Definition of catalyst

The decomposition of Hydrogen peroxide is facilitated by iodide ions. The reaction is:
2H202(aq) 9 2H20(|) + Oz(g)
By experiment rate law is found to be rate= k[ H,0,][ I"]

Thus the reaction is first order with respect to both H,0, and I
Stepl: H,0,+ 1" > H,0 + 10 (rate determining step)

Step 2: H,O0,+10" > H,0+ 0, + I

IO~ is an intermediate as it does not appear in the overall balanced equation, The
function of I is to speed up the reaction and behaves as a catalyst.

A catalyst is a substance that generally increases the rate of a reaction by lowering the
activation energy. It does so by providing an alternative reaction pathway. The catalyst

may react to form an intermediate with the reactant, but is regenerated in a
subsequent step and is not consumed in the reaction.
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Commercially important reactions that employ Heterogenous catalysts

Commercial Process Catalyst Initial Reaction Final
Product

contact process V,0so0rPt 2S0, + 0, - 2503 H,S0,4
Haber process  Fe, K;0,AlLb0s N, +3H, - 2NHs  NHs
Ostwald process Ptand Rh 4NHs3 + 50, > 4NO+6H,0 HNO;

water—gas shift reaction Fe, Cr,05,0rCu CO + H,0O - CO; + H,
H, for NH3, CH3sOH, and other fuels

steam reforming Ni CHs +H,O > CO+3H, H,
methanol synthesis znO and Cr,0; CO + 2H, - CH;0OH CH3OH



Hydrogenation of Ethylene on Heterogenous catalyst
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Synthesis of Ammonia by Haber Process
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Commercially important reactions that employ Homogeneous

catalysts
Commercial Process Catalyst Reactants Final Product
* Union Carbide [Rh(CO),l5]~ CO + CH3OH CHsCOH

* hydroperoxide process Mo(VI) complexes CH3CH=CH, + R-O—-O-H PO+ ROH
* hydroformylation = Rh/PR3 complexes RCH=CH;, + CO + H , RCH,CH,CHO

* adiponitrile process Ni/PRs complexes 2HCN + CH,=CH-CH=CH,
NCCH,CH,CH,CH >CN used to synthesize nylon

e olefin polymerization (RCsHs), ZrCls CH2=CH, —(CH2CH3 -)n: high-
density polyethylene



Homogeneous Catalysis

In homogeneous catalysis the reactants and catalyst are dispersed in a single
phase, usually liquid. Acid-base catalysis are the most important types of
homogeneous catalysis in liquid solution. The reaction of ethyl acetate with
water to form acetic acid and ethanol normally occurs too slowly to be
measured.

CH3-COO-C3Hs + H,O - CH3-COOH + C,Hs0OH
In absence of a catalyst, rate law is given by: rate=k[CH3COOC;Hs]

However the reaction rate is catalysed by an acid. In the presence of
hydrochloric acid, the rate is faster and rate law is given as:

rate =kc[CH3COOC;,Hs] [H*] and Kc > K

Homogeneous catalysis can also take place in the gaseous phase. A well known
example is the lead chamber process of manufacturing sulphuric acid.

S(s) +0,(g) > SOal(g) ...(i) 250,(g) + O2(g) - 2S0s(g) -..(ii)

In reality sulphur dioxide is not directly converted to sulphur trioxide but the

oxidation is carried out efficiently in presence of the catalyst nitrogen dioxide.
2S0,(g) + 2NO>(g) - 2S0s(g) + 2NO(g),
2NO(g) + O2(g) - 2NO: (g)

2505(g) + O2(g) - 2S0s(g)



Transition metal compounds as homogeneous catalysts

Transition metal compounds are soluble in various organic solvents and
therefore can catalyze reactions in the same phase as the dissolved
reactants. Many of the processes they catalyze are organic. For example a

red-violet compound of rhodium, [(CsHs)sP]sRhCl, catalyzes the conversion
of carbon-carbon double bond to a carbon-carbon single bond

e -CH=CH- +H; Rh(l)cat---> CH;3-CHs




Catalytic converter




Catalytic Hydrogenation of an alkene

Syn-addition of H, to C=C bond
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Al + Ni R » ALNi

