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A HSTRACT 

Models I()f the Kinetics of the ~romatization of 3~methythexanc in N2 and H7. cll rri er 

gases over Ptl A 1203 catalyst at temperature ranging from 330 - 500()c and at flow rate oC (~O ·- 120 

mis/min were undertaken , Different schemes were used with every rate equation as possible rate 

controlling steps with different assumptions of hydrogen adsorption 

The data were treated by the differential method to give rate oC reactions. Using gauss 

Jordan iter~tive method and a computer programme written in Visual Basic the Kinetic rate and 

equilibrium constants were obtained for each model. Discrimination amongst the models was 

based on trends of rate and equilibrium constants over the temperature range. Nitrogen 

atmosphere,.of all s,ix reaction mechanism tested, mechanisms 4 and reaction step 5 in which 

dernethylation, of.~dsorbed toluene to adsorbed benzene and adsorbed methane was found to be . . . 

the rate controlling step that described 3-methythexane aromatization on Ptl A 1203 catalyst and 

the model rate equation is given as 

r~ =-----------------------------------------

The activation energies for forward and reverse reactions were determined to be 58 ,93 

KJ/mol and 88.56 KJ/moJ respectively. 

In hydrogen Clttnosphere, the rate determining step is the reaction of 3-methylhexane to 

form adsorbed butane and adsorbed propane with hydrogen adsorbed dissociatively. It is Scheme 

2, reaction step 3, 

The modeJ rate equation is given as 

em 

The activation energies for both forward and reverse 'reactions are 203.60 K.Jimol and 74.70 

KJlmol respectively , 

The difference 10 activation energies III both carner gases IS due to a difference III 

reaction mechanism 
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The activatiolJ energies for both forward and reverse reactions are 203 .('OKj/mol 

and 74.70Kj/mol respectively. 

The difference in activation energies in both carrier gases is due to a difference in 

reaction mechanism. 
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CHAPTER ONIG 

1.0 INTf~O[)LJCTION 

Aromatizatioll is the process of formation of arolllatics with th(~ given off of hydrog(' ll 

from an orgaOlc compound. it is an important aspect of reforming reactiolls. The aromatics 

formed include toluene and benzene and could be used as chemicals in the pctrocile1l1i c(l 1 

industry. It is worthy of note that some of these chemicals produced during arolllatizat ioll are 

sold at higher prices than the base chemicals that produce them. These aromatics are ll sed as 

component of gasoline to improve the octane rating. 

Octane l(lling or these aromatics are hi gher than those of iso -a lk an e~; . Thelet;ll(~. IIw): 

COllkl replace tetl (l ct h 'l le<l d alld tetra rnetlly! lead antiknock chemi ca ls. Tetra ethyl lead fltld 

trtra llIelhyllead <IS antiknock chemicals have negati ve effects 011 the etl vil ollment (Sinfell 1979) 

(11,,1 011 the machines/vehicles in which tltey are applied . Oecall se of these nega ti ve clrccts. SOI1K 

Feueral agencies such as that of United Stales of America are interested in it s phase out. Wi tholl l 

the present alltiknock chemicals the aromatics produced could improve the octane Pll ing ( I f the 

avai lab le gasoline. 

Several ca talysts are available for aromatizatiol1 reactions. They include: pialltillllll l

alumilla, combined h~logen, Ili ckel, cobalt or platinum supported 011 silica-alumina and oxides or 

1l 10lybdellUlII, tungsten oxide deposited on silica--alumina. Reformillg using platillllt11 or 

platinum-alloy eatalysts have the widest current application and are bifullctional ill ]lfltlllC. 

While ca talyst reforming is a complex process involving reactions or a large Ilumber or 
hvd, ocarbolls, a reasol1(1ble understallding of the process chemistry and of the function il1g or I he 

rr'/"( lrlllillg ca talysts has evolved . III 1958. there W IIS a publicatioll 011 cyc li z(l tion (Ciapeta, 19S9) 

since Ihell several other aspects of cycJizalion steps ha ve been fUl t.her discussed togethel with 

other hyd rocarbon processes (PaaL 1960) The review pnpers hy KnaJlsky pl ov ide excell enl 

summaries mainly of the Soviet research done ill this fi eld (Graziani and Ramage. 197R) 

presented a work Oil kinetic studies of reforming reactions. The developmellt or rate equations 

are essentially empirical and restricted to statt - of - cycle activity of the catalyst. 

[somerizatioll of hexane has been described using lirst order kinetics (Chevalier ct [1\. 

1976 and Christoffel 1979). The relative magnitude of the first order rate constant "vas consistent 

with the classical bifulltional mechanism proposed by Mills (Mills et aI, J 953, De Pau\V and 

Froment, 1975) investigated the kinetics of the isomeri zation and cracking of n-pcntallc coupled . 

with coking. Dominic and SUSll (1988) wrote on the reuxlllillg of Il-octane on a Pt/ AI2 0 , 

catalyst. They considered the product distribution and kinetic analysis. Susu and Adedcji (1997) 

1 



analyzed the model discrimination of reaction mechanism of n-Heptane. Product distribution of 

the aromatization of3-metlhyhexane was considered by Abentagba (Aberuagba 200 I). 

The most recent work has been the model discrimination of Il-hepane reforming (Aula, 

2003). In all, focus has not been on the reaction mechanism and parameter estimation 011 

branched alkane especially 3-methylhexane. 

This work aims at analyzing the reaction mechanism obtaining kinetic and equilibrium 

parameters for the reaction of 3-methylhexane over Ptf Ah 03 catalyst. 

The mam reactions m the aromatization of 3- methylhexane involve deep 

fragmentation.,dehydrocylization, dehydrogenation and demethylation. Pines suggestion of a 

reaction scheme where all the reactions are reversible was llsed (Sinfelt, 1981). 

2 



/ 

1.1 Aims/Objectives 

The work involves among olhl.:r lhillgs the 

(a) Kinetic analysis 0[3 - methylhexane 

(b) Development and solution of appropriate model equalions. 
(e) Determination of Kinetic parameters (rate and equilibrium constants) Ii'OIII thc modcl 

using a numerieal optimization teclmiquc (Gauss Jordan). It includes a computer 

programme (Visual Basie) to solve the numerical problem and 

,(d) To fit the best equation [or the aromalizatioll of 3 - Illcthylhexane via the dcrived Illudel 

equation. 

(e) To use the equatiollto show tlie reactioll Pill i e lll oD - methyl hexane . 

3 



f'flAPTEH 'n\'o 

2.0 LlTHAT' I It I': H EVII':\V 

2.1 A'-omalinlCioll 

I 1111 11lwr. 1\ could also he Idcrrcd tl) as tile pIOCC~;s of dcll\(llogl'llatiol1 of (lIg:lIl1 l" 

compounds 10 ruoll1atics. These [IIolllatics I!H\'C their 1)(IICllt IIlHterial as bell/cllc ell I III 

l\1iclwd Farndm' ill I X2" "'ns creditcd "itll the fir';t isolatioll ol' th e P:II Cl1t C(\1l11)()IITHI ( I I ' 

aromatics, Early in t1}(~ developll1ent or organic chclllistlY. the prcst'nt or a di stillct glflilp 

or cornpollnd \\ 'ith plCnS[Ult odour \\as a so urce or conc , rn IIl1til l\1ichcal I'!lrnd;1\ 

('o lllpkll'd his "'or~ ("illl's I ()~ 1 ) 

/\ lll11llber of routcs \\ere lIscd to obtaill arc.lll1atic hyc.!Jocal!lol1s "rolll pelJ(liclllll 

Some crude oil contains a minor but signi'ieant percentage of aromatics \\hiell C:lJI be 

c\ lrncfed directh' This is not (0111111(\11 . iJlld SYllfhctic tech ,iqllc<; " slIalh' 11 :1\ c fn k· 

:ldopted. 

ArOlllatil.ation or other hydrocarbon typcs C1m be npplied 11l0st 011\ iou , " t(l 

(TcionlkallCs, the C~ .. c1();llbl1(,.s strllcflllC de/illt' fhe :J((llll:tfic cop"potrlld (lhfnillcd . 

,, ~ 

/' c" 
I liC CH2 

I I 
II )C ('112 

"' C/' 
112 

" -------- -,... 

Ikll/ ( ' IH.' 

Conversion t> aromatic structure is not confined to cvcloalknne5. 110\\c\,('r Alkanes can 

lIndergo cyclil.ation aJld aromatization. the al"nne stltlcture agui" delel mille the aromati c 

cOlllpollnd or mixture. 



ell, 
I 

I 

( >Clil1le 

The ntHl\C opcrntion. whelher applied t(l nclo:"knnc or :""anc i'; c dit'd 

h~'drororllling or plntlorrlling ir platinuill containing catnh'st is used . The PldCllcd 

ICcUstock is n li ght petrolellll1 Ir-ncli(ll1 lich ill slIilnble cycloanatlcs 

2.2 [(donning of lIydrocarbon 

Catalytic reforlllillg is one of Ihe IllOSt j'llportallt illdustrial applicati(lns pI" 

catalysis. The major renctions III the process ill\ohe the prouuctioll 0'- aromatic 

hH!ro c:uhol1s Irom s:1turated hnlrncnrhon \"In dchnlrng('Iw tiPIl 0'- C'o·clllhc\:II1 C<: . 

uehvuroisol11erizatioll or nlkvlc\'clopelltanes DUO dehvdro cvli7,ati oll or alk:1I1l'S 

Iso merization. h~'drogenolys is nlld hydrocrncking reactiolls nrc also in\'oh ed ill the 

pr(lCc~s . The nhjccti\ 'c of reforming i,<; to ohtain high I'roduclifln or arolllaliC': :1': 

sclec ti\ clv as possible tluc lo their allli-knock qunlilics as componcnt or i\lItol11oti\c rll l' ls 

The teJllperature r:U1gc ror re/orllling is fiol1l 7 1() I~ 1I1)\\'ards all(' prcsstll e bet wecn I () I " 

at 111 . 

Reforming is oeller done in the prcsence of catalvsl 'I he cnt,dvst clllplmet! ,li t' 

hil"unctiOl1:t1 in n:1tu re. in that thl'\ ' posses hoth acidic :lIlt! 'l1ct"IIic CO ll1p()l){'IlI ~ 'I k 

Il1etalli~ co mponcnt i. e. plat inlll1l possesses high a flinit y for Ind r ogcllat ion aile! 

deh~'droge/1atioll reactions. The acidic componcnt which consi:;ts o/" the Glilier on \\ hidl 

Ihe l11etalli c componcnt is dispersed is n c tin~ for reactiolls \\hid1 nrc CP""l1(1llh :1';"" (' i:1I <.' <1 

\\ith acid catalysis i,e. isol11erization (llld hydrocracking '(he c;Jrrier is cOlllmonh nllllllill" 

which c~l1tains a small amOllnt or chlorine as 11 promoter, Betwecn I ()5()s and 'I)I,()S. 



Pt/AI 20 ; was mtlch in use for reforming in the indtlstries. hut during thc r:lst dec:lcl c thc\' 

have been replaced largely by catalysts containing platinum and a second metallic eleJl1ent 

such as rhenium or iridium. These new catalysts exhibit improved performance rclati\ c to. 

the origin:ll cntalyst. 

A typical catalytic reforming unit consists of a number of fixed bed reactions (four) 

111 series. The naphtha feedstock is vaporized <U1d heated to the desired rcaction 

temperature prior to being admitted to the first reactor. The re:lction is endothermic 

therefore the temperature of the vapour phase decrease continuously. The hydrocarbon 

stream passes through all the reactors while heating is continues. Emuent from the final 

renctor is cooled and separated to gaseous and liquid phases. The-liquid product is kno \\11 

as the reformate, consisting of C5 - C'OI hydrocarbons . Arom:ltic product in the liquid 

phase is between 60 - 70",t %. Hydrogen is 60 - 90 % of the gaseous phase and ",hen 

recycled it serves to retard fouling of the cata'~'st surface b~' h"drocnrbon re<;iclllC 

Increased hydrogen pressure also decrease the yield of aromatic hydrocarbons . Therefore. 

choice of hydrogen pressure for a reformer is a niatter of balancing product yields against 

deactj"ation rntes . 

Of all the reactions taking place in catalytic reforming, the dehydrogenation of 

cyclohexanes occurs by far the most readily. Isomerization react ions also occur readily but 

not nenrl~' :lS fast as the dehydrogenation of cyclohe:xancs The limiting reactions in mos t 

c;:atalytic reforming operations are hydrocracking and dehydrocyclil.ation, which genera l'~ ' 

occur at much lower rates. 

The typical feedstocks to cataly1ic reformers :lre he,H'y' straight - run (HSR) 

gasoline and Naphthas (180 to 350°F) . These are composed oftlle four l11~jor hydrocarbon 

groups, Paraffins, Olefins; Naphthenes and Aromatics (PONA) Typ ical feed stocks <Uld 

reformer products have the following PONA ana'~'s es 
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I 
The e;15e :lf1d prohabilil\' or eilhcr or Ihese OCCIII ring inci ea<;('s "it" 111<' Illllilher or· C:II h (l ll 

atoms in the molecules and it is for Ihis rcason Ihat ollly the liSR ga:;o line is used lill 

reformer Iccd. The light slraighl ... rUII gasoline (C\ I ROOF) is I"'ge l\- composed 01 I!) II 1'1 

Illolcclilar lI·eight paranins 01:11 tcnd tn crad 10 hllt:lllC :lIld li ght er rr :l(' tion<; and it j<: IInl 

cCOllomical to process thc stream ill a catalylic ref(lIlller I'ydrocalb()ns hoiling (l\l ()\(.' 

400°F Ire easily hydrocrackcd and cause lUI excessirc cal 1>011 ladom) on Ihe C(llah .s l 

2. ·2.1 Rc forming l"t'flCfioll 

There are t \\0 major re:l cli OilS ill I erorlili ng 

(a) r~eaclion thaI produccs d e~; il (' d pr(lt/lict and (Il) l eac ti o" that produces IIlHI (":ilcd 

product. While the desired reactioll leads to fhe f()fllla ' ioll of (lI()fl1ati cs alld i ~; (l 

parafTills. the ulldesired hilldered arOllltft ic 1)1 otluctioll 

Desircd reaclion occur in tlte following rn pccl 

(I) paranills arc isomerized and to some e,lelll COII\'CI tcd 10 n<lphtlIl'IH ' ~. 

the lIaphthellcs arc subscquently convcrted to arolllalic 

(2) olefins <Ire saturaled 10 (()rill parnfills ,\hieh th ::11 rC;let as in (I) 

(3) Naphthenes are COli vel tt.! to arumatics. 

(4) Aromatics me len essentially ullchanged . 

Then the renclions that dmraclcri ;re Ihe undes ired produ (' l ~ arc 

7 



(I) Dcalkylation of side chains on naphthcns and aromatics to form bllUHlC 

mId lighter paramns. 

(2) Cracking of paramns and naphthenes to rorm but[Ule mId li ghter 

paraffins. 

The maJor reactions of reforming generally are (;1) dehydrogenation (b) 

dehydrocyclization (c) Isomerization and hydrocracking. The first two ill\ ohes 

dch~ ·drogenati on . 

(a) Dehydrogenation 

Dehyd rogenation reaction are endothermic and have the highest reaction rates or 

the reforming reactions which necess itate the lise of interheat ers between catah-st bcde; 

to keep the mixture at sufliciently high temperatures for the reactions to proceed at 

practical rates. The major dehydrogenation reactions are: 

(i) Dehydrogenation of alkylcycl ohe'\anc to aromnlics 

H2 If 

,/ C" 
l-hC . CH2 

I I 
HC --- C ~ C- CI-h 

--. II 1 - -I- 31-h 

l·hC CH3 

"'c'/ 
l/2 

HC CH 
"-C~ 

H 

Toluene 
melhy lcyclo hexane 

(ii) Dehydro isomerization of alky cyclopenlane to arolllatics 

III CI-h '·h H 

,/ c" / . ,/ C, ' C" 
l-hC C;--...C H2C CI-h HC ./ CH 

I I ' -~ I I -~ I I + 3 1 -I ~ 

I-hC CH2 
H2C CH2 HC CH 

'" ,/ "'c'/ 
C 
H2 H 



(b) Dch.',c1roc;.'cli 7.ntion ofpnrnffrns 10 nrornatics 

H 
-' C~ HC . ~ C- CI-h 

--. II I ' 
He "" CH 

c-::? 
H 

The following conditions favour the production of aromatics 

(i) High tempemture 

(ii) Low pressure 

(iii) Low space velocity (promote approach to equilibri um) 

(i\') Lo\\' hydrogen - to - h;.'drocnrbon mole mtios (sufTicient h:'drogen partia l 

pressure must be maintained to avoid excessive coke formation) 

«') Isomeriza tion reactions 

Isomerization of paraffins and cyclopentanes usually results in a lower octane 

product thnn th ose con\'erted to momntics. Howe,'er. there is a substnntial increase O\ 'cr 

that of the unisomerized materials. These are fairly rapid reactions with small heat efTect 

an example here is the isomerization of normal paraffins to isopararIins. 

I Cl-i) 

CH) - CH2 - CH2 - CH2 - CH2 - CH) --.. CH3 _ ck _ CI-h - CH2 - CH3 

n - Hexnllf~ ' so hex:lIlp. 

Isomerization yield is favoured by the following: 

(i) High temperature 
, 

(ii) ' Low space velocity 

(iii) Low pressure 



Isoillcri/alion elleel duc to h.\'(lr(lL~cn In h\'(I'(lcrrh(lll !ll(lk lalins is nol 1'11":'.'1 11 

Iligh hydrogcn - to - hydrocarbon rnlius ,educcs the hydlOCCllbol partial plessure and 11111 <; 

I:II'our thc ["orlllalion or (II olllatics. 

«') If.rdrocnlch.cd "cndions 

The hydrocrncking reactions are exothermic <111(.1 lesull in the prodll ction 0[" lighlC'1 

liquid and gns products "'hc~ ' arc Ielati"cl~ ' slo\\' Icarlions :Ind Ihcrcf(lJC Ill(l ~; t pI" Ill(' 

hvdrocrackillg occurs in the last section of the reactor. 

