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Abstract

Solid phosphoric acid is a catalyst used for the upgrading of light olefins into fuels. To
delve into the mechanism of olefin dimerisation over the catalyst, the oligomerisation of 1-
hexene was investigated over a wide range of operating conditions. The reaction progression
of 1-hexene dimerisation over solid phosphoric acid was interpreted by means of kinetic
experiments for both a linear hexene (1-hexene) and a branched hexene (2,3-dimethyl-
butene). The reaction rate for both reagents was described by using an elementary kinetic
model. From the experimental data it was shown that the rate of dimerisation of branched
hexenes was faster than the rate observed for linear hexene dimerisation. To correlate the two
sets of kinetic data, the reaction network was expanded to incorporate skeletal isomerisation
of I-hexene with dimerisation only taking place by the co-dimerisation of linear and
branched hexenes and the dimerisation of branched hexenes. The fit of the kinetic equation
demonstrated that the reaction rate of 1-hexene is essentially controlled by the rate of skeletal
isomerisation. Due to the large activation energy for skeletal isomerisation, low reaction
temperatures favoured the co-dimerisation of linear and branched hexenes whereas at higher
temperatures, the reaction rate was dominated by the dimerisation of branched hexenes. The
product distribution indicated that, because of the fast rates of both cracking and secondary
dimerisation (dimerisation of cracked products), the product distribution instantaneously
reached a pseudo equilibrium after the dimerisation of hexenes. Therefore the carbon
distribution was found to depend only on the reaction temperature, not on the residence time
in the reactor.

Solid phosphoric acid is a supported liquid phosphoric acid where the condensed state of
the acid, e.g. ortho phosphoric acid (H3PO,) and pyro phosphoric acid (H4P,05), is dependent
on the quantity of water present in the reaction mixture. With a decrease in water content, the
distribution of acid shifts and the ortho phosphoric acid becomes more condensed (H4P,07,
HsP5;0y etc.), i.e. high water content — low acid strength, low water content — high acid
strength. The experiments completed at various degrees of catalyst hydration and free acid
loading showed that the rate of reaction over solid phosphoric acid was dependent on the acid
strength of the catalyst. The effect of acid strength on the reaction rate was integrated into the
rate constants by means of an exponential dependency on acid strength. It was also shown
that both the product distribution and the degree of branching remained unaffected by acid

strength. The constant product indicates that the rate of cracking is limited by the rate of
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oligomerisation of hexenes, irrespective of the acid strength of the catalyst. Since the product
from the dimerisation of 1-hexene could be used as fuel, the quality of the desired fuel would
therefore depend solely on the reaction temperature, not on the hydration of the catalyst.

The work performed in this thesis has been published in two peer-review articles:

1. Schwarzer R.B., du Toit E. and Nicol W. (2008) Kinetic model for the dimerisation
of 1-hexene over a solid phosphoric acid catalyst, Applied Catalysis A: General,
340, 119-124.

2. Schwarzer R.B., du Toit E. and Nicol W. (2009) Solid phosphoric acid catalysts:
The effect of free acid composition on selectivity and activity for 1-hexene

dimerisation, Applied Catalysis A: General, 369, 83-89.

v



YUNIBESITHI YA PRETORIA

_{;,_
b
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
ot

Acknowledgements

My journey through postgraduate at the University of Pretoria was a memorable road to
traverse, even though the journey is past the memories are treasured. I would like to thank
Elizbe du Toit for her inspiration and encouragement to endure with my research, her
guidance is greatly appreciated, together with Willie Nicol they kept me on the straight and
narrow and steered the work to completion. Thanks also go out to Sasol Technology, whom
sponsored this research, and to the colleagues whom helped direct, support and dispute the

research in this thesis.



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(=

Contents

ADSITACT ..ttt ettt et sttt ettt et e reenaees il
INOMENCIATULE ...ttt sttt e s e e s e e beesane e viil
LIST Of FIGUIES ..ottt ettt s e e et e et eeetaeeeaaeesnsaeeenseeennseeenseas X
LISt OF TADIES ..ttt ettt ettt et et et xiii
I INEEOAUCHION ...ttt ettt et ettt e bt st e bt e s e aas 1-1
2 LIETALUIE SUIVEY ceeuvvieeiiieeiieeeieeesieeenteeetteeesteessseeessseeenssaeenssaesssseessseessssessssseessssesnnns 2-1
2.1 Oligomerisation: Product SIate ...........cccccueeeiiieriiiieniieeiie e 2-1
2.2 Background: Oligomerisation of short chain olefins over SPA .............cc..c....... 2-2
2.3 Oligomerisation of light naphtha olefins over SPA............cccceoiiiniiniiiiee 2-6
2.4 Solid phoSPhOTiC ACIA ......ceiviiiiiiiiiiiiie et 2-8
2.5 Catalyst RYAration.......coocueiiiiiiiiiieiieeeeeee ettt e 2-15
2.6 Reaction mechanism/MetWork..........cccoeoiiiiiiiiiiiiiiniiiieeeeeeee e 2-21
2.6.1 Classic carbocation MmechaniSm ..........cocceeevueerieriieenieniieeieeneee e 2-22
2.6.2  Phosphoric acid ester mechaniSm ............ccceecueeeriieerieenniieniieeriee e 2-23