Al-Ni + NaOH——

© H,, Raney Ni O Oxidation m{)
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Discovery of Hydroformylation

CHO
Catalyst, Ligand CHO
R /\ + CO/H, > R/\/ + R
Solvent
Linear Branched

O. Roelen, Ger. Pat., 949 548, 1938.

«Otto Roelen tries to find out why the Co catalyzed
Fischer Tropsch process gives alcohols as side products

e Largest homogenously catalyzed process in the world
(~ 10 billion Kg of aldehydes)

*1968: Introduction of phosphines to stabilize catalyst

+1970: Rh (better n/iso ratio, but VERY EXPENSIVE)

*1980 Use of watersoluble Rh-phosphine complexes

©2004: 75 % use Rh;

*Major process propene to butanol (C3 -> C4) 16



Hydroformylation

Aldehydes 5
Rh or Co o 0
/\/ + CO + H» —.F H R
' linear (normal) branched (isc

side reactions
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alkene isomerization alkene hydrogenation

* Largest homogeneous catalytic process

* > 15 billion pounds of aldehydes (alcohols) per year
Commercial catalysts are complexes of Co or Rh
Selectivity to linear (normal) aldehyde important

Otto Roelen (1897-1993)




Hydroformylation

& Addition of a H atom and a formyl group to the double bond of an alkene.
@ Efficient with terminal alkene

R + CO + H, — R~ \_-CHO + RJ\CHO

“normal’ “is0”
linear product branched product

& Thermodynamics: Hydrogenation Vs. Hydroformylation

H, + CHsCH=CH, —  CH4CH,CH

AG 63 -25 = -88 kJ mol!
AH 21 -105 = -126 kJ mol!

H, + CHsCH=CH, + CO — CHsCH,CH,CHO

AG 63 -138 “117(1) = -42 kJ mol-
AH 21 -109 238 =-150 kJ mol-

@ Though alkane is the thermodynamically more favourable, the actual product
is the aldehyde, because “kinetic” control occurs.
@ The reaction is highly exothermic and is conducted at adiabatic conditions.



Cobalt catalyzed hydroformylation- Mechanism
Co,(CO)g + H, = (high pressure)2[CoH(CO),]

1. The complex loses CO to produce the coordinatively unsaturated complex
catalyst.

2. The complex catalyst coordinates to the alkene (Propene).
Undergoes insertion reaction — n-alkyl complex (may be branched also).

4. Propene coordination followed by olefin insertion into metal-H bond in a
Markovnikov or anti-Markovnikov fashion gives the branched or the linear

metal-alkyl complex, respectively.

S At high pressures of CO, the complex undergoes migratory insertion of CO to
yield the acyl complex (IR spectral evidence).

6. Attack by H,, as strongly acidic HCo(CO), will yield the aldehyde and
regenerate.

7. The last step is often rate-determining.

w



Reaction cycle for hydroformylation on Co
1/, Cox(CO)g + 2 Ho === HCo(CO)s (1)

-.co (@

+ CO 1
RCH,-CH>-CHO

HCo(CO)s RCH=CH,
Ha // HCo(CO)s

: isomers
isomers |== RCH2CH,COCo(CO); RCH=CH.
©® R._CHa
RCH,CH,Co(CO); T
RCH,;CH,Co(CO), Co(CO)s
TNE ]
Co isomers

Scheme 3. Catalytic cycle of hydroformylation with unmodified cobalt catalysts.

Mechanism with long chain olefins, > C,



HRh(CO)(PR;), Catalyst System
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Hydroformylation- General features

@ There are two ligands, CO and L = PPhs.
@® Hydroformylation with Rh can also be effected in the absence of phosphine.
In such a situation, CO acts as the main Ligand.

@ The intermediate complexes in the catalytic cycle switch from 18e-1t0 16 e-
complexes

@ The catalyst precursor undergoes ligand disssociation to generate
coordinatively unsaturated species.

