II much more effective act ivator of 

the hCll~enc ring for electrophihc substitution than a met hoxy group (anisole) ISyke8, 198Gb; ~IOfTj$(I" 

and lloyd, 1981j, 

H-Y &bowed the hlghelt 9O.'lectivity to crelOls Wld xylenols of all th" zooliles: iRudied by Bcltrame 

cI aL 119811, In tCTIlIII of the cresol isomer distribution, Beltram" el III j19S7] foulld that the onbo­

$d<!cllv'ity /lbservt'<.I in the alkylation of phenol with am.ole WIllI higher thRIl that obtained In the 

alkyla.tioll of phenol with IIl<'thanol O''l'l aU the catal)'llt .Iudie<i ill CMlier WQrk by this group (Balsamll 

et 111119&1]). 

Thble 2.23 gly,," th~ dIff=t p/o-~re901 ratios obtained by Beltram" tI Ill. 119871 over differ~n! 

CAtaJyst~ The p/ o-cresol ratios wer<l quit~ low oYl:!r all the caLal)'lll.$. La-X, H! RE! :oia-Y B.Dd ZS~I-li 

had the bightst p!o-~rC!lOI ratios of &round 0.5. Phenol alkylation with anUolc over ,.·AhOs ga-..e. 

CfC!lOI fmenon colUi8ting of 0\'eT 99% ortho-crcsol, Behrame eI III. 119871 don't explain !.he different 

p/o-cr(B()1 ralios oblained ewer the diffcrt'flt caLalysu. The high o-cre:<ol OOntent in the cre':l<ll fraetlon 

1I\'eI" ,.-AbOa nlay be d,,~ \(I ~he illlernai rearrang<.'lIII!nt of anisole to o-cresol a.o; described by BOIM 

author~ .uch ali Jaoobs d 11I.1198BI (SKtion 2.2G. I.1) and Section 2.23. 1 2and Figure 2.3B. 
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Table 2 .24, Product ... lectivliy In t he alkylatiun of anisole with methanol III 200"C, :uusole to 

IIlf:thllIJOl rIIilo of I, reactIWtB paclilll pr~e = 0.013 bac, W/ F = 1736 kg·./ mol 
lind !1ft,.,. 3 hours 011 8u·erun (PartOn ~f al , 1989bJ. {Mahy] bahllu:e c:alculatc(' frOm the 
data. reported by Parton ~I al. (1989b(). 

2.2.6. 1.3 Anisole alky lat ion with me t hanol TIle addition of meth8.D.ol 10 anisuiJt did OOt 

fii&nilica.ntly change I"" r~action Sl!lcct ivity cOmpared to tbe com-crsloo of pure anisole. Dl.'ipropur_ 

tionation and t he illl~rJULl rearra.ngement tt,o-Q"esol rema.inod Ihe main anisole reao;t loJ\$ (Marcu!w!!kl 

d ~I., 1989]. 

O\-er H·ZSM-5 and H-USY, at mc and an anlsole tn methanol mDlac ratio of I, tbe major 

prooucts in the anis£Jlc and m~tlll!.llol rea<:tion M>fe st ill 1nSOIs, methylanioolClf and pher..ol (18.bJe 

2.24) (Parton ~, al ., 1989b]. llwrefore, il ,.."" concluded thM lUli!!Ole alkylation by met.bano: ".III! very 

11011' III compa.tl!!(Jn to aniwle dil;proportiollllUOO or ~lIlk)·latioll. indeed, .. methyl groU? b.,lance 

ovtr the prod!l~ts of anisole methylation with Ittcthuol ( Thbl~ 2.24) Indicates an Dilly mllqinal gain 

or a.o.lditional methyl groups over II-USY. Over II-ZSM-5, the major reaction is Btill dealk)1ation, lIB 
generally obtalnod in the OOIl\"l:Tsion of pure IInillOle over medium pore zeolite!! (Tllble 2.20 and 2.22). 

Figure 2..&4 shows tM <H:l"<.'801 C(mlenL in thl! (:resol fraction againBt anisole c(m\-er!!i,n in the 

anisole mcthyIrl tion reaction lItudicd by Parton tI al. (1989b(. m-Cresol "'"as not formed at tlu reaction 

conditIOns IIpplied (200"C). The ~ont~"lIt of o-<:rewl at low con~CI1iiQas is I (I()%, Le. o-aesol i80bvio1l81y 

II. primary product IlIld 110 It illllt'CC8!larlly formed via tbe monOlnolecular internal re~tion.,f ani_ole. 
p-CrnsoI ill clf'llrly of IiCCmldllr)' nature and ill n{)CM<llt!ly obtained hy a scqtJcnu of bi:nolecular 

(tnmsalkylation) reactlolu; Rince rn-cresvi, whidl is the intennediate of II p,*lbl~ monomol!;CUlar 1,2-

lihift reaction sequence lItarting from o-crewl, ""II!! not obtained at all. T"" bimolecular fomu.tlon of p­

creaol !!tarting with lin ani901e disproponionstion 0<" o-cresol transalkylstion step, i, largely "'pp~ 

in II pcntMil~ compared to .. Y ~eolile (Parton tI al., 1989bl. T herefore , at a given ,uedium (onversion 

of anisole (say 40%) O\o"O>r H-ZS~ I-~, th~ o-<.:rC!!<Il cont~nt in tho cresol frac1.iOl1 (o/(o+p)-<:resol = 98%) 
)8 ~tJlI h>gher !II am!!Ole methylatIon than lIt phenol mel.hyl:ltlon WIth methanol (o/( o+p: -crC8(lI = 

67%). Thi.6 confirlllS that tbe intramolecular rearrangement of artisole tel o-a-..l ilIlhe major p rima.ry 

reaction patbway for tbi~ relICtion (PillIon d al.. 1989bl. 

Bautista tl III. [1995] also in\'clltigst('<i IInisole eonvcrllion in the presen~ of mcthll.llc1 over an 

AIP04-AJ,03 catalyst al 250 - 3QO"c. It was found thAt the major primary reactiollll were tbe 



Univ
ers

ity
 of

  C
ap

e T
ow

n

CHAPTER 2. U T ERATURE REVIEW 

'OOr--------cc----•• ~., • ._----------­• 
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Ar40Ie canV8<aion (%) 

H·ZSM·S • 
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Figure 2.64: o-Cr.!SOl content in t he crllIIOl {ract ion from the methylation of &ruIIOle (2OO"C, rClildanlS 
,>Ml ia! pre6Sure '" 0.013 bat and W P". 1;3611.&'&/1001) (redl'l'\wn gnph from [Parton 
d a.t, 1989b]). 

Tab le 2.25: Sclret ivitics (mol'l(,) al WffClUlt rC6("tion tempt'rlllur .. of tollversioll ollUl*>l~ .. illi 
methanol O\-e<" AIPO.-AI-:03 (5 WI')(, AhO,) UtalY'lt (fe'ClalllS )lo"lrtw pressure 1101 
ItlltOO) IBauti5ta ~j ai" 1995[. 

Temrc~~ p","", c_. 
~l",bylaniIJOIOl Dilllet hylani8olOl Crcsol dilItriliution ~ Other 

0- p-+m· 
:zoo 00.9 15,1 12.9 '.0 80.8 19.2 9.' .. "iI. ;- 17.1 12.7 S.S 73.1 26.9 19.1 

Omllll' _ pmtMletnyl l'lI%ene and xylCflOlS Ilnd trimcllLylpn(lDOI! 

dcaJkylation 10 phenol, lhe iutramolccuJ~r re<llTlUlgc"K'flt to o-erel!Ol alld Illkylatiou preftnfltialiy 

LO 2 ",cthylnnilole u Ilho .. n in T",blc '1 25. 

2.2.6.1.4 Summary of anisole oo"ver6lon studies In Ihe OOtI\~n of ani80le !!ither "'~lh 

il8clf, with phenol or .. ith methaool, th~ major prodUCUI are cra.o ... meth,ylarusoleo, ><ylmoil and 

phcuol. With the two former reactioWl. pb.cool molar.electil1liOl were found 10 be hi!l,her Or eve.. much 

higher thlUl the sum 0( molar IdCCli~ili<'£ of I'Qelbl'laniBole and xylene" ucept at 10 .. conversiol18. 

TIWo; .... attributed to the d~ylalioo o(anisole t.o pbeool hIli what Ihe olher dmlkylalion pro<lUC15 

are, "',.. IlOt jtIl-en III detail ("p5«JWI" ~C\.5 IUId "hydnxarbol18" wm mentioned). 

MIU'ClCWaki d 01. !1989!lIIumwiud the ratO'S of formation of the IlUIjor products (ralll the gas 

phMe alkylation of ph_I with methanol, IUlillOlc with methanol ~nd I'h~~101 .... ith MillOle as 1Iho9'" 

ill Table 2.26. The ralO of cmIO" fonnatioll from phmol mmhyilltion doe. not depend on the melhy· 

lating a«""t (mellw,ol or Il.uool<!) but is lit le&.$ 4 limell the /'II.to of ('1'(:11()1 fonnation via interual 

ll'MT'lIrI!em81\ of IIILiIIoir (in the anilOle/mcthanol mixture). The tM~ of methyhwilJOlt'S fonnation 
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Table ~.26: Alkylation rt'OlClKlm 0V\'!t H-eSY It 20CrC in the IN pbASI" ;wd in oquimoIar amounUJ 
(reactaz>Ui partial preEIIIu~ 0,2 bat) [M~i d GL, 19891 

-"" T~~ 
, Reaai,"iti.,. (llUIJI">I!h·&) 

mixture ooU'"",""OII reactant translormed intO 

(~) I'hcld ..,..;, -" methylanisolts 

PbeDOIfruethlWOl 11-3 - IIU 'J I.. 
Anl!o!e.methaool '.6 I.J - I., •• 

Pbeuol ,' aniIiole " - - '.0 2.9 

&om disproportionation of aniMle ill ahout two timee lower wilh Iheanisole/phellOl mixture tbaD with 

tM IUll5Olc, methanol mixture (note that lUlj,oie lIlkyh.tioD by methanol ..... fouod to be ,~alow ill 

OOIDpaMOn to ""j,ole disproportiollation (cf Ser:tion 2.2.6,1.3) [MUCllew!lki d ai, 19891) T he lower 

I1I.te in the preRnee of phenol mdicateli that phenol mhihiUJ llus reACtioo ]MIltt"U"·5k.i et aI., 1969f. 

2.2.6.2 Cre801 conversions 

A cl"$IOl ran iMmcrizo 10 t he other i80men either by A 1,2-lUl'thyl aI-.Ift J.omeriu.tiOn. IQi dillru8eed 

in Slrtion 2,2,4,3 or can uodergo IlUb5eqUetlt disproporuolllltion reaC"houa to liM yidd x)'~ and 
pllCIlOI, thro thf; dtffert'1l1 CNIOl iIoment. 

Figure 2.SS 6howa 1M poa>ible n~l f1!IlCtiollS O\W H-USY u<llila limber! d aI., 2001]. Tbto 

uJajur reactious at 380"C are the cresot. iIJomeriu,hon .;. 1,2-methyl .shift (reviioo I) lind creeol 

disproportlon&tion to rorm phenol and xylmot. (rnrtion 2). MlIlor reactiona are the trl.ll5ll.lkylation 

bec. .. ~ a rmctanl crf:llOl and a product xyleool (rei\t"tion 3 and 3'). Reaction 3' produce!! trftlOl 

~ners .. well. Another rele\1lIlt lIide-""",oon is the dealkylatioa (WICtion 4) The fUgge!ltion 

of mell_ .. ~he immediate ro.produt:t from dfoAIkylation phenol (~tion 4) , CNlnot eMIly be 

undmtood 

luli>en ~I /l1. 12OOOI.tudied the Cl'1!IIOllr;m&fonu;uiOO8 OVI)r Ule<iilUU POI1! zeolite H·ZSM-5 (SiOl! AJ~03 

u>olar ratio 64) &nd larae PO"' zeolil." "H-US¥' (Si~! At,O~ molM ratio 6,"'loch COrreJlponds 

10 an unde&["m,naIM H-Y). 0-,..". H-ZS~I-5, Imbert d 0./. 12000[ obRrved Ihal lhe 1.2-muhyl IIhil\ 

lIIOmeriz.ation reaction ... -a.s dominant (iaomeriMlion to dl6proportionRlion Tll.tiOil bet1'l'l!ell 10 lUlU I '10) 
lUll t he dl.SproportiouMion moetlon iI limited by the tJp;\C., Availahl!': ncar the 4l"1d Ii"" and by the ar.id 

lite density. O"er the 'p.ariOU8 II-Y with iUl higher acid site dCll~ltl" the dilproportionatJOQ reMl1011 

.. "'" morf; dominant (i80merizalion 10 di~ptOportionalj(ln rat;" between 0.5 aud 3). 

Engel d /II. [H1851 found (Mt JI-ZSM-5 exhih,ted ahape--aeI.l'd.h'l' dfecta In tbe t.,meriVlUoo of 

m_creeolllnd o.rretOl over the U'mp«atUI1! ral~ofu.o to 450"C. In tbto immmutioo o(w~re&oI, tbe 

formation of ~n ___ ol wall rll.''Ounod 0\'1'1" tbe formation ofo-creml. Aa Partoo d aI. \I989aj deri..m from 

Engl eI tJl 1198S1, p'(p+o)-cm.ol rAtios bet .. -een 0.7 aod O,8 .. 't'I"e obtuned at rn-cnllOl CHr.,-ert:ioof 

betweeu 10 and 2O'K Thill COfmIpond.'I to a ca. roor-foid prd1=nte of tbto &lim p-18On16 OWl" tboo 
",n ... hulky r..,""mn 

[n the isomtriu.tion of ()-(TellO! 10 ,,~tdIOl aDd p-Cl"P1iOl 0'0'1'1" H-7.S!>I_5, Parton tI 0./, ]1989.lJ clailo 

Ihat a dl'fioit!': tbape RiecI1"lty to p-cn8OI _ found. e.in<:e p!{p-t ol)-rall(ll:, whirh Are hilher than 
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'" 

..... '" 

'" 

13') 

• ~ . '" 
'- igtll'~ 2.55: Reaclion sclIeme fot (I) 1,2-shift isomerization (2) dispNporlionft.tion (3) trallslilky_ 

11\(;('111 with primary product xylenols and (·I) ,\ealkylation of m-cresol 0'''' H_FAU 
~Iites Ilml,.,n cI ai, 2OOlJ. 
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the IhCTTllodynarnic equilibrium ratio, lIne obeerved. For high o-<:rwoI oonversiOflll bet"'<een 30 and 
Mo'1\., II. con&llInl p!(p+m).oCnIIOI riltlo of 0.24 was obtained I\t 38(fC. Indeed, the thermodynamic 

equilibrium clllculatoo for the p (p+m).oero>;e01 ratio II (1.08, u8inl only Stull'III969J 0.1&1.1, but usinc 
Imbtrt '. 11991_llUld D!ihringl'f Md Fletcbtr'. 120031 dan results ill _ Jl'(p+m)~ equilibrium 

ratio ILTOUnd 0.25 (d. Ih~ critical dikUB:5ioll of StuW. et ui. /19691 data In Section 2,2,2,6). Thenofore, 

II mUSI be Il8lllUntd lIuu for o-crelDl couVl'niou lU1 equilibnum ... 'l1li relKhed bet~o p- and m-aeaol 

Iwder the giWIl rea..:tion couditlO!lJ, Le. tbat no Ihal* selective effect occUJTt!d, Whl'rf!U ror ru-crl'llOl 

fouvt'l'lion. p-cneol fwmatiou lude'cd Is r.voured Clver o-cneol fonuatiou 

Sled; d nl 119901 studied o-r.r1lll(>I].someri ... tion O\'e" H-ZSM-5 with niffE'tent 1'Ty6tal6iue. It __ 

dalml'<lthat the ~Itl! crystal 1lI:1e hM a lll.f&e effect on the p- 10 m.O'tC«)] ratIO in tbt product, In 

particular for crysul,1s h~rg~r than 3,1111 SleclI d aJ 11990) obtalnf!d I I.M p/m·cT'llliOl ratio al were 
0\'eT H .I'..s~1-5 ",·ilb 1\ crY81&l II~e of 9 ,.m 

2.2.7 Kiuct ics or the a lky lation or Jlhcuol wilh mctll1lno] 

The kinetics of lite &lkyiatloo of phenol with methanol "'~ Itudied by Sant&Cf!$aria d ai, II990aj 
III1(i Man:zewskl d nJ [19961. Salltocesaria eI aJ.ll990aj 61UdlOO the rt'lICtlon!M!r H.zg,\I·S ""hereu 

Mlll'fIcw&kl et oJ [19961 carried out .. kmetlc study OI-'er .,..AllOl 

2.2.7. 1 Khullic 8ludiell over H·ZSM·::; 