The 11ll~lor hydrocrncking reactiolls illvolve the cr<1cking and saturation 01 lhe 

par<1flins 

()eClIle Isohcx;]nc 11 - Imlmlc 

The ronc('ntration nr the paraflins in the chmge sind delcrrnincs Ille exlcnl nr Ill(' 

hv<lrocrcrck illg reaction but the relative rractions or isomers produced in allY lIlolecul ;lI 

"eight grO llp is independent or the charge stod 

111 order to ohtnin high product quaJity and yield it is nec(,ssary to carefully CllIIII UI 

the hydrocrncking and aromalil.ntioll rcactions . Re:lctor telllperaturcs are c<)loJirih 

Illonitored 10 obsen'c the ext('111 or each (II' Ihesc reaction s The fc"'owing f:" 'otlf increased 

yield: 

(i) Iligh temperalure 

Iii) lligh preSSllle 

(iii) low space velocity' 

10 



Tnhle ~ . 2: SOllle basic rc lntion shiJl ~: ill C:llnl.,·li c reforming (~;illkll . I ') It) ) 

Hcacti~-i{ca~-tl()I;- -,icat----- ·- -------- -.-

I Hate EfTt~rt 

----_ . . _-_._---------_._-------- ----' ---'- -' " ...• --.. _--_ .. __ .... 
Hydro -. Slowest Exothermic 

i ii·gi~- i;~:(·~~~;, ·e - \. I iigi. Cel1l\l. 
Eller I Ellert 

/ \id s Aids 

('r:H'.k il1ll 

2 Isorneri - Rapid Mild I)' exothermic NUlle I\.id s 

Zalioll 
J Cydiza -- Slow Mildly e~olhenllic f fillders 1\ id s 

Tion 
.l Naphthcne Rapid Mildlye'a lherllli c NOlle 

Isomerizalion 
5 Nnphthene Very ()uil c f finders 

Efrect 1111 

IIpln)~l'11 

pro d II ('(' II 
. Absorb 

N\lIlC 

NOll e' 

E\"ol\e~ 

Dccycii/.atioll Fas t Endolhermic ____ . __ . L_ .. _._ .. _ 
._. _ . __ 0 ' ____ _ --- _______ • -_ ... "'-" ' " - ' - "'-'" ._------- . ... -- . 

Ll CATALVST FOH HEFOHMN(; 

l'vlost chemical trans /ol Illations of petrolcull1 produ :.: ls arc carri ed (J ut III Ih e 

appreciably increase their rat e. The conducling of a re"cli on lJl the presence O r;l c al : )" ~ l 

also reduces the temperature 01 the process. 

platinum-alumina, combined halogell , ni ckel, cobalt. platillulll :5upport cd 0 11 si li ca-;1l1Ilni,,;) 

nnd ox id es stich ns molybdcnum oxide ;111(1 tungstcn ox id e Jepos itcd on sili c:l -:l lllill illa 

Ilo\\'(.? \'Cr. reforming procl's ~ CS IIsing pl:ltilllllll or pl:llil1lll11 n!loy C:l ta" ~ l " ;1\ l' ti l(' \\ i<l (":1 

currellt appli cation alld arc usually hifllll cfional in natur e. II has been di scm clcd lhal 

ca talysts containillg platinulIl in combinalion "ith ce rtain Illctal like rulheniulll . lliodllllll . 

rhenium _ osmium ami iridiulll. ha\·c Illark ed ad n llltagcs ' l\'cr ca lahs ts c(ln ~ i ~ lin'~ (I f 

pl atinum albne on alumina (Sinlcll , f % I, f ')IN) 

~ .. ).I P I a till If 111 -A IUIII i II a ( : a f a I ~! ~ f !, 

Platinum -- alumina calah-sl s,·slcm \\'as the first to hc IIsed \\~dcl~ · in pcll picllnl 

relorming. In commercial calalvsts thc amount or platillum prcselll is COIllIll (lnh in Ih '2 

" 



range or (u 0 (, ,, ·t O,~, The c:II:Jh·s1s al so nllll:Jili elliorill l' ill :,,"(111111 <: typi c:"" ill 11 11' 

range orO.3 -- 10 wt %. 

Onc C0l111110n lI1e thod or prcpming s lIch calal~ s l s imoh cs illlprcgllalion o r alll lll ill :1 

" 'illl chl Qropiatilli c ac id . lis calc intlli Cln is ill air al I C ll1p c raI1lr (, ~; in Ihe rangc ~; : ) () ~ I I) K 

(SinldL 1 (>7 2). Thc alumina gcnerally has a SUrl:1 CC area in tllc I tlngc or 1.<; 0 -- 3(H ) ill Ig I 

Thc catalysts nrc cOllJllJollly used in thc ronn or pcllels 0 1 cx tilides ill cO lllmercia l 

re forming unit s "ith dil11cllsions ill tile :lpprO(J1 ial c I :Ingc of I. c; 11 nll11 . '1 hc chnicc (I f" <; i /l ' 

is based 011 considerati ons of pressure drop and diffusional lilllitations. For fundalll cllt al 

studi cs in slllall laborato,y rcactors. where press lII c drup c(lwiuerati ons are not a Il lai() 1 

issll e It llIa:- ' he preferable to lise the c llah sl ill the l<lfIll of ~ : rlla" ! ~ r:1Il1lI cs 10 Illi ll illli ,.(, 

difTil siollallilllitatiolls. 

1'i:llillUIl1 ... :dllillina cntah-s l is hiftlll cli onal in 11:111I1 C. Thc\' possess tIll) d ilk ,clI l 

types of calal\tic activity. They ha \c the abilily to ca lalyse hydrogcnali oll ,111 <1 

dehydrogenati on reacti on, whi ch arc c/wl'(lctcristi cs or Illetallic cat alys ts This fun clio n is 

:lsso('i ;ll l'd " 'illl phlintllll p(1 rliUIJ (If th l' cal :lh-sl The ('('ll a" ':1<: al l.' also cn('c li l I. ' li ll 

catal.v7illg hydrocarbon rcanflllgelllcllt s whi ch are typi cal 0 1 acid ca lal) sls I" is i ~ 

associalcd \\'ith allllllill<l P(l lli ll ll )f the calalyst(t i;lpl'II ;1 :11 1( 11111111 ('1 ' 9 '1~; ) ChClllisolpli l) " 

Illcnsurclllclll s 1111\'C sho \\11 thaI fresh': ' prcpnrcd pi:llilltllll Oil :""l11in:1 rCfOrtllil '.!; c:II ~l h <;1<; 

me characterized by extremely high di spersion or plat illum Oil tile SIlJ Illc.c o f" the alulllin:! 

carri er (S penadel, I9(j O), III hydrogen chclllisorption's stlldi es Oil such ca lah st ;. Ihe 

al ll oirnl or h:'drogcn taken I1p is fi c<JIlcntlv closc 10 Oll l' hy(f rogcll alol11 per alp,,, (II' 

platinum. The prescnce of hydrogen influences its mclalli c qllality (SinIClt, I (n ')) Also 

delllonstrot ed by the cat alys ts arc the acidic properties sho\\n V\' th e arlini l\ o r Ill e 

alul11ina surfnce fo r such basic molcc llics (1 .<:; arnll10 1lla , Irimelhdarnille. n-h""' :lI 11 illc 

pyridine, lUlci quinoline. The sllrltlCe of all1mina is charact '~ri 7,ed by the prescnce (1(' 

I :? 



It is [llso about three times more [lctive in terms of (Ktnne numlwr enhancement than the 

latter (Pt-Re/Ah03) for highly paraffinic feeds (Cecil et ai, 1972). The greater activity 

appears to result from increased metal activity, particularly for dehydrocyclization: thi s is 

the slo,,'est reforming renction nnd occurs predominantly on th(· rnctnl function . gmng 

marked octane number enhancement. 

2.5 4Catalyst regeneration 

Deactivated catalyst could be regenerated by burning ofT the accumulated coke 

which ma~' be as much ns 20% weight of the cntal~'sts (Dnniels et nL) (72) under cnrefll"~ ' 

controlled condition. This is done by purging the system with nitrogen and cooling, then 

burning otT the carbon with gas stream containing 0.5 - I % oxygen. 

It is done for several da~ 's such that the temperature of the bed did not e'\ceecl 

425°C. The temperature is designed to prevent sintering of Pt crystals and subsequent loss 

of surface area,selectivity and activity. 

Nitrogen is lIsed to purge the renctor nOer oxidntion nnd hydrogen is used to reduce 

the oxidized Pt to its metallic state. The reactor is put in place by feeding it with several 

hundred ppm of sulphur compounds, ailer several days the fl~ed is switched over to 

refinery stock 

This method of start up is similar to fresh catalyst, which may first be sulfided and 

brought on a stream ,'vith feed several hundred ppm of sulphur compounds. 'I11e procedure 

involves selecti\'e. controlled poisoning of Pt with sulphur to reduce its initial 

hydrogenation activity. Without such pre - treatment, a large fraction of the hydrocarbon 

lmdergo hydrogenolys is on the Pt to give gases with the liberation of much heat. The 

metnl crystallites can be sintered to a useless state when the catal:,:> t is overhented. 
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"-, 'dr ()\\'1 groups. "lti clt ('olrld he conccil';lhl: ' he a ~ (1IIfCe o r pro toni (' acidi!.' , II OI\"Ie'1 i, 

has been concluded thai the hydro:..;yl groups do 1I0t contributc signili canlly as a S(l tllCl' Id' 

protoni c acid sites. The ~; lJf fi lce ()r ahlfnina in a Icrorrning catnh st nOrflwlh (,1", t;lil l:; 

cllI"ride i () n ~, \\hich can int er;1C1 ",ith Ihl' Imlro \\ l !~ r()\lfJ S tl' cll' l:mce th ell acidil \ 

2.4 Cntnl),st operation 

The age o f;] cntah's t :1fTeets its pf(1 ces" in ~! conditiol1'; I I., s tnhili" ~ is dc"-'rrllil wd III 

tlie operating temperature, pressure, and k ed .... pre - tre;\ trll cnt to rerno\ c slril,II," , 

lIitrogen and oxygen compounds. Sulplrur compounds po isoll ti,e (lcidic cO Jllpollent ( '(lLl' 

deposition is reduced h\' the appliC:ltion (lr hi[:h l"'drogcfI p:utial pressur er\ 1 1"11 

press ures, deactivation may be so rapid that catalysts lire lila\, he olll, a few da: s. ;I t high 

pressures catalyst lire Illay applOach a year. 

e alal.\·sl properti es al .<;p afTl'cl dcacli\ 'atioll ral cs . PI;lti nurn ('II promoled ;1I 'I111il1:1 

Ims good stability. Separating the components result ill more rapid deactivati on hecausI; 

the deacli\ati oll -illhioiting platillum ftrnclion is reduced ( '\',i l l ":1 1 . 1 \) j" ) 

Slabilil~ ' ( If' indllslrinl rd('lf'fllin!~ calah-sl 1I : 1 ~ IIfltlergrlfle fll:1ll; cd irnprol cfll ': '" :,r 

rcccnt years, first with the illtroduction or l11ulti - llletalli c catnlys ts (Kluksdah, I ')(,g . 

.Iacbsol1 I WI\)) 

The 111;~ior ad\'anlage pf' Pt - r~clJ\ 12 0.1 i ,,; i'<; enli :mc('d r·:'si.sl:ulce 10 dC;Jc ti\ al if 1 f1 hI 

co king, which nllo\\s rei ati vely long n illS at relati lely low preSS lil es () r operat iolt Tile 

irnprured deac tivalion resistance or PI -He/, A 12 OJ catalyst fIlay be cnused 11\ n 

flln<ii(i ca lion or Ihe flcieiic slIpp()!'1 11\ ' III I' He. al leasl a fi 'acli(lll of " 'lIi (' 1I is IIni 'edll ('c ti III 

tile ca talyst. Rauiulll nppcars 10 stabili/.e the PI component (Johnson, I <n" : Webb. I <n") 

so Ihat the melal surface nrea loss during regelleralion is less than in 1'1/ 1\120.1 catah sls 

Ilolh lime Ihe same initial actil'il: ' The 1Illilli melalli c cala" sl i :; c\ell mOlC slahle hl 'l';"' ~(' 

it acculIlulates coke at about hnJf the rat e chmacteristic of Pt -RE'-IAhOl (Cecil et al.,1 (J72 ). 

1.1 



::: .h Stq)S to csta hi ish rC:ldioll mcdw II iSIII 

(I) Simple mcchallism postulate with COli espollli ing stoichiolnctry. 

(2) When the stoichiollletry appears to indicnlc Ihe rcactioll 10 be one slep ;1I1d 

ciementary Ihe Kinctic clatn " 'as nnal~'s cd accPldillg t(1 illt cgr:llrllcth(ld . 

(3) For non-elelllentary reactions. it \\'ns asslIllIcd that the (l\'crall reac tioll cO llsist or 

several elementary reaction steps with forJllation of intermediat e cO'llpoullds 

«I) A rat e e:xp ress ioll \\'as fOrllllllnted Ic)r each ()r the clemen tnn ' steps nnd in<li, i<l ll ;1I 

rale e:xpressioll was sumll1ed up 10 describe the overall 1"[1 '.e. 

(5) When the resulting rate expression agrecs "ith the experimental kinetic dala. th e 

assumed mechanism is ncccpted . ()ther\\ 'i"e alle"wlin~ Illcciwlli srn 1\ ill he 

assumed. 

2.7 i{ah' fqu:lfion for solid ralalysfd n~ar1i()11 

A + B R ... ,., , ., . , .. ··· 2. 1 

An adso rptiOIl - surr.1ce renctiOI1 dcsl)rpti(11l IIlccltanisl ll is a<:'; uJlIcd. s. I CPI (,<:(,"" : 

a calah st site, 

(I) A -I s 

(2 )13 'f s 

(3) As " B 

---=:::::::::" 
=:::::::::: 

R -I S 

Adso, plion or;\ alld B nl Dlccull's 

.. .. . .. . ~.2 

Rs ---- Adsorbed ;\ reacts \villl B in the l1uid .. , hi ~ 

ll"SUllleS t1wt therc is 110 reaction or /\ \\llb 1\ 
adsorbed , Adsorbed B sen es ollly 10 block 
calalvsl siles 

2.J 
Deso rptiOll of' product R 

The cOllcentration is related by equi! ibrj trill constant. 

I." 



(I) 'i - "', ,(',(1 U,L'" e li ) k"U, 

'" = _ .. -'- .- -_ .. ~'. --- -- . 
I ( ', (\ _ (J _. (} , _. () , 

. . . ._ I _ " ~. / . , 

(2) "2 = A::r("/I (I -· U, {!/I " {!/i) ' 1<: " (/ 11 

. .. ... 2A 

K, :.- _______ ._. __ (L_. ------...-- .. ..,., ... . , , " . ... 2. 5 
.. C

II
(\ -- {/, - Un - {In I 

rn f, :-:: J( ' r(Q , IC,,- I(', O Il 

Kl == ()/~i\CI1" ' ''' '' ''''''''''' '''' ''''''' .. .. . .. 2. G 

(·1) f I ::: K I"Q" - K II! en ( 1- () i\ - () ,. - ()n ) 

. 2. 7 

desorpli on slep ,md is reciprocal or Ihe usual ad so rpli on equilibri1l111 CO I1SI'Ull s. () \ () " 

nm' (), ~ represenl 10lal calal~ s t siles occupi ed by A. D. alld H respecliYel}·. Ki s ;1It' 

('(' llsl:mts in Ihe rale e<lll ;lli(1n fi lr ad ~ orpli()n . rf" - KiWi (I - :~ ()i ) ;\ls(1 

2. 8 

.'\ ss lIllling step I . ~ . and ,1 to OCC Ilf alne;Ir eq\lilihrium allo" <; the dl'lerlllinnti on nf' ( ) , ;md 

QR in terlll s. 0 r 1\110 \\'11 q U(lnti ti cs, 
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U, ,- f:,(·,(1 · U, (J,.,' <.'/ :' ) 

0'1 = .(. :!i.~~~~J!. ,.-=QIJ ~!.L ....... ..... . 
- K , 

. .. ..... .. .... .... . 2.X 

K 1f • 
1I11t! A'., :-0: ••• - c_ or k. 

K " ' ,. 

/\,/ 
- . 

K 1 

11111.\ 

r, k,/ (I e., (}11 (7,,)(1.:.." /'./'/1 K.(,'~. ,) . ., f) 

The rraction or totabtlal vsl site YaCNlt has been dcfined as 
(. 

I - K,(·p, . - A',C,/J, _ ( _ 'L ){!, ::-' {J, . - - -. K, ... 2. I () 

since (I, . = 1- 9, - (I" - (I,i ' 

whcn this is substituted into rq ~)() , ViC \1<, \ l' 

K' f K,(C~Cn - C,)K,K .,K,) r .-- .. ... . ...... -.-.. -.-. .... . .. - ... -.. -. ..-
, K,C.,+K

2
(·n+ C I/ / K ., + I ·· .. ·· · .. · ...... .. · ... 2. 11 

The product K, K 2K., equivalent to o\ el all equivnlcllf conslant lUI all the I'rodllcti\c 

stcps ill the assumed mechanism 

. k« · .. ,elJ .- (',;/ K) 
I . = - ----.. ---- - .. -----.--... ... . .. 2 11 
, K . .,{·., + KIJ( ·II+ K'/ '/1+ I · 

\\ here K = K, K 2 K." k = K '/ K, . K .~ ." K I' K 11 ::: K ~ and Kit ::: I/K I 

Tuble 2.3: Industrial Catalytic (lJeCcrogcllolls) "n,cl~sses (Sillli'H . 1 <JK I) 

't------------------ .. ----- .-------.-
Major' reaction Step l),'odud Cntalytic T:?pc Cnt:llyst 

All1l1luilla 

2 C2U I I- 1120 ........ ::",. C21150l1 Ethallol 

3 4NII] + 5 l·hO -. NO + 11 20 Nitric acid 

2NO -I- O2 -.... 2N02 

2HNO] -I- NO 

4 Acid catalyst rCllctiolls Crncking 

alkylation and 

isolllcri7.,alioll 

, 7 

Poisons 

FcO/Fc20 .,I>rulllotcd Moisture. CO . 

A I 2UI K20 CO2• (h 

II d'(), 011 Kissclglll COlllpollnds (Irs 

Pt 011 Rh CUlllPOllllds lI S 

and C 12 

Synthetic 

i\ IUlllilloslica tc. 

