it
Lt

Table 4.2: Surface areas of the extruded supports prepared by adaing various

pinder.

Surfaca | Pore | Average
Area Volume Pore
im.g') | [emig'} | Diameter®
— —
Davison 952 silica 322 1.135 141
Silica + 30% bentanite befare calclnation 254 0,808 127
Silica + 30% bentapite afier caicination 264 0,803 137
Siiica + 30% norllosa before calcination 151 0512 136
— | silica + 30% norllose after calcination 32 0,048 63
Salicylic acid before calcination® G47 [),339 29
“hyarage pore diametar = 4 x porevolume form.o) x 10000 + surface area {m*.g") (Hogan &

Kitenar, 1965)

tpla caleination performed due to very law pors diameter

From the data in Table 4.2 it can be seen that the calcined zilica + 30% bentonite

ewtrudatas would pe the most suitable 25 a suppor for CrQ,, since the surface analyses

data are the closest to that specified in the literature fsee Table 4.1). This support was

hence usad in all the Croy5i0;
investigalion unless othenwise spacified,

4.2.3.3. Zeolite preparafion

recipe which produced a cerlain SifAl ratio.

Each zeolite was prepared according to a

Wﬂﬁﬁﬂfﬂfr&mﬁ!@ﬂeﬂﬂiﬁed by XRD analyses
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4.2.4 Catalyst actlvation

gince the calalyst was normally prepared from CrQ,, the chromium was already in the

tha silica support sites which would rasult in active catalylic sites afler the redurtion
step had been performed. This was confimmed by comparing the aclivities of a calcinad
and uncalcined /S0, catalyst (ses Appendix 1} After tha reduction step otily the

irh lhad voan calbinsgd aroved ta hae gstive
icn had hoan neop gd 14 Da gehve,

i g | — LT

catalyst w

The catalyst {10 ml) was leaded into & fixed bed stainless steel micro-reactor in which

the ohgomerisation reactions would be parfarmed. The design of the reactor that was

simmrd jm daa Al s riaod i SemAasinianle 0o . imro A 4
USST 7 NG GRgoimiSrisa Gt SXDERTIEISG 15 RPN N Flgula & ).

Figure 4.1: Reactor used for parforming the oligomerisation reaction

— Giass wool piuy
BEa——  nlet
— Thermgeouple

—  — Carhorundum

—-- - Catalyst bed

- Thermoaedl

~=  Glass wool plug
= Plug
= Cutimt

P ia iy ar—

caroorardurm,. The temperature pr'l:':lf'iiEl taan be 860 N Figure 4.2, 1w

ophrmum temperature zone was betwden 80 mm and 160 mm from Ihe battam of the

Experimental procedure



81

reactor since very small temperature changes were seen in this zone. Care thus had
to be taken to ensure that the catalyst was placed exactly within this zone. The
optimum position for the thermocouple then resided in the middle of this optimum zone

(and thus the middle of the catalyst bed) which is 120 mm from the bottom of the

thermowell, and thus 128 mm from the bottom of the reactor. Since the thermocoupie
was placed 8 mm from the bottom of the reactor, 88 mm of carborundum had to be
loaded into the bottom part of the reactor, followed by 80 mm of catalyst (= 10 ml) and

72 mm of carborundum in the top half of the reactor.

A plug of glass wool was inserted at the bottom end of the reactor and at the top end

Anti-seize fluid was applied to the stainless steel plug before closing the reactor, to

prevent the two stainless steel surfaces from seizing at the high temperatures that were

reached during the activation step.

Figure 4,.2: Temperature profile over the reactor when loaded with 24 grit

carborundum

Temperature (°C)
118

116
112 |-

108»/

1
! )| i

—-—
-

108 (I) ‘210 40 60 80 90 100 110 120 130 140 160 180
Distance from the bottom of thermowell (mm)
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The procedure used for ealcination and reduclion suggested in the literature, and the

3 AL . Sy
e L

4
L2

el lex T okl _ Harrd
10 Ay o, 13590,

L
Kh

Table 4.3: Procedure followad in the activalion of the CrOyS5i0; calalyst

Literatura data {Wu, 1983 a, This work
1994: Buchanan & Vyu, 1984,

Calcingtion | 800°C in air for 12 - 16 hours 470°C - 600°C in air far 15

hours
Raduction | 350°C in CO/Hmetal alky! 270°C - 350°C in CO for 4 - 30
comtaining compounds for 30 - | minutes

&0 minutes

Befare calcination. the catalysl was dried in 15 NLh nitrogen at 120°C for 2 haurs. The
termperature was then increased to 200°C and 16 MILh" air was introduced inta the
system, The cataiyst was ihen heated in air 1o lemperatures of betwean 470°C and
BOOCC &l g rale of 10°C.min" and kept at the final temperalurs for 15 Nours. Afler the

15 hours calonation lime, 15 NLh™ nitrogen was introduced inta 1he system, and the

catzlyst allowed to cool down to temparatures of betwesn 270°C and 380°C. During

Ihis penod enough time was allowed for the compiste rempval of all fraces of air A

mImmurn pEI’I:'U'd OF 1 Fgur Was allowed for the 'E-CITI'IJDIEtE ﬂLIEhiﬂEI of the gy stem wilh

hitragen.