Sautacesarill tl aJ. [1990a[ IISSUmoo a RidealulllCbwti8lU IIIIlb~ BrollSled .dd!>ita '" H-ZSM-5 ..... 
wid~ly !il'paraloo from Dill! anotbl!T. Thill IbIleal ml.'dlani.sm OCC\ll"f bet~n an atbcorbed met.banol 

lpecie!! Rud. phenol from th .. "po phpe~ Sal~aceaa.ria d Ill. [199Oa.J comiidenod the follo, .... ,ng reacuoo 

lCbeme: 

AlltylatiolilO 

(II phenol + methanol -+ anisole + ... at", Oxygen 

(21 phenol + IIW'tllauol -+ cteIOli + water ru" 
(31 auillDle + anl.ale -+ phenol + metbyla.nltOleI ru" 
«I alliAOK! + phenol -+ phenol + cnsob Rt"1 
(5) aniBole + methanol ..... metbylanioolee- + water run, 
(01 CrestHs + met:bauol -+ roethyla..u.oa ... "''Iller 0.-
(7) Q"('BQ1s + methanol -+ "'ylmob + "''ate. ru.,. 
(51 creaob + alliAoIe ..... mc~bylanioloJe. + pbenol Oxy..., 

(01 creeols + aniolo!e -+ xy1eools + pl>l'ooI ru" 
(10) cnethylaniloles+ Ar - OH -+ 2creso. ru.,. 
ell) 2 mclhyla~ ..... crerds + xylrnols ru .. 
( 12) Illelbylanilole8 +~ -+ ~ ... Il}'I~ol5 Riol 

Due to tbe large nuwber of reactions, the reactiolll .. 'Crt dividf!d 1010 tWQ~, uamay DX}'S'eD 

(O-) and ring {C-} alkylatiorl. The _Ull1pIlO" "' .. made that lite liWne tYJM! of kinetic law applieI fOT 
the 1_ alkylatlOIl reACtiOIl d-.. San~a el Ill. [199OaIw<!reby obtain«llbe folkrr.>ing kioetic 
npl"l!Miol1ll for the Q-a1kylation rea<:hOu and for 1M C-lIIkylation reaction; 
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(2. 1 ) 

(2.2) 

• ro_olI.;rl.alloll and rR_~ an' me nw:tion I"IIote. cd' the ().a1kyLauoa and C-a1kylatioll 1ftpfC­

uVl'Iy: 

• '10 and 'IR Ill\' the catalyst efficiency f/\do.-, 

• ko and kR are ~he kinetic o»MlantB for O·aJkyhu.1OlI and C-aUr.ylation, respeeti~ly; 

• Y A, refers 10 the mole fraction of tM a1kyl&un& &gCIlt ClMthanol); 

• YPOHi refers to lhe mole £"""iOll of compomntt which can be a1kylattd at the o;xysm. namdy 

phenol and CI'501s; 

• Y R, refers to the mole r,-&cUM. tlf all II.I'OUll!.ti<; oompound.; 

• P refer1! to the rea.cdon preiiWl'f:; 

• bAA and b ... are ~group dea.c1 iWllng contriblltioIl B"; 

• Y AAI refers to the mole fraction of t18Ch aromatic coUlpolI!'m havinll a1kylatlnll propertit'li, that 

is .IWJoIe and methylanilolClli 

• )'1 if' the olole fr&CT.ion of water. 

At h ..... COIl''mIion the methylation of phenol With nlelhanol 0Vt'I' II ·ZS~t·& at JOO"C. 16 first (lnler 

with re;pect Lo tao:;h of the reRCtllllU t:OmponcnUl, mahanol and phenol. 

At 300"C (M:r H.ZS~I·5 (no I'1!&CtAIIU fl"'I"hal ~ was pven). the {oll_ing kinetic parawet.eJ'6 

"'I!l'I' olHaine<!' 

'101:0 .. 4629..w1· h- I . ba,-1 

F/R kll_2478mo1·h- 1 oor-2 

"" _ 207 ba,.-' 
bAA _1I84ba,.-1 

At low ron~J'IIions, ~'POII a.nd YR, mer-OIIly to phenol, therefore tMdilfl'l1!ll<Ce bet_ fO_oI~ 

.lId rll._oIl.y\otIoIo is only in tbe OlUlbi.ned cat..J)'It efficiem:y factOr lind fllU! COIIIIlanl (lJOko a.tld '/KltR 
t~. rftpect.i~ly). TM kilK'lk I' .... aml'tert MiMesl IMI O-alltyllli ioll ill ,wke .. fast as C-alkyLfliioli 

11.1 300"c. 
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MarczCWl!ki ~! oJ. [l9S9] found that ().alkylation was three tuucs as fllllt l1li C.alkylatiou at 200"C 
~r H·USY. This differenc" ~'1l SalltOCl'MJia d oJ. (1990a] and Marcze~1iki £1 .. / (1 9891 oould be 

dill:' to the tcm~ratllre diff~'J"CIIce. Ali ~ady mentioned, C.alkylatiuu IWI a higher ar:;tivati<)II e~gy 

(Samao:csaria d 0.1., 1990hl and so It Wall MCpectcd and wa..q f'lUnd that the prd'~reocc for O-alkyla.tion 

will increase with dl'CIeasing temperature (d. Seetiuo 2.2.3.2). 

FrIllO equatiOOll 2.1 and 2.2 , the inhibitory foctunli for the m~othylation of phenol with mcthllIlol are 
the IIdsorption of anlsole, methylani801ell and water 00 tbe actil'l' .. tea. TIm inf~,"" that phenol and 

cn'll<llll are nOI Inhlhltory as tIll!)' are ~itht.r 1I0t adsorbed or I'CI)' weakly absorbed On th!' catalYSt . 

2.2.7.2 Kinetics over nther H.zeoli te9 at Inw reaction temperatures 

MIll<=wski t! 0./ (19961 found that all zeolites in~tigatt..:l in tht'ir work sho..1:!d first order for 

methanol but a zero reaction order far phenol whcn studied at WO"C. This Willi accol1ntod to the 

·capillary condent.ationft of phrool in th" z,~litc potllfJ, thaI ill, the pOI'O! IllI' wmpletely filled wlth 

(mqjnJy) phenol, resultillg ill "cOIJ.Stam £onCt'ntration aJld high snrplus of phenol in lhe ";cinity of 

the acid BitCII irrllS\X'Clive of tbe gall phase pheool coru:entratlon. 

To avoid "capillary ~Ond('ll5ll.lion~ in mkro»OreIiI as occurs in 200li tes, Maraewski tI oJ. (19961 studied 

the kiru:uCII of !hI> ph~nol mpthylatioll r~~tiOll using .,.·AI,Ol lit 200"C and a tcactant partial prl'88U11l 

of 0.2 bar Phllllol COlll'l'fsioll wM It'llii tban &% and IIIiliInle, o-<;tL'8OI lind I)-cresol WeIll the only 

?fodl1cts. Assuming II siUlpl~ 1)()WCI nue law: 

(2.3) 

Apparent reaction orders for phcllDl of -0.2 and for uu:thanol of 0.1 were obtained The nppo6ite 

signs for tbe reaction order of phenol and methanol over .,.AhO~, !ndica~ thllt both reactants adsorh 

strongly and OCIrn]lCtitlvely on the .a" ,(' kind of ao:tlve sit\). These findings sllggellt a Langmuir type 
r.l.le law. 

The acti~e Sltell 011 i-AI10! are aaoswned to be Lewis acid·hl8ll pairs [Mara.ewski et 01, 1996(, 

wherehy the phenol interM(f with tbe bMic center arId tbe met hanol intcrllCtJ! with thellcidic center. 

If a rflte eqUAtion ill de\-elOlK'd where the surface reaction het....w.n Atrongly chcmiso;>rbl"i DloleculCfi of 

phenol and methanol wM the rate-dN.cnnlning ""p, the following rate expression W8II obtainoo: 

r _ kPeo .... PDWI_ 
- (KphlDJlPpllnol + K"",,~p ..... lt&notll 

(2.4) 

where: 

• r is the relICtion rate m pbeuol eonSDln l)tion; 

• k is the rate coMtallt; 

• Pph<mI i8 the !'<u·tial pnJliSurc of pllL~lDl: 
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• P "",,1wIO/ ;s the pant'll pres.ure of methanol; 

• "I'l...nol is the equilibrium constants for phenol ad90rption~ 

• K_baaoi iii the equlllbtium constant of melhr.nol adsorption. 

Marczewski el 1>1.119961 found by doing 1I.1fllst-square fit to the rate equation (Equation 2.4) gave II. 

0.9<1 correlation coefficient for the mechanism involving tM "I,r(Ingiy ~rJx,d ph('1lQI and methanol , 

It rouow~ that ~lIdying phenol m{'thyllllion over ,,(-AhOJ (\oes not provide additionallnformalion 

for the undellItauding or phenol methylation kineti<:ll o\'er B-zrolites at low telloCtioll teml~ratUref. 

2.2.7.4 COUl,)ar ison of the two mechanislIIs nnd rate iaWll under discu~sion 

Firsl.ly, SantllCe!l&ria d al. [I!I9Om1 tried to con~ider all the J'O'IIible reactioDs of rellCtMIB (methanol 

and phenol) and majo, primary products (Misol/!, cr!SOls and methylani80le) but IUID]>e<1 them Into 

oxygen (0-) and ring (C-) alkylation. Phenol con'1!r!!ion~ up to 25% were considered, whereas Mar· 

czewskl d al. 119961 only modelled the primary re;>ction of phenol IUld meuullIol forming anisole and 

c~ls (at phenol con...m.iollll less than 5%). 

Secou<Uy. I\t low conveI"!lioo, Sant.ac:esaria el III IHI9Qa)lI.nd Marczewski dill 11996) obtain the 

8ame reaction or<ler8 OW,I" H·ZS/T.I·5 (3OO"C) and ..,..AI20, (200"C), r-e;pect.i~ly. That is, first or,].". 

with =» .... 1 to each of the re;ICtant.5 components (phenol and methanol). Ho ..... ....,r, Mar<;Wwski d <II. 

11996) 5tMed thac 0''''" H·~eolites at 2OI}°C, zero relICtion order w:u obtlliued with respect to phenol. 

11lirdly, SlI.Iltllcesaria et III. )l!l9Oalllnd J\larczewski ~t aI. )19%) disagree on the s)JOOe!I that 

inh,bit the alkylation reaction. Sa"t~a.1 aI. [199()a) found ulat IUlisole and methyllUlisole 

were Inhibitory. whereas Marczewski , I 111.119%1 fOlmd that the inhibitory "peeies- were tbe reactants 

components. So ooe oftb~ major differences between Santatesaria d aI. 119!lOa) and Marczew!!ki eI III 

[19961 is dUll the latter found phenol to inhibit the phenol methylation reocHon whereas the former 

found tbi, not to be the C\I8e. A possible reason for this di~repllncy is that SlIOlacesaria . 1 aI. 1199OaJ 

studied the reaction at much higher phenol convm!ioo t!tlln Marc:zewskl d cl. )19961. thereby found 

the products to inhibit the reaction. SNlta<:esaria . / III 11900al considered the relICtion at 300°C, 

to be betWl'm adsorbed methanol lind a (ree I>henol whereas Marcrewski r.1 al. II9961 considered the 

reaction at 200"C. to be between adsorbed methllllol lUld &d!Iorbed phellol molec::u1es. 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Chapter 3 

Objectives of research 

PhclIo! alkylation whh mcthauol mainly ~'i~ldB IUllsole, cresol!i, metiLyl""iso!es and xylcuols_ Cresols 

arc important raw ma~erialB In many iudU81rial applications. or the ",('Stern world cresol market. 

55% originatL'S from synthetic crcsols wherellll 45% originlll"" from sO-called ''namraJ'' crosolH OUlllin"'" 

from coal larslFiegc and Bayer AG, 2OO1J. [\ ill' JlOSSiblc to prooutt II high 5<'lcctivity to o-cresnl 

by methylation of ph"lIol with m<'thl,no! O\'et 8 bMic Or All03 catalYSt Or Fe/V catalY'll. Direct 

S)'ulhesis of high Ilu,ity m-crefiol tllld p-cre8I)l is desired due to the high separatioll COI!ld of th~ two 

isomers [P aTton (I aI .. 19II9a/. A nHr1.'SOJ rroo or vcry low m-crCMI OOlLtcmr&tion ill the product ill 
desired for purification rea!lOnIl and II high p/n-cl'C8Ol is also ckwed in thl' product for yield re38()"'1 

IIlnCl' scvarnt;on of p- and o-cresol ill OXlOlIomicaily pOSSible. ZwlitCll often lead to II relallwly high 

m/p.cresol ratiO in the gat<; phase (200 _ '15O"C) where"" in the liquid phase the p-cresQl formed "''8Il 

mostly frw of m-crosol (200 - 210'Cj IFicge and Da!"r AG , 'lOOIJ. As outliued iu the provioUl! chapter. 

varioW! zooJitcs have been studied for trn$ rc&<;tion, narnel y H_ Y, H_z.s~J_5, H_),lordenite, II-Beta, 11_ 

X, H-Z5)'J-11 and various modilicatiOIl of thC6e zeolites. However, mOIl! of the zeoliteS i!l\~tiga\ed 

to date ha,"C showed poor para.-sclecti,·ity in the creoIOl frlY:tiOlI 

TI,e objectives of the research lire; 

To dctcm.ine the efrect of a ~"O!ite oomaining both 10 and 12 membered ring cll3Uncis (i.e. 

MC),I-22) 011 the product bl'e<"u·llm in th., mrthylfltiou of phenol compared 10 10 mcmbt.'fC(1 

ring ..... "OlitPll all typified by zeolite ZSl.I_5 alld 12 membered ring zeoIitCll II/j tYI,ified by zcolile! 

Bcu., Mordclli te and USY. 

2. To determine Ihe l'frect of T.oolit~ cbaracleristiCli on the pjo-crcsol ratio ill the methylation of 

phenol, namely zrolite 511 Al 'lud crYlltai ~i~e; 

3 To determine tbe extenl of reaction on till! external and intl'rIIai acid ~itC5 of the .:eolite crystals. 

Thill is, to what extent non-shal'l' selct:th'tl reaction.!! occur on thl' external acid sit'" '"Cr~UII the 

~hape-re\ecliv(' relll'tioll.'l Q(;Clminl! Oil till' imrrnal add sites of the ~<.'()Iite; 

4 1"0 es\ .. bli~h thl' cff~..,~ of rt'al"liou piIf:utlCler-l 011 thc product !!electivit)" Di the phenol mcthy­

lation waai(m. These MC, rtaction temperature, reactanUi methanol, phenol ralio, weight 

hourly Sl~ vclotit)" or relICtion l iml'" alld the influence of "'·atl'!"; 

83 
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.. CHAPTER 3. OBJECTIVES OF RESEARCH 

5. To determine the effect of relICtion pha._ (liquid or gas) on the product M'lecti\ity of the pllmo! 

mechy!ation ,eau;o!!, 

6 To dNenmue a react ion mechanism for tho a1kylatioo of pbwol with IIII!thanoilJOo'ft" zroIils. 

Au outline of research is siven below. 

I. hn'l'!ltlgallon of H-ZSM·5, II-Beta, II·Moo-d~nite. II_USY. H-MCM-Z21u the phenol a1kylatioo 
wit b methanol in Ibe liquid phlLSe and 11M plla8l! !II t(OJ"nlll of product .eirel ,v;l), IUld aeol 

.SOmer disl ribulioo 'fhIl z~itCll ~ abo compared witb silica-alumina (a non-,Ilape !!elccth'!! 

catalrst) to tielerminf. tbe CXlclLI of shape ~Jocliyity occurring i.n t he zooli lt!l; 

2 Difl'ermt MC;\[·22 !III.IDplcs "we 8)'llthesL!ed with dilferelll Sit Al rMios all'[ CI')'slI.l si,.s. TIle 
effect of stefWling of MCM·2'2 011 the product !eillCtlvitillllllnd crm il!Omer llislribut;oll .... /WI 

also invt:!ll ipteo.l III Uctermining Ihe I"ff«:t of thr cxtra·framc ... wk Qiuminium. 