Orgllllo Illet (l" it: 
eo 1111'0 1I III J:, • 

organic bases 



-CI;e '~li~11 ~(llIali~rCaGI)'[iC itepS- -'=rl~:-~~-:~I~;~~~)::S _'_' ._. _______ _ 
-.-- ::s;-._._-- --- --- s --.-. -- ., ' 1-

;\ ",= R ;\ -I S ~ ;\s /<.. « ., ( 'II/<.. ) r --

;\s ~ I~s 

~ 
Rs "'- R ) S 

Rs 

Rs ~ H + s 

r = 
A' ( . , . ('/I ,' I: ) 

I I-K}'., ) 1<:'/' /1 

/<.:(C., . ( '/I / K) 
r :;:: '-'--'--"'-- . __ .. -

II K ,e. 

1<.." 'e" .-(' ~ i K ~ ) 
. \ . , 11 / , ,,- .....• --- .. _. _._ .. -_ ..•. 

I I K"C" ) K;/ ',; 

._ /<':«'.1 ( ',.,./ 1<) 
I - ... ---;. -. :;;- -----.1"-- : -----. - . -:-

I + l<. .. / /I + k / · .1 + k Ii ( II 

.. _ _ ._ .. ___ l ___ ._. ___ .. _ .. ____ ..... _.- .--. 

2 .~ IVlodd Ii JIg Stud irs 

The knowledge of I ates of chemical reacti on, the mH.,<illlllJlI COll\'e) sioll oh tainable. 

the IlnlllrC of physica l process inlcrnclillg " 'ilh the chclllicni reac1ions and 1he p .1rmll c l cr'~ 

which innuence the proceeding is very important in analyses of n process . Chemical 

process rate data lor /lIost industrially important reacti ons cannot be estilllated relia!>" 

from theories nnd must he determined c:\peril1l('ntall~ ' 

In modeling an equatioll for the reforming of 11 ·octnnf! on a I'l l t\hUJ cnta l ~s t 

(()llllk wlIli (Illd SII:;U , I ()g~ ) ! ' ~: I \()wed that fhe products are Clacked 

prodllcts . cth~'lhell7ene , () pili \( v lc ll e and tnlm'nc. the rate dctermining step ic; rlw 
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Conversion of adsorbed isooctane to adsorbed 0 - xylene. The activation energies were 21 2 and 

14.3 Kcalgmol for forward and backward reactions respectively. For he reaction of n-heptane 

reforming on Ptl AI Z 0 b3 catalyst the products are hydro cracked product, toluene and benzene. 

The activation energies are 27 and 39 KJ/mot for forward and backward reactions. The rate 

controlling step is the dehydrocyclization of iso-heptanes to methylcyclohexane (SUSU et al 

1997). The rate equation is 

"K4r KIK3CN - "K4r KZ CHz z Ci 
K4K3KIZ 

r4 = ... . .2. 13 
Cl CH Cb CqJ Cm 

K4K1CN (I + K3) + KzCH2(1 + K5K13) + K1Z + KIO + KIO + KI4 

The aromatizatin of 3-methylhexane under Hz and Nz atmospheres on Ptl Ah03 catalysts 

showed that reaction products under nitrogen atmosphere are, cracked products, toluene and 

benzene while under hydrogen atmosphere only cracked produces are formed. This is due to high 

partial pressure of hydrogen which hindered the formation to aromatics as was observed by 

Aberuagba (2000). The activation energies are] 07 Kllmol in N z and 202.03 KJ/mol in H2 

Physical processes involved in kinetic reaction are mass and heat transfer. This could be 

estimated adequately from the properties of substances participating in the reaction, the flo w 

characteristics, the configuration of the reaction vessel and so forth, which is in contrast With the 

chemical process rate data for most industrially important reactions. 

2.9.1. Model Development 

In mechanistic modeling of heterogeneous reaction problems such as identification of an 

adequate model for the reaction and the estimation of parameters within the chosen model are 

often encountered. Some of the ways of solving these problems are: 
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Mathematical representation of the system, based on certain fundamental laws governing 

the entire systems, mathematical expressions are formulated which include algebra, calculus, etc. 

this is successfully done through assumptions. 

Model constructions: the derived mathematical expressIOns are changed to 

standard equations which can be solved mathematically, with the knowledge of computer, such 

equations are written as algorithms which are later coded to a computer language (e.g. Fortran 

Pascal, Visual Basic C ++, Java etc). an alternative to computer programmes, the equations can 

be simplified or linearized for solutions with software like Mathematica, Polymath, Mat Lab etc. 

Standard rate equations are as written below where concentration are know from 

experiments. 

r- . ........ .. . ...... ... .. .. 2 . .14 

Model discrimination: the empirical data is substituted into the computer programme for results 

which are later compared with experimental data. The results are the values of the unknown 

parameters in the equation 

2.10 Techniques for parameters estimation 

statistical techniques are required to obtain the best fit of the equations to the kinetic data 

or experimental data. Minimizing the deviations between the observed rate and the predicted rate 

from he equation is straight forward as ling as the constants are linearly related in the rate 

equation. When non-linearity exist the analysis is more complex, but the general procedure is the 

same and consists of the following steps (Himmelblau 1970). 

l. Assuming various mechanisms and controlling steps for each mechanism. Develop a 

rate equation for each combination of mechanism and controlling step. 
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.., Determine the nurnericnl \'[rlucs of the C'onstnnt s " 'hich gi\'e thc best !it of c:lch 

equation to the observed rate data. 

3. Choose the equation \vhich best fits the data and agrees \"ith the a\<lil<lbl e 

independent inform<ltion about the reaction. 

The optimization routine is an automatic method of minimizing an'object function 

subject to other functional constraints placed on it. The routines try dinerent values for the 

pnrameters until no other "alues me found ",ith smaller error. The objecti\'e functi on in an 

estimation problem is such that it describes how well the model being tested fits the 

available data. The smaller the value of this objective [unction the better the model fits the 

m'ailable data. Consequently. the model ",ith the smnllest "alue of the objecti"e functi on is 

the one which best fits the data. Such an objective fUllction is called a method of 

estimation. Several methods of estimation are used , amongst which are the unweighted 

least squmes estimntes I(i\oki, J 97 1) "The unwcighted least squares method is one of the 

widely used methods. It can be applied directly to the det~rministic model, without 

cognizance being taken of the probability distribution of the observations. While it IS 

sometimes the best form of estimates to use. estimntes obtai (led from it ma~' be quit e 

unsatisfactory. TIle weighted least square method otTers advan::ages of preventing certain 

quantities from dominating other measure on different scales (e.g. temperature ralues 

dominating mole fractions) are reducing the innuence on the pnrameter of less reliabl e 

data 

Non-linear model occul(\\'hen the parnmeters (coemcients) to be es timnted are not 

linear. Because of the complexity of the non-linear mode) equations, we rei\' on 

approximate rather than exact methods. 
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Fin~ (lrthe more cflccti\'c optimi /n tinll techniqll C'<; C() Il"l1pnl~ · lI <; ed nrc 

I. Deri veu .. ['rce method . 

(i) Simple\ ll1ethod (ii) Direct search fll ctl1(ld 

2. Deri vati \ e method 

(i) (I:wss . Siedcl (ii)Clradil'lft methods (iii) f\ .. l (1f(l'r:mlt ·s met"od 

/\11 the efTecti\e procedures nre iterativc ones \\hid1 nre hcst excctlted Oil a digital 

or h~ 'hrid computer. 

2.1 1 Estimatioll with tlH~ p~'r:llIJehT alld lor "ari:,hle~ ~u".i('rf '" 

ronsfnljll(s. 

The idea of' imposing C<1f1Strnints (1n the paramet ers and t"e ,·ariahlcs in :1 1"(ln":'; 

l110del comes about quite naturally especiallv fill chcrnicnl kinetit.~ s empiric!l ll10dels Sli t " 

kK'/·./ ·1i 2. \ 5 r == .------... --: .. - .. ........ .. ... .. ......... .. .. ..... ... . 
1+ K, + Kfl{'/l 

W"ere y is a rai e or reaction. k ;lnd K arc cOllqallts. alld (' is t"e c() n cef1tr ~lti()11 /\r' ~ llfl1 l' IlI '; 

0 11 p"~ sica l grounds lead to th e COllclusioll ,"at k, K A. and Kn flIu st he 1l01l-Ill'g:lti, c 

C()n scquefltl~·, fittin g the model estimates ",ill lead to lIflfell:;onable. onclI f1 ega ti, e 

\ il h l('~;( Il illll1WI>IIlI , 11n()) 

2. 12 ( :ollJput.er progralllllH' 

In thi s project a computer prngr:llllfllillg hllgllage ca lled Vi sllnl Iln <: ic \\ :1<; lI 'l'd 

This program was employed because it is lIscr rriendly /\Iso ill '."e world todn:- . it is th e 

1I10st popular progrrullfJ1illg lrulglfage (VislInJ Bnsic Cl .O fr OIll (/roufld UP) !t is ' cry I ; l.~ l. 

po,,·erf'ul :md ,·cry ens'· to lise 1\ is f1111~ ' :m Ohjecl Orient ed Prngr:lfll (001') :lfld I : a~ ; the 

nb ility to create true executable riles and even the ability to mak e Controls. Lnst bUI f1()t 

lhe least ll ~; iJlternet power alld powerful database features ',\hich call 110t be o,er 

CI11 phasi 7cd . 
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In this program, nine (9) forms (files) and two (2) modules were used . Each form 

was used to compute and store the parameters peculiar to it. On the other hand, module 1 

contains the Concentration, Contact time, rate, and the given formulas. Modules 2 containS' 

the code for Gauss Jordan's iterative method . To run this program, one supply a 

temperature (valid temperature) and rate (valid rate) and click the computer button after 

indicating the desired scheme. The computer automatically goes to the formular in the 

previously indicated scheme and via them generates simultaneous equations (6 equations 

with 6 unknown). From there, the second module (M ;,dules 2) is activated . Here, the six 

equation s are converted to 6x6 matrices. Then a function called "Gauss function" is called 

and the coefficient of the simultaneous equation is computed. The result is the display on 

the screen. 
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CIIAPTEH TIIIU':F 

3.0 METHODOLOGY 

3.t Data 

I ~x perill,c"tal d<lt:llI scd Illi thi s project W(,IC ubt:lilll:d l 'I UIIl /\I Il ·III:IP.h :\ (I!)l) " ) 11 1'.",1' d.Il :' 

\\'l'le Il1l N'l ;\1\(1 H:L."III\U .'iphcll ' {ic T,,\lle B I "lid I I:! , cspcc li \l ' I ~ ill ,\t'J)l'lllli x: II I 

3.2 IJcvclopmcnt of rCIldioll mcchnnisms IIndu nitro!?,cn 

Si:x reaction mcchanisms werc dC\e\(lped from tlte roll o\\ing reactioll netl\ot\,-

\llIdcr N., 

J.2.1 Schcme 1 
III this schell1e h~ 'drogcll \\,;\S 'HIt ndsorhed Oil the C:lt:1" '5 t Stli liKe '''(\1 1l!:l'1l 

p<lrticip:1tion is by Eley .- Rideal lIlechallisll1 

ADSORPTION: 
K

I 
__ 

II' S ~.=:: IS ..... . ..... , .... .. . ........ 3. la 
. K2 

IU~ ;\CTION 

IS 
K.1--=-==. '--r K,I 

CPS 
-~-:--:::-:",. 

~ Kr, 7 __ 

CPS 

CPI S .. . 

IS -- IZ
R
-- T\·11 S I "_! . 

rvll S K9~ M2S -I- lb ... . .... .. ..... . 
--Kill 

1'\'1 2 S K 11--- TS + 2111 . 
--K12 

TS + 11 2 ~c-:::::".,. 
Ki ll 

BS -I- Me .. 

DESORPTION 

KI =====" 
13S---- l3 + S 

. --," K,r, ... 
. "'IT~_ , 

lS............... J +S ... ..... .. .. 
K'M 

. 3.2a 

. .~ . la 

. . 1 . 1:\ 

.. ... .1 .5a 

. ... . 3. 7a 



/ 

RATE F:XPHF:SSION 

At equilibrium the r<lte or reaction, r = O. Using step I as the rate controlling step 

J , l:l 

at equilibrium other rates equal :;r.ero 

I ~ I< l'is .. 1( ,( 'cps 
= 0 

C cps 
(IS --

K~ 
.... ... ... .... .. .... . .. ... .. . . ... .. .. .. .. .. ..... . . . .. .... 

"J = K sCcps - K 6C("/, S = 0 

.. J ' 2 

, CcpS 
Cl"Ps = -.-.. ..... ... ...................... ......... .. ..... ....... ....... ......... 3. 13 

Kc 
r ,1 =K 7 ('IS - K R C ,,/,.',;C'II ,. ::= () 

CAUS C II 
C,s= K ' .. ... .......................... .. ........... .. .... .... ...... .... ... 1. ILI 

cI 

I's = K 9CMls - K IO C.1/,S('II , = 0 

C (' C - At 2S II, 
' MIS - K .. .... ..... .. .. ... .. .... ........... ... .. .... .... .... ... .. ... . 3. I S 

E 

1'7 = Ku CrsC H , - KI .,C TiS Cme = 0 
(. (. 

( , = ---'!.~--~ . 1 ~' k (' .... ..... . .... ..... . 
p. /I 2 

rR = K/se lls - X/fiCIJS ::c 0 

... :1 '(i 

...... .. .... . . .. . ....... ... ... . J . 17 

C - CBS 
' ns - K .................... .. ..... ........ .. ............ . ... ... ...... ..... .. .. .. .. 3. IX 

h 

1'9 = K 17 C rs - K 18 C r S = 0 
, ( 1 8 

(.rs = K··· ······· .......... .... ...... .... ..... . ... ... ... ......... ................ 3 . 1\) 
I 

Subsliluti ng l!i:qllation~ 19 and}1 R in3-17 

C 112 
CnCm.K 1 = -C-~ r-K-g ~-{ h- ' '" ... . .. . ... . .. . . . . .. ....... .. . ... . ... .. .. . .... .......... . . .... 3 . 2 () 
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/ 

substituting equation 20 in 6 

_ CB1CM.1KIS 
Cm2s - CrK

f 
K~K: ... ... ................................. ................ ...... 3.21a 

C3 C3 K 2

S 
CMlS = 2 B M. ; 3 ...............••.•............•.•................... .3 .22a 

CrK.Kf KhK g . 

substitute equation 22 and 20 in 14 

C4 C4

K 3 S 
CIS = 3 m. B I 4 4 ..•. ...•....•..........•.............. . ..... ... ..... 3.23a 

CrKdK.Kf KhKg 

equating equation 12 and 23 

C4 C4 
K3K S 

C CPS = 3 B me I : 4 .... ..... ................. .. ....................... 3. 24a 
CrKdK.Kf KhKg 

Site balance 

1 = S +/S +CpS +M[S +M2S +TS +BS 

C
4 C2 KS C4 C4 

K3 K S C3 C3 
K S =S+ B m. I + B m. j b + B me k 

KdK.Kf K:K:C:, KdK.Kf K:K:C~ K.Kf K:KhCr 

C~C:.KjS CrS CBS + 2 2 +--+--", ........ ,.,., ................ , .... ,.3.25a 
K f KgKhCr K j Kh 

s=------~~--------~~----------~~-----
C

4

C
4 

K C
4
C

4 
K K C

3
C

3 
K 1+ B m. j + B m. j b + B m. j + 

KKK K
4
K

4
C

3 
KKK K4K

4
C

3 
K K K3 V

4
C

2 

d • f g h T d. f g h T e f g 1\" h T 

1 
2 2 ..... ..... .. ............ " . . .... .. . .. ...... . ..... .3.26£1 

CBCme Kj G CB 
-~-=.:~- + - + --
K f K~K~G K j Kh 

when [I is the rate controlling 
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2 2 . . ........................... . ............ 3.29a 

CBCme Kj + CT + CB 
K2K2C K K K f g It T . j h 

When r2 is rate controlling 

/ 

'4 as rate controlling 

1'4 = K 7C1S - K gClvIIS CI/2 .............. ..... .......... ............... ...... ............ 3.34a 

K C4 C 4 K3 K KC _ g B me j 

7 a 1 K K K4 K4 C3 

'4 = K 2C3 C3 e I gKhC~ C3 ...... 3.35a 
1+ K C

r 
+ Ccp + j B me + i B me + C B + CT 

a KKK K3 K3C2 K K K3 K 3 C2 Kh K 
eel g hT el g hT I 

'5 as rate controlling 

r5 = K9CM1S - KIOCM2SCIf2 .. ·· ····· .. ··· .. ····· .. ··· .. ··· · .. ·· ····· ·· ··.3·36a 
2 3 3 

[K - K K] K,CBCme 
9 10 e K K K3 K3 C2 

r - e I h g T 337 
5- C 2 3 3 2 2 K ... ..... ..... a 

l+KaC, +~+ KICBCme + CHCme j + en + CT 

Kc K K K3 K3C2 K K2K2C Kh K Ie It gT I It gT j 

r6 as rate controlling 
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r7 as rate controlling 

....... .. .. ...... . . 3410 

'8 as rate controlling 

T8 = K,sCBS - K'6CBCS .. ···· ··· · ···· ·· · ·•··· · ··········· .. · · ··•·· .. ·3.42a 

[ ]
' 3 

K,sKg KaKd K•K fel "C;' - f(' 6Cn 
-------

1 
-·1 --- .................. .. ................. ...... ... ............... ..... ...... ..... ... .... ..... ..... 3.430 

K 1'; CT \. + _.-
g K , 

where r9 is the rate controlling 
~ 

K,,[ ~n.~~r - K" C, 
----------~ ------

C [c C ] ~ 2 [( ' ( ' l ~ , I K ' 'I CJ ~ JJ m C' [K K (' ] . 11 m e [K K K 1] + '-' + - + ------ . .I -I- --.--_. 1-1-
al K KKKK al l KKK od e 

e efgh fgh 

1 en ............... .......... ... ........ .. ................................... ..... .... ..... ................... ....... .. 3.44(1 

Kh 
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T~lbJ{' 3. J: Reaction rnte model for scheme 1 
------------------- ---

K (' - K Kr1 C-,-1 C-,I / K 
I J ~ . ; ./ 11 ,. mt" " 

K K (' - K.1 K C 1 (,1 / K K Vi K 1(" 
7 0 I ; R Ii nrt c f J\. g h r 

1" 1 = -1--~:-(. --C~--I'--K.C~C:r K; C~l C:t C/1 

1/\ " I 1 K(o 1 K K Kl K\(,2 -I K K-2 K~ C _ -I K 
t J g ~ . T r g h 1 " 

., Cel' KoKdK gK/'/'r rKgKhCr I' . \ /J C r I + K ( + - - + --- ----- --- + 0 - 0 K K + - + 
o 1 K K C (' K C ( ' (J d K K 

e l l) • m t _ I /1 0 m< _ II 2 

I 

K,{ iTo Y [K oK ,K ,K , c, ]\ -K, .,C "C., I K. 
-------

1 1 

1+ K (' + ~~~ + lKo~~~llct +[ _~/~.dK .. ~~ _ ] 2 -I- ( ~~ + C1' 

"I K 0 [ JI Kk K f.: 
L KKK - ~ I J II I 

t J I 

1.-_________________ 
0 
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I' -. 
q 

~ 

K ,-[ ~/;, ], - K, ~ ( 'r 
~ " -- - -- - - - -- _ .. ----------- -- -------- - --- --- ---_ .. ". --- . _- .-- -" 

('Cl' 
I I 1:,,(', + 

K,. 