In the Crs* state the catalyst is hydrophilic and turned Brown when § has absorpag

water from Ihe atmosphere. Upon cakiination in air al elevated lemperalures the cofour

rarnad i WWW%H&MMM

15 NLR £ was introduced into the syslem at the: desired reduction temperature and

Experimental procedure
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reduction was pedformed for a periad of time varying balween 4 minules and 30

- | ——

minutes. The reduction reaciion Wwas exgthenmic sincg lemperalung ino
L

berween 1°C and 11°C ware sean upon nitial introduction of CO. This tamperatura rise

_ dependsd anthe concentration of chromium in the catalyst and the initial reduction

terperature. During the reduction step the colour of the catalyst changed fram the

i

srange Gr¥* siate to the blueigresn active Gri™™" stale.

-1
¥

e be taken to avoid conlamination of tha calalyst with

-
fplii—

aif or water since this would resull in deactivation of the cetalyst. Hence, 15 NL.h
ntrogen was ance anain intreduced into the syslem. The reacior was allowed 1o cool

lo the dogired reartion lemperature while all traces of GO were removed by flushing

with ninogger,

425 Catalyst testing

The oligomerisation reaction was performed undar the following reéaclion conditions:

Temperature: 76°C - 126°C
Fressure: 1.0 par - 8.0 bar
{as. N,
Gas faw rate: 0.15 Nlh*
— LHSVoffeed g h - 20
Feed: 1.pentene, 1-hexane, 1-decene. 1-hexane/1-pantans

The reactor [Figure 4.1} was placed in @ copper hlock arsund which 1he oven was

e mmabeihaes Searudaciured o house) ware uSed in
L ATI BLE LTI TR3N & Jimisar T i T

tastarmed. SC1 lamperatud
combinalion wilh K-bype tharmmocouples which were inserted between Ihe oven and the

— copeerizalation block Fluke 51 KJJ handheld thermometers connecied to K-lype

thermocouples which were imserted into the thermowell of the reactsr were used for

laced axactly in the middle of tha
gd axastiy In tha mi At he

ALANE

lomperalure readoul. The ihermotolp

catalyst bed, A cross-sectianal view of tha reaclor, 1solalion block, aven and poshion

[ g NP SR W g —————

Experimanial procadie



of the thermocauplas, seen from above, iz shown in Figure 4.3.

Figure 4.3; Cross-sectional view of the reactor syslem as zeen flom abave

Cven
Cu block
(339 (néd

Thenmowal
Thamocoupls

Faed sl

Thermocaupte

Reachor

Since calcination temperatures s high as 600°C were reduired, it was important to
make use of a Cu heat transfer piock instead of a stainless stee! block, The reaciar,
1 block and oven weare designed far a snug fit, since open spaces belween the reactor
and the block, or the oven and the bloek, could cayse Josses in lemperature transfer

as well as deformation of the heat transfer block.

During he caleination step an jsolation blanket waz wrapped argund the whole reactor

syslem shown in Figure 4.0, Tha j
lozzes during the calcination s1ep and to minimisé the chances of an mjury causéd by

the hot outer surface of the oven.

I YRR I TN PRy mosm in Fialiee A 4
= Lkl e SRR

The reaction system used for iesting of the vanious caialysis cart o seen i M
The pressure regulatora used on the reactor system were GO reguialors while Drager

© Tescom pressure regulatorns were used an Ihe hig

b
pressure gauges were used. A Spertrachrom P

feeding the 1-alkenes into the reactar, Al

pressure gas cylintlers, Swagelok
1

00 isocratic purmp was used for
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the reactor in Figure 4.4 was 1/4 inch stainiess stesl. To minimise void spaces, the

tubing showr ant the right hand side of the reactor was 3/8 inch stainless sigel. The

onfoff valves, lha gample peint valves (excepl the drain puint valve) as well as the

pressure rolease valves were from Hoke. Thet nonsetum vaives were from Swageiok.

A Nupro 7 micron filter was used to remaye any large particles before the product was

fed ihrough the regulator. v was regulated by a Brose 5078 Mass Flow
Cortealler unit in combination with Brooks 5850 TP Mass Flaw Confrallers (0 - 30 NLh™}
through which Ihe gas was fed. The drain poinl valva was a glass stopcock typically

usad in vacuum distilation experiments. Dow Corning vacuum grease was used o

keep this stapcock |ubricated.

Figure 4.4; Reaction setup usad for testing the aligomerisation reaction
ana peuge N e ek Fosdpot
Praog
Brooks mss flow comnaiker Rmactor
Non % l lﬁmm ﬁ—l——)-lnm
Al Il e ———" .
bt:F el (L s
Hydrogen "m__"ig_ Prassufin regulsicr

b ED!F buypkie fiow  MBbar

Drain polnt uww;u

To eliminate the possibifity of water paisoning thi catalyst, pre-dried (at 200°C for 18




il was fad into the reactor.

4.2,6. Reganeration of the catalyst

r
After deactivation of the catsiyst to conversions below 1%, ®he catalyst was dried under
15 NLE N, for 1 howur at the reaction temperature. The temparature was then increased

I 320°C anc the reactor kept at this temperature for two hours.  The systém was

sl s st B namd e o L o dmsn sy wr gl WYY uhmﬂnr 1R kI hll ﬂll"u.rﬂu II‘IHMIHBH
ol ey 1o DN MIWHMTWWU\"‘W WA | NY) PLA wRARATEE Bl BWFRD P I BF U g e

into the system and the nomal caleination and reduction pregedures were followed
(See Table 4.3). The effect of an increasing riumber of regenarations o the maximoum
conversion of 1-hexens to oligomer product 18 described In Chapler &,

4.3. CHARACTERMATION OF THE OLIGONERISATION CATALYETS AND ZECLITES

The tachnicues end equiprment that were usad for Ihe charadierisation of the Phillipa
type oligomerisation catalysis and 1he zeoliies prepared in 1his study ara shown in
Takle 4.4,