3 ~f'(;U'-e SO)(lium-exdHlIl&inC or the inlcrn~ neid si tetl of "..sllt·S and }.IeM.n "'ali doue I,() 

determine the t-"I.etlt of rfft(lion on Ihe extern.al1Llld Intt!l'nal tl(ld sites: 

4. ' ",,"uptioo of Ihe dfl'(:t of ~action parameterl UII the product .elf'Ctil'ily 1LILd cresol ilOIDer 

Ul!tribuUOD, namely L'HClion temperature, rellCt"ILI' ml'tiLauol . phtnol ratio, welghl hourly 

~ vtlocily or reaction IILI'Ie and IlVtiai pL'CIIIIU~. The d fec:1 of reliction pressure ""1\11 evaluated 

by lIIudyUlll1w pbftlol methylall(llL reacl lOO m the,;as iUld liquid ph_: 

5. ComwsiOD of the major producu in lhe pilClloI methyllllioll reaction, namely auiooJe. ~ 

lind p-CI'eIOI, 1fM clone to IK-Ip clewrm.me tbe tetetio .. mech!Ulllnl 
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Chapter 4 

Experimental 

In thill .. hapler the catnlysl.li used in Ihe alk}'lalioo <:illhellol "ith .uetbauol will be de:.cnbed In 

tenus of their orlgm Illill ill Lhe c ..... of II-~ leM·n, I lie ft)'Iltksis procedu_ used The pcl6t.-lym.he6ia; 
rtlodlficllt ;oll.ll of H-MCM-Z2 by illlernnlly "deeL,ve t;Oodiulu-exchange and sl.eammg ill aleo described 

An ()\'ervicw uf Ihll cluu'lIClcn ution Il'Clini'ltle/l WlIld in the ana1ysis 0( the catal)'tit8 iii tirl, siwn 
This ill (oUov.'e(\ by the ricecript ion of the liquid phlUll! and p.8 phase experimental appvalns w;ed m 

the IIlkyJ:llion of phenol wllh mctlwwl. Finally, kill","" to;;t rraaiOOll to doarnct<rize We internally 

I\oelective todium-exchlUlgro IWn]11et N1l dt'!l(:ribed in term$ of reaction coodllions and ~ta1 

1II'IlIIrn Hili 

4.1 Catalysts s tudied 

T he catlllystt w;ed in this 'Iudy .. ~~ ..:oIi\8 11-7.5M-5, H-Bela, U·Mort!cnile, n ·USY alld. U-MCM-

22. Amorphous ailk .... huuin ... 'U U$td .. II COI'IlpariliOll of. non-ahape IOI.'leclive <;atal)'til. 7..eo1il.e!i 11-

1..5M·S, H-Beta and H-Mor,lo!olle "'"eft' commercial CIItalyau obtained rroro Sii<l-Chemie. ~ II-USY 

sample ..... obtl\ult'd from Abo l\'obd an.l ailica-lIIumina ..... obtained from Kali-Cbemie. Differeut 

H,MC~I,Z2 .wnl)l ...... ~re .ymh~1&('d by th~ .... thor locally IWd In tbe &fOUl' of Prof R.. LQbo Ill. the 

Unh'mJlIy <I 01>1 ..... 11'. USA. 

4,1 . 1 S)' nthesis of llcolite l\ ICl\I·22 

4.I.t. t Synthes.i!: .. , tbe Uni-·en'ly or Cape Town 

Tbc .}nthClii< or tht finol ..... 'I'ie of lI!OIih' ~ IC~ I .2"2 ..... rlLlTleU OUt by the aUlhor .1 the Uni\"Crs'Ly of 
eap.. T_n and follOWlld the synthesia prO(."Mure dll'lllCliOO:! by Ravur.hankar el al (1!ffi6(. Tho! 5ynthOOll 

"" mnI:u compO&ItiOll .. ,.. 9.83 r.:.,O . 29.18 Si<h AbOJ 13.70 R 1367.9 IhO (R hexam· 

ef.hylcncimnle). Tb 8yntheei8l'f"O<-~hlle WlUI. {(lU~ 87 17 II: eodlun} eiJle&.le (Flub., r.:aOIl""j.I 

..... ';\, Si0:2-==27 wt% in .... u~t) W3I mixed with ·11 ,46, d,~tiUDd W.Il'f. 17.62! Hexamethyll"tl.t'1mln~ 

(Si&ma, O!)'J(, purity) ..... :odded tt) ,hi. a41ut ;OO d,"' ..... i •• OV8, _ 1N!1'K>d of 30 minul .. uI><l", vigor"... 

mixinll:. A SO'CClIld 101,,1;00 of 8 6(i! _It!luinium .ullate- l8-hydr.lc (RI&\eI·<lc-Ha.en, 99.9'/1;) and 7.o.t 

II: <;OUCeDUllIed sulfuric acid (Cont in(1LU\I ..... hor.lnry, 98 wt%) in 220.5 ,de-ionised water ..... then 

" 
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slowly ad.red to> the l!ilicme 1IOI1I11(1n O'I~'"mod of 1:'1 n,jOlllea under vipoWIlllrri",. The ,ylltllfSiJ 

gel 111'\8 then .tined for I hour 

The synthesis gel ...... then Ill~1 ;n It 250 ml autoclave and heated a' 150"0 for 80 hours .. ith 

agitation. After the symhellil Willi c:ompJeud the autocla,,, 1111& rapidly oookod by qllenchill& With 

watl.1". TI,e synl hesi8 mixture "'as llu:'ll filtered and washed. TM filter cake "'83 dried OVI't'tllght 

man ovm at 100·0. Appro:cimatcly 30.2 g of dried M-!ynthe5lEO!d z!IOhte "'l1li obtAined from thill 

1I}'Ilthesis IIllXlure. The dried lII'lOliU! fitilJ OODt/lluOO lhe organic template (hexarnelhyll'llclmine) ..... hlch 

,..as burnet! off in air in • fu"~ USIng the foJIo'OI!IIg temperature pmgrnrnme: 

• heated I.Q 120"0 0\'eI" 1 hour; 

• lift(! for 2 boUl1; 

• hftd for 6 hours: 

• cooled to 120"0. 

After this procedure th leolite wall transferred nnmediately 1.0 a de!io;io;atM ...bere it a)Oled \0 room 

temperatlue. 

Thill prrw.:edure yielded ~a.MCM·22. 10 abeam the acid form of tl.e l@f)lile, N .. MCM·'2'2 was 

i()Il~Jldu .. uged twice willi aquuous I M ammouiWIl acetate lIDlution ";~h &tirtill! lor 6 houn II SQ"C. 

T he rerulunS uoht~ ... ·u washed wi~h de·ionlaed water, dried at 12()"C and theu ealdued acain !)/j 

memiomoi abo"" but at I. nwcimulR t~D1per,"UJe of 500"C The lfOlit~ produced using 11tilllynlhesill 

method WIU be referred to u H-MCM-22 (UCT) throughout thillthe~i!. 

Th~ synthu of the three other II&mp" of zeolite MCM-22 was carTied nut by tb~ author AI the 

Unil,..r:;ity or DdaWlU1" and falloY-oed the sytltbf5i3 proa'Jinre deaaibed by Corma ~j Ill. [199:iJ. The 

sy"'heil~ sel molar coml106itioo ",as 4.5 Na-,O 30 SiO:z Ab~ 15 It : 1200 II~O (R hexalll­

ethylencimiue). on I Sodium hydroxttle {f18ber Scil'llti6c, 98. I%) ... 'l\Ij dl$llOlm in 30 ml dl"iOllisOO 

water. While fitlrrilll. 1> I .silicic IIcld (AkiridJ , 1110 IIll'5h) "''as added. 4.12 I of hexlUnethyleneunine 

(Aldrich, m) Willi thet! lidded 10 the 8Olullon drop-wise and l.Ulder I';,;orollllilirrilll_ A teeornl 1IDlu­

lion of 0.48 S eodium a1unUnate ( E~I ScienOP, 35.9% N310, "9.1~ AhOa) and 30, de-ioctlled waler 
was prepared IUld thell lIdded 10 thia 8Olulion. The synthoo. mlnUTe ...... then lIirnd for 3 hOUJ1l. 

TI,e ~Ylllh~l~ gel wu divided into f(lll' 7" ml IclIoo Iinfd ran autodalw (Parr IWllfUmnWI 

Co.) and plll«d In a OI,(,U ... 101 a rotiserie TIle 01'('11 ""lIIi h~ted to Iwe !U1d RutodalU ... -«e 

left In the OI~II for 3 d&)' •. Aflet" the ftqllired synthe..is tUne the IIlltocla..-e!I _t rtmoved and cold 

quenched The zeolite IIlLmplCII "",", waBbed, filtered and plac:ed in lUl ovtn ~l 80"C II) dry CWt'rlli&11I 

Approximately 3.4 6 (lr dried M-lyuthe\liM'd :reolite was obtained rrom thl~ lynthf'O!ia mixture The 

:.oolite .ampa _e then calcined u..ing tht following lempcratUr1l pr()gnuu, 
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• beatw 10 lW"C QVj!J 1 bour; 

• beld for 2 boun; 

• bealed 10 5-5O"C o\'er 10 hOlll'S: 

• held for (j hourw: 

The acid form of tlu! I8Jli~ was oowned hr ion-ex~ lhe zeolite nrice with I ),1 ammonium 

acetatP. 2,; zeolilS wulon-omaa&ed in 700 ml ammonium ace!.ale solution for 2 hounI with stirn", 

a~ room \ftD.per:l.lure. The le<)lile YOW then calconed a&a'n w obtalll !.he acid form of tbe ~I.e. The 

~eoille prepared using tbJI procedure will be refernd w ... II-MC:\I-22 (DEI) Ibrout;bOln I"" thee ... 

A &eCond batch of MC\I_22 wu pr~ .ilrularlr 10 the pnXMure mfntiOllOO abo.~ but WIth 

a synthesis gel molar CIlIIlfIO'idon of 36 Na,O : 50 SiO, : AI,Ol : 17.6 R : 2250 IhO (R __ be.>;. 

ametbrleneimine). The .ilIea. tourCe 'NaIl alao c:banged to fumM .... iea (Ca.-bolul !>IS). Tb~ .ynthl:'Ad 

mixture was placed in the 0\'eIl fot 7 dB)'I/it \WC. Tm. Zf'lIlite sample under 'II"ftlt the _ calcina­

tion and lon..exchange pl"()(:ooute IIIIII·MC~I.?2 (DEI). Approximately 1,9,!! of driM _syntbes~ 

zeolite Wl\Il obtained from this ')'IILheell mixtuu. The Z8;1lite prepared w;ing lhill procedure .·ill be 
referrM to as 1I-:\IC:\\·22 (DE2) throughout t b .. Ibes ... 

A Iblrd batch of :\IC:\I· 22 was prepared similarly to the procedure 118 1I·:\ IC:\I-'22 (DEI ) bUI .... ,th a 

l>ynth8S111 gel oompOlitlon or9 NB,O. 100 SiOI : AI~03: 50 R: 4500 ll lO (n ...., hexamethyleneunllle) 

and fumed solica (Carboal M$) .. the &&lica 1IOU1CC. This synthesis mixture .. ~ placed on tile 01"II1II 

f.x 8 da.YlI at 13l,oC Thill z,eobf.e aample undn wt'1l1 the same ca.lcination and ion·exclt.nge procedure 

Ai II-MC:\ I·'22 (DEI ). Approximately 3.7 ,; of driM I18-syntilMsecl wolile WIllI obtained from Ihil 

synther.Lo mixllue. The zeoliU! pr~~ Ui1na tlus procedure ... ~11 be rd'ern.'d \.0 u. 1!·~!CM-'22 (DEl) 

throu&boul lhlt Itoe.Uo 

-1. 1.2 I nterua lly selective sodium-exchange of Z5 M -S and l\ IC:\I-22 

Inlnnally 8deeti\~ IOdlu~dtan&" of ZS~I·S and :\IC).I-'22 (UCT) ~ a ",ace. wbntby proto'" 

mlnna! w tbe lI4!OUI~ .trucilln! Wl'l"e .etl'!dJvdy ecdt~ed .ilh sodium 10M (d, SectIOll 2.1 ", ,2). 

This wall done w determine the effect of the e.>;lemal surf<lCe acid 11115 of the UJOIjt" CTystala in 
certalu cat-.lyF.lC UlICIIOnI. Tbe metbod rollo .... .,,:1 "'"aII tbat of ChlOller ~t III 119981, Since both 

Ito" ZSM·5 and ~ICM.22 (UCT) AIlIpl5 ... we ohlailll'd or prepaud m their lI ·form, reql«tll-ely, a 

liIOdium ion-illllrnan,ge WIllI /irat performed to eliminate all the acid sitll!ll, SuhHquenl ion-exchl.n&e .... ith 

tet.ral)¥Ollylll.mmonium bromide (TPADt) foll~ the sodium exdlange. In tWa ..... y only IIOthum on 

the e.>;t.f'.tnalsmface ill exdulllged with TrA" io", lIS T I'ABr is 1.00 bulkr. molecule to euter the iO 

mcmbr.red rinl!; pote olleuinp. The pr~llte is described below: 
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Tahle 4 .1 : Steaming conditioull of 11. ).lCM-22 (DEI). 

, h 

• 12 g of !.lIe zoolite II&IIlple "1M 51unied iu 200 ml of 1 M N"aQ solution for 2 hours wilh .timlil. 

TI,e aample .... aII thn filletOO and ".,I.,hed ""Ih d~ioni!led ""lI1.eT 11.iB "1111 repeatoo. TIle fil\f'r 
cake WIUI ,hl'u rlried al 8O"C OI"emigill. 

• Thp Lei I"II)Topylft.lllmonium bromide (TPADr) el<chattge ""lIS carried ou t'"" foIlooI.,.: The JOdium 
uchaupd aa.rul)le ,,. .. slurried In 2&Oml of I M TrADr solution for 2 hours .nh lIt,nlll3' The 

sample was then filtered Uld ,,'Mbed .. "h de-iooited "-ater. TIl", " .. repeat.d lwi"". The filter 
cako! W!lt then dried O\~ni&bl 1.1 8O · C 

• 111C! TP .... / ."'a_!l8J11ple ",.. then caIc"lf!(! Ill; c.o<rC for ZS)'I-5 and S50"C {Of :\ ICM-22 following 

the proeedu!"e given 'n 5«"00 4 1 1 I, 10 bum off tho! orpnJc material &0 ilia! the 8&lJlple 

remAined ,,·h.h t~ tlClernal apUll.urfACt aclh"llied 

.1.1.::1 St(,1I\l\ ing of H-l\ICl\ I·22 

Fill" (erwn reiICtlon Jtudl8 it W/lil decided In Ilealn H-!>IC!>I·22 for reasons .. hicb will be upla.in()(\ 

1aler. .... !lampl .. or II ·MCM·22 (DEI) " ... loadM "i lh dIluent inlo the Iell rtlIIClor (d. Seclion 4.3.1 ) 

and $Ieanlt'd IlHilU (conditint15 !l\'Cn ID Tahlt' 4 I). Nllrogen "<IS llaluralfd ,,·,tb Wllter by pMl!ing 

througlt II AmntOr Thl1lllllUfilted nltroseD II~ ...... then heated In Ih. vrc-beMt~r "",,\lon (d 

~IOII 1.3.1) to the .u:!&Intn,g lempemtUNI before belll& pUIM'd over the c.talYllt boo (cf Figure 

~.3). After 5tf'&IIU~ lhe rellCl-Qr ..,.. Hushed with nllrogcu for 3 hoons berore the ph~J\01 ~lkylMiOll 

reattion .... pM"ormed O\~I !.he IIt1U1led uoIite_ 

4. 1.4 Physica1 and p hy!l ico-ehem i(:a.i zeoli te c1uuRcteri:t.QliOI1 

The zeoiitl'tl were chaulC"lerized. tWJlg the rollo ... ·!ug techniques. 

• P.,.".der X·ray dtffraclion (XRO); 

• Scanning elect.ron lIIicrOl\1COpy (S£.\I); 
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• Alumi.: adrorplioll spectroscopy (AAS); 

• AmlIlQnia lemJlcralu~programlOod dCl«lrpl1Oll (NII3-TI'D); 

4.1.<1. 1 PO ... ·der X-ray diffractiUIl (XRD) 

X·,.a)· diffraction patt~rM of ttOi itCli ~p deunnlne tM ty~ of aeoIite JalIlpl('. X-ray diffraction 

l)IIttems of all catalYStB ~ obtained UiUlI': II PlliIlipli X. r .. y dlfftfICto.neter w.th e ,,-Ko mdifttioo. 

The XRD opcr"tlll& parametmi lIle &i,-eo In Table 4.2 

4.1.4.2 Scanning electron microscopy (SEM) 

ScMn.o, el«tnltl "L>C~P). "'1111 u"'-'<i to idcnllfy the crylltal morp hology and $i:&c. A LoeiQJ 5440 

c1i1':ltalllCalllliul electron nuO'OliCOpc ,,"'" IllIO:IIO take "l«tron uuttographe of 11M! r.eolite 8AlIIples. The 
.... ,,1'1<» ~'C ...... unu,d OP a1umini",,). ",uboo, ... hid, were cover«l on top wi th. m;xlu .... of w/l.leJ'-b&ocd 

&lue and O)UoIdaJ carbon. T IM! zeoli~ samples w .e pI/lCed on the &lua/ carbon m1xlu.~ and IXMfid 

"'lIb llilun layer of Au/ Pd . 

• \ . \ .<I .;J Ni~ " o~eu phy/lJ$O" p tlotl ( ilET) 

NltrOlen ph)'!lSOrptiOll (IlET) .. 'as performed on lhe cala!Y5t11 UllIII " Micromeritict ASAP 2000, 

wbich IIIIowed a Stepwi8~ ecan ov .... tb~ cnu .... P IPa ranI':"'. ~'tro&en adlIorption WM done I(l de~ 

the "DET"' lurfftce arca Iln(\ uROO to calculate the m80porom and rnkroporoua wrfaoe atl'U IUld pore 

voiumllil of tho cata!ylta. Ikfore the nitrogell physisorpl.ion anal)'lia: \a performed the aaunplet .. -ere 

dried oVl::rnight ~rlder VllCmrm at ~e. 