2.7  Kinetic modelling of oligomerisation over acid catalyst............ccocceeevuiernueenns 2-26
2.8 ClOSING TEMATKS ....eeeviieeiieeeiieeeieeeriee et e eite e et e esteeeseaeeeereeessaeesssaeessseeensseeenns 2-32

3 Reaction Kinetics for 1-Hexene DIimerisation............cccceevueerieeieenieniieenienieenieeneen 3-1
3.1 BacKground.......c..oooiiiiiiiiiiciiiecieee e e ea e eaes 3-1
IV 25 4315 o111 1<) 11 1 RSSO PR R USR 3-2
3.2.1 IMALETTALS ..ottt 3-2
3.2.2  Experimental setup and method ............ccceeeviiiniiieniiiieniecce e 3-2
3.2.3  ANALYSIS iiiiiieiiie ettt e e e et e e et e e s b e e e b eeennaeenaee s 3-5

3.3 ReSults & DiSCUSSION....c.eiriiiiiiriieiieiieeteeeee ettt s 3-7
3.3.1 Double bond and skeletal 1SOMEriSation........c..eevveerveeiienieriieeneeeieesieeneen 3-7
3.3.2  Dimerised and cracked products ..........cccceeerieeriieeniieeniiieniie e 3-18

vi



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(=

3.4 KiINetic MOAEI ....oouiiiiiiiiieiiieeeee e et 3-24
3.5 CONCIUSIONS ...ttt ettt et sab e nbe e s eee 3-33

4  Effect of Acid Strength on 1-Hexene Dimerisation...........ccceecveeeviveencieeenieeeneeeennennn 4-1
4.1 EXPErimental........cccoeeoiiiiiiiieeiiieeiieeeieeeeieeesiee et e et e e e e e e aee e st e e eae e e e e enneeenes 4-1
4.1.1 Acid strength characteriSation..........covveeerieeiiieeniieeeiieeeeee e 4-1

4.2 Results and diSCUSSION .......eeruiiiiiieriiniieiierte ettt 4-4
4.2.1 Reaction rate for liquid ortho and pyro phosphoric acid...........ccccceevueeennnee. 4-5
4.2.2  Reaction kinetics for various acid strengths of SPA ...........cocceiviiinninnne 4-8
4.2.3  Effect of acid strength on the product spectrum ...........cc.ccccevvveeevieennieennne 4-18

4.3 CONCIUSIONS .neiiiiiiiiiiitete ettt ettt ettt e st e en 4-22

S Product SPECIIUM .....ccccuiiiiiieeiiie et eeiee ettt e et e et e eteeestbeesseaeesssaeessseeennseeenneeenns 5-1
T B 25 40153 5101015 11 | SO 5-1
5.2 Results and diSCUSSION ...c...eruiiriiiiiieniieeieeite ettt ettt 5-2
5.2.1 ACIA SIIENGLN ... 5-2

5.3 CONCIUSION ..cniiiiiiiiiie ettt ettt sttt et e st e bt e e eaee 5-5

6 CONCIUSIONS....eouiiiiiiiite ettt ettt et b e st e bt e sttt esate e bt e saeeeaee 6-1
A 53 10] U0 21 o) 1 AR PORURRRRPRRRN 7-1
8 APPEIAIX ..ttt ettt e st e et e et e e it e sabeesabee e 8-1
8.1  Product formation for the oligomerisation of DMB ...........cccocciiniiiiniiiniennne. 8-1
8.2 GOCXGEC TESULLS....eeueieriiieiieeieee ettt ettt e 8-4

vii



Nomenclature

Mcat

P,0Os°

P,0Os (W %)
t

T

Wekitee acid
Wm0

A%

YUNIBESITHI YA PRETORIA

"V‘
o
“ UNIVERSITEIT VAN PRETORIA
’ UNIVERSITY OF PRETORIA
ot

Linear hexenes isomers, mol/L

P,0Os weight percentage (i.e. acid strength)

Skeletal hexene isomers, mol/L

Concentration of molecule x, mol/L

Hexene depletion toward dimerised product, mol/L.

Activation energy, kJ/mol.K

Kinetic constant for the rate of skeletal isomerisation, L/min.g
Kinetic constant for the rate of dimerisation and co-
dimerisation, L*mol.min.g

Pre-exponential constant
Acid strength rate constant dependency

Distribution of molecule x with reference to the hexene
depletion

Experimentally determined equilibrium distribution of
branched hexenes versus dimerised product

Weight concentration of catalyst in the reaction mixture, g/L.
SPA base phosphoric acid strength, weight fraction P,Os

Acid strength of SPA

Time, min

Temperature, K

Weight-free acid determined from titration, g

Weight H,O in the reaction mixture, g

Volume of reaction mixture, L
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Absolute average relative error
Iso-butene

Co-dimerisation of linear and branched hexenes
Cold Filter Plugging Point
Dimerisation of linear hexenes
Dimerisation of branched hexenes
2,3-dimethyl-2-butene

Film thickness

Flame ionisation detector
Fischer-Tropsch

Inside diameter

Gas chromatography

Motor Octane Number
2-Methyl-1-butene
2-Methyl-2-butene
Mass-spectrometry

Research octane number

Solid phosphoric acid

Free acid

Concentration of branched hexenes
Concentration of linear hexenes

Concentration of oligomerised product
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