Expearimental procecure
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Tahie 4.4: Characlarisation lechniques and equipment used

heimogravimaeirle analysis (TGA)

Characterisation tuchm‘sun

Instrument

[allars e Y

[hiferantal ther ||ﬂ§lﬂ'ﬂm3tn= aﬂa"'\fﬂ!s
AT

N

Swiaram TG-0OTA 82 apparalus

Gemlni 2360 V 3,032

Chemisarption

Pulse Chemisarphon

] ’

| Migromaritics TPOTPER 2200

Parkin-Elmer 1100 flama AAS

Carle Erba 1108 alemarntal analyzer [

CH and M micro analysis

wd

X-ray photoskeciron spectrostopy (AFS)

YGES ¥

X-ray diffraction (XRD)

Philips PW 1830/1340 X-ray Diffraction
apparaius®

Infrared determinations (IR}

Bruker IFS Infrared apparalus and Micolel 20
SxB FTIR Spectrometer’

Diffuse Rellectance Infrarad Fourier
Transfapm Spectrascopy [DRIFTS)

Bruker IFS 85 FTIR wilh a Hamick DRIFTS
cell which can be heated 1o 500°CY

Scanning electron micescope (SEM)

Jaol JSM-35 Scanning Electron Microscope”

Gold sputlering of SEM samples

Edwards 51508 sputles coater

‘Saturallon pressore: 857 61 mmHd, Evacuation tima: 1.0 minute

“Sienuation: 10 my: Chart opeed: 19 om.h;
rate: 10°C rvhy'. During raduction of the catalys
H.O are quile diffaranl, a chenge is seen by t
specific tenweratura. Since the reduction of C
AAIar 2 thal of £ no peaks CBN
1o devalop a method which would a
“Tho samples ware tipested In 3 mix
(cuntrolled by prassare) wilth Tellon
tharaafer analyzed by Name-AAS
‘Megnesium anode

"Copper o K, K radisfion tube
'Samples wera recorded as KBr pellels
ZnS windnws ware used in the cell. The ap
passing gas over the sample

"SEl' 5; Gun Biag: & Acceleralonyo

be datected ICO = ged as .
lewt for the TRPR deterrmination with 5 g5 the reducing agent.

tura of HNOLHMEYHF. A microwaye sampla preparation system
(PFA&) vessels was usedl far tha digestion. Tha Samples warse

- Bridge currant; 100 mA,; &as flow; 40 ml.min": Healing
Ewith H,. H,0 ia farmed. Since the conduchdly of H, and
ha TCD detestor which regislers a reduciion poak Al that
£ rgsylts in the formalion of GO, which has a conductivity

the reducing agent. Mo Alemgpl was made

paralus was connectad (o a gas manifold for \he purpese of

kage: 20Ky, Load current. 70 pA; Maximum voltage: 30 KY

Exparimental procedure
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Gravimetric datermination of the silica content In sampins

Tha sample {1 g) was dissolved in HCI arxd then dried in 8 sandbath to allow for
pracipltation of Ihe sjlics. HCI was added onge again to the sample, which was then

fillerad Ihrough a 42 Whatman Filler, Tha silica was washed with boifing 5% HC|. The
filler paper was incinarated in & platnum dish at 00°C for 30 minutes and ai 300*C for
45 minutas, Thea dish containing Lhe silica was waghed ark than traated with a solulion
of 2 draps H,S0, in 10 ml HF. The siica was allowad to evaporate at 500°C for 30
mirules and at $00*C for 45 minates. The waght difference after this raatmerd gives

ther waight of silica presend in the sampla,

4.4, CHARACTERISATION OF THE FEED

Since ndustrial 1-hexens was used as fead for the work described in most of the
chagtars in Ihis sludy {excepl Chapiar 2), only the 1-hexensa characierisation data are
included in this saction. The charactarisation data of gther feeds ara included in
Chapler 9.

— d44.1. Delarmination of oxygenates in the feed

_ m) Totaloxygensies: A HP 5820 Series {l GC-AED {Atomic Emission Detecior) with

a 25 metar DB-Wax column was used. The 1-Hexene sampla (£ ml) was passed

I\. - [ |

thmlj;h 2 3||||:a mhmn o mrmnh"ﬂla Em UKFQB‘I"}B‘[BS I'IBIB'I'H lﬂ' m 1] W, ast E‘[_ ﬁamﬂ
through the column to remove impurities. Finally the column was rinsed wih 4 mi
Ltbors was ar hr urwier GC c;gl"!d'l!ll;lh.!- 1o chlain the concentraton

mathang|
[= L% N

oxygerales in the sample. Sea Table 4.5 for resufts.

h). Carbonyf analysis. Tha DMPH spectrophotomelric procedure was used The
3 re reacled with 2 ddiphenyl hydrazine in acid meda,

—

followad by an alkalising step to form Ihe comesponding hydrazons. The hydrazone

s s ww ol vww e pu o P e rpyes
B, LUREY ST n
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formed has a wine red colour and can be measured spectrophotomelrically a1 515 nm.