, 

l 'c j' ' ('C ( fJ m ,' I.' I. - (. : fJ me -I- 1"\ r. , -I-
KKKK [ "" J KKK 
cf~" ( R h 

\ , ( . 
[K K KC J' 4 11 

fl d r I I( 
" 

3.2.2 Scheme two 

Hydrogen is not absorbed and there is no production ofintermediates product like 

melln'I cyclohexane. 

K, __ 

--K2 

K "__............. 
--Kt 

K5:"""""'" 
TS + H2 --Ku 

1 + S 

J S 

Kr-----...... 
I S C:::::::::::::Kg 

K<r----
13S 

-- Kw 
Klr-----

CPS C:::::::::::::K 17 
~ .L::::::::, 

TS --K14 

IS .. ....... .. . .. . .. . . .3. 0 I b 

.. .1 02 b 

BS -I- Me ........ . ...... . ....... 3.03b 

CPS ........... . .. ... . ......... 3.04b 

13 ,. S .......... ...... .. . .. .. 3 .050 

CP + S .............. . ... .. . . . 3.0Gb 

T I- S ............... ... ....... 3.07b 

Using equation J as the rate controlling step all other steps are at eq uilibriunl 

1', = K,CICs - K 2CIS ....... ..... .......... .. ... .. ..... ... ....... .. .. .... ... 3.()Hh 

1'1 = K,els - K 4CIS C;n == () 

C ('4 
( ' ,s = 7~ 11~ ........................... .. .. .. .... .. ..... .. .... .... ..... . ,3()l)h 

~ 

1', = K,C1'~J.:'n - Kr,CfJSCm • = 0 

C'/2 = ~Ds~'m' ...... . ... .. .. .. ...... .. .. .. ................. .. .................. 3. IO/) 
C TS 

K ,( 'IS - KRCl's == 0 

(' = CCI,£ 'S K ..... ........... .... ... .... .. .. ....... .. .. .. .. ... .. .. .. ..... . 
d 

:w 

,,] . , If, 



K 9CBS - KIOCBCS = 0 

CBS = CBCS 
•.... . •••. ............• ...... ...... .. ....... . ......... .............. .. .. ... .3 . 12b 

K e 

KlICcps - K I2Ccp CC = 0 

C(;},S = C~CS ......... ... .... ........ ................. ... .. ....... ....... ... ....... .... 3. 13/1 
f 

K I3CTS - KHCTCS = 0 

Crs = CTCS 
...•.•.. •.••• . ....... .. .. . ..... . ..........• •..•... . . . .... ... . .• ••• .•........ .3.14& 

K~ 

,,,,hen equation (13) is substituted into equation (I I) we have 

(' = CerCs 
IS J( K ..... ... .. ... . . . 

d J 
......... .... ... ...... .......... ........ ~ ISh 

ror site balance 

K C _ !<2C
r p 

1 [ K K 
1"1 = CCI' C

B 

d ~ Co> ... ........... .... ......................... .. 3. 19b 
1-1 .. + _. + -I-

KdK f Ke K g K) 

when r~ is the rate controlling 

"=[K'KoC, -K:~2:'Jc,..3 20" 
K K 4 C

4

C
4 

KKC _ 4 g B me 
1 a [ K4 K4CJ 

r2 = C C C e ~ ....... . ..... .................................. .3.2 Ib 
l + K C +~+~+_T 

,,' K. KJ Kg 

r3 as rate controlling 

r, = [K' d [KoK,K,C, ]i - K,~.C_ ]C,. . 322b 
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3 I KCC 
K ( Y4[K K K C ]4 __ l'_ B - '!~ 

5 / 1' . a h g 1 K 
,.) = • 

I IKe -I- C B f- CC/' + ('1' 
a } K. K

j 
K g 

.. ...... .... .. .... ...... .... .. .... ... ........ . 3.23b 

r 4 as rate controlling 

r, ~ [K, K.C, - K~~cp ]C, ............ ........ .. ..... ...... .3 24b 

[K,K.C, - K, ~: ] 
"4 = C C C .. .. ..... ......... ... ... ........... ........... .... .... ... .. .3 .2Sh 

l+K C +~ +~+_1' 
a [ K. K

j 
K g 

f6 as rate controlling 

r6 = [KIIKaKdC[ - K I2Ccp }c's .... .. .. ...... .. · .. .. .. · .... ······ ··· .. · .. · .. ·· .. ·· .. · ... ·.·.3 .28b 

. _ KIlKaKdC} - KI 2l cr '6 - 'C
B 

C
r 

... .... ........ .. .... ............. .. .. ...... ........ 3.2% 

l+KaC[ +- +KaKdC[ + -
K. Kg 

when f 7 is the rate controlling 

r, ~ r K"[~i[:; ;"C, jc, ....... .. ........... .................... .. .. .. ........ ... 330b 
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Table 3.2: Reaction rute model for scbeme 2 

,. -
, -

r = .J 

r -6 -

1\. . K,I ( .,I[-,1 
1 g " B "--" me 

K,KaC , - K~.i(: . 
(' C(I ' ( ' 

I +KC' + n+ ... . + . 7 
"I KKK 

r r ~ 

1 1 

K K~K , C·1 
" _ b e T - K C 

3 10 H 

K lernr R 
1 } 

K
. . K" K: K, . ( 'p C·" ('7 

I ""c 1 I· I· 
.l k.I K 

K ~C R 
K ' me 
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3.2.3 Scheme three 

III thi s scheme hydrogen is adsorbed 011 the catalyst surface as a Illodular spec ies . 

i\DSORPTION 

I + S ___ ----== I,S .. .. .. . ...... ..... ... .. . ........ 3()lc 

1J.z + S H2S ........... . ..... . ....... ...... 3. 02c 

REACTION 

IS + S MCHS + l-hS ......... ........... 3. 03c 

---MCI-IS + 3S c::::::::::::: TS + 3H2S ....... .... .... .... . .... 3.04c 

·I·S 1- 112S ___ ----== [3S I MeS ... .... ..... ..... . ..... J .()Sc 

----== IS --- CPS ... .. . ... ... . .. .. .... ... .... ..... 3.0(,c 

DESORPTION 

us U I' S .... ...... . .. . ......... ..... . 3.U7c 

CPS CP + S ..... . .. . ...... .. ... . .. . .... .. 3 .()Xc 

TS T + S ..... .. .. ...... .. ... ... ... ...... 3.0<)c 

1121 S .. . .... .... ........... . ...... . J . IOc 

MeS --- Me + S ..... . .. . ............. ........ . 3. ll c 

RATE EXPRESSION 

At cquilibriull1lhe rate of reaction, r = 0 

.. ..... ] I ~c 

(' = _~~!I ~S 
" 2 K C .. .. .. .. .. . .. .. . .. . .. .. . . .. . . . . .. .. ..... ... . ... ......... .. .. .... 3. I 3<.: 

b S 
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IS = ('AlWS
L

J/2S ........ . ........ . ... . ....•........ . .. . ... .... . ...... 3.14c 
K cCs 

3 

C1'S Clf2S " CUCHS = 3 ...................... . ....... . .. . ..... .. . .. .... .3 . ) 5c 
Kd C s 

(' L 
CI'S = ns lIIe.' •••.•..•..•• . •...•. .. • .........••.... . . . ..•.. . ...• ... ... 3. , 6c 

. K ,C
H2S 

C C's = ;rs ...... .... ....... ...... ........ ... ............ ......... ....... . 3. 17<.: 
f 

, CnCs C us = ---;;:-. .. ... ....... . . . . .. .. . . . . . . . . .. . .. . . . . . .. . .. .. . ........... .3 . I 8c 
g 

, CerCs CcPs = K .............. .. ......... .. .................... ...... .... 3.1 9c 
h 

, _ CTCs " 
C7'S - - .- . . ..... ........ .. ...... .. .. .. .. . .... .. ........... .. .. . .. .. . .3 .20c 

K j 

, cTl 2eS Clf 2S = ............ ......... .. ..................... ... .. ...... 3.2 1c 
Kf 
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, C .l fT.· (·S . 
( .lies -= - K-' - ........... ................................................ 3.22l 

K 

substitute 20c and 21 c in 15c, then 

3 

C
MCHS 

= C'r er12 C': .. .... ..................... .... ........... .. .... .3 .23c 
KdK;KJ 

Site balance 

1 = S + IS + H 2S + MCHS + 1'S + BS + MeS + Cps 

From equation 12c 

when r2 is the rate controlling 

r, ~ [ K,C", - K , i'j' ]c, ........ ........ .. .. ........ ... .... . ........ 3.2& 
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K C _ K,l C11 2 
3 H2 K . 

r
2 

= 3 } .. . . . ................. 3.29c 
Ccp C 2 ('1" Cli2 ll· Cn C/ll e l, ." 1+ ___ + _ 11_ + + - + - +-- + - "'-

KfKh K j K;Kd K~ K; Kg KK Kh 

rJ as rate controlling 

r~ as rale conlroll ing 

K 7 KC K ,l(.p KgCr C~' 2 

r l =-----
K fK"CII 2 K; 1(3 

--- ) ,1····· ······· ···· ··.3·32(.,' 

('11 2_ + ~K,,-K,(' , + ~'] + C u_ I- (' 111<' + c, -r 1 
K j Cm K j K g KK Kh 

( ' CI' 
J -I -- - -1 

KfK" 

r ; :lS rate C0l1frfJ11i11,f!, 

K /"'J "J/2 K \OlBlme -----

'6 as the rate controlling 
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r7 as rate controlling 

'8 as rate controlling 

r8 =K1SCBS - K~6CBCS······ · · .. ···· ·· ··· .. ···· .. ·· .. ···· ···· .. ···· ·3.42d 

K, sKJKaKdKeK fCI F Cf -KI 6CB 

1 
3 . .. . .. .. .. . .. ... ... .. .. ........ .. . ... .. ... .. ... . .. .. ... . . . . .. . . . . . ..... . .. .. .. . .. . .. .... ...... 3.43a 

K T 4 + Cr 
g K, 

where f9 is the rate controlling 
4 

K [CBCme ]3 -K C 
17 K K 18 T 

g h 

r, ~ l + K,C, + Cep +[ CBCme ]i[KaKICI]~ +[ CBCme ] ~ [KaKdKJ]j + 
KC K.K f KgKh KfKgK h 

1 C ..... ...... ....... .... .. ... .......... ........ .. .. .. .. .. ...... ........ .... ... .. ... ... ... ....... ..... .. .... ....... .. 3.44a 
B 

Kh 

\ 

\ 
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r, = [K"K.C, - K~~cp ]C, ...... .......... . ....... . .... . 334C 

_ ... ... ............. .... ...... . _.3.35c 

r , as rate controlling 

'8 as rate controlling 

1'9 as rate controlling 

ri O as rate contrlling 

ri O = [K I 9 K"CTl 2 - K 20CT/2 rs .................. .. ... ...................... -.............. ---------.----___ .3.42c 
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........... . ....... ... . 3.43(; 

r ll as rate controlling 

;' 
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,. = 1 

r, = 

r, --

r, = 

r r. 

1 

Table 8: Reaction rate model for scheme 3 

K/'J 
K :Ccr 

1\ 1\ f /0 

C C'~ 
('("f' C JI2 ' T 11 2 Cr en C C"J> m, 

I -I- 'I 

1\ K K KdK ; K .1 K, KI!, K }; K 
f }, J 

h 
.I 

KC K C _ __ " lI 2 

.1 ' 11 2 K , 
-" .- .,-,-- ------ -'- . __ ._--

1+ 
e'er' 

K (/(" 

( '0 ' 
1+ -

K/K/o 

C II 2 CT C~I } ('r (' (' C( ", n + mr 
-J- - -J- - - + -I- + 

K KK K ' K , K K ,: Kh , .r c 

K . C" ,, ( J J II 2 

K K lV" 
d , '" J 

, . C",- . 
(II } (1' 11 , (r + - - -I- - - -, ' - + .-

( "1 (' ( 'C'" 
+ + - ""+ 

K, KdK, K: K, K I( K,; K}, 

K , K"K ,C"" 

K f K/O('11 2 

K (' (" 
~ 7 II ' 

K K ·~ 
, .I 

-- _. --- --- .--- ------- -------------._------- - -, 
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KrK/o K, CII ,~ K, K" K}; K" 

!\f{ 
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1- + -I-

r 11 2 
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1\ 1/\ /0 1\ K K A ' K 1\ I,: }; 1\ 
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ri P == . -
. e ll ' K K (, CI ( 'r ell C (_I ' C 1+ K C + ___ ~ + _ ~_.:._ + . + _ + _ - + me_ 

a I K ) K~C1l 2 K; K~ Kh K K 

3.2.4 Scheme foUl" (4) 

III this scheme hydrogen is absorbed dissociatively on the catalyst surface. 

ADSORPTION 

::::---...... 
J + S =::::::::: IS .. . ... .. ........ . .. .... . , .. 3.01d 

Y2 H2 + S.c:::::::::::::::::---""" HS _ .... . ........ . ... ... ...... 3.02d 

REACTION 

::::---...... 
IS + 2S =::::::::: 2l-lS + MCHS .. , .. .... " . .. . . " .3.03d 

~ MCHS + ()S ~ 1'S + 6HS ". " . " . . " ... ......... 3.04d 

::-:---... 
TS + 2HS =::::::::: BS + MeS .. . . .. .. _ .. , " . ..... ... . 3. 05d 
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IS CS ............ .................... 3.06J 

DESORPTION 

BS B + S .............. ....... .. ... .. 3.07d 

CPS CP + S ................. ....... ... 3.08d 

TS T + S ..... . ... ... ... ... ........... 3.09d 

HS 1I2H2 + S .. ............ . ..... .... 3.1 Od 

MeS --- Me + S ................ .. ......... 3.11d ---
RATE EXPRESSION 

Using rate one (r I) as rate controlling step, other steps are at equilibrium. 

1'1 = K1 C1CS - K 2C1S .................. · ......................... .. ..... ... ..... .. ... ... ............ .. .... 3.12d 

1 

"2 = K3 C~2CS - K 4CHS = 0 

CNS = Kb C~~Cs ........................................................ ......... .... .. .. .. .. .. ........... 3. 13d 

2 

CIS = CIISCM~/S .................. ....... .. ........................... ........................... .... ... 1.J4d 
Kc Cs 

6 

MCHS = CTS C,:s ....... ..... ... ....... .... ............................................................ 3.1SJ 
KdCS 

C ~~ d 1'8 = 2 .... ..... ........ ............... .. ............. .... ..... ...... .. . . ..... ........ ... ......... 3.16 
K. CllS 
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('IS = Co os ... ... .. ... .. .. ................... ........ .... ............... ................. ............... .. 3. 17d 
K f 

CnCs CBS =--..... .... ............ ... ....... .......... .......... ............. ......................... ... 3.18d 
Kg 

CcpCS 
Ccps = .............. .. .. .......... .... .. ... .......... ..... .. .. ...... ......... ................. 3.19d 

Kh 

CrCs CTS = --.. .. .. ........ .............. ........... ................ ............................. ....... 3.20d 
K ; 

CI
/2C 

CHS = li2 S ........ . ......... . ..... ... ....... . ...... ..... . ....... . ..... . . . ...................... . . .3 .2 Jd 
Kj 

C Cs 
Cmes = me .. ... . ................................. .. .. . .. . ... .... . . . ... . ... ..... ... ... . ........ ... . .3.22d 

KK 

Substituting equations 3.20dand 3.21din 3.1Sd, we have 

Cr C~f2CS 
CMCIIS = 6 . .... .. ... . ........... . . .. .. .... . .. . . .................. .......... . .....•.... .3.23d 

KdK;K j 

also substi tuting eq uation 3 .19d in 3.17 d, we have 
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CryCS ~ CIS = .... .... ...... .... .... .. .... ........ ... ...... .. .... ........ .... ... ....... .. ... .. .... .. ................ 3.2 
. K,K

h 

Site balance 

1 = S+IS+HS+MCHS+BS+TS+M . S+ CpS 

From ld 

r2 as rate controlling 

K CI
/
2 

K CI/2 _ 4 H2 

3 H 2 K -
r2 == 1/ 2 3} .. .. .. . ........ .. _ .. .. _ .. .. .3. 28d 

Crn C H2 C1' Cfl 2 CB CT C CC'l ) 1+- '-'- +--+ +--- + - + ---'!.'.!... + '-
K,Kh K j KdK; K~ K g K ; K K Kh 

when r3is the rate cntrolling step 
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using r4 as the rate contrIling 

When rs is used as the rate controlling step 

K 9CrCH2 KIOCBCme 

, K;K2 KgKK 

when r6 is used as the rate controlling 

'7 as rate controlling 
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r, =[ K"~:~J~:'C, - K"C, ]C, .... .............. ........................... ...................... .. .3.37d 

"8 as the rate controlling 

K"Cep ]C, ....... .. ........................................ .... .... .. ............ . .3.39d 

when f9 is the rate cntrolling step 

when rio is Ule rate controlling step, 

flO = [KI9KbCH2 -K20H2Clf 2~S············· · .·.· .. ·· .. ·.·.·.·.· ... · .. ·.· .................................. .. . .3.42d 

K I9K bC/l 2 - K 20Cl/ 2 
' 10 = -----C-, '-12-':":K--=aK'-----"c':"':C'-' ---=C"'-1"-=":''::''C-, u--C-c-"p--C-

m
-

e 
...... . ...... . .• .•..... ....... .• .• •.. ... . . 3. 43d 

l +KaC, + -- + -------- + --- + -- + - + --
K j K bClf2 K; Kg Kh KK 

when fll is the fate controlling step, 
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,. = -_. _.-
11 .. .. .... .. 3.·15(/ 

Table 9: Reaction rate models for scheme 4 

K C 1
/
2 

K C1/ 2 _ __ i. . ..!~~ 
3 112 K 

J 

1'.1 = [ (' (,1/ 2 C Cd ( ' 
' C1' . 112 ' 1' ~ 11 2 IJ 

1+ i -.rK
h 
+-K - + K·· K~K6- + K' 

J d, J 11 
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r -: 
R 

r -9 .-

KIIC~ 2('r K I2CU ' 
~ .- _. --- - -... -

KC KdK;K~ Kh 
c~ C C I/ 2 C 1 C C C (. 