@ There are two insertion steps (alkene and CO)

@ The selectivity to n-butyraldehyde is determined in the first insertion step.

@ This is then followed by oxidative addition step (of H,), which is the rate-

determining step.
@® Reductive elimination gives the aldehyde and generates the catalyst

General catalyst composition- H, M, (CO), L,

Hydroformylation activity pattern with unmodified ligand (n=0)
Rh >> Co >Ir,Ru > Os >Pt >Pd > Fe >Ni

Rh & Co most commonly used; Pt asymmetric hydroformylation



Ziegler Natta Catalyst
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Natta’s Discovery
1954 Giulio Natta, P. Pino, P. Corradini, and F. Danusso
J. AmM. Chem.

=h Soc. 77, 1708 (1955) Crystallographic Data on PP
J. Polym. Sci. ’

16, 143 (1955) Polymerization described in French
i1
/\ 3

— -+

AI(Et)>C'1

Isotactic
vCl, - 78 C
i ey - o

R

= CH;CHs

AlGEBuwu),C'l Vs
@—c)\ in ©/ Syndiotactic

Ziegler and Natta won Nobel Prize in 1963 Q/

catalyst

D, ans Mt




a S
=l - e

Insoluble complex
HoC=—CH>

L) |
i \+i" @\A]/CI_&

7o Ay

c&%co—g—cr—a,-—]—;@

CHs

l Termination by chain transfer.

cHa oﬂ—{-cw—cm—]—@
-+ '_'zc:// >

e




W, WY TewFT R AN .

- - 10=7
PTrEee] ST =A™ -
=R w e 2T >i1e | apr e ’.-f\b‘fd.\'J o=\ =T “ﬁ m

wre oo B e, 1A, form Beotrasrafom mmﬂ

S TRITE T W

sy fang =TS

+af
ot "’7'". T o=

fagt1 ATE -l
- ,,vv_ﬂv: k

.. ’
BELSs -

eyraywy a1 BN
weif@af@e® W Ta |

srwes s N o
g wrerstal wefEafEs cre wme -

— e ——— Tt L LB el
!r._c. =TIl ‘7I“h" )‘r’ }{m 6‘9' ‘m 17'ﬂf31 | H\ng m m 3 =

2o re fre Sz oo Sdie CO,~99 Tes1wa 21

T .
st BT WTE
E— e S L L RS S

2C0 + O, = 2CO, -

(5) m Eﬁfiﬁ? =S -
Sawbe Segw) AffFTE FAETEEE S ofAaSa abITs 2 1 | SEEba m
mfrum ofSras ATSIa tr\.rfa\, wra | e SrEaErs A e RS .
Sra s efEadEs T o | SeEbe I e AsdTe Sen AfdeaE SIS FAusrea =

" praiisaig-tNasasenti m Srr=Ta wra wrefie syt fAfaEara SR 2SS
frrEesiiva oiafers =1 FCofeTHa Airea SATHist -
(1) S=rcsrfaama Ny ertsF
e HISrETET R =mcafEae e orwmtoa [Afan Faset
N_. + 3H, = 2NH, + 22,000 =7e=a
a6 9= =1e-Saviiaas Q?hmuwwmmm

o T wivrmna FETe v znoaees Aftram s e AL Be
; \5("9"-J‘T£*r~’ T T3 FJCATSS Srersira (Optimum temperature')

Siw Hiana i Frerrsia sroifas we (g o Ts3E FFam
ﬁ;’;'c:s f::-,—rf«r' T AT A cffaads 0T 1 | Cw=it oS
2 6 TWrvrr wfermrsars a1 Al YO a9t KO 9159z aaacsy ram <
o= fwﬁmm: H[YH AAN W WY

q@asmwmﬁwm& '