See Tabls 4.5 for resulls.

t). Acid number: This was delermined by an ackd-base litration in & non-agusous

matrix by means of an indlcalor titration. See Table 4.5 for results,

d). Alcohgl analysis; An excess of phthalic anhydiide, in 8 pyridine matrix, was added
to the sample. Under reflux the alcohol reacts with anhydrida to form a disubstituled
benzene ring which has an acid and an esler group altached to it. The unreacied
phihalic anhydride is Ihen hydralysed and a benzene ring wilh two acid groups is
formed. The acid groups are [hen titraled with standardissd KCOH and from the

reactions invalved in (he analysis are summarised in Figure 4.5,

Figure 4.5: Reaclions involyed in the determination of alcohals in the feed

4]
- 1\ e - EO0H
i ‘ ;I T D L [Tl ™] i .-I + !QIH
Lol A4S S —
1]
G
Lk - CGOH
TNy W0 N R
- |' /D _ L —_— T e -
1
" |

From Ihe results in Table 4.5 it ¢an be seen thal there are tmied quantities of

——oxygenatesin the 1-hexene fead

Experimanial procedure
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Table 4.%: Results of the determination of oxygenates in the 1-hexens feed

z] Alcohols as sthano! %5 mfm =02 2581 R1
dy Acid number mg KOH.g" 0.002 B 102

4.4.2. Specification analysls

A specrfication analysis an the 1-hexene feed used in this study was pariormed by

SAB0L Synthelic Fuels. I Table &,

methed that was used far eech analysis.

Exparimenial procedure
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Table 4.4: Specification analyses on 1-hexene

Analysis I_ Units Limits Mathod
Density @@ 20°C ( gom” DEFD - OABO VA 3T {SASOL)
Peroxides | mgkg' | tomaxmum |D.152 (sASQL)
Carbeny|s mog.kg' as CO | 2.0 maximum | D.150 (SASQL)
Suiphur mo. kg 1.0 maximum | A.239 (SAS0OL)
VWater | mang! 10 maximum | B 182 (SASOL)
Chioridas ﬁ mg kg’ 1.0maximum | 0. 153 {SASOL |
Hexene-1 _| % mim 88.50 H.180 (SASOL}
. minrmLym

Carbong < C, % mim .25 maximum | H 190 (S8AS0L)
Carbons > C, % mim 0.25 maximum | H.190 {SASOL)
Dther C, F %6 mim 200 maximum | H.150 (SASOL}
Internal alefins, branched % mim 2.00 maximurm | H 190 (SASGL)
ofefins & paraffins 44:

Methanol Mg kg 1.0 maximum | H.183 {SASOL)

The actual CO concentration that was obtained in Tabia 4.5 is much Sighar tran drat
4 8.

spacitiad in

4.4.3. Hydrocarbon distribution

PR B e ]
| mAag

A GC analysis was done on the 1-18
the feed. The resuhs can be sean in Tahle 4.7.

The equipment used for the determinalion was a Hewlett Packard HP 5830 Gas

umn dirrsmtinsne
AR LR T I ERAL

gwiatl Packard PONA column. The col
{hromatograph filed wiin & How

wera 50 m x 0.2 mo ang & 4.5 . flm thickness, The columnn was protected aganst



L

ar with an installeg OXY-TRAP. A Hewlstt Packard HF 7673 aulo-sampler and Haw|att

Packard HP 7573 controller were also connected to the system. Due bo the overdap of

were Used, wo differsnt oven programs weré run in ordear 1o determing the mass % of

3-methyl-cyclopentane in he feed. |n the first oven program, 2-methyl-cyclopentens

and 2-methyl-panlene-2 overlapped while in the second gven program, 3-mathyl-
cyclopentene and Z-methyl-pentene-2 opverfapped. Ths mass % of 3-mathyl-
cyclopenlens in each of the overapping peaks cauld thus be determined by subtraclion
of Ihe known concentration of the olher compound.

The sample was injected neat into the GC (0.2 u1), and the mass percentage (i e. area

percentage) was used for quantification.

Table 4.7: GC analysis of the 1-hexene feed”

Comenund !masa %)
3-Methyl-pentans 018
1-Hexene SB.A7
Unkrown 0.01
Haxang ooz
3-Hexena (c + 1) 002
2-Hexens (1} 001
2-Msthyl-penlene- 011
2-Melhyl-pentena-2 063
3-Methy|-pentene-2 () 314
3-Methyl-pentena-2 () 0.01
CsH. i 3-Methyl-cyclopentane} | 0 40

Injector temporature: 2B0°C, FID detector temperalure. 350°C; Spit 1:100; Purge vont: 1 mlmin';

un 'y A ooren UL 3 SN .‘\

Br 3= Heli W - =

up to 250°C (2 mind at & rate ol 15°Cmin . Secohd avon program @ 400 up to 250°C al a rate of 4°C.min”

Expanimental procedure
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4.4.4. Sotubility of water in 1-hexane

Tests done on Ihe solubility of water in 1-hexene at vanious temperaturas showerd 1hat

saturating 1-hexens with water and taking samples at various temperatures. Tha water
corlent of tha 1-hexena at the various temperatures was detarmined with the use of 3

Kyoto KF moistura titrator. The resuils observad are shown in Tabfe 4.8 and Figure

A~
“S$.0

T o 7} on |
-16 186 283
-1 177 203
B 0 216 13.1
1G 226 6.5
20 250 5.1
a 264 5.9
a0 293 [4.4
51 329 2t=

m tempeiatura (£ 20°0)

Fram the results in the atove tabie it can be seen thal atrn

an average af £ 250 ppm water 1s soluble i 1-hexens,

Experimental procedure
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Figure 4.6: Solubility of water in 1-hexane at various temperatures

Ayeragea water content {pprmy

J50
[ ]
200 |- .
*
250 .
- s
200
190" o 20 A0 B0

Temparalura ["C}

Sinca water is soluble in 1-hexene, conlact of Ihe feed with & moisl atmesphere could

have an effect on the oligomerisation reactian.

4.5. OLIBOMER CHARACTERISATION

_ The oligameric product was separated from unreacted 1-hexene by distiflalion al the

baoiing point (63°C) and atmospheric pressurs {l.ide & Frederikse, 1984). Thereaker

characterisation of the oligomer product usir

L)

Table 4.9 was performed.