1+ 11 2 r + _. ''-2+ " ? 'r 'l 7-+ IJ+ me 

K K K K 8 K K- K K(' KKK Cd l; ) ,II) I g ,-: 

CII ~ Cr en ( 'G' C 
. -I + + + . m< 

Ki K; KI( Kh Kk 

3.2.5 Scheme 5 

In this scheme hydrogen was not absorbed but there was no productioll Methyl 

cyclohexane (MCJ-I). 

ADSORPTION 

1+ S IS ........ ....... ............ ...... 3.01e 
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REACTION 

IS CPS ........ . ...... ....... .. ... ... 3.02e 

JS TS + 4H2 .... ....... . . ..... .... .. . 3.03e 

1'S + H2 __ -- BS + Me .... . .. ... ........ .. ...... 3.04e 

DESORPTION 

TS T + S ... ... .. ............ .. ...... ... 3.05e 

BS B + S .. .... .... ... ... ........ .. .. .. 3.06e 

CPS CP + S ... .... .............. . ...... . 3.07e 

RATE EXPRESSION 

When rl is the rate controlling step other rates are at equjlibrium. 

'I =K1C/Cs -K2C/S .... •••·• •••••••· ••·• .. •· .. · .. •••• ...... ·• .. ·• • .. •• .. ••· · .. · .......... .. .. .. ............... 3.08e 

r2 = K 3CIS - K 4CcpS = 0 .. ... .. ................ ...... .......... ......... .. .... .... .... .. .. ........... ......... .3 .0ge 

C = CCPs 
IS K 

b 

r3 = KsC/s -K6CTSC~2 = 0 .. .. ... ................. .. .. ....... ... ......... ...... .......... ... .. .. .. ... .... .3 .10e 

1~ = CBSCme 
.... ... . .. ......... .. ............. . .. ........ .. .. .. . .... .... . ... . ... ... . . ........ ........ ............... 3.1 Ie 

K d CH2 

CrCs Crs = --... .. ............. ........ .. ...... ... .. .. ... ... ......... ...... .............. ... .. .. .. .... ............. 3.12e 
K. 
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Cns = ('ReS ... ..... ............... .. ...... .. .................. ... .... .. ... .... .. .. . .... ... .. ... .. ... .. . ... ....... 3.13e 
Kf 

Ca>Cs cO'S = .... .... .......... ......... ...... ......... .. .. ..... ... .. ........ ....... .... .. ... ..... .............. .3 . ] 4e 
K g 

substituting equation 3.14ein 3.0ge, we have 

Ca>Cs 
CIS = .. ... .... .... ... ....... .. .. .......... ..... .... .. ..... .. ... ..... .. ............ ........ .... ....... ... .. 3.15e 

KbKg 

SITE BALANCE 

I = S + IS + TS -I- BS -I- CPS 

Cs = CO' C]' C
B 

Ca> ...... .. · .. .... .. ...... .. .... .. .. .. .... .. .......... ...... .... .. .... .3·17e 
1+--- + - + - + -

KbKg K e K j Kg 

From8e, 

Ii =- K 1C[CS - K 2C[s .... ........ .. ...... · ...... .. ...... .. ........ .... .......... .. .......... · .. ............ .3. J8e 

Ii ~ [ K,CI - ~:~: ]c ' .H. . . . ........................ .............. .. ... 3.1 ge 

When r2 is the rate controlling 
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Kl'T CJ~ 2 K 4Ccp 
---- - ---

K cK. Kg 
r7. = -----,------..::.---............. ......... .. ...................................... ..... .3 .2 Ie 

('I lJ~2 C1 CB l CT' l+---+ - + - +--
K cK. K. K f K g 

when r) is the rate controlling 

r} = [KSC1S - K6CI'S CJ~ 2 'fS"""'''''''''''''''''''''''''''''''''''''''' .. ... .......... .......... .. .. . .3 .22e 

when r'l is the rate controlling 

K. K f r4 = C ... C C ..... ....... .. ................. ........ ...... ............. ..... ........ . 3.24e 
1 + . ,p + CI + _...!!.... + _. CP 

KbKg K. K f K g 

when r5 is the rate controllin g 

1'6 as the rate controlling step 

_K--'.I-'-.I K--,,-dC_·'c:..:.ll -=c.2C--,--T _ K C 
KC 12 B 

f6 = C . 'c me K C C C .. .......... .. .. ..... ............ ...... .. ..... ............... 3.2Ge 
1 + __ C!' + _ ~ + _ d __ H~r:. + _ ~p 

KbK g K . K.Cme Kg 

when r7 acts as the rate controlling. then 
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Table 3.5: Reaction rate models for scheme 5 

r = ,1 

r = (, 

K C _ _ 2_' ~-;p 

I' K K 
~ g 

K 'C'TCII~ K~CnC~,c 

K , K j 
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------ ------_._--------------

3.2.6 Scheme 6 

In this scheme, hydrogen was absorbed as a molecular sper:ies but there was no 

production of methyl c~'clohexane (MCH) 

ADSORPTION 

1 + S 

1-12 + S 

Kl __ 

--K2 
K~ __ 

--K4 

REACTION 

IS + 4S 

TS + H2S 

IS 

K5~ 
=:::::::: KG 
K7~ 

=:::::::: ~ 
K9~ 

c:::::::::::::: KIO 

DESORPTION 

TS 

K
11 
__ 

C::::::::::::::K12 K
13 
__ 

BS 
--KI.l 

CPS 
Kw-__ 

C::::::::::::::K 1G 
K 1T--__ 

1/2S 
--KI8 K19 __ 

MeS <:::::::::::::: K20 

nATE EXPRESSION 

IS ... ... .............. . .. . .. ... .......... 3.01 r 

H2S ... .. . ... ... . .. . .. ... .... .. . .. 302f 

TS + 4H2S ........ . .. . . .. .. . :U)3f 

BS + McS ... ....... . . . ... .. :UHf 

CPS ....... ................ .. .. . .. ...... 3.0Sf 

T + S ....... .......... . .... .. ... .. ...... J .O(lr 

B+ S .... .. ......... ... .... .. .. . .. 3.07r 

CP + S .. . .... .... . ... . .... . .. . . ... 3.()Xf 

1-12 + S .. . ...... ... ..... . ...... .. .. ..... 3.09f 

Me + S ............................. . 3. IOf 

When rl is the rate controlling step, other rates are at equilibrium. 

rl = K1CICS - K 2CIS ...... .. .. . . . ... ... ... ...3" f 
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C
Il2S 

= K
b
CI/

2
C S ...........•.••...............••......•........ ...•..................... .......... . . . .. . . ..... 3.' 2/ 

, C~ 2SCTS . CTS = K C4 ......... ........ .......................................... .... .... ... ....... .... .......... ....... .3 . 13/ 
c s 

(' (' 
11 2 S = as me, .......................... . .............. . ..... . ....... . ......•••.•••...........••............. . .. 3. I ~rI 

KdCTS 

('/~ = ('('f'S ........... . ............ . ..... .. .. . . . ............. . ........ ..... . ... ........ .... ......... ............ . . . 3. IS./ 
KE 

( ~(~ . 
C./S = --........... ........... ........ ..... ............ ......... ................................ ...... .... .... 3. 1(l! K . 

.r 

CaC, 
ellS =K······ ·········· ········ ···· ········· .·············· ............. .... ....................... ..... .... 3. 17/ 

g 

CerCs 
Ccps = K' ............... ....... ....... ........ ........ ........... ..... ............... ...................... 3. 1'1..1" 

h 

c - CJl2 CS . 
If 2S - K . . ........ ..... ........ .. .. ............. ................... ... ............................... .. .. . 3.19} 

J 
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( ' (' 
c =.~ ... . " ... """ " .. " .... ""."" ..... """" "" ... " ."""""""""." .. " ...... . ,, " .. ,,3.20./ 

me,f K . 
.I 

substituting 19f in 15f we have 

CIS = { cp C s ... " .. """"""" ...... .. """" ." ..... " .". "" .. ""." ... ~ ." .... " "" .. .... "." .. "".3 .2 1/ 
KeKh . 

Site balance 

1 = S + IS + H 2S + TS + BS + CPS + MeS 

r, =[K,C, ~ i.~: ]C, ...................................................... .. ......................... 3.22j 

K C _ K 2Ccp 

I I KK 
1'1 = C C C· C

h 
C C .... " ... .. " .. """""""""" .... "",,,,3.23f 

1 + - CP + ___ !i.? + ._2:... + ~ + ...s~ . + _ m~ 
K eKh K j K j K g Kh K j 

when [ 2 is the rate controlling 

,,=[ K,Cm ~ K< ;;,' ]C, .. ... .. ...... ..... .......... ...... ........ .... .... .......... .......... .. .. .3.24/ 
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When r3 is the rate controlling 

r4 as the rate controlling, then 

when r5 is the rate contrlling. then 

,. -, -

when r6 is the rate controlling step. then 

.... 3.2RI 

K"CT ]C, ..... .... .. ........ ........................ .... .......... .................. .3.32} 
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when r7 is the rate controlling step 

rs as tJle rate controlling step 

When r!) is the rate controlling 

[ -9 -

when rIO is the raleconlrolling step, then 
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Ta()le 3.6: Reaction rate Illodels for scheme 6 

, K 2l CJ' K ( - .- .-----I ' f( K 
e h 

"1 -- - ( -. - ·--(- ·--·-(-.'7-' ~-c..:..:n--(-'---(-' 
I + . U' -I- ' 1/ ~ .~ . -I- ___ -+ (',' -I- m e 

r , 

}' , 
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I I 

"' eK" K, K/ K~ {\.J, 1\: , 

K,('1/ 2 - "" '/'1/ 2 

Kj 
----------

(', '/' ( '1/ ' Cr-
.! 

C /1 (" T C 'k 

/; " 1<:' " K , K J Kg K /, K .I 

K, C1CI/~ K~C nl m,' 

K,rKj K K 
----~~~.I------

]

2 

(' 
·1 I I ,' 

K 
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( . 
t- me 

K 
.I 

3.30 Development of reaction meclumisms under Hydrogen 

Two re,action mechanisms based on the following reaction network were 

considered under 1-12 

3.3.1 Hydrogen is adsorbed as a molecular spices 

ADSORPTION 

1+ S 

H2 + S 

Kl-----=-' 
----K2 

K3-----=-, 
-=:::::::: K., 

REACTION 

IS 

HxS 

PIS + 1-12S 

Ks----.. 
-=:::::::: K6 

Kr--

------ KR 
K9---............ 

---=::::::::::: KIn 

IS 

H2S 

Me 1- HxS 

Me + PIS 

MeS + BtS 



DESORPTION 

MeS 

BtS 

Kll-=---= 
---K12 

K13-=---= 
co::::::::: K l4 

r l = KICICS - K 2C l s 

r
2 
= K)C H 2Cs - K 3CH2S = 0 

C H2S = K bC lf2CS 

C.
' = C",cl.,,« 
. /lXS K 

d 

c = CnrCs 
BIs K 

g 

Me+ S 

Bt+ S 
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suhstituting for C illS' H /; and C llIe • in rs 

c = CmcCs cBteS = CmeC BteS 

Pts K j K gK.Kb Clf2CS KbK.KjKgClf 2 
substitute this into r4 

when H xs is substituted in r3 

N"om rl . we have that 

site halance 

1 = S + IS +M. S +BtS +H2S +~S +HxS 

C, = ----- -------
. 1 C m. C Bt K C K C + -- + - + b lf2 + N N 

K f Kg 
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TnlJle 3.7: Reaction nltc models for scheme t (Hydrogen atmosphere) 

I<: ,C 1 C K (' _ _ _ L m, __ Pi 
I { I<: 1\ K 1\ 1<:(' 

~ d c J ~ /1 2 

I +-~- ' me L (' [i l K C' K' l" -, + _, -/I 2 + ~r V 

1\ J\. .r I( 

otiler rates 1'0110\\ thc salllc lJatlelll 

[ 2 = 

,. -
\ 

1'5 = 

I 

KC K (' _ _ '1 .1.12 _ 
1 - /12 K 

h 

C /I: C ( ~~ til 
1\ "l ' { I 

~ 11f(" I- I I\N(',y 

I<: KI( K 
J h 

K (,C~rCIlI K K C - - ------ ---
5 0 1 K K . K K J( (' , 

b t • ~ r /1 --
-

/- I<: C -I- C ~~ -I- ~'Il~ -I- K C -I- K C 
01 K K {· - /l 2 NN 

.r g 

K 'r K d K I K " K J '{ (' 1/ : K (' C 
111 m" /11 
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C K K _____________ - ,~n. ______________ ~g~.r~ __ ~ 

[ 

C (' ]2 
I -I- K ( , -/- me -I- III K' { ' K ( ' 

a 1 K K -I- b {{ 2 -I- N N 
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K K C C 
. I.' . (a f) . ' 1/ ~ _ K (' 

( ., I ·' III 

mr 

3.3.2 Scheme 2 

HYDROGEN ATMOSPHERE 

I-I:-, drogcn is adso rbed dissociati"c1." 

ADSORPTION 

1+ S 

K
1 
__ 

--K2 
K:; =----.......... 

II:! 1--12 + S __ Kt 

REACTION 

IS + S 
K~ __ 

-- K6 
PIS + 2HS 

K
1 
__ 

--=:::::::::::: K . K 

DESORPTION 

Mcs 
K'J __ 

--KIO 
K1r----

I3t s 
-- 1\.1 2 
Kl~ 

HS 
--=:::::::::::: K14 

IS 

HS 

Bts + Prs 

3M(,5 

Me + S 

St + S 

Yz H2 + S 



• K C I/ 2 (' K (' 
' 2 = :I / " 2 ' S - ~ liS 

( ' - K (,1/2(, 
- liS - " 11 2 S 

r -, f( r e 2 
_ - K c 3 = 0 

,I I lf\, Irs 8 me\' 

(d 
(' =-. .!!~ 

I'rI K C 2 
d ' liS 

(' C , 
L"' = 11/(' 8 

mc) 
K. 

C r 
l ~ =~ 
'-' Ills K 

f 

r t/2 e C - -.!!2 __ S 
liS - K 

g 

substitufing Cllles and CllS in r4 

c3 C~K C = me S g 

prs K3K C C 2 
• d H2 S 

64 



sife balance 

J = S+ IS + MeS + Bts+ Prs + HS 
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Table 3.8: Rcnction ratc modcls for schcmc 2 
--------------------------------.-------------

vlher I ales follow sui I 

,. -= .
J 

,. = .\ 

K"K,. K j K/'/(' l1 : 

K'2(' 
R iJl 

(' 
I 1 A',,( ' / -I- m ,' 

Ko 

.I /~ 
( 11 ~ 

K 
K 

KKK K K'(' 
_ .1 1 ." _~_ -".. !. ._. II; _ K (' 

K C 12 III 
p m' 

('1 /2 
+ II ~ 

1\ 
R 

,. :::.- ._ .. - - -_ .. _---_. "":"-- ---. __ .- -- - ----- - --- - -- _. 
(, C C I/ 2 KKK K'C K C 

J.I K C + .-.'!" . + _:'J.!2 + __ n_ E _3 __ !"''':'''!.2.. + .---- L - ';'~ -
a / K. Kg K/~m. K~'Ki~lI :'. 



K. K e l/.' K ('1 /2 
11 " 11 2 - 14 11 2 ___ _ 

( , 
,., == ._--_.-

I I K./')! mr 

K,. 

3.3 llaramcter estimation techniques 

The model' equations obtained were linearized before the use of Gauss Jurdon 

numerical method via a computer programming language (Visual Basic) to estimate the 

rate nnd equilibrium constant. 

3.4 Linearization of kinetic equation 

... .1 (11 g 

Where K(f, r) = rate constants 

K (m. R. Cp. T. N) "'" equilibrium constnnts 

R = Rate 

According to r limmclblnu. (I <)7() : the kinctic equation cnn be linenri /ccl ns 

l'ollo\\s for regression analysis 

K (' K C (' (' , ( , .r ' N - r IJ I /J m (1' (]' K (" . = +-+-+- +-- + IV IV ........ . ..... 3.02g 
R K Il Km K r K I " 

Further multiplication and collection of like terms gi ves 

For kinetic equntion ",ith squnred denominntor ie 

<>7 



R = [ C
m 

C B C('p ] " .... .... ... ............. .. .. .. ........ ... .. .. ...... ... .. .. .... 3.04g 

l + - + -- + --- +K ,C i\ N 
K ", K, j K Cf' 

Kit N - K,t Cl ' 

Tile right halld side of the equation above can he c'\ \Jrltldcd using hinorni nl c'(pnns ion accordi ng 10 

Strond. «(99:')) 

I 
--2 , 

(1/ 2 - l)K FC~ (K,( "cr )" 

2! 

- 1/2(1/2 - 1)(1/ 2 - 2)K FC~ .1 (K,.CCp ) 3 
---'----'-----'---'-'----'---="--- . . . ........ .. . .. ...... . .. . . 3. 0Gg 

3! 