4 . 1.4.4 Elelllenl,,1 """I}'!IiB U!ling aWmic .bso.,ltion spectrolC0py (AAS) 

Atomic 8b!oorptlon ip('Ctrl*Xlp)' (AAS) W1III Il!Ied to tielennille lhe tlham/ a1wnlnlulII r"tio lind the 

IO(lium contrnt of the aeoIitts. A nlll) ..... ""Cf"e carried o~t on a VarilUl Sp«lfa AA 110. The PllIpllt 

"''as dig~tl'd ill • teflon lilled It eel , __ I t Pur bombs", Pan Il1lItniI,wnts Co.) by additions of 40% 
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Tnble 4.3: EXl"'rirnelltal wnditiOll8 fQr cil'lncnULl foltalyllia U$lng A10mic abscIrption 8pec~, 

" 

HF and heated in an 0\,." . Aflet (be dis9olution of the volite boric ac:td aod doe-ioniSl'd 1II1It..,. 111'1\11 

""dod 

" . I .·I .~ AI"",o uin ten 'l)ttflolure-I,rogranllrlec l desorpliou (NI11· TPD) 

Ammonia to~ml~tUl'l'-ptOgramJmd draorplion (:"<Ib-TPO) _ used to detcrmilL~ the IIcldlty and 

the 11"'II&,h of the acid 8ilelll in the ·l.I!OIitl':'l. NHJ,TPD expt'l'imcniti Wen" carried out in R q"art~ 

..,actor ""d the expeorirnentai concUtion' an'! givell ill Tabl~ 4.'1. The illUlll'tc. "'"t'Te "8.lclned in &ir 

brion· the ammo,,;. "'&Ii ~bed. Amlllo"i .. "'-lL!I o.dsorlx-d onto the ~t'l'l1it~ for J hon, follo,,«I. by 

desorp'um of the phyllieally ad50rbed wlUllOuia a\ ISO"C for 8 hQUI'II under Ib~ Oov.' of hdimn. TIle 

S<IIllI)\e "'III I ben h~.ted to Ihe final dC5Ol"ptlOll temperature and the quantity of dlemisorbed amtrlOlllL1l 

Wall Tl'<;orol!<l by .. th.,rmal CQl1rllK.1.ivily dct.<'<:\or (TeO). The lotal qlllUltity of dlCllli!lOrbed 11.111111011;'" 

is also d~ttmllned by back titnl.!iorL. After pRJ<.,ing through the .ample the II.uIIPouill. / bdi llm gaa .. "lUi 

bubbled through 20 ml 0.1 N Hulpliuric acid to 100 mI "''ater. Back tltnu.lOll, usilll 0 1 :-I.odium 

l'Ydroxidr , 11.118 .\.IlI! to dct<'rmine 11K- IIIUOlillt cI ~ulphuric acid remai:uing after the detOrptioll cI tht­

ammonia. The iUllOlllJt of ammonUt. ,Iesorbed frOm the sampl<'! dt!t .... llliued II)' wk tltl1luon or bv 
ClIrI"<'! illt<'grll.tioll P'II!! ~ ",;tllill 3% other"'. the experiment _ ",jeCle<! 
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Table . 

4 . 1.4.6 rr A I M1\gic lingle spinning nuclellr magne t ic Nl8OI1Mlce ( rr AI MAS NM I1. ) 

rr AI ~ III&K illigII' splrmiU! nuclear magnet ic rt'lOnlU1~e ( 17 AI MAS NMR) ""aII UIIIld \.0 de~,,;ne Ibe 

f'J\1~'IIt of cxln-fra.rue",."rk IIJuminhun formed duti", the 8)'Dtbe&Jli and calcination ~ureoI 77 AI 

MAS N~IR analy!iCS were doRe al the Dcparllnent nf Chemistry. \JW\-muly of Deb.~. USA The 

21 AI ~I,\S NMR spectra ~re recorded using a Bnlker MSL 300 specuomct« (Do - 7 . ..1 T ) operating 

al R rt'lOlUUlOO frequency of 78.2ffi MH~ The aa..ml'~ "'-en! BpUII in zireonia rotOf"l\. The To' AI MAS 

Nl\1R !pc<"tfll. ,,"Crt! obta.illed WiiDfl a _/ 12 pulsed 1 ,. and a recycle delay of2s us'r1S a 4 mID OUlSldr 

diame1.('1" rolor !pinninll at a rate 019 kill. The chetni("8l shin. wntl rcfu",ucro 10 a I ~ I AI(No,), 

IIOlutlon _ 

4.2 LilJui(.)- .... hi~C aJky la l.ioH or p heno l with mcthano l 

4.2.1 Expcrimcntal apl)aratus 

A 600 ml balch autoclave ""all 1ISed. The re...:tor consisted of II 11l1li inlet line. cooIiug ."llter \oops, 

pre!l<ure gauge. IIIfety IlTes!iUTC I"dease val\'C, II gaIi outlet, a tbermO'A'e1l and a magnetically dlwm 

alifl l'f M lit!en in f igure 1.1. The Ina:<imum olICralillg temperaturE' of Ihl! reactor ..,... 250"C (limited 

by Ibe tcfion guke! sealilit; l he lid of the autodlll'<') and the reactor" could be preasurised up to 100 

bar. Figure 1.2 6hOl<'8 thl! eollll'll'te !let-up of the hquid pbue ria;. 

4.2 .2 EJo; I)crimclltal procedure 

The hatch rclICtor W&II typically lo&<.lixl a6 gi'""" 10 Thbl<! '1.5. T he reactor ... '" fluohed with nitr<.>g~'tl 

to a f"""Sl'utC of 10 bar and then (\epno8runsed. reP"l'lnlly. to relllOvt! all trace. 01 DXygrn. The ''''&<;tor 

...... tben b~"'led \.0 re.ctloo temperature. AftCl we reaction tlm~ blld ell\l)fIe(l I.he reactor wl\8 cooled 

quiddy by paIlS;"g .'all'r through the OOIIlillg Ioor- illlli.l<! dw au tocll\vc (Fiflllro 4.1). Once cooled 

the reactor bad a jlI"etIIlIll' or &Pl'roJIunalely 2 bar .• 4. sample of the gall phaac W/1.8 coIlerted I" a gas 

u .. p lill dll' pi! outle!. Mid thit W1l:! tbell analysed by glIII chrolflll.togrlll'hy. ThI' reactor" WM Lh~'Il 

dcl>rellim9!<.l a"d the conl~nt of the reactor .....:.;.o;cl ."\\8 removed 
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Figure 4. 1: The luterillr of th~ batch Itl!tod","~ U9t'U for liquid phasr "I«'flu! mt'lh,"latillu "'ltb 
lllt'th~1I1l1 
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Figure '1. Z: S~! -up of ! he hMCh " uLod""e \lI><.<l for li quid- ph ... ", al kylation "r ph!:uol wiLh meth""o1. 



Univ
ers

ity
 of

  C
ap

e T
ow

n

CHAPTt:R " . EXPERlMEl'OTAL 

Table 4.6, nl~ GC !Of"t-u l) and conditlOOll for lhe analysif of the liquid rh- product!. 

4.2.3 Product nuolysis 

Four 1& ",1 aliquou .. ~ placed In ul~nllifuv tubell lod ctntrlfugrd It 15000 rmp to femow thoe 

CRtaJJ'I!! Artt!r O'ntrlfuplion !~ liquid product .... weighed (ea. 1.& g) a.nd then a prl'C ....... -right or 
toloene (ta. 0.15 S) .. 118 added to the liquid product ... ule internal !tandatd The product was then 

anAl)'lIe<i by S"'I dIromatosraphy. TIll! CC Ift·Up aud conditioll! art! gi\"eD ;1) Thbl~ A 1 AplM'ndi.>; 

A allO'\"S a typkal GC ~pecttum obtalul'd from a liquid ph11M' Ilhl'l101 alkrlation with ml'"uWloI and 

AppendiJI B show>< a typical example or .. complete maurilll bNlI./ta:' calculation for thr liquid pl..­

;Uk)'lation of 1'1."1101 with metbanol. "f"lII' reJ)rodueibWty of the liquid "halle .)'IItem ill II1towu In Srctkm 
1) 1.1. 

4.3 Cas- ph ;L~c alkylat ion of phe nol wi t h metha nol 

...!.:I.I EXjle rim ent"lolll)"r<ltI15 

ClIS ph_ alkylatlou WlllI dor!e III a Row feilCtor 118 illwrttatoo by the fIooA'"!IIJeoM i5 shO\Oo'n in Figure 

"3. A (a-d rni.ll;tllre of phenol ami Illt'thallOl WII8 trlM.ered via a RP 1100 IIO.'ries HPLe pump to an 

e<o"llporlltot ( F~.(' 14). A ear.u-r Sill> (nitroll:t'n) W1lS introdooed via .. ,herlilal _ flow oontrolJ ... 
al thO" tnp or lhe f\"l\ponItor 1'hff~ Is a .MctO. bypMI Ihll' tn all.,.. thf' anal)",,!!! of thfo f<>ed hebe 

and afll'r an tl<pt'rlmeut.. Tht rtef'tllt, "'lh"e iu thi~ bypass lire f'DSIIrl'S UK' sarut all>di~ioll!l in thr 

re;>Ctor b)'p¥!! line III in till' rf'III."IO' hnt. Th~ prf'-bl'0.t coil ",d n'aC\0, Ifilli«' ·Uij wen' placW 
inside II", dtambo'!r of a fuwl\Cl' 10 maintaln lUI i80th~.nn:t.l bf'd lemp!'raIUfe. Toluene ..... U5Cd as an 

IDlf'mal "a..'tdard. Tht lute.na1 ~tand,..-d wlIIt ~'-apOr.!.led Lmo 1\ flow controlltd nilros<'lIltl'tllrn, via. 

B saturator bet"'WD Ihe real."lor and the GC. Arter tl", CC BIUtlpling \'IJw the oonde"..blo) products 
"''ere knoo:kM OIIt from the.p& strum with an ice-tt"llp. Thblll 4.7 lilian the opcrati", comhtio .... of 
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dlt tvaporator. tht imernal standard AlllralOr aud the HPLC plUUp. 

-'.3.2 Expcrilllcntal proC<'illlrc 

Table 4.8 8howl the operaLi", (lDlIditiollll used in the I" ph&!ll! a1kylMioD or phenol ... ith nmlwtol 

The Ci\tal~t in lh~ ~aetor "'l1li diluted with arid "'&!IhN IWld (100 - 5OOl'm) in Ute raLio 0( 9 1 LO 

maimain iIothl'l"lI1lll condltlollll (FIsIII'f! 4':;). The cataJy.! .. -as nlcinoxl before tadl experiment in air 

at 500"C for apprOl<Jmar.dy 6 hO\ll"l thelL cooled to reaction temperatllre 1ULd Huabl.'d ... ith nil rosen 

fOl" 2 h01l1'!l 10 remow a1llrl1O'll 0( ox)"I~n.. 

At the 51art of til(' experiment, the "'"lljJOntor"'&II allo~ to Itabol1!ll! ria the reacl.QT byJlUI hne 

Tahle '1.1; Opcratilll (lDoolllolIII for the ~ ... porlWlr, imcrnal tiumdani .. turuor aI,d IIP LC pUmp 
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Table 4.8: Opernl11ll!! condition!! r..- gal phase aUrylati<.ln of pb~oI with methanol 

Table 4.9: The GC IiCl-Up and oollditiID1! for the M id),.if of the IlLS phase 11f00Iu .... l.5. 

fll. 4 hoon with liimultauOOWl ~tabili.,.tion or the uU~'mfll 81 Iludlll'd "turaIOJ'. RCI\('tnr hypase $amples 

.. ~rt taken in Ihis period 10 momtoc lhe e'"IIpo!'<IlOr and IMurator operation. Arter stabilization of 

tIM! ('\"IIporal.Or and IlaturBlOr. the Ih,ee-,,'3v 11IIve was ''''itched from byp!WI to I he reactor. Samples 

.. '\.,.~ laken e,,,,.y 40 minutes until ' lu!I5i-Meady ~talC wllI! rcached. Finnlly. bypilSl &IImplCII ,,~~ tall"!l 

~n for 1\ fin"" rontrol g;unple a, the end of the c.'<lH • .'rimcut. 

-1.3.3 Product allaly~ i s 

TIle III1.1oCOU! produrt ~1!a1ySjH "W don~ Wiing an on_line g>IIi chromBlOlLraph The CC !It\.-Up alld 

conditions ~e 8"'('11 in Table A.2. Appendix A silo ... !! a typical GC ill«lnam OOI .. lned fTOlD a gall 

phlllNl phenol IIlt1.hyla!ion wilh methanol and Appendix 0 ~IIOI''' a typical example of a cOInplc:te 

mRtl'riAI balallCl' calculation for the pIi ph_ alkylation of phc",,! with methanol TIle rellroductbdlty 

of the hquid ph/l,'!e 1)'~lem i8 1110"'11 In Section 7 I. I. 



Univ
ers

ity
 of

  C
ap

e T
ow

n

98 CIIAP TER 4. E.XPERL\IE"TAL 

Ta ble 4.10: 

" 

"' 
Table '1.11 : GC Imtper3lure prog .... m fUT 1,3,5-TIPB Rlld n.heXII.IlC craci:i llg. 

[1.3,S-TIPB Crackill,il; I lsodlCf1Il;U III 1200C I 
I II- Hexane cracking I Isotbcrmlll at we I 

4.4 Detel'luination of the external and internal surface activity of 

the zeolite crystals 

The extemal surfarn act;,;t)' of zoolile cry~tall; was dclcrm;n('(f by 115illg the test rcact ion of crrling 

1,3,5-1riisopropyl bCllzc,,~ (1,3,5-T),PB). !,3,S-TIPB is too large II) Ht through a IO-meml>ert'd ring 

pore and hence can only l~ crt\Ck«1 on the cxtcrna1SurfllCC sites. TILe total activi ty of the crystab; 

Wa~ tested using n-hexane ( ratking (e-test), The>e two test reactions were CarTiad 0111 on fresh and 

IIltcrnaily selectively !IO<lium-exchanged Catalysts 7..5M·5 and ~IC~I-22 (UCT). 
Tile gas phase experimental rig set-up (d. Section 4.3.1) wl\lI used for these reaclious except. that 

the e''lIporator 'I'M replaced hy SIItUnr.tOl!! containing ei ther 1,3,"-TlPB or n-hcxlUle. The reaction 

conditions (Of the 1,3,"-TIP B craci:ing t¢it reaction and the n-hcxanc cracking test reaction are ghcn 

in Table ~ .I o. TIle elCJX'fimcntlll procedure was similar to the gas phl'\5e phenol alkylation react ions 

a.s dcsuibed in Section ~3.2. The reaetion wM trllCl'ld hy tirnc-on-st rMIll sampling on-linc using ~he 

same GC couditlons lIS shown In Table A.2, except for the t{'mp~atllre program which is descrihed 

In Tahla ~ _ll. 
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Chapter 5 

Catalyst characterization 

This cha~r pr('$l'p~ We 1'l'SIlJ\1I cI "'Ie ph~ica.l dtarno::tcrizaLion of alllhe caWytUl ulr.d lu 

t.bill reeea.rdi, ,iz. wolital U·7.s~I-", H·~ 1-I-~lonlemU', H-USY, dilfcren~ "'"'vb of I-l ·MC~t-22 

and ~ .iliQ-alumiua. All the au.W)'8U1 .. we cba.r-acteriD.>d by !.be roilowiDI methods: X­

ray dilfractiou (XRD), KIUlnlll3 ,*"tron wicl'OIIOOpy (SE~f). rut~ ph.}1!i5orptlon (BET). alOmic 

adsorption sll(!Clr,*:opy (AAS), ammonia. ~mj'M'rlllu,...,.programmed de!:Iorptiou (NH,.TPD) and 27 AI 

magic an,1e ipmulUS nudclU' magnetic mIOOaDa! en AI ~IAS N~IR)_ 

5. 1 X·ray d ilfmctioll (XJiD) 

X-ray diffrartlon spectra of tbe zcolilet were ohlll.illcd 1.0 determilll' (and conlion) the Z>.'Olite phase 

present in the flamplet. Figure 5. J shows the po",d~>r X-ray diffraction ~pectra. Q( li·ZSM·(i, H.!kt.a, 

H·Mortl~lIit.e .nd H·USY, theee ... ;uwyMIl were oommcrciaJ sampi{!il obtainoo (rom SUd·O,em,,! and 

Abo :>Iobd (H·USY). respectively. ColllpantiOll of the.e X-ray diif'lI.I;\ion spl'Ctra. with simulated 

!ipeCt'. gh"Cfl by ''OIL l1aUmOllll and HIM'''!! [1990] wnfil'IIlCd th~oir Ident ification, at shown in lo'igolTc 

5.2 II-ZS~l-S, H.~lordeni~ and H-liSY ;OJ.I ha"" sh~ Il<lak! in tJ,eir X-r.y l)lItterll rompi<red LO 
H-Bela .".hidJ bas broad peaks. H-Beta has broad pea./uJ dne LO the high dcgrot> of naddul dISOrder 

in the fr.mework 5~fU('tum INe"um tl 01., 19881_ Figure Sol Bho..'S the X·ray diffractIOn .PtlC'tra 

obwned for !.he H_~IO I _22 AUlpd made al the Uni'~ily 01' Cape T""'II and IhoR mlldc at the 

University of Delaware. CoInparul8 these X-ray diffraction spectra. with X-ray di/JrllCtlOtl pattern 

obuuDe<l by Emu 1I!n&1 (abown ill rJt;Urt! 2 9) ",dical.ed that ell the u.mpiel were Indc!cd ~ICM-22 

. , ,. - Scanning e lectron microscopy (SEM) 

Filnre& 6.4 LO (; II sbow the IICll.Dnlfll eie<:tI"Qn micrographs of liI~ ditr~'1 aeoIite!.-I 1'a.bIe 5 I 

~1I!!Ullar;SI.'II lilt anaJr- of tile micrographs with respect 1.0 the morpholosr "'Id a",ralt cr)'lIlallllZC of 

the different -wohl.(ll. All the zeolite ~')"!It.aI!! Uoepl H-~ ICM-T.! hal"f! aphericnl or cubit Illorpbol"lics. 