Table 4.9: Equipment and lechniques used far characterisation of the oligomer

product
Techniquse Instrument
— . ey
High Temperatura GC Varian 58304 High Temperature GC* |
Viscosity and viscosity index Haake Rotovisco RY Rolational 2.3.16
delarmination [(See Appendix £} viscometer in combination with a RC 20
Rheccontroller™
Nuclear Magnatic Resonarce [(NMR) Warian 400 MHz Unity Inova Nuclear
determination Magnelic Resonance specirometer®

Gas Chromatography - Ma T )
Spettrometric (GC-MS) detarmination combination with a Hewlett Fackard
5972 MS Deleclor.

kdoarlalt Dol e E.ﬂﬂg Sbl‘inu e, e

ss I AR NE TR | CEARCE vl s or AT e BE gl s HI

High Pressure Liquid Chramatagraphy Hewlstt Packard 1080 HPLC and
HPLC) Hewlalt Packard 1047 A Rafractive

o index delector®

Janke & Kunkel RWW 20 XM shartpath
distiflalion equipmant

Shortpath distillation

Bromine number determination Raofmanm SASOL Anmatyticat WMethod——
2. 75/e8"
Infra-red determination - Nicolet 20 SXB FTIR

UvAVisible Spectrophotomelric Varian Cary 1 U¥#Visible
Spectraphotomaler

determination - —

C — Auminium clad;, Solvenl 1-hexene; Bmp Cren ne: - ._
Cﬂll:ll.llrnmnnﬂa:\p Rala: 10°Ciminute; Flnal Tempereiura: 440°C: Initial Injector Tamg: 40°C: Hokd Thine.

0 minutes; Injocter Ramp Rate: 70°Giminute; Final Injectar Temp: 420°C; Hokd Tirna: 48 minutes:

Carrier Gag; H, Detaclor Temp; 4247
P, 1%, PK, (1" and PK, {17} spindles
“Prube. 5mhy 4 nucleus switchabte .
"fh”e :arru:lllT; dissakad in carban talrachloride, was Ireated 3l room toiperature with an excass of 2 1.1

T . beniing wag retduced with polassiam ndide and the liberatad iodine
r'l'1 h i |L| i . TI"IE AlGCEES IHFEIT e I'-’I-l'.l\:--r— Wil L : : .
dele:gm;: ;Dﬁhi:l{;zn with g sodium thiosulphate solution., The bromine nurmber ig given by tha gramg of

. . +x 400 o af the sample undar the condllons of tha kst
brumine that will react with 100 0 g 4 B rum, 5 um; Mobile phase: n-hexane: Flow rate: 1.2 ml.mlin":

P i o TR
: S, st )
“ealumns: 2 x LIChrosors B 2 ot : ahyses stop time: 35 minlios; Detoctar ranga: 2

Cwen temperatura; 30°C: ' : i

« 10" RIWE.S Datactar lemperature: 40°C. The standaras used word dissolved in cyclohexane and
0 e tH .fnlluwing' Monogyelic sromalle; o-iylene. 1.0% {mim), Bicychc aremabe. 2.3-dimathy!
I. h.:lr:: 1130%[ ].'F"'uipqrciiﬂ P, phenan!hrensi | 0% {r'im). Tha samples wera diluled 1-1
1aphtabens: 1. rTImp, )

.
ey
LD

i1 cyclehexang to anabla e L5
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4.6. CALCULATIONS AND MASS BALANCES QF HYDROCAREBCN MATERIAL

The mass of hydrocarbon material was calcutated as follows.

n. a) Mass of feed pumped per hour (pbtamed by weighing the feed pot} -

mass of Cg 05t by evaporalion

Out: &) Mass of iotal product {oiigomer + urreacted 1-hexene) formed per hour
b Mass of 1-haxane in the oullel gas (obtained by GC analyses of the outlet

_ Samples of the outlet gas (20 in tolal) were taken at various stages of an
cligomerisation run, and with various nitregen flow ratas varying from 0.15 NLh*' 10 1.0

(=

Mi.h?, The GC anaiyses Oi
hydrocarbons in the gas. Since the flow rates under which the samplas were taken

oligomensation experiments, it was assumed that Iha amount of C; thal is lost by gas

transfer can ba ignared for all practical purposes.

Th anarally 100 + 5%.

(1 H]
i

Lir
/1]
r
£
i
B
4]
5

i
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] Chapter 5

‘ Preliminary studies on the Cr0,/510, catalyst

5.1. INTRGDUCTION

Various studies have been reported on the optimisation of the CriSiQ, catalyst for
polymerisation {(of mainfy ethene)] and the possible reactions hat take place on a
catalyst surface (Hogan & Kitchen, 1965, Witt, 1874, Whileley ef af,, 1982, Pasquon
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Buchanan & Wu, 1982; Fubini f at, 1980, Hogan 1970, Mcltaniel, 1985, Groensveld
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ol ol 1979 Hill et 2., 1980; McDaniel, 1981, 1582 a, 18982 b, Rebenstorf & Larsson,

1981: Richler & Ohlmann, 1988; Ellison ef af., 1983, Ermakoy ef af, 1971, Beck &
Lunsford, 19817, Beattis & Haigh,
McDaniel & Johnsan, 1987; Ermakov et af, 1971, Tat, 1989, Groeneveld af a1, 1983

b T ] S Y N
A 1 R Lt

b; Witt 1974; Hogan, 1870; Ariman & Cossee, 1964, Ghiotti ef &/, 1988, Henrici-
Diivé & Olivé 1977, Van Reijen & Cosses, 1966, Pasquon et &/, 1989 Gavens ef al,
1982: Cossee, 1964 Young & Lovell, 1991; Porri & Giarrusso, 1988} The same

rannat be said for the use of CrfSi0, calalysts for olefin oligomearisation reactions, onty