'/'l /Cr c(i1r e 

I
, (' (' C (' ] J I 

n il:' 1+_1n +_11 +_1' + -.9.'... + K C = [K C ]lr __ K C2 ' K C ,.I:c 
KKK . K N N f N 2 I N , U 

_ '" B 1 cr 

C (' (' 1/2 
R I/ 2 = K"I/2 C'I/2 - l/" K c-1/2K ( ' - _A:~ p l /2 - ~ 1) 112 _ . _~ - K (' 1)1/2 3 ()7 f N ~ F ' N ,. ' CP \ \ N ' N \ ............ g 

KM KB K CI' 

Substituting concentration values at a set temperature at different W/Fs form 

matrices, which were solved using Gauss Jordan iterative method with the help of 

computer programming. 
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3.5 Date I'I 'o('cssillg 

Calculation of rntcs of read ion 

The rates of reactions were calculated by plotting tile graph of fractional 

com-crSlOIlS [lgainst W /Fs . The slope at \'ariolls points gi\'cs th ~ rate of' reaction Thi <; 

graph is shown lh Fig 3.1 

1'" = 1-:,,0(::,). .. ...... .. .. .. .. ... .............................. .. ... .. ...... .. ....... J .OHg 

3.6 . Concentration values 

Using the [ormular for the concentration of the inlet reactant (3 methyl hexllilc) the 

concentrations \\'ere obtained 

(' = 1/ 2( _ 1"13 .04 pn ) .......... ....... ........ .. ... ....... ... .... .... .3 .()!)g 
d M.Fto.Treactor 

\l'h('r(' 

M = molecular weight of reactant 

F = Flow rate millmin 

To = 20 sees. = 1/3 min 

Q = Pulse size = I ~L 

p = density = 0.679 glcIll3 

T = temperature oK 

Cd = Concentration of the inlet reatant 

The W /Fs considered are 3.75.2 .50. I .HH. 150 [lne! 1.2." The Flo\\' rates ll :,cd [Ire 

sho\\'l1 in /1JJpendix fl. 

(it) 



0.9 

0.8 

0.7 
c 
0 
If) 0.6 L-
Q) 

> c 0.5 0 
0 
C1l 
c 0.4 
0 
:;:; 0.3 u 
C1l 
L-
u. 

0.2 

0.1 

0 
0 1 2 3 <1 

W/F (mg.min/ml) 

Fnlffional Convc'I"Sion vs W/F ( NitH.gcn atmosphere) 

1.2 

-1 
r 
6 
If) 
L- 0.8 Q) 

> c 
0 
() 0.6 
fIJ 
c 
0 

0.4 :;:; 
u 
C1l 
L-

I.L. 
0.2 

0 

0 1 2 3 4 

W/F (mg.min/ml) 

f'3 3·1: Fractional COllvc.-·~io~1 vs W/F ( Hyd.·ogcII almosphcl"C) 



('IL\PTfi:H FOtlf{ 

4.t Result 

N, is s l,o\\" illl\""cIHli '( I) for all reaclion nlccllani sllI tested . The corresponding \ · ~1I11 l'~; ill 

II : e ll I iCI 1'.ClS ;11 c sl)()\\n in APIH'I)( li x II lin reaction tes ted . 

lIndcrN2 . onl" reac tion rntc (llodd ." or .'i::hclllc" ,,·as lill ed 11\ CX j1crin( l' llt nl rl al:l 

,lilt! the , alli e or rate and eqlfilibriulIl constants oblained ;He sho\\11 in Tablel){1 he fa ll' 

eq lIat io n lill rate ." is - 4.1 

!\ I ~ n in I b almosphere nnlv Illodel .1 or '-; ~' h (1)ic ? \\I()S lil :('d In· {'x " crimenl;)1 (hI ;) 

,lI ld the \ allies or rate alld equilihrilflll arc as giH'fl ill Tahlcll"-he kl\\·. 
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.. ------'-- , 

TI' III p"( , 
1(1' 1( 1l I(H KI' Kmc 
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SO il 1.241)* 1 02 I (l()!)* 1 O( I 1.553*105 1 (,I :VIO(, 1 2(iJ* I 0.5 

- --.---~ .. - .. -- -

71 



From the concentrntion of the inlet reactant concentration () f' ( ' Ie prod ll" (<; ,,"ere 

arri\ed at using these formular below 

(, 1- Cd(1 Xci) 

C'cp -= Cd Xcp 

en == Cd XB 

CT -- Cd XT 

Cli , ~ Cd XI-I 

('me' --,. Cd X me 

Cep. CS. CT. CH. Cllle, CI arc concentration of cracked prod uct. Belll.ene. 

Toluene. I lydrogell and Methane. The Xs represent their dillerent Il1 0le fracti ons, W/F 

rcprcscn t ~· (he contact timc for the reaction 

3.7 Optimization techniques 

With the rat c equations obtaincd. at difTerent W/f and diOerent temperature. the 

cOllcentration val ues and rates were substituted to arrive at sets of simultaneous equations, 

I\1ntriccs "ere generated from these eql1ntions Using Gmrss Jorcbn iterati\'c method or 

numeri cal ana lys is a computer program \-vas written, 

This KnO\m iterative method (Gauss Jordan) was used to so lved the matrices ria a 

programl11ing so rt\\'nre i,e, Visrwl Rasie - Visl1:l1 b:lsic has the :lbilit:, to Iwndle m:ltricc<; 

The results obtained were given as the rate and equilibrium constants , Detailed of the 

computer program is in appendix It. 

Original datn used for this process \\ 'as obtained from F Aberuagba's Ph D thcsi.;; 

ISubmitted in University of Lagos, Chemical Engineering departll1e'lt (I tJ95)1 
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Table 4 .2: rate and equilibrium constants for rate 3 Scheme 2 . (Best model in N2) 

Tempi Oc. 

350 

370 

KF 

3.220*103 

1.150* 104 

KR 

1.480*104 

2.320* 104 

Kl 

6.470* 104 

5.870* W4 

Kme 

2.560*105 

9.43 * 104 

KBt KH2 

4.87* 105 1.260* 10' 

1.990*105 9.23*102 

The products of amortization of 3-mehyhexane reaction over ptf A,2. OJ catalyst in N2 carrier gas 

are Toluene, Benzene, methane and cracked product. In H2 carrier gas the product is cracked 

product due to high paltial pressure of hydrogen the high partial pressure of hydrogen affects the 

formation of aromatics. This process is referred to as hydrogenolysis. 

When the activation energies obtained (N2 atmosphere. 58 .93 KJ/mol forward reaction . 

88 .56 LKlmol reverse reaction: H2 atmosphere, 203.6 KJ/mo) forward reaction and 74 .70 KJ/mol 

reverse reaction) were compared with activation energies obtained elsewhere i.e. activation every 

for reforming of n-Heptane are 27 and 39 KJ/mol for forward and reverse reaction, for reforming 

of n-octane. The activation energies were 21.2 and 14.3 Kcallgmol. Values for aromatization of 

3- methhlhexane 'obtained by Aberuagba (1999) were 107 and 202.03 KJ/mo) in N2 and H2. 

respectively. This ,shows that the values obtained in this work are in the acceptable range. 
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4.2 Discussion 

Pammeter estimates \verc obtained for each model. Model 'SencraJly gave a bctter 

fit to observed data wilh increasing temperature. ESlimates were b~ no means unique, but 

" 'erc expected 10 ('ollo,, 's a general trend . Ratc oHlstant were cxpccled 10 sho'" an increase 

with tcmperature wllile equilibrium constrults were expected to show a decrease with 

tempera ture. 

Model discrimination \\'ns bnscd on a numher of" f(lCI OlS 

J. The agreement of estimated rate constants \vith the expec t~d trend of illcrcasing 

with increasing temperature. 

Tile agrecmcnt of' c'\rll'cted equilihriulll constant ",ith 1~1(~ e'<pecled Irend of' 

decrcasing \\ith increasillg temperature. 

:I . The \allie of the objectiye functions at each temperature ovcr the \\ 'hole 

Facl')r J CX(ll11illd the behavi('ur or rate constants with tCIllJ",eratUie <Uld clisq\lnlifi cs 

Il1ns! of thc f1)odel s e.'\cep! Scheme I, model (i : Scheme 2, 1110de-l 5: ~chelllc 4. model () mid 

Schcme 5. 11Iodel 3. Factor 2 examined the behaviour of equilibrium constants in relation to 

increase in temperature. At 42(J°:': several of the results \vere not reliable because or I.ero 

\ ;t!lIes of concentration dllring calculation The following models ngree ",ith the trend 

expected : Scheme I, Model 5: 

Scheme 2, ModelS and 7 

Scheme 4. ModelS and <) 

Scheme 5, Model 3 and 5 other models were disqualified . 

Factor 3 was used to eliminate Scheme 3 and Jcheme (~ Scheme 3 shows negati\e 

\':lIucs 01' the objecti\'e function Ihat is not in agreemcnt \\'ith the c',peetcd Scheme (, [~n ' C' 
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Illnd('!s Ih:,1 pn ,dll({, Ih :' S:lII 1(: r:,I C' :llId equilihrilllll (0 11,,1' 1111 <; :I I all I(, l lI pn:,tlll (' '11 11" 

schelllc lai/l o show (I II: ' trcnd ;IIHI hence it s disqualili calioll . 

CUIl :; jdcrill g all the l;lCIOl S, SChCllIC II. m odel :; ;1Ilt! 10 \\ CIC Ihe closesl tp II I(' 

trIn dc l " I\ ': rs fill :"'" sckcln l ;,s th e "~ \\ hid I I 1('<'; t dc';cri hc IIH' 

:lI Olllali / alioll o r 3-hfclhl\'ltc.\ <lIlC o vel I't/ ;\1 20 3 GII"h's l o\ er Ihe tClllpCrallll (' r; "I !~ C 

illves(iga(cd li'ol11 (h e trfodels e\amillcd , 

Thi <; modcl described Ihe rcacli()11 (lrTnIUCII(, In gi\ 'c h(,II /(, II(, [)lId IIlcfh :r llC' :1': 1:11<' 

controlling step with (he dissociCltivc adsolpfi oll or hydrogen 0 11 the C<lUrlYS t SlIrf; ICC ;\ lId 

;\ rrh cllius plot 0 1' Ihe rnlc constalli s i.e, rOlw:lrd and Icvcr~;c IC;lCtioll for Illode! ." Cl r 

Tnblc ".3: Goodncss of fit of model (Nzllinwsphcrc) 

ShclJIC Ue:<lt fit Illodel ----_. __ . __ ._._---_.-

2 

1 

4 

5 

) alld 'I 

NOllc 

5 <lIld I () 

3 alld 5 

NOllc 



Table 4.4: Showing rate constant and temperature (R5 in 1'1 2) 

Forward reaction Reversed reactio-l1 

T(K) 11K K Log K K Log K 

713 1.40 E-3 4.86E2 2.68 3.67E5 5.56 

733 1.36 E-3 4.69EI 1.67 2.65E5 5.42 

753 t .33 E-3 6.91E 1 1.79 5.54E5 5.74 

773 1.30 E-3 1.24E2 2.10 t.61E5 5.21 

• 1_ 2.0% - l.C)70 - 71 
,\lofJ(; - - . 

() . 001 } -- 0.00 1 3 (i 

S . 74-5. L~2 
slope = .----~ = 1 (J .(i7 

(133 -- 13(,).\"1 () 

F - 7 1* R.114 :::: 59 ()3Kj"i gmo/ E :::: 1 O(i7 * H11 ,' :::: RH 711<J"/gmni 
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,tLI Anlll)'sis of P:mnlldcrs (1I)'drogcn ntmllsphcn') 

III 1J\"(lwgell atlllosphcl c. thel C was high h\"tlr O!;CIl paltial pI (,SSI Ill' . \\ 11I ( h 

Clclltllalh' alTect the forlllatiofl or ntoln:llics, llere. clacked proJuc\s \\L'f(~ fi)l'l l1 ed, Til l' 

jll od llcls !i) rlllcd rcfCrrcd to :IS cr[lckcd prndllc1.<; hCIC :lI e Illel":l!lc alld "111 :111 (' 

F1PIll lite esperilllcntal ria!;!. al IClllpcrallllc50(l<'(' alld tl(lO"Clltclc \\'as cOI llpklt: 

C<J Il\'Cl siOIi or Illcthy-fhexanc to craded product. \\ 'hich ga\'c n !lOli/,Olllnl lill e Oil Ihe gl ;Ipil 

nt ' !'r;wlllHI ;" C(lll\ crs inl1 :1g;lIflsl W,IF Thi s C\('I1II1:1I"'. Ic-d 10 1('1 (l I aillc I)" <; I(ljl(' I' :11 (' 

\';IIIIC cOlild flol be accollllled f'or al Ihis lange of lelllpcrallJl'c A l ~J()"C rcaclillll \\ L' l l' 

~rlillo s l illl(lossibk. al dil/l:l cll l W/F. nil' C()Il\l~ l s i(}1I \\';I ,e; III1i1i '" III h(' IlCl' , ; l!rt' (' lill~ Il l(' 

c;ti ('lrl :llio" (lI ' 111L' r:11L' or I'(': ]('liOIi 

"';wl!)1 I agrecs IVilh Ihe ,!tcIlClllt' I . l1lodel I . Illode! ,I :111<1 l!lo(Ito I " AI :; !) ill(l",( '<I 

; \1 (' ,,,od d 1.2.3 ;lIHI '/ or,(khcIlIC 1. Ollll'l llIodeis "el e disqll:"ifi cd h\' Ihis I;IClol 

1-':I<' lor '} disqll;difi cd .'khl'fll l' I cOlllplclch ' ;11It! :rlllllodd ill,'iC" Clllr:''''' C\ lTPI IIIpd(' ! 

I ;IlId (, I\ I(1 dl'l S Or~dIC III C 2 h;l\'C Ihe sa illt' \;tlllc:11 ;tllll'lllpClalllll' ' llteldl1lc. il i c; :;;lid 

lUll 10 ltaH' ro110 \\cd all\' kll()\Ulllelld , 

All 1:lC'10rS apprnn~ or Sc!ICIII l' '2 model 3 lhcrei() re: lite 1110dd i,<: Ihe moda! 1)1(1dl'l 

111<1' fil s lite (caelioll or lite J - I11Clltylltc,\;IJIC III Itytlrogell al.fII<.lsphl'IC (l\cr 1'1/1\1 70 I 

l' al ; "y~ l 

Mpdcl :1 o f'$Ch(, lll (, ~ dcscriilc lite rC;lcli (' 1) (1(' ~ I"cll" 111 '_',;111 (' In gilc !Julallc :11 If I 

p,opane bl'lorc the pIC.'litICtioll or l11elalle, It is thc rate c()lIlrollill ;~ sl,cp, Allilclliu s plol 01 

Ihe raIl' cOllslallt !ur fOlward and rCI 'else reaclioll ga\'c aclil'alioll ellclgies or 20JJ) KJlrl10l 

;1IId 7,1, 71l 1<1111l(l1 Il'spcr tilcl: ', 
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'I'. t I 4 5' Goodness of fit 0 [model (l h atmosphere) (lIe . . 

Scheme Best fit model 
~~:.:.:.::---.-

2 3 and 6 

Table 4.6: Showing rate constant and temperature. CR.] in lh) 

Forwanl reaction Reversed reaction 

T tn' K LogK K log K 

622 1.61 E-3 3.22E3 8.80 1.48£4 9.60 

643 1.56E-3 1.15E4 9.35 2.32E4 10.05 

Forward reaction Re\'er;ccl reaction 

. ) _ 9.35 - H.OI _ 24 <:;. ,) /ul'(; - - .~ ... 
(156 - 1( 1) * lo-s 

100<:; - 9 (i() 
Slope =--- . -. = l) .OO 

(156 - 161) * 10-5 

,.: == 24 ) 4 * R314 =:: 203 .(iKjI gmnl E =: <) 00 *!U 14 =:: 74 7K1!gm ol 



ACTIVATION ENERGY (Forward reaction in Hydrogen) 

~ 
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ACTIVATION ENERGY (Reverse reaction in Hydrogen) 
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1.00E-03 
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Fig. 4.2 Activation energy (l-h atmosphere) 
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CUAPTEU FIVE 

:;.0 CONCLlJSION AND RECOMMENl>ATION 

5.1 Conclusion 

J n the modeling of aromatizatio of 3-methyl hexane over Ptl Ab 0 3 catalyst, the product or the 

reaction in N2 atmosphere were toluene, benzene, methane and cracked product. The rate 

controlling step is reaction of toluene to f'Orm adsorbed benzene and adsorbed methane i.e. model 

5 scheme 4 in the scheme considered for the temperature range of 420 to SOO°e. The activation 

energies for forward and backward reaction of the rate controlling step were determined to be 

58.93 KJ/mol and 88.56 KJ/mol respectively 

In hydrogen atmosphere, the best model is model 3 of scheme 2 which describe the 

reaction of 3 - methylhexane to butane and propane. Activation energies for fon\'ard reaction f'Or 

the rate controlling were obtained as 203 .60 KJ/mol and 74.70KJ/mol within the temperature 

range of330 to 5000 C 

5.2 nECOMMENDATION 

l. A computer packaged that could handle very small values in a simultaneolls equalioll 

should be developed and made available to ease the work. 

2. Kinetic study is a complex body of knowledge. Therefore there is need to split the work into 

parls for easy understanding 
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APPENDIX A 

SOURCE OF DATA 

Commercial PtlAh03 catalyst containing 180 mZlg pure volumes of O.5ml/g was 

used for the experiment reported herein. 

Reagent grade 3 - methylhexane was used for the reactions. Purity cylinder H2 and 

N2 were used as the carrier gases. N2 was passed through a bed of reduced copper oxide at 

300°C to removed traces of oxygen and through a bed of silica gel to reJllovcd traccs of 

water vapour, whilst hydrogen was passed through a bed of deoxo catalyst (Pbl AhOI) at 

roolll temperature to remove traces of o,'ygen and through a bed of silica gel to remove 

trnc('s of wat er vapour. 

O.15g of Ptl Ah03 catalyst of particle size 53 - 57~m was charged into a pulse 

micro-reactor, which is a 5cm stainless tube. The particles were held in place by glass 

"001. The micro-reactor was inserted into the center of a vertical reclcroft furmmce ",hile 

temperatllfe control was achieved by temperature indicating controller. 