FHiTwas cure caen =,
TSI = e #ﬁ?v



846 TLE TAM

(o) TEDTER S 35171 & TR Mﬁaiﬁmmmamwnmamm
ammmxwwwmmmw}ﬁmmﬁg
SRS AR T W 1IN Fe,0, 43 A Tlofss R A ALO, € K,O fifars
7 e BRBERRLe! AL I T | B -
" (%) RIETTEA N, € H,-3 | : 3 SRTew Sees (ReT 9 |

(%) fferareea i 7fow Rum 26 errarem, wifie fana g, wrmm, wfe 2o
Q! AR 7 |

(5) (rzy RiTa Seudi, w3 R arvre 7 Seom o 7 s oy
(AT TR (FSTR I9Z T3 20E |

Nafed 3641 : Rug ¢ 98 AHNTA € YHGTETR 1 : 3 TS TS Rde 37 il
(RETI TG A1 2™ 711 200 ATISH 1T BT AeAfe (Compressed) F21F 27 43 GiremEs
EIAER GRS PR e s -emife som- e Rt e w1 2 | o
T RiEw-rm vaens <3 T e 1 @3 e o $oR e o (2eRe)
GR& TG (Betofee) < | (WA ALLO, € K, O firerete Seiors R a9ge 21 ))

2S RTea AR 97 S00°C Slofaram $a e 791 28 | 7178 o2y RfEwsi (27 Sgo orel
TG SIS T8 AN | 22w SR Tare Sess v IR SHfe wRide
0 AT TIOT ITF AT T | 47 A A1 e Rftrmrere o Reedt ool 33 Seg
R TELIER AETE T (550°C) ITW AN | TER 2SR Hend ARLOIEH @




IS L [ TR N —— STl farrer e sress p_—

T — —— Sy
SRR eifiae g = - R i
e —— o
) = s ——
A\ - 2% r' > \‘
T ?-.Um-!l‘l o ’-/, o :“\‘\\: \
Siepeiten o 2
"= ‘g.' " m'
'3 -
e=sossri=st J'; i BT :
...... £ P é
& >
z
?
N, . =
== e —====] HMNO,

B 2(124) 12 Mhe smBinua Frrenesvw— e ens =i

STafSa 21 : SO0 C Siersran Sae, Mo « girsere sk = {7 T arpa fermern
(1 : 7-5 [Aes == ) =fs sassirn 9= csrerras snre e =i = »imasos (Converter)
af-mx_, T wWifo=rs wrmsEm Seom fon zafes wm on ) ziers ofes srae =t W
7SO7C SIHHNIATH TE®™ T T3 oira e fAfeun Oge w1 st wrersinal S mu
AT =_TH DOV% wTEnfrE S zrn AafEflie S6iEs 5190 e 998 >0n P01 Seem on | S
TSGR o n Tl S af2flie ormlZ2s, arg a5 S o ey MWW 3T
wew B3 = SOC SHFSTH I T G0 =6 WwrEE 1A 6 | S9iTe S &
arya Siwcse G SIEchess SfF T ne orfaw oI

@ ol O JIBT RIS SIE - s SN TS of<l cerar Wmm
e WrEA Te@ colrer wrrEa A M AHa S wown g wnPees mﬁmﬁm
HABCHICS SIZ-HHZS Wa%hlwammﬁmww
sfieirara SiGE S =1 (S S0% ) | G0 S A=y Wm .
ﬁa@ammwmﬂzmwa‘mmmm@

G2 erf® AT Fraslc s (l)mmw -,
i w= (4. syrNrEEn aa) =raEifEa ﬂt*-f-f-lsm Al , x
ST waena Aeal Sedy ATZTh= SWMIErSA ﬁtﬂnﬁism TELICwT =ifas

sresTEEn SEChTSe Sfe zon Aarm)
ANH, + 30, = 2N, + 6H.O : 4NH, +0NO‘-

(2)ﬂmﬁaﬂﬁsoueqﬁwvmm
wrn o€ =)




wirzd P

852

i ) g
« (Contact procest = 15 o Feirs S8 B

W”‘ﬁm,mfmmmwﬁﬁm”%’w- (VO)'—M—J; (3) 7= o T A% O
g o m s S (V O ERR e PV S B L N R S
onfbars gl R AT 2 e W SRS U : \
SO+ HO=HSO, ?‘
Rt ’}‘? ‘-:T'?T;]’F. ?‘fﬂ:‘ﬂ -