{ referances, mainly in the patent literature, have appeared (Paline

LA Lal '] Bira

£y 1991 Wy & Chu, 1894; Wu, 1980 &, 1980 b, 1991; Buchanan & Wu, 1994
Pelrine ef f, 1992 1993, Pelrina, 1892, Scaranc etal, 1984, Zecchina et af, 1994,
Hogan 19700 Tait, 1989, Wit, 1974, whitelgy et af., 1982, Hogan & Kilchen, 1965,

Krauss & Westphal, 1977}

In iritial experimants altempts were made o reproduce the iterature reachon

conditinne usad 1o oligamerise olefins. The olefin used in this 5|LI'I.'.|1'|r was 1-hexene.

Surprisingly, difficulty was expanencmmngﬂwﬂhgaﬁqeﬁsaﬂ%ﬂm&m&ﬁdm—

e refararced conditions and this masant a re—consideration of the initial catalysl choice

Preliminary studies



g

A range of CrOyfSi10, catalysts were thus synihesized with differant morphological

characteristics.  Since initial tests with varous Cr/Si0, catalysis gave no

oligemerisation activity, development had to be done to oblain a catalyst which would

importanl was the requirement that the catalyst be in particle form (eg. pallets, beads.
exfrudates etc.), since use was made of a fixed bedreaclor. Inihially, the catalysts were

prepared in the pawder form (eg. on a silica gel support} and then pelletised by hand.

A s mmbolant dagsleemant reAsaenodad an axtrudand] soEnnrt was made From Davican
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452 silica which had been mixed with 30% bentonita.  This Cr04/8i0, + 30% benlonite

catalyst was then used for most of the further experimantation in this investigation.

The slignmaearisation of olefins can in principte be performed wilth any alkens. Since

induslrially pure 1-hexsne {98.5%) is available n huge volumes, this alkens was

chosen for the initial studies.

The various CrO,5i0, oligomerisation catalysts  prepared for this study are

summarisad in Table 5.1. The catalysts were preparsd as described in paragraph

4.2.31 of Chapter 4.
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Tabla §.1;

Catalysts prepared from various silica sources

Cat Compasition % Cr BET Pore Pore Conversion
No. surface | volume | diameter = 1%)
Carea | (emig’) | (A)
{cm’.g")
1 [ CriND,),ISI0, 10| 132 0.53 161 No
0.07
2 | CrOy/Crossfield XP18 |05 % 212 D71 134 Mo
Si0, 0.04
3 | CroyALO, 06% | 176 0.63 143 No
0.04
4 | CrOJChemworfd Si0; |24+ 181 Q.23 48 Mo
Q.17
5 | Cr3y/Chemworld 5i0; |09 F 203 026 51 No
0.06
§ |CroJSidchemie KA1 |09 | 108 0.45 170 No
30, baads 0.06
7 | CrO4Degussa 09+ 153 0,53 138 No
Supernat 22 Si0, 0.06
g CrO4/Davison 852 1.1+ 217 .87 160 Yes
Si0, 0.08
8 | CrOL/Si0,-AL0; 60.0 18 .03 6/ No
(Mallinkradt catatysty (£42
10 | Cro048i0, 1.3+ 14 0.02 o7 MNo
{Mallinkrodt catalysi) 0.0%
11 | CrO./Sorbead AF23 10+ | Fresh: Fresh: Frash; No
commercial 5i0; 0.07 542 3_I 103 | 97
pent. opent. =pant:
heads 224 085 153
12 | cro fDavison 952 + 11+ Frash: Fresn Fresi: Yes
SG%Téentnnite} 0.08 218 SD.?E'[ 51 44
Spenl: pant: penl
extrudates 530 i it
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The characteristics of the Davison 952 siicg ard Davison 952 silica + 30% beanlonite

extrudates which were the anly supports to give cligermerisation resulls are given balow.

The BET surface area and pore valume resuits obtainad on the Davison 952 silica and
the silica + 30% bentonites extrudates are given in Table 4.2 of Chapter 4.

i), Other characlenstics

The characteristics af the Davison 952 silica as pbtaned from Lhe support data sheet

|

are listed in Table 5.2 {W.R. Grace Africa (Pty.) Lid.}.

f Davison 952 silica usad for Lhe praparation of the lwa

w7

able 5.2: {haracterishes

aclive catalysta (W.R. Graca Africa (Ply.) Ltd: Grace Davison 852

data sheeat)

Davison 952 support

Pare Volume {H,0) {em®.g") | 1.55 - 1.90 (GRACE Q 53 method)

Surface Area [BET){m%.g"] |28
Total Volatiles {%]) 10.
S0, (dry basis} (%}

Na,O {dry basis) (%) .12 maximum (GRACE O H melhod)
F
AlLO, {dry basis){%] .20 maximum [GRACE O 91 mealhod)
=3
Particle Size:
<45 -pm-{%) 30,0 rnaximur
> 150 pm (%) 17.0 maximum
250 (%) 3.08 maximum (GRACE O 31 method)
> uim
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i), XRO

The X-ray diffraction pattern of the silica + 30% bentonite extrudales after calcination

any crystallinity. The amarphous band is broader in the case of uncalcined Davison
952 silica. The caleination thus causes some limited degree of crder in the silica

structure, The loss of adsorbed water might be responsible for the changes that were

The DSC and DTG results of the Davison 952 silica as well as the silica + 20 %

bentanite extrudates are shown below (Table 5.3). The changes observed probably

refate o the loss of adsorbed water from the support matenal.