!I -~IC~I-22 crystal!! hilI'(! II platelet morphology aud Ihese CfYlItah are illl.CTgwwu The MOI-22 

crynlll'. morphology alld aize Is Ilnalogoul to lIIat found by Emllt 11998], No lIIoorpllou. material 
W~ dct~,<:u.'<Ilu allY of the -.:aullinl electron micrograpiul of Llle zroliLC slUnplea. 

" 
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Figure 5. I: X-' lIy diffraction sJX!ClI'a of II-ZSM-6, lI·nNII, l'Oa-Mu,dP.flite, H-USY. 
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'02 CHAPTER b. CATALYST CH,\ I~ACTERIZATION 

M r-• .. s 

r m I: 
~ ~ 

• • 
• , 
• , " . , • • • • • • , , • • • • • • • • 

I. I. 

Cal It-Meld-n (lICT) (b) H·MCM·22 (DEI) 

.. :1 • • 

• " 
" .. ... 

• I: la. 
a · 

~ • .. .. 
• • , , 
• , • , • • • • • • • , , , , • • • • • • 

I. I. 

(d) U·~IC~t_22 (0£.3) 

Figure ::'.3: X·ray diHrnction IIp<<tD of 100 II<MC).I.2'2 ,amplell mwe at the Uhl\-el'llity of Cap<' 
Town (L"CT) and tbe L"DiYel'SiI), or Delawan (DE). 
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FIgure S 4: s<-aruwLg .. J~lnu microgmph of zt:aJit .. fj ·ZSM·S. 
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''" CItAPTER S. CATALYST CIlARACTERIZA'flCN 

figure 5.9, Scanning deal'OD ulkrogrnph of zeolite ll· MC!..l·22 (DE I). 
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Flg ur· ,> 5. I I , Sf&III11" 8 electron micrograph ol ·ooolite 1I-'-ICM-22 (DE3). 
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CHAP'fER;;. CATALYST CIiAIlACT£Rl ZATION 

VQlurne '" 

5.3 Nitrogen physisorpl ioll (BET) 

Tab!e ':;.2 P\"8 the OET IUl"fIloCt' arHII, mlcrollOT .... lind IOI'IIOJKIWIIlI 3fNS, micropore volume ""d 

meeopore ""urnes of th~ catal)"IU1IIeIJ In tb .. study. Al! th~ zrolitl'lll had BET surface areas bet~ 

104 and 601 rut IS .... d mlcropote ~luJlIoel ba.~ 0 I and 0.2:> em! '&. Note 00 datil a,-ailabie for 

tm. ~tl'lllnl!d II.MCM.:!2 (DEI ) ... mple.lli~ lIte"",i", 11"&8 carried OII~ In .,tU 

5,4 Atomic a bsorption Spectl"Oscopy (AAS) 

ThE- bulk Si . Al atomic nll~ of tbe ("Il11ll)"1~ were detennloed by atomic abllorptloll spectroscopy. 

Table 5.3 p ..... lb~ a1uminiulD content .. ~d tbe bulk Sil AI rntlOll for the different ~ata.ly8tS. 11-7.5" 1·5 

has tbe higbl$ 5i AI ratio 0115 where ... 1I·t.:SY Iint' tl~ lowest I"Iltio of 4. The different 1I -II ICM-22 

Pmpll'lll ha,'e 5i· AI rat .. T3f\S1ns from II to 29. 

5.5 Ammonia temperature-programmed desorption (NH3-TPD) 

Allpeodix F pvt'S the ammonia lernJlernlnr&oprognumnld (IeJorptloll CUf\"t'!I obtained 0,"1'1" all the 

Cat.aJYIU! The am(lunl of nmmoniR dNOrbed "nd the lemp"!"IltUfN of Ih" maximum of tbe map 
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CHAPT ER 5. CATALYsr CHARACTERIZATION .,7 

dCllOrptkm peak in tbe NH3-TPO $J>CClr;!. are giV'l,!ll in Ta.bIc SA The amount of ~bed ammonia 

(mIDol Nib.' I car.a.I)'1t) ill an indication of the numb« of ac,d Ilitl'B avRilable (or ruction or molecule. 

with a Bize oornpMlble w that. oll\'lI.1. The catalystll thus arrllllgcd in ordllr of ~r" lIUUIber 

of 1l,1I.ilablc acid !lite! an!;: ... hca.a.lumina > H_US), > H-Mordem\.(! "" H·IlcUl > H.MCM·22 (DEI) 

~ H·:-IC:-I·22 lUcrI > 1I-:-ICM·2'l (0E'l) > H·:-ICM-22 (DEl) » H-ZSM·S. 

Figure 5.12 sbm.'li Ibc relationship beI,"'I.'CII t~ number of acid site!; per gam calah'il detcnnln..-..d 

by N I~-TPo (Al;.m._Tf'o) IWd a1urniuium atoma per grlllll clualy81. determined hy atomic ablOrplion 

(AI"AS). GcncnJly there ill xood "IfC'Cmcm between the two methods (OT aU zeolite exC\"Jl1 II-USY 

FOr the callOS .. 'here AIMS AlsH._Tl'D, lbiti IlIl\y be callSClll b)lhl- followiug: 

• Some of the acid ~I""I a.re not ac~ble which could be due 10 stroctunJ dcfOCl:!l. '1"b.il! may 
bold for tbe MordclUte in p."lflicuiar <lue to its loOn·mteroo"n«,u", pore "ystem; 

• SoIllC ext ....... framcwork aluminium (urn) "'-eaker IliICil. The amwonialborpl.ion from t'- 8i("", 

oo;urs al a lower temperature allli IbuM dudin't oolltribute lo.be major (Se.orptlOIi peale, Thi~ 

may bold in part icular for H-US), ~inoe Ic-=hil\& tbe extra-framework alumina, ",Weh ""&'I 

produced in the steaming SII'p, may be i'l(OInpiete. This i •• ]80 confinllC!d by 21 Al MAS NMn 
an.aI)'iis of the H-MC)'1-22 ,wllph~, ","here 1I-)'ICM-22 (DE2) "'1111 fOIlDd \0 rowe lh~ IQ\I,"C!it 

content of exl ra-frame"'l'rk aluminium (d. Figun:'ll5. 1" t.o 511 anti Section 5.6) Md Ibf be.t 
CQI'TeIalion; 

• Silica-alumina I. DOl e:llpect.ed to match the tbooretica.lline .. nee only pMl of the alumlllium iB 
('X11oOoll'd 10 .hc $urfare. 

The Icml)('rature of 'UIUtimUID of major dcIIorption ~u ,;;,'8; an indication of the itrength of the 
.oo:id .!tet. Th,,~, il1 dccll'Ming order of acid atreu«!b. 1I-),tordeuJte > II·ZS),I-5 > MCM-22 (~O) > 
H-:-1C:-t-22 (0£3) > II · MC:-l-'l2 (DEI ) II-US' " > II -Beta > H_1I1C~I_22 (UeT) > silica-alumina. 

Figure &. 13 HOOwI; the OOm1:lalloll betW1lClI temperature ofmaximum o( major lInunonla de8orptioou 

J)CIIk lind bulk Si AI atomIC ratio. T here IS a clear alld CllDllistent trend showing that tbe higher Si Al 

mtio CIItaiYbt i. produclIlll the IU'OIlgt'r acid SItes, The cxccpl.ion Is H-lI ]ordenitc which hall ''C(}. strollll 
sites for \.8 rdlluvdy low 5i' AI ,.1;0 
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'" CHAPTER 5. CA,TALYST CHARACTEIUJl:ATION 

i ,peak 

2.5 I //l 
• ' ~ • ! SoIoe.-alumna 

• 
f " 

H.U51 I H-Bela . . H·~,te 

~ H-MCM2210E21 . 
~ HMCM 22lDEI) 

! 
H MCM 22(UCT) 

• • 0.' H MCl.I-n IDe3) 
• 

H·ZSM 5 

0 
/ 

0 " 
, , , , , .• 

AI .... S ImrnQ1 " Lg cal.'Y$l1 

t 'igure 5. 12, The rcbliolL.I§hip bt.'tWl'CIl a1umlZlI1ut1 contcm In I he different o:alaly~t.II .. dClmlllnoo 
by ato;nuic ~l'liOl1 ~lleCll'<J8'Xlpr (AI"",,) and by ",,,monla lemp"raturt."P«"Irllll~t 
dl.'lOrption (AI1iH._TI'P ) ( DalaIUro from Tables 5.3 and 11.-1) 
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CII .o\PTEll &. CATALYST CIlARACTERIl.-nION 

H·ZSM·5 

• • H·MCM·22 (OE2) ~ •• __ 
• 1):lAGM:~.2 [DE3) 

H-USV H·MCM·22 (OE.!J •• _-··--
.--'-' 

• ..:. .... - . 1i Beta 
_.- ., • H-MCM 22 (UCl) ,- . ,,, 

''''' • 

Sob·alvmIna 

, 
" '" 

10. 

'" 
FIKure 5 . 13: T he COrru.atlOlI bet"\'eD temlleT1l.lIire of maximum of major ammorua desorption peak 

and bulk Si Al atomic ratio, 

5.6 z~_\ l Magi<: a ngle spinuing nud ('llr magnet ic resonan ce e' AI MAS 

N~ IB.) 

The ToA] MAS Nl\ ffi spectra for tile 1I-r.tCM-ZllllUllpl€!l are gi\'('11 in Figures ~. 14 to 5,17. All th,. 

loolitfll contain~ -ornll non-tetrallCdrally wordinat~ extt •• frRlDl!WOrk aluminium (0 _ oil) ppm). 

F"lgure 5.18 allows the n AI MAS NMH lII_tnlll1 of l he 1III·I)·ntheslwd 1.emplate rontainmg Na­

MC~I'22 (DEI ) indicaung that only tL'lrabedralll.h"n illllllll Is presenl in tl\@5Bmple. F'"J&lUt! 5. 15 

sbows tho spectrum of the SllIIple after It'lIlOVing the template. Ion-ucbangmg and calnna<l()II. II 

is clear that the exlra-rramewurk almmmnm ~ ~ formed durin, calcination of the WBli\.e 

H· /II C/II.22 (OE2) clearly sboM!<'! the I_t amoUnt of extra·fr&Dlt:work alumInium In all tbe H_ 

.MC~I.2:lIIIUIlj)I€!l. H.IIIo. l-22 (DEZ) WIIi R1so found 1.0 have aI~t every aluminium atom ~ 

to a IIItOn& acid 811., (d Figure !:i.12). 
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110 CIlAIYfER~ . CATALYST CIIAR.-\CrERIZATIO~ 

, , , 
• ., CI "" 

Figure 5.14: 1. AI MAS :-;\IR ~rum of II-MC~[22 (VeT)_ 

Figure ~ . 15: r. Al UAS :"IMH SjlC<'lmm or 1I. ~rCM -22 (DEI). 
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CH,\PTER b CATAI.YST CIMR ,\CTERlZATJON 

Figure 5.16: 1T AI M,\S N,,-m Ipoc!rum of H-~IC~{-22 {DE'l l· 

, 
" 

, 
• 

! ! 

"-" 
Figure 5.17: 17 AI ;\IA5 NMR ~(H"<'trum of 1I-~!C~I·2'2 (DE3) 

III 
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112 CHAPTER 5. CATALYST CIIARACTEnJZAT[O~ 

Figure Cd il: ~, Al ~tAS )i~1R "pl'<:mun of (l1HYIlt!,~si!'lCd template contaiulllg ~a-MCM-22 (DEI ). 
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eXI>eri.ments in 

cat:alv'sts are cOIlnpa.red at same 

n.l.'\"nu.'-4JM as as ad~1itjlona1 kinetic 

reaction reaction 

in Ap~pendi.x 

1 

A sta:JldaJrd re:action condltlC)n was defined ap])}ied to most ex]perimenl;s in 

stl:lJlciard reaction 

COIldij~io11S are in 6.1. 

113 
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6.1: ""''JlU>U 

pressure 
reaction pressure 

time 
molar ratio 

mass 

recl.Ction pressure is deDel[ldl~nt on 

reaction SV~ltfl'n out 

resl111ts are 

to evalualte rl~pr;odllcit)ililGy are: 

• 
selfdhlitv to anllSOlej 

• sel1ectivii;y to 

• sel,ect.ivii;v to 

in 

on re:plro(lucibility. 

trace ob1tailled in 

an exact amount to a knc)wn salnp:le mass. 

J:Salan,ces were calculatE~d as 

cases sttldied. A material bjMatlce. is in 

a nUlrnbler diHerelnt l'IJr,thritv were stuldied 

on orciduict sE~lec:tiv'itv needed to 

React;ioIJLS were calTiea out the 
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l00~~~~~~~~~~~~~~~---, 

80 ~---'-----'-----'-----'---------9----"----'" 

~m.···· .. ······ .... ······················a ................ ···· .. ········ .. ·················••··· .. ··· .. ······.··1 • 

O~~~ ____ ~-+ __ -b ____ ~ __ ~b-__ ~· 

100 

80 

80 

40 

~ 

0 

100 

80 

eo 

40 

~ 

0 

o 11 4 6 8 10 12 

0 

.. 

............. '11' ••• 

0 

.. 

• • 

PIwld COIWarsion (%) 

4 Ii 
PhooollXlfMllllion (%) 

• 
II 

H-Mordenite 

• 

• 
a 

.. 

III- ·············11 • .. ................... . .. ········· .. ··ii·:.· .. · " ........ -........ ~.. . .. 

10 

6 10 12 i4 16 18 

• 
II 

PIwld 00Il1l9l1llon (%) 

H-MCM-22 

I 
I 

100 ,------------------, 

80 

100 

80 

80 

40 

~ 

0 

. .................. & •••.•.•••••.••. JII. ....................... .. .." .... a.. .. 

6 8 10 12 14 

0 

• • 

• .......... JII. •• 

0.5 

PIwldCl'llMll!iioll(%) 

H~Beta 

........... 111-

1 
PIwldCl'llMll!iioll(%) 

• I 

H-USY 

.. 

............................. 

1.5 :2 

100 ,--------~-~~~--------------

80 

. ................. . • •• 11 ..... · •. 

OL---+--~-.-~-~--~-~ 
o 0.2 U 0.6 0.8 

• III 

PIwld COIWerslon (%) 

ADlorphlClUS silica.-alumina 

1.: 

"~i ... ." ... o 6.1: Prodw::t RE>lp(~ti'V·it.v versus ph€!nol corlvelrsioin at stand,ard reaction COIld1;ioI1S 
ratio = 1) startiDlg pressure = 16 

reactants; ca1;ai1{st mass ratio. 
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100,--------------------------------. 

l 80 
~ .. -------... --------......... ---....... -.-----.--.... -+-.... _ .. _ .. ... 

I 
:Ii 
-B 

~ 
.11 

j 
o 

60 

II." .•••.•.•.••••••.•..••••••••••. 11. ••.•.••. . ........... 11 .•.•••........... 111 .. 

20 

O~----b---~~~~----~----~--~~ 

o 4 10 12 
Phenol oonversion (%) 

p-Cresol • m.Qesol .. 

H-ZSM-5 

100~--------------------------------~ 

...... -... --......... _ .. _--.... _ ... _ ....... -.......... _.-.-.....•.. _ .. _ .•........ 

jf ..... .. ............. " 

O~-+--~----~------L-----~----~ 
o 4 10 

Phenol oonversion (%) 

p-Cresol - m.Qesol • 

H-Mordenite 

100,--------------------------------. 