B-uRes AR
- T oo v e werafe o | oo e
=% HSO 9% oG = L

w5 ® M[ﬁmﬁ
-'1'7 - a—
38 5% 2 e wpvm BE-wwis ¢ wr M wen
T G2 BrE ww ety o
. *S RN N TR ) W e YR S AR
MG (U W ' . e
©T ST G W S i e e e He e (Acid f0R)
T2 &% T KU '

e e
- 5 W ?5 74 W

m.,nﬁ.‘. o m.m ‘law.ﬂrr;‘
v 3t ' WA e '13!,. e (4 tvl ’&
uHEE enem

$via
SN - G e s o6 VR

o I2-UIEE
‘ o=
gy A ST g1 W A F ) Uﬁ%’ -

o GenR W
wra T JEE
o Hun R a1 afemm (Oleum)

: o el (Fuming) G RN

o 5, B a9 (1 _ ﬁnﬁmﬂmmmm

2w e (HS,0,))

A AT T2 AR

s aifiE 2Ee 4w il v P
i (4) =i @00 weqwhs vy o g 7 Tt on weie wRy 16 S| e BI0e ¢

e fafawas e sowe @ serme By g
et fas e fag orgfea o :

S+ 0. '

50+ 0, =250, + 45 K.{ al
N pa s
0. + HSO, = H.S,0, (9]
(98%)

H.S.0, + H.O = ZHS0,

mavmmd#mm:«\)»‘:?“ﬁf~4”-'~'mm‘f"““ﬁ" oy

amt farary STATE |
(1) T R THEeE T (T, ufiresen, AR, SPEA S
(s, B A ST S (T A i T8 %1 A "TF\Q
arfad wael 76 w0 Hille LEE fsr® (Poisoned) Z00 T | SRS
ol o] %7 W, 47 B HHE Tt T2 | AT (4T (| T S
wie GeEE |

150, 4 0. 2 250, + 452 K. Cal % ffewm w0 2 K 29 9
[SO.F 'S

— o™l ofeaen

gy | - —3 SO ‘ ——— 9%
l FeS o ()__ I = = T

“y
®
 d

+fafqe &4

50,

K,z ———
[SOJ % [0 .
s K g u T, Tee SR () GO S
‘Traa’ (Denominator) SR 4% TH73 1 F28 AR
(Numerator) <1 SO &2 S 3 e, w

 aprrinir wifbe aesite wim



e S =5 -
| STITSEIE Aarinen emrela Mrrenesires 8ss
=Ty 4 : iy s meumrmmmﬁﬂ‘mm

SO. + H.O = HSO ':=
-.

SITETTIETN Tofe wer .
= 2T ST st
- . - Tan (“I"er ;T ™ : = -
e M SO gL gh = A . R MR . T Jﬂ&?’&. Fofreiers a1 =39 =11 | S /e AT
. - i an &= ey - - i - y
W WOh AT wire ‘w, ,..a % W 3 v HeTem G -wwmiEs e sinem A e
=S TZRF Wi S T3 e AETHE DT -wrmiEces Oenies) SIrienRe el

SIS E (RUTIE 3= =3 o . —e—.
, s sl FIFTFSET s e ol e wrEenes ws AR (Acid fog) 3

(1) =TT | =99t - . = A
. LN SEbe e ca=] [Apsl zra =2 97 Wauba wewe] gfeh 210 | e SIS

- ) : - - == - ‘ -

e AT aas suraef® Sigrerd ol e STuEmal AR | ' e

FSrEfarSias snfTresa e =2r=mfea oIt -

S + O
Tt =
=yei=T = . e —]
FeS + O, —— —
Sfafsrs &« l OB
— e H.SO
:

oso, SRS fEe o L e L 2
eireTl WY | 08 TEeE sawoe (Sefle
W wTeE M - fErmTsy” e =90 )