Taple 5.3: DSC and DTG results of the support®

nSC (Differential Scanning DTG {Differential
Calorimealny) Thermogravimetric
analysis}
Sampla Temperature | Heat Flow | Temperaturs | % Mass
£°c) (v} {°c) changa
Silica + 30% bentonite 160 -5.25 (endc) 100-200 T -1.5
extrudates 270 -2.80 (endoj
Davison 952 silica - - 50150 5.5
uncalcined . .
I a1 8 heating rate-of 20°Cmin~-

Oeterminallons wers dene with 19 mg safmplas in a

; v were activated and tested as mentioned in
—After preparation of the-calalysls, they

paragraphs 4.2.4 - 4 2 6 of Chapter 4 The specific activation and testing canditions
aphs 4.2.4 - 4.£.
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used are given below:

Activation

Conditions used ware:
Drying: 120°C for 4 hours in 15 NLh™ N,
Caloination: 800°C for 16 hours in 15 NLh™ Air

rn 15 Nk CO

'
T -21
(=1~ N LI

Conditions used wars:

Temperalure: $20°C

Fracera 10 faar
VAT oA, fu Ao

My-flew: 015 NLh™ N
1-hexene LHSV: 0.6 b

Fageneration

Conditions used warg.

%ﬁﬁwﬂﬁzﬂw 15 NLh' M.
Drying: 120°C for T hour in . :

Oxidation. B00°C for 16 hours in 15 MNILE" Air
Reduclion: 350°C for 4 minutes in 15 NlLR" CO

5.3. RESULTS AND DISCUSSION

m inmclive or showed vary hittle actvity

_ Catalysts 1 - 7 and 9 - 11 proved to be totally ¥

Imaximum 1% conversion} fowards the oligomerisalion of 1-hexena. Far mast of these
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calalysts the avsrage pore volume was much lawer than the 1 em®.g” specified in the
literature and this praperty could passibly account for the catalyst inactivity {Vwu, 1889
a + 1991, Buchanan & Wu, 1554). An exception was catalysl 11. A large decraase

in the surface area and an inc
tasling of the catalyst activity. These changes in the calalyst struciure could explain the

catalyst inactivity towards oligomerisation. As the preliminary dala showed that
catalysts 8 and 12 were active, they were studied in mora detail in the cligomerisation
reaction. Activity dala obtained for Inese two active catalysts are iabuiated in Tabie 5.4,

lvst enlailed reducing the chramijum 1o its

1w [

The first siep in generating the ac
active G oxidation state. The reduclion step for the twa active catalysts (& and 12}

io 385°C and 270°C to 276°C for catalyst B and 12 respectively when CQ is infroduced

alem i
i L

iohly axolhermic. and
Hl |1, sk A LEE SN EEL Y i

st
1w

nto the system. The oligomerisation reaction is
o the system gave a temperalure increase as high as 70°C.

burs "‘D"“E!!"" d[nﬁnﬂd I the |n|t|a| reaction lemperatura as =0an ds tha

¥ hat ol i

nlroduction of 1-hexane inl
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Table 5.4:  Qligomerisation results obtained with catalysts § and 12

Cataiyst 8° Catalyst 12°
1.1% oy on Davison 852 silica 1.1% Cr on Davisan 952 sjlica +
30% bentonite extrudates
High Low High Low
| Convarsion® | Conversion® Conversion | Conversion
M_:——_F___-__l_"___
Cycle 1° 0.5% afier 17.5 < 0,5% afler 43 1.3% afler O = (1.h% after
— hioura hours 40 hours
Cycle 2 209% aftar 45 = 0.5% aftar 166 64% after 17 = (5% aller
haurs FOLIFS hodrs— | 43-hours
- o | 78.3% afler 20 | <0 5% afte
Cycle 3 37% afar 46 =G5 Yrafler 156 — r
heurs hours hours 65 hours
| Cycled | 05% anaer 18 <0.5% after 23 | 40% alerd | < 05% after
hours haurs haurs d Metirs
Cyele 5 0.4% afler 4 = (0.4% pfler § D.3% after 2 < 0.3% aller 3
hours hours hours hours

I vak i i i a2
For activ —saton conditions sBf gacton R . .
"[F}'::ab,lst fﬂh?;mm;ing: 120°C (or 4 hours in 15 NLh' N, Calcinalion: A70°C for 16 hours in 15

. L = [or B minutas in 15 NLh " CQL. DI[g.umgﬂsgr.inn: Temp. 93°C; Prassura: &

E:.’: ;ﬁm*’gﬁ?ﬂh-ﬁ?ﬁﬂ“@ Lﬂsv—, 112", Regensraion: Drying: iED"G.InH hour 1 15 M1k

M 'Iﬁﬁ'c ianS houlrs i'n 5 NN Oidatien: 470°C For 16 hours in 15 NLh' Ait; Reduction: 2T0°C
el - 1

. e |
fg&:;ﬁ:?ﬁ'ﬂ;fﬁ? [‘I;E-:rzla 1 follows directy after actation, -:y::lez_ afler the At raganeralion, Cycle
3 afer m:“mnd ,gﬂanmum, cyclo 4 aftar the third regeneration and cycle 5 afler the foyurth

regener allan _
i ] b o]
Waximum comiersion maasured inan okgamieitsatian £y

Loweest colyarslon maasured in an ahgamensation cycla thommally fnllcwed by tetmination of fhe reackion
Five reaction cycles ware perfarmed, with each pligomerisation run performead undear
a piven set of reaction conditions. After deactivalion of the catalyst in the first cycle,
regeneralion was parformed. gno the second cycla followed. The third, fourth and fifih
vycles were performed afier the second. third and fourth ragenaralions raspectivaly.