1 he catalyst was dried at 1 IO"C in the flow of 40ml/min Nz and reduced at 500"C 

ill fhe now of 40mllmin H2 for 2 hours. This method o f pre- treatment of cata'~ 's t has been 

J't'pnrtcd to give a stable cata lys t su rJace. 

"he arolllalisation of 3 - methylhex8ne was undertaken in se\ era.! ex perimellts 10 

ascertain the total conversion and product distribution behaviour of " .LL pulses of 3 

methylhexane reaction with temperature and contact time (W IF) and H2 and N2 

atmospheres. The products were monitored by an on line G.C which contained a stainless 

steel supelco column labeled 15% FEAP on 80/100 chromosorb W. A. W containing carbon 

wax and substituted terephthalic acid. 
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The experiment was performed at a lotal pressure of 4.0 KG/c lll2 The kineti c data 

were obtained on a stable catalyst surface. Usually 3 - 5 pulses are required to obtain 

steady state condition. 

During experimentation, the stability of the catalyst was checked every two (2) 

hour at definite condition. When a deviation from the expected activity at a derined 

condition is observed, the catalyst is regenerated by burning olf coke in airflow of 

, 50ml/min at temperature of 400°C for 30 min. The catalyst is then reduced in 40ml/min 

H2 at 500°C for 2 hours. 
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APllENOIX 8 

Table BI: EFFECT OF WIF (mg - minlml) ON 3_METHVLHEXANE REFORMING IN 

NITROGEN CARRIER GAS ON PLATINUM! ALUMINA CAT AL YST 

PI, _ 57 = 1 () mierolitre; P == 4 .0 Kg/Sq. - em 

500"C 
~ 

W/F 3.75 2.50 1.88 1.50 1.25 

Xc 0.16 0 .09 0 .07 0 .04 () . nl 

XMll 
0.20 0.42 0.54 0.60 0 .73 

Xl \ 
0.12 0.09 0.07 0.07 0 .05 

XI' 0.05 0 .03 0.04 0 .02 0 .00 

Xtn~ 
0. 12 0 .09 0 .07 0 .07 0 .05 

X\l 0.35 0 .28 0.2 l 0 .02 0 .14 

X" 
0.80 0.58 0.46 OAO 0 .27 

480°C ----
W/F 3.75 2 .50 1.88 1.50 1.25 

Xc 0.12 0 .07 0 .06 
() . ()Il 0.02 

X~m 
0.41 0 .54 0 .61 0 .72 0.74 

Xn 0.09 0 .07 0 .07 0 .05 () OS 

X r 0.04 0.03 0.00 0.00 O.UU 

Xme 0.09 0.07 0 .07 0 .05 O.OS 

XH 0.26 0 .21 0 .20 0.14 0 .15 

Xo 0 .59 0.46 0.39 0 .28 0 .2(1 
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460°C 

W/F 3.75 2.50 1.88 1.50 1. 25 

Xc 0.] 0 0.05 0.04 0.02 0.02 

XMH 0.46 0.69 0.75 0.77 0.78 

Xn 0.08 0.05 0.04 0.04 0.04 

XT 0.04 0.02 0.00 0.00 0.00 

Xme o . m~ 0.05 0.04 0.04 0.04 

Xu 0.24 0.15 0.12 0.12 0.12 

Xo 0.54 0.31 0.25 0.23 0.22 

440°C 

W/F 3.75 2.50 1.88 1.50 1.25 

Xc 0.06 0.04 0.03 0.02 0.01 

~11 0.58 0.81 0.80 0.85 0.90 

Xs 0.06 0.03 (U)3 0.03 0.20 

Xr 0.04 0.02 0.00 0.00 0.00 

X me 0.06 0.03 0.03 0.03 0.02 

XH 0.02 0.08 0.10 0.08 0.05 

Xo 0.42 0.]9 0.21 0.15 0.10 

420°C 

W/F 3.75 2.50 1.88 1.50 1.25 

Xc 0.05 0.04 0.02 0.01 O.O() 

XMJI 0.71 0.87 0.89 0.94 1.00 

Xn 0.04 0.02 0.02 0.01 (JOO 
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XI (l () .~ 

O.()4 

1113 

0.21) 

0.00 

0.02 

00.'" 

0. 13 

o.O() 

0.02 

() () c; 

O. I I 

Table 1l2: Data in Hydrogen atmosphere 

() 00 

o () I 

oOl 

OO() 

() (l () 

() .OO 

() O() 

() on 

ITFECT OF W/F ON J_METIIYLHEXANE CRACKIN(i IN IIYDROGFN CARR IER 

(, AS ON I'l l AI.UMINA (' ATALYST 

I'L _ SZ "-, 1.0 tllierolitrc ~ p == 4 .0 Kg/Sq ·- em 

500°C 

\Vir 1 .7 5 2. " 0 1 XX 150 1.2 " o ~n 

Xl' I .00 1.00 1.00 I. ()O 1.00 I . ()O 

'(. III Ollt) () 00 o n{) () 00 (l .OO (l .O() 

XII 
() () () 0.00 () () 0 0.00 () .OO O.O() 

X, I) ()() () O() I) {)O (l 00 () (l() (l (If) 

XI) I .00 1.00 1.00 1.00 1.00 I .()O 

x,) 1 00 1 .O(l 1 O{) 100 1.00 I .O() 

.tOOOe 

W/F 3.75 2.50 1.88 1.50 1.25 0.83 

Xc 1.00 1.00 1.00 1.00 1.00 1.00 

X\II' o 00 () 00 000 o.on 0.00 (JO!) 

Xll 0.00 0 .00 0.00 0.00 0 .00 0.00 

XI o 00 (l 00 o 00 O. (lO 0 .00 () O() 



370°C 

W/F 3.75 2.50 1.88 1.50 1.25 0.83 

Xr- 0.54 0,50 0.33 0.44 0,29 0,23 

XMI-I 0.46 0.50 0.67 0.56 0.71 0.77 

Xu 0.00 0.00 0,00 0.00 0.00 0,00 

Xr 0.00 0.00 0.00 0.00 0.00 0.00 

Xo 0.54 0,50 0.33 0.44 0.29 0.23 

350°C 

W/F 3.75 2.50 1.88 1.50 1.25 0.83 

XI' 0.22 0.15 0.19 0.14 0.12 0.11 

X MII 0.78 0.85 0.81 0.86 0.88 0.89 

Xn 0.00 0.00 0.00 0.00 0.00 0.00 

Xr 0,00 0.00 0.00 0.00 0.00 0,00 

Xo 0.22 0.15 0.19 0.14 0.12 0.11 

330°C 

W/F 3.75 2.50 1.88 1.50 1.25 0.83 

Xc 0.06 0.06 0.05 0.05 0.05 0,05 

Xr-.H! 0.94 0,94 0.95 0.95 0.95 0,95 

Xn 0.00 0.00 0.00 0.00 0.00 0.00 

XI' 0.00 0.00 0.00 0.00 0.00 0.00 

Xo 0.06 0.06 0.05 0.05 0.05 0.05 
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APPENDIX C 

Table Cl: - 3 - Methylhexane conversion (N2 Atm.) 

5000 e 

460°C 

440°C 

W IF (Mg.min/ml) 

3.75 

2.50 

1.88 

1.50 

1.25 

3.75 

2.50 

1.88 

1.50 

1.25 

3.75 

2.50 

1.88 

1.50 

1.25 

3.75 

2.50 

1.88 

1.50 

1.25 

87 

Conversion 

0.80 

0.58 

O.4() 

0.40 

0.27 

OS() 

0.46 

039 

0.2g 

O.2() 

0.54 

n.3 I 

0.25 

0.23 

0.22 

0.44 

0. 19 

0.20 

n.1S 

0. 10 



II ~ oPC l 7" 

2.50 

I.XX 

1.50 

I .::!" 

() 2 () 

o. I J 

() I I 

0 .0(1 

() O() 

APPENDIX D 

RATES (N2) 

Rates were obtained from the graph of conversion against W/r: 

r .\ ""' F.w (d:..;/dw) 

Table D 1: Showing the value of rates obtained 

Temp 420°C 440°C 460°C 480°C 500°C 

W/( 

1.250 0.250 0.200 0.050 0.200 0.180 

1.500 0.165 0.167 0.050 0.143 0.170 

1.875 0.132 0.143 0.080 0.160 0.160 

2.500 0.100 0.133 0.114 0. 11 4 0.1 50 

3.750 · 0.075 0.100 0.240 0.075 0.147 



.-

A PPfi:Nf)'X E 

Dcn': RMINATION OF INLET CONCENTRATION (NITROUlN ATI'vIOSPIIFl~F) 

Concelltration of thc inlct reactallts /'rOI1l the gi\ cll eq uation 

M - Illolecular wC'ight of r(,agent 

F =, flow rate mol/min 

to --= 20 sec -= f n min 

.Q = pulse size = I ~lL 

p = density = 0.G7':) g/cmJ 

T o-- temperature oK 

c, = Concentration of inlet reagent 

e.g. at 500"C :=: 773K, F = 40 

(
f43.04*O.G79*1*IO-li J " . 

C, = 1/2 - = 4.70*10 ?,1lI0/ 1 1ll1I"I 
' 100.2*40*1/3*773 

Table Ef: SHOWING INLET CONCENTRATION IN N2 

TEMPERATURE 

F W/F 500°C 480°C 460°C 440°C 420°C 

40 3.75 4.70 4.83 4.96 5.10 5.24 

60 2.50 3.13 3.22 3.30 3.40 3.50 

80 1.88 2.35 2.41 2.48 2.55 2.62 

JOO 1.50 1.88 1.93 1.98 2.04 2.10 

120 1.25 1.56 1.61 1.65 1.70 1.75 

Concentration x 10-5 gmollml 



TABLE E2: CONCENTRATION IN EXIT STREAM 

,.---' 
CONCENTRATION IN EXIT STREAM (g mol/m3

) 

T F W/F CCP CMII Cn C r CME CH 

4200 40 3.75 2.62 37.20 2.10 1.57 2.10 6.81 

60 2.50 1.40 30.45 0.70 0.00 0.70 17.50 

80 1.88 0.52 23.37 0.52 0.00 0.52 1.31 

100 1.50 0.21 19.74 0.21 0.00 0.21 0.65 

120 1.25 0.00 17.50 0.00 0.00 0.00 0.00 

4400 40 3.75 3.06 28.54 3.57 2.04 3.57 10.20 

60 2.50 1.36 27.53 1.02 0.68 1.02 2.72 

80 1.88 0.76 20.39 0.76 0.00 0.76 2.55 

100 1.50 0.41 17.33 0.61 0.00 0.61 1.63 

120 1.25 0.17 15.29 0.31 0.00 0.34 0.85 

4600 40 3.75 4.96 22.81 3.97 1.98 3.97 11 .90 

60 2.50 1.65 22.81 1.65 0.66 1.65 4.96 

80 1.88 0.99 18.60 0.99 0.00 0.99 2.98 

100 1.50 0.40 15.27 0.79 0.00 0.79 2.38 

120 1.25 0.33 12.89 0.66 0.00 0.66 1.98 

480 40 3.75 5.79 ]9.79 4.34 1.93 4.34 12.55 

60 2.50 2.25 17.38 2.25 0.97 2.25 6.76 

80 l.88 1.45 14.72 l.69 0.00 1.69 4.83 

100 1.50 0.77 13.90 0.97 0.00 0.97 2.70 

120 1.25 0.32 12.39 0.80 0.00 0.80 2.41 
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500 <I(} 3.75 7.S0 9.40 5.()O 2.35 5,(10 16. ()( ', 

60 2.50 2.R2 13.20 2.R2 0.94 2.RO R.64 

XO J.XX 1.60 12.70 I.GO 0.94 I . GO '-I . YO 

I ()() I 50 0.75 I J30 I ::W o3X 1.30 3U> 

120 1.25 0.47 11.40 o.n 0.00 on 2. I Y 

conccntr:ltiol1 :'\ I 0-6 

C MI I = Cd (1 - XI) = CdX 1vfll 

C·I' = c'IX('1' 

(' I =c- ('"XI' 

('IIIe = C<l X",,: 

('I l""" ('11:'<11 

Tab le Fl ' Sho\\'ing Inlet ('onccn(rn(ion in I r~ 'drogen 

------
F "V/F 500°C 400nC 370°C 350nC 3JOnC 

40 3.75 4.70 5.40 5.65 5.8J 6.02 

60 2.50 3.13 3.60 3.76 3.88 4.01 

HO 1.88 2.35 2.70 2.82 2.91 J .()1 

100 1. 50 1.88 2.16 2.26 2.3 3 2.41 

120 1.25 1.56 1.80 1.88 1.94 2.00 

140 1.83 1.34 1.54 1.62 1.67 1.72 

x 10-5 gmollml 

()I 



API)ENI>IX F 

Table F I : Rates and equilibrium constants (N2) 

T ({r K.. Kr Kcp KM Kn 

M 420 14.285 8.86E20 3.3 1E19 1.20E I3 3.378ElO 

0 

d 440 14.457 2.633E16 2.081E12 2.72E12 2.027E2 

e 
I 460 2.157 4.852E16 1.451E15 l.253E12 2.718E3 

1 480 6.339 1.969EI4 4.473E18 U~64E 1 I 1.836E3 

5no 7G2 .378 6.889E12 1.221El2 8.G8()E9 9.343E3 

M 
420 14.285 2.397 1.977E 15 5.550E J2 1.8Y4E3 

0 440 I R. 123 
d 

203.22 I.G05EIO 4.ME7 G.25RE2 

u 460 52.508 
I 

3.63 1E3 4.346E11 4.659E9 5.834E4 

e 480 10.117 126.567 3.160E9 3.767E6 7. J 97E2 

2 500 17.314 39.617 3.14911 2.529E5 8.826EO 

M 420 14.285 2.397 1. 977E5 5.550E12 1.894E2 

0 

d 440 ] 8.123 203.22 ] .605EI0 4.64E7 6.258E2 

e 
I 460 52.508 3.631E3 4.346El 1 4.659E9 5.834E4 

3 480 10.117 126.567 3.160E9 3.767E6 7.197E2 

500 17.3 14 39.617 3.149E8 2.529E5 8.826EO 

M 420 14.285 3.823E24 4.919E12 3.324EI0 3.173E15 

0 

d 440 14.459 6.567E15 2.720E]2 2.032E2 6.093E6 

e 
I 460 2. 155 4. 100E3 1.255E1 2 2.717E3 1.094E7 

4 480 6.341 l.107E14 1.864El1 l.836E3 4.353E6 

500 8.266 1.379E1O 2.080E7 6.108E2 5.243E2 
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T 14 K.. KT Kcp KI\1 Kn 

M 420 9.587E9 57. J 4 3.71E2 2.286B II 2.30J E2 

0 

d 440 8.501E6 72.475 5.899E2 2.500E8 2.314E I 

e 
I 460 8.651E6 1.319E3 2.548E3 3.387E8 2.550E4 

5 480 2.356E5 7.429E1 3.379E2 1.335E7 2.347E2 

500 5.496E4 8.839El 2.088E2 4.72 1E6 5. 115E2 

M 420 NOT RELIABLE 
() 

d 440 2.769E-6 1.798E-3 1.808E3 2.248E2 1.8 10BI 
e 
I 4(,0 R.<iSl E-4 2. 190£-1 3.955E4 (\.677E4 1 242E2 

6 480 4.366E-6 6.894E-4 1.027E3 1.029E3 8.154EO 

500 1.24 1 E-4 4.468E-2 4.557E4 7.027E4 5. 11 5E2 

M 420 27.990 1.120E4 57.143 3.833 E2 2. 12 1E2 

0 

d 440 19. 125 1.299E4 73.419 6.467E2 5.92 1E I 

e 
I 460 34.59 1 9.316E4 1.431 1.167E3 3.356E3 

7 480 11.136 4.570E3 7.709£1 3.6 ! 9E2 1.825[2 

500 23 .660 1.393E4 1.069E2 3.460E2 1.320E2 

M 420 NOT RELIABLE 

0 

d 440 1.070E-l 4.560EO 7.233EJ 5.777E2 4.538E 1 

e 
I 460 2.521 EO 6.671 E2 9.750E2 8.3862E3 <).221E2 

8 480 3.698El 7.809E2 2.278E2 4.065E3 9.343E4 

500 1.4 10EO 6.397E2 2. 760E2 1.324E3 3.820E2 
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ScrfEME 2 

T Kr Kr Kr Kcp Krv! KB 

M 420 J .429E1 2.19E2 4.584E3 1.0 IOE 1 1.099E3 

0 

d 440 UW7E1 2.335E2 3.885E3 2.359E2 1. 270E2 

e 
I 460 1.425E2 3.779E2 4.366E4 7.976E2 4.028E4 

1 480 7.691EO 2.987E1 1.270E3 1.103E3 3.970E2 

500 6.452E-l l.123E3 7.822E3 2.774E2 8.247E2 

M 420 NOT RELIABLE 
0 

d 440 1.460E-1 4.539EO 7.233E1 1. 142EO 5.777E2 
e 
I 460 2.687EO 6.671 E2 9.755E2 2.447EI 8.386E3 

2 480 1.577EO 7.809E2 2.278E2 1.249EI 4.086E3 

500 ] .901E-l 2.001E3 8.852El 1. 132EO 1. 649E2 

M 420 4.130E5 7.315El 5.714EI 2.213E2 3.8 14E2 

0 

d 440 1.600E5 3.467El 7.288El 3.386£1 6.l68E2 

e 
I 460 3.367E6 1.798E2 I. 844E2 6.781E3 1.307E3 

7 480 3.917E4 1.329EJ 7.656EI 1.959E2 3.430E2 

~.260E4 9.223EO 9.223EI 7.30REI 2.375E2 

SO-fEMES 3 

NOT RELIABLE 
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M 420 NOT RELIABLE 

0 

d 440 2.60GE3 1.536E2 8.343EI 1.00lE2 1.094E4 

e 
I 460 4.536E2 1. 1 94E2 1.I08E3 4.376El 2.G96E3 

9 480 1.436E2 2.01OEI 1.352E2 3.014EJ 7.2<J7E2 

500 1.275E3 1.600E1 3.036E1 4.318E1 3.8('9E3 

M 420 NOT RELIABLE 
0 

d 440 1.638E-I 1.421El 1.841E3 2. I 24E3 1.85GE3 
e 
I 460 8.165E-2 1.123EO 7.095E2 1.617E3 2.570E2 

10 480 7.974E-2 4.014EO 5.572E2 6.462E2 6.714EI 

500 4.664EO 2.090EI 1.461 E4 3.604E4 3.0l9E4 
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SCfl El'l'1E FfVE 
,----

T l(r Kr Kr Kcp KM Ku 
r--~-~"""-- w...". 5JWAll-...'"'''''''' 