80 
............• ··················ii·· .. · ..................................... jj ................•.... 

". 

20 

10 12 14 16 18 

Phenol oonversion (%) 

p-Cresol • m-CrescI .. 

(e) H-MCM-22 

1<';, ........ ,'" 6.2: 

reactants: 

100 

l 80 

~ 80 
i 

.. '. .. .. 

'1! 

I 40 

1 " .- ... " -0 20 

o 
o 10 12 14 

Phenol oonversion (%) 

o-Cresol • p-Cresol _ m-Cresol .. 

H-Beta 

100 

.. 
" 

-.. 

o 
o 0.5 1 1.5 

Phenol oonversion (%) 

o-Cresol • p.Qesoi .. 

(d) H-USY 

100,--------------------------------, 

l 80 
g -_._--._-+. __ ._._--_ .. ----..--._. __ .. _ .. __ ... ---_ .. _ ........... __ ... . 

i 
.1 
! ............................................ Il ........................ 

20 

0.4 0.6 0.8 1.2 

Phenol oonversion ('!'o) 

p-Cresol.. m-CrescI .. 

AIJD.OlrpllOtlS silica-alumina 

conversion at stElJlcLard reaction 
pllEmOl molar ratio = 1) 

''''''',a.J.Y''~ mass ratio. 
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..ul\-:l.U.1U 

..un.j,.llu. 

isomer dis:tri1but;ioI1S 

range up to 

at 

reaction COllditions. 

methanol over diiterelnt c':l.tallvst;s. 

5 

reactant to cat;al'vst was 

to achJleve diiterelnt 

am()rpbIOUs silic:a-aluwlinaas as internally selective sc~dilllm-.axcilaniged L..i::I11V!-tl 

were cOInparErl in terms 

diff'erelnt allltogeI1leOllS rE!action pressures obl;aiIled 

conditIons at 

pressures at 

in 

to a 

isomer di~,tri.bu.tiCtn 

diiterelnt cc~tal;ysts at reaction 

ditlterEmclBs in 

in 

reaction may 

recl.Ct:f:lllt;jp,ro11m;t mixture as reactions in phem>l ulethv:lat:ion in no Ch!m~;e in 
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6.3: aU1tog;emeo1:ls rE~action pressure at 

21 

2 Met;han.ol + water 

.... h4'·nol + methanol an:isolle or + water 

+ dillllethyl anil)Oie or + water 

RE~actio,ns over H-ze4lli1ces 

all 

were C0I1Si(1erablly more 

pben()l conversion. 

pro,dUlct tClrlll,OO. VL'::;"'V.L'" sE~le(:tiv'itv was 

preferlred reaction cmnpared to (J-sllk,riation 

H-Mordenite pro,dUI[!oo 

CrE~OJlS selectivities. 

higJlest selEdblitv to creSiO!S. 

trace amounts 
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I 20 
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1 15 
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1iI 
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II 4 e 8 10 

Phenol COO'IIIIIon (%) 

Phenol conversion 

30 30 

co e 
! 25 ! 25 • I: c: 
0 

1 • II .. .. 
I 
• 20 

I 
20 • 

:5 
'0 '0 

1 15 1 15 

~ ~ 
1iI 1iI 
!! 10 ! 11) 

I 
5 

I 
5 

! J 
0 II 

II 4 6 8 10 II 0.5 I 1.5 2.S 
Yield oIlIfIisole (%) YIeld 01 cr8IIOIII (%) 

(b) Anisole Cresol 

.. 'i ............ 6.3: re~l.Ct]lOn on 
resl11ts ob1GaUlOO over 

l'lhllrtin IT pressure 
ratio = 1, reoctants : ca1;al'l'st 
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stand:ard reaction COIldUaOI1S 

prc)du,cts (meth,ylanisole:;) were pr(}dUlce<1. 

was forme1d. 

HIi:mI:tioIllS over inlr.&>l·nslll 

external 
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121 

ex(naJtlge as descriloed in l:Se<!tlcln &J. J. • ..".&J.J.. it CM are 

6.4.3.1 rea.ctililns to ktn1etlCa11y cmara(:ter'ize 

test rea.ctlcln 

activil';y was 

Sec1tion 4.4 

n-hlaJ(aIle c]:~ang reBlcti()n are 

is a moderate de(!rel'lSe 

not 

sigluhc:Mt decrea:se in activity. 

exlGer]nal suriBl<:e sites may 

rernmred as 

ditferlell(~e in 

mesoporous sur'fa(:e areas 

are very sinrlhlJ' Vol.UlIle to ratios 

asCM 

actlVl1~y may 

internaJly sE!lect;ivelly s()diu.m-ElxctIM,!j.ng as expectEld 

to some extent chamg~es nhRPll'V~.rl in 

ex]plained in terms 

intl~ll;al ru~thritvissi~nificaJtltly 

Clec.lme at were sellectilveJ:v rE~ml)Ved 

to a signih,caJlt extent. 

mE~tnan.1l1 over interilallly sE~le(:tiv'ely so.::tlulm-·exlcn~ml!:ed 

conversion me:th'vla,tio>n reaction over 

22 dec:limes are corres:poIld to 

intllueltlCe on in rMge a decrea:se 
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6 

"' ....... ,''''''U tIP'ITI,n"'1"~·t1n·'" on VU';;;'U'JL (",l"'In''''''1''<'Iir.n was 

so as eXloel::ted 
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"Ii' ...... ,,,, .. '" 6.4: 

terms 

very 

40r-------------------------------------------~ 

• 
30 

c 
0 
.~ 

~ 20 c 
8 
(5 
c 
II) • .c 
0.. 

10 
• 
", 

• 
0 " 

0 20 40 60 80 
Reaction time 

H-beta • H-MCM-22 • Silica-alumina " 

l'UCJ.1\JA conversion 
ca1ta!'vst mass ratio 

apPlareJntly not exceeding 

a 

m-cresOi were forme1d. 

re1:Lctllon pressure on methanol was not stuldiEl(i 

pressure ex])eI'im.en1ts were reactions were at autol~eIleolus pressure. 

to compare 

exp,~iIn~.tsarepresented c:.Jhapter 7. 

pressure 

reactants methanol 

22 
reactants in 

ph.encJI ratio on conversion. 

rellitic)llslbip be'tw'~eJtl phencJl conv~sion phem)l ratio over 

a 
a ma:ldmlum Itt-i.Ji:llVi-i) tt-.I1eti:l.1 to a t::!tpl~rlv deciline (silica.·ahlmi,naJ 

terms 

mElth;aIl()l conceJtltration increased rel;:l.ti~re to phen()l 

ze-

increas-
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o-CIesoi .. p-Cresol II m-CtesoI .. 
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! flO 1 flO !i II 

i .1 II II 
'1:1 
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ell j 40 

20 I 
0 20 

II 
II 

II 
0 

" 0 2 4 8 10 12 14 0 
TIfI1& (hourt;) 0 (; 8 10 12 14 

TIme(llom) .. .. .. o-CIesoi .. p-CresoI II m-C«Isol .. 

H-MCM-22 H-MCM-22 

IN ...... ., .... '" 6.5: reactlcm time on pro;dulct s4ale(:th'itiIBS 
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it was COI1SlclerElU ilnplort.ant to inv'estigate 

reactants COInposltlon 

water on conversion 

eX,)erl.me:nts was 1 : 1 : 

water larJ2~elv attElCtE~d pJtlen,ol c(mv€~rsic)n 

water on sell~ctiivit;v UUlt:ni. 

crelmis seiE:cti'V'itv as as p-sele(~tiv'ity 

whlerellS .tIl-Jj'eta shc)wed a decrease in is a consistent 

reactilons were carlried 

water on anilmle sel'ectivil;v on D lD-c:re:SOl 

inc:rellSe in 

water in case is nol~ew·orthv. 

sec:on,dat'y reactions oC(:W'lred reaction CO],l(tilticms 

phenOl on anil'loie cOIlvel~sioin was also studie,d. 

stand;ard reaction COIldil;ioIlS 

to 
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6.9: 
reaction time 

reactants: mass 

6.10: isomers dil5ltribution 
st~lJ1;ilng pressure = 

1 : 1 : , reactants : ca1:a!'vst mass ratio 
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!:!el!le<)Us pressure 

in conversion 

presence 

was no 

stan­
mass 

VVL"'''AJL'<J reactants cOlnpOnlimt 
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an 

6.14: aniso.le/phen4Cll mixture o.ver 

** An.1So.le 1, reactant to. ca1~al:yst mass ratio. = 

chamgEld in 

faV'o.Ulred as a proldwct 

was as o.bt,alnE!d 

the Co.nVefflio.n pure o-creSI[)1 pure D-(:reiSo.l reElpectively o.ver 

difiereltlt c;:l.tallysts. It is Imrlort.::a.nt to. Co.IlISid,er co.nversio.ns were very 

In 

case 

m-CreSo.l was tOI~mled. 

7 

H-1Mo.rdEmi1;e is 

phE!no.l are 

do.lmiltlaIlt o.ver 

case 

m-,Cre~So.l was to.l'.'Jmeli. 

to.IUlene was co.Ilrlpared to. 

co.Dapared to. a mel;hvl o.n 
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pro(iuct selelctivilties to oxy,gema.tes o-creSI[)1 c()nv'ersion over 
reacticm time 

43.5 

** products culsurned to 

D-creSI[)1 conversion over 
reaction time 

11.2 
25.8 

7.5 31.4 0.0 
m-Cre!SOl was 
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6.18: 

totuerle or 
I, reaction time reactants to cataly:st mass 

in terms 

reaction teIlnpl;ratuI'e 

results 

toJlu€:ne conversion 

cases sttldi~ed, where:as, phencJl conversion was 

mE~than~[)l was out 

alkyla.tion over n-LJI::)!V!-i) 

tolulene methji'lation were xylenes, benziene 

trimE;th,yllJellZEm€~s. J.VJ.I;:t>Ui:lIlUl conversion alk:ylat;ion was significaIlltly 

calcuI.atEld via SlOe-cnaJln DiCIJanCEl). 

terms xyleDle isomers 

content 

isomer di~ltrilbulticm 

o-isomer content. 

reaction sy!!te:ms reaction COIlditions. 

toluene conversion 

proiduced a 
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methanol are: 

• J!.:xper'im1ental rElsults were re}:)roldu(~ibjle minor scc~tter; 

• Material bclJances, on were very 

COIlvelrsiolll on sel1ectivi1;y 

• t"roldulc:t sf!led;ivit:ies. meiaBured at were essentialJly iIlde]peIlldellt 

re8lctioln time reactants to ca1;al'V'st 

not sell~ctilvitv: 

• Catalvs:ts stuwI3d e>:.hiblted very difierelnt ac::tivities rf'!~nAl~t. to phenl)l c()mrer!liOJ1, corre­

n-JOel:a ::::::: H-.Molrdlmil;e > > 

7 betvli'een zeolites. Amorphous sili(:a-alUIIlina sho'wed conlparably minor act:ivitv: 

• p-c:res:ols were products fo,rmEld at 

• werenHlthyhmisol.es. 

• m-cresol is tormeid over any cat;llysts at conversions 

• H-1>.10rclenite pI'oduLced the h1gJlest 

• 

• over intl3In;llly Sel€lcti1i/'elv sodliUIl1-

more atfElCte:d 

than the aJ:::tivi1GV socliuln-exclJlanlge was 

• Int1ernially sele:cthrelv socIIUrn-excblanl~ed 
which the jntlern,a} !U~jnjj·.v inertiz:ed, sho'wed a a 
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• 

IncreashlS:?; reactic)n ternpeTatulre in,cre'18ed pher.Lol ccmversioD, as exp,ected; 

no on 

over 

• 
on corlvelrsicm was incoDE,istent 

resulted in ani!~ole preferE~nti:ally tornl1ng 

in<:on,sisterlcy was ohi;:pr'vM over fi-LJr::JIV!-'.') 

common appears at < 1; 

equillibrium as detE~rmi,ned 

over 

to alIIiOst douLble eqllili1brilum content in a p/c)-nlix1ture; 

• water 

an equlIno.lar amount water to reactants dec::reas€:d 

an equirDoJlar amount water incc)nsilste:nt inlfiu€:nce on selecthri-

• AU,10U1C cc)mrerl;ed relJidiJy over cat;:uvsts to mej;hyllanisolE~s, pJtlenOl 

• presence phe:nol in equlim()lar am(mnt;s, ru:llso,le not react 

• not reaidily react over 
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melt hanoI cODtlpared to pheiDol alk:v-Iation 

" methanol was poor cODrlpared to ph1enc)l; 

prclduced a 

Metar-llsorner torlrna1;ion was sigIliticant, 

hvdlroxvl Sllbsltitu.ent was prel'lent (ph.enoll) 
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a.t-"t-' ... <JU to most 

COIlaU;lOI1S are 
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neXI)erilme~nts in reactlc,n s:,\rstem was carln.ea out gas 

n.eSWts are in 

to evaluate rE!prc)dUlcibility are: 

• phE!nOl cOIlvel:sion; 

selElctbITitv to anif;ole; 

• ,,,,,I,.,,..+;u;1,,, to crE!SOlS 

• selectivi1ty to 

phE!nOI in gas 

ApJ:)end.ix A a t.VT~I":~J trace obl;alIlea gas 

Materia! b.:t1aIICeS are cal(:ula,ted on a carlbon 

cases stlldl,ed, 

a materia! b:aJrunce is 

cai;a!'vst was every set 

reaction COIldit:ioDlS. t.;xpE!rinlents CC)DtinUE!d a Ou:asl··St€~ad,V state was reaChE!d or up to 10 

catalyst c4)mpaJ~ison are as a tun,ctl()D 

paJ~anletler v.ari;:,tic.n compare aVE!raJ!:ed oblcail1ed in ouasl-stleaclv state. 
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hn"n'lu space velloclty 

diiferellt cla.talys1ts were stu.died at differeJnt aI~tivitie~s, phen()l conversion on 

needed to evaluated in 

ent cal;al'{st:s. 

conversions. 

is pa:rtill:ul.arlly ITnn''lr1".l~.nt. cOin parEd at constant 

IJh",n,,,1 conversion was 

were at constant ac1Giviitv 

phencol conversion 

conversion 

space vell)cil;v 

cat;al~{st:s, i.e. in au:asl·,stl~adlv state, 

can 

selE~cti'{ity to cr~~ols decreased 

seiloctjivit;v to anllSOJle iIICr,eaEled mClde:rat,ely as conversion was inc:re;;l8e,d. isomer diEltribution 

change~d as 

J:{,eact;ioIlS were ca:J'ried out stand.a.rd reaction COIldit;iOIlS 

pheniO! conversion dei:::liIles time-on-stream over 
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seen in :Section conversion 
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0 II II 

I 0 
c 

20 
20 

0 .. .. e • Q & G • .- e 

0 6 8 10 12 14 0 
Phenol 00IIIIII1$klI1 (%) 0 2 6 8 10 12 

Phenol_ion (%) .. .. G 
t " .. .. III 
III I & G 

Product Cresol isomer distribution 

reactants pa:rti.31 con.ven3ion on prclduct sE!leC1tivitv 

14 
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...... , .... ~ 7.2: COllvel:sioln, p:roduct QPI~'rti'lTitili>Q 

conversion 

in 

tion pr()dllctS. o··crE!SOl 

0-

7.3: 

pressure 
phelliol molar ratio = 1, 

pure isomers over ..... -.1. .... ''-'.1., ... -., .. results "'~-''''J in isomElri2:atilon 

p-c:re:,Ol. m-cresOl is 

"<o;:.,=u. to trans<lLlk)rla­

wlllerE~as m-,cresm is a.H,UV"~ non-reactive. 

at 
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60 
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II II 

c: 40 II 
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.~ 

~ 30 
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(I) 
c: 
(I) 

20 ::::I 

~ 
~ 

10 

• 
0 

0 50 

H-MCM-22 

1<' ......... "" 7'.46: lolulene converflion 
at 

reactants pa;rtl~!IJ 
14 

II II II II 

• • • • • • • • • • 
100 150 200 250 300 350 

Time-on-stream 

• H-ZSM-5 II 

7 m.~trlaIlol over n-·L.4~HVJl-O 

Cal'ried out as a test rea,.ctlc~n lIltell<1e~ to compare 

Higher con.ven~ion was obta.illl~d 

as as a.!lIlost imrnediate staltlilis:ati()ll 

was mOre prl)ll()UllCed over l1-l.Ji:JlVJ.-O 

triJrneth:;rlbIElm:enes were 

terms 

vulAn,&' appear eqllmbr~Ltecj, not so 

tol1UeIJle alkylation was out at 

is 

times more 

xyl,ene lSOlner distritmtion, o-xvlelle was 

was sigltlifi1canctly 
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• TII'IIe-oo-slleaID (min) 
III 