Duse o \he very low convarsions n tha fifth cycle, the data from tms gycle are not

included in furtner discussions.
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The aclivity and effectivity of catalyst 12, as a function of time for cyclez 1 1o 4 (Table
L iaee -
S SE

the convarsion dala,

Figure 5.1: Activity and effectivity of catalysl 12 for each of the 4 cycles hstad in

Tabig 5.4,
Activity {goll £ g Tr ! hr) Effech'.'l’r; (g allf o cat { hr}
146 - 1.2 T
C',rcla 1
L?ﬂ ! ] -
o . Cycle 2
1 ) / \ - B E—Hl—a
oo | /"‘\1 e &
—\ 0.6 -
&0 |- v \ “\ Cycle 4
2N =
4D = ' L
H\-\-\-\"“-\&_‘_\_\_ -
20 - \\7 — \__._. L 5
- | * [ 1 -H“l“_—_\_‘_‘—ﬂ_;

The highes! activities and effectivities werg oblained in cycle 3. while the lowesl values

wera abtained in cycles 1 and 4. |t was decided to use the rasults from cycie 3 far the

avalualion of the experimenial data in futura runs in this invastigation,

The same trands wera ohsarved wih catalyst 5 Again, cycle 3 produced the maximum
activity (26.8 g oil g' Cr h'y and effectvity (0.3 g oil. g’ catalyst. h'}).

The conversion of 1-nexanse fa oligomer praduct 1s plotted as a funclion of reaction fime

for the results in cycle 3 {see Table 5.4)in Figure 5.2
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Figure 5.2: Conversion as a function of time for the results obained in cycle 3 (Table

5.4},
i CatalysFa iy Catafyst 12
oA Breion [ %1 Corar=ne |
. | 80 .
¥ ' ' A
. E SN
EE . j - /.- \.‘
. K 40 | '/"' -,
0. 4 hN -
. O
4 N | " |
|:|i L .. L S O ———. - ' . . - ) . PR !
0 0 40 &b BD 100 120 140 160 160 D 10 o0 kL an 5 €0 0
Tima {haure| Tirrdr |howrs)

I the ghove h it czr be sean that the initial conversions are low for both catalysts,
Thereafler they increase lo a maximum. The initial low conversions can be attribuled
ta the intiation step which must take place before an aclive oligam mrisation catalyst is
ohlained (Groaneveld af af, 1983 &, 1983 b). During Ihe initiation reaction it has been

proposed that monomers are adsorbed onte the coordinated unsalurated chromium

igns to form atkyl groups, Once formed, these actve species are responsible for the

high conversion rates observed (Groeneveld et af., 1983 b, Will, 1974

5.3.2. Characterisation of the active cligomerisation catalysts: Catalysts 8 and

12

[ue to limited quantities of the twa active catalysts. the characterisalion lechnigues

weara 1IN some cases only perfarmed on 0nNa of the two catalysts.

=L =L L =+ =R 1F
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t). XPS5 Analysis of catalyst 8

No chromium {2p,; line: 573 to 581 aV) was detocted an the calalyst surface (Figure

few surface layers of the sample also did not allow for the detection of chromium by

XP3. This would suggest that either the impregnaled chromium had penetraled desp
into 1he silica support or that the detection fimit (s lwer than the chromium content in
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and Ihe toiat chromium coancentralion 15 1.1 mass %,

Figure 5.3; XPS spectrum of frash catalyst 8
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Table 6.5:  Maijor signals in lhe widescan XP3 spectrum {recorded at 0 - BOD &V}

Peak eV} Height (cle/s) Area {eVims) | Assignment
25.5 2165 9.1 0
B35 B70 1.5 MNa
103.5 16845 A7 4 Si
154.5 10370 36.6 Si
282.0 1925 7.0 [
533.0 749765 236.4 0

i}, XRD and SEM measurements of unreacted calalysis & and 12

Both the XRD and SEM delemminations of the twa catalysts did not reveal the presence

aftar imorasnatinn
=100 IIII'—'I'l—IaIII-I.IHVI'

of chromium on the calalysls. However, the colour @
of the chramium onto the suppert indicated the definile presence of chromium. A

possible explanati

concentralion in the samples was below Lhe detechion limit used in Iha lwo metheds.

r the rasults that were ablained could be that the chromiurm

Chromium caonlents as high as 10 wl % are often needed to permit delection of

crystaliine phases (Richter &f a/., 1988). This possibility is supported by the fact that
ilime 1IN I'"I!'tF_!d Ghmmlum Cﬂtal'_il'slts which had besn

- ' a A APy o] bl il ™
CEST &7 af. | 137 7 ) TN P S8hes iy

subjected to tempearatures below 400°C contain only amorphous chromiuem,

il TPR grofile of unreacted calalysts 8 and 12

The catalysts {30-60 mg) were calcined for a period of 15.5 hours at 60L°C. A 5%

H./Ar mixture was passed over e samples in the TFR apparatus while 1he

EaS R LA TR L

- ’ 'ﬁeifpﬂugpeeimmﬁeatah@‘ﬁ&hmo
temnperature was raised at a rate af 5°C.mn 1

peak maxma (337°C and 434°C - Figure 5.4} whila The speclrum of catalyst 12 thad
~ anly one reductian pask {414°C - Figure 5.5
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