1\'1 420 1.429EJ 2. J 58EO 1.975EO 5.hl hEO 3.280E3 

0 

d 440 1.907 El 2.684E24 2.086E25 2.844El3 1.342E3 

e 
I 460 2.06E8 1. 153E23 4.404E23 1.662E14 2.406E3 

1 480 9.149EO 2.964E21 4.072E22 1.092E13 1.963E3 

500 8.342EO 3.089E12 2.109E13 1.468E3 1.959E3 

1\'1 420 NOT RELIABLE 

0 

d 440 1.998E4 1.350E5 6.268El 3.517E2 3.790EO 

e 
I 460 4.043E2 6.389E4 4.] 36E2 5.719E3 1.243E4 

3 480 9.006E2 6.415E4 3.501 E1 9.643E2 1.515E4 

500 3.549E3 3.296E5 6.910E2 l.281E4 3.674E4 

M 420 9.950E6 5.897E2 7.685E7 5.714El 6.569E2 

0 

d 440 l.706E8 6_673E2 l.798E9 l.358E2 2.435E4 

e 
I 460 2.384E6 4.870E2 2.635E7 6.160E2 l.006E4 

5 480 2.306E6 4.715EI 2.295E7 2.383E2 2.925E3 

500 2.724E6 2.580El 1.888E7 9.380EI 1.990E2 
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APPENDIXG 

Table Gl: Mole fraction in Hydrogen atmosphere 

5000 

WIlt 3.75 2.50 1.88 1.50 1.25 0.83 

XI 0.00 0.00 0.00 0.00 0.00 0.00 

Xmr 0.75 0.75 0.75 0.75 0.75 0.75 

Xm 0. 25 0.25 0.25 0.25 0.25 0.25 

X T1 ()(l0 0.00 0.00 0.00 0.00 000 

)(0 1.00 1.00 1.00 1.00 1.00 1.00 

40()" 

W/F 3.75 2.50 1.88 1.50 1.25 0.83 

X I 0.00 0.00 0.00 0.00 0.00 0.00 

X liiI' 0.75 0.75 0.75 0.7) 0.75 0.75 

Xnt 0.25 0.25 0.25 0.25 0.25 0.25 

XII n.oo o.on 000 0.00 0.00 oon 

' 0 1.00 1.00 1.0n 1.00 ] .00 1.00 

noOe 

W/F 3.75 2.50 1.88 1.50 1.25 0.83 

XI 0.405 0.444 0.619 0.505 0.662 0.728 

X 1ll1• 0.356 0.333 0.229 0.297 0.203 0.163 

X8t 0.119 0.111 0.076 0.099 0.068 0.054 

XH 0. \ 19 0.111 0.076 0.099 0.068 0.054 

Xo 0.595 0.556 0.381 0.495 0.338 0.272 
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.J50°{' 

W/F 3.75 2.50 1.88 1.50 1.25 0.83 

XI 0.739 0.819 0.773 0.831 0.854 0.866 

X"'C 0.15(} 0.208 0.136 0.101 0.087 O.ORO 

XUI 0.052 0.036 0.045 0.034 0.029 0.027 

XII 0.052 0.036 0.045 0.034 0.029 0.027 

Xo 0.261 0.181 0.227 0.169 0.146 0.134 

330°C 

W/F 3.75 2.50 1.88 1.50 1.25 0.83 

XJ 0.926 0.926 0.938 0.938 0.938 0.938 

Xrnc 0.044 0.044 0.037 0.037 0.037 0.037 

XIIt 0.015 0.01 5 0.01 2 0.012 0.012 0.012 

Xli 0.01 5 0.015 0.012 0.012 0.012 0.012 

Xo 0.074 0.074 0.062 0.062 0.062 0.062 



APPENDIX H 

Tab le HI : Fractional Conversion (Hydrogen atmosphere) 

T '\IfF CONVERSION 

5()0"C 3.75 1.00 

2.50 1.00 

1.88 1.00 

1. 50 1.00 

1.25 1.00 

(un , .on 

41l0<JC 3.75 1.00 

2S0 1.00 

1.88 1.00 

, .50 1.00 

1.25 J .00 

0.83 1.00 

370°C 3.75 0.60 

2.50 0.56 

1.88 0.38 

1.50 0.50 

0.83 0.27 

]S()oC 3.75 O.2(j 

2.50 0.18 

1.88 0.23 

1.50 0.17 

1.25 0.15 

0.83 0.13 
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~ lO"C :' .7 .'i () ()7 

2.50 0.07 

1 . ~X () 0 (, 

1.5 0 o. () () 

I .:2." OO(l 

(l.X3 () .O() 

HATE 

Table 1-1 2: Rates of reaction in Hydrogen 

L SOO 400 370 350 330 

WI 

3.75 0.00 0.00 0.03 0.02 0.00 

2.50 0.00 0.00 0.15 0.05 0.00 

1.88 0.00 0.00 0.17 0.06 0.00 

1.50 0.00 0.00 0.22 0.07 0.00 

1.25 0.00 0.00 0.23 0.09 0.00 

0.83 0.00 0.00 0.20 0.12 0.00 

Rates XIO·3 
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APPENDIX I 
Table 11 : Concentration in exit stream (H dro en atmos here) 

Temp. F 40 60 80 100 120 140 

W/F 3.75 2.50 1.88 1.50 1.25 0.83 

------ ----._- - .. _-,-- -----
500°C CI 0.000 0.000 0.000 0.000 0.000 0.000 

Cme 3.523 2.345 1.763 1.410 1.170 1.005 

CUI 1.175 0.783 0.588 0.470 0.390 0.335 

CII 0.000 0.000 0.000 0.000 0.000 0.000 

" - ._--- .... _---_._ .. _-
4(J0"<; CI 0.000 0.000 0.(100 0.000 0.000 0.000 

C",~ 4.050 2.700 2.(2) U;20 1.350 1.1) 

CEll 1.350 0.900 0.675 0.540 0.450 0.385 

ell 0.000 0.000 O. (JOO 0.000 0.000 o.O()() 

------ --------
3lU" ( : c, 2.288 1.6(,9 1.746 1.141 1. 245 1.1 79 

Clll~ 2.011 1.252 O.64G (J .G71 0.382 0.2<)4 

CIl! 0.672 0.417 0.214 0.223 0.128 o.o:-n 

CII 0.672 0.417 0.214 0.223 0. 128 0.087 

----------
350"C C, 4.30R 3.178 2.249 J .93G J .G57 J . 4 /~G 

Cme 0.909 0.4J9 0.890 0.235 0.169 0.134 

CEll 0.303 0.140 0.131 0.079 0.056 0.045 

CII 0.303 0. 140 0.131 0.079 0.056 0.045 

330°C C, 5.575 3.713 2.823 2.26J 1. 87(' 1.613 

Cme 0.265 0.176 O. 111 0.089 0.074 0.064 

CDt 0.090 0.060 0.036 0.029 0.024 0.035 

ell 0.090 0.060 0.036 0.029 0.024 0.035 

Concentration xl 0" gmol/rnl 
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APPENDIX J 

Table J I: Hale and Equilibrium constants 
SCHEME ONE (Hydrogen atmosphere) 

------:0;::; - ,------ ------ --------- ----._ .. -~ 

[KII; [ (( N TEMP. ( C) KF Kr I(.ne Kut 

Modell 
350 6.035E3 1.0E13 4 .6RE5 4 .75E-2 2. 14E-2 2.59SE-2 

370 1.55E4 4.44E13 4.07E7 1.21E8 4 .80E- ] 8.17Ell 

KF Kr KI ]~I~:-]K';; __ 
Model 2 350 6.60E3 4 .03E-2 5.I3E-2 6.47E-2 8.63-2 1.12E- 1 

370 4 .46E3 1.3]E-2 1.60E-I 2. lOE-1 2.24E-1 3.88E2 

SCHEME TWO 

Temp.(UC) KF I Kr I Kme I K nt I KJu I KN 

Modell 350 8.64E2 1.79E9 1.21E6 2 .38E-2 4.61E-2 6.93E-2 

370 9.46E3 I. 14E4 2.16E5 8.2E-2 3.22E-2 1. I 8E-4 

KF I Kr lK' I Kme I Km I KII2 

Model 2 350 1.14El 3.60E-2 4.68E-2 5 .98E-2 8.00E-2 1.12E- J 

370 1.16El l.26E-l 1.53E-l 2.02E-l 2.16E-l 3.21 EO 

KF IKr I KI I Kme I ((HI /KII2 
Model 3 350 3.22E3 l.48E4 6.47E4 2.56E5 4.87E5 1.26E3 

370 1. 15E4 2.32E4 5.87E4 9.43E4 1.99E5 9.23E2 

Model 4 

KF --I Kr -- ["-KI--- l Kme -- 1 Kn=-r KIU 

350 2.27E3 8.28E13 5.50E4 1.87E5 l.28E5 9.99E2j 
370 2 .07E2 3.29E5 5. 18E4 1.93E6 5.42E6 l.20E3 

- --------
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--_ .. _.-

KF KN 

Model 5 350 0 0 0 0 0 

370 0 0 0 0 0 

KF KN 

Model 6 350 1.18E-l 8.50E3 2.22E3 5.03EO 

370 6.80E-2 3.35E3 4.034E3 2.37E4 1. 89E2 2.71EO 

KF Km 

Model 7 350 l.I5EI 3.60E-2 4.68E-2 5,98E-2 8.00E-2 1. 12E-J 

370 1.16EI 1.26E-l 1.53E-I 2.03E-I 2.17E-J 3.2 1EO 
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Start 
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FLOWCHART 
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A f'PENbl X 

I'ri":lte Sub Command 1_ Click() 
Unlo,ld Me 
Load rnlll 
f'rrnISho'" 

Elld Suh 

Pri,'ate Suh Cornmancl2 ClickO 

Dill1 labb J\s Double 
Tc\ ll .Tc.\ t 7. "" 

11'((1 nhcllCnpliPll -' "" Or I .nbr:l 2 Cnptinn '- "")) Then 
111 ~g%:c- MsglJox("Pick one in each o r the Op ti on ahole, Plen<; e". I bOKOllh . "I: ,, () ! 

Fll lCI in.!,,") 
I!' 111Sg';;, I ' i llell 

hit Sub 
End 1[' 

lal>$ = Label2Cnption 
Fort ::::: OTo4 

If "'" Val(rrl1ll.Te~t2(l) , Tc:\t ) 

Call main 
I r l.ahel2 Caption = "R<lte 1 " Then 

X I = ei 
X2 = - I of< ep 
Xl -, - I of< eh '" r I I 
X.I =: - I ,.. ell '" r 11 
X5 :-= - I '" ellle '" r 1 I 
XC; - - I , ,,, *,,,***+*** ,~,,, 

U selr LabeI2.Caption ::,..: "ltatc2" Theil 
X I - eh 
X2 = -I T- eh 

X3 = -2 '" ep '" rll 
X.I == - I * et * r I I 
X5 = -I of< ell '" r 1 ) 
X(l = - I '" cme '" r) I 

EiselI' Label2.Caption = "Rale3" Then 
XI = ci 
X2 = - I * eh 1\ 2 '" r 1 I 
X3 = -I '" ct 1\ 2 + r II 
X/~ = -I '" cb 1\ 2 '" rl " 
X5 = -I * cme 1\ 2 '" rll 
X(l = -) '" cp 1\ 2'" rll 

ElselfLabel2.Captiol1 = "Rate4" Then 
II' eh <> 0 Then 

X I = ci / eh 
Else 
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XI =ei 
End If 
X2 = -1 '" eh " 4 '" r I I 
Xl .- - I '" el " 4 '" r I I 
X4 = -1 * eb " 4 * rll 
X S = -J * eme " 4 * r II 
X (i = -I * ep " 4 * r I I 

ElselfLabel2.Caption = "RaleS" Then 
XI = ct '" eh 
X2 = -1 * eb * erne 
X3 = -4 * cp " 2 * r 11 
X4=-1 * el " 2*rll 
X5 = -1 '" eb " 2 '" r 11 
X6=-1 ",crne" 2 

Elself Label2.Caption = "RateG" Then 
XI =ci 
X2 = -1 * ep 
X3 = -1 '" eh '" r11 
X4 = -] '" et * rl I 
X5 = -1 '" eb * r1 L 
XG = -1 '" erne'" r L I 

Elself Label2.Caplion -= "Rale7" Then 
If erne <> 0 Then 

X I = ct '" eh / erne 
Else 

X l = cl '" ch 
End If 
X2 = -1 '" cb 
X3 = -2 * cp * r11 
X4 = -1 '" ch '" r11 
X5 = -] '" et 
XG = -1 '" erne'" r 11 

Elself Label2 .Caption = "RateS" Then 
Xl =ci 
X2 = -1 '" cp 
X3 = -1 '" eh '" rl1 
X4 = -1 * cl 
X5 = -1 * eb 
XG = -1 '" cme 

ElselfLabel2.Caption = "Rate9" Then 
If eh <> 0 Then 

XI = cb '" crne / ch 
Else 

X l = eb '" erne 
End If 
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X2 = -\ '" ct 
X3 = -2 * ep '" rll 
X4 = -1 * eh * fII 
X5 = -1 '" cb * r I I 
X6 = -1 '" cme 

EIsel f Label2. Caption = "Rale 1 0" Then 
Xl =eh 
X2 = -\ '" eh 
X3 = -2 '" cp * rll 
X4=-I"'eb"'fll 
X5 = -1 '" erne * f11 
Xc, = -I * 0.546 ''''***'''''''''''''''******''''''''' 

EIsel f Label2. Caption = "Rate I I" Then 
If cb <> () 111en 

Xl = eh * cl / cb 
Else 

X I = ell * cl 
End If 
X2 = -1 * crne 
X3 = -2 * cp '" rtl 
X4 = -1 * cll * rlt 
X5 = -I '" cb * r' , 
XC) = - 1 * cl 

End If 

xr, ,.". xr, '" () 
XG = rll-X6 

Cnli mal(matricO) 
Ne:'d 1 

Cnll llIatGauss(llIatric()) 

'Reslllt Disphy 

Texll .Visible = True 
For b = 0 To 4 

Te.xtl.SelText = "X" & b + J &" = " & matric(b, 5) 
Textl .SelText = vbCrLf & vbCrLf 

Next b 
Textl.SelText = "XG = " & 0 

End If 
End Sub 

Private Sub Form_LoadO 
Textl .Visible = False 

Listl .Addltem "330" 
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List 1. Addltem "350" 
Listl . Addltem "370" 
Lisll.AddlLem "400" 
List!. Add Item "500" 

List2.Acldltem "Ratel" 
List2. Addrtem "Rate2" 
Lisl2.AddJtem "Rate3" 
List2. AddItem "Rate4" 
Lisl2. Addftem "RateS" 
Lisl2.Addltem "Rate6" 
List2.Addltem "Rate7" 
Lisl2.AddHem "Rate8" 
Lisl2.Adclltem "Rate9" 
List2.Addltem "RatelO" 
Lisl2. Add Item "Ratel 1" 

End Sub 

Private Suh Form _ QueryUnload(Cancei As fnl eger. Unload Mode As Integer) 
'c<mcel == True 

End Sub 

Priv;1te S lib List I _ ClickO 
Label I.Caption == Listl .List(List I.Lisllnde:-..) 
End Sub 

Private S lib List2 _ ClickO 
Lubel2.Caption == List2.List(List2.Listlndex) 
End Sub 

Pri vate S lib Command2 _ ClickO 

'End 

End Sub 

Private Sub Form_LoadO 
Comm<:U1dl.Tablndex == 0 
Fory == 0 To 29 

Textl(y).Visible == False 
Nexty 

For g = 0 To S 
Text2(g). Visible = False 

Nextg 
End Sub 

Private Sub Form_ QueryUnload(Cancel As Integer, UnloadMode As Integer) 

lOR 



'Canr'el - True 
End Sub 

Privnte Sub Option ' __ ClickO 
J [ Option I = True Then 

Ullload Me 
Load Forml 
Forml .Show 
Forml .Labell.Caption = "" 
Forml .LabeI2.Caption == "" 
Forml .Textl.Text = "" 

End If 
End Sub 

Private Sub Option2 _ ClickO 
,r Option2 = True Then 

Unload Me 
Load Form2 
Form2. Show 
F orm2.Labell . Caption = "" 
Form2. LabeI2.Caption == "" 
Form2.Textl .Text = "" 

End If 
End Sub 

Private Sub Option3 _ ClickO 
If Option3 == True Then 

Unload Me 
Load Form3 
Form3.Show 
Form3.Label1.Caption = "" 
Form3.Label2.Caption = "" 
Form3.Textl.Texl = "" 

End If 
Elld Sub 

Private Sub Option4 _ ClickO 
If Option4 = True Then 

Unload Me 
Load Form4 
Form4.Show 
Form4.Labell.Caption = "" 
Form4.Label2.Caption = "" 
Form4.Textl .Text = "" 

End If 
End Sub 

Private Sub OptionS _ ClickO 
I[OptionS == True Then 

Unload Me 
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Lond FormS 
FormS.Show 
FormS.Label I .Caption == 1111 

fonnS.LabeI2.Caption == '''1 

Fonn5.TextJ. Text == "" 
End If 
End Suo 

Private Sub OptionG _ ClickO 
If OptionG == True Then 

Unload frml 
f.ond Formf) 
Form(i.Show 
FormG.Labell.Caption == 1111 

Form(i.LnbeI2.Cnption =- "" 
FormG.TexLl.Text == "" 

End If 
End Sub 
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= 239.790558117734 

= 1. 97722959458304E ·.15 

= 5554380078303.31 

= 1894.72295807364 

= 6.89374272771754E-04 

= 1 027.31615272184 

= 1029.64226546624 

= 8.15476027357442 
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'" -2932_99369360448 

'" -5575_52241667939 

= -648-"84938936-189 

= 585K 72484268917 

= -R 1 0663964859075E -02 

= -R240829891401564 

= -0-446995851 065194 

= -R 96649381533129 
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