" o-Xyienlll • p-Xylllnill II rrrXylime " 
Product isomer distibution 
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• • • • • • • • • • • 
50 

t 50 

I c 

50 i 
f I 
j 40 

.1 ell 

I 

40 • " 
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0 .. .... .. ..... ... .. ... .. 
0 SO 100 ISO 200 250 300 350 

Tl!lllHlMlIeam (min) o~--~--~--~----~--~--~--~ 
o SO 100 ISO 200 250 300 350 

• llme-oo-slrelllll (min) 
III 

• o-Xy111'11e " 

Product isomer distribution 
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diftfenrl to 

tion over 

as pOflsib,le). 

to phenol. 

m-lso,mElr is 

m-:II::vllllne was 

",1"0"11,, state mdlCaiGe eC:j,uiliblriUltIl bletween two 

in the au;asi··stlaadlv at similar con'V'ers:ions 

aromatic hVldrclca:rbc}ll com-

phEmol me:thJrlaltioln, in paJrti(:u1clX over ll-,l..Ii;)JlV.L-'iJ. (O-lrat:lo is arcmnd in Cr€lSOILS 

reslll1ts were ob1;aiIled 

reactants partial prElssl1re 

one paJ:anletler 

reactor sVistem, are: 

the 

III .l!;xl)erimelltal resl1lts are replrodl1cib1e 

summary, 

mel~ha!nol, carlried out in a cOIltinnollS 

minor sca.tte~r; 

III on carillon bal~lJlc€~S, in:clmiing methanol by··pr,odll1cts, caJtne 

out even; 

cOIrJ.vE~rsjion on selecitivity 

III 

III seledi'ritv to cre!:>ols decreased !':Pif!di"itv to ani!,ole increased as cOllvel:sioln 

III '!'lOinl"l" distritmtion Sh()we:d. a moder'ate de(;relilSe in o-creS'Ol a corlres}:lon<iing 

inClre&,e in p-

Influence of on sellectivU;y 

III del[;lilling conversion was a 

to OPt:>oslte to i.e. del:l.Ctivation resll1lte:d in 

anu,ole selEdi"ity to mc:reru;e seledi"itv to dec:reas:e; 

III was no del:l.Ctivation on 
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0-

p-
m-

* 
** Thl~rm,od~rna:mic equlilib'riUlm c(LlculatE~d 

*** Th1erIIlOdyn,!:UIl'ic e«quiHblriUlm as 
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• calcal'V'st;s activities in Qu;asi,·st~~adly state dec::re;ased in 

> > U.-.l.V.I.'U.l.~r.l.-"," > 

shc)wed a more pr(moun(~ed 

• p-(;reiSOl were 

• Xylerloils) were ootaJ.neo in 

trace amoUIltSj 

• O·i:tJkvla,tion was tavowred over J-aJ.kyllation. at over 

• ratios were over 

• m·iismner in trac::tiQin was over 

• 
lJat;alyst ac:thrity dec:reased sul)st;a.ntiallly over 

on sel,ectivit;y was oblbaiIled 

obt,aJnE~O C()mI)arE!d to over 

• 
Steaming reslultE!d in an entlanceO actlV11~y appl~oxirnatE!ly 3 

:ste:am.ing reslultE!d in a rev'ersa! in 

isomer distrilbul;iml; 

t-Jhp'I1,ni conversion inc:re.:I8ed e:x:plJnEmtialJly increal.8iIll~ reaction teI1np~~ra·ture; 
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reaction ""''<;",1-'''''' 

at 

• .LYU"',H.f'l,HUI 

"""'".nT'I"" were 

• 

reactant 

nor 

Dl1leIIOl m ,etltlyla1;ion over .l.JL··.l.VJL ..... .I.YJL-"" ... 

• 

• 

• 
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m.~ttl81l01 over H··"'~~HVll-o 

• ca1~alys1~s were more 

• trilrne1thY'lbElnZenElS were tor:me1d; 

• Di··ml~thyla~tiGtn was more pr(>noun1ced 

• ditt'ere:nt x~V'leIle isomiers, whlere~1S over 

m-isomer was sU1PPlreSse(i; 

o-:x:ylEme appear to in Cy"CUll,Ul.IUlJL1. 

on 

• IJh.,n,r\1 conversion 

set;tled on a au.asi·-stj~adlv state 

Qu.asi··stl:Jadlv state ootal,nea over 

decreafling space veI()city, in,creasiIlg rElaction temlpera-

in(~re:asing reactants n'>' .... ;,,,1 pressure; 

• 

lJ-.:lIkvla,tio,n ratio 

over J.J.-~n'u .... "'-",'" 

lJ-;:lIkvla.tion ratio increased reac-

tants partIal 

H.e:actLOn tenlperat'ure is prc)duced a on 

isomer disitribu1~ioll; 

• 
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no on 

over 

at apI>rmam.ate:l) 

is a on 
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nitf",,,,,,nt structure 

1 versus 

VUl.>w.ucu over some 
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po~;itil)nS on 

to 

"'''''OPT",nn",,,,,, obl;aUled over 
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dellLctivation on prOIClu<ct slele(~ti\i'ity 

to dealCti'vatjlon. 

resistaiJla~s in zeolite pores or at 

at ele1,ratErl tE~mpera1ture 

or on prcldu1ct sl~le(~thritv 

are ind.epE~ndent 

del3.Ct.lva,tlon as was 

In 

mE~tnancJl was del~lvEld 

8. 

deI~ivEd in ::se<!tIcln 

to incJre~;ing 

pore op~milags on 

sliIIlmest mtolel:u1e viz. anitlole. 

cOlrresp1onl:iiIJtg iIlcreru:nng conversion 

counteract ag~l.im)t 

resl1lts dislcus:seC1 in Sec1;ion 

true is not cOllIItered 

pr()dUlcts nhl~Pl"II'Prl in were ani:soie, 0-, p-

reaction, prC)dllct select;ivities. pro(im:t conversions 

reactants partial prE!SStlI'e, 

water. 

conversion D-c:retIOll over 

differeltlt ccLta1;Y'Sts was stmlieC1 to 

were caJ:ried out in reSlllts were prE~se:nted in 6.11 to 

8.3.1.1 

diffe:rent cat.llysts to 

proldulctS. Methylan:isol,es are forrned a biIIlolecul.iY 

nr,'lrllll't over any 

a route 

ph€:nol is a by··pr,odllct 

or 

D-c:resol must 

Q-(;re!lOl. .J i;I.ICUlJ/:i et 
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+ 

... 'ii ........ ..,. 8.1: tlinlOl€:cu!;ar tClrmatic)ll 

at 

ani!mie to o-creSIDl 

as is a 

+ 

D-(:re.sol was not tormed 

ph€:nol in 

reaction 

o-creSIOl via 
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+ + 

14'ii ..... , ... "" 8.2: 

isomE~ri2;atjlon can occur via 1,~:-m,etJlyl 

thE~rIIlodlynarnlicallly fav'ou:red isomer m-cresOl 

as alr1eadly ;::;L,i:.\~<t::U, 

anisole is not formed 

as a prilrnaI'y pJrod111Ct. 

reacticlll tE~mt)er~l.tUlre on 

no m··cr,esc)! 

D-(;reJ30l are very 

to via aIs:or()-

reaction ternp,era,tUlre 

isomeriz~l.tic'n via a l.:l-mE,th'vl 

was 

anifmJe is fonned 

di'rid.ed into 

in 

appareIlt reaction rate constants 

approa(m to thermlody'naJrnic <t::4lJLUIlJlllU,Ul 1I1ll1UC~nC43S pr()dtlct selec/;iviitv L<><' .... '.iUF. in an increase in 

cresol SeleC1Givitv 

In is 

Pl'Il"t,..."n et 1198i9al; Sanltac(~saria et 
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6 

5 • 
4 

<> <> 
<> • 

3 
li! • CD 
5= <> 

2 
<> 

<> II • II 
II • • • <> • II 

j I ! 
II • 

0 .. • 
150 200 250 300 350 400 450 

Reaction 

Anisole <> • II m-Cresol • 

is in ap;r'eelnellt 

= 

• k is re(l.CtJlon rate constant 

• A is 
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• E is ac.i;ivll,tio,n energy 

• R is gas constant 

• Tis 

difltereintial c(mVl~rsiions in a 

• is 

• 

• rate 

• 

case 

over 

owr 

activation owr 

activation 

over 

activation 

to very over 

reaction rate at 

in rate. 

over to 

8. 

reactor 

are 

was 

were not 

mass balan(:e 

in 

cat,ahrst) is 

prClpolrtional to 

COILstalJlt, as was 

conwrsion 

concentration reactants are 

pr()pc)rtional to rate constant 

rate constant were as 

et al. 

activation 

were 

that owr 

over 

it was not in 

over 

reactions are or 

a maximum 

a 

et 
rates. 
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8. 

2 

1.5 • • 
• 

0.5 • 
• 

0 

-0.5 • 
-1 

-1.5 • 
-2 

1.5 1.6 1.7 1.8 1.9 2 2.1 2.2 
1 OOOIT (11K) 

8.4: over in gas 

2 r-------------------------------------------, 
1.5 • 

• 

0.5 • 
0 • 

• 
-0.5 

• ·1 

-1.5 • 

1.6 1.7 1.8 1.9 2 2.1 2.2 
10001T 

8.5: over in 
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8, 

8.1: Apparent actiivat:ion en€!rgIleB over diff'ere:nt cl'Ltallyst,s, 

on pr()dtlct l'lplpr1Hvit:v was 

phases, as 

pne:nol C0I1ICel1trl:tti(m in 

is 

in 

not dir1ectJly 

pnemJl ratio 

phen()l ratb no 

pro,dUl:!t must same reacticm 

rate eXI)ref>sio,n re":nel~t to pnE~nol 

vel.oc:itvon pro,dulct distI'ibtlticln was stuldie:d in 

inc:re:CWlI1Ut space veliDCll:V 

whereas 

space veJ.ocltv 

as shown in 

approa<~h to equlilibriUlm th.rOUI~n sE:corldaJry 

reactions the proxinlity to i.e i.e is 

is inc:rerused delcreasj,nJ( WPlvht. nn.>1I1"hr space veJlocity, 

Ob!3erva1;ioltl, a1ccclrdJing to reaction 
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0.8 

o 
.~ 0.6 

Statistical ratio 

0.4 ~~:;-;.~-':lR-·"·-····-····-·----···"···"·-·:r:i;e;·~cdY-r~~~~i~~eq~;iiib.;i~~~-rr,a~ttiioo~~aitt· 35i5o<::---1 
(BOhrin.ger and Fletcher 

0.2 Prilmalrv DJ'o-c:resol ratio 

o ~--------~----------~----------~--------~ 
o 0.1 0.2 0.3 0.4 

Residence W/F 

1<'; ........... 8.6: Det;errninati(m II Q..·cre:SOl ratio at pm~nol alkvlaLtion with 

to is is not as the 

an in reactions. 

to at space is not water 

is not to as most water is 

to amount the 

to water in 

so it is to the to A is that 

are to on 

reactants pressure on was in gas 

to 7.45. pressure 

not or isomer at pressure 

in 

reactions are same as in is 

et at low 

water on 

was stllldiE~d in reslIlts were in :le(!ticln 6.10. 

is tormed the conversion met;hanlol to dirnlethyl 
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so it can 

COI1SldlerEld allthl)ug;h water 

a surJ'ace reactlcm water prE~eIlt reactant mixture 

methanol to is 

ca. leacling to a phE!nol 1 : water concentration to 

a ph€!nOI water 

water 

1 : a decreruse 

isomer diE.tri.butiou was In(;ODCSis:tellt 

to If reaction rate was 

phe.nol, the expectE~d diBCr€lase 

if 

the water on the 

mE!thvla,tioin reaction in turn de(~rel:lSe 

the phe:nol 

oVieraJI phelrlOl conversion. 

II 

II 

II 

II 

.. 

II 

II 

.. 

gas prcipo:sed overall reactlCm IIlectlan:ism is 

prcipo:sed mechanis]m is as foU()ws: 

p8J~aUel reactions occur, nrullleJly LI-allkylation 

are prilll18J~y product;s; 

a secicmdary 

8J1ilmle -+ o-creSilU 

bIDrlolieCUllar reaction betwe€!n 8Jl1S01e 

not react to 

D-CreSIOl are prillll8J'y p:rodluC'ts 

conversion 

isomerization 

Methy'larlisole was forIned 

phe:nol -+ o-creSIOl 

Xylen,ols are formed was not or()ved 

ass:uIIled as mE!th:an()l is in re~l.Ct:ion mixture vul",nnl!;, are not formed 



Univ
ers

ity
 of

  C
ap

e T
ow

n

8. 

"" 

"" 

"" 

1<';.,. ..... '" 8.7: The prc)posed UVl;;li:Ul reaction mEro.anlSm the alkvlal;ion 
over in 
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+ + 

+ 

+ 

+ + 

is 

• 

• 

• is 

• not occur; 

• 

• to or 

• 

• was 

structure 
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8. 

to charac-teri:ze 

was as an ex,unple 

stU(lled as tvnical 12 melnbe!red rlith>l"ii>nt. structures. 

sili(:a-alulIJuna was stuldlE!d as a nOll-Sllan,e se!leCl~ive cat:alYfit. 

the catalv'sts StU:diE!d in 

over differeJut C~Ltal'\'Sts is dislc:uSlred. 

sanlplc~ are COIllSid.ered. 

n/Q-(:relSOJ ratios 

cat,uvsts to deterIIline on the 

phenl)! conversion 

over 

..,o..""' .. ;r 0" pruraDlet,ers OD pheDlli cllD"erl!ilioJn. 

sUI1&:e area, mi,croparotls mesoporous area, micr()pIJfCIUS 

ume 

on phE:nol conversion. proldulct sEllec1~ivij~y 

acteristics cal:al'vst;s were no ob"iOllS on 

• sUI'fac:e area; 

• Ml[Cf1op,Or()us area; 

• ME~sopo:rOtLS area; 
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8. 

12 

10 

H-Beta • H-MCM-22 
8 H-Mordenite. • 

c: 
0 .; 

6 • c: o H-MCM-22 8 
"0 4 c: 
CD 

..c: 
Cl.. 

2 H-USY 
• 

0 
0 5 10 15 20 25 30 35 40 45 50 

Bulk Si/AI ratio 

gas • 
on the phen()l conversion . 

• 
• Me;soporo'us v4JIulme. 

as deterrrune:d maximum tern;J(~ratUI~e 

to inti1uenlce 

over 

differlent catal::y'Sts attE~ctEld the phe:nol conversion. ratio 

was a geIler:al 

,U,-lVJ.'UJ.V:t-"""" siam.pIEls cannot 

The strEmgi~h 

ternpleratUI~e over 

the ph-en()i conversion in(:rel:IBed 

ph-en()l conversion in(:re.ased in 

01 ()-ClreS4Jl ratio. 

ex]plainEld in terms 

st!'ellLgth over 

ratio 

(O-CreSOl ratios c,bl~aiIled 

phem)i conversion or()<111ct selecl~iviitv on maximum 

inc:re~l.Sirlg maximum ternp1era,tUl:e 
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9 

8 

7 

Ii: 
0 
~~ 6 
CI.l • > 
Ii: 

8 5 
"0 
Ii: 
CI.l 

..c: 
4 0... 

3 0 

2 
260 280 300 

gas 0 

8.10: maximum 

to 

C-:!llkvla.tion ratio 

8. 

0 

H-MCM-22 

0 H-MCM-22 

320 340 

Tmax 

on 

$ 
H-MCM-22 

360 380 

• 

was attributed 

no rel:ati()lls:hip 

an increase in p-(~reS01 

was no clear eVldellce a 
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~r-------------------------------~ 
1.4 

j 
! 

! t 0,6 

G.4 

H-MCM·22 (DE31 
H·MCM-22 (DEI) ~ <> 

0,2 

320 

i.rvll!lli:11r.n ratio 

~r-----------------------------~ 
1.4 

• 1.2 

! 

! " 
v 10 

H-MCM-22 (DE2) 

0 .. 
! 

J 0.6 t 
OA 

5 

: H.z8M-5 
0,2 

liquid p/I!lse • 

lJ-laJkv!a.tIo'n ratio 

on 

~ 

H-MCM-22 (DEI) 

~ 

H.f.ICM.22 (DE3) 

/o-creiSo! ratio 

(DE2) 

o H·MCM·22 (DE3) 

• H·USY 
0 

H·ZSM-5 

• 

2110 ~ 320 340 360 380 400 420 

gasphllH 0 liquid phase 

ratio 

on 

440 460 

• 
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8. 

H-MCM-22 

• H-USY 
H-Mordenite 

H-ZSM-5· 

0.4 0.6 0.8 

Pore size 

over ditferlent calcalvst;s in 

its chamnel s'ITstem is detlll€!d 

P/()-ClreS(Jl ratio in J.rJ.u.'-Hu.·-",,,, 

fil1',t,h~'l' irlvel;tig:atE!d in ::ie(:tioln 

12 

terms 

rate 

phenol COIllveI'sion, n,-~~)lVl-',') was most 

pn€!nOl COllvelrsicm in n-~~;::'1'/I-0 was prc)bably to it 

lower de:activa,tlcm 

less susceIJ,tible to 

qui<:kly thel:eby miIlimjziIlg coke fonnat'ion. 

low phenlJl conversion over 

coke torma,tion in 

to coke forma,tioln 

zeolite pores or SUl)erCa~(es. 

pben()l allkvlation reaction over 

limitation or blolckali!;e 

coke COInplJUIlds into 

dlttuse out 

reactant to 

were 
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into 

in 

not 

a 

to 

or 

outer 

was not 

suppress 

anllsoJ,e over 

8. 

were 

pores is to 

the these is 

is to 

reactants to 

was 

consists two 

to 

conversion in 

in the 

sites. 

a conversion in 

as were out at a 

zeolite pores or 

the fonrnat;ion 

most o-cres'o! 



Univ
ers

ity
 of

  C
ap

e T
ow

n

8. 

ar!l:utIlent, viz. 

rea.rra,ng1ement to O-ClreSlll. 

In gas (;-.aJkyla.tion ratio obl;aUled over sIll.ca-·alllm:ma is 1>UJ.LU<:U to 

aluanl.na contains 

are RPilP>rt.iivpiv POiSIDntld coking l :SaJrJ.tac~esalIia et 
sites intluencilng :Santacle8aI'ia et sho'wed that 

in silica-:alumirla h,'lNuur a 

in 

over to 

hi!~hE:lSt D /'o-(~resOl ratio in 

cataJ:v'sts can stuldvmg the 

phem)l conversion on 

reaction 

int,errl~lat;iorLshiip bE~twleen the rate 

8.4.4.1 RE'!la1:iol!lsJ1.ip between I O-CJ~e~'OI ratio pllleI10I conver-

differ,ent cal;al'vst;s were cOlnpare:d at s1i~(htJly diff€~rellt P""'J'AVl conversions 

phelll)l conversion on LJ-:al~:vLation ratio to 

is no rei'::Lticmsltlip lJel~wElen nh,,""nl C01!lV€lrsion 

increases in Simlilar rehttionsbtips were olJtainl~d 

al.k:ylaLtion ratio is no 

conversion on 

RPI."rt.iivit:v to 

ModullUS is a diIJaenlsioruess e:lCpression reaction rate to the dittlli!iOl!lal 

rate. cataJyst partICle size on fo-cresol ratio 

diiterel!lt Cl3Ltal'V'Sts to a re8!ctlOln is in 
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8. 

if> 

where: 

• if> is 

• k is reaction rate 

• is 

• is constant. 

rate a to on 

is square root as 

if> 

rel:l.Ctjion rate constant can to pro1pOlctional to 

phE~nol me1r.hvlatir)ll rElactlon. If it is asSl11ml~d re8lctlcill rate deJ;len<:Is 

recl.Ct:lon rate constant alulmilnillm atoms we can assume 

pr()pclrtlomEll to on smfac:e area 

alumilliu:m is mesopores. 

as~lUnlin.g a constant 

x 

x .' 

• are case; 

• or de])en.diElg on as 

• X is 
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H-MCM-22 

• 

0.6 H-ZSM-5 
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0 
0 

is 

is 

• • 
H-MCM-22 

ratio in 

0.05 

• H-MCM-22 

0.1 
Modified Thiele Modulus II 

gas asa 

content 

area 

mesoporous area 

gas 

was 

ratio. 

to 

H-MCM-22 

• 

0.15 

asa 

It can 

size 

two 

8.4.4.3 InterIlalJy s~ele.cti'vely SI[)dj:unl-e:xcllaI1~ged LI"lVl.-O and ........ 'u ..... ' ... - ...... 

summarises 

an increase in o-creSIOl 

D-cres.Ol is In'I"Rb~r 

0.2 

as 

1. 

was 

these two 

is 
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Modified Thiele Modulus III 
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**** In(~re:EI8e 

* 
** 

*** 
**** Inc:rease 

Int;erllally ~1~le(~th'elv sociiu.m-exlclumg;e over h>:llVl-'v in 

Int;erIlallly sl~le(:tiv'elv so(iiu:m-l~xchaJlge over "" ~Jln-",,,, in 
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VoJluIIle to area 

'* 

increased dUfwlio]rlal res:ist,an(~e in 

alumill1wrn may 

swrnmary, it 

'P-' (:re~;ols in 

PrE~SSll1re ett4E!ct on 

considE~red to a 

inc:rellSe in 

on 

to 

int4~rn:al active 

over 

o-creSIOl ratio. 

the extra-l[raIlneVlrork 

to 

res:u11;s in increase 

eXI)eri:ments was 

D/O-(:re:301 ratio ob!~e1"lferl 

diffe!l'ent reaction tem.perlatures and 

SlgIlitic:ant difference was ol)tainE~d 



Univ
ers

ity
 of

  C
ap

e T
ow

n

8. 

2 ,---------------------------------------------, 

o 
--= f!! 

1.5 

0.5 
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200 
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• 
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Reaction terrlper'atUire 

() H-MCM-22 

1i'ii ........ .,. 8.18: LIt \rVHA)U~ ohsp.y·vp.d over .LJ.-J"'J. ... /J.VJ:-,&,,/;, 

to 

in Se(:tio.n 0.,"'."',"' • .LVJ.''-'.LVJ.-&,'" 

400 450 

• 
in phalSes aiS a 

no enl:lan,ced sel.ecj~ivitv in 

Mc)dulus aiS .I:1-lJi::)lVI-0. 

A .... VC.CLU, .. :; eJcplawat;ion 

pressure. 

zeolite pores 

phenol is str<)ng,ly acisorhed in zeolites at 

p'ffpdblP.lv mc:rea.!;e the dJttuSl()nal pores, 

inc:realSirLg pressure thE~ret)y rE'lSuJltiDlg in an lllClrea::;e 

22 

z,eo.llte .I:1-l:"i::)NI-O. hO'\l\reve~, StJlOWE~d no enl:lanlced DaI'a-selel:thritv 

may 

bilnO.Lecul~1l' reaction to occur resulting 

supercages wlllerC'laiS 10 meJnbE~red 

anilioie to o-c:res{u. 

D/·Q-c:reI301 ratio over J..I-~VJ.''-'J.V,L-

l p-Cr4'lSO·1) in 

cOinpared to over 
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Ji'ian"'II> 8.22: Modelllmg phenl)! versus phell()l ratio as an 

is no consensus is cornplatltlve adSIOl1)ticlll bletween 

me1thrutlol, methanol is 

is aJ[l active Hrj?Jn:sted site, 

ch~mg;e in phen()l conversion phem)l ratio was modelled as aJ[l 

incI'easlad slllarp.Ly at was 

mElthanc)l over .lJ.-.YJ.'u ..... -","" 

tt-Jl:1et;a sllOVl,ed very ditt·erelnt 

pnen()i conversion not 

is methanol 

spe1cies is phE~nol phenl)! clomrer:sion increases 

phenl)1 conversion 

is prElcisely 

medeJls are 

is argluably a re8.':lollCLbly eXI)eriimEmt:al values 
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.... :; ........ .,. 8.23: Modelling 

0.4 

Methanol: 

8. 

0.6 

molar ratio 

phenc)l versus 

0.8 
o 

1 

it is re~lSonalble to assume a rate eXI)ref~sicln 

r = k rmf:thar~ol r .... ___ • 

tUl"t,hl>T kilnetic 8Jlal~,sis was carl'ied out estimation 

kylat;io:n versus pllLeIJlOl 

asa 

'lbJtlene alkv'latic)n was com:parl9d methanol in to investiiga1Ge 

extent to 

gas 

diff'erent inJiu€:nce to on 

reBlll ts are 

tOJueIle IIlet.hvllatilon reaction over J.J.-A:J>.J.l'VL-'" U:;~'U.lI'CU in dis:pr1opc)rtioDlatiion 

prodw:::t whereas over .I.J.-.ln ... .t.ln·-.... tra.ns~Llk:V-

prC)dl1ct formed is over 

meth~U1oI1, alkvlation can occur at 

phe:nol alk~rlation, alk'vlat;ion at 

com-

oXVfl;en is preJ:errE!d (a~islole J 
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8.8: CODlparison phell()l l'I·lkul~ti()n over n-~~l')n/l-0 

= in is on the 

ratio = the group on the 

is 

ratio. 

will in in 
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water. 

III 

III 

9. 

phE:nol me1~hvllati()n nlact;ion,s, pJroduct sell~cti.vities. pro,dUtct con-

space vel,oci1;y 

gas 

methan.ol to pro(luce aniElole, 

tenlpe:raturElS, SElco:ndlUY react lions occur as 

seclond.ary rea<;tiolns are 

as 

anl!mle to O-ClreSCI1. ""lllevl""tinn 

phElnOl as as 

folJ.owinft adI1ition.:U p,oln1;ers were 

as alk;ylat;ion 

was obt;airled 

III forrned as a prilDru'y plrod1uct; 

III anb30le to o-creSOl incI'easl~d inclrea.eling re8Jcticln tem-

III ESlsenltially no difterlen(~e was apl>ar,ent activation enl~rp;jes 

C-alkvl.atic)ll cc)mj:)areid to 42 O-a.U(vlatiion over 

III UVl::ldU ap)Jarent act,lva,tion eIler~~es obl;aiIled were 

reactiloIlS were COIltrC)Ued diflt'usilon or ~.('h;:nr'nt.i,nn' 

III methanol to an:isoJle or cre!301s must 

primll.rY p/()-clreScJi ratio ob1;aiIled in was 

III anu301e to o-creS'OJ dlllcrElasEld at space veloci:ties, 

... ..,. ........ ,J' ,"'' p,aralDlE~telrs on phE!noJ cOllversi,on, pr()ldu4r!t sE!Jec:tiv'ity 

not exp,lain 

obtai:ned over 
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ph.enlJl conversion was to 

par'aIIl.eters are dep'endlent 

zecllitl~S in terms 

not cOl'relate or 12 

reaction an 

Pro,dUl:::t sE~le(:ti'\lriti4~S OhRI',rVFln over ",",,,rn.h,,,,,,:! sj.1ic~lra1um.ina rel)IreElen1ts 

anJ:OI']Jhc)Us sili.ca-·a1\lmina it was nh!:!pr"lI'pn 

COltlVElrsilon was very 

sinrihlJ:' D/o-cre:sOl ratios were obl;ahled over sili.ca-·ahlmina 

Zeolite hi:l.1Vl-,D. h,owl'!vpr p:roducEld a 

It was pro;po!~ed 

9.4.3.1 

reaction 

reactant to 

9.4.3.2 

su]:)prE~SSEld in 

silj,Ca-:aJ.UlmlIla plroduCE!d a 

most active zec)!it,e, 

the zeol.ites stuclied. 

ortho-·sel.ect:lve as 

in terms 

to 

mass transfler c()ntrol. 

over J.YJ.,--,J.VJ.-"""" 

anilsoJle to o-creSIOl as 

CODlpared to 

Sarltac:esaU'ia et 

suscep,tible to 

access 

zeolites stU(iied in 
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9. 

dith'!rient DaI-ticle sizes were cOlnp:a.red via a mo,ditied 

Mc)du:lus was mo,aUlea 

rate constant was pr()pc)rttomil to 

a1 umilili Ultn in was seen D/()-ClreS'Ol ratio inc:reiased 

an 

A was nhi<::f'TVf'11. 

rell:l.tumSJt1ip was not retated seh:~cti'{ity as an1l301e 

are the slirnm.est mO.lecuues. 

inc:re(iSe in 

pores prc)mc)tin:g 

reactants parti,il pressure was 

pressures shc)wed an inc:reliSe inc:realBinlg pressure. was attributed to 

in oc(:upan(:y eif(:'!Ctiivelly increase 

in an inc:reia8e in 

account increase in as an:isoJle is 

n-JOelia in 

01l1erle Dlet;n}rla1tlOn versus pnenC)l Dlet;h:-yrla1tion 

was cODlpared to phE!nOl alk:ylat;ion mEJthanlJl in 

hv(iroxvl group in phEmol cODClpared 

not 
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as disprc)po,rti4)n2Ltioin was 

in tolulene meth"li'lation 

tritmtE:l<i to 

lal;Ion over 

Oc(~ur:red on 

over 

xylEmes CODlpared to 

fOU()Wirlg rE~OInmenclations are 

phE:I101 meth:y'lation over zeoilites: 

221 

gas 

is 

was at-

to 
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as cata-

use, 4. 

over ".U..IUJ'VL-

m(~grlet;:lc resonance 
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and :::SOl.lSa-l\!~Ul('IJ' 

and :::iclimolBveJld over 

Catalvtac blshaviolLlr and kmlstlc mec:;ha;Jnisrn" 192: 

":::stlape-8ele(~tl're ... "'L .... ' V "." in zeolite:s" 

pure ch.t~m1:ca's. 

":::i1;arldall'd reaction 

EtllyllbeIllzeIle dispro{:)Or1Gi011ation over 

and 

'her:mal and stearn stal)ilit,y, dleahlminatjon 

ze()ht;e LJi:)l"l-<:'-, in 

Naccaclile, Y. lJOlldurier and 

H. I:'ra~11aUd, volume 5 

Ernst 

Feast S. 

Fernandes 

H. 

and :::ihc)finler "ls:onleriza.ticm of cresols", 

more recent altlminc)silca1GeS a po1;en'tlal 

volume 

and J. Weitkamp, 

intermediates and 

hOlriz()lls in zeolite science 

St'tld~I~S in ",,-uirJa,ce ...,-c~ence 

Kni5ziIllger and J. 

Patent 4,"'U..J,.<J(JI;;! 

o::.rlI'!A,rntir",", in 

molecular sieve cata-

in 

ex-

"'''''JU',,,, structure", (Jat;alysis, 177: ;:iO;1,-ii{ 

ele(:tonic re:leal3e V,'",0\)'10 and 

edition 
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steam-

66: 

course, 6. 

course, .... u."'I.J'''''L 7. 
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storm:atilon on 
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":Seleclave mono ort,ho··all(yli:t.ti<m of pherrlol an almninium cat.uyst", 

science Stt,dil~S in 

":SEllec:tlvlty in het;er()gene{)Us 

"'!'wel.ve··riIlle.: poCl<:ets on 

" ... '-.In.-'''',.,, A mCIlec:uhl.r sieve two 

eth;yltlen.zer.&e over 

ze()l1t;e scene - in ''In.trodwc:t1()ll to zeol1te science 

van Belkk1.:Lm, 

I. Rea(~tion 

mElthanl)l on various ze()lites" 

J. Barrault, 



Univ
ers

ity
 of

  C
ap

e T
ow

nreactor to 

'Use 

'Use micro-

'Use 

'Use 



Univ
ers

ity
 of

  C
ap

e T
ow

n

IJUo;oU'J> over 

SYlrltl1letllc porous 
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para- to me:ta-·crElSol 
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new three-dinlensional tWE~lve'-rlIlg: zE~o1i1~e framlewclrks 

is a dis()rdE!red int1ergrowth" 

"UJrganic cat:alys:is over zeo>1ites: A perspecthre on reacticlD 

Uatlllys:ts, 5: 

von tlallmoss simlula,ted x-ray D01wdE~r Pl!i.ttEirDS 

Weitkanlp J. super-

pore mo.!ecttlar 

s. "ShlapE7se1ecjGi~cAt;alvFusinzoolites" in "C.a.talysis 

J, WeiltkanlP 

Xu methanol on J:1-lJieta zecllitle" 
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aUltoc:la,re to room telrn):ler,atlIre as rrnr'lt'h·rn.>.-i an 

a .u,,,,~,,;ucw. U<UCl ... \"C over 

an exact amount 

a 

mass pe:rcentl:\.ge 

mass 

• i is 

• is area on 
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• is mass response COInpC)UIlld i. 

autoclave mass 

mass 

COInplOUlIGS in 

COD1POun(1s in saIIlple + toltLene 

Mass = COIllpOluncis in saIIlple + toll.llene -mass 

COD1POun(1S is the:reflore: 

mass 

COInp'OUllds in autoclave can 

the COInp'OUllds can 

Dalanc~e can cal(:ula.ted as toU()ws: 

nfeed phenol 

• l1rilo.g C10mI)Onlmts is 

• 
are calculated as foillow's: 
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was as an to amass as was not a in 

reaction. was not asa in 

was via a saturator to gaseous reactor 

mass 

= x 

mass are as 

i) x i) 

mass was 

mass i= 

• is area on 

• is mass response cornp(}uIlld i. 

A carl}on Ud.1d.1!I;t:: was carbon to reactor to 

balarlce (%) = ~~~~~~~ x 



Univ
ers

ity
 of

  C
ap

e T
ow

n

• nj is 

• nmethanol is 

• is 

V"""LJlla.,""u re~1PClns:e Ul.Ctlors were 

stream to